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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
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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).

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

3

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,
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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

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.ch002

31

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
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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
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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,
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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.
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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
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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
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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 11. Sorption isotherms for CO; in PTMSP, PTBA, and
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Figure 12. Solid-state CP/MAS 13C NMR spectrum of PTBA membrane.
SSB=Spinning side band.
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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

© 1999 American Chemical Society 85

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.ch006

86

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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and Tsutomu Nakagawa’
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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

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.ch007

98

16 T T

I~°= 3
- 2 14| Gas: N, [0 As-cast [
:E : 7 12 days
§ 6 12 y
25 I ]
EE 10} .
9 o i ]
ST e} :
£ 8 : :
=0 | m
85 ° ]
[ 4 | -
st Y0

= 2 1 L

Ta(:ls TaCl -Ph Bi NbCi
5 3 5

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-

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.ch008

113

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 %.
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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,
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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.

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.ch010

131

o

(=]
T
L

o
=]
T
1

Benzene Flux
w
)

(x10° mol/cm?s)
'8
[—]

200 ]

1.0¢ 1

1 1

0. * ! :
0.0 0.2 0.4 0.6 0.8 1.0
Benzene Concentration (vol:vol)

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?

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.ch010

133

0.35———r—"7+——T 7 T T T T 1 7T
o3 L La--- i
T o-- a
‘g 0.25 Phe - ]
b -
X 02 g -
3
< 0.15- -
é 0.1+ (/ - - - -Benzene -
= —o— Cyclohexane
0.05 .
1 1 1 1 Ll L 1 1 l 1 1 1 1 l 1 1 i 1 I il 1 1 -
0 5000 10000 15000 20000 25000
Time (s)
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

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

157

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.

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

158

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.
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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)

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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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 suggest that gas diffusivity is influenced by
motion of not only the side chain but also that of the backbone chain in the
polymer because E, which is nearly equal to E’ in our study, includes effects of
both primary dispersion based on microbrownian motion and secondary
dispersion based on local relaxation modes or side chain motion. Gas
diffusivity may increase as E’ decreases due to an increase in segmental motion.
Elasticity depends on the polymer structure, and E’ is useful for the estimation
and analysis of gas diffusion. Koros et al.(17), Yee et al.(32) and
Muruganandam et al. (33) have studied the relation between diffusivities and
results of viscoelastic measurements in polycarbonates. Their values of D and
E’ (E'>>E”) agree well with our results in Figure 5. These results suggest that
gas diffusivities may be strongly influenced by total motion of segments in
many families of polymers, including polyimide.

Relation between diffusivity and free volume. Log(D) was not
well-correlated with d-spacing, since d-spacing is not necessarily correlated
with the amount of free space in the polymer. Correlations of log(D) or log(P)
and 1/Vy in glassy polymers have been reported by many researchers. In these

cases, Vf includes a contribution from the excess volume in the glassy state.
Figure 6 presents the correlation between log(D) and 1/Vg for the family of

polyimides we have considered. 6FDA-polyimides had large values of D
relative to BPDA-polyimides because the bulky -CF3 substituents in 6FDA (the

acid component in the polymer) hinder packing of polymer segments. Overall,
these correlations seemed to be poor. Deviations were most significant for
polyimides containing polar substituents. These polyimides had low
diffusivities relative to their values of Vy. Similar behavior has been reported

for polymers having side chains containing polar substituents(l7,19,33).
McHattie et al. reported that gas diffusion coefficients of polycarbonates
containing polar substituents were low relative to their fractional free volume
values(7). The relation between the diffusion coefficients of polar substituted
polycarbonates by Muruganandam et al. (33) and fractional free volume values
calculated from their densities also showed similar behavior. Puleo et al.
reported that gas permeability coefficients of polystyrenes were low relative to
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the value anticipated based on the polymer’s V¢ value as a result of the

introduction of hydroxyl substituents(/9). Within a subset of the polyimides
(i.e. those which contained two polar substituents on two phenylene rings in
the diamine component, such as BPDA-CDM, -HAB, 6 FDA-CDM -MBHA and
so on), the correlation between log(D) and 1/Vf was good. For a family of

polyimides having ether bonds in the polymer backbone, such as BPDA-BAPS,
-BAPE and -BAPP, the correlation of log(D) and 1/V¢ was fairly good. This

result suggests that increasing the number of ether bonds in the polymer
increases V¢ and D due to increases in chain flexibility.

As above mentioned, the correlation between log(D) and 1/Vy for all of

the polymers was not so good. However, the correlation between log (D) and
1/Vf was much better in families of polyimides of similar chemical structure.

These results indicate that gas diffusivity values can not be rationalized solely
on the basis of average values of static free volume.

Prediction of gas diffusivity in glassy polymers. CEDis useful asit
can be estimated conveniently without experimental measurements. In contrast,
Vr values require measurements of polymer density. Accordingly, we

attempted to correlate CED and D for several families of glassy polymers.
Figure 7 presents this correlation for polyimides(I-5), polycarbonates(/7, 33),
polysulfones(34), polystyrenes(/9), and the polyimides which we have
studied. Overall, a good correlation between log(D) and CED was observed.
Correlations between log(D) and E’, and between log(D) and CED were
good. These results suggest that gas diffusivity is affected by the cohesive
forces of polymers. Toi et al. and we have reported a correlation between
log(D) and CED independently(9,35-37). Jia and Xu have reported
correlations between gas permeability and a parameter which included
contributions from both CED and V§(38). CED depends on the square of the

solubility parameter, which we treat as a total parameter with dispersive, polar,
and hydrogen-bonding contributions. Van Krevelen(39) has indicated that a

simple correlation between dielectric constant, €&, and CED is observed for
polymers. This notion is expressed by Equation 11.

(CED)12=7 ¢ an

Polymer dielectric constant has been correlated with log(P) by Matsumoto et
al.(40) They indicate that the dielectric constant is a function of free volume
and polarity.

As a factor related to chain motion, one may also consider polymer
elastic modulus. As indicated in “Properties of Polymers”(39), at one time it
was hoped that mechanical studies of polymers could be entirely replaced by
electrical measurements. There are indeed close similarities between the
general shapes and temperature-dependences of the mechanical and dielectric
loss curves, but the quantitative connection between these phenomenais not as
simple as was originally believed. Electrical measurements constitute a useful
addition to, but not a substitute for, mechanical studies. However, the elastic
modulus and the dielectric constant are related to similar physical behavior.
These parameters are response functions obtained by stimulating a material
and measuring the subsequent relaxation phenomena. Therefore, similar to the
dielectric constant, the elastic modulus depends not only on chain motion but
also on free space in the polymer matrix. In fact, relaxation phenomenon of
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mechanical dispersion is related to free volume in polymers(31). From
Equation 11 and the previous discussion, CED also includes contributions
related to both the mobility of polymer segments and the free space in the
polymer matrix. Relative to free volume, CED and elastic modulus are more
sensitive to polymer mobility. For gas diffusion, which proceeds by penetrant
jumping from one hole to another, the free space (i.e. the holes) among
segments is formed by chain motion in the glassy state. Both CED and elastic
modulus are sensitive to chain motion to form free spaces. The elastic modulus
has disadvantages for gas diffusion prediction. Disadvantages include the
need to measure elastic modulus directly and the difficulty of measuring it
accurately. In contrast, CED is useful for gas diffusion prediction in polymers
because CED can be estimated without measurements.

On the other hand, there are more recent methods to predict the relation
between permeability or diffusivity and polymer structure(4/,42). Park and
Paul reported a new group contribution method for estimating free volume(41).
This approach provides a method for correlating data in a way that permits
prediction of P or permselectivity behavior of polymer structures based ontheir
chemical structure. This method assumes that the free volume is not constant
for all gases for a specific polymer, and that the occupied volume depends
upon both the gas and the structural unit. This group contribution method is
useful because it does not require direct measurement of polymer density. We
applied this group contribution method to our experimental data. The linear
relation between In(D) and 1/Vg is improved by using the new group

contribution method. However, for polyimides such as BPDA-HAB and
BPDA-MBHA, which have hydroxyl groups, the diffusion coefficients were
low relative to their values based on the calculated fractional free volume(41)
and deviated from the correlation line between D and 1/Vy. These low

diffusivity values reflect a rigid structure due to strong hydrogen bonding
between hydroxyl groups(/9). Additionally, we could not calculate V¢ for

BPDA-MFA and -TFDM by their new group contribution method because the
fluorine group is not included among the published group contribution units.
On the other hand, as shown in Figure 7, diffusion coefficients in
polycarbonates, polysulfones and polystyrenes are well-correlated with
calculated CED.

Robeson et al. have also reported a group contribution approach to
predict permeability and permselectivity for O2/N7 and He/Np gas pairs of
aromatic polymers by determining the contribution of each structural unit of the
polymer to the overall permeation behavior(42). Their ability to predict
permeability/permselectivity values for polymers outside the database is also
good. However, we could not apply their new group contribution method to
our experimental data for polyimides because their group contribution units did
not include all of the necessary structural units.

Figure 8 presents experimental permselectivity data plotted versus
permselectivity estimated from the correlation between CED and permeability
for He/CH4 and O2/Nj. Good agreement between experimental and predicted

permselectivity for O2/Ny was demonstrated (similar to the results of Park et al.
and Robeson et al.). Relative to P02/PN2, the deviation between experimental

and predicted results is slightly larger for PHe/PCHy and PCOZ/PCH4-

As shown by a comparison between CDM and MCA or between PASN
and MASN, the calculation of CED using the group contribution method of
Fedors(23) has some weaknesses. One of the weaknesses is that different

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.ch014

212

12
| 35°C ®
2.5 kglem?2
B 10}
<
=
o
3 8
N ° e (Y'Y °
& o
N o0 °
O 6F s °
~ ° [ ]
4 f 1 f A : 1 1
4 6 8 10 12
(Po /PN )experimental
3000
35°C ®
2
o 2500 |- 2.5 kg/lcm
©
3 2000 -
«
2
f 1500 |
g
» 1000 |-
I
.
500
[ ]
(9 ...
] Il 1 L |
0 500 1000 1500 2000 2500 3000
(PHePcH 4)experimental

Figure 8. Comparison of permselectivity calculated from CED with experimental values

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.ch014

213

bond positions on the aromatic units (such as CDM and MCA) are not
distinguishable. Another weakness is that interactions between polymer
segments and penetrant molecules are not included in our analysis. Therefore,
we recognize that the group contribution method to calculate CED should be
further refined to provide more accurate estimates of CED. Although CED has
some drawbacks, gas diffusivity prediction using CED is useful because CED
can be calculated in various polymer structures without any measurements.

Conclusions

We have investigated relations between apparent gas diffusion coefficients in
glassy polymers and both calculated and measured physical parameters.
Cohesive forces and polymer mobility influence gas diffusivities in our glassy
polyimides. The correlation between D and common parameters (i.e. Vf, CED,

E’) of polyimides having side chain substituted polar groups differs fromthose
of nonpolar polymers and weakly polar polymers. Gas diffusivity values were
not well-correlated with free volume. Relative to free volume, CED and E’ are
more sensitive to polymer mobility. Estimation of gas diffusivities based on
group contribution methods is possible by using factors, such as CED, which
can be calculated without any measurements.
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Chapter 15

Regiospecific Polyamide—Imides
for Gas Separations

Michael Langsam

Air Products and Chemicals, Inc., 7201 Hamilton Boulevard,
Allentown, PA 18195-1501

Regiospecific polyamide-imide (PAI) materials can be structurally
represented as:

o} 0 o) o)
NH— Ar,— NH
N—Ari—N
o} o n

and are unusual in that the synthesis methodology will result in a
polymer where the imide bridge (Ar,) and the amide bridge (Ar») can
be two different aromatic diamines. These polymers are prepared
fully imidized under very mild solution techniques to form a high
molecular weight material using trimellitic anhydride acid (TMA).
By contrast the random polyamide-imides (i.e., Torlon; copolymer
with ODA/mPda) are prepared from trimellitic anhydride
acid-chloride (TMAc) to the amide-amic acid stage and are then
fabricated and imidized at high temperature. We have examined a
group of alkylated 1,3 phenylene diamines in the regiospecific PAI
structure to determine the effects of changes in the imide bridge
(Ar;) and in the amide bridge (Ar;) on the properties of gas
permeability (P) and gas selectivity (o). As a general trend the imide
bridge component controls selectivity while the amide bridge
component controls permeability. The “optimum” structure has the
smallest diamine in the imide component and the largest diamine in
the amide component.
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The separation of gas mixtures by polymeric membranes has become a commercially
important methodology for a number of different systems (1). Several recent review
articles have discussed the interaction between polymer structure and gas
permeability properties (2,3). The quantification of the effect of polymer structure on
gas transport properties recently has been reported (4,5) and it is now possible to
optimize gas transport properties for well defined polymeric materials. For those
materials which do not have a well defined data base it is necessary to prepare and
measure the gas transport properties. The polyamide-imides (PAI) are a class of
polymeric materials which do not have an extensive data base for gas transport
properties (6,7). Work by Yamazaki and coworkers (8) demonstrated that PAI
materials could be prepared easily and in a manner whereby the amide bond could be
prepared from a phosphite activated carboxylic acid and an aromatic amine. Yang
and coworkers (9-11) have shown that novel dicarboxylic acids could be prepared
from trimellitic acid anhydride (TMA) and aromatic diamines and that these
dicarboxylic acids could be coupled with a second diamine to form regiospecific PAI
materials. Our focus was to examine the effects of a phenylene diamine and its
alkylated analogs on the gas transport properties of regiospecific PAI materials and to
identify those structures which maximized both permeability and selectivity.

Experimental

Reagents. N,N Dimethylformamide (DMF); CAS #68-12-2; Aldrich anhydrous
grade, was used as received. 1-Methyl-2-pyrrolidinone (NMP); CAS #872-50-4;
Aldrich anhydrous grade, was used as received. m-Xylene; CAS #158-38-3; Aldrich
anhydrous grade, was used as received. Calcium Chloride; CAS #10043-52-4,
Aldrich Powder -30 to +80 Mesh, 97% pure was baked at 200°C under .1 micron
pressure for 48 hours. Triphenylphosphite (TPP); CAS #101-02-2; Aldrich 97%
active, was used as received. Pyridine; CAS #110-86-1; Aldrich anhydrous grade,
was used as received. 1,2,4 Benzene tricarboxylic anhydride (TMA) CAS #552-30-
7; Aldrich 97% active, was used as received. 1,3-phenylenedimine (mPda); CAS
#108452; Aldrich 99+%, was sublimed and stored under N,. 2,4-Toluene diamine
(2,4-TDA); CAS #95-80-7, a generous gift of R.C.V. Carr (>99.8% pure), was used
as received. 2,6-Toluene diamine (2,6-TDA); CAS #823-40-5, a generous gift of
R.C.V. Carr (>99.8% pure), was used as received. 2,4-Diaminomestylene (DAM);
CAS #3102-70-3; EMS Dottikon, reagent grade (>99% pure), was used as received.
Diethyl Toluene diamine [Isomer mix] (DETDA); CAS #68479-98-1, Albamarle
Chemical, (>99% active), was used as received.

Ar; DIDC Monomers: Preparation and Properties. The general procedure is
detailed for 2,6 TDA-DIDC. The following components were placed in a 500 ml 3-
neck round bottom flask equipped with N, purge, mechanical stirrer and a dean-stark
trap: TMA (25.0556 g 0.13 moles); DMF (75 ml). The mixture was heated to 60°C
for 1 hour to dissolve the TMA. Then 2,6TDA (7.9411g; 0.065M), DMF (25 ml)
and mXylene (20 ml) were added to the reaction mixture and the dean-stark trap was
filled with mXylene. The temperature was raised to 190°C and water (2.5-3.0 ml)
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distilled off the reaction mixture with 70 ml of mXylene/DMF solvent mixture over 3
hours. The 2,6TDA-DIDC monomer was soluble in the reaction mixture at 190°C
but insoluble in DMF at room temperature. The solid was filtered, air dried for 24
hours then vacuum dried at 200°C for 48 hours. The dried monomer was analyzed
using thermal gravimetric analysis (TGA) and differential thermal analysis (DTA) to
determine residual solvent and melting point.

Polymerization Techniques. All of the experimental PAI materials used in this
project were prepared by the Yamazaki technique (8). This procedure was employed
by Yang and coworkers (9-11) in recent literature citations. The general procedure is
detailed for 2,6 TDA-DIDC combined with DAM. The following components were
placed in a 250 ml 3 neck round bottom flask equipped with a mechanical stirrer and
a N, purge: 2,6 TDA-DIDC (9.4076 gm, 0.02 M); DAM (3.0044 gm, 0.02 M);
CaCl; (10.1 gm); pyridine (20 ml, .25 M) and NMP (60 ml). The reaction mixture
was heated to 100°C for 30 minutes. The reaction mixture was then cooled to 0°C
with wet ice. Then TPP (13 ml, .05 M) was added with NMP (20 ml) and the
reaction mixture was heated to 100°C for 3 hours with rapid stirring. After three
hours the reaction mixture was cooled, diluted with 50 ml NMP and precipitated in
H,0 using a 1 gallon Waring blender. The solid was washed with water and then
water/methanol mixtures at a ratio of 2/1; 1/2; and finally all methanol using the
Waring blender for efficient extraction of inorganic salts and phosphate esters. The
polymer was then air dried overnight and vacuum dried for 24 hrs at 150°C. The
molecular weight was characterized by intrinsic viscosity measurements and the
weight average molecular weight [Mw] was determined by gel permeation
chromatography [GPC].

Dense Film Formation and Gas Transport Measurements. Polymer samples
were converted into mechanically stable dense films using the following procedure:
Polymer (~10 grams) was dissolved in ~70 grams of NMP to form an ~12.5% dope
solution. The dope solution was passed through a Zitex® PTFE "Coarse" grade
pressure filter. After degassing, the dope solution was cast into 150 mm casting rings
and dried to a free standing film after 8 hours at 100°C and 200 mm pressure. This
dense film was subsequently dried for 96 hours at .1 micron pressure and 295°C. All
of these regiospecific PAI materials exhibited glass transition temperatures greater
than 300°C. TGA analysis indicated less than 0.2% residual solvent. The dried
dense films were stored under N, prior to testing. All gas transport measurements
were performed in a microprocessor controlled manometric cell designed and
constructed at Air Products. Four films were tested at the same time and the reported
permeability values are an average of the four films. We used three gases: hydrogen,
oxygen, and nitrogen. Each gas was given 24 hours for equilibrium to be established.
Two consecutive tests were run at 24 hours and 48 hours for each gas. If the average
of the two sets measurements were within 4% the gas feed to the test cells was
changed. If the average of the two sets of measurements were greater than 4% the
tests were continued in 24-hour increments until the average permeability values
were within 4% in two consecutive sets of measurements.
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Polymer Synthesis for Regiospecific PAI Material. As envisioned, the
regiospecific PAI material would have the general structure of:

— )OK j)\ 1—NH—/\.;—NH——
N—An—N I
OlT \(O

n

where Ar; and Ar;, could be different aromatic centers. The overall synthesis would
follow the following sequence:

Preparation of Ar; DIDC. The condensation of 2 moles of TMA with a mole of
H,;N-Ar,-NH; yields:

LA L
2 HO— HO— —OH
OI 0+ HN— Ar,—-NHz—_{?—o» Ol N— Ar;—N l@j
e : YUY
o o

This Ar; DIDC monomer can be considered to be a modified isophthalic acid analog,
where the distance and bond angle between the carboxylic acid groups are increased.
Additionally the Ar, group should, depending upon structure, modify the packing and
bond angles between the imide rings and thereby influence gas transport properties.
The advantage of these Ar; DIDC monomers in the preparation of the regiospecific
PAI materials will be emphasized later in this article. It is sufficient here to point out
the solubility problems associated with Nomex and Kevlar, two commercial
polyamides, to set the stage for later discussions.

Polymerization of Ar; DIDC with H,NAr,NH,. The direct condensation between
an aromatic amine and an aromatic carboxylic acid to form an amide bond is not a
known reaction. The basicity of the amine is not sufficient to drive the reaction to
completion. One of the components needs to be activated for the amide bond to
form. Of the many ways to activate one of these components (either amine or
carboxylic acid) we found that the Yamazaki coupling procedure offered the most
straightforward route to high molecular weight aromatic polyamides for small scale
synthetic procedures. In the Yamazaki Activation Technique (8) a triphenyl
phosphite/pyridine activated complex interacts with the carboxylic acid group. The
formation of the amide bond releases equimolar amounts of phenol and phosphorous
oxy compounds into the reaction mixture. These side products subsequently are
separated from the polymer by precipitation and multiple step washing of the
polymer. The advantage of the Yamazaki reaction is that the precursor materials are
all stable at room temperature and can be transferred with ease at atmospheric
conditions.
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By comparison, in the Higashi activation technique (12), a thionyl chloride/NMP
complex is prepared at -10°C and used as an insitu complexing agent for the
carboxylic group. The formation of amide bonds results in equimolar amounts of
SO, and HCI being released. This procedure was discussed in great detail by Hong
and coworkers (13). They highlighted the advantages of the insitu chlorination
process both for activation of the DIDC monomer and for reduced costs.

Our first goal in these studies was to prepare a polyamide-imide of sufficient
molecular weight so that mechanically stable dense films could be cast for
permeability studies. The effects of experimental variables on molecular weight
have not been extensively studied in this program. A recent publication by Russo
and coworkers (14) describes the effects of experimental variables on the intrinsic
viscosity of a pPda/TPA polyamide using the Yamazaki coupling technique. The
goal of these authors (14) was to maximize molecular weight. By comparison, we
are seeking an intrinsic viscosity of ~0.5 dL/gm, which is sufficient to form strong
films for permeability analysis.

Diimidedicarboxylic Acid Monomers - Quality Control and Computer Modeling
Studies. The preparation of a number of candidate diimidedicarboxylic acid
monomers (Ar; DIDC) followed the solution dehydration procedure previously noted
in the literature (9-11). The details of the synthesis and purification of these Ar
DIDC monomers can be found in the Experimental Section. The monomers used in
this study are noted in Table . At present, the only quality control standards we have
for these materials are TGA for residual solvent and DTA for melting point. There is
a difference between the melting points reported in Table I and those cited in the
literature (10) for mPda based DIDC monomer. This may be due to an interpretation
of the DTA derived values. At our laboratory we use the initial break in the DSC as
the melting point of the monomer. In any event, the purity of our DIDC monomers is
quite good, based on the high molecular weight of the subsequent PAI materials.

An illustration of a typical DTA trace for a DIDC monomer is illustrated in Figure 1
where 2,6 TDA-DIDC is used.

Please note that the TDA (IM) entry in Table I represents the DIDC monomer
prepared from the 80/20 isomer mix of 2,4 TDA and 2,6 TDA. The melting point
depression of the 2,4 isomer in the mixture and melting point elevation for the 2,6
isomer in the mixture is noted. At this point I have no explanation for this
phenomenon. The diethyl TDA (IM) is an isomer mixture of the 2,6 placement of
the methyl group (20%) and the 2,4 placement of the methyl group (80%).

All of the Ar; groups are in a 1, 3 (or meta) configuration between the TMA groups.
The substituents on the Ar; unit should have an effect on the orientation of the Ar;
ring between the two phenyl-imide fused rings. We estimate the equilibrium angle
for the Ar; group using the Cerius2 molecular modeling program. These results are
presented in Table II. The equilibrium bond angles increase as the bulk of the alkyl
substitutents on the ring increases. This increase in bond angle can be illustrated by
comparing two extreme cases: mPda and the 2, 6 isomer of DETDA. Here the bond
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Temperature Difference (°C/mg)

DTA
2, 6-TDA-DIDC

0.3
0.2
0.1
393.36°C
0 0.1429°C*min/mg
489.97°C
011 483.82°C
0.2 . . — 2L - -
0 200 400 600 800
Temperature (°C)

Universal V1.7F TA Instruments

1: DTA for 2,6 TDA-DIDC
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Arll Melting Point’
mPda 315 (Lit [10] 321)
2,6 TDA 393
2,4 TDA 334
TDA (IM) 329, 404
DAM 356
DETDA (IM) 352, 397
'structures associated with these monomer acronyms are in the
Appendix
%in °C by DTA techniques

angles increase from 41° to almost 88°. These calculations were performed on the
a,0 carboxylic acid terminated monomer. This rather large range in bond angles is
reflected in a substantial change in the selectivity properties of the regiospecific PAI
materials. This will be documented in Table VII where the imide (Ar,) linkage is
varied from mPda to DETDA. We observe that as the bond angle between the Ar,
and phthalimide ring increases, the selectivity in the bulk polymer decreases. While
this is, at this point, only an observation, we are encouraged that these modeling
results may offer rather direct insight into a physical measurement. A cartoon of the
comparison of the mPda-DIDC to that of the 2,6 diethyl TDA is illustrated in
Figure 2.

Computer Modeling of Amide Bond Structures. The computer modeling of the
imide bond demonstrated that the substituents on the Ar; structure had a large effect
on equilibrium bond angles. The same analytical approach was taken for the
corresponding amide linkage (Ar,) to estimate the bond angles for these subunits.
These results are reported in Table IIl. The overall results indicate that the Ar, group
in the amide environment exhibits a uniformly higher bond angle than the Ar, in the
imide environment. This observation of a uniformly higher bond angle between the
Ar, ting and the phthalamide ring is reflected in the rather uniformly similar
selectivity values that are observed for changes in the amide group which will be
reported in Table V. It should be pointed out that these are only computer modeling
results and, therefore, are only as good as the program modeling parameters.
Additionally, we are using these computer generated bond angles for small segments
of polymer chains to indicate behavior of penetrant molecules in three dimensional
arrays of polymer chains in the solid state. While this represents a rather large
extrapolation, we believe there is an interesting trend which will be seen in the gas
transport values.
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Table II
Bond Angles for Diimide Structures'
Ar, Bond Angle2
mPda 414
2,6 TDA 60.2
2,4 TDA 426 59.7°
DAM 80.6
2,6 DETDA 83.5
2,4 DETDA 85.3° 89.0°

o [o]
. "
N— Ar—N X = carboxylic acid
o o

% bond angle phthalimide - Ar, rings (in degrees)
3 between H/H

* between H/CH;

5 between CH3/C,Hs

6 between C,Hs/C,H5

Table III
Bond Angles for Diamide Structure'
Series A

Arp Bond Angle2

mPda 83.9

2,6 TDA 84.7
2,4 TDA 85.6' 855

2,6 DETDA 83.9
2,4 DETDA 81.8° 80.3°

o] 0]

X X
NH— Ar—NH
Iy X

2 bond angle aromatic amide and Ar; rings (in degrees)
? between H/H

* between H/CH;

> between CH3/C2Hs

% between C,Hs/C,Hs
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Gas Transport Properties for Regiospecific PAI Materials. Before beginning a
systematic synthesis study, we felt that we needed to understand solubility limitations
for these regiospecific materials. Earlier it was pointed out that the commercial
polyamide Nomex (mPda/isophthalic acid) is soluble in hexamethyl phosphoramide,
hot m-cresol and sulfuric acid. The all para form [Kevlar] (pPda/terephthalic acid) is
soluble only in concentrated sulfuric acid. With this understanding as to the limited
solubility of unalkylated aromatic polyamides, we prepared the symmetric
regiospecific PAI materials shown in Table IV. The initial material prepared was the
all DETDA(IM) type. This had the bulkiest alkyl groups and had the highest
likelihood for good solubility. Afterwards, we prepared the all DAM, all TDA (IM)
and finally the all mPa based material. The mPDA based material is the completely
“bare” 1,3 placement material. As such, it can be considered a 1:1 combination of
Nomex with mPda/PMDA (polyimide). This material is completely soluble in NMP
and forms a clear dense film on casting, thereby establishing that we should not
experience solubility problems with any of the other 1,3/1,3 linked materials with
ring alkyl groups.

Table IV
Intrinsic Viscosity of Symmetric Regiospecific PAI Materials
Ar; = Ar,' | I
DETDA (IM) 491
DAM .509
TDA (IM) .500
mPda .562

! Organic structures associated with these monomer acronyms in
Appendix
? Intrinsic viscosity - DMAc/30°C in dL/gm

Variation in Ar, - Amide Bond. A series of regiospecific PAI materials were
prepared using DAM-DIDC and DETDA(IM)-DIDC with a number of different
diamines in the amide (Ar;) position. Permeability, selectivity, and intrinsic
viscosity results for these polymers are summarized in Tables V and VI. The focus
of this study was to examine the influence of size and volume of the substitutent in
the amide (Ar,) position for two different imide (Ar;) linkages on permeability and
selectivity properties. We anticipated, based on the volume effects of these imide
(Ary) units, that there would be two blocks of experimental results with P increasing
as we progressed from DAM to DETDA. The initial screening with DAM-DIDC
(Table V) encompasses the widest range of amide (Ar,) units. The DETDA-DIDC
based polymers (Table VI) were only prepared with selected amide (Ar,) units to
permit a comparison of polymers with the two different imide (Ar)) units.
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The discussion begins with the DAM-DIDC based materials and demonstrates the
effects of changes in the amide (Ary) structure on permeability (P)/selectivity (o)
properties. With the amide unit (Ar,) varying from mPda to DAM there is little
change in a(O,/N;) and only a 2.4x increase in P(O;). This fits into our computer
modeling observations regarding the amide (Ar;) linkage reported in Table II. A
working hypothesis to rationalize this observation is that increasing the ring methyl
groups from O (mPda) to 3 (DAM) increases the number of gas transport sites
without increasing the average size [thereby reducing a(O2/N3)] of the gas transport
site. The effects for P(He) and a(He/N,) are not as sharply defined as for P(O,) and
a(O,/N;), probably because of the larger size differential between the kinetic
diameters of helium (2.60 A% and nitrogen (3.64 A% vs. oxygen (3.46 A% and
nitrogen (3.64 Ad).

A comparison of 2,6 TDA, 2,4 TDA and TDA (IM) indicates that both P(O,) and
o(O2/N;) follow the expected trends. The 2,6 isomer, being symmetric has lower
P(0O,) and higher a(O»/N,) when compared to the 2,4 isomer. The 80/20 Isomer Mix
form of TDA has P(O,) and a(O,/N,) values which fall between the 2,4 and 2,6 with
the expected bias towards the 2,4 isomer. We hypothesize that in the amide
environment both of these diamines (i.e., mPda and TDA(IM)) are similarly shielded
by amide hydrogen bonding so that they behave in a similar fashion with regard to
gas transport. It is only when more ring methyl groups (3 methyls: DAM) or bulkier
substituents are used (DETDA) that there is a change in P and a properties.
Increasing the number of ring alkyl groups (DETDA [IM]) of the Ar; unit leads to an
increase in P(O,) and a loss in a(O»/N,). In these materials we hypothesize that there
is an increase in the average size of gas transport sites.

Table V
Effects of Ar, Unit on Polymer Characteristics of Regiospecific PAI Based on DAM-
DIDC
A" Permeability Coefficient® | Selectivity | IV
02 N> He | 02/N2 He/N:

mPda 1.45 218 19.0 6.67 872 |1.04
2,6 TDA 1.52 .230 18.2 6.61 79.1 [.630
2,4 TDA 2.01 .308 21.7 6.53 705 [.727
TDA (IM)®  [1.85 281 203  [6.58 723 |.672
DAM 3.47 .536 36.3 6.47 67.7 |[.509
DETDA 4.75 .808 374 588 463 [.412
)

0 Organic structures associated with these monomer acronyms in Appendix
@ IM = Isomer Mix; typically 80% 2,4 and 20% 2,6
scc cm 1

& Permeability coefficients (P) in barrers [;c_ o’ om He)

X 10'°:| measured
at 25°C
® Intrinsic Viscosity - DMAc/30°C in dL/gm
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When we examine the more limited case of experimental materials prepared with
DETDA-DIDC (Table VI) and then compare the three similar amide (Ar,) units we
have a rather startling difference for P(O,) and a(O»/N;). Placing DETDA in the
imide (Ar;) segment increases P(O;) for each comparative member but decreases
a(0,/N,). In both data sets, the polymers in which the Ar, units are mPda or DAM
have similar a(O2/N,) values, and polymers containing DAM have the higher P(O,)
values. These results are similar to those for the DAM-DIDC materials (Table V).
Increasing the degree of ring alkylation or size of the alkyl groups as with DETDA
(IM) in the amide (Ar;) unit decreases a(O,/N,) and increases P(O;). The rather
uniform selectivity for the smaller amide units (mPda and DAM) was observed for
both sets of materials (Tables V and VI).

Table VI
Effects of Ar, Unit on Polymer Characteristics of Regiospecific PAI Based on
DETDA-DIDC
A" [Permeability Coefficient®| Selectivity | [V
02 N He | O2/N2 He/N:

mPda 2.61 454 214 575 47.1 |.637
DAM 4.94 .881 35.9 5.61 40.7 | .480
DETDA 6.49 1.28 384 5.07 30.0 |.491
(IM)(Z)

™ Organic structures associated with these monomer acronyms in Appendix
@ IM = Isomer Mix; typically 80% 2,4 and 20% 2,6
scC  cm 1

@ Permeability coefficients (P) in barrers | — - — -
sec cm” cm(Hg)

X 10'°:| measured

at 25°C
“ Intrinsic Viscosity - DMAc/30°C in dL/gm

These results demonstrate that P(O,) and a(O,/N,) vary depending on the amide
(Ary) units and whether DAM or DETDA is in the imide (Ar;) unit, the best
combinations of P and a are observed with small units in the imide (Ar;) unit and up
to DAM in the amide (Ar) unit. Since there is little change in selectivity (o) as the
amide (Ary) portion is varied from mPda to DAM the next set of experiments would
investigate smaller imide (Ar;) components with varying amide (Ar,) components.

Variations in Ar;-Imide Bond. In Table VII a second series of regiospecific PAI
materials were prepared using DAM and other diamines in the amide (Arz) unit of
the polymer while systematically varying the imide (Ar;) portion of the polymer.
Here we used DAM or bulkier diamines in the amide portion to increase the
permeability characteristics of these materials. At the other extreme we used mPda
and TDA (IM) in the amide (Ar,) portion to study the symmetrical materials. The all
mPda analog of these regiospecific PAI materials is completely soluble in the imide
form in NMP casting solution. The gas transport properties for this all mPda form
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are, as expected, very low. The He/N; selectivities are very attractive. This material
should be an excellent candidate for separating hydrogen/methane mixtures. By
comparison, the all TDA analog is more permeable and somewhat less selective than
the all mPda material. These results are provided in the first two entries in Table VIL.
In the remainder of Table VII we have varied the imide (Ar;) portion while
maintaining two different segments for the amide (Ar,) portion. We will analyze the
data for PAI homopolymers in two subgroups: Ar, = DAM; Ar; = DETDA.

Table VII
Effects of Ar; Unit on Polymer Characteristics of Regiospecific PAI
ArY Ar,'V  |Permeability Coefficient® | Selectivity e
02 N> He 02/N2 He/N2

mPda mPda 0607 .00715 277 | 8.49 380 562

TDAMM)® [TDAIM)® | 239 0280 6.78 | 8.53 242 .500

mPda® DAM 277 0305 7.61 | 9.09 249

26 TDA |DAM 747 0949  14.1 | 7.87 149

TDA(IM)® |DAM 627 0830 114 | 755 137

DAM DAM 347 536 363 | 647 677 .509

DETDA® |DAM 494 881 359 | 561 397 480

mPda DETDA” | 528 0781 963 | 676 123

26 TDA |DETDA® | 1.16 .170 163 | 6.82 959 414

TDA(IM)® |DETDAY | 1.03  .156 13.6 | 6.60 872 412

DETDA® |DETDA® | 649 1.8 384 | 507 300 491

M Organic structures associated with these monomer acronyms in Appendix 11.2
@ IM = Isomer Mix; typically 80% 2,4 and 20% 2.6
scc  cm 1

@ Permeability coefficients (P) in barrers [;c; “om? om(Hp)

X 10'°} measured

at 25°C

“ Intrinsic Viscosity - DMAC/30°C in dL/gm

©) Polymer did not redissolve on casting, values based on extrapolation from
copolymer data

Using DAM as the amide (Ar,) unit. In this analysis of physical properties
as a function of changes in the imide (Ar,) bond let us focus first on entries three to
seven in Table VII; mPda to DETDA. Earlier we showed in Tables V and VI that for
the range of amide (Ar,) units, the a(O»/N,) was insensitive to the number of methyls
from O (mPda) to 3 (DAM); only P(O,) increased. Anticipating that we could
maximize both P(O;) and a(O»/N,), we prepared the regiospecific PAI materials
presented in Table VII, focusing on the effects of changes in the aromatic diamine in
the imide (Ar;) environment keeping the amide (Ar;) as DAM. The mPda-
DIDC/DAM P/a properties are estimated from graphical extrapolation of copolymer
data. This material was, after polymerization, drying and preparation of the casting
dope, insoluble during the film formation step. This result was confirmed by
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preparing a new batch of this polymer, which was also insoluble. A more aggressive
solvent (m-cresol) should be sufficient to achieve complete solubility but the
estimated P/a properties for this material did not warrant such efforts. The 2,6 TDA
form has very attractive gas transport properties for nitrogen. Using TDA (IM) as a
starting material the DIDC form was reacted with DAM. The resulting polymer had
a P(O,) of 0.627 barrers and an O,/N; selectivity of 7.5. A comparison of the
2,6 TDA form with the TDA(IM) form indicates that both P(O,) and a(Oy/N,) are
lower in the isomer mix than in the symmetric 2,6 form. This effect is also observed
for the DETDA analogs.

As we increase the ring alkylation we find that O, permeability increases and O»/N,
selectivity decreases. For the DAM/DAM form we now have 3 ring methyl
substituents on Ar; and the oxygen permeability and O»/N, selectivity decrease.
Increasing the alkyl groups on Ar, to methyl/diethyl [DETDA] completes the series.
With this material we have maximized permeability and minimized selectivity.

Using DETDA as the amide (Ar;) unit. In the second set of four PAI
materials with DETDA in the amide (Ar,) position, we find that in all cases the
permeability coefficient increases and the selectivity decreases compared to analogs
containing DAM in the amide (Ar;) position. The mPda material is completely
soluble in NMP. The 2,6 TDA and TDA (IM) polymers are also soluble in NMP.
The polymer with TDA (IM) has P(O,) = 1.03 and a(O»/Ny) = 6.60. The last entry
for this subset is the DETDA-DIDC/DETDA. This material, which contains very
bulky aromatic amines exhibits the highest permeability and lowest selectivity of all
of the polymers in this table.

Effects of Copolymerization on P/o. Response. Earlier we examined the effects of
changing the structure of Ar, (imide) and Ar, (amide) and presented the working
hypothesis that changes in the Ar; (imide) environment were more effective than
changes in the Ar, (amide) environment on P/o properties. To corroborate this we
prepared a variety of copolymers of Ar; type and of Ar, type and measured gas
transport properties for those polymers. The results are presented in Table VIIL

The insolubility of mPda-DIDC/DAM led us to consider the effects of changes in the
average number of methyl group on the aromatic rings of both the imide portion
(Ar;) and amide portion (Ar,) of these materials. The five materials focus on the
effects of changing Ar, and Ar, with mPda, and DAM (which are both forms of the
1,3 aromatic ring). This copolymerization procedure and the graphical display of the
data also provides a qualitative indication of the precision of our P(O,) and P(Ny)
measurements. If the permeability values were subject to significant random errors
during the measurement process, then we expect a degree of scatter of the points
about the line of log P vs. composition. In actuality, the data array in Figures 3 and 4
[P(Oz) and P(N;) vs. composition] were very well described by a straight line,
indicating little scatter in the permeability coefficient measurements. As an added
feature, this approach permits us to determine the P/ properties for mPda DIDC
with DAM. The copolymer with an O, permeability of .759 barrers and an O,/N,
selectivity of 8.25 has very attractive gas separation properties.
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Table VIII
Effects of Copolymerization in Ar; and Ar, on Polymer Characteristics of
Regiospecific PAI
A Ar" Permeability Coefficient™® |  Selectivity v
02 N2 He 02/N2  He/N2
mPda (.5)® |DAM 1.07  .141 172 | 759 122 | 453
DAM (.5)®
mPda (.6)® |DAM 759 0920 142 | 825 154 | .877
DAM (.4)®
mPda (8)® |DAM 447 0512 103 | 873 201 843
DAM (2)®
DAM mPda (2)@® [ 291 449 318 | 648 708 | .535
DAM (.8) @
DAM mPda (5)® | 2.19 331 252 | 652 746 | .580
DAM (.5) @

M Organic structures associated with these monomer acronyms in Appendix
@ IM = Isomer mix; typically 80% 2,4 and 20% 2,6
scc  cm 1

® Permeability coefficients (P) in barrers [s_e_c- o em(Hg)

X ]0’0} measured

at 25°C

“ Intrinsic Viscosity - DMAc/30°C in dL/gm

@ The figures represent the mole fraction of aromatic diamines in these
copolymer

The relative slopes of the log P vs. composition curves would be a good indication of
the “sensitivity” of the number and distribution of methyl groups on the aromatic
rings on gas transport properties. In this study we focus on the effects of substituting
mPda for DAM in both the imide (Ar;) and amide (Ar,) portions of the polymer.
One of the end points will be the all DAM based material with P(O2) = 3.47 barrers
and a(O/N,) = 6.47. The extrapolation of the mPda imide data to the all mPda
composition permitted us to estimate the P/a values reported in Table VII. The slope
for the Ar, line is greater than for the Ar, line. All of these data indicate the
following general trend:

A small Ar, unit (i.e,. mPda) increases a. (O2/N3) for the overall polymer.

A large Ar;, unit (i.e., DAM) increases P (O-) for the overall polymer.

Conclusions

These regiospecific polyamide-imides allow us to control the number and type of

alkyl substituents in both the imide (Ar;) and amide (Ars) portions of this polymer
and to determine the effects of these substituents on the properties of these materials.
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Cerius 2 molecular models of both the diimide and diamide segments were estimated
for different alkyl substituents. The diimide was more sensitive to variations in alkyl
substituents, varying from 41° for no methyl groups (mPda) to 88° for 1 methyl and 2
ethyl groups (2,4 DETDA). The permeability properties increased for all gases as the
number and size of the alkyl groups increased in both the imide (Ar;) and amide
(Ary) portions of the polymer. In the amide portion of the polymer varying the
substituents from none (mPda) to three methyls (DAM) has no effect on selectivity of
oxygen/nitrogen. Increasing the alkyl substituents to methyl/diethyl (DETDA)
causes a drop in the selectivity of oxygen/nitrogen. In the imide (Ar;) portion of the
polymer increasing the alkyl substituent size and number increases permeability for
all gases and decreases selectivity for all gas pairs. A combination of imide (Ary)
segment with the minimum alkyl substituents and DAM in the amide (Ar,) portion of
the polymer should provide both high permeability with high selectivity.

Appendix Acronyms/Chemical Structures

HO
o

HaN NHg

CH3
HoN NHy  HoN NHa
TDA (IM) \©[
CHg
(2,6) (2,6)
CHz CoHs
HoN NHz HaN. NHz
DETDA (IM)
HsC3 CoHs  HsC CH3
(2.6) (2:6)
CHgz

HaoN NH2
DAM
H3C CHs
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Chapter 16

Permselectivities of Poly(amide imide)s and Similar
Poly(ester imide)s as Dense Films and Thin-Film
Composite Membranes

Detlev Fritsch

Institut fiir Chemie, GKSS Forschungszentrum GmbH,
Max-Planck-Strasse, D-21502 Geesthacht, Germany

Poly(amide imide)s (PAI’s) are rarely tested as gas separation materials.
We have recently discovered PAI's with and without 6F-containing groups
which have reasonably high gas permeability and selectivity. To
understand the influence on permselectivity of the amide and the ester
bonds, PAI's and poly(ester imide)s (PEI's) differing only in this
particular bond were synthesized, and their permeability and diffusivity to
the gases He, H,, O, N, CO, and CH; was determined. As an additional
variation in structure, 4 methyl-groups were introduced in the ortho-
position to the ester bonds. The para-linked PAI exhibits lower
permeability than the analogous meta-linked PAI but offers higher
selectivity (e.g. about 40% increase for H,/CH,;). Gas permeability
coefficients of PEI's are slightly higher than their PAI analogues. The
introduction of 4 methyl-groups results in a marked increase in gas
permeability (e.g. for O,, permeability increases from 10.5 to 18.9 Barrer)
and even a slight increase in selectivity. Due to the excellent film forming
properties of the polymers, defect-free thin film composites with high
fluxes and thicknesses as low as 200 nm were also prepared.

Aromatic polyimides have been identified as interesting materials for gas separation
applications (/-3). They combine high permeability at considerable selectivity with
superior mechanical strength and long term durability even at elevated temperature.
Within this class of polymers, however, permeability covers several decades. For
example, in the case of oxygen, permeabilities from < 0.001 to > 100 Barrer have been
reported. The highest permeability was observed in polymers with rigid structures bearing
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bulky alkyl substituents ortho to the imide ring. Additional functional groups such as
ether, ester, and amide may be introduced to vary the properties. Poly(amide imide)s
(PAI’s) are rarely tested for their gas permeation properties (/, 3-7) even though they can
be tailored to form competitive membrane materials (8). Some recently synthesized PAI's
offer the chance to prepare similar poly(ester imide)s (PEI’s) which differ only in this
particular bond. The permeability and selectivity of these polymers to He, H;, Oz, N3, CO;
and CH, permits a determination of the influence of this structural variable on gas
transport properties.

The basic gas permeation properties are not the only limiting factor in the use of
polymers in gas separation. Film formation properties are as important as the gas
permeability and selectivity of a polymer in determining its potential as a membrane
material. Because the gas flux through a membrane depends most critically on thickness,
the challenge is to make the membrane film - the active separation layer - as thin as
possible while avoiding defects. The PAI and PEI polymers were, therefore, also tested
for preparation and use as thin film composite membranes.

Experimental

Monomer and polymer syntheses of PAI were performed as reported previously (9).
Diacids with preformed imide groups were reacted with diamines to yield the PAI in one
step (9-11). The diphenol 2,2-bis(4-hydroxyphenyl)hexafluoropropane for the PEI
synthesis was obtained from Aldrich. The analogous diol with 4 methyl groups ortho to
the hydroxy moiety (2,2-bis(3,5-dimethyl-4-hydroxyphenyl)hexafluoropropane) was
synthesized by condensing hexafluoroacetone hydrate with 2 moles of 2,6-dimethylphenol
following a patent (I2). PEI's were obtained from diacids and diols in dry N,N-
dimethylformamide (DMF)/pyridine (1/1) and an excess (2.6 mole/mole diacid) of tosyl
chloride (13). Reaction time was 3 to 5 h at 120 °C under a dry argon flux. Reduced
viscosities (0.5% at 30°C in N-methylpyrrolidone (NMP)) of > 0.35 dL/g were required
for the preparation of free-standing, non-brittle, methanol stable films.

Solvent-free films about 30-90 pm thick were prepared (see ref. 8). Their gas
permeation properties were measured with pure gases using a self-built vacuum time-lag
apparatus. Permeate pressure increase with time was recorded at 30°C by two MKS
baratron pressure sensors (10 mbar maximum (permeate), 5 bar maximum (feed)) which
were connected to a computer. Feed pressure was varied from 0.2 to 1 bar. Permeate
pressure was <10 mbar at the beginning of the experiment and was recorded up to 0.5-9
mbar, depending on the feed gas. Permeability was calculated from the slope of the
permeate pressure versus time data in the steady state region. Apparent diffusion
coefficients, D,, were estimated from the time-lag 8 by D,= 1’/66 (I being the film
thickness). Apparent solubility coefficients, S,, were calculated from S,=P/D,.

Thin film composite membranes were prepared on in-house fabricated porous
supporting membranes made of either polyetherimide (Ultem®) or polyacrylonitrile
(PAN). Gas fluxes of composite membranes were measured at 1-5 bar feed pressure (pure
gases) and room temperature using a soap-film bubble flow meter. In this case, the
permeate pressure was the ambient atmospheric pressure.
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Results and Discussion

The PAI's were prepared as previously reported (9) following a direct condensation
method (10) using diacids with built-in imide groups and sublimated diamines. The
reaction was performed in NMP at 115 °C. 10 mmol of diacid in 30 ml of dry NMP
were mixed with 16 ml of pyridine, 20 mmol of triphenyl phosphite (TPP) and 2 g of
LiCl. 10 mmol of the diamine, dissolved in 30 ml of NMP, was rinsed in and the
temperature was raised to 115 °C. It was stirred for 3 h at 115 °C under N, purge,
cooled to room temperature and precipitated in water or methanol. The polymer was
boiled twice with methanol to remove any LiCl and pyridine and dried overnight at
110 °C below 1 mbar. The yield was 75-95%. PEI's were synthesized from the same
diacids but were reacted in DMF at 120 °C for 3-5 h with the corresponding diphenols
and tosyl chloride as a condensation agent. The diphenols and the tosyl chloride were
sublimated prior to use. Figure 1 reports the structure of the 6 polymers. The carboxyl
group in 1 is para linked to the imide moiety. In 2, it is meta linked. Both polymers
bear a methyl group ortho to the imide ring which hinders the rotation around this
bond and therefore stiffens this part of the monomeric unit. The diacid in polymers 3
uses a similar strategy to stiffen the polymer backbone. It contains 4 methyl groups
ortho to both of the imide rings. In 3¢ an additional 4 methyl groups shield the ester
bonds and contribute to increasing bulkiness and overall chain stiffness.

The reduced viscosities are summarized in Table I. Assuming comparable
degrees of polymerization within the PAI series (1 = p-PAI, 2a = m-PAI, 3a = PAI) the
highest value was found for the PAI 3a (1.0-1.7 dL/g) reflecting the stiffness of the
monomeric diacid building block. All of the polymers yield non-brittle, tough films
from high boiling solvents like NMP, DMF or THF. Polymers 1, 2a and 2b are also
soluble in methyl ethyl ketone (MEK) and acetone. No differences in solubility were
detected between PAI and their related PEI structure.

The basic gas permeation data - permeability, apparent selectivity and
diffusivity to various pure gases - are given in Tables II-V. The para-linked PAI 1 is
less permeable to gases than the analogous meta-linked PAI 2a but offers higher
selectivity. The only difference between the two structures is in the meta and para
linkage of the imide benzene ring. This is visualized in the sketch in Figure 2. The
ortho methyl group hinders the rotation around the imide bond. Therefore, two
conformations are possible and exist in equal amounts in the polymers. Figure 2
illustrates the consequence of this structural feature to the free volume of each of the
two conformations with the ortho methyl groups above and below the imide plane. In
the case of para-linked PAI ] (see Figure 2 above), the overall chain structure will not
be changed by mixing the two conformers. With meta-linked PAI 2a, however, the two
meta-linkages per monomer unit can induces a rather large change in chain orientation,
thereby lowering the order in chain packing and increase the free volume. This result
seems to be in contrast to previously reported behavior in pure polyimides (3) where
polyimides containing para-linked imide groups exhibit gas permeability coefficients
which are higher than those in meta-linked polyimides. In that case, however, no ortho
methyl groups hinder the rotation at the imide bond and, consequently, two distinct
conformations are not possible.

The PEI's (2b, 3b) are slightly more permeable than their PAI analogues (2a,
3a). The introduction of 4 methyl groups (3¢ = PEI-4-Me) results in a marked increase
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d % 2a: X=NH
(m-PAI)
x1~ 2b:x=0
0 cF, . (PAI)
4"/ T A= =
R R
o o o

(m-PEI)

3a: X=NH, R=H

3c: X=0, R=CH,
(PEI-4-Me)

Figure 1. Structures of the synthesized poly(amide imide)s and poly(ester imide)s.

Table . Reduced viscosities of the polymers.

Polymer

Reduced Viscosity / (dL/g) °

1

2a
2b
3a
3b
3c

0.64 - 0.86
0.80-1.2
0.35-047
1.0 -1.7
0.35-041
0.63

* At 0.5%, 30 °C in N-methylpyrrolidone
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Table II.  Ideal permeabilities of the polymers to various gases.

Polymer P O, PN, P He PH, PCO, PCH,

1 6.1 1.1 72 64 34 0.51
2a 8.3 1.6 81 76 44 0.98
2b 8.8 1.8 80 72 47 1.1
3a 9.4 2.1 67 78 56 1.6
3b 10.5 25 64 72 60 23
3c 18.9 43 107 137 110 3.6

Permeability (P) in Barrer (cm3 (STP) cm cm?s' cmHg™! x 10°7%).

Table IIl.  Ideal selectivities of the polymers to various gas pairs.

Polymer ~ P(O/N,) P(He/N,)  P(CO/CH) P(H/CH,)

1 5.5 65 67 125
2a 52 50 45 78
2b 5.0 45 43 65
3a 4.5 32 36 50
3b 42 26 27 31
3c 44 25 31 38
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Table IV. Apparent diffusivities of the polymers to various

gases.
Polymer DO, DN, D Co, D CH,
1 3.8 0.84 0.99 0.11
2a 4.7 1.2 1.1 0.18
2b 5.7 1.4 1.6 0.25
3a 5.1 14 1.4 0.26
3b 7.0 2.1 20 0.48
3c 11.6 3.1 3.2 0.66

Din:cm? s x 10%,

Table V. Apparent solubilities of the polymers to various

gases.
Polymer SO, SN, S Co, S CH,
1 16 13 350 46
2a 18 14 400 55
2b 16 13 290 44
3a 18 15 400 61
3b 15 12 310 48
3c 16 14 350 54

S in: cm® (STP) cm™ cmHg™' x 107,
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~— ] 1=p-PAl

3 \
2 = m-PAl

Figure 2. Possible conformations of para-linked PAI 1 (above) and meta-linked PAI 2a
(below).
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in gas permeability (e.g. O, permeability increases from 10.5 to 18.9 Barrer, as shown
in Table II) while also slightly increasing the selectivity (P(O2/N,) from 4.2 to 4.4 (see
Table III).

Further insight into the structure/property relationships is obtained by
comparing the changes in the apparent diffusivity (D,) with structure. D, values of the
gases in Table IV are always higher in the PEI's than in the PAI's. The apparent
solubility (S,) of the same gases, however, is higher in the PAI’s than in the PEI's
(e. g. S, values for CO, are 0.40 for the PAI (2a) and only 0.29 cm? (STP)/(cm?
cmHg) for the corresponding PEI (2b)). The product of D, and S,, the permeability, is
similar to the behavior of D, and is slightly higher in the PEI's than in the PAT’s. In
comparison to meta linked PAI 2a para linked PAI 1 is in all cases lower in P and D,
but is more selective (see Table Il and the discussion above). So far it seems that PEI's
may be more suitable than PATI's for gas separation membranes. In contrast to the
previously mentioned gases (O,, N,, CO,, CHy), the fast permeating gases He and H,
break the rule. Figure 3 reports the permselectivity of the polymers for Ho/CHy. The
permeability and selectivity are higher for the PAI's. The same trend is observed for
He/N,. Diffusivity data for He and H, could not be measured accurately because the
time-lags are less than one second.

To test further the applicability of the polymers for gas separation in technical
processes, thin film composite membranes were prepared on microporous
polyetherimide supports. Table VI summarizes fluxes and selectivities to the pure
gases O, and N,. A final PDMS coating was applied to plug minor defects (14).
Solvent/non-solvent mixtures (compare ref. 15) of MEK/isopropanol (75/25) were
found to be best for thin film composite preparation. Pure MEK (see Table VI, 1/2) is
useful only at concentrations > 1% to yield defect-free coatings. After applying the
PDMS coating on the composite membranes, at least the intrinsic selectivity of the
polymer is realized. Formulations with non-solvent at 0.75 % polymer concentration
or below yield membranes with higher flux (14-18 GPU, Table VI) and selectivity
(J(O/N,) = 6.3, see Table VI) which is clearly above the intrinsic selectivity of the
polymers (p-PAI 1 P(Ox/N;) = 5.5; m-PAI 2a P(Oy/N,) = 5.2). This result may be due
to partial pore blocking. Some regions of the microporous polyetherimide support may
be pore-plugged by the PAI polymer and result in a defect-free polyetherimide
asymmetric membrane with P(Oy/N;) = 7 and a ‘low’ gas flux. (Compare ref. 14 for
PDMS coating to plug defects of an asymmetric polysulfone membrane). The residual
support may have a coating without pore plugging and yield a composite membrane
with selectivity P(O,/N,) = 5.2 (the intrinsic value of the m-PAI) and a ‘high’ gas flux.
Because the flux of the entire membrane is composed of both regions the selectivity
P(0/N;) must be between 5.2 and 7 depending on the fluxes in the two regions of the
composite membrane. This argument is further supported by the actual thickness of the
PAI coating. From the high resolution SEM micrograph the PAI coating is measured
to be 200 nm. A calculation from the gas flux using the intrinsic polymer properties,
however, yields an effective thickness of 300-350 nm.

Coatings from m-PEI 2b, mainly due to its lower viscosity (molecular weight),
do not reach the polymer intrinsic selectivity but offers the highest flux (48 GPU;
J(O2/Ny) =4.4).

Figure 4 presents a high resolution SEM micrograph of composite 1/1 (data see
Table VI); (A) before and (B) after the final PDMS coating. The PDMS layer is
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Figure 3. Permeability/Selectivity of Hy and Hy/CHy of the PAI's 1, 2a, 3a and the

PEI's 2b, 3b, 3c.

Table VL O,-flux and O,/N, selectivity of thin film composite
membranes on a polyetherimide support.

Sample®  Solvent® Conc. JO/N,)¢ J0,° JO/N,)®

% PDMS PDMS

n MEK/i-C3 0.70 3.9 18 6.3
(75/25)

12 MEK/- 1.0 4.1 59 55
(100/ -)

2a/1 MEK/i-C3 0.75 54 14 6.3
(75/25)

2b/1  MEK/-C3 1.0 3.0 48 44
(75125)

*To be read as polymer No/sample No. *MEK= methyl ethyl ketone, i-C3=
isopropanol. “Selectivity of the as-coated membranes. %Flux ) inGPU=1x
10°cm3 em™® s cmHg' after PDMS coat. “Selectivity after PDMS coat.
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-

Figure 4. SEM micrographs of PAI thin film composite membranes coated on PEI
support. Membrane 1/1 (A) as coated and (B) after final PDMS coating.

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.ch016

243

detected as a curled film of about 50 nm in thickness on the top surface. The curling is
most probably due to preparation artifacts necessary for SEM.

Conclusion

PAI and PEI polymers were identified as polymers suitable for membrane gas
separation. Both classes of polymers possess excellent film forming properties at
reduced viscosities > 0.35 dL/g (0.5%, NMP, 30 °C). Preparation of defect-free
composite membranes with thicknesses of about 200 nm have been demonstrated.
Further work is necessary to investigate the interaction of the support and active
separation layer in long term use of the composite membranes.
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Chapter 17

Crosslinked Diacetylene-Functionalized Polyimides
for Gas Separation Membranes: Polymer
Reactivity and Resultant Properties

Birgit Bayer'®, Birgit Schoberl'#, Karthik Nagapudi’, Mary E. Rezac'’,
and Haskell W. Beckham?

'Schools of Chemical Engineerh% and Textile and Fiber Engineering,
Polymer Education and Research Center, Georgia Institute of Technology,
Atlanta, GA 30332

A diacetylene-functionalized polyimide homopolymer and blends of
a diacetylene-functionalized oligomer with a nonreactive polyimide
base were crosslinked by thermal annealing. Gas transport
properties at 35 °C are reported for these materials. Permselectivity
data on the blend containing 25 wt% reactive oligomer are provided
for temperatures up to 300 °C. Crosslinking does not significantly
affect gas transport. For the reactive homopolymer, the influence of
annealing time and temperature were examined by differential
scanning calorimetry. A characteristic diacetylene reaction
exotherm can be used to monitor residual diacetylene content
following arbitrary annealing treatments. Preliminary solid-state
NMR data suggest the crosslinking involves a 1,2-addition reaction
of the diacetylene groups.

Expansion of membrane applications into the separation of chemically aggressive
materials and/or at temperatures outside the current operating window offers
exciting possibilities (1). To be applied successfully in these situations, a
membrane must be resistant to chemical attack, thermally stable, mechanically
strong, easily processed, and able to selectively separate gases while providing for
a high throughput of one component. Few commercial polymers possess this
combination of properties (2).

Crosslinking has been employed to impart increased physical strength,
dimensional stability, and solvent resistance to a polymer by restricting the
mobility of polymer chains (3,4). Material flexibility typically decreases as the
degree of crosslinking in the matrix increases. Since diffusion of gas molecules
through a polymer involves the cooperative motion of chain segments, crosslinking
may retard the permeation process (5). Indeed, the literature on crosslinked
polyimides indicates a significant decrease in permeability results from this

3Current address: Rheno-Westphalian University of Technology, Aachen, Turmstrasse
D-52056, Germany.

“Current address: Royal Dutch Shell, Hamburg, Germany.

%Corresponding author.
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process (6-9). One exception is our recent work on crosslinkable polyimide
blends. A 6FDA-IPDA polyimide was solution-blended with a diacetylene-
containing 6FDA-based imide oligomer. Solid-state crosslinking was activated by
thermal annealing. The resultant material became insoluble for blends containing
10 wt% and greater of the reactive diacetylene-containing oligomer. Most
importantly, no measurable decrease in permeability was observed upon
crosslinking (10).

Following crosslinking, the bulk densities of the blends increased by less than
1%. It is presumed that the low shrinkage is related to the characteristics and
reaction chemistry of the carbon-carbon triple bond of the diacetylene groups.
Diacetylenes incorporated along linear oligomers and polymers are capable of a
topochemically controlled solid-state reaction with diacetylenes on adjacent
molecules to give polydiacetylene crosslinks (11-13). This cross-polymerization
occurs via a 1,4-addition of appropriately arranged diacetylene groups.
Diacetylenes can also “hypercrosslink” via 1,2-additions when the packing
arrangement is not suitable for cross-polymerization (14, 15).

The reaction chemistry of the diacetylene groups in the crosslinkable
polyimide blends needs to be examined in order to understand how these materials
can be crosslinked without reducing gas permeability. This report presents the
initial results toward this goal. Differential scanning calorimetry and solid-state
NMR data are presented for the reactive diacetylene-containing homopolymer.
Before these data are described, permeability data on the crosslinkable polyimide
blends are presented that expand upon our previously published work on these
materials.

Experimental

Polymers. This study involved the investigation of a series of polyimide blends
composed of a nonreactive component with attractive processing and transport
properties into which was blended a crosslinkable component. The polyimide
from 4,4'-isopropylidene dianiline (IPDA) and 4,4'-
(hexafluoroisopropylidene)diphthalic anhydride (6FDA) was employed as the
nonreactive component. This polyimide, 6FDA-IPDA (Figure 1), was evaluated
because of its outstanding physical properties, processability, high permeability
and high permselectivity (16). The polymer is soluble in methylene chloride, can
be prepared in high molecular weight, and is thermally stable to over 300 °C (16).
The 6FDA-IPDA employed here was synthesized following the procedure of Husk,
etal. (17).

The reactive polyimide developed and evaluated contains both a 6FDA moiety
and an aliphatic diacetylene segment (1,1-6FDA-DIA, Figure 1). Structural
similarity between the reactive and inert components was designed to increase the
probability of forming miscible polymer blends. The 1,1-6FDA-DIA was prepared
by the oxidative coupling of the N,N'-dipropargyl diimide monomer synthesized
from two equivalents of propargyl amine and one equivalent 6FDA. Details of the
synthesis have been provided (18). By controlling the reaction conditions, the
molecular weight of this component was kept low to enhance miscibilitly with the
high-molecular-weight 6FDA-IPDA. End-group analysis by 'H NMR
spectroscopy revealed a number-average-degree of polymerization of 5. The
pentamer was dried to a constant weight and stored in a desiccator prior to use.
We refer to these diacetylene-containing materials as 1,1-6FDA-DIA to signify the
anhydride from which they were produced (6FDA), and the number of methylene

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.ch017

246

spacers (1 and 1) separating the diacetylene groups (DIA) from the imide
nitrogens.

Films of the pentamer-containing blends were continuous and self-supporting
at compositions of 25 wt% 1,1-6FDA-DIA and less. The properties of the 1,1-
6FDA-DIA homopolymer were evaluated from a high molecular weight sample.
End-group analysis as measured by NMR suggests that the average degree of
polymerization for the homopolymer was 75. This material was dried to a constant
weight and stored in a desiccator prior to use. Details of the polymer synthesis are
provided in a companion paper (19).

tesasalosten

F3C_ CF3

o) 0
_(_N N-CHzcsc-c;c-crg)-
o ) ’

Figure 1: Repeat-unit structures of the 6FDA-IPDA (above) and 1,1-
6FDA-DIA (below).

Chemicals. The 1,1-6FDA-DIA homopolymer was cast from acetone (Aldrich,
99.5%). Blend samples were cast from methylene chloride (Aldrich, 99%).
Solvents and pressurized gases (Air Products) were used as received. Gas purities
were at least 99.0%.

Sample Preparation. Film samples were prepared by dissolving the weighed
quantities of the polymer in solvent. The solutions were filtered through a 0.45-
um filter (Whatman) into a casting ring on a leveled glass plate. Films were dried
for a minimum of 24 hours before removal from the casting plate. Films were
further dried under atmospheric conditions to facilitate the removal of residual
solvent. Because the 1,1-6FDA-DIA can be thermally reacted, care was taken to
dry the films at room temperature. Samples of the thickest film were analyzed for
the presence of solvent. Following 10 days drying, differential scanning
calorimetry showed an endotherm at approximately 50 °C (near the boiling point
of the solvent) and an exotherm at approximately 250 °C, corresponding to the
crosslinking reaction. The magnitude of the endotherm decreased with drying time
until no trace of solvent was detected following 42 days of drying. All samples
were dried for a minimum of 50 days prior to analysis.

Crosslinking. Crosslinking was achieved by thermal annealing. Samples were
placed in an oven preheated to a determined temperature. The oven chamber was
evacuated through the use of an attached vacuum pump (with a cold trap to prevent
back-diffusion of oil vapors). Samples were annealed for a set time and
subsequently removed to the atmosphere. Unless stated otherwise, blends and
homopolymers were crosslinked by thermal annealing at 205 °C for 8 hours.
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Material Evaluation

Gas Transport Measurement Permeation measurements were made using a
constant volume-variable pressure apparatus (20) at 25 — 300 °C and 10
atmosphere feed pressure with a permeate pressure of less than 10 torr. The
permeability of a gas through a polymer can be described by equation 1:

Na ¢
Pa= Ty ¢))

where P is the permeability of gas A through the polymer of interest, N is the
flux of A, £ is the layer thickness, and Apa is the partial pressure driving force of
A. The ideal selectivity of the polymer for a given gas pair can be defined as:
Pa
LI
O"AB = P 2

Differential scanning calorimetry (DSC). Powder samples were evaluated
on a Seiko 220 DSC using the following heating profile: 25 — 100 °C at
15 °C/minute, 15-minute hold, 100 — 500 °C at 15 °C/minute. All runs were made
under nitrogen purge. The intensities of the DSC signals are off-set for clarity.

Solid-State Nuclear Magnetic Resonance (NMR). Solid-state °C NMR
spectra were measured on a Bruker DSX 300 operating at 75 MHz. CP/MAS
spectra were collected using cross-polarization times of 2 ms, recycle delays of 3 s,
'H 90° pulses of 4.5 s, and a sample spinning speed of 6 kHz. 10k transients
were signal-averaged for each spectrum. The total suppression of spinning side
bands (TOSS) pulse sequence (21) provided spectra with only isotropic chemical
shifts. Following analysis, the 1,1-6FDA-DIA hompolymer was annealed in the
ceramic sample rotor at 205 °C for 8 hours and a second spectrum was collected.

Results & Discussion

Thermal Stability.  The thermal stability of the crosslinked 1,1-6FDA-DIA
homopolymer and a blend containing 25 wt% 1,1-6FDA-DIA/75 wt% 6FDA-
IPDA are presented in Figure 2. Thermogravimetric analysis (TGA) was
completed on a Seiko 320 TGA at a heating rate of 15 °C/minute. The blend has

110 110
..... < N
* 100 |memz= a2 | ® 100 |
3 D
g 90 |- \\ E 90
Ai
2 gl N 2 gt
B )
= 0} z 0 F
6() 1 1 1 1 60
0 100 200 300 400 500 0

T/°C

Figure 2: Thermal stability of crosslinked 25 wt% 1,1-6FDA-DIA/75
wt% 6FDA-IPDA blend (left) and 1,1-6FDA-DIA homopolymer
(right).
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somewhat higher degradation temperatures as a result of the inherently higher
thermal stability of the 6FDA-IPDA. Nevertheless, the stability of these materials
is comparable with that of other commercially available polyimides and
pg})yséherimide (21). Negligible mass loss is observed at temperatures below
3 .

Permeability. We have previously reported on the permeation properties 1,1-
6FDA-DIA/6FDA-IPDA blends with less than 25 wt% of the reactive component
at 35 °C (10). The major findings from this study were as follows:

. Permeabilities and selectivities were composition independent for
samples with 1, 2, 5 or 10 wt% 1,1-6FDA-DIA.

. For DIA contents of 25 wt%, a reduction in permeabilities (as compared
to the blends with up to 10 wt% DIA) and an increase in oxygen/nitrogen
and hydrogen/methane selectivities were observed.

. For a given blend composition, the permeability of permanent gases
before and after crosslinking were approximately equivalent.

e For a given blend composition, the selectivities before and after
crosslinking were approximately equivalent.

These results are summarized in Table I. The permeation properties of the
crosslinked 1,1-6FDA-DIA homopolymer are reported for comparison.

Table I: Gas Transport Properties of 1,1-6FDA-DIA/6FDA-IPDA Blends (10 atm,
35°C)

Blend Permeability Before Permeability After Selectivity Before  Selectivity After
Crosslinking (Barrer) Crosslinking (Barrer) Crosslinking Crosslinking

wt % H, 0, Co, H, 0o, Cco, H, O,/N, H, O,/N,

DIA* ICH, ICH,

1 41.2 43 185 403 4.1 15.0 70 43 86 4.7
2 45.6 4.5 192 382 4.0 15.0 58 44 85 5.0
46.0 42 204 469 4.7 18.1 94 5.1 100 5.4
10 36.8 33 145 402 42 14.3 929 55 62 4.7
25 - - - 37.0 3.4 12.2 - - 120 5.5
100 - - - 314 1.3 3.9 - - 157 6.9

Blend data from reference (10) All were crosslinked at 240 °C for 4 h.
*1,1-6FDA-DIA, balance 6FDA-IPDA
1 Barrer = 107" cm*(STP)cm/cm® s cm Hg

Unfortunately, the lack of integrity of the 1,1-6FDA-DIA homopolymer film
prohibited transport evaluation in the uncrosslinked state. Crosslinking improved
mechanical strength and allowed for transport analysis. As shown in Table I, the
crosslinked 1,1-6FDA-DIA homopolymer shows decreased permeabilities and
increased selectivities when compared to the blends with lower 1,1-6FDA-DIA
contents.
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Each blend has properties which fall near Robeson’s upper bound (see Figure
3) (23). Variation in the content of DIA allows one to move nearly parallel to the
upper bound curve and control the permeation/separation properties.

1000 ¢ T
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1 10 100 1000
H2 Permeability (Barrer)

Figure 3. Comparison of the properties of crosslinked polyimide blends (+) with
Robeson’s “Upper Bound” materials (x) from reference (23) for hydrogen/methane
separation. All data at 10 atm and 35 °C.

As these materials are potentially interesting for gas separations at elevated
temperatures, the influence of temperature on permeation properties has been
measured. Evaluation of the crosslinked 25 wt% DIA blend was made because
this material possesses an attractive combination of properties. Results are
presented in Figure 4 for temperatures up to 300 °C. The slope of the plot
represents the activation energy for permeation divided by the gas constant, R (24).
The calculated activation energies for permeation are presented in Table II. The
activation energies for permeation through these crosslinked polyimides are on the
same order as those reported for other polymers, including polyimides (25,26).
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Figure 4: Influence of temperature on gas transport in crosslinked 25
wt% 1,1-6FDA-DIA/75 wt% 6FDA-IPDA blends (10 atm feed pressure).
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Note that the thickness of the
polymer sample is required for the
calculation of permeabilities (see equation
1). As the temperature is increased, the
polymer volume, and therefore the

Table II: Activation energy for
permeation through crosslinked
blends containing 25 wt% 1,1-6FDA-
DIA (10 atm feed pressure).

thickness, increases. We have not
Gas AEp (kcal/mol) measured volume expansions over this
temperature range. Therefore, the data in

Nitrogen 3.9 Figure 4 have not been corrected for
Methane 5.0 thickness variations. Structurally similar
Carbon 1.6 polyimides have been shown to increase
Dioxide ’ in thickness by approximately 5% over
Helium 21 this temperature range (25).

Analysis of Figure 4 indicates that
the permeabilities increase by a factor of approximately 10 for the slow gases of
nitrogen and methane, and about 5 for the fast gases of carbon dioxide and helium
as the temperature is increased. As a result of the differences in temperature
dependence, the separation selectivities are temperature dependent. The influence
of temperature on separation factor is presented in Table IIL

Table II: Influence of temperature on the selectivities of crosslinked 25 wt% 1,1-
6FDA-DIA/75 wt% 6FDA-IPDA blends (10 atm feed pressure).

Temperature Selectivity
°C) He/CH, CO,/CH, He/CO, N,/CH,
35 113 33 34 2.1
100 34 10 33 1.3
200 26 5 5.6 1.1
300 11 3 4.6 09
Polymer Reactivity

DSC. Upon thermal annealing of the 1,1-6FDA-DIA homopolymer, the
diacetylene groups react to give a crosslinked material. The diacetylene groups in
the most reactive environments will be activated first. At longer annealing times,
or at higher annealing temperatures, successively less reactive groups can be
activated. This crosslinking reaction can be monitored via a characteristic
exotherm in a DSC thermogram; the area under the exotherm is related to the
content of reactive diacetylene groups. Following an arbitrary annealing treatment,
the residual exotherm gives a measure of the unreacted diacetylene groups and
thereby the overall conversion (27). To illustrate this point, the DSC traces of the
1,1-6FDA-DIA homopolymer are shown in Figure 5 for increasing annealing
temperatures, and in Figure 6 for increasing annealing times.

Careful analysis of Figure 5 indicates that the unannealed sample (dried at
100 °C for 8 hours to remove solvent) has a broad and complex exotherm. A
minor shoulder is observed in the 120 — 200 °C range. The most prominent peak is
centered about 250 °C and overlaps a broad exothermic event extending to 450 °C
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(centered at 350 °C). Annealing at 175 °C resulted in an elimination of the
exothermic shoulder below 200 °C. The prominent peak at 250 °C was reduced in
magnitude and shifted to a higher peak temperature. Annealing at 205 °C for 8
hours apparently results in the complete elimination of the initial peaks, leaving a
single broad residual exotherm extending from 250 °C to 450 °C.

—— unannealed
~ I < |----- 175 °C
i —205 °C
g
U
3
X
A
2
S
)
S T e 7
ﬁ . ‘Sec_ond Heating
100 200 300 400 500
Temperature (°C)

Figure 5: Influence of annealing temperature on reaction exotherm for
1,1-6FDA-DIA homopolymer. Legend presents the temperature at which
annealing was completed for 8 hours prior to thermal analysis. DSC
traces have been shifted on the y-axis for clarity. One DSC trace of a
second heating is also shown.

Heat Flow (exothermic -->)

100 200 300 400 500
Temperature (°C)

Figure 6: Influence of annealing times on residual exotherm for 1,1-
6FDA-DIA homopolymer. Legend presents the times for which the
samples were annealed at 205 °C prior to thermal analysis. DSC traces
have been shifted along the y-axis for clarity.

The influence of reaction time at a constant annealing temperature of 205 °C is
presented in Figure 6. At short annealing times (2 and 4 hours), the residual
exotherms contain at least two overlapping components (centered at 250 and
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350 °C). As annealing time is increased, the peak centered at 250 °C decreases in
magnitude and shifts to higher temperature; after 8 hours annealing, this peak is
nearly eliminated. Yet, even after 216 hours annealing, the material still shows a
significant exotherm centered near 350 °C.

The DSC data indicate the presence of at least two primary reactions, one
giving rise to the prominent exotherm centered at about 250 °C and another
reaction giving rise to the broad exotherm extending to 450 °C. For increasing
annealing times and for increasing annealing temperatures, the 250 °C exotherm
progressively disappears (Figures 5 and 6). The broad higher-temperature
exotherm appears to remain during this process.

Reactions of terminal ethynyl groups (28,29) are probably not significant
contributors to the exotherm since this material is high molecular weight polymer.
Indeed, DSC on the ethynyl-terminated monomer (data not shown) shows a single
isolated exothermic peak centered at about 300 °C. Rather, the 250-°C exotherm
most probably corresponds to the crosslinking reactions and the exotherm centered
at 350 °C results, at least in part, from a high-temperature degradation reaction.
The TGA curves of Figure 2 indicate the onset of weight loss around 330 °C.

Variations in the annealing temperature and time control the extent of
crosslinking achieved. The chemical resistance of the resultant polymer is directly
related to the presence of these crosslinks. Thus, the properties of the resultant
material can be tuned by proper manipulation of the polymer blend composition,
the crosslinking temperature, and the annealing time. Higher concentrations of the
diacetylene-containing material, higher reaction temperatures, and longer
annealing times should all result in a material with higher crosslink density.
Although the influence of crosslink density on transport properties appears to be a
fairly weak one for this particular polymer system, it has been shown that
increasing crosslink density will eventually lead to a reduction in permeabilities
and an increase in permanent gas selectivities (30).

NMR. The chemical nature of the crosslinking reaction is being investigated using
a variety of solid-state spectroscopies. '*C solid-state NMR spectra are shown in
Figure 7 for the 1,1-6FDA-DIA polymer before and after annealing at 205 °C for 8
hours. The spectra shown in Figure 7 were measured with 'H decoupling but no
F decoupling, so the carbons of the hexafluoroisopropylidene group (see Figure
1) are not observed (the NMR solution-state spectra show that even the quaternary
carbon of this group is weakly coupled to the fluorines). Peaks are clearly seen for
the methylene carbons at 27 ppm, the diacetylene carbons at 65 — 78 ppm, the
aromatic carbons at 124 — 138 ppm and the carbonyl carbons at 166 ppm. Upon
annealing, the relative intensities of the methylene peak and the diacetylene peaks
decrease. The diacetylene peaks decrease because they are involved in the
crosslinking reaction. The methylene peak at 27 ppm decreases because it
represents the methylenes o to the diacetylene groups; upon annealing, these
methylenes are no longer o to diacetylene groups and therefore no longer resonate
at 27 ppm.

While these spectra clearly indicate the crosslinking reaction involves the
diacetylene carbons, they do not reveal the identity of the products. If the reaction
were a 1,4-addition polymerization of diacetylenes to polydiacetylenes (PDA) (31),
new peaks should appear around 107 ppm for the sp-carbons and around 130 ppm
for the sp’-carbons (13,32). Since no peak appears in the region around 107 ppm
for the annealed sample, the crosslinking probably does not occur via this route.
This conclusion is supported by the lack of order in these materials as determined
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by wide-angle x-ray diffraction (molecular order is needed for the solid-state 1,4-
addition polymerization of diacetylenes). The more likely reaction products are
those containing carbon-carbon double bonds. These would result from a 1,2-
addition reaction or perhaps even a Diels-Alder-type reaction of the diacetylene
groups (33, 34). Peaks for these sp’-carbons would appear between 120 and 140
ppm, and overlap with the existing peaks of the aromatic groups. In fact, the
relative intensity of the peaks in this region are greater than all other peaks in the
spectrum of the crosslinked sample. Continuing NMR studies will include spectral
editing for more complete structure determination of crosslink reaction products.

6FDA-DA polymer
annealed at 205 °C for 8 hours

6FDA-DA polymer

T T T T T T 1 T

T I T
180 160 140 120 100 80 60 40 20 ppm

Figure 7: ’C solid-state NMR spectra of 1,1-6FDA-DIA polymer
recorded before and after annealing.

Conclusions

Blends of a diacetylene-functionalized imide oligomer and a 6FDA-based
nonreactive polyimide can be crosslinked by thermal annealing. The crosslinked
blend containing 25 wt% of the crosslinkable component exhibits gas transport
properties near Robeson’s upper bound. The activation energies for gas
permeation through this blend (measured from 35 - 300 °C) were similar to those
of other polyimides. Both the blend and diacetylene-functionalized homopolymer
show negligible mass loss below 300 °C as revealed by thermogravimetic analysis.
Differential scanning calorimetry can be used to measure the residual content of
reactive diacetylene groups following an arbitrary annealing treatment; for
increasing annealing temperature and time, the diacetylene reaction exotherm
becomes progressively smaller. This information could be used to control the
extent of diacetylene reaction and thereby the ultimate crosslink density in
diacetylene-functionalized materials used in gas separation membrane applications.
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Chapter 18

Indan-Containing Polymers for Gas
Separation Membranes

Gerhard Maier!, Martin Wolf!, Miroslav Bleha?, and Zbynek Pientka’

'Technische Universitiit Miinchen, Lichtenbergstrafie 4,
D-85747 Garching, Germany

Institute of Macromolecular Chemistry, Heyrovsky Sq. 2,
Prague 6 CZ-16206, Czech Republic

The permselectivity properties of two series of poly(ether ketone)s and
polyimides containing various bulky indan groups in the main chain are
described. Hydrogen, carbon dioxide, oxygen, and nitrogen permeabilities
were determined. Despite their bulkiness, the indan groups did not lead to
increased permeability coefficients or selectivities. This result is explained
by the presence of relatively flexible phenylether linkages between the ri-
gid indan groups.

Amorphous polymers with relatively high glass transition temperatures such as poly-
imides, poly(aryl ether)s, or polycarbonates are generally promising candidates for gas
separation membranes (I-4). This view is based on a widely accepted model for the
transport of gas molecules through a polymer matrix (I-4). According to this model,
gas transport occurs by diffusional "jumps" of the penetrant molecules as a result of
thermally activated motions of segments of the polymer backbone. These segmental
motions open "jump channels", through which the gas molecules can pass. For a binary
gas pair, selection based on penetrant size occurs by the opening of channels which are
wide enough for passage of only the smaller penetrant, but are too narrow for the larger
one. The channel width depends on the polymer backbone flexibility. More flexible
chains allow wider openings, resulting in decreased selectivity. From this model, a ge-
neral principle for simultaneous improvement of permeability coefficients and selecti-
vity was deduced in order to overcome the undesired common "trade-off" behavior (/-
4) between permeability and selectivity. Increased rigidity of the polymer main chain is
expected to increase selectivity. At the same time, the introduction of bulky, rigid
groups leads to increased fractional free volume and hence increased permeability co-
efficients.

Many attempts have been made to optimize polymer structures using this strate-
gy. The results of the structural modifications could be qualitatively understood in
most cases on the basis of main chain flexibility, bulkiness of certain structural ele-
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ments, packing density, and fractional free volume. However, quantitative predictions
of how a certain polymer structure modification will affect its permeability behavior
are still very difficult. In a recent paper (5), increments for the permeability coeffi-
cients of a number of structural elements were deduced. The application of these in-
crements for the calculation of permeability coefficients of a number of polymers for
oxygen, nitrogen and helium was quite successful. However, the authors state that in-
crements for new groups can not be deduced simply based on the chemical structure.
Thus, predictions for new polymer structures are not possible with this approach.

In our opinion, a more detailed understanding of the relationship between the
chemical structure of a polymer and its permselectivity characteristics can be achieved
by identification of the segments which control diffusional jumps. For this purpose, we
are studying various series of polymers containing rigid, bulky, substituted indan
groups in the main chain, linked by phenylether segments of controlled flexibility. Ide-
ally, such polymer architectures should lead to a situation where the diffusional jumps
are controlled predominantly by the flexible phenylether segments. If this hypothesis is
confirmed, modifications of the chemical structure of these segments should allow op-
timization of the flexibility and hence selectivity for any gas pair, without reducing the
permeability coefficients. This paper describes the results of permeability mea-
surements of two series of polyimides and poly(ether ketone)s with indan groups in the
main chain.

Polymer Structures
The synthesis and characterization of the polymers have been described earlier (6-8)
and will only be outlined briefly. First, the indan group 3 is prepared by cyclodimeri-

zation of an «-substituted styrene derivative 2 or the corresponding tertiary alcohol 1
under acidic conditions, as shown in Scheme 1 below.

HyC} OH

H,C R CH3
(] ;]
) 2H° e
2m0 H,0
1

R = methyl, cyclohexyl

Scheme 1: Synthesis of indan groups

The 4-fluorobenzoyl groups are introduced by Friedel-Crafts acylation of the 3-
phenylindan derivative with 4-fluorobenzoic acid (Scheme 2).
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R CH,

fogen
Oy -0 e 0,0

cl
R R CH,

¢ 00
s )
o R © ©
R = methyl, cyclohexyl

Scheme 2: Synthesis of monomers 5 (R = methyl) and 6 (R = cyclohexyl)

Nucleophilic replacement of the fluorine atoms in both monomers by 4-hydroxy-
aniline results in the diamine monomers 7 and 8 (Scheme 3).

R CH,

O’ 2HO—©—NH
e Q @

l K,COs/toluene/NMP

R CH3

Scheme 3: Syhthesis of monomers 7 (R = methyl) and 8 (R = cyclohexyl)

0 0 goe

The poly(ether ketone)s 9 were prepared by condensation of monomer 6 with
various bisphenols under the usual reaction conditions (6). Polyimides 10 (R = methyl)
and 11 (R = cyclohexyl) were synthesized via the poly(amic acid) and thermal imidiza-
tion of the films by condensation of monomers 7 and 8 with various dianhydrides
(7,8). The structures of the polymers are shown in Scheme 4.
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10 (R = methyl); 11 (R = cyclohexyl)
Scheme 4: Structure of poly(ether ketone)s 9 and polyimides 10 and 11
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As expected, the presence of the isomeric structures has no effect on properties

such as glass transition temperature or solubility (6). Both isomers introduce bends
into the polymer chain due to a dihedral angle between the phenyl substituent in the 3-
position of the indan group and the aromatic ring within the indan system. Also, the
indan group can not be viewed as a classic cardo group as introduced by fluorene or

phthalein groups.
Table I. Properties of poly(ether ketone)s 9
No. X- TV °Cl M [g-mol’] VIT©0) VTN
9a -O- 232 16 600 0.124 0.123
9  -C(CF3),- 235 17 900 0.175 0.174
9 — 255 13 200 0.139 0.137
d  -C(CHy),- 234 12 700 0.140 0.137
e é 236 8 400 0.136 0.132
of -S- 218 15 600 0.134 0.131
9g HacngHs 255 14200 0.133 0.130
3
9h -CO- 229 12 700 0.130 0.128
9i -S0,- 251 17200 0.149 0.147

3) DSC, 20 K/min;
b) GPC in THF, polystyrene calibration;

©) fractional free volume (V, -

V.‘Vo.

>

V,: specific volume (from density, determined

by floating film in aq. CaCl,-solution), V;: specific volume at 0 K (from increments by
Park and Paul (9))
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Properties of the Polymers

Molar masses, glass transition temperatures, and fractional free volume (calculated
from densities and Paul and Park's series of increments) of the polymers are sum-
marized in Tables I and II (6-8). Fractional free volume (V) calculated by the method
of Park and Paul (9) differs for different gases, depending on the diameters of the gas
molecules. Here, the values for 02 and N, are given as examples. As expected, the va-
lues for Vincrease with decreasing kinetic diameter of the gas molecules.

Table II. Properties of polyimides 10 and 11

Pol a) M b) c) ©)
No. R X ) pemal Oy )
10a -methyl -C(CF3),- 241 28 000 0.161 0.157
10b -methyl -S0,- 251 20 800 0.139 0.133
10¢ -methyl -CO- 232 21300 0.124 0.119
10d -methyl -O- 233 d) 0.119 0.114
10e -methyl — 246 31500 0.132 0.126
1lla -cyclohexyl -C(CF3),- 269 30 700 0.169 0.165
b -cyclohexyl -S0,- 272 8100 0.144 0.138
1lc -cyclohexyl -CO- 261 d) 0.127 0.121
11d -cyclohexyl -O- 264 d) 0.122 0.116
1le -cyclohexyl — 274 25 800 0.135 0.129

3) DSC, 20 K/min
® GPC in CHCl;, polystyrene calibration;

©) fractional free volume (V, - V‘\; Vo ; V! specific volume (from density, determined
s

by floating film in aq. CaCl,-solution), V: specific volume at 0 K (from increments by
Park and Paul (9))
9 insoluble in CHCl,

Although the molar masses were determined by GPC, the values can be com-
pared within a series of polymers of similar chemical structure. The molar masses are
quite similar among the series of poly(ether ketone)s 9, with the exception of 9e. How-
ever, since all polymers 9 form flexible, free standing films, the assumption that the
molar masses in all cases are in the range where physical properties become indepen-
dent of chain length appears justified. The situation within the series of polyimides is
comparable, with 11b being the exception.

The glass transition temperatures follow the well known trends. Rigid or strongly
polar groups increaser T, while flexible groups decrease it. The polyimides show high-
er Ty's than the poly(ether ketone)s due to the polar imide groups. Introduction of two
cyclohexyl groups at the indan system increases the glass transition temperatures by
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approximately 30 °C. Tg can be taken as a measure of global chain stiffness (/0),
which leads to the expectation of relatively high selectivities.

Results of the Permeability Measurements

Gas permeabilities of all polymers 9, 10, and 11 were measured for H,, CO,, O,, and
N,. The results are shown in Tables III - VL.

Table IIT: Gas permeability coefficients of poly(ether ketone)s 9 [Barrers]

Polymer No. X PH,) P(CO,) P(0,) P (N,)
9a -0- 11.6 4.18 1.08 0.21
9% -C(CFy),- 17.3 7.1 1.64 0.32
9c —_— 16.0 6.34 1.35 0.32
9d -C(CHj3),- 17.7 9.36 1.83 0.33
9e 16.7 7.39 1.57 0.29
9f -S- 13.5 5.7 1.12 0.2

36 18.9 3.58 0.64
H c—ﬁ i
9% &y ok
9h -CO- 12.5 5 1.03 0.16
9% -S0,- 14.5 72 132 023

Table IV: Selectivities of poly(ether ketone)s 9

Pol
°§':_’°" X a(0,/Ny) a(HyN;) a(COyNy) a(Hy/CO, a(COy0y) a(H,0,)
92 -0 51 552 199 2.8 3.9 10.7
9 -C(CFy),- 51 541 241 22 4.7 10.5
9% — 42 500 198 23 4.4 10.1
-C- v
d 55 536 284 1.9 5.1 9.7
M (cHy,
% é 54 5716 255 23 4.7 10.6
9f S 56 615 285 2.4 5.1 12.1
% .. léL 56 562 295 1.9 53 10.1
Ly e
9 -CO- 64 781 313 2.5 49 12.1
9% SO, 57 630 313 2.0 5.5 11.0
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As shown in Tables III and V, the permeability coefficients of the poly(ether ketone)s
and the polyimides are comparable. Only polymer 9g, which contains the bulky, relati-
vely rigid trimethylcyclohexyl linker in the bisphenol unit, exhibits significantly in-
creased permeability coefficients relative to the other polymers in this study. Also, it is
clear that the substantial increase in permeability coefficients that was initially expec-
ted from the introduction of the indan group, especially with the two cyclohexyl sub-
stituents, is not observed. Figures 1 and 2 show the common plots of loga vs. log P for
the poly(ether ketone)s and the polyimides.

Table V: Gas permeability coefficients of polyimides 10 and 11 [Barrers]

Polymer
No. R X- PMy) P(CO) POY PN
10a  -methyl -C(CF),- 213 5.58 2.05 0.32
10b  -methyl  -SO,- 12.7 3.6 0.91 0.16
10c  -methyl  -CO- 8.3 1.96 0.47 0.08
10d  -methyl -0- 10.5 3.05 0.68 0.09
10  -methyl — 8.8 251 0.57 0.11
lla '°y°;‘;h°"' -C(CFy),-  23.1 9.64 1.92 033
11b '°y°1y‘;h°x' -S0,- 10.2 32 0.75 0.16
1l '°y°1y°1h°x' -CO- 92 1.68 0.91 0.22
11d '°y°1y‘;hex‘ -O- 13.23 3.76 0.9 0.08
1le '°y°;‘;h°"‘ — 133 5.68 111 0.28

Discussion of Permselectivity Characteristics

For a discussion of the permselectivities, we assume that the overall selectivities o
represent trends in diffusivity selectivities Dy/Dy rather than solubility selectivities
Sy/Sy. Data in the literature (11-14) show that within a series of polymers, such as po-
lyimides, polycarbonates or poly(ether sulfone)s, differences in solubility selectivities
do not exceed 10 % in most cases, as long as only one linking group in the repeating
unit is changed. Therefore, the above mentioned assumption appears justified.

The permeabilty coefficients of the polymers 9 depend roughly on the bulkiness
of the linking group X in the bisphenol unit. The most bulky group in this series, the
trimethylcyclohexyl group in 9g, results in the highest permeability coefficients, while
the smallest linkers, the ether bridge in 9a, the sulfide group in 9f, and the carbonyl
group in 9h result in the lowest values (Table III).

From Figure 1, one can see that within the series of poly(ether ketone)s 9, selecti-
vities for H,/N,, CO,/N, and O,/N, vary very little with the nature of the connecting
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Figure 1. Selectivity-permeability-plots of poly(ether ketone)s 9 (upper-bound lines
and some literature data A,® added for orientation)
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Figure 2. Selectivity-permeability-plots of polyimides 10 and 11 (upper-bound lines
and some literature data A,® added for orientation)
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group X in the bisphenol unit. Also, polymers with the highest permeability coeffi-
cients (generally 9d and 9g) are not those with the highest fractional free volume. This
is in contrast to the common notion that permeability coefficients correlate strongly
with V. In fact, only a relatively small portion of the free volume is actually accessible
to gas molecules (/5). Thus, not all structural modifications of a polymer chain which
increase V¢ necessarily result in increased permeability coefficients. If many small
voids are created, which are inaccessible to the penetrant molecules, a large fractional
free volume can result without actually increasing the portion that is accessible to the
gas molecules and contributes to P.

Despite the rather high global chain stiffness and resulting high glass transition
temperatures, the selectivities of the poly(ether ketone)s are only average. This result
agrees with our initial idea of short, rather flexible phenylether segments within the
repeat unit. If the transport of penetrant molecules is indeed predominantly controlled
by these segments, the overall rigidity of the polymer chain, that is, the indan part,
should not have any positive effect on selectivity since the gas molecules would mostly
pass through openings created by thermally activated motions of the more flexible seg-
ments rather than passing through the rigid, bulky indan groups.

This model can explain the unexpectedly low selectivity of polymer 9¢ for H,/N,,
CO,/N,, and O,/N,. Scheme 5 shows a schematic representation of the flexible seg-
ment which we believe is responsible for most of the transport jumps.

Scheme 5: Proposed flexible segment controlling diffusional jumps

All polymers 9 contain a connecting group X which allows a conformation simi-
lar to the one shown in Scheme 5. The only exception is polymer 9¢, which contains a
biphenyl unit, i.e. a single bond in place of X. Therefore, in polymer 9¢ the phenylether
segment has to assume a different conformation. Because the biphenyl unit is all-para
linked, this conformation is likely to be more extended than in the other polymers.
Consequently, motions of this extended segment will open larger passages, resulting in
decreased selectivity. CPK- or computer models of the polymers 9 show that the "cavi-
ty" defined by the phenylether segment indicated in Scheme 5 is too small for passage
of O, or N, when all phenyl rings are coplanar. The opening is large enough for both
kinds of molecules when all phenyl rings are rotated 90° out of the plane. In reality,
any conformation between these two extremes can be assumed, allowing a distinction
between gas molecules based on their size.
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Tentative results of dynamic mechanical testing and solid state NMR indicate
considerable mobility of the aromatic rings at room temperature. Dielectric spectrosco-
py (10 kHz) using polymer 9g also shows considerable mobility of the carbonyl groups
(the strongest dipole in 9g) at room temperature (a maximum in dielectric loss occurs
around room temperature at a frequency of 10 kHz). These preliminary results corrobo-
rate our assumption of flexible phenylether segments. However, the exact structural
elements which are moving have not been identified yet. This will be the subject of
further work, where deuteration of certain phenyl rings and solid state NMR spec-
troscopy will be used for closer investigation of this situation.

Within the series of polyimides 10 and 11, the polymers with the hexafluoroiso-
propyl linkage in the dianhydride unit (a) tend to exhibit the highest permeability coef-
ficients. Similar observations have been made many times before and are explained by
the bulkiness of this group. The polyimides with carbonyl linkage (c) tend to have the
lowest permeability coefficients. Regarding the selectivities, there are no clear trends.
Also, the transition from polymers 10 with methyl substituents at the indan group to
the polymers 11 with two cyclohexyl groups has no uniform effect on permeability co-
efficients and selectivities. We expected cyclohexyl groups to add to the bulkiness and
chain stiffness and hence to improve both parameters simultaneously. However, it ap-
pears that the inherent conformational flexibility of the cyclohexyl rings causes less
decrease in chain packing density than expected. In any way, the overall chain stiffness
is strongly increased by the cyclohexyl substituents, as is evidenced by the considera-
ble increase in T, of polymers 11 relative to polymers 10. Apparently, however, this
increase in rigidity does not take place in the segments which dominate the formation
of channels for diffusional jumps.

Conclusions

Indan groups of differing bulkiness were introduced into several series of poly(ether
ketone)s and polyimides. The indan groups were linked by relatively flexible ether
containing segments. Contrary to expectations, the polymers showed no unusually high
permeability coefficients or selectivities. This result can be attributed to the presence
of the flexible phenylether segments, especially in poly(ether ketone)s 9. Based on this
observation, the transport of penetrant molecules is mostly controlled by thermally ac-
tivated motions of the flexible segment between the indan groups. Thus, changes in
bulkiness or rigidity of the indan groups has less effect than expected. Preliminary re-
sults from solid state NMR, dynamic mechanical measurements and dielectric spec-
troscopy indicate considerable mobility of the phenyl rings in films at room tem-
perature. For further support of our model, more detailed investigations to identify the
flexible parts of the repeating unit, additional structural modifications, especially in the
segments between the indan groups are necessary.

Acknowledgement
For solid state NMR measurements and dielectric spectroscopy as well as valuable dis-

cussions, we wish to thank Prof. Spie8 and his group, especially Volker Schidler and
Manfred Wilhelm, from the Max-Planck-Institute for Polymer Research in Mainz.

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.ch018

268

We gratefully acknowledge financial support of this work by Deutsche For-
schungsgemeinschaft DFG (Ma 1256/10-1)

Literature Cited

1. Koros, W.J.; Fleming, G.K. I 1993, 83, 1.
. Stern, S.A. J. Membrane Sci. 1994, 94, 1.

3. Paul, D.R; Yampol'skii, Yu.P. Polymeric Gas Separation Membranes, CRC
Press, Boca Raton, 1994.

4. Kesting, R.E.; Fritzsche, AK. Polymeric Gas Separation Membranes, John

Wiley & Sons, New York 1993.

Robeson, L.M.; Smith, C.D.; Langsam, M. Juiiiammmia 1997, 132, 33.

Maier, G.; Wolf, M. NN 1997, 198, 2421.

7. Maier, G.; Yang, D.; Wolf, M.; Nuyken, O. [N 1994, ,
335.

8.  Maier, G.; Wolf, M. I 1996, /97, 781.

9. Park, J.Y;; Paul, D.R. HESSSNE 1997, /25, 23.

10. Elias, H.-G. Makromolekiile, Hiithig & Wepf, Basel, 1990, Vol. 1, p. 847.

11. McHattie, J.S.; Koros, W.J.; Paul, D.R. Rabanas 1991, 32, 2618.

12. McHattie, J.S.; Koros, W.J.; Paul, D.R. Rabanas 1991, 32, 840.

13. Tanaka, K.; Kita, H.; Okano, M.; Okamoto, K. Rajaugs 1992, 33, 585.

14. Hellums, M.W.; Koros, W.J.; Husk, G.R.; Paul, D.R. IEES—_- 1989, 46,
93.

15. Shah, V.M.; Stern, S.A.; Ludovice, P.J. Macromolecules 1989, 22, 4660.

A

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.ch019

Chapter 19

Gas Separation Properties of Modified
Poly(ether ketone[sulfone]) with Phthalic Side Group

Role of Pendent Groups and Physical Cross-Linking
on Gas Permeation Properties of Polymers

Jiping Xu, Zhonggang Wang, and Tianlu Chen

Changchun Institute of Applied Chemistry, CAS, 159 People’s Street,
Changchun, 130022 Peoples Repubic of China

Phenolphthalein based polyetherketone and polyethersulfone (PEK-C &
PES-C) were modified to improve their gas permeation properties. The
influence of side groups on gas permeation properties was studied by
using dimethylphenolphthalein (DMPPH), tetramethylphenolphthalein
(TMPPH) and diisopropyldimethyl-phenolphthalein (DIDMPPH) to
synthesize a systematic series of polymers. The dimethyl substituted
polymers show lower gas permeabilities than unsubstituted ones, while
the TM- and DIDM- polymers give enhanced permeabilities. In some
cases, simultaneous increases of both permeability and permselectivity
were observed. The reasons were discussed in terms of free volume.
The lactone ring of the pendent phthalic group of phenolphthalein and
its derivatives was opened by reduction to the corresponding
phenolphthalin(PPL)s and their polyetherketone(sulfone) analogs were
synthesized.  Introduction of pendent carboxylic groups greatly
enhanced the permeability and/or permselectivity. Ionomers obtained
from salt formation of the PPL polymers show very high gas
permselectivity.

The Chinese patented polyetherketone and polyethersulfone (PEK-C & PES-C) are
amorphous polymers with high glass transition temperatures (T,=228'Cand 260°C
respectively)(/-3). They were synthesized by nucleophilic polycondensation of
phenolphthalein (PPH) and dichlorobenzophenone or dichlorodiphenylsulfone in
sulfolane in the presence of potassium carbonate. They were found to be good
membrane materials for ultrafiltration and microfiltration(4) and could also be used
as charged membranes (after sulfonation or chloromethylation/quaternization) for
nanofiltration and electrodialysis processes.

However, the gas separation properties of these materials are moderate, similar
to those of polysulfone. In order to further improve their gas permeation properties,
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modification of the pendent phthalic group was studied: the side lactone ring was
transformed into a lactam ring in order to introduce hydrogen bonding between
polymer chains. Membranes from PEK-H and PES-H (having chemical structures
similar to PEK-C and PES-C with the -O- in lactone ring of the phthalic group
changed to -NH- or -NR-) and their copolymers show enhanced permselectivities(3).
However, ammoniation of PPH under pressure has limited their practical application.
From numerous studies of structure/gas permeation property relationships in
polymers, two general conclusions can be reached: introduction of side alkyl groups to
the aromatic ring usually increases the free volume of the polymer and hence enhances
gas permeability while selectivity is lowered; and cross-linking of the polymer
material by covalent bonds and also by hydrogen bonding or ionic bonds can increase
permselectivity greatly. These principles were exploited in this work. First,
dimethylphenolphthalein (DMPPH), tetramethylphenolphthalein (TMPPH) and
diisopropyl-dimethylphenolphthalein (DIDMPPH) were used to synthesize the
corresponding polymers: DMPEK-C, TMPEK-C, DIDMPEK-C, DMPES-C, TMPES-
C and DIDMPES-C, and their gas permeation properties were studied. Interestingly,
the DM-substituted polymers show lower gas permeabilities than unsubstituted ones,
while the TM- and DIDM- polymers give enhanced permeabilities. This can be
explained based on the free volume concept. In some cases, simultaneous increases
of both permeability and permselectivity were observed. Second, the lactone rings of
the pendent phthalic groups of phenolphthalein and its derivatives were reduced via
ring opening to the corresponding phenolphthalin(PPL)s, and their polyether-
ketone(sulfone)s were synthesized. Introduction of pendent carboxylic groups
greatly enhanced permeability and/or permselectivity. Ionomers obtained from salt
formation of the PPL polymers show very high gas permselectivity: around 300 for
hydrogen/nitrogen, >11 for oxygen/nitrogen and 276,000 for water vapor/nitrogen.

PEK-C and PES-C Derivatives with Side Subsituent Groups

Based on preliminary experiments, the polymer from dimethylphenolphthalein and
dichlorodiphenylsulfone (DMPES-C) has lower permeability to gases than PES-C,
(which is in contradiction with common rules). Similar results have been observed
for polysulfone and dimethylpolysulfone(6). Hence, a series of substituted polymers
were prepared for a systematic study of the role of substituent groups.

Monomers. DMPPH was obtained from Beijing Reagents Co., TMPPH and
DIDMPPH were obtained from Fluka, 4,4’-difluoro-diphenylsulfone(DFDPS) was
obtained from Aldrich, 4,4'-dichlorodiphenylsulfone (DCDPS) was obtained from
Shanghai Reagents Corp., and 4,4'-dinitrobenzophenone (DNBP) was synthesized in
this laboratory(7,8,9).

Polymers. The following polymers were prepared by solution polycondensation of
bisphenol, potassium carbonate and DFDPS, DNBP or DCDPS in DMSO or sulfolane.
Structures were characterized by NMR (Unity-400) and FT-IR (Digilab FTS-20E).
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Membranes. Dense membranes of the polymers were cast onto glass plates from
7% solution in CHCI3/CH2CICHCI; (4:6 vol.), dried 24 h at room temp., then dried

for 6 hat 60°C, lifted from the glass plate in water, dried at 100°C for 4 h and finally

dried for one week in a vacuum oven at 10 torr and 120°C.  For polymers insoluble
in the mixed solvent, membranes were cast from 7% DMF solution.

0
AN
QC»
‘[ R, ?@L n

Polymer R1 R2 R3 R4 X

PEK-C H H H H C=
DMPEK-C H H CHj3 CH3 C=0
TMPEK-C CH3 CHj3 CHj3 CH3 Cc=0
DIDMPEK-C CHj3 CHj3 CH(CH3)2 | CH(CH3)2 C=0
PES-C H H H H SO2
DMPES-C H H CHj3 CH3 S0O7
TMPES-C CHj3 CHj3 CH3 CH3 SOy
DIDMPES-C CH3 CHj3 CH(CH3)2 | CH(CH3)2 SO2

Gas permeability coefficients for CO2, Hp, 02, N2 and CH4 were measured by
a vacuum manometric method with an upstream pressure of 5 atm. in the temperature
range from 30 to 100°C.

The gas permeation data of the PEK series of polymers are summarized in Table
I, and those for the PES series are recorded in Table I1.

TableI. Gas permeation properties of polyetherketones at 30°C

Polymer P anmN, Po2 aomN, Pcor  acoych,
PEK-C 11.7 75.6 0.95 6.2 2.73 33.2
DMPEK-C 10.3 95.2 0.87 89 2.60 37.1
TMPEK-C 21.5 1144 1.55 82 5.44 32.0
DIDMPEK-C 42.5 45.3 4.85 5.2 19.3 17.7
P in barrers.
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Table II. Gas permeation properties of polyethersulfones at 30°C

Polymer Py  awm, Po2  aoyN, Pcor  acoych,
PES-C 12.1 72.6 0.95 6.2 5.74 40.1
DMPES-C 10.8 98.1 0.87 7.6 3.12 429
TMPES-C 16.9 84.1 1.55 7.5 7.69 342
DIDMPES-C 30.6 43.8 485 5.5 194 20.9
P in barrers.

Based on the data in Tables I and II, the gas permeability coefficients of the
DM-based polymers is the lowest, similar to the results observed by Moe et al,(6).
The introduction of two methyl groups to the repeat unit of PEK(S)-C decreased
permeability and increased permselectivity. Introduction of four methyl groups or
two methyl and two isopropyl groups enhances the permeability. These results can
be explained using the free volume concept. We suppose the bulky phthalic pendent
group of PEK(S)-C provides some free volume to the polymer. The two methyl
groups introduced in DMPEK(S)-C fill up some fraction of the free volume produced
by the phthalic group, thus decreasing the total free volume of the polymer. A
further increase in the number of methyl or isopropyl substituent groups enlarges the
interchain distance and the free volume greatly. This explanation is supported by
density measurement experiments to characterize free volume (cf Table III).

Table IIl. Density and Free Volume of PEK-C’s

Polymer p (glem3) V(em3/g) Vo(em3/g)* Vp(em3/g) CED(kJ/cm3)**

PEK-C 1.249 0.801 0.677 0.124 458.4
DMPEK-C 1.247 0.805 0.693 0.112 474.8
TMPEK-C 1.195 0.833 0.706 0.131 429.1
DIDMPEK-C 1.140 0.877 0.718 0.159 418.6

* Vo is calculated by the method of Sudgen(70).
** CED is estimated by a group contribution method(11).

In the case of TMPEK(S)-C, both permeability and permselectivity were
increased simultaneously relative to PEK(S)-C. More detailed studies are being
pursued to clarify the origin of this effect.

PEK(S)-C Polymers with Side Carboxylic Group

Cross-linking polymers by radiation, chemical or photochemical means can increase
permselectivity by decreasing the permeability of larger gases more than that of

smaller gases. The permselectivity can be increased as much as thirty times ( @ H,/N,
increased from 47 to 1400) by photochemical crosslinking of a polyether-imide made
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from benzophenone dianhydride and diphenyletherdiamine(/2). After crosslinking,
polymers lose their solubility in solvents and cannot be processed anymore. On the
other hand, polymers with carboxylic or other pendent groups, which are capable of
forming hydrogen or ionic bonds between the polymer chains may be regarded as
polymers with physical crosslinks. Such polymers are still soluble in solvents and
hydrogen bonds formed at room temperature can usually be broken by increasing the
temperature to processing temperature. The ability of hydrogen bonding in PEK(S)-
C to enhance permselectivity has already been shown for the PEK(S)-H family of
polymers(5).

In this study, phenolphthalein and diisopropyldimethylphenolphthalein were
reduced in alkaline solution by Zn dust with lactone ring opening to phenolphthalin
(PPL) and diisopropyldimethylphenolphthalin (DIDMPPL) (7,8) with good yield. In
the process of polycondensation, the pendent carboxylic groups were protected by
formation of the K salt. It was shown that no pendent carboxylic group took part in
the nucleophilic polycondensation with dinitrobenzophenone or dichlorodiphenyl-
sulfone in DMSO to give the following polymers:

@I&c’“
‘{' R, 2 O/©/ n
Polymer R1 R> R3 R4 X
PEK-L H H H H C=0
DIDMPEK-L CH3 CH3 | CH(CH3); | CH(CH3)2 | C=0
PES-L H H H H SO2
DIDMPES-L CH3 CH3 | CH(CH3); | CH(CH3)2 | SOz

Table IV. Gas permeation properties of polyetherketone(sulfone)s
with side carboxylic group at 30°C

Polymer Po,  aumn, Pox  aoyN, Pcor  acoycH,
PEK-C 11.7 75.5 0.95 6.2 2.73 33.2
PES-C 12.1 72.6 0.95 6.2 5.74 40.1
PEK-L 7.26 150 0.49 10.1 1.81 43.6
PES-L 7.22 165 0.44 9.24 2.25 57.0
DIDMPEK-L 49.7 42.1 7.20 6.10 22.8 16.9
DIDMPES-L 49.6 65.5 4.53 5.98 25.1 22.3
P in barrers.
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The procedures for membrane casting and gas permeability measurement were
the same as above. The permeability of water vapor was measured separately
according to GB 1037-70 (China). The gas permeation properties of PEK(S)-L and
DIDMPEK(S)-C are shown in Table IV.

In comparison with the PEK(S)-C’s, the PEK(S)-L’s have much higher gas
selectivity (as expected) at the expense of a slight decrease in permeability. The
DIDM-substituted PEK(S)-L’s, on the other hand, are 5~10 times more permeable
than their unsubstituted analogs and exhibit permselectivity vallues similar to those of
PEK(S)-L. These materials are promising candidates for the next generation of gas
separation membrane materials.

Ionomers from PEK(S)-L. When PEK(S)-L membranes were soaked in KOH or
NaOH solution overnight and then washed with water and dried, ionomer type
membranes were obtained. Analyses show complete salt formation (i.e. no free acid
groups), and the monovalent alkali metal ion, Kt or Nat, was coordinated with
several carboxylic groups to form clusters.

The gas permeation properties of these ionomer membranes are recorded in
Table V. As shown in Table V, the ionomers achieve the highest permselectivity of
all of the modifications of PEK(S)-C studied: around 300 for the hydrogen/nitrogen
gas pair, >11 for oxygen/nitrogen and 276,000 for water vapor/nitrogen.

Table V. Gas permeation properties of lonomers from PEK(S)-L at 30°C

Polymer Pv,  Pnp ammn, Por aomN, P20 amonm,
PEK-L 7.26  0.049 150 0.49 10.0 1349 27800
PEK-Na 4.67 0.023 202 0.24 10.4 5860 254000
PEK-K 395 0.013 302 0.155 11.8

DIDMPEK-L | 49.7 1.18 42.1 7.20 6.10
PES-L 722  0.044 165 0.404 9.24 2840 65000
PES-Na 5.05 0.026 242 0.281 10.7 7260 276000
PES-K 489 0.018 269 0.208 114

DIDMPES-L | 49.6 0.76 65.5 4.53 5.98 5050 6670

P in barrers.

The Po, vs. @ Oy/N, and Py, vs. a HyN, plot for the modified PEK(S)-C
polymers together with common polymers are presented in Figures 1 and 2. As can
be seen from the plot, most of the polymers synthesized in this work are located above
the “upper bound line” (13).
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P, - barrer

a OZINZ
Figure 1. P,:,2 Vs. ocozl N, for modified PEK(S)-C polymers. 1: PES-C, 2: DMPES-C,

3: TMPES-C, 4. DIDMPES-C, 5: PEK-C, 6: DMPEK-C, 7: TMPEK-C, 8:
DIDMPEK-C, 1’: PMP, 2’: PPO, 3’: EC, 4’: PSF, 5’: PC, 6’: PP, 7°: Kapton, 8’:
Ube’s PI.

100

10

PH2 . barrer

10 30 350 70 90 110 130 150
aHZ/NZ

Figure 2. PHz Vvs. o I.,2/ N, for modified PEK(S)-C polymers. 1: PES-C, 2: DMPES-C,

3: TMPES-C, 4: DIDMPES-C, 5: PEK-C, 6: DMPEK-C, 7: TMPEK-C, 8:
DIDMPEK-C, 1': PMP, 2’: PPO, 3’: CA, 4’: PSF, 5’: PC, 6’: PP, 7°: Kapton, 8’:
Ube’s PL
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Chapter 20

Fundamental and Practical Aspects of Mixed Matrix
Gas Separation Membranes

Rajiv Mahajan, Catherine M. Zimmerman, and William J. Koros

Department of Chemical Engineering, The University of Texas at Austin,
Austin, TX 78712-1062

Gas separation membranes combining the desirable gas transport
properties of molecular sieving media and the attractive mechanical
and low cost properties of polymers are considered. A fundamental
analysis of predicted mixed matrix membrane performance based on
intrinsic molecular sieve and polymer matrix gas transport properties
is discussed. This assists in proper materials selection for the given gas
separation. In addition, to explore the practical applications of this
concept, this paper describes the experimental incorporation of 4A
zeolites and carbon molecular sieves in a Matrimid matrix with
subsequent characterization of the gas transport properties. There is a
discrepancy between the predicted and the observed permeabilities of
02/N3 in the mixed matrix membranes. This discrepancy is analyzed.
Some conclusions are drawn and directions for further investigations
are given.

Despite rapid advances in polymeric gas separation membrane performance in the
1980’s, recent efforts have yielded only small improvements. Six years ago, the
“upper bound” tradeoff limit between O permeability and O2/N3 selectivity was
constructed (1), and it still defines the effective performance bounds for conventional
soluble polymers. Consequently, an alternate approach to gas separation membrane
construction is suggested to exceed current technology performance. Molecular
sieves, such as zeolites and carbon molecular sieves (CMS), offer attractive transport

-properties but are difficult and expensive to process. A hybrid process exploiting the

processability of polymers and the superior gas transport properties of molecular
sieves may potentially provide enhanced gas separation properties.
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Theory.

Gas transport in zeolites, some molecular sieve carbons, and polymers is described
by a sorption-diffusion mechanism. In these cases, the permeability coefficient, Py,
of penetrant A is the product of a kinetic parameter, D,, the average diffusion
coefficient and a thermodynamic parameter, S, the solubility coefficient (2).

P, =D, S )

The permselectivity, otp/p, describes the ideal ability of a membrane to

separate gases A and B and may be written as the ratio of permeabilities of
components A and B. Using equation 1, o.5,g can be written as the product of the

diffusivity selectivity and solubility selectivity of the gas pair, viz.

_Pa_Da Sa V)
M Py Dg Sg

Mixed Matrix Membranes.

Mixed matrix membranes are structures with molecular sieve entities embedded in a
polymer matrix. To make them commercially attractive, we believe mixed matrix
composite (MMC) membranes are preferable. These would be compatible with
existing composite asymmetric membrane formation technology. Current
asymmetric composite hollow fibers consist of an inexpensive porous polymeric
support coated with a thin, higher performance polymer. Similar in construction,
MMC membranes could replace the thin, higher performance polymeric layer with
tightly packed (> 50 vol. %) molecular sieving media, such as zeolite or CMS, in a
moderate performance polymeric scaffold. While supporting the molecular sieve
phase, the polymeric matrix also connects the selective layer to the porous
substructure which can conveniently be the same polymer to promote miscibility.
Figure 1 illustrates the proposed MMC membrane formation.

In the past 25 years, relatively few attempts to increase gas separation membrane
performance with dense film mixed matrices of zeolite and rubbery or glassy polymer
have been reported. Table I summarizes practically all of the reported O2/N2 mixed
matrix membranes. Permeabilities and permselectivities are specified as a range to
encompass the various zeolite volume fractions studied. In general, an increase in
permeability is observed with zeolite addition coupled with a slight increase in
permselectivity. Despite the wide variety of combinations of zeolites with rubbery
and glassy polymers, reported mixed matrix membranes fail to exhibit the desired
03/N, performance increases. These failures have generally been attributed to
defects between the matrix and molecular sieve domains. While this is certainly a
possible practical source of failure, our work earlier (8) has addressed a more
fundamental source caused by inattention to matching the transport properties of the
molecular sieve and polymer matrix domains. This topic is discussed briefly prior to
consideration of the practical defect issue noted above.

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.ch020

Cross Section-
Asymmetric Composite
Hollow Fiber

Polymeric Matrix

279

Molecular Sieving

Phase:

Zeolite or CMS

Figure 1. Proposed MMC membrane formation. (Reprinted from J. Membr. Sci.,
137, C. M. Zimmerman, A. Singh and W. J Koros, Tailoring mixed matrix
composite membranes for gas separations, 145 - 154, Copyright (1997), with
permission from Elsevier Science)

Table I. Comparison of various polymer and mixed matrix membrane permeabilities

and permselectivities.
Molecular | Polymer | Polymer Mixed Polymer Mixed
Sieve Matrix2| PO2 Matrix 009/N2 Matrix Ref.
(Barrers) 110)) 002/N2
(Barrers)

Zeolite4A | PES 0.5b 04-1.1 3.7 39-44 3
Silicalite CA - - 3.0 3.5-4.1 4
Silicalite SR 600S 560 - 730 2.1 25-29 &)
Silicalite SR 600d 890 - 1370 2.1 25-27 6)
Silicalite | EPDM 16d 30-40 3.0 39-47 ©6)

Zeolite PSF 1.4¢€ 14-1.6 5.6 50-56 | (V)
13X

Zeolite PES 0.5b 03-0.5 3.7 3.8-43 3
13X

2 PES = polyethersulfone; CA = cellulose acetate; SR = silicone rubber,
EPDM = ethylene-propylene rubber; PSF = polysulfone.
Measurements at (b) 25°C, (c) 30°C, (d) 24°C, (e) 35°C.
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Proper Materials Selection.

Intrinsic material selection aspects can guide construction of mixed matrix
membranes with desirable performance characteristics. The molecular sieving phase
must accurately discriminate between the size and shape differences of
spherocylindrical O and N molecules. Silicalite, commonly used in reported
mixed matrix membrane studies, is a hydrophobic zeolite possessing channels with
dimensions between 5.2 and 5.8 A. Likewise, zeolite 13X possesses an aperture of
10 A (9). Clearly, these materials are not molecular sieves for Oy and N2 molecules
with lengths of 3.75 and 4.07 A, respectively. Rather, an effective molecular sieve
would possess an aperture size between the molecular dimensions of the two
molecules. Zeolite 4A possesses an eight sided aperture with an effective aperture
size of 3.8 A and is appropriate for this application.

Polymer matrix selection determines minimum membrane performance while
molecular sieve addition can only improve membrane selectivity in the absence of
defects. Intrinsically, the matrix polymer selected must provide industrially
acceptable performance. For example, a mixed matrix membrane using silicone
rubber could exhibit properties similar to intrinsic silicone rubber properties, O3
permeability of 933 Barrers and O3/N3 permselectivity of 2.1 (8). The resulting
mixed matrix membrane properties would lie substantially below the upper bound
trade-off curve for gas permeability and selectivity. In contrast, a polymer
exhibiting economically acceptable permeability and selectivity is a likely candidate
for a successful polymer matrix. A glassy polymer such as Matrimid polyimide (PI)
is an example of such a material because it exhibits acceptable properties and current
technology exists for formation of asymmetric hollow fibers for gas separation (10).

Predicted MMC Membrane Performance.

MMC membrane performance can be predicted using various theoretical
expressions. Maxwell first analyzed steady-state dielectric properties in a
conducting dilute suspension of identical spheres. Robeson et al. (11) applied a
similar analysis to determine an effective permeability for a series of organic-organic
mixed matrix membranes analogous to the desired defect-free molecular sieve-
polymer membranes noted above where fundamental transport phenomena are
similar

P

€

= Pc[Pd +2P_ - 20, (P, —Pd)] 3

Py +2P, + (P, — P;)

where Pesr is the effective permeability, ® is the volume fraction, and the subscripts
d and c refer to the dispersed and continuous phases, respectively.

Guided by the criteria for proper materials selection discussed above, consider a
zeolite 4A-PI membrane while recalling the intrinsic polyimide properties provide
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an acceptable minimum performance of O, permeability equal to 1.3 Barrers and
02/N; permselectivity of 7.2. Since zeolites obey a sorption-diffusion mechanism,
O3 and N gas permeability can be calculated from reported sorption and diffusivity
data while accounting for competition between O3 and N3. Zeolite 4A Linde
crystals have an O permeability of approximately 0.77 Barrers and an O2/Nz
permselectivity of approximately 37 at 35°C (/2-13), markedly more selective than
the polyimide.

Expected zeolite 4A-PI defect-free membrane performance can be estimated
using equation 3 for a discontinuous zeolite phase. Conservative performance
predictions assume gas molecules diffuse through both the high selectivity molecular
sieve and the lower selectivity and higher permeability polymer matrix. Even higher
performance can be anticipated if the mixed matrix morphology forms continuous
pathways such that gas molecules can diffuse solely through the high selectivity
molecular sieve phase. From membrane performance predictions shown in Figure 2,
increased addition of zeolite 4A from 10 to 90 vol. % simultaneously decreases
slightly the predicted MMC membrane O; permeability while leading to large
increases in O2/N3 permselectivity.

50 —rrrr , -
Increasing
Molecular Sieve
~ (10-90 Vol %)
Z
c 104 :
2
[
©
« Robeson‘z99l
Upper Bound
B Zeolite 4A Dispersed Phase
1 P 1 e Y S Y Y o Y ) e e R TTNY
0.01 0.1 1 10 100 1000

O2 Permeability (Barrers)

Figure 2. Predicted Zeolite 4A-PI MMC membrane performance from Maxwell's
equation. The shaded boundary corresponds to the performance area typically
thought to be commercially attractive based on current technology for forming
asymmetric membranes with thin selective layers of 1000-2000 A.
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A similar analysis can also be made with carbon molecular sieves. Commercial
carbon molecular sieves often have dead ended pores and are thus not suitable for
steady state permeation. In this study a suitable (based on the above analysis) carbon
molecular sieve developed within our group was used. The material has an O;
permeability of approximately 20 Barrers and an O3/N, permselectivity of
approximately 12.5 at 35°C (/4) and is thus markedly more selective and permeable
than the polyimide. Again, use of equation 3 allows prediction of the performance of
defect free CMS-PI membranes. The predictions suggest significant improvements in
both permselectivity and permeability.

Membrane Formation and Characterization.

To explore the difficulties in practical implementation of the above concepts, mixed
matrix membranes, with 20% molecular sieves (by volume), were prepared by
solution deposition on top of a porous ceramic support. The ceramic supports used
were Anodisc membrane filters which had 200 A pores that open into 2000 A pores
and offer negligible resistance to gas flow. Initially the molecular sieve media,
zeolites (4A crystals) or carbon molecular sieves, was dispersed in the solvent,
dichloromethane, to remove entrapped air. After two hours, Matrimid was added to
the mixture, and the solution was stirred for four hours. The solutions used varied in
polymer content from 1-5 wt %. The solution was then deposited on top of the
ceramic support, and the solvent was evaporated in a controlled manner. The
membranes were then dried overnight at 90°C under vacuum. This was followed by
a reactive intercalation post treatment technique (15) to eliminate defects. This
technique involves imbibing a reactive monomer (e.g. diamine) from an inert
solvent (e.g. heptane) into any micro defects. Next, a second reactive monomer (e.g.
acid chloride) was introduced to reactively close defects by forming a low
permeability polymer. The membranes were dried again to remove the inert solvent.
Individual membrane thickness was determined by weight gain and varied from 5 to
25 pm.

Gas permeation measurements were made using equipment previously described
(16). The membranes made were loaded into a Millipore cell, and the cell was sealed
with a Viton O ring. The entire system was then evacuated upstream and downstream
for 12 hours, after which gas was introduced to the upstream side. Upstream
pressures used varied from 40-70 psia. On the permeant side, the changing pressure
was measured with a Baratron pressure transducer (0-10 Torr) and plotted against
time on a stripchart recorder. Steady state stripchart data were used to determine the
downstream pressure increase with time.

Results and Discussion.

The results of the investigation are reported in Table II. The CMS-Matrimid and
Zeolite 4A-Matrimid membranes give selectivities approaching those of the native
polymer at best. Also, much higher permeabilities were observed than predicted by
the model for both carbons molecular sieves and zeolites. These results suggest that
there was improper contact between the two phases, probably due to dewetting of
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polymer chains from the sieve surface. In fact, a molecular sieve enclosed in a
polymer cage with void space between the two phases appears to be the picture
(shown in a cartoon representation in Figure 3) that best explains the observed data.
Since the cage is ‘closed’, near intrinsic polymer selectivities result, yet the gap
between the sieve and the polymer provides a less resistive route to gas diffusion,
resulting in molecular sieve bypassing and higher apparent permeabilities. Based on
the given picture of the molecular sieve-polymer interface, it was necessary to
confirm that permeability incrcases were caused by voids rather than the more
permeable carbons. Experiments were completed with an impermeable carbons
commercially available as Black Pearls. This carbon was similar to the porous
materials described above, except for the fact it was impermeable (17). As expected,
incorporation of the impermeable carbons result in higher than anticipated
permeabilities as well. This observation as well as SEM photographs appear to

confirm the picture described above.
Gas Diffusion Pathway

A Mol.
AT Sieve <
A /A/,:/NVV\%’“W Polymer

AYAYAY
W Matrix
AR
EY VAV S

Figure 3. Cartoon representation of sieve in a polymer matrix

Table II. Mixed Matrix Membrane Performance, predicted vs observed.

Membrane a0y/N2 POy
(Barrers)
Matrimid 7.2 1.32
Carbon Mol. Sieve (20 vol%) in Matrimid (Predicted) 7.6 2.1
Carbon Mol. Sieve (20 vol%) in Matrimid (Observed) 6.9 4.9
Zeolite 4A (20 vol%) in Matrimid (Predicted) 8.5 1.2
Zeolite 4A (20 vol% ) in Matrimid (Observed) 7.2 4.0
Impermeable Carbons (20 vol%) in Matrimid (Predicted) 7.2 0.96
Impermeable Carbons (20 vol%) in Matrimid (Observed) 7.0 4.2

All measurements at 25°C
The picture in Figure 3 can be quantified by extending the Maxwell model

(discussed above) to the three phases involved here: the molecular sieving media, the
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polymer, and the void. It is simple to do so in this case because at all times the void
phase lies between the molecular sieve and polymer phase. One can model the
system as a pseudo two phase with the polymer being one phase and the combined
molecular sieve and void being the other phase. Equation 3 can be used to obtain the
permeability of the combined void and molecular sieve phase with the void phase as
the continuous and molecular sieve as the disperse phase. The value of the combined
permeability can be used along with the polymer permeability to explain membrane
performance. Determination of gas permeability in the voids is necessary to
determine the effective permeability of the ‘void and molecular sieve phase’. Gas
flow through the void can be assumed to be Knudsen for micron sized defects, thus
the diffusivity of the gas through the void can be calculated using Eq. 4 (18)

T
D, =9710"r [— 4
AK Y, 4

A

where D,  is the diffusion coefficient in cm? / s, r is the pore radius in A, T is the

absolute temperature, and M, is the gas molecular weight. In the diffusion
coefficient calculation, the radius used in equation 4 was assumed to be half the
distance between the polymer and sieve phase. This distance is a critical parameter in
this modeling, and affects the behavior in three ways. Firstly as shown by equation 4,
the radius is directly proportional to the diffusion coefficient in the void phase.
Secondly, it affects the volume fraction of the void phase and sieve phase in the first
application of the Maxwell Equation. Lastly, it affects the volume fraction of the
combined phase in the polymer since only the volume fraction of molecular sieve
phase can be controlled experimentally. The partition coefficient of the gas in the
void, relative to the gas phase, can essentially be assumed to be one, i.e. a cubic
centimeter of gas in the void is assumed to occupy the same volume as it would in the
gas phase at the same temperature and pressure. Figure 4 indicates how O
permeability and O2/N, permselectivity of a Zeolite 4A-Matrimid mixed matrix
membrane with 20 vol. % zeolite at 25°C varies with defect size. The range of
defect sizes between the sieve and polymer phase studied correspond roughly with
those observed in SEM images. Selectivity and permeability calculations indicated
that intrinsic polymer selectivity and a much higher permeability result. Using this
model, the experimental Zeolite 4A-Matrimid oxygen permeability shown in Table II
would be obtained if this distance was 2700 A. SEM images such as that in Figure 5
indicate that this is around the right order of magnitude.

Conclusions and Future Work.

Recent membrane materials development has failed to exceed the polymeric O2/N3
upper bound trade-off curve in the past six years. A MMC membrane processing
scheme based on molecular sieving materials is attractive if a proper molecular sieve
and polymer matrix is selected for the given separation. Using Maxwell's equation,
estimates of MMC membrane performance indicate significant improvements should
be achievable with elimination of non-selective defects. The preparation of actual
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Figure 4. Predicted variation in O3 permeability and O2/N3 selectivity as a function
of distance between polymer and sieve.
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Figure 5. SEM showing cross section of a mixed matrix membrane.
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mixed matrix membranes results in a three phase membrane: molecular sieve,
polymer, and non selective defects. This is most likely due to dewetting of polymer
polymer chains from the sieve surface. The 'sieve in a polymer cage' appears to be a
picture that is consistent with observed data.

The most practical approach to the problem of dewetting on the sieve surface
would be to encapsulate the sieve in a second polymeric phase that can either be
grafted onto the sieve with coupling agents or adsorbed. At the same time,
compatibility with the main polymeric phase is essential. The model developed
above can easily be extended to these systems.
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Chapter 21

CO, Sorption Properties of Annealed
Syndiotactic Polystyrene

K. Tsutsui, Y. Tsujita, H. Yoshimizu, and T. Kinoshita

Department of Materials Science and Engineering, Nagoya Institute
of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan

Thermal and spectral properties of annealed cast syndiotactic poly sty rene
(SPS) films were investigated. The sample annealed at lower
temperature exhibited an ordered conformation but a lack of crystal
regularity. This result indicated the presence of a mesophase. CO,
sorption properties of these films were also examined and dual-mode
sorption parameters were obtained. In particular, the hole saturation
constant for Langmuir sorption (Cy’) reflected the fine structure of the
annealed SPS and exhibited a different annealing time dependence when
annealed at different temperatures. From these results, we propose that
the samples annealed at lower temperature contain many nanovoids,
which form as a result of solvent desorption.

Highly syndiotactic polystyrene (SPS) crystallizes in two different conformations
(TT and TTGG). One of the crystalline forms, the 0 form (TTGG conformation),
is prepared by solution-casting(/,2). The 6 form includes solvent molecules and is
transformed into the 7 form by annealing, which is accompanied by solvent
desorption. This transition from the 0 to the 7 form has been investigated by
various methods(3,4). In this study, we investigated CO, sorption properties of
SPS films, which were prepared by solution-casting and annealed at different
temperatures. CO, sorption properties probe the structural reorganization that
occurs during the transition from the 6 to the 7 form because sorption of a
penetrant molecule is sensitive to phy sical properties of the polymer matrix such as
degree of crystallinity and fractional free volume(5).

Experimental

Highly syndiotactic polystyrene (SPS) (M,, = 211,000, M,, / M = 3.45) was kindly
© 1999 American Chemical Society 287
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supplied by Idemitsu Petrochemical Co.Ltd. Film samples cast from toluene
solution were annealed at 100, 120, 140, and 170°C for various times in vacuum.
The annealed SPS films have been labeled according to the following scheme : XAY,
where X is the annealing time (hours) and Y is the annealing temperature (C).
Differential scanning calorimetry (DSC) thermograms in the range 25-300°C were
performed using a Perkin Elmer DSC 7 at a heating rate of 20°C/min. under a nitrogen
gas purge. Thermogravimetric analysis (TGA) data in the range 25-450°C were
obtained using a Seiko TG/DTA220 at a heating rate of 20°C/min under a nitrogen
gas purge.  Widc-angle X-ray diffraction patierns in the range 5-25° 2 0 were
recorded with nickel-filtered Cu K @ radiation by a Rigaku RAD-RC dilTractometcr.
The scan rate was 1° /min. and the collection number was 5. Infrared spectra were
obtained using a Jasco IR-700 type IR spectrometer operatingat 1cm™' resolution in
the range 4000-400 cm”. The number of accumulation cycles was 1. CO,
sorption isotherms at 25°C were obtained by the Quartz Crystal Microbalance
(QCM) method. Thin films were coated on the electrode of the QCM by spin-
casting and annealed under appropriate conditions. The CO, used in this sorption
study was at least 99.9% pure and was used without further purification.

Characterization of the annealed cast SPS

Films prepared by solution-casting contain the 0 form of crystallites. When they
are annealed below 190°C, they are first reorganized into the 7 form and,
subsequently, from the 7 to the @ form at 190-200°C. This transition from the 7
to the @ form is accompanied by a conformational change from TTGG to TT. We
examined IR spectra to detect the conformational transition accompanying the
transition from the 7 to the @ form. IR absorbances at 933 cm™ and 1222 cm' are
assigned to TTGG and TT conformations, respectively. Figure 1 shows the
annealing time dependence of the relative absorbance of TT and TTGG
conformations of the cast SPS annealed at 120°C, 140°C and 170°C, respectively.
The absorbance values (R; and R;) at 1222 cm™ and 933 cm™ are normalized by the
absorbance at 1183 cm™! as an internal standard. For samples annealed at 120°C, R,
remains zero even if the annealing time is more than 100 h. Annealing the cast film
at 140°C or 170°C makes R, increase with annealing time. The higher the
annealing temperature, the more R, changes. The value of R, of the cast film is 1.24
and when films are annealed at 120°C, 140°C, and 170°C, the values decrease rapidly
and become sensibly constant with increasing annealing time. These results may
indicate that the transition from TTGG to TT conformation occurs below the 7 to
@ transition temperature (Tc = 190°C), which corresponds to the maximum
conformation transition temperature for a larg.crystallite. In other words, it is
possible that the conformational transition from TTGG to TT for a small crystallite
occurs at temperatures lower than Tc. Upon annealing in the vicinity of Tc, both
conformations exist. However, when samples are annealed below 120C, i.e. at
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Figure 1 Effect of annealing time and temperature on chain
conformation in annealing time and temperature. Ri and Rz
characterize the relative amounts of polymer in the TT and
TTGG conformations, respectively.
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much lower temperatures than Tc, the TTGG conformation decreases slightly, and
the conformational transition to TT never occurs by annealing.

Figure 2 shows DSC thermograms of cast films, 1A120, 1A140, and 1A170.
The endothermic peaks at 270°C in all samples correspond to the melting of the «
form. Tgs are in the range of 105 ~110C. A large endothermic peak for the as-
cast film and 1A 120 appears at 150°C. This peak is due to desorption of complexed
solvent as demonstrated from thermogravimetric analysis (TGA) (Figure 3). It is
probable that the SPS amorphous chains reorganize, judging from the observation of
a broad exothermic peak appearing at 150~200°C. On the other hand, the
thermograms of samples annealed near Tc indicate that there is no endothermic peak
at 150°C. The other endothermic peaks, which are sharper as the annealing
temperature approaches Tc, involve the transition from the 7 to the @ form of
crystallites. The crystallite size of the 7 form might be small and there might be
many crystal defects inthe 7 form which is transformed from the 0 form by low
temperatute annealing. Therefore, the 7 form may transform into the a form
during DSC scans below Tc. In the case of annealing near Tc, the transition from
the 0 tothe 7 form is likely to occur and the transformed v form may consist of
large cry stallites with few crystal defects. An endothermic peak resulting from the
transition from the § to the 7 form is observed at 190°C because there exists a
stable 7 form due to annealing near Tc. The DSC thermograms of the samples
annealed for 100h at 100, 120, 140, and 170°C are shown in Figure 4. Solvent is
still present in 100A100, but no solvent is present in the other samples. The
absence of endothermic peaks around Tc indicates the presence of small and
imperfect 7 form crystallites for 100A100. The important feature of these results
is that this sample exhibits TTGG conformation based on the IR spectra but
contains small and imperfect 7 form crystals according to the DSC study. That is,
a mesophase, which has an ordered TTGG conformation but lacks crystalline
regularity, exists in 100A120. This is also confirmed by X-ray profiles shown in
Figure 5. The X-ray profiles of (A), (B), (C) and (D) are typical of the samples
consisting of § form crystals, mesophase, 7 form and @ form crystals, respectively.
These results suggest the existence of a relatively regular microvoid structure in the
mesophase which is different from so called Langmuir microvoids in glassy polymers.
Hereafter, we call this structure a nanopore.

CO; sorption properties of the annealed SPS samples

The sorption isotherms of the SPS samples annealed at 120°C and 170°C are shown
in Figure 6. The sorption data in these figures are not corrected for the crystalline
content of the samples. Atactic polystyrene (APS), which is annealed at 120°C
for 1h(1A120(APS)), is also shown in this figure. The sorption isotherms of all of
the samples are typical of those of glassy polymers. The CO, sorption level in the
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annealed SPS is less than that in 1A120(APS) because of the crystallinity in the
annealed SPS. The CO, sorption level of the annealed SPS is larger than that of
1A120(APS) when the sorption data are reported on an amorphous basis. Because
of a lack of cry talline regularity, sorption into the nanopores between the poly mer
chains of the mesophase occurs. One can assume that sorption into the nanopores
is Langmuir type sorption. The plasticization by CO, can be ignored at pressures
up to 25 atm since both sorption and desorption isotherms are almost identical. To
evaluate the CO, sorption behaviour more fully, the dual-mode sorption model has
been applied to the experimental sorption isotherms. The resulting dual-mode
sorplion parameters are presented in ‘Table 1. 'The parameters kg and b of the SPS
samples annealed at 120°C decrease as annealing time increases. On the other hand,
C,’ increases with annealing time. Cy’ reflects the amount of Langmuir microvoids
per unit polymer volume. Interestingly, Cy;’ of the annealed SPSis larger than that
of the amorphous APS, irrespective of the presence of the crystalline phase. Upon
annealing at 170°C, ky does not change markedly as annealing time increases, but Cy;’
decreases remarkably with increasing annealing time. The difference in the
annealing time dependence of Cy;’ between 120°C and 170°C is very important for
understanding thie reorganization of the crystalline material from the § to the 7 form.
Chatani et al. (3) reported that SPS samples complexed with solvents exhibited a
monoclinic crystal lattice (P,1/a) with a=17.48A, b=13.27A,c=7.71A, and 7
= 122°. The unit lattice contains eight monomers (TTGG), and two solvent
molecules which are sandwiched between the two chain segments in the unit lattice.
From these results, we propose that the solvent first desorbs from the unit lattice
during the annealing process and, subsequently, the two chains pack in the direction
of the b axis depending on annealing temperature as shown in Figure 7. The DSC
and IR measurements mentioned above showed that annealing at 120°C induced full
desorption of the solvent but resulted in imperfect v form crystals. This may
cause the increase of Cy;’ since the solvent desorption site still remains. That is,
there are many nanopores between the polymer chains in the mesophase. On the
other hand, reorganization from the § to the 7 form may occur perfectly by
annealing at 170°C, resulting in a decrease in the number of nanopores. This
process may cause the decrease of Cy;” with annealing time.

From CO; sorption measurements, annealing at low temperature induces the
formation of a mesophase containing many nanopores. The reorganization of the
crystalline form and mesophase is represented schematically in Figure 8. One can
sec many more nanopores in the SPS samples annealed for long times at low
temperature.
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sample Cy k, x102 bx 10
1A120(APS) 5.86 1.29 3.10
1A120 7.19 1.10 2.97
100A120 13.27 0.58 1.53
1A170 13.55 0.57 1.71
IA170 10.40 0.53 1.74

(slowly-cooled)

5A170 8.53 0.68 2.54

C,/ :Langmuir sorption capacity; cm® STP/cm? polym.

k, :Henry's law solubility coefficient ; cm* STP/ (cm? polym. cmHg).

b :affinity constant of Langmuir site; cmHg -!

0 form 7 form

annealing

desorption of solvents
packing of polymer chainsCgy’

o . toluene

Figure 7 Schematic representation of reorganization from the 0
to the 7 form in the of SPS-toluene system.
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as-cast membrane 100A120
TAK, @, annealing
PR,
G P, at low temperature
&>, for a long time
annealing at 170C annealing at
for a short time higher temperature

annealing at 170C

for a long time

1A170 5A170

@ :toluene

’ I_" : a toluene desorption site

Figure 8 Schematic representation of the annealed as-cast SPS
films.
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Chapter 22

Measurement of Oxygen Permeation in Mixed Gas
Systems: An Alternative to Gas Chromatography

N. S. M. Stevens and M. E. Rezac

School of Chemical Engineering, Georgia Institute of Technology,
778 Atlantic Drive, Atlanta, GA 30332-0100

An inexpensive, electrochemical probe, sensitive to oxygen partial
pressure is used to measure the oxygen composition in a gas
permeate stream following gas separation. Separation of air by a
barrier material, poly(ethylene carbonate), is shown as an example of
probe operation. Separation and calibration techniques demonstrate
probe accuracy and reproducibility.

In food packaging, the permeability of oxygen through a barrier material is of utmost
importance. Oxygen increases the decomposition rate of the food, and therefore, a
packaging material’s ability to restrict oxygen transport must be known. In the
production of purified nitrogen from air, polymeric membranes are often utilized.
Knowledge of both oxygen and nitrogen transport rates and separation selectivity is
required for system design. While independent measurement of pure oxygen and
pure nitrogen transport rates allow for a prediction of separation efficiency,
measurement of a mixture of the two gases may exhibit significant differences. Lack
of agreement between the two methods is most apparent when there is plasticization
of the polymer matrix by one of the penetrants (1) or when the material exhibits time-
dependent properties, as in this study. In these cases, simultaneous measurement of
the transport rates of both gases is needed.

Measurement of the simultaneous transport rates of two of more gases
through a solid is typically achieved by applying a mixture of known composition
and pressure to one side of a material and measuring the rate of gas build-up and its
composition on the other side. This technique is detailed by Pye and co-workers
(2). The technical challenge in such a system is accurate measurement of the gas
composition at very low pressures (2,3). The method most frequently employed to
analyze the gas composition of product streams is gas chromatography.
Unfortunately, results for air separation are sometimes difficult to interpret due to the
inability of typical gas chromatography columns to effectively separate these
materials. Further, permeate gas is usually collected under vacuum (2,3). Transport
of gases which are below atmospheric pressure to the gas chromatograph is
challenging (2,3). Small leaks in these systems may be difficult to identify, and
becaluse the leak gas will consist of air (O, and N,), a leak will artificially alter
results.
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An alternative to gas chromatography is an electrochemical oxygen sensor.
These inexpensive probes are commonly used in laboratories for atmospheric
determination of oxygen. Connection of this probe to a sensitive multimeter allows
for probe utilization under vacuum, eliminating the need for transport of gases to a
separate analytical system.

Background and Theory

Gas Transport. Transport through a dense polymer film can be characterized by a
film’s permeability, P:

p= flux * thickness
driving force

¢
For a mixed gas, the permeability of component A is described by

N

AP,

P, 2

where J, is the flux of component A through the material; [ is the thickness of the

material; and AP, is the pressure differential across the material.
The efficiency of the separation, or the ability for one gas to be selectively

permeated relative to another, is described by a material’s selectivity, o.. For mixed
gases, this component is defined as

=Yi/yi 3
1 Xi/ Xj &)

where y; and y ; are the mole fractions of components i and j in the permeate stream
and x; and x are the mole fractions of components i and j in the feed stream.

Electrochemical Potential. Electrochemical potential of a half-reaction can be
described by the Nernst equation:

RT. a
-—mh-—L “)
nF

a,

E=F°

where E is the reduction potential; E° is the standard potential; n is the number of
electrons; F is the Faraday constant; T is the temperature; R is the gas constant; and
a, and a, are the activities of the reducing species and oxidizing species,
respectively. The general half-reaction of oxygen is described by

0, + 4e &> 20”. (5)
The Nernst equation for this half-reaction can be simplified so that

E~E- X Py, (6)
nF
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where F,, is the partial pressure of oxygen applied to the probe. As the partial
pressure of oxygen increases, the reduction potential also increases. For low
pressures, the natural log of P,, is almost equal to the pressure, and therefore,
potential is linear with respect to the partial pressure of oxygen.

Current Methods for Composition Analysis. The most frequently used
method for determination of permeate gas composition is gas chromatography (2-6).
In addition to the gas chromatograph, other analytical techniques, such as a lone
thermal conductivity detector, mass spectrometry, and confinement of the more
condensable gas in a series of cold traps, can be employed (2,7-12).

A thermal conductivity detector, commonly utilized on a gas chromatograph,
can be used by itself for measurement of both the transport rate and diffusion of one
component in a permeate stream (2,7-9). In this technique, a reference gas at a
controlled temperature is used to zero the detector (8,9). The detector provides a
signal based on changes in the thermal conductivity of the gas stream, physically
measured as the heat of dissipation, and at low concentrations, this signal is linear
with respect to the partial pressure of the sample gas (8,9). A thermal conductivity
detector can be employed in-situ with or without application of a reference sweep gas
on the permeate side. The reference gas and sample gas must have large differences
in their thermal conductivity for this detection method to be effective. Thus,
hydrogen and helium are most commonly used as reference gases (9). Because of
this limitation, a thermal conductivity meter is most often used with a gas
chromatograph for mixed gas measurements (2, 8).

Because the majority of permeate samples are collected below atmospheric
pressure, transport to the gas chromatograph or alternative analytical devices can be a
challenge. This transfer is traditionally achieved by use of either an inert carrier gas
or by the vacuum trap method. Transport by an inert carrier gas involves a ‘sweep’
gas which is allowed to flow through the permeate chamber after sufficient sample
has been collected. The product gas is ‘carried’ to the gas chromatograph. The flow
rate of the inert gas must be accurately known for calculation of gas permeability
coefficients (2,3). Further, the gas chromatograph must be purged with the inert gas
prior to sample injection (3).

In the vacuum trap method, the analytical device is separated from the
permeate chamber by an isolation valve (3). The analytical chamber containing the
gas chromatograph is evacuated as a test is run. After ample product gas is
collected, the vacuum source is isolated from the analytical chamber, and the valve
separating the analytical and permeate chambers is opened. Product gas flows to the
analytical device as the pressure in the two chambers equilibrates. The vacuum-trap
method can be very effective. The accuracy of this method is limited by the presence
of any leaks in the system.

Although current systems are accurate, they are often complex. The method
presented in this study provides a simple and inexpensive solution.

Experimental Method

Materials. Poly(ethylene carbonate), was kindly supplied by PAC Polymers,
Incorporated. Reagent grade methylene chloride (T,, = 40°C) was obtained from J.
T. Baker (purity 99.8%) and used without further modification. Breathing quality
air (measured to be 20.7% oxygen) was purchased from Air Products and was used
for gas permeation measurements as received.

Poly(ethylene carbonate), of the trade name QPAC-25, is a copolymer of
ethylene oxide and carbon dioxide. This unique polymer has been employed as both
a barrier material and a binder. The structure of QPAC-25 is shown in Figure 1.
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The glass transition temperature of this material ranges from 10 to 28°C, and the
density of this material is 1.42g/cm® (13).

o)
+on,—cu— o—gr—oJ;l

Figure 1. Structure of poly(ethylene carbonate)

Films. A solution of the poly(ethylene carbonate) and methylene chloride, 2.2%

polymer by weight, was mixed and filtered. Dense films of approximately 30um
thickness were cast from the QPAC-25 solution into rings onto glass plates in a
methylene chloride environment. The films remained in a solvent rich environment
for twelve hours. The films were then removed from the glass plate and placed
under vacuum for an additional twelve hours to remove excess solvent. After this
time, a test sample was placed in the permeation test system for analysis.

Equipment. The method for measurement of gas permeation in a constant
volume-variable pressure apparatus has been previously described (/). For this
study, a similar system was modified to include an in-system oxygen detector (see
Figure 2).

to '
vacuum ‘__
pump X

fee .
@ © @

A A B to
© DA vacuum
pump

Figure 2. Experimental test system modified with the addition of an
oxygen probe: (a) air cylinder, (b) oxygen electrode, (c) test cell holder,
(d) pressure transducer, and (e) constant temperature (35°C) box.

An oxygen electrode (VWR 0X630) was purchased from VWR and
connected via a valve to the permeate reservoir of a permeation test system. The
probe has a 95% response in 30 seconds at pressures ranging from O to 25 psi.
Further, the manufacturer claims that this sensor is not poisoned when in contact
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with either H,S or CO,. A Fluke Multimeter, model 45, with resolution of 0.001
mV was employed to report probe potential.

The probe is connected to the permeate chamber of the system. Due to a
slow leak rate through the probe itself, the probe was placed in a separate chamber
from the permeate. Vacuum was applied to the probe at all times, except during
measurement of permeate gas analysis.

Calibration Procedure. The probe potential exhibits a linear relationship
with the partial pressure of the oxygen for the pressure range explored in this study.
Thus, calibration at varying pressures and varying compositions was required for
system operation. Additionally, the probe baseline tends to drift with time, as
shown in Figure 3. Therefore, the probe must be recalibrated occasionally to ensure
accuracy.

o
1

o
S
G

0.05 |

Reading (mV)

0.025 |

[ ) S T B TP B
80
0 20 'f‘?me ( da6)% ) 100
Figure 3. Dirift of probe with time for 100% nitrogen at a pressure of 10
torr.

Oxygen/nitrogen calibrations were performed for total pressures of 2 torr, 5
torr, and 10 torr and mixtures ranging from 0% to 100% oxygen. The system was
held at a constant temperature of 35.0°C, and the probe was maintained under
vacuum. The permeate reservoir was filled with a mixture of nitrogen and oxygen of
known composition and pressure. Valve B, as shown in Figure 2, was then closed,
to isolate the probe chamber from the vacuum source. Valve A was opened allowing
gas to flow into the empty probe chamber. A time period of eight minutes was
allowed for both the probe voltage and chamber pressure to equilibrate. The voltage
reading on the multimeter and the initial pressure in the permeate system (prior to
release into the probe chamber) were recorded. The time period was chosen so that
the maximum time for probe and pressure equilibration was allowed but so that the
probe leak rate (0.005 torr/min) did not affect the probe or pressure reading. The
final system pressure could also be used for calibration, but the initial system
pressure was chosen for use in this study for simplicity.

Experimental Procedure. Mixed gas transport through a 30um QPAC-
25 film was monitored for a total of seven days using a pressure gradient of 64.7
psia and a temperature of 35.0°C. As the permeate volume was collected, total
system permeability was measured by recording permeate pressure increase with
time. After 2 to 10 torr of gas was collected as permeate, the feed pressure was
released. Valve B, as shown in Figure 2, was closed, and valve A was opened,
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allowing transport of the permeate gas to the probe chamber. After 8 minutes, the
oxygen composition was recorded. Once oxygen analysis was complete, the feed
pressure was reapplied, and the permeate and probe chambers were evacuated for
preparation for the next run. Because the permeability of gas through the sample
changed during each experimental run, the time weighted average of the permeability
coefficient was taken.

The technique employed provides an accurate measure of the oxygen
composition in a stream. In the experiements completed here, the feed stream was a
binary mixture of oxygen and nitrogen. Thus, it was possible to determine the
composition of the nitrogen in the permeate stream by difference. If more complex
mixtures are evaluated, additional analysis may be necessary.

Results and Discussion

System Calibration. Calibration lines are shown in Figures 4 and 5. A linear
relationship exists between the detector reading and the partial pressure of oxygen in
the system. Because the meter reading is proportional to the system pressure and the
precision of the multimeter is a constant £ 0.001 mV, the accuracy of the probe
increases with an increasing system pressure, as detailed in Table 1. Therefore, the
larger the pressure in the permeate volume, the more accurate the result, as predicted
by the Nernst equation. A linear relationship exists between the detector reading and
the partial pressure of oxygen in the system for the low pressures examined in this
study.

Reading (mV)

PR S W (U NN TR SR (NN SR VNN TR NN SN ST T S S |
0 20 40 60 80 100
Oxygen Content (mole %)
Figure 4: Calibration plot for the oxygen sensor at varying pressures.

Table 1. Increased accuracy with increased permeate pressure.

Permeate Pressure Oxygen Accuracy
2 torr + 1.4%
5 torr + 0.6%
10 torr +0.3%
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Figure 5. Calibration plot for the oxygen sensor at varying concentrations.

Transport Through Poly(ethylene carbonate). The permeability coefficients
of oxygen and nitrogen through QPAC-25 are shown in Figures 6. Figure 7
presents the actual selectivity of the polymer under the conditions investigated.
Transport varies with time, most possibly due to the slow loss of residual casting
solvent remaining in the sample when testing begins. Data were collected at
approximately 24 hour intervals. During the first 80 hours, variations in the
permeability coefficients are the most significant, introducing the most experimental
eeraor. dAs transport approaches steady-state, experimental error is substantially
reduced.

0.02
= : -
E 0015 [ 0,
/m L
= i ¢ o ¢ °¢ ]
£ o01 | ]
= r ]
3 r ]
E0005f & N,
A [ @ @ B 8 § =& ]

()"....l....l.. M PR
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0 50 100 150 200 250
Time From Casting (hours)

Figure 6. Oxygen and Nitrogen permeability at 35 °C through the
poly(ethylene carbonate) film as a function of time.

Accurate and simultaneous oxygen and nitrogen transport measurements are
essential for systems such as the QPAC-25 evaluated here. The steady-state
transport rate of oxygen and nitrogen through the QPAC-25 (measured after 200
hours drying time) is very slow (0.012 Barrer and 0.002 Barrer, respectively).
Further the time-dependent behavior monitored is only apparent during the first 100
hours of evaluation. If pure gas measurements were to be attempted, it may be
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possible to get 3 to 4 data points during the initial 100 hours. Examination of
Figures 6 and 7 clearly indicate that accurate determination of instantaneous
selectivity would not be possible from the pure gas data. Thus, in-situ composition
measurement is crucial for systems that exhibit time-dependent behavior.

aOZ/N 2

NP SRR | [P S
0 50 100 150 200 250
Time From Casting (hours)

" -

O = N W A N
T T
1

Figure 7. Mixed gas selectivity as a function of time.

After steady state was reached, the pure gas permeabilities of these films
were measured. Independent measurement of nitrogen and oxygen resulted in
values that were identical to those reported above. Further, these values are
consistent with those reported in the product literature for this polymer (/3).

Probe Considerations. Experimental results have shown that although this is a
simple technique, several considerations must be made for accurate use. The probe
baseline drift with time must be corrected by frequent calibrations, especially during
initial sensor service. The probe also loses this baseline when it is removed from
vacuum for an extended period of time. This is due to the long time required for the
solid probe to return to chemical equilibrium at the low pressure. Return to the
original baseline may take up to two weeks, depending on the length of time which
the probe was exposed to the atmosphere. In this study, the probe was maintained
under vacuum to prevent baseline drift. _

The leak rate of the probe chamber prevented the determination of oxygen
transport in-situ. If this leak rate could be minimized, instantaneous oxygen
measurements would lend themselves to the study of systems as steady-state is
approached. The time-lag method for estimation of the diffusion coefficient could be
extended to mixed gas systems.

While the electrochemical sensor used in this study is sensitive to oxygen, a
different probe would be required for use with other gases. Ternary gas systems
require the use of several electrochemical sensors as opposed to one.

Conclusions

This study has shown the use of an inexpensive oxygen sensor as an
alternative to gas chromatography in the analysis of mixed gas streams. This system
is simple and provides reproducible data. However, when using an electrochemical
sensor, one must be cognizant of probe drift with time and time required for the
probe potential to equilibrate. Reduction of the leak rate through the probe system
may enable in-situ measurements of oxygen concentration with time.
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The sensor utilized in this study is sensitive to oxygen. For expansion of
this detection technique a different gas, a probe designed specifically for its detection
is required.
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copy (PALS)

C

Calorimetry
DSC thermograms of cis/trans PTBA films cast
from toluene, 92f
thermal behavior of poly(t-butylacetylene)
(PTBA), 91
See also Poly(t-butylacetylene) (PTBA)
Carbon dioxide
comparison of experimental and model pre-
dicted permeability, 162f
comparison of model and experimental CO,/CH,
selectivity, 163f
isotherms of SPS annealed at 120°C and 170°C,
295f
lattice fluid parameters for Sanchez-Lacombe
model, 192¢
predicted permeability and permselectivity data
for structural units comprising group contribu-
tion approach, 155-161
properties of annealed syndiotactic polystyrene
(SPS), 290, 296
results for 87 polymer database, 167-177
solubility isotherms of CO, and CH, in
poly(methyl methacrylate) (PMMA), 189f
solubility of CO,/C,H, mixtures in PMMA at
35°C, 187-188, 191
solubility of CO, in PMMA at 35°C, 188, 189f
See also Group contribution modeling; Modeling
solubility; Permeability; Syndiotactic polysty-
rene (SPS)
Carbon molecular sieves. See Mixed matrix gas sep-
aration membranes
Catalysts
effect of gas permeability of poly(1-trimethylsi-
lyl-1-propyne) (PTMSP), 97-99
effect on free volume of PTMSP, 99, 100f
ideal separation factors of as-cast and aged
PTMSP membranes made from various cata-
lysts, 99¢
influencing properties of PTMSP, 96
molecular motion by spin-lattice relaxation
times, 99, 100f, 101
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PTMSP catalyst systems, 96
See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Chain conformation and packing
density by dilatometric measurements, 90-91
influence on polymer properties, 85-86
See also Poly(-butylacetylene) (PTBA)
Cohesive energy density (CED)
correlations between diffusion coefficients and
calculated CED, 203-206
correlation with diffusivity at 35°C for glassy
polymers, 210f
experimental permselectivity versus perm-
selectivity from correlation between CED and
permeability for He/CH, and O,/N,, 211, 212f
group contribution method, 195
prediction of gas diffusivity in glassy polymers,
209-213
weaknesses using group contribution method,
211,213
See also Polyimides
Composite membranes. See Mixed-matrix gas sepa-
ration membranes; Poly(amide imide)s (PAIs)
and poly(ester imide)s (PEISs)
Constant pressure/variable volume method
permeate flux, 60
physical aging method, 60
Constant volume/variable pressure method, physi-
cal aging method, 60
Critical volume
characterizing penetrant size, 12
See also Penetrant size
Crosslinked diacetylene-functionalized polyimides
activation energy for permeation through cross-
linked blends containing 25% 1,1-6FDA-DIA,
250f
C solid-state NMR spectra of 1,1-6FDA-DIA
before and after annealing, 253f
chemical nature of crosslinking reaction by
solid-state spectroscopies, 252-253
comparison of properties of crosslinked polyim-
ide blends with Robeson’s “Upper Bound”
materials for HyCH, separation, 249f
crosslinking procedure, 246
differential scanning calorimetry (DSC) method,
247
DSC monitoring crosslinking reaction, 250-252
effect on polymer properties, 244-245
experimental polyimide from 4,4'-isopropylidene
dianiline (IPDA) and
4,4'-(hexafluoroisopropylidene) diphthalic
anhydride (6FDA) (6FDA-IPDA), 245
experimental reactive polyimide 1,1-6FDA-DIA
from two N,N'-dipropargyl diimide and one
6FDA, 245-246
gas transport measurement method, 247
gas transport properties of 1,1-6FDA-DIA/
6FDA-IPDA blends, 248t
influence of annealing temperature on reaction
and residual exotherms for 1,1-6FDA-DIA ho-
mopolymer, 251f
influence of temperature on gas transport in
crosslinked 25/75 1,1-6FDA-DIA/6FDA-IPDA
blends, 249f

influence of temperature on selectivities of cross-
linked 25/75 1,1-6FDA-DIA/6FDA-IPDA
blends, 250f

permeability of 1,1-6FDA-DIA/6FDA-IPDA
blends, 248-250

polymer reactivity, 250-253

repeat unit structures of 6FDA-IPDA and
1,1-6FDA-DIA, 246f

sample preparation, 246

solid-state nuclear magnetic resonance (NMR)
method, 247

thermal stability of crosslinked 25/75 1,1-6FDA-
DIA/6FDA-IPDA blend and 1,1-6FDA-DIA
homopolymer, 247f

thermogravimetric analysis (TGA) for thermal
stability, 247-248

Cyclohexane
solvent for casting films, 87, 88, 90t
See also Poly(t-butylacetylene) (PTBA)

D

Density. See Poly(t-butylacetylene) (PTBA)
Diacetylene-functionalized polyimides
reaction chemistry of diacetylene groups, 245
See also Crosslinked diacetylene-functionalized
polyimides
Diffusion
activated rate process, 13
rate-limiting process in penetrant permeation, 3
statistical mechanics model in liquid of hard
spheres, 9
See also Sorption and diffusion of alkanes and al-
cohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Diffusion coefficients
Arrhenius dependence on temperature, 13
correlation with fractional free volume of poly-
mers, 194-195
effect of chain flexibility of polymers, 10, 12
estimation for Positronium (Ps) in polymer ma-
trix before localization in free volume ele-
ment, 111-112
function of penetrant critical volume in rubbery
poly(dimethylsiloxane) (PDMS) and glassy pol-
ysulfone (PSF), 11f
function of reciprocal free volume for methane
in polyimides, 11f
influencing factors, 13
obeying simple power law relation with pene-
trant critical volume, 12
polymer-to-polymer variation, 8-9
sensitivity to free volume and free volume distri-
bution, 9-10
statistical mechanics model of diffusion, 9
Diffusivity
apparent diffusivities of poly(amide imide)s and
poly(ester imide)s to various gases, 235, 238t
correlation with permeability of methane in poly-
imides, 11f
effect of penetrant size, 10, 12-13
gases in polymers, 8-13
influence of free volume, 8-10
interpretation of concentration and temperature
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dependence of mass transport properties for
alkanes and alcohols in PTMSP, 50

isotherms at 300 K for n-pentane, n-hexane, eth-
anol, and methanol in PTMSP, 48, 49f

temperature dependence of alcohol diffusivity in
PTMSP, 48

See also Poly(amide imide)s (PAIs) and poly(es-
ter imide)s (PElIs); Sorption and diffusion of
alkanes and alcohols in poly(1-trimethylsilyl-1-
propyne) (PTMSP)

Diffusivity selectivity
membrane material design strategies, 13-18
organic vapor/supercritical gas separation, 18
Dual-mode sorption model

assuming penetrant content, function of pres-
sure, 44

C'y values (Langmuir sorption capacity), 99

C'y values of propane in as-cast and aged
PTMSP membranes, 99, 100f

equation for sorption isotherms, 69, 71

Henry’s law mode, 71

Langmuir’s mode, 71

parameters of various annealed syndiotactic poly-
styrene (SPS) samples, 297¢

representation of gas solubility isotherms, 38-39

schematic, 70f

See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP); Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(t-butylacetylene)
blends; Syndiotactic polystyrene (SPS)

E

Elastic modulus

correlation with diffusivity for polyimides, 206,
207f

relation to chain motion, 209

See also Polyimides

Electrochemical oxygen sensor
testing equipment, 303-305
theory, 301-302
See also Mixed-gas permeation

Energy
activation energy of permeation, 62
See also Activation energy; Gibbs free energy,

excess
Enthalpy, excess
estimation for alkanes and alcohols in poly(1-tri-
methylsilyl-1-propyne) (PTMSP), 47-48

See also Sorption and diffusion of alkanes and al-
cohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)

Ethanol. See Sorption and diffusion of alkanes and
alcohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)

Ethene
lattice fluid parameters for Sanchez-Lacombe

model, 192¢
solubility in poly(methyl methacrylate) (PMMA)
as function of CO, partial pressure, 188, 190f
solubility isotherms of CO, and C,H, in PMMA
at 35°C, 189f

Ethene/ethane separation. See Facilitated transport

membranes
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Excess enthalpy. See Enthalpy, excess
Excess Gibbs free energy. See Gibbs free energy,
excess

F

Facilitated transport membranes

Ag*-exchanged modules, 121-123

analytical model assuming flux is proportional to
concentration gradient of ethene-silver ion
complex, 121-122

drawback of immobilized liquid membranes
(ILM), 117

effective diffusion coefficients from observed
flux, 121

estimating equilibrium constant for coordination
of ethene to silver ions within fibers, 122, 123

estimation of effective diffusion coefficient for
ethene flux limited by diffusion, 121-122

ethene flux as function of ethene pressure for 50
fiber module in Ag* form, 124f

ethene fluxes in and facilitation factors for sil-
ver-exchanged module, 121¢

ethene recovery from feed stream for 50 fiber
module in Ag* form at various feed pressures,
124f

fiber characterization, 118

flat film configuration, 117

fluxes of ethane and ethene through sodium-
exchanged hollow fiber module, 120f

flux measurement method, 119, 120f

long-term testing of 50 fiber module with con-
stant feed and helium sweep flow rate, 125f

long-tim¢ testing procedure, 123

Na*-exchanged modules, 119, 121

potential advantages of water-swollen, silver ion-
exchanged hollow fibers for gaseous olefins,
117

preparation and characterization of poly(vinyl al-
cohol)-silver nitrate membranes, 127-129

preparation of ion-exchanged Nafion hollow fi-
bers, 117-118

principles for separation of ethene from ethane,
116f

process description, 115, 117

scanning electron microscopy/energy dispersive
X-ray analysis method (SEM/EDXR),
127-129

SEM and SEM/EDXR showing uniform silver
distribution through PVA-AgNO; mem-
branes, 130f

sodium and silver content analysis method, 119

stability of silver ion-exchanged Nafion hollow
fibers, 123, 124f

summary of parameters calculated for Nafion
hollow fibers, 122¢

summary of test results for Nafion flat film mem-
branes, 118¢

test apparatus for hollow fiber modules, 120f

water content analysis method, 119

See also Poly(vinyl alcohol)-silver nitrate
(PVA-AgNO;) membranes

Fibers, hollow. See Facilitated transport mem-
branes
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Fluorinated compounds, solubility in hydrocarbon-

based polymers, 8

Flux

permeate by constant pressure/variable volume
method, 60

volumetric gas flux by solution—diffusion model,
57

Fractional free volume (FFV)

characterization of solid-state chain packing,
9-10

determination for poly(ether ketone)s and poly-
imides, 259¢, 260t

Free volume

bimodal size distribution of free volume in high
free volume polymers, 113
C'y values (Langmuir sorption capacity) for pro-
pane in as-cast and aged PTMSP membranes,
99, 100f
continuous PAL free volume size distribution,
106-109
correlation of gas diffusion coefficients with frac-
tional free volume, 194-195
correlation with diffusivity for polyimides, 206,
208f, 209
influence on diffusivity, 8-10
methane diffusion coefficients as function of, in
polyimides, 11f
model of Positronium (Ps) and e* behavior in
.polymers, 109-112
PAL distribution of high free volume polymers,
104-105
positron annihilation lifetime spectroscopy
(PALS), 10, 102-103
preparing films of different levels possible, 93
Walker-Brandt-Berko’s free volume model, 102
See also Poly(t-butylacetylene) (PTBA); Poly(1-
trimethylsilyl-1-propyne) (PTMSP); Polyim-
ides; Positron annihilation lifetime spectros-
copy (PALS)

G

Gas chromatography
common composition analysis method, 300
thermal conductivity detector, 302
vacuum trap method, 302
Gas condensability effect, relative solubility in
polymers, 8
Gas diffusion coefficients. See Diffusion coeffi-
cients
Gas permeability
equation for sorption isotherms, 69, 71
improving stability of PTMSP by blending with
PTBA, 68-69, 82
N, permeability coefficients for as-cast and aged
PTMSP membranes, 98f
properties of polyimides, 194
PTMSP membranes by TaCls, TaCls-Ph;Bi, and
NbCls catalysis, 97, 99
relationship between aging ratio and kinetic di-
ameter of PTMSP membranes made with vari-
ous catalysts, 98f
schematic of dual-mode sorption, 70f

solution-diffusion model, 57

See also Permeability; Poly(1-trimethylsilyl-1-pro-
pyne) (PTMSP) and PTMSP/poly(z-butylacety-
lene) blends; Polyimides

Gas separation

ability of polymer to be more permeable for one
component, 3
membrane categories, 1, 23
permeability and permselectivity essential fac-
tors, 28
relationship to polymer structure not well under-
stood, 151
See also Group contribution modeling
Gas solubility
dual-mode model isotherms, 38-39
effects of polymer chain packing, 8
gas concentration and pressure, 8
in polymers, 6-8
temperature and solubility coefficients, 8
Gas transport
solution-diffusion model, 57-58
through dense polymer film, theory, 301
See also Group contribution modeling
Gibbs free energy, excess
enthalpy and entropy contributions responsible
for quantitative differences between alkane
and alcohol sorption, 46
See also Sorption and diffusion of alkanes and al-
cohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Glassy polymers
estimation of solubility and diffusivity data,
38
lacking reliable correlations and predictive ex-
pressions for mass transport properties, 39
See also Sorption and diffusion of alkanes and al-
cohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Group contribution modeling
comparison of experimental and model-pre-
dicted permeability of CO, and CH,, 162f
comparison of model and experimental CO,/CH,
selectivity, 163f
comparison of subunit permeability contribu-
tions to CO,/CH, upper bound, 163f
comparison of tetramethyl bisphenol-A polysul-
fone and dimethyl bisphenol-A polysulfone,
165
datasets and calculation methods, 152-154
effect of neighboring groups, 164
goodness of fit statistics between experimental
and model predictions, 154
molar volume calculations by mainframe-based
computer modeling Quanta, 153-154
permeability of meta versus para isomers, 164
polymer database of 87 polymers with permeabil-
ity data (CO, and CH,), 167-177
predicted permeability and permselectivity data
for structural units comprising group contribu-
tion approach, 155-161
structural units definition, 152-153
See also Qualitative structure—property relation-
ship (QSPR)
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H

Helmholtz free energy
equilibrium for mixture as function of tempera-
ture, volume, and composition, 186
nonequilibrium versus equilibrium conditions,
181
thermodynamic analysis from equilibrium to non-
equilibrium states of system, 182-185
See also Modeling solubility
Henry’s law mode, dual-mode sorption theory, 69,
7

Heptane. See Sorption and diffusion of alkanes
and alcohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)

Hexane. See Sorption and diffusion of alkanes and
alcohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)

Higashi activation technique, amide bond forma-
tion in polyamide-imides, 219

Hollow fibers for transport. See Facilitated trans-
port membranes

Hydrocarbon separations
traditional distillation process, 127
See also Poly(vinyl alcohol)-silver nitrate

(PVA-AgNO;) membranes

Hydrogen )

permeability and hydrogen/nitrogen selectivity
of glassy and rubbery polymers, 15f

permeability versus selectivity of polymers, 14

See also Poly(amide imide)s (PAIs) and poly(es-
ter imide)s (PEIs)

Immobilized liquid membranes (ILMs)
drawbacks, 117
See also Facilitated transport membranes
Indan-containing polymers
effect of connecting group in poly(ether
ketone)s, 262, 266
gas permeability coefficients of poly(ether
ketone)s, 261t
gas permeability coefficients of polyimides, 262t
mobility of aromatic rings from dynamic mechan-
ical testing and solid-state NMR, 267
permeability measurements, 261-262
permselectivity characteristics, 262, 266—267
physical properties of polymers, 260-261
poly(ether ketone) and polyimide preparation,
258

polyimide structure and permeability coeffi-
cients, 267

properties of poly(ether ketone)s, 259¢

properties of polyimides, 260z

proposed flexible segment controlling diffusional
jumps, 266

selectivities of poly(ether ketone)s, 261t

selectivities of polyimides, 263t

selectivity—permeability plots of poly(ether
ketone)s, 264f

selectivity—permeability plots of polyimides, 265f

315

structure of poly(ether ketone)s and polyimides,
259

structures, 257-259
synthesis of indan groups, 257
synthesis of monomers, 258
unexpected low selectivity of poly(ether ketone)
sample, 266
Intrinsic viscosity (IV). See Regiospecific polyam-
ide-imides for gas separations

K

Kinetic diameter, parameter for small penetrants,
T 12

L

Langmuir’s mode, dual-mode sorption theory, 69,
!

Langmuir sorption capacity (C'y), dual-mode sorp-
tion model, 99

Lifetime distributions. See Positron annihilation
lifetime spectroscopy (PALS)

M

Membrane materials

Bas containing variables tunable for improving
permeability and selectivity, 16

comparison plots of slopes and front factors
along with theoretical predictions, 16, 17f

diffusivity selectivity, 13-18

disubstituted polyacetylenes like poly(4-methyl-
2-pentyne) (PMP), 19

enhancing permeability-selectivity properties
through favorable interactions, 23

increasing interchain separation to increase per-
meability, 16

model defining combinations of high permeabil-
ity and high selectivity, 14, 16

model hypotheses, 16

parameters (A5 and Ba) dependent on gas
pair (A/B), 14

pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f

routes to achieve weak size-sieving polymers, 23

solubility selectivity, 18-23

Methane permeability

comparison of experimental and model-pre-
dicted permeability, 162f

comparison of model and experimental CO,/CH,
selectivity, 163f

diffusivity and permeability in series of polyim-
ides, 10, 11f

pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f

results for 87 polymer database, 167-177

See also Carbon dioxide; Group contribution
modeling; Poly(amide imide)s (PAIs) and
poly(ester imide)s (PEIs); Permeability
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Methanol. See Sorption and diffusion of alkanes
and alcohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Mixed-gas permeation
accuracy increasing with permeate pressure, 305¢
calibration plot for oxygen sensor at varying con-
centrations, 306f

calibration plot for oxygen sensor at varying
pressures, 305f

calibration procedure, 304

characterization, 60

considerations for probe improvements, 307

current methods for composition analysis, 302

drift of probe with time for 100% nitrogen at
pressure of 10 torr, 304f

electrochemical oxygen sensor as alternative to
gas chromatography, 300-301

electrochemical potential theory, 301-302

experimental poly(ethylene carbonate), 302-303

experimental test procedure, 304-305

experimental test system modified with addition
of oxygen probe, 303f

film preparation, 303

gas transport theory, 301

measuring simultaneous transport rates, 300

mixed-gas permeability coefficient, 60

mixed-gas selectivity as function of time, 307f

oxygen and nitrogen permeability through
poly(ethylene carbonate) film as function of
time, 306f

oxygen/nitrogen calibrations, 304

structure of poly(ethylene carbonate), 303f

test equipment and procedures, 303-305

thermal conductivity detector, 302

transport through poly(ethylene carbonate),
306-307

vacuum trap method, 302

See also Poly(4-methyl-2-pentyne) (PMP)

Mixed matrix gas separation membranes
approach to problem of dewetting sieve surface,

286

comparison of various polymer and mixed ma-
trix membrane permeabilities and permselec-
tivities, 279¢

effective permeability equation, 280

effect of defect size on O, permeability and
O,/N; permselectivity of Zeolite 4A-Matrimid
mixed matrix membrane, 284, 285f

equation for diffusivity of gas through void, 284

extending Maxwell model to molecular sieving
media, polymer, and void, 283-284

future attempts eliminating nonselective defects,
284, 286

gas permeation measurement method, 282

membrane formation and characterization, 282

mixed matrix composite (MMC) membranes
preferable, 278

mixed matrix membranes, 278

predicted MMC membrane performance,
280-282

predicted variation of O, permeability and O,/N,
selectivity as function of distance between
polymer and sieve, 285f

predicted versus observed performance of mixed
matrix membrane, 283¢
predicted Zeolite 4A-PI MMC membrane perfor-
mance from effective permeability equation,
281f
predicting performance of carbon molecular
sieves (CMSs), 282
predictions versus observed results for zeolites,
impermeable carbons, and carbon molecular
sieves (CMS), 282-284
proper materials selection, 280
proposed MMC membrane formation, 279f
representation of sieve and gas diffusion path-
way through polymer matrix, 283f
scanning electron micrograph (SEM) showing
cross-section of mixed matrix membrane,
285f
sorption—diffusion mechanism, 278
Mobility
activation energy for mobility coefficient, 52¢
coefficients at different temperatures indepen-
dent of concentration, 52
diffusivity and mobility isotherms, 48—52
isotherms at 300 K for n-pentane, n-hexane,
methanol, and ethanol in PTMSP, 50, 51f,
52
transport kinetics due to molecular weight differ-
ences, 52, S3f
See also Sorption and diffusion of alkanes and al-
cohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Modeling gas transport
attempts to increase permeability and selectivity
by optimizing structure, 256-257
diffusional jumps through polymer matrix, 256
See also Group contribution modeling
Modeling solubility
generalities and rheological model, 180-182
lattice fluid parameters for Sanchez-Lacombe
model, 192f
NELF model calculations, 187-191
Sanchez-Lacombe lattice fluid model, 185-187
thermodynamic analysis, 182-185
Modeling studies. See Regiospecific polyamide-im-
ides for gas separations
Molar volume
calculations in mainframe-based computer mod-
eling package, Quanta, 153-154
values for structural units comprising group con-
tribution approach, 155-161
See also Group contribution modeling
Molecular motion
13C spin-lattice relaxation times (T;) of each dis-
tinct carbon in as-cast and aged PTMSP mem-
branes, 99, 101z
PTMSP/PTBA blends before and after aging,
82, 83f
i T, of as-cast and aged PTMSP membranes,
99, 100f
See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(t-butylacetylene)
blends; Poly(1-trimethylsilyl-1-propyne)
(PTMSP)
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N

Na*-exchanged Nafion hollow fibers. See Facili-
tated transport membranes
Nafion )
effect of gas atmosphere on observed PALS pa-
rameters of trademark samples AF2400 and
Nafion, 106¢
See also Facilitated transport membranes; Posi-
tron annihilation lifetime spectroscopy
(PALS)
NELF model
basic equation based on Sanchez-Lacombe lat-
tice fluid theory, 186
requirement to specify polymer density, 187
“solubility calculations, 187-188
solubility isotherm of pure CO, and C,H, in
PMMA at 35°C, 189f
solubility of CO, and C;H, in PMMA at 35°C,
189f, 190f
solubility of gaseous mixtures, 187-191
three binary lattice fluid interaction parameters,
188
See also Modeling solubility
Nitrogen
apparent diffusivities and solubilities of poly(am-
ide imide)s (PAIs) and poly(ester imide)s
(PEIs) to O,, N,, CO,, and CH,, 238t
effect of defect size on O, permeability and
O,/N, permselectivity of Zeolite 4A-Matrimid
mixed matrix membrane, 284, 285f
effect of poly(s-butylacetylene) (PTBA) content
on O,/N, ideal separation factor, 77f
H, permeability and H,/N, selectivity of glassy
and rubbery polymers, 15f
ideal permeabilities of PAIs and PEIs to Oy, N,
He, H,, CO,, and CH,, 237t
ideal selectivities of PAIs and PEIs to Oy/N,,
He/N,, CO,/CH,, and H,/CH,, 237t
permeability coefficients for as-cast and aged
PTMSP membranes, 98f
permeability in polymers, 3
permeability (O,) versus selectivity (O,/N;,) for
poly(ether ketone)s and poly(ether sulfone)s,
275f
permeability of PMP as function of time, 66f
predicted variation of O, permeability and O,/N,
selectivity as function of distance between
polymer and sieve, 285f
production of high purity, 1
time dependence of permeability coefficients of
N, O,, and CO, of PTMSP/PTBA 80/20 blend
membrane, 78, 79f
versus oxygen permeation, 3
See also Poly(amide imide)s (PAIs) and poly(es-
ter imide)s (PEIs); Poly(ether ketone)s;
Poly(ether sulfone)s; Polyimides

(0]

Organic vapors
recovery from waste gas streams, 56
separation from supercritical gases, 2
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Oxygen permeability

apparent diffusivities and solubilities of poly(am-
ide imide)s (PAIs) and poly(ester imide)s
(PEIs) to O,, N,, CO,, and CH,, 238¢

effect of defect size on O, permeability and
O,/N, permselectivity of Zeolite 4A-Matrimid
mixed matrix membrane, 284, 285f

effect of poly(s-butylacetylene) (PTBA) content
on O, permeability coefficient and hole satura-
tion constant (C'y) of CO, in blend mem-
branes, 77f

effect of PTBA content on O, permeability coef-
ficient and O,/N, ideal separation factor, 77f

experimental permselectivity versus
permselectivity from correlation between
CED and permeability for He/CH, and O,/N,,
211, 212f

food packaging, 300

ideal permeabilities of PAIs and PEIs to O,, N,,
He, H,, CO,, and CH,, 237¢

ideal selectivities of PAIs and PEIs to O,/N,,
He/N,, CO,/CH,, and Hy/CH,, 237t

influence of aging time on O, permeability coef-
ficients of blend membranes as function of ini-
tial permeability of blend, 78, 79f

oxygen permeability coefficients versus separa-
tion factor against nitrogen (Po/Py,) for
poly(diphenylacetylene)s, PTMSP, and PDMS,
33f, 34f

permeability (O,) versus selectivity (O,/N,) for
poly(ether ketone)s and poly(ether sulfone)s,
275f

predicted variation of O, permeability and O,/N,
selectivity as function of distance between
polymer and sieve, 285f

time dependence of permeability coefficients of
N,, O,, and CO, of PTMSP/PTBA 80/20 blend
membrane, 78, 79f

variation among polymers, 3, 5t

versus nitrogen permeation, 3

See also Mixed-gas permeation; Poly(amide im-
ide)s (PAIs) and poly(ester imide)s (PEIs);
Poly(ether ketone)s; Poly(sulfone)s; Poly-
imides

P

Packing. See Chain conformation and packing
PALS. See Positron annihilation lifetime spectros-
copy (PALS)
Penetrant condensability
effect determining relative solubility in polymer,

relation between logarithm of solubility and mea-

sures of, 6
Penetrant size

diffusion coefficients in rubbery poly(dimethylsi-
loxane) (PDMS) and glassy polysulfone (PSF)
as function of penetrant critical volume, 11f

effect on diffusion coefficients, 10, 12-13

interplay of solubility and diffusivity factors,
12-13

size and permeability coefficient, 5-6
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Penetrant solubility
glassy versus rubbery polymers, 6
impact of chemical structure of polymer for poly-
mer-penetrant interactions, 8
two-step thermodynamic process, 6
Penetrant transport in polymer, solution-diffusion
model, 3
Pentane. See Sorption and diffusion of alkanes and
alcohols in poly(1-trimethylsilyl-1-propyne)
(PTMSP)
Permeability
apparent permeability coefficient (P) from slope
of downstream pressure versus time curves,
195
before and after crosslinking diacetylene-func-
tionalized polyimides, 248-250
carbon dioxide in plasma-treated poly(dimethylsi-
loxane) (PDMS), 140, 147
categories for larger or smaller components be-
ing more permeable, 23
coefficients and penetrant size, 5-6
coefficients dependent on shape of ring substitu-
ents, 32, 33f
comparing various polymers and mixed matrix
membranes, 278, 279t
correlation with diffusivity of methane in polyim-
ides, 11f
diffusivity and solubility terms, 195, 197
effect of penetrant size in polysulfone (PSF) and
PDMS, 4f
Fickian diffusion as rate-limiting step, 2
gas permeability coefficient of poly(ether ke-
tone)s, 261¢
gas permeability coefficient of polyimides, 262t
H, permeability and H,/N, selectivity of glassy
and rubbery polymers, 15f
ideal permeabilities of poly(amide imide)s and
poly(ester imide)s to various gases, 235, 237t
increasing interchain separation to increase, 16
membrane permeance/selectivity characteristics
comparison in plasma-modified PDMS mem-
branes, 140, 141f
oxygen versus nitrogen, 3
polymer film, 2
selectivity—permeability plots of poly(ether ke-
tone)s, 264f
selectivity—permeability plots of polyimides,
265f
substituted polyacetylenes, 28
temperature dependence of gas permeation
through polymers, 62
versus permeant size, 58
versus selectivity of polymers, 13-14
See also Crosslinked diacetylene-functionalized
polyimides; Gas permeability; Group contribu-
tion modeling; Indan-containing polymers;
Mixed matrix gas separation membranes; Poly-
(amide imide)s (PAIs) and poly(ester imide)s
(PEIs); Poly(dimethylsiloxane) (PDMS);
Poly(diphenylacetylene) [poly(DPA)];
Poly(ether ketone)s; Poly(ether sulfone)s;
Polyimides; Regiospecific polyamide-imides
for gas separations
Permselectivity. See Selectivity

Perstraction, liquid feed/liquid sweep, 129
Physical aging
aging of poly(4-methyl-2-pentyne) (PMP), 65
determination methods, 60
nitrogen permeability of PMP as function of
time, 66f
See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(t-butylacetylene)
blends; Poly(4-methyl-2-pentyne) (PMP)
Plasma processes
low-temperature or nonequilibrium techniques
for creating new materials, 135-136
membrane preparation by atmospheric pressure
glow discharge (APG) plasma, 136, 138
polymerization and treatment categories, 136
See also Poly(dimethylsiloxane) (PDMS)
Polyacetylenes
disubstituted polyacetylenes such as poly(4-
methyl-2-pentyne) (PMP), 19
gas and vapor separation applications, 58, 60
silicon-containing disubstituted poly(1-trimethyl-
silyl-1-propyne) (PTMSP), 28-29
substituted polymers highly permeable, 28
See also Poly(diphenylacetylene) [poly(DPA)]
Poly(amide imide)s (PAls) and poly(ester imide)s
(PEIs)
apparent diffusivities of polymers to O,, N,,
CO,, and CH,, 238t
apparent solubilities of polymers to O,, N;, CO,,
and CH,, 238t
comparing changes in apparent diffusivity with
structure, 240
fluxes and selectivities of thin film composite
membranes on poly(ether imide) support, 240,
241t
gas permeation data, 235, 240
high-resolution scanning electron micrograph
(SEM) of PAI thin film composite membranes
coated on PEI support, 242f
ideal permeabilities of polymers to O,, N,, He,
H,, CO,, and CH,, 237t
ideal selectivities of polymers to O»/N;, He/N,,
CO,/CH,, and H,/CH,, 237t
monomer and polymer syntheses, 234
permeability/selectivity of H, and Hy/CH, of
PAIs and PEIs, 241f
possible conformations of para- and meta-linked
PAIs, 239f
reduced viscosities of polymers, 235, 236¢
solvent-free film preparation, 234
structures of synthesized PAIs and PEIs, 235,
236f
thin film composite membrane preparation, 234
See also Regiospecific polyamide-imides for gas
separations
Poly(t-butylacetylene) (PTBA)
better chain packing with increasing evaporation
time, 91
chemical structure, 87f
density from dilatometric measurements, 90-91
density increase on ordering, 93
density values for cis/trans PTBA cast from tolu-
ene and cyclohexane before and after heat
treatment in dilatometer, 90t
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dilatometric analysis method, 87
DSC thermograms of cis/trans PTBA films cast
from toluene, 92f
experimental solvents, 88
film preparation by solvent casting, 87
geometric polymer structure affecting chain pack-
ing and physical aging phenomena, 86
physical aging and heat treatment correlation, 91
polymer characterization methods, 8687
polymer concentration increasing with polymer—
solvent affinity, 91
polymerization method, 86
relative viscosity (In 7) as function of solubility
parameters of different solvents for cis/trans
PTBA and 100% cis PTBA, 89f
relative viscosity of PTBA in solvents with differ-
ent solubility parameters, 88t
solubility parameter calculation, 87
solubility parameter from viscosity measure-
ments, 87-90
specific volume of cis/trans PTBA films cast
from toluene as function of temperature, 92f
thermal behavior, 91
See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(s-butylacetylene)
blends
Polycarbonate (PC), pure gas permeability coeffi-
cients and separation factors for propane/meth-
ane for rubbery and glassy polymers, 21, 22f
Poly(dimethylsiloxane) (PDMS)
analysis method of plasma treatment membrane
structure, 138
behavior of atmospheric pressure glow discharge
(APG) plasma treatment, 143
comparison of membrane properties of APG
plasma-treated, low-pressure plasma-treated,
and conventional membranes, 140, 141f
correlation between surface structure and
CO,/CH, selectivity of APG plasma treated
membranes, 147, 149f
diffusion coefficients in rubbery PDMS and
glassy polysulfone (PSF) as function of pene-
trant critical volume, 11f
driving-force normalized fluxes (Rco, and Rew,)
and selectivity a of CO, over CH,, 138
effect of APG plasma treatment on CO, perme-
ability and selectivity, 147, 150
effect of APG plasma treatment time and power
input on Reo,, Ren,, and o, 138-140
effect of Ar etclhing time on atomic ratios of
membrane, 143, 146f
effect of penetrant size on permeability, 4f,
12-13
effect of plasma treatment time on 1/Rp, CO,
(inverse of permeance of plasma-treated layer
to CO,), and a, selectivity, 140, 142f, 143
effect of plasma treatment time on ratios of oxy-
gen and carbon to silicon at membrane sur-
face, 143, 145f
effect of plasma treatment time on Si,, and C;,
spectra by X-ray photoelectron spectroscopy
(XPS), 143, 144f
gas permeation experiments using plasma-
treated membranes, 138
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meeting criteria for solubility-selective mem-
brane, 18-19

membrane structure, 143

penetrant solubility at 35°C and infinite dilution,
7

per{neance of CO, sensitivity to posttreatment
crosslinking, 147

plasma treatment method, 136, 138

pure gas permeability and selectivity properties,
S5t

schematic diagram of atmospheric pressure glow
discharge plasma reactor, 137f

selective removal of higher hydrocarbons from
natural gas, 3, 5

time dependence of permeation properties of
APG plasma-treated membranes, 147, 148f

total permeance (Rr) equation, 140

Poly(diphenylacetylene) [poly(DPA)]

copolymerization of DPA with two trimethylsilyl
groups with other DPAs, 31
gas permeability, 32, 35
introduction of substituents, 28-29
monomers and results of polymerization with hy-
drocarbon substituents by TaCls/n-Bu,Sn sys-
tem, 29¢
monomers and results of polymerization with si-
lyl and germyl groups by TaCly/n-Bu,Sn sys-
tem, 30t
oxygen permeability coefficients versus separa-
tion factor against nitrogen (POZIPN) for po-
1y(DPA)s, PTMSP, and PDMS, 33f, 34f
oxygen permeability dependent on shape of ring
substituents, 32, 33f
permeability of coefficients of poly(DPA)s with
silyl groups and PTMSP for several gases, 35,
36
polyﬁxerization of DPAs with hydrocarbon sub-
stituents, 29-30
polymerization of DPAs with O- and N-con-
taining substituents, 31-32
polymerization of DPAs with silyl or germyl
groups, 30-31
small oxygen permeability of copolymers, 32,
34f, 35
structure, 29
synthesis of poly(DPA)s, 29-32
Poly(2,6-diphenylphenylene oxide) (PPO)
bimodal size distribution of free volume in high
free volume polymers, 113
comparison of lifetime distributions of positron
annihilation in dense films using PATFIT and
CONTIN computer programs, 107¢
continuous PAL free volume size distribution,
106-107
dense film preparation, 103
model of Ps and e* behavior in polymers,
109-112
Positronium (Ps) lifetime distribution of two po-
rous PPO samples, 110f
Poly(ester imide)s (PEIs). See Poly(amide imide)s
(PAIs) and poly(ester imide)s (PEISs)
Poly(ether ketone)s
Chinese patented poly(ether ketone) (PEK-C),
269
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dense membrane preparation, 271
density and free volume of PEK-Cs, 272¢
gas permeation properties at 30°C, 271¢
gas permeation properties of ionomers from
PEK-L (lactone ring opening) at 30°C, 274t
gas permeation properties with side carboxylic
group at 30°C, 273¢
influences of side alkyl group introduction and
crosslinking, 270
ionomers from PEK-L, 274
PEK-C polymers with side carboxylic group,
272-274
PEK-C synthesis, 269
permeability (H,) versus selectivity (H,/N,) for
modified PEK-C polymers, 275f
permeability (O,) versus selectivity (O,/N,) for
modified PEK-C polymers, 275f
phenolphthalein and diisopropyldimethylphe-
nolphthalein reduction with lactone ring open-
ing, 273
preparation of derivatives with side substituent
groups, 270-272
studying pendent phthalic group modification
for gas permeation improvement, 269-270
See also Indan-containing polymers
Poly(ether sulfone)s
Chinese patented poly(ether sulfone)s (PES-C),
269
dense membrane preparation, 271
gas permeation properties at 30°C, 272¢
gas permeation properties of ionomers from
PES-L (lactone ring opening) at 30°C, 274t
gas permeation properties with side carboxylic
group at 30°C, 273t
influences of side alkyl group introduction and
crosslinking, 270
ionomers from PES-L, 274
permeability (H,) versus selectivity (H,/N,) for
modified PES-C polymers, 275f
permeability (O,) versus selectivity (O,/N,) for
modified PES-C polymers, 275f
PES-C synthesis, 269
phenolphthalein and diisopropyldimethylphe-
nolphthalein reduction with lactone ring open-
ing, 273
preparation of derivatives with side substituent
groups, 270-272
studying pendent phthalic group modification
for gas permeation improvement, 269-270
Poly(ethylene carbonate). See Mixed-gas perme-
ation
Polyimides
apparent permeability coefficient (P) determina-
tion, 195, 197
characteristics of polyimides in previous studies,
199
chemical structures, 196f

chemical structures and characteristics of polyim-

ide films from previous studies, 202f
correlation between diffusion coefficient (D)
and cohesive energy density (CED) at 35°C
and 80°C, 204f, 205f
correlation of diffusion coefficient and CED of
glassy polymers at 35°C, 209, 210f

diffusion coefficients and mobility selectivities of
films, 198¢
diffusivity and solubility terms of permeability,
195, 197
experimental materials, 195 .
experimental permselectivity versus permselectiv-
ity from correlation between CED and perme-
ability for He/CH, and O)/N,, 211, 212f
measurement methods, 195, 197
methane diffusivity and permeability in glassy,
aromatic, 11f
permeability and diffusion coefficients (P and
D) at 35°C and 80°C, 200¢, 201t
permeability coefficients and permselectivities of
films, 198t
physical characteristics, 197¢
prediction of gas diffusivity in glassy polymers,
209-213
pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f
relation between diffusivity and CED, 203,
206
relation between diffusivity and elastic modulus,
206, 207f
relation between diffusivity and free volume,
206, 208f, 209
weaknesses in calculating CED using group con-
tribution model, 211, 213
See also Crosslinked diacetylene-functionalized
polyimides; Indan-containing polymers
Polymer-penetrant interactions, impact on chemi-
cal structure of polymer, 8
Polymers
competitive with other gas separation technolo-
gies, 1
crude measure of size-sieving ability (1), 12
diffusivity of gases, 8-13
effect of penetrant size on permeability in polys-
ulfone (PSF) and poly(dimethylsiloxane)
(PDMS), 4f
model defining combinations of high permeabil-
ity and high selectivity, 14, 16
model hypotheses, 16
more permeable for one component, 3
more permeable to larger than smaller pene-
trants, 18
pure gas permeability and selectivity properties,
5t
solubility of gases, 6-8
variation in permeation properties, 3
Poly(methyl methacrylate) (PMMA)
lattice fluid parameters for Sanchez—Lacombe
model, 192¢
solubility calculations using NELF model,
187-191
solubility isotherm of pure CO, and C,H, in
PMMA at 35°C, 189f
solubility of CO, and C;H, in PMMA at 35°C,
189f, 190f
Poly(4-methyl-2-pentyne) (PMP)
characterization of mixed-gas permeation proper-
ties, 60
chemical structure, 59f

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.ix002

gas and vapor separation applications of polya-
cetylene-based polymers, 58, 60

influence of temperature on mixed-gas perme-
ation properties, 62, 65

mixed-gas methane and n-butane permeability
as function of n-butane relative pressure, 63f

mixed-gas n-butane and methane permeability
as function of temperature, 64f

mixed-gas n-butane/methane selectivity as func-
tion of n-butane relative pressure, 63f

mixed-gas n-butane/methane selectivity as func-
tion of temperature, 64f

mixed-gas permeation properties of PMP and
PTMSP for n-butane/methane mixtures, 61¢

mixed-gas transport similar to PTMSP, 61

nitrogen permeability as function of aging time,
66f

permeability to large organic vapors and small
supercritical gas components, 19

permeation properties as function of feed gas
composition, 62

physical aging, 65

physical aging characterization methods, 60

physical properties of PMP and PTMSP, 58¢

polymer film preparation, 60

Polystyrene (PS)

pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f

See also Syndiotactic polystyrene (SPS)

Polysulfone (PSF)

diffusion coefficients in rubbery poly(dimethylsi-
loxane) (PDMS) and glassy PSF as function of
penetrant critical volume, 11f

effect of penetrant size on permeability, 4f,
12-13

penetrant solubility at 35°C and infinite dilution,
7

pure gas permeability and selectivity properties,

S5t
Poly(1-trimethylsilyl-1-propyne) (PTMSP)

aging behavior at ambient temperatures,
105-106

bimodal size distribution of free volume in high
free volume polymers, 113

blocking least condensable components in mix-
tures, 61

3C spin-lattice relaxation times (T)) of each dis-
tinct carbon in as-cast and aged membranes,
99, 101¢

catalysts for polymerization, 96

comparison of lifetime distributions of positron
annihilation in dense films using PATFIT and
CONTIN computer programs, 107¢

description and background, 39

effect of physical aging on gas permeability, 71—
72, 13f

experiments to determine solubility and diffusiv-
ity of several vapors, 39-40

extraordinary separating properties for hydrocar-
bon/hydrogen mixtures, 19, 20f

free volume, 99

free volume distribution consistent with intercon-
nected free volume elements, 19, 21
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gas permeability of membranes made with
TaCls, TaCls;—Ph;Bi, and NbCls, 97, 99

gas permeation and sorption measurement meth-
ods, 97

ideal separation factors of as-cast and aged
PTMSP membranes, 97, 99¢

influence of catalyst system on properties, 96

Langmuir sorption capacity (C'y) values for pro-
pane in as-cast and aged membranes, 99, 100f

lifetime distribution of PTMSP at ambient tem-
perature, 108f

meeting criteria for solubility-selective mem-
brane, 18-19

membrane contamination via absorption of or-
ganics, 95-96

membrane preparation, 96-97

model of Ps and e* behavior in polymers,
109-112

molecular motion, 99, 101

most permeable polymer, 28

N, permeability coefficients for as-cast and aged
PTMSP membranes, 98f

NMR measurement method, 97

physical properties versus poly(4-methyl-2-pen-
tyne) (PMP), 58t

pure gas permeability and selectivity properties, 5¢

pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f

relationship between kinetic diameter and aging
ratio, 97, 98f

selective removal of higher hydrocarbons from
natural gas, 3, 5

»Si spin-lattice relaxation times (T)) of as-cast
and aged membranes, 99, 100f

structure, 29

unstable gas permeability, 95

unusual mixed-gas permeation properties, 61

See also Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(t-butylacetylene)
blends; Positron annihilation lifetime spectros-
copy (PALS); Sorption and diffusion of al-
kanes and alcohols in poly(1-trimethylsilyl-1-
propyne) (PTMSP)

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

PTMSP/poly(t-butylacetylene) blends

blending poly(s-butylacetylene) (PTBA) with
PTMSP to improve gas permeability, 69, 82

characterization of aged PTMSP membranes, 72

characterization of PTMSP/PTBA blend mem-
branes, 75

chemical structures of monomers and corre-
sponding polymers, 70f

CO; sorption isotherms for PTMSP, PTBA, and
blend membranes, 78, 80f

dual-mode sorption parameters for CO, in
PTMSP, PTBA, and PTMSP/PTBA blend
membranes, 78¢

dual-mode sorption theory, 69, 71

effect of physical aging on gas permeability in
PTMSP, 71-72, 73f

effect of PTBA content on O, permeability coef-
ficient and hole saturation constant (C'y) of
CO, in blend membranes, 77f
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effect of PTBA content on O, permeability coef-
ficient and O,/N, ideal separation factor, 77f

effect of thermal treatment time on CO, perme-
ation isotherm of PTMSP, 72, 73f

equation correlating permeability coefficient and
(1+bp)~! term for analysis, 71

gas permeability and aging of PTMSP/PTBA
blend membranes, 75

gas permeability and oxygen/nitrogen selectivity,
75,78

gas sorption and permeability methods, 69

influence of aging time on O, permeability coef-
ficients of blend membranes as function of ini-
tial permeability of blend, 78, 79f

membrane preparation method, 69

modification of PTMSP to minimize physical
aging effect, 68-69

molecular motion of PTMSP/PTBA blends be-
fore and after aging, 82

NMR measurement method, 69

plot of CO, permeability coefficient versus
(14bp)~!, 74f

polymer synthesis methods, 69

relationship between PTBA content and carbon
spin-lattice relaxation time (T,) of PTMSP
side-chain and backbone carbon atoms, 83f

schematic of dual-mode sorption, 70f

solid-state CP/MAS *C NMR spectra of
PTMSP/PTBA blend membranes, 81f

solid-state CP/MAS *C NMR spectrum of
PTBA membrane, 80f

solid-state NMR of PTMSP/PTBA blend mem-
branes, 78, 82

time dependence of permeability coefficients of
N,, O,, and CO, of PTMSP/PTBA 80/20 blend
membrane, 78, 79f

wide-angle X-ray diffraction patterns of PTMSP/
PTBA blend membranes, 76f

Poly(vinyl alcohol)-silver nitrate (PVA-AgNO;)

membranes

absorption/extraction experiments showing diffu-
sion selectivities, 132, 134

benzene/cyclohexane separation by PVA-AgX
membranes, 129

benzene flux versus benzene volume fraction in
feed solution for PVA-AgNO; membrane,
131f

freeze-drying procedure for removing solvent wa-
ter, 128

hydration requirements of PVA-AgX mem-
branes for hydrocarbon separations, 129, 132

loss of selective ‘with membrane dehydration,
132

preparation and characterization of membranes,
127-129

scanning electron microscopy/energy dispersive
X-ray analysis method, 127-129

SEM and SEM/EDXR showing uniform silver
distribution through PVA-AgNO; mem-
branes, 130f

styrene/ethylbenzene and o-xylene/p-xylene sepa-
rations, 132

time-resolved extraction of benzene and cyclo-
hexane into isooctane from freeze-dried
PVA-AgNO;, 133f

transport performance of PVA-Ag(I) mem-
branes by liquid feed/liquid sweep (perstrac-
tion) transport cells, 129

unresolved mechanistic issues, 132, 134

See also Facilitated transport membranes

Poly(vinyl cyclohexane) (PVCH)

concept of preferential localization of Positro-
nium (Ps) in disordered areas of polymer and
free positrons in ordered areas, 112

influence of crystallinity of PVCH on intensities
I;and I, 112¢

isotactic samples of varying degree of crystallin-
ity, 103-104

See also Positron annihilation lifetime spectros-
copy (PALS)

Positron annihilation lifetime spectroscopy (PALS)

aging behavior of poly(1-trimethylsilyl-1-pro-
pyne) (PTMSP), 105-106

bimodal size distribution of free volume in high
free volume polymers, 113

calculated dependence of annihilation rate ver-
sus free volume radius, 108f

CO, transport and sorption parameters, PALS
parameters, and d-spacing of original and
aged PTMSP, 105t

comparison of lifetime distributions of positron
annihilation in dense films of PTMSP and
PPO using PATFIT and CONTIN programs,
107t

computer programs PATFIT and CONTIN, 103

concept of preferential localization of Ps in disor-
dered areas of polymer and free positrons in
ordered areas, 112

continuous PAL free volume size distribution,
106-109

effect of gas atmosphere on observed PALS pa-
rameters of trademark samples AF2400 and
Nafion, 106t

effect of oxygen present during PAL measure-
ment, 106

effect of specific surface areas in “porous” sam-
ples on intensities (I,) in PAL spectra, 111z

estimating diffusion coefficient of Ps in polymer
matrix before localization in free volume ele-
ment, 111-112

free-volume hole radius distribution R pdf(R)
from two peaks, 108f

high free volume polymers, 104-105

influence of crystallinity of poly(vinyl cyclohex-
ane) (PVCH) on intensities I, and L', 112¢

lifetime distribution of PTMSP using Laplace in-
version program CONTIN, 108f

model of Positronium (Ps) and e* behavior in
polymers, 109-112

PAL measurement method, 104

PAL spectra components in high permeability
polymers, 104t

polymer samples for testing, 103-104

Positronium lifetime distribution of two porous
PPO samples, 110f

probing free volume and free volume distribu-
tion in polymers, 10, 102-103

width of peaks & in CONTIN size distribution of
free volume in polymers at ambient tempera-
ture, 109t
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Positronium (Ps)

consisting of electron and positron, 102
See also Positron annihilation lifetime spectros-
copy (PALS)

Predicting solubility. See Modeling solubility
Propane, pure gas permeability coefficients and

separation factors for propane/methane for rub-
bery and glassy polymers, 21, 22f

Qualitative structure—property relationship

(QSPR)

extending database, 152

least squares fit of group contribution model,
152

See also Group contribution modeling

Regiospecific polyamide-imides for gas separations

Ar, (imide bond) variations, 226-228

Ar, (amide bond) variation, 225-226

bond angles for diimide and diamide structures,
222t

computer modeling of amide bond structures,
221

dense film formation and gas transport measure-
ments, 217

diimidedicarboxylic acid (Ar, DIDC) mono-
mers—quality control and computer modeling
studies, 219, 221

effects of Ar, unit on permeability coefficient, se-
lectivity, and intrinsic viscosity (IV) using vari-
ous diamines and varying imide portion of
polymer, 227t

effects of Ar, unit on permeability coefficient, se-
lectivity, and IV of PAI based on DETDA-
DIDC (diethyl toluene diamine, DETDA),
226t

effects of Ar, unit on permeability coefficient, se-
lectivity, and IV of PAI (polyamide-imides)
based on DAM-DIDC (2 4-diaminomestylene,
DAM), 225¢

effects of copolymerization in Ar, and Ar, on
permeability coefficient, selectivity, and IV,
230t

effects of copolymerization on P/a response,
228-230

experimental reagents, 216

gas transport properties regiospecific PAI materi-
als, 224

general trends for Ar, and Ar,, 230

imide-bridge (Ar;) DIDC candidate monomers,
221t

intrinsic viscosity of symmetric regiospecific PAI
materials, 224t

molecular models showing differences among
monomers, 223f

nitrogen permeability versus mole fraction mPda
(meta-phenyldiamine), 229f

oxygen permeability versus mole fraction mPda,
229f

polymerization of Ar, DIDC with H,NAr,NH,
(Ar, = amide bridge), 218-219
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polymerization techniques, 217

polymer synthesis for regiospecific PAI material,
218-219

preparation of properties of imide bridge (Arny)
DIDC monomers, 216-217

structural representation, 215

structures and acronyms for monomers, 231

typical DTA trace for DIDC monomer, 220f

using DAM as Ar, unit, 227-228

using DETDA as Ar, unit, 228

Rheological model

estimate of nonisotropic deformations on chemi-
cal potential of solvent and polymer, 180

expressions for free energy as function of state
variables, 181

nonequilibrium states of system, 181-182

Voigt’s model of elastic and viscous element in
parallel, 181

See also Modeling solubility

S

Sanchez-Lacombe lattice fluid model

equilibrium Helmholtz free energy for mixture
as function of temperature, volume, and com-
position, 186

lattice fluid parameters for model, 192f

mixing rules, 186

theory, 185-187

See also Modeling solubility

Selectivity

before and after crosslinking diacetylene-func-
tionalized polyimides, 248¢

comparing various polymers and mixed matrix
membranes, 278, 279t

correlation between surface structure and CO,/
CH, selectivity of plasma-
treated poly(dimethylsiloxane) (PDMS), 147,
149f

differences in penetrant size, 1

hydrogen permeability and hydrogen/nitrogen se-
lectivity of glassy and rubbery polymers, 15f

ideal selectivities of poly(amide imide)s and poly-
(ester imide)s to various gases, 235, 237t

influence of temperature on selectivities of cross-
linked diacetylene-functionalized polyimides,
250¢

membrane permeance/selectivity characteristics
comparison in plasma-modifiecd PDMS mem-
branes, 140, 141f

predicted permeability and permselectivity data
for structural units comprising group contribu-
tion approach, 155-161

relative penetrant solubility in polymer, 2

selectivities of poly(ether ketone)s, 261¢

selectivities of polyimides, 263t

selectivity—permeability plots of poly(ether ke-
tone)s, 264f

selectivity—permeability plots of polyimides, 265f

solution-diffusion model, 57-58

versus permeability of polymers, 13-14

See also Crosslinked diacetylene-functionalized
polyimides; Group contribution modeling; In-
dan-containing polymers; Mixed matrix gas
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separation membranes; Poly(amide imide)s
(PAISs) and poly(ester imide)s (PEIs); Poly(di-
methylsiloxane) (PDMS); Poly(ether ketone)s;
Poly(ether sulfone)s; Polyimides; Regiospecific
polyamide-imides for gas separations
Separation
differences in penetrant size, 1
higher hydrocarbons from natural gas or hydro-
gen streams, 18
organic vapors from supercritical gases, 2
promising new membrane-based vapor applica-
tions, 56-57
relative penetrant solubility in polymer, 2
Siloxane-based rubbery polymers, pure gas perme-
ability coefficients and separation factors for pro-
pane/methane for rubbery and glassy polymers,
21, 22f
Silver ion-exchanged Nafion hollow fibers. See Fa-
cilitated transport membranes
Size
permeability coefficient for penetrant, 5-6
versus permeability, 58
Sodium ion-exchanged Nafion hollow fibers. See
Facilitated transport membranes
Solubility
apparent solubilities of poly(amide imide)s and
poly(ester imide)s to various gases, 235, 238¢
evaluation of low molecular weight species in
glassy polymers, 179-180
gas condensability effect, 8
gases in polymers, 6-8
thermodynamic models, 180
See also Modeling solubility; Sorption and diffu-
sion of alkanes and alcohols in poly(1-trimeth-
ylsilyl-1-propyne) (PTMSP)
Solubility parameter
calculation for poly(t-butylacetylene) (PTBA),
87

from viscosity measurements, 87-90
See also Poly(t-butylacetylene) (PTBA)
Solubility selectivity
disubstituted polyacetylenes, 19
enhancing permeability/selectivity properties
through favorable interactions, 23
extraordinary separating properties of poly(1-tri-
methylsilyl-1-propyne) (PTMSP), 19, 20f
higher hydrocarbons from natural gas or hydro-
gen streams, 18
increasing free volume of glassy polymers, 21, 23
membrane material design strategies, 18-23
more permeable materials more selective, 21
organic vapor/supercritical gas separation, 18
pure gas permeability coefficients and separation
factors for propane/methane for rubbery and
glassy polymers, 21, 22f
rubbery polymers and ultrahigh free volume
glassy materials meeting criteria, 19
strategies to increase free volume and permeabil-
ity of rubbery polymers, 21
Solution-diffusion model
gas and vapor transport, 57-58
penetrant transport in polymers, 3
Sorption and diffusion of alkanes and alcohols in
poly(1-trimethylsilyl-1-propyne) (PTMSP)
activation energy for mobility coefficient, 52¢

basic approach, 39-40

chemical potential of penetrant as function of
penetrant weight fraction, 44, 45f

comparing solubility of n-pentane, n-hexane,
and n-heptane at 330 K, 41, 43f

diffusivity and mobility isotherms, 48—52

diffusivity isotherms at 300 K for n-pentane, n-
hexane, ethanol, and methanol, 48, 49f

dual mode model not explaining isotherms of al-
cohols, 44

enthalpy and entropy contributions responsible
for quantitative differences between alkanes
and alcohols, 46

estimating mixing enthalpy for alkanes and alco-
hols in PTMSP and evaluating excess enthalpy
term, 46

ethanol and methanol sorption isotherms with
similar features, 43f, 44, 45f

excess chemical potential from sum of partial ex-
cess enthalpy and entropy, 46

excess enthalpy, 47-48

excess Gibbs free energy, 44, 46

interpretation of concentration and temperature
dependence of mass-transport properties of al-
kanes and alcohols in PTMSP, 50

kinetic factor, mobility, 50-52

mobility isotherms at 300 K for n-pentane, n-hex-
ane, ethanol and methanol in PTMSP, 50, 51f,
52

penetrants in study, 40

qualitative differences for penetrant mass ratio
versus activity, 44

qualitatively similar for n-alkanes and alcohols
for penetrant chemical potential versus pene-
trant mass fraction, 44, 46

sample preparation, 40

solubility isotherms for ethanol at three tempera-
tures, 41, 43f, 44

solubility isotherms of n-hexane at 300 K and
330K, 41, 42f

solubility of n-pentane at three temperatures,
41, 42f

sorption measurement process, 40

temperature and penetrant concentration depen-
dence of diffusion coefficient, 48

temperature control, 41

temperature dependence of alcohol diffusivity in
PTMSP, 48

temperature-dependent Langmuir affinity con-
stant for n-alkane sorption isotherms, 44

thermodynamic factor () determination from
solubility isotherms, 50

transport kinetics due to difference in molecular
weight, 52, 53f

Sorption—diffusion mechanism

theory, 278

See also Mixed matrix gas separation mem-
branes

Spin-lattice relaxation time (1})

relationship to poly(s-butylacetylene) (PTBA)
content in PTMSP/PTBA blend membranes,
82, 83f

See’ also Poly(1-trimethylsilyl-1-propyne)
(PTMSP) and PTMSP/poly(t-butylacetylene)
blends
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Structure—property relationships
comparing changes in apparent diffusivity with
structure of poly(amide imide)s and poly(ester
imide)s, 240
effect of crosslinking on physical properties,
244-245
See also Group contribution modeling; Poly(am-
ide imide)s (PAIs) and poly(ester imide)s
(PEIs); Regiospecific polyamide-imides for gas
separations
Styrene/ethylbenzene separation, poly(vinyl alco-
hol)-silver nitrate membranes, 132
Substituent effects. See Regiospecific polyamide-im-
ides for gas separations
Superecritical gas separations. See Solubility selec-
tivity
Syndiotactic polystyrene (SPS)
annealing inducing formation of mesophase, 296
annealing time dependence of relative ab-
sorbance of conformations of cast SPS at
120°C, 140°C, and 170°C, 289f
carbon dioxide sorption properties of annealed
SPS, 290, 296
characterization of annealed cast SPS, 288, 290
CO, sorption isotherms of SPS annealed at
120°C and 170°C, 295f
conformational transitions by infrared (IR) spec-
tra, 288
crystallization conformations (TT and TTGG),
287
& form (TTGG) by solution casting, 287
differential scanning calorimetry (DSC) thermo-
grams of cast films, 291f
dual-mode sorption parameters of various an-
nealed samples, 297¢
experimental highly SPS sample, 287-288
v form by annealing, 287
reorganization from & to y form in SPS-toluene
system, 296, 297f
schematic of annealed as-cast SPS films, 298f
thermal analysis of as-cast SPS, 290, 292f
thermograms (DSC) of samples annealed for
100 h at 100°C, 120°C, 140°C, and 170°C, 293f
X-ray diffraction profiles of samples showing 4,
v, and a form crystals, 290, 294f
See also Dual-mode sorption model

T

TaCls/cocatalyst systems
ability to polymerize diphenylacetylenes, 29-32,
35
See also Poly(diphenylacetylene) [poly(DPA)]
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Tetrafluoroethylene and bistrifluoromethyl-4,5-
difluoro-1,3-dioxole copolymers (AF2400 and
AF1600)
loose chain packing, 103

See also Positron annihilation lifetime spectros-
copy (PALS)
Thermal conductivity detector, current method for
composition analysis, 302
Thermal stability. See Poly(diphenylacetylene) [po-
ly(DPA)]
Thermodynamic models
expressions for nonequilibrium properties of
polymeric mixtures, 182185
See also Modeling solubility
Toluene
solvent for casting films, 87, 88t, 90t
See also Poly(t-butylacetylene) (PTBA)
Transport membranes. See Facilitated transport
membranes

v

Vacuum trap method, transferring permeate sam-
ples to detector, 302

van’t Hoff relation, gas solubility in temperature
ranges away from thermal transitions, 8

Vapor transport, solution-diffusion model, 57-58

Volumetric gas flux, solution-diffusion model, 57

w
Walker-Brandt-Berko’s free volume method .
Positronium (Ps) localization before annihilation
in free volume areas, 102

See also Positron annihilation lifetime spectros-
copy (PALS)

X

o-Xylene/p-xylene separation, poly(vinyl alcohol)-
silver nitrate membranes, 132

Y

Yamazaki activation technique, amide bond forma-
tion in polyamide-imides, 218-219

z

Zeolites. See Mixed matrix gas separation mem-
branes
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