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Abstract

CO, and CH mixed-gas solubility was measured in 3,3’-dihydr@x4’-diamino-biphenyl
(HAB) 2,2'-bis-(3,4-dicarboxyphenyl) hexafluorop@ame dianhydride (6FDA) polyimide
and in its thermally rearranged (TR) derivative, 4bR. Due to competitive sorption effects,
the solubility of both species in mixed-gas cormuh$ is lower than the corresponding pure-
gas solubility at the same fugacity. £sbrption is significantly affected by the presente
the second gas, while GCbehavior is hardly altered. Therefore, the multippnent
solubility-selectivity is higher than the ideal ualcalculated from pure-gas sorption data, and
this has a positive impact on @QOH, separation properties. The multicomponent solybili
data were modelled with the Non-Equilibrium Lattieliid (NELF) model, using only pure
component parameters and binary interaction paemetbtained from pure-gas sorption
data available in the literature, with no paranegtermined from the mixed-gas sorption
data. Although it is easier to use, the multicomgranDual Mode Sorption (DMS) model
yielded less accurate predictions of mixed-gastsmrpMixed-gas sorption experiments and
modelling, coupled with mixed-gas permeation datmabled a better fundamental
understanding of the separation properties of tmeaterials. Unlike the case for pure-gas
experiments, where diffusivity contributes morethie overall ideal selectivity, competitive
sorption is the main effect governing the permgailitg of these membrane materials at
multicomponent conditions. A systematic compariseith literature data on mixed-gas
CO,/CH, sorption and permeability revealed these to beemgdized trends, obeyed by
materials of very different chemical constitutidrhis can inform on the criteria that make
polymers performing better in multicomponent scasawith potential impact on the design

and synthesis strategies of new materials.

Keywords: gas separation; mixed-gas sorption; TR polymeosytion-diffusion; NELF

model.



1. Introduction

Membrane gas separation has been successfully yadpiodustrially for more than forty
years, with the first plants for air separation &@, removal from natural gas dating to the
1980s [1]. Nowadays, membrane materials desigm iaciive area of research [2-13] that
aims to improve current applications, such as hyelinorecovery, air separation, and natural
gas and biogas treatment. Moreover, if suitableered$s are identified, the scope of the
technology could be expanded to other potentishisdions, such as,@nd G alkane/alkene
separation, C®capture from flue gas or syngas streams, and at@arof organic vapors
[14-18], that are currently accomplished using mémples such as distillation, solvent
absorption or pressure swing absorption.

However, despite an ongoing effort in synthesizargl characterizing countless new
materials, traditional polymer®.g, cellulose acetate and polysulfone) remain prontimne
industry, with few innovations having been adopte@r the years. The very first reason
listed by Bakeret al. [1] for this failure of new materials to penetrdtee market is that
pure-gas measurements are poor predictors of membperformance under realistic
industrial conditions. Indeed, at the laboratoryalsc screening tests for prospective
membranes are seldom performed at relevant tenyperahd pressure ranges for the target
application, or with mixture compositions repres¢ive of those in actual practice.
Consequently, test results often inaccurately pteldow the material will perform in real
operating conditions.

Separation with dense polymeric materials is gdiyeradescribed by the
solution-diffusion model [19], according to whicWwd factors —.e., gas solubility and gas
diffusivity — determine permeability and the perfesévity of the materials to various
penetrants. By analyzing these factors separatetiz, pure- and mixed-gas measurements,
we can understand at a more fundamental level whitysical phenomena ultimately
determine the performance of a material. For exampbr CQ/CH, separation, the
permselectivity at mixed-gas conditions can be mdifk different from the pure-gas
permselectivity, sometimes for the better [20—22] ather times for the worse [14,23-26],
whereas in other cases it remains almost unchaf®%a8]. CQ/CH,; mixed-gas sorption
measurements in glassy polymers showed that, fdh lspecies, the solubility in
multicomponent conditions is always lower thanstunder pure-gas conditions at fixed
partial pressure due to competitive sorption benn@€, and CH. Depending on the mixture

composition, however, the strength of the exclugfiact can vary and often influences one



gas more than the other. Nonetheless, becausei@®uch more soluble than GHits
solubility is only weakly affected by the preserafemethane over a wide range of mixture
compositions, whereas the opposite happens tp i@Hsolubility is significantly lowered by
the presence of even low levels of £0Often leading to a substantial increase in the/CBy
solubility-selectivity. To date, this behavior Hasen documented in several glassy polymers:
hexafluorodianhydride—3,3,4,4-tetraaminodiphenylidex polypyrrolone (6FDA-TADPO)
[27], poly(1-trimethylsilyl-1-propyne) (PTMSP) [29]polybenzodioxane PIM-1 [30,31],
tetrazole-modified PIM-1 (TZ-PIM) [32], 4,4-(heXdabroisopropylidene) diphthalic
dianhydride-m-phenylenediamine (6FDA-mPDA) [28], dampoly-Troger's base ladder
polymer of intrinsic microporosity PIM-Trip-TB [33Moreover, competitive sorption effects
have also been reported for €OH, sorption in a rubbery polymer, polydimethylsiloxan
(PDMS) [34], and in other systems, such as/CéH, and CQ/N,O sorption in PMMA [35—
37], CHJ/n-C4H40 sorption in PTMSP [38] and PDMS [39], @O;Hs sorption in a cross-
linked poly(ethylene oxide) copolymer [40].

By coupling multicomponent sorption and permeatmeasurements, multicomponent
diffusivity-selectivity can be evaluated indireGgtlyy means of the solution-diffusion model,
as detailed in section 3.1 of this study. The mattiponent diffusivity-selectivity thus
calculated for various glassy polymers is lower nthéhe corresponding pure-gas
diffusivity-selectivity, and this phenomenon isrdtited to the fact that COswells the
polymer matrix, promoting faster diffusion of GHvhich is not able to dilate the polymer to
the same extent when permeating alone [32,41].

Recently, experimental techniques were reported doect determination of gas
diffusivity in multicomponent conditions. Garrida al.[42] used a combination 6fC NMR
spectroscopy and pulsed-field gradient NMR to dwetee the solubility and diffusion
coefficients of gas mixtures, including @OH,; in poly(4,4-hexafluoroisopropylidene
diphthalic anhydride-2,3,5,6-tetramethyl-1,4-phemgdiamine) (6FDA-TMPDA) polyimide.
Fragaet al.[22] developed a time-lag technique to measurduglifity in mixed-gas
conditions, based on mass spectroscopy analysierofieate composition during transient
permeation, and they applied it to study the bejravi a CQ/CH,4 mixture in PIM-EA-TB,
an ethanoanthracene-based (EA) polymer of intringicroporosity (PIM) synthesized via
the Troger's base (TB) polymerization reaction [4B} both cases, multicomponent
diffusivity-selectivity values were lower than cesponding pure-gas values, supporting the

theoretical predictions.



It is critical to separate the sorption and diffuscontributions to the overall permeation
performance of a material. In this way, one canessswhether, in multicomponent
permeation, separation propertiesg( permselectivity) are controlled by sorption or by
diffusion. Moreover, such results, when comparetth &nalogous pure-gas data, allow us to
understand whether pure-gas data is or is not septative of mixed-gas permeation
performance. Therefore, such results provide vaduiaisight for design of new materials.

In this study, the relative contributions of solitiselectivity and diffusivity-selectivity
to overall permeability selectivity are isolated pgrforming mixed-gas C{£CH, sorption
tests and coupling them with mixed-gas permeabhiléta from the literature. Laret al.[44]
recently reported an analysis of gas solubilityfitcents either determined directly from
sorption experiments or obtained indirectly fromrrpeability and diffusion coefficient
measurements. They considered several high freeneblassy polymers, mostly polymers
of intrinsic microporosity (PIMs). The authors idiéled a source of inaccuracy in the
indirect determination of the solubility coefficiewhen it is obtained under the hypothesis of
a linear concentration profile across the membraseassumed by time-lag analysis. This
discrepancy can be mitigated, although not fullgoresiled, if more realistic concentration
profiles are calculated, using the thermodynamisive of Fick’s law [45].

The materials considered in this study are chemyigadidized HAB-6FDA polyimide,
which will be referred to as HAB-6FDA for brevitynd its thermally rearranged (TR)
analogue, referred to as TR450 [46]. Aromatic pulgies exhibit excellent thermal,
mechanical and chemical stability [26,47] and haveady found commercial application in
CO,/CH, membrane separations [15]. On average, these ialatare characterized by low
permeability and high ideal selectivity, owing toeir high chain stiffness and low free
volume, which enhances differences in the mobibfy penetrants inside the polymer.
However, if dianhydrides incorporating a spiro eenare used, polyimides of intrinsic
microporosity can be obtained (PIM-PI). In thesetarals, the use of kink units promotes
less efficient chain packing, resulting in highegefvolume and, consequently, higher gas
permeability accompanied by moderate permseleietsji8,49].

TR polymers [50-52] constitute another interestitags of materials for gas separation
applications, comprising polybenzoxazoles (PBO) polybenzothiazoles (PBT), which are
characterized by excellent thermal and chemicabilgta Because of their exceptional
chemical resistance, they are insoluble in mosteswé and, therefore, not processable and
unsuitable for membrane fabrication. Nonethelesstk et al. [50] circumvented this

limitation by showing that, starting from aromapolyimide precursors that were highly
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soluble in common solvents, they could obtain inbld PBO and PBT membranes through
an irreversible molecular rearrangement processgit temperatures (350 — 450 °C). Since
this viable processing route to obtain PBO and FBIs became available, these materials
have received increasing attention for membranaraéipn applications [13,53-58]. They
show higher permeability values with respect to gb/imide precursors while maintaining
good selectivity, which make them interesting cdathBs for gas separation, especially for
CO,/CH,; and CQ/IN, separations; for these gas pairs, these matdieaklbove the 2008
Robeson upper bound [59,60]. Positron annihilatibietime spectroscopy (PALS)
measurements and molecular modelling have revéladéedduring the rearrangement process,
a favorable free volume distribution for gas sefianais created, which is described as
hourglass-shaped. A large average cavity size rifaydigh permeability, is coupled with a
narrow cavity distribution and small bottleneckscecting the cavities, which confer higher
ideal selectivity compared to other materials wah similar fractional free volume
[50,51,61,62]. The rigid backbone structure of PB@ade up of interconnected heterocyclic
rings that have very high rotational barriers, mgkihe microstructure of the materials rather
stable in regards to ageing and plasticizationg\adenced by low hysteresis in repeated
pressurization-depressurization cycles [50,63-88]s characteristic is critical when GO
water or other condensable species, such as hgavgdarbons, are present in the mixture to
be separated.

The gas transport properties of HAB-6FDA and its ddRivatives have been extensively
characterized: pure-gas sorption [46], pure-gampation [66] and mixed-gas permeation of
CO, and CH [20], also as a function of temperature [67], hbeen reported. In this study,
characterization of these materials was expandgeedfgrming mixed-gas C{CH, sorption
experiments.

Because mixed-gas sorption tests are significamitye sensitive and time-consuming
than pure-gas tests, there is a great potentiaradge in using modelling tools to predict
mixed-gas behavior using only pure-gas informatibrmodel predictions are shown to be
reliable, meaningful information about multicompahéehavior could be obtained directly
from the pure-gas data already extensively availabthe literature.

Mixed-gas sorption calculations can be performadguthe well-established Dual Mode
Sorption (DMS) model [68-77], which was extendedl applied to multicomponent
mixtures by Koroset al. [78-80]. Alternatively, one can use thermodynanrtiased models
to predict sorption equilibria in glassy polymerfie Non-Equilibrium Thermodynamics for

Glassy Polymers approach (NET-GP) [81-85] providesextension of the Equations of
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State (EoS) approach to nonequilibrium materiald Aas been successfully applied to
calculate gas and vapor sorption in glassy polyrf&ss90]. Both the multicomponent DMS
and the NET-GP approaches will be described inlawing section; it is significant to note
that they can perform mixed-gas sorption calcutetigredictively, since only pure-gas
sorption data are needed to parameterize them.

In this work, mixed-gas C#CH, sorption isotherms in HAB-6FDA and its TR450
variant were predicted using pure-gas sorptiorh&wohs as input, employing both the DMS
model and the NET-GP approach. The results of #leutations and the accuracy of the

models were validated through direct comparisoi witasured experimental data.



2. Materials and Methods

2.1. Polymer synthesis and film casting

HAB-6FDA polyimide fFigure 1@ was synthesized from 3,3’-dihydroxy-4,4’-diamino-
biphenyl (HAB) and 2,2’-bis- (3,4-dicarboxyphenyi@xafluoropropane dianhydride (6FDA)
by a two-step polycondensation method with chemimadization, using a method that was
previously reported [46] and here briefly recallBdior to use, HAB (> 99 % hrisKey was
dried at 50 °C under vacuum for 24 h. 6FDA (9%igma Aldrich was dried in a vacuum
oven for 6 h at 200 °C at -10 inHg, then cooled20 °C and dried under full vacuum for 24
h. After flame drying all glassware to minimize espre to water, 20 mmol of HAB was
added to 80 mL of N-methyl-2-pyrrolidone (NMP) (sdhous, 99.5%Sigma Aldrich and
stirred with a mechanical stirrer until the diamidissolved completely. After placing the
reaction flask in an ice bath, 20 mmol of 6FDA vedswly added to the mixture, allowing
each addition to dissolve prior to the next additidan additional 10 mL of NMP was added
to the flask to bring the mixture to 15 wt% solid$e resulting mixture was stirred for
roughly 12 h, allowing the solution to graduallyu® to room temperature. The resulting
poly(amic acid) was imidized using standard chemioadization techniques [46,91,92]. To
the reaction flask, 160 mmol of pyridine (anhydro88.8%,Sigma Aldrich and 160 mmol
of acetic anhydride (ACS Reagent Grade, >98.8%¢ma Aldrich were added, along with
additional NMP to bring the mixture to 5 wt% solidisiidization was allowed to proceed at
room temperature for 24 h, while stirring. The fgsg polyimide was precipitated in
methanol (solvent grad&jsher Scientifif, and the solids were separated from the reaction
mixture by vacuum filtration. To remove any residsalvent, the polyimide powder was
soaked in methanol for 24 h, followed by vacuuntrdtion, and it was dried under full
vacuum for 24 h at 120 °C and then 48 h at 200 °C.

Polymer films were cast from N,N-dimethylacetamid®MAc) solutions of
approximately 5 wt% solids. Solutions were filtetbdough a 5um polytetrafluoroethylene
filter and cast onto a flat glass plate with a glasg attached. Films were dried in a vacuum
oven at 80 °C overnight at -10 inHg. As the solvemaporated, additional vacuum was
pulled to maintain a partial vacuum of -10 inHgtekfthe bulk of the solvent was removed,
the resulting film was dried at 200 °C under vacuowernight to remove residual DMAC.
Thermogravimetric analysis confirmed that this pool ensures total removal of the solvent
[46].



2.2. Thermal Rearrangement

The rearrangement reaction is typically performedeanperatures from 350 to 450 °C
[46]. The mass loss during the process is usedtimate the conversion of the polyimide
precursor to the final PBO TR structufiéigure 1b) because, in the absence of significant
thermal degradation, all mass loss should be duleetonal rearrangement. Eq. (1) was used
to estimate the percent conversion of the polyinpdecursor to TR polymer, which was

about 71% for the material used in this study:

Actua.l mass loss 10 Eq. (1)
Theoretical mass loss

% Conversion=

Thermal rearrangement was performed by first ptadime polyimide films between
ceramic plates to prevent curling. The ceramicgslatere then placed in a tube furnace and a
nitrogen Airgas, 99.999%) flowrate of 900 mL/min was used to ceeat inert environment
during the thermal treatment. The samples were fi@ated to 300 °C, using a ramp rate of
5 °C/min, and held at 300 °C for 1 h to ensure detepmidization. Then, temperature was
increased at 5 °C/min to the target thermal regearent temperature (450 °C), where the
sample was held for the desired amount of timengBtutes). The furnace was then cooled to
ambient conditions at a rate no greater than 1MARC/After treatment, the films were not
cracked or curled and were suitable for subseqtramisport and characterization. This
heating protocol was used to expose the sampliimal histories similar to those reported
in previous studies of TR polymers, as it ensur@imal thermal degradation and yields
percent conversions comparable to those of prestudies [20,46,50,51,66]. The properties
of the samples and the amount of each polymer izgdatie sorption tests are summarized in
Table 1. Of note, the TR450 sample was obtained from shfiample of HAB-6FDA that

was not previously tested at the pressure decay.
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Figure 1: Chemical structures of (a) HAB-6FDA, and (b) TR45

Table 1. Properties of HAB-6FDA and TR450 samples usegdiog- and mixed-gas sorption test.

Thickness Mass Density FFV (%) Conversion
(Hm) (@) (g/cn) [93] [66] (%)
HAB-6FDA 55+4 0.342 1.407 + 0.009 15.0 /
TR450 43+1 0.351 1.340 + 0.010 19.6 70.8

2.3. Mixed-Gas Sorption Tests

Using an in-house built apparatus already describedetail [29,30], we performed
mixed-gas sorption tests for a @0OH, gas mixture at an equilibrium composition of about
30 mol% CQ at different total equilibrium pressures. The sgstis shown schematically in
Figure 2 and consists of a pressure decay device couplaedj&s chromatograpWdrian Inc.
— CP-4900 Micro G The apparatus is submersed in a water bath totanatemperature
control and can function over a wide range of press (0-35 bar), temperatures (25-65 °C),
and compositions (0-100 mol% GOA Honeywell-Super TJpressure transducer (PTO1)
with a full-scale range of 500 psia was used tosueathe pressure. To stabilize the pressure
reading with respect to temperature fluctuatiomst tpart of the pressure transducer not
immersed in the water bath was further insulatedgua heating coil in which the fluid of the
bath is continuously recirculated. All tests weegfprmed at 35 °C.

The measurement protocol adopted for mixed-gas vesh this apparatus was optimized
to maximize the flexibility of the equipment. It waeported in greater detail elsewhere [29]
and is recalled here briefly for the reader’s caneece. Initially, the loading pressures of the
two gases need to be estimated, in order to otitaidesired composition (in the present case,
30 mol% CQ) of the final gas mixture in equilibrium with tlsample. This is accomplished
by using pure-gas sorption isotherms to parametéhne NELF model (as detailed in the next
section) and then employing the model to prediet glas concentration sorbed inside the
polymer in pure- as well as in mixed-gas conditionsth this information, mass balances
can be solved to calculate the loading pressurdseaivo gases. The first step in a mixed-gas
equilibrium point measurement requires pressurizthg pre-chamber with the more

condensable gas (GPafter keeping the sample under vacuum overnighé gas is then
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expanded into the sample chamber. Once a consesdyse is reached, V05 (degure 2)

is closed and the pre-chamber is evacuated. Tissdart of the experiment is a pure-gas
pressure decay sorption experiment step, allowiagtai collect pure-gas GEorption
information while also performing mixed-gas expernts. Subsequently, the less
condensable gas, GHis loaded in the pre-chamber at the desired presand V05 is
opened to allow the two gases to mix. When a cohgieessure is reached, the polymer
sample is isolated (V05 is closed), and the gasturex now at equilibrium pressure and
composition, is expanded from the pre-chamber tinéobackup volume, used as a reservoir
from which samples of gas are collected to meashee gas composition with a gas
chromatograph (GC). These measurements providegbessary information to calculate,
via mass balances, the amount of each gas sorbdtiebgample. Because of the high
sensitivity of the final sorption values to the @&3ults, the GC test is repeated at least 10
times to minimize the experimental uncertainty ime tgas phase composition. High
repeatability in the composition measurement wasfiee, with values for standard
deviations of the mean below 0.2%, an acceptabéshiold for these tests.

The order in which the gases are fed to the appanst important because of their
different conditioning effects on the membrane dtite. CQ, being predominantly
responsible for any polymer dilation, is the figsts to which the polymer is exposed. In this
way, when the second gas, £Hb loaded into the system, the polymer densitglisady
comparable to the relaxation conditions that woddult if the membrane were exposed
directly and continuously to a mixture at 30 mol#G®,. The amount of Cldabsorbed is
thus closer to that of a real-world membrane séjmarapparatus. Operating the other way
around, pure CiHwould not cause the same extent of polymer swglland the overall
amount of CH absorbed would likely be underestimated. In migad-tests, vacuum is
pulled after each equilibration stage, and theeeBosorption isotherm is obtained through a
series of “integral” steps, in which the equilibriypressure is progressively increased. The
loading pressures of both gases are estimated t@nokthe same equilibrium mixture
composition e., 30 mol% in this case) for each pressure pointhan sorption isotherm.
Conversely, “differential” steps are usually penfi@d to obtain a pure-gas sorption isotherm.
The procedure used to perform “differential” stelfféers from that used to perform “integral”
ones because each point of a sorption isotherrnmtakea “differential” experiment is
obtained by adding gas to increase the pressuréhanpolymer chamber already at
equilibrium with the gas from the previous poinur® gas sorption isotherms of ¢@nd
CH, in HAB-6FDA and of CH in TR450 were measured with the differential methehile

11



pure CQ sorption in TR450 was measured with the integrathod, during the first step of
each mixed-gas sorption test, as described prdyious

Vacuum Pump
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__________________________________________________________ .
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Reading Manometer |
E—[§—<)—/ Vent
! V10
|
|
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|
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Gas i Vo1
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i
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Vo2 |
|
|
e Gas Cylinders

Figure 2. Schematics of the pressure decay apparatus useeasure mixed-gas sorption isotherms.
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3. Theoretical Background

3.1. Solution-Diffusion Model

The transport of small molecules in dense polymen@mbranes is described by the
solution-diffusion model [19]. In this model, themqmeability(P;), which is defined as the
steady-state flux of speciegnultiplied by membrane thickness and divided by dniving
force (i.e., fugacity difference across the membjanan be expressed as the product of the
solubility (S;) and diffusion coefficients);) of species, provided that the penetrant diffuses
through the material following Fick’'s Law and thiditere is negligible pressure on the

permeate side:

P; = S;D; Eq. (2)

In this model, the selectivity of the polymer (psetfectivity), which is equal to the ratio
between the permeability coefficients of the twseagm contains a solubility-selectivity and a
diffusivity-selectivity factor:

P, SDi . , Eq. (3)

Our work is focused on sorption measurements andefiiog. To calculate the
solubility-selectivity, the following relation wassed:

_Si_ca/fi Eq. (4)
Si ¢l

wherec; is the concentration, anfdis the fugacity of each gas. If the concentratiossd in

S
a;,;

Eq. @) were measured in a mixed-gas experiment, theicoaiponent solubility-selectivity
would be obtained. If these values are not avalarid pure-gas concentrations are used
instead, the expression remains the same, butdfealled ideal solubility-selectivity is
calculated. The fugacity of the gases at varioussgures was calculated using the
Peng-Robinson equation of state [94]; the binarap&terk o, ¢y, = 0.09 [95] was used for

the mixed-gas case at all compositions.

3.2. Dual Mode Sorption Model
The most widely used model to represent gas sorgmherms in glassy polymers is the
Dual Mode Sorption (DMS) model [68-77]. According this model, two different gas

populations can be recognized inside a glassy palyone dissolved in the dense portion of
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the material, whose behavior can be described byrye law, and one saturating the
nonequilibrium excess free volume of the polymegsalibed by a Langmuir isotherm,
typically used to describe gas sorption in poroasemals. The total concentration of sorbed
gas, as a function of gas fugacity, can be expdegsa sum of these two contributions:

Clli,ibifi Eq. (5)

¢i = kp,ifi +be
/i

The paramete), ; is Henry's law constan; is the Langmuir affinity constant, adg ;
is the Langmuir capacity constant. For every gdgrer pair, these three parameters are
estimated via a nonlinear least-square best Bogbtion data.

The extension of this model [78,79] to multicompaingorption is based on the argument
that the presence of a second peneijrait not affect the capability of the first penetta to
sorb in the Henry’s law mode. However, the varipasetrants will compete to occupy the
unrelaxed free volume of the polymer and, consettyjethe sorbed gas concentration in the
Langmuir mode is expected to decrease with regpdbe pure-gas case for both penetrants.
This model hypothesizes that the amount of unrelaixee volume is fixed and limited.
Under the further hypothesis that the affinity paeter,b, Henry's constanty,, and the
molar density of a component sorbed inside the bang sites are independent of the
presence of other penetrants, the expression frctimcentration of componentin the
presence of a second componestas follows:

1+ bif + b,

¢ =kp;fi +

In this expression, the characteristic gas-polypsgameters of the model are identical to
those obtained from the best fit of pure-gas iswtisecalculated using Eg5)( Once these
parameters are determined from the pure-gas dbh&y, tan be used to predict the

concentration of each gas at mixed-gas conditianany composition of interest, via E).(

3.3. Nonequilibrium Lattice Fluid Model

The Non-Equilibrium Thermodynamics for Glassy Potys (NET-GP) approach [81—
85] is a thermodynamics-based framework that pes/idn extension of Equation of State
(EoS) theories to nonequilibrium materials, likaggly polymers. Therefore, it is suitable for
calculating the solubility of low molecular weigpecies in glassy polymers. In the NET-GP
approach, the state of the system is describedhbysame set of state variables as in

equilibrium thermodynamics modelse. temperature, pressure and composition. However,
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in addition, the actual nonequilibrium density dfet glassy polymerp,,;, which is

responsible for its departure from equilibrium,used as an internal state variable and
accounts for all effects of thermal history andniation of the polymer. This approach
provides expressions for the nonequilibrium chempeaential of an EoS of choice to be

used in phase-equilibrium calculations that yielgpbion isotherms:

1 PO (T,p, 0, pyor) = 1 7% (T, p, ) Eq. (7)

whereT is the temperature andthe pressure of the systefhjs the composition vector of

the polymer phase; is the composition vector of the gas phasg, is the nonequilibrium

density of the polymer phasze’ZYE(pOl) is the chemical potential of species the polymer

phase, angt71(9%)

is the chemical potential of specias the gas phase.

Specifically, the Non-Equilibrium Lattice Fluid (NEE) model [81-83], which is the
extension of the Sanchez-Lacombe (SL) EoS [96-@8h¢ nonequilibrium state of glassy
polymers by means of the NET-GP theory, was usethis work to calculate sorption
equilibria. In the lattice fluid representation, tiea is seen as a lattice whose cells can be
empty or occupied by sections of a molecule, amitessions for the energy and entropy of
the system are obtained through statistical theymaahics arguments. The characteristic
pure-component parameters used in those expressienthe molar volume of a lattice cell
of component (v;), number of lattice cells occupied by a molecdlemmponeni (r;), and
the non-bonded interaction energy between two ocedlsupied by componenit (& ).
Alternatively, the characteristic temperatufg)( pressurey;) and density4;) can be used.
Their relationships withy;, r; ande; are given inTable S1 of the SI file, alongside the
definitions of all other pure-component parameterd reduced variables as well as mixing
rules. Pure-component parameters from the litegdturall components used in this work are
summarized imable 3.

The expression for the chemical potential of then®idel, to be used in Eq. (7), is given

below.
i ~ ~| o Ti— Tio J‘iOVEk % C % %
o7 = In(p¢;) —In(1—p) |y + 5 | TP RT (P +z ¢i(p; —8pij)|+1  Eq.(8)
=1

The termAp; ; contains a binary interaction parametgf, which measures the departure

of polymer-penetrant interactions from the georgatmixing rule predicted by Hildebrand’s
regular solution theory [99]. This parameter isanteéd for each polymer-penetrant pair by
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fitting pure-gas sorption isotherms in the low-pge range. For the gas phase, which is an

equilibrium phase, the density value used in EQ.t(JBcaIcuIatq;quaS)

is obtained by
solving the SL EoS (Eg. (9)) for the density:

ﬁ=1—exp[—%—§:—ﬁ<1—27%)l Eq. (9)

On the other hand, for the calculation;xﬁ’fg(p”) using Eq. (8), the density value cannot
be obtained by solving the EoS, due to the nonisguim state of the polymer phase. In fact,
the NET-GP approach requirasinput the experimental value of the polymer densityaahe
pressure point used in the computation of the sorpsotherm. Especially at high pressure,
and when swelling gases like g@re present, experimental dilation measuremerds ar
necessary. However, in the absence of such dalaear relation between the polymer

specific volume and the partial pressure of theeprants can be assumed:

Np
1 1
oot P 1+ ; Ksw,iDi Eq. (10)
wherep{,’ol is the mass density of the dry polym&,is the number of gaseous species in the
mixture, p; is the partial pressure of each gas in the gasephg, ; is an adjustable swelling
coefficient, and,,; is the mass density of the dilated polymer. Fahegas, the value of
ks, can be obtained by fitting the pure-gas sorptgstherm in the high-pressure range,
after the appropriate value kf; is obtained. Linear volumetric dilation with ineseng gas
pressure was observed experimentally during sarpbb light gases in glassy polymers
[100,101]. In some instances, however, a concaretwith pressure was also documented,
curving either downward [102] or upward [103], witlgher deviations from linearity at high
pressure. However, in the absence of indicatiomstife specific case at hand, and since
partial pressures of GQower than 10 bar are used in the mixed-gas tesksiear relation
was adopted. This assumption yields good resuliéEbF model calculations of sorption of

light gases in a variety of glassy polymers [85].
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4. Results and Discussion

4.1. Experimental: Sorption Isotherms

Pure CH sorption in HAB-6FDA was measured at 35 °C usimg differential method,
followed by pure C@ sorption measurement at the same temperaturel Ré50, the pure
CH, sorption isotherm was also measured first, udiegdifferential method, while pure GO
sorption was obtained subsequently in the coursehef mixed-gas test, as described
previously. The comparison with pure €@nd CH sorption isotherms from the literature
[46,67] shows good agreement and is reportedFigure S1 of the Supplementary
Information file. In addition, diffusion coefficies of CQ and CH in HAB-6FDA were
calculated from analysis of sorption kinetics, dhe results compared favorably with those
obtained by using the time-lag method of Sandegd.[66]. Pure-gas diffusion coefficients
as a function of gas concentration are shown in Shdile, Figure S2 alongside the
calculation procedure.

Subsequently, the mixed-gas sorption test was peen. Figure 3 shows the
experimental sorption data for a €0OH, mixture in HAB-6FDA and TR450 at 35 °C. The
average final composition of the gas mixture inidgium with the polymer was 28.9 + 0.3
mol% CQ in the case of HAB-6FDA and 29.5 = 0.2 mol% £i@ the case of TR450.
Standard deviations were calculated using the ldwpropagation of unbiased errors,
considering the uncertainties in pressure readivgdyume calibration and gas phase
composition analysis [104].

By comparing the mixed-gas result with the corresjing pure-gas sorption isotherms, it is
possible to recognize, for both materials, thedgpbehavior observed for multicomponent
sorption in glassy polymers [29-32]: the preserfcaraund 70 mol% Cklhas little effect on
CO, sorption, while CH is markedly affected by the presence of ,C the case of
HAB-6FDA, CH, experiences, on average, a 53% concentrationake to the presence
of CO,, while in the case of TR450, the decrease averatfs with respect to the pure-gas
values at the same fugacity. For comparison, tleeage CQ sorbed concentration decrease
is 4% in HAB-6FDA and 12% in TR450. These resuighhght the competitive nature of
multicomponent sorption in glassy polymers, witle tless condensable gas being more

strongly excluded from the polymer, even thoughk the most abundant in the gas phase.
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Figure 3. Empty symbols: Mixed-gas sorption isotherms of, @@d) and CH (black) at 35°C (~30 mol% GO
composition) in HAB-6FDA (a) and TR450 (b). Filednbols: pure-gas CQred) and CH (black) sorption isotherms.

4.2. Modelling
4.2.1. Pure- and Mixed-gas Sorption | sotherms

Pure-gas C®and CH sorption isotherms at 35 °C in HAB-6FDA and TR4&ére fit to
the Dual Mode Sorption model using the fugacitydaaelation in Eqg. (5). The DMS model
parameters are sensitive to, among other factbes,parameter estimation methodology
[20,105-107]. Therefore, four different parametatian routes were examined. The different
tests are described in detail in the Supplementdormation file and involved minimizing
either the concentration or the solubility squadédterences, and weighting or not weighting
the squared differences with the inverse squar@ere@rental errors [104]. The parameters
obtained for C@Qand CH in both materials are summarized for each minitroramethod in
Table S2of the Sl file. A comparison of the pure- and ntbgas sorption representation
yielded by each parameter set is presentddgare S3of the Sl file. As expected, different
parameter sets were obtained in each case, yiepdgdjctions of varying accuracy for the
mixed-gas case. In the case of HAB-6FDA, a verydg@presentation of mixed-gas data was
given by the parameter set obtained by minimizing error-weighted solubility squared
differences, even though this was accompanied dgsa accurate pure GGsorption
representation, especially at high pressure, coedpiarthe other cases. On the other hand, in
the case of TR450, the parameters obtained by namgithe unweighted concentration
differences yielded the best results. The bestnpeter set for each of these best cases was
selected and is recorded Trable 2 The pure-gas and mixed-gas sorption isotherma of

30 mol% CQ mixture calculated with Eq. (6) are showrHigure 4.
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Table 2. DMS model fugacity-based parameters for,@8d CH, sorption in HAB-6FDA and TR-450 at 35 °C.

kD CI{I b

Gas cm? cm
(cm3 SYITar) (cmS3TP> (bar™)

pol pol

CO; 1.678 26.07 0.659
HAB-6FDA
CHgy4 0.015 32.00 0.051
CO; 1.852 57.95 0.470
TR450

CH,4 0.812 26.01 0.215

Pure-gas sorption of several gases at differenpéeatures in HAB-6FDA and its TR
variants was successfully modelled by Galietaal. [93] using the NELF model. In their
work, pure component parameters of the SanchezrhlaedoS for HAB-6FDA and TR450
were obtained, as well as the binary interactiamamp&ters and swelling coefficients for €O
and CH. Here, we used pure component parameter setstfretiterature (reported ihable
3) to model our measured pure-gas sorption isothemrder to optimize the values of the
adjustable parametels, andksy. The values obtained are reported in

Table 4.

Moreover, mixed-gas sorption calculations requine tuse of a binary interaction
parameter for the gas pair. The value of the,/CH, binary interaction parameter was
optimized by fitting the C@CH, pressure-volume-temperature-composition curvesrteg
by Liu et al. [108] to the Sanchez-Lacombe EoS. détails of the calculation are reported in
the Sl file. A value of —0.03 was obtained, whiclaswused in all mixed-gas sorption
calculations with the NELF model. The effect ofstiparameter on the results is discussed in

more detail below.

Table 3. Pure component parameters for the Sanchez-Lac&uoBeof the gases and polymers considered in tinity st

T*(K) p*(MPa) p*(g/cm?®) Ref.

HAB-6FDA 720 481.1 1.609 [93]
TR450 930 446.9 1.528 [93]
CO, 300 630 1.515 [81]
CH, 215 250 0.500 [83]
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Table 4. Binary interaction parameters and swelling coeéfits used in mixed-gas sorption calculations WithNELF
model at 35 °C.

kij ke, (MPa™)

HAB-6FDA/CO;, -0.025 0.007
HAB-6FDA/CH, 0.052 0
TR450/CQ -0.085 0.023
TR450/CH, -0.037 0
CO,/CH, -0.03 /

For comparison, the results of mixed-gas sorptaoutations with the NELF model are
presented irFigure 4 alongside those obtained with the DMS model ardekperimental
measurements. Note that neither model requirediadai parameters to take into account
the mixed-gas effects in the ternary (i.e., polyplas two different gases) system, and all the
system-specific parameters come from the best fuce-gas sorption data. This makes these
models potentially powerful tools, given that irceat decades pure-gas sorption has been
characterized for a wide variety of polymer materend that, for most of them, NELF and
DMS parameters have been already reported intdratiuire or can be readily obtained.

As can be observed, both models qualitatively aapthe competitive nature of the
multicomponent sorption, predicting a reductiontire solubility of both gases in both
materials. Quantitative agreement with the datayawer, is markedly different among the
various cases. For GQorption in HAB-6FDA, the results of the two maglébr the mixed-
gas case are almost indistinguishable, with anaaeerelative deviation of 6% from the
experimental data in the case of NELF and 7% indase of the DMS model. For GH
sorption in the same material, the DMS model ptemlichas an average 19% relative
deviation from the data, while that of the NELF rabid 8%. In the case of TR450, the DMS
model accuracy (23% average deviation for,CID0% for CH) is significantly lower than
that of the NELF model (14% average deviation fdD,C25% for CH). The average
experimental standard deviations offer a framestérence for evaluating the accuracy of the
modelling results: 12% and 63% in the case oh @@d CH mixed-gas sorption in HAB-
6FDA, while in the case of TR450 they are 5% an&2despectively. The average relative
deviations obtained with the two models and theaye confidence intervals are compared
in Figure S5in the Sl file.
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Figure 4. Experimental data of pure- and mixed-gas (30 m@Ql@) sorption isotherms at 35 °C of GQed) and CH
(black) in HAB-6FDA, (a) and (b) respectively, ahR450, (c) and (d) respectively, together with migas predictions
obtained with the NELF model (dashed lines) anditbticomponent Dual Mode Sorption model (blue daghdliines).

A potential source of variability in the NELF modehlculation comes from the
uncertainty in dry polymer density measurementsieib the robustness of the model with
respect to this factor, the entire density errar dfaHAB-6FDA and TR450 was covered to
evaluate the effect of this quantity on mixed-gagpson calculations. The effect of density
variation on the values of the adjustable pararaasereported iTable S5in the SlI, and the
results are compared iigure S6in the SI. Remarkably, the results show limitedafaifity:
at the extremes of the density error bar, the @eeralative deviations for GOand CH
sorption in HAB-6FDA are 0.7% and 1.6%, respectiv@thile in the case of TR450, it is
0.9% for CQ and 3.8% for Ckl Therefore, a small perturbation in the initiahdigy value is

compensated for by a variation of the adjustableffments, yielding consistent
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multicomponent results, when the same pure-gagseptation is obtained with a different
parameter set.

In general, the NELF model yielded mixed-gas sorptresults of more consistent
accuracy, but this does not result from the use lafrger number of parameters. Indeed, the
NELF model requires just 2 adjustable parametaredch gasg; andks., whereas the DMS
model needs 3 adjustable parameters for eachkgab,andC;,. Moreover, the best DMS
parameters were chosen, among the different setained, by comparison with the
experimental data. Regrettably, the best perforrpagmeters were not found by following
the same optimization routine for the two materialhich keeps this approach from being
generalizable. Therefore, in the absence of exmariah data for validation, it is not possible
to anticipate which case would yield the best migad sorption prediction. As can be seen
in Figure S3 for HAB-6FDA the discrepancies among the différeases would be
extremely high.

Explanations for the deviation of the multicomponddMS predictions from the
experimental data were identified originally by Ker[78] in the possible presence of
non-negligible penetrant-penetrant specific inteoas or as a consequence of swelling and
plasticization effects, not accounted for in thedelp that would make the parameters
concentration-dependent. The effect of neglectipgcsic penetrant-penetrant interactions
can be evaluated in the NELF calculation, by sgttthe CQ/CH, binary interaction
parameter equal to zero. As showrfigure S7in the SlI, this had a negligible effect on the
mixed-gas sorption results, both for £€&nhd CH in HAB-6FDA and TR450, with average
relative deviations from 0.15% to 1.2% between wWakions made witlk; = —0.03 ork;; = 0.
These results confirm the assumptions made in que\studies that used the NET-GP theory
to calculate mixed-gas sorption calculation in gjas polymers [109]. Thus,
penetrant-penetrant specific interactions are rbéved to be a plausible explanation for the
discrepancies that have emerged with the use A& model. On the other hand, swelling
is explicitly accounted for in the NELF model, waithe DMS model. A sensitivity analysis
of multicomponent DMS model calculations [110] skomthat poor results in mixed-gas
predictions can be ascribed to parametrizationessDue to the strong coupling between
parameters;, andb, several different parameter sets can be fount ghavide equally
satisfactory representations of the pure-gas sorpsBotherms, within experimental error
[110]. But even though these different parametés gave equivalent representations of
pure-gas data, their prediction of multicomponespson can be either really accurate or

really poor. Therefore, in the absence of expertaletata to validate the calculated results,
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their accuracy cannot be assumed. Gleasa@i. [20] reported similar issues in their analysis
of Dual Mode parameters for mixed-gas permeationCa@,/CH,; in HAB-6FDA and
TR-PBOs and so resolved to include the mixed-g&s ilathe parametrization. Although a
better representation of the mixed gas data wase\sath this procedure is clearly not
predictive.

Stevenset al. [67] reported DMS model parameters for £@nd CH sorption in
HAB-6FDA and TR450. In their work, the parametersrevobtained using data sets for 3
gases (CgQ CH,, N) and at 5 temperatures simultaneously in theafjtprocedure. Moreover,
a temperature dependence and a relation with ttieattemperature of the penetrants were
imposed to further constrain the parameter vallibs additional information was not used
to determine our DMS parameters reportedable 2.

The parameters obtained by Stevenmsal. [67] are reported iMTable S3for ease of
comparison. They differ from those obtained in thisrk, as expected, since a different
experimental data set and a different parametomatute were employed in their estimation.
This DMS parameter set yielded a more accurateigitea in the multicomponent case
(Figure S4 of the supplementary information file), in the easf both HAB-6FDA and
TR450. Especially for the TR450 case, this is stgk considering the limited difference in
pure-gas sorption data representation yielded éywio parameter sets. However, especially
for CO,, a less faithful representation of the pure-gat damerged, particularly in the
high-pressure range. The higher reliability of a ®arameter set optimized over a larger
data set, such as the one reported by Stegerad. [67], is consistent with results from
another study on multicomponent sorption calcuretioith the DMS model [110], according
to which the most accurate multicomponent predistiarenot obtained with the best-fit
parameter set regressed over one single sorptdmeisn. In the same study [110], different
parametrization schemes were tested for the predictf CQ/CH, sorption isotherms in
high free volume glassy polymers (PIM-1, TZ-PIM, NSP). When a temperature
dependence was imposed during the regressionethdting DMS parameter sets yielded
slightly more accurate multicomponent predictiofBis improvement was not consistently
observed in all the cases examined, but it appe@reéde majority. Therefore, if a large
experimental data set comprising several gasestangeratures is available, and if it is
possible to follow the parametrization scheme agbjpty Stevenst al.[67], this path would
seem preferable to an independent parameterizaibneach temperature, and the

corresponding predictions of the DMS model couldregarded with higher confidence.
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However, from the point of view of robustness andsistency, the NELF model is always
an appropriate choice.

Values for the adjustable parameters of the NELFlehdor these systems are also
available in the literature [93]. These parametds,sreported iMable S6(Sl) for ease of
comparison, were tested with respect to mixed-gg#tion calculations, and the results were
compared with those obtained with the parametetsngged in this work Figure S7, SI).
Results obtained using the parameters obtainddsrstudy were only slightly more accurate
than the ones obtained with literature paramefére.average relative deviations between the
curves are 5.7% in the case of £forption in HAB-6FDA, 4.3% for Cldsorption in HAB-
6FDA, 2.3 % for CQ sorption in TR450 and 6.7% for CH4 sorption in BR4 The
differences are significantly smaller than in tlase of the DMS modeF{gure S4in the Sl).
Therefore, in the NELF model, the use of literatperameters obtained for a different

sample could also provide a reliable first estin@dtmixed-gas sorption.

4.2.2. Solubility-Selectivity

Multicomponent solubility-selectivity values weralculated using Eq. (4) with the
measured mixed-gas sorption data, and they are ar@uhpin Figure 5 with ideal
solubility-selectivity values calculated from pugas sorption data reported in [6F]gure 5
also shows predictions made using the DMS and Nib#els.

The multicomponent values differ significantly frotine ideal values: they are up to 6
times higher, meaning that competitive sorption lagositive impact on separation
performance, acting to enhance selectivity. Moreotlee mixed-gas solubility-selectivity
under these conditions increases as total pressareases, while the ideal values would
suggest the opposite. The discrepancies betweemulizomponent and ideal results tot
emphasize the necessity of accounting for multicomept effects when designing separation
processes.

In the case of HAB-6FDA, both the DMS and the NEkfodel exhibit the same
increasing trend with pressure shown in the expamiad data, although NELF displays a
weaker pressure dependence. The good represermétiured-gas data yielded here by both
models is also reflected in a closer agreemenbhibdity-selectivity data. However, while
the same level of accuracy in the representatiattgined also in the case of TR450 for the
NELF model, in this case the DMS model shows ndg arweak quantitative agreement with

the data, but also the opposite pressure depeneaeticeespect to experimental data.
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multicomponent values, filled diamonds are ideduea calculated with pure-gas sorption data. Solite$ represent
pure-gas results obtained with the NELF model. Dadimed represent multicomponent calculations with RELF model,
the dotted ones are obtained with the multicompobdf® model.

25



5. The role of solubility-selectivity in multicomponert performance

5.1. Analysis of mixed-gas permeation data of HAB-6F DA and TR-450

Pure-gas measurements revealed that the main faehond the higher permeability of
TR polymers compared to their polyimide precurss@n order of magnitude increase in gas
diffusivity. This result is consistent with the f@ifence in fractional free volume between the
materials analyzed, which increased from 15.0% ®&6% following the thermal
rearrangement process [66]. On the other handp#idjuincreased by a factor of only ~2
after thermal rearrangement, providing a more mioc@stribution to the overall increase in
permeability. The differences in gas solubility adiffusivity between HAB-6FDA and
TRA450 are proportionally higher for Gihan for CQ, and TR450 therefore exhibits a lower
permselectivity than that of HAB-6FDA [46,66].

Gleasonet al. [20] measured the pure GGand CH permeability and mixed-gas
permeability of a 50:50 C£CH, mixture in HAB-6FDA and TR450 at 35 °C. From ER),(
with the permselectivity data reported from theorkv[20] and solubility-selectivity values
calculated with the NELF model, the ideal diffugywselectivity of the two materials was
computed, along with the multicomponent diffusivsglectivity for a 50:50 mixture. The
predictions of the NELF model were validated hegaiast experimental data measured at a
different gas mixture composition (30 mol% gOResults from three different glassy
polymer materials (PIM-1, TZ-PIM, PTMSP) [32], hoveg, confirmed that the same
parameter set yielded mixed-gas sorption predistminthe same accuracy for different gas
compositions (10/30/50 mol% GP Therefore, having validated the parameter seinat
composition, it is reliable and highly beneficiamée-wise to use the model to predict
multicomponent sorption isotherms at another contipos rather than to measure them at
every gas composition of interest.

In Figure 6 the result of this separation of permselectivitipisolubility and diffusivity
selectivities is shown for the case of pure-gas smesments. Ideali.€., pure-gas)
permselectivity as a function of gas fugacity canréad on thg-axis as the total height of
the bars. The ideal solubility-selectivity and ibdddfusivity-selectivity are also reported on
the plot for each bar of the histogram, highligbtithe contribution of each term to the
overall permselectivity. Note that the ideal diffuty-selectivity is the most relevant factor
for both materials, and it is approximately 2 to tdnes higher than the ideal
solubility-selectivity over the pressure range eisd. Even though, in the pure gas case, the
absolute value of? is slightly higher for HAB-6FDA(e., 8.0 to 13.3 versus 8.0 to 8.8 for
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TRA450), it is the combination of highP and diffusion coefficients that places TR polymers
near or beyond the diffusivity upper bound for £8&H, [60].
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Figure 6. Pure-gas C@CH, permselectivity of (a) HAB-6FDA and (b) TR450 & °€ [20] split into its ideal
solubility-selectivity and pure-gas diffusivity-selivity components:S values were calculated using the NELF modé&|,
values were calculated as the ratio of experimepéaiselectivity and calculated solubility-seledyivi

Typically, in CQ/CH, separation, C@®acts as a swelling agent, dilating the polymer
matrix. When the C@ content of the mixture is increased, there is rofée substantial
concomitant decrease in permselectivity, as foundhaterials such as cellulose acetate and
various polyimides [23,80,111-114]. In contrast, B48FDA and TR450 show a slightly
higher permselectivity in the mixed-gas test [ZD}. analyze this interesting behavior, the
same deconvolution into solubility- and diffusivéglectivity was performed for the
mixed-gas case, with results shownFigure 7. Contrary to the pure-gas case, the biggest
contribution to selectivity in the multicomponeragse comes from sorption. The increase in
solubility-selectivity outweighs the decrease inffudiivity-selectivity and is indeed
responsible for the higher permselectivity observddring mixed-gas permeation
experiments, confirming the hypothesis of Gleasbal. [20]. In the multicomponent case,
the loss in diffusivity-selectivity is higher fané TR-polymer (from -58% at around 4 bar to -
71% at about 22 bar), while the polyimide is capabl maintaining greater size sieving
capability (.e., diffusivity-selectivity) in the multicomponent sa, especially at low
pressures (from -426% at around 4 bar to -69% @ute®2 bar).
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Figure 7. Multicomponent C@CH, permselectivity of (a) HAB-6FDA and (b) TR450 &t°@ and 50 mol% COmixture
composition[20] split into its solubility-selectivity and diffusiy-selectivity componentg?® values were calculated using
the NELF modelg® values were obtained as the ratio of experimentaingelectivity and calculated solubility-selectivit

Plotting the ratiax®/aP as a function of COfugacity Figure 8) allowed us to gather
more information regarding the fundamental contidns of solubility and diffusivity to the
mixed-gas permeability values reported by Gleasal. [20]. As Figure 8 indicates, the
higher the fugacity, the more important is the dbotion of solubility-selectivity over
diffusivity-selectivity to the overall permseledty, which decreases monotonically with
increasing C@fugacity (cf.Figure 7). TR450 has much higher valuesadt/aP relative to
the precursor polyimide, suggesting that the théymaarranged polymer can more fully

exploit the competitive sorption effect between,@@d CH.
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Figure 8. Values of solubility-selectivity (predicted with NEmodel) over diffusivity-selectivity (obtained inyoking the
solution-diffusion model) as a function of £fdgacity for HAB-6FDA (yellow diamonds) and TR4§6:2€én circles) in the
case of a 50:50 mixture of G@nd CH,.

5.2. Estimate of mixed-gas diffusion coefficients

We used the permeability data of Gleasenal. [20] together with NELF model
calculations of solubility to estimate G@nd CH diffusivities in HAB-6FDA and TR450 at
35°C, at pure and multicomponent conditions (50:8@,/CH,), based on the
solution-diffusion model (Eqg. (2)). The results at®wn inFigure 9, where pure-gas trends,
represented with solid lines, can be compared thighindependent results of Sandetsl.
[66] obtained using the time-lag method. Even thowpta from different sources are
involved in the comparison, the agreement betwden directly measured diffusivities
(square symbols iRigure 9) and the solution-diffusion calculation resultsemarkable.

The same analysis repeated in the multicompones# galicates that CHdiffusivity
increases strongly in the presence oL, CIhis is a consequence of the £@duced swelling
of the polymer matrix, which, given the limited kttyi of CH,4 to dilate the material when it
permeates alone, promotes faster diffusion of, @Hthe multicomponent case than in the
pure-gas case at the same fugacity. In fact, tbe@ase in the CHdiffusion coefficient at
multicomponent conditions relative to pure-gas ctowls is stronger at higher fugacity,
when swelling would be more pronounced, and grawm fapproximately 107% at 5 bar
fugacity to 252% at 30 bar fugacity, in the casdahaf polyimide, and from 151% at 5 bar
fugacity to 257% at 30 bar fugacity, in the cas@#50.

The same scenario also explains the very similaawier observed for C£n pure- and
mixed-gas conditions. At the same £fdgacity, CQ concentration inside the membrane

barely changes in the multicomponent case reldtvine pure-gas case, due to the limited
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influence of competitive sorption by GHon CQ. Therefore, its swelling effect is
comparable at pure- and mixed-gas conditions. Hewewhen CQ fugacity is fixed, the
presence of CHin the multicomponent case can influence the diffa paths available, even
though it does not affect the equilibrium solulilitn the case of the polyimide, which is
characterized by a lower free volume, the decréaseO, diffusivity could be ascribed to
competition among the diffusing gases for the add free volume. On the other hand, for
TRA450, the higher free volume available makes éfisct less relevant, resulting in €O
diffusion coefficients that nearly overlap in pamed multicomponent conditions, as shown in
Figure 9.

For direct comparisorfigure 10 reports ideal and multicomponent valuesy8ffor the
two materials. The depression of multicomponerfudivity-selectivity shown irFigure 10
compares well with that measured by other authorslifferent materials [22,33,42]. In
particular, Garrideet al. [42] determined that, for a ~50 mol% @OH, mixture at ~2.2 bar
partial pressure of CQa® in 6FDA-TMPDA decreased from a value of ~4 in pyes
experiments to ~2 in mixed-gas conditions (51 mdl¥%,). Similar results reported by
Fragaet al. [22] measured a CfCH,; multicomponent diffusivity-selectivity value in A}
EA-TB of ~2 over a wide range of compositions (IDrBol% CQ), significantly lower than
the value of ~4 determined by Caetzal. [43] from single-gas experiments.

Recently, a significant increase in gHiffusivity at mixed-gas conditions (estimated
through the solution-diffusion relation, like inetlpresent study) was reported in the case of
an equimolar CgJCH, mixture in PIM-Trip-TB [33] and 6FDA-mPDA [28]. Iboth cases,
this was accompanied by an almost invariant @ffusivity. In the case of the higher free
volume material PIM-Trip-TB, the estimated diffuywselectivity in multicomponent
conditions ranged from ~2 to ~1.5, much lower thha value of ~5 obtained for the
polyimide 6FDA-mPDA, which agrees quantitativelythwthe trend displayed here by HAB-
6FDA and TR450.
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5.3. Comparison with other glassy polymers

The solubility-selectivity and diffusivity-selectty in pure-gas and mixed-gas conditions
are compared for several polymeric membrane m#enaFigure 11 A summary of the
sources of the experimental data and the conditioer which they were obtained is given
in Table 5. Note that, in order to obtain the selectivityued shown irfFigure 11, Figure 12
and Figure 13 the values of permeability, diffusivity and salitlp were collected, for the
same material, from different literature sourceseréfore, they refer to samples of the same
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polymer with similar, but not identical, preparatiprotocols and history. Samples of the
same material obtained in different studies carplays slightly different gas transport
properties, but despite some limited quantitatimeantainty due to combining data from
different sources, the qualitative trends emerd@iom the present analysis are consistent and
meaningful.

In the case of ultrahigh free volume glassy polysnsuch as PIMs, the sorption factor
plays a more significant role in ideal selectivitp they are located closer to the parity-line
than are materials like HAB-6FDA and TR450. Somesmas in the case of PIM-1 and
cellulose triacetate (CTA), the ideal solubilityesgivity is even larger than the ideal
diffusivity-selectivity [43,115,116], which is typal of behavior observed for rubbery
materials, such as PDMS [34]. Mixed-gas experimeshiswed that solubility-selectivity
increases relative to pure-gas solubility seletgtjyoresumably due to competitive sorption
favoring solubility of CQ under mixed-gas conditions [32]. On the other hanked-gas
diffusivity-selectivity is always lower than pureg diffusivity-selectivity, as shown in
Figure 11 and, even more clearly, iRigure 12, where multicomponent permselectivity,
solubility- and diffusivity-selectivity are compatrdo their analogous pure-gas values. This
behavior is displayed by polymers belonging to velifferent categoriesi.g.,PIMs,
polyimides, TR polymers and cellulose acetate), angbarticular, it is common also to
materials that, based on pure-gas data, would besidered predominantly
diffusivity-selective, like HAB-6FDA and TR450.

Concerning performance metrics, such as positiominidy respect to the Robeson
upper-bound at mixed-gas conditions, the same l@hawas observed in all materials for
which the contributions of multicomponent sorpticand diffusion were isolated.
Solubility-selectivity plays a decisive role in rtiabmponent permeability selectivity, while
higher diffusivity is responsible for superior pezability, as reported ifrigure 11 For
instance, in the case of PIMs, their solubilityesgivity alone brings them very close to the
upper bound.

Robesoret al.[60] analyzed the transport properties of TR paysmand PIMs relative to
the upper bound and identified the importance afhhsolubility (compared to other
materials) rather than high solubility-selectivity shaping the exceptional performance of
these families of materials. Although the curreatatbase for mixed-gas sorption is quite
limited, the available evidence tends to suppoeirtisonclusion that competitive sorption

affects different families of polymers in a similaay.
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Table 5. Experimental conditions and source for the dagaresented irFigure 11, Figure 12, Figure 13.

Ideal case Multicomponent case
Ref. T(°C) P (bar) Ref. %CO, T(°C) P (bar)
PIM-1 [25,115] 35 10 [25] 50 35 10
TZ-PIM [21,32] 35 10 [21,32] 50/80 35 -
PIM-EA-TB [43] 35 1-7 [22,117] 30 35 1
AO-PIM [25] 35 10 [25,118] 50 35 10
PIM-Trip-TB [33] 35 3 [33] 44 35 3
HAB-6FDA [46,66,67] 35 10 [20] This work 50 35 10
TR-450 [46,66,67] 35 10 [20] This work 50 35 10
Matrimid [87,119,120] 35 2 [41,120] 55 35 2
6FDA-mPDA [28] 35 24 [28] 44 35 24
6FDA-TADPO [121] 35 10 [27] 50 35 10
PPO [122] 35 10 [123] 50 35 10
CTA [124,125] 35 10 [125,126] 43/50 35 12
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Figure 11. Comparison of C@CH, diffusivity- and solubility-selectivity in pure-gand mixed-gas conditions for several
polymeric materials. Sources of the experiment# @ad conditions of the tests are reported @ble 5.
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6. Conclusions

In this study, multicomponent GZH, sorption was measured in HAB-6FDA polyimide
and its thermally rearranged derivative, TR450,3&t°C and ~30 mol% COmixture
composition. The results of mixed-gas sorption expents are consistent with those
obtained for other glassy polymers and indicate fv@nounced non-idealities due to
competitive sorption are responsible for significateviations of the multicomponent
behavior from the pure-gas behavior.

Competitive sorption enhances the 48&H, solubility-selectivity of glassy polymers: the
less soluble gas (ClHexperiences a significant exclusion effect (depression in solubility)
when the other gas is present, while,GOrption is barely affected by the presence 0f.CH

Modelling analysis of the mixed-gas sorption dataaswperformed with the
Non-Equilibrium Lattice Fluid model and the Dual ¥® Sorption model. The results were
validated against the mixed-gas measurements pegtbm this work.

It was possible to accurately predict multicompdrsamption with the NELF model using
only pure-component parameters and binary parametetained from pure-gas sorption
isotherms, and also with parameters already availalthe literature. On the other hand, the
accuracy of the DMS model calculations was strordgpendent on the method used to
determine the model parameters, and the best segafe obtained when a multi-temperature
and multi-penetrant parameter fitting scheme waptadl. For both models, the mixture data
were not used to obtain the model parameters, stcomaponent sorption can be calculated
predictively if pure-gas sorption data are ava#aldince pure-gas measurements are widely
accessible in the literature, a computationallyxpensive and reliable multicomponent
model is a powerful tool for extracting additiorsald meaningful information from existing
data.

A combined analysis of mixed-gas permeation angbtsnr data revealed that, when
multicomponent effects are taken into account, haéance between the diffusivity and
solubility factors is reversed, and the selectivfythe materials is solubility-driven. The
presence of a swelling agent, such as,,C@s a detrimental effect on the diffusivity-
selectivity of the material, due to enhanced ditinsof CH, in the swollen polymer, and
separation becomes controlled by solubility-selégti Nonetheless, high diffusivity values
are key to achieving high permeability coefficientherefore, high free volume materials
that allow for fast diffusion but are capable ohi@wing a more favorable sorption for the
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faster components in a mixture are expected to béxHiigher permselectivity in

multicomponent conditions.
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