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Abstract

Polybenzimidazoles (PBIs) are promising materials for high temperature H»/CO2
separation in applications such as steam reforming and pre-combustion carbon capture where
significant amounts of water are often present. However, PBIs are hydrophilic, and the impact of
humidity on PBI gas separation properties is relatively unexplored. Furthermore, opportunity
exists to elucidate the interplay between plasticization, free volume, and gas transport in glassy
polymer membranes such as PBIs. This study investigates the effect of humidity on H», O2, and
CO» permeabilities at 35 °C in a commercial PBI and two sulfone-containing PBIs. Water
uptake significantly reduces PBI gas permeabilities at low humidities due to competitive sorption
and antiplasticization. At high humidities, plasticization increases the permeabilities of larger
gases in more hydrophilic PBIs. Effective fractional free volumes evaluated from gas
permeation data and previously reported water sorption and dilation data suggest water
plasticizes PBIs by increasing accessible free volume via enhanced molecular dynamics rather

than by creating new free volume cavities.
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Introduction

There is a growing need to develop advanced polymers for high temperature gas
separation membranes. While conventional gas separation applications operate at or near
ambient temperatures,[1-3] some applications, such as H> separation from CO- following a steam
reforming process, would benefit from membranes operating at temperatures in excess of 150
°C.[4-6] These gas streams can also be saturated with steam, which will quickly degrade most

polymers.

Polybenzimidazoles (PBIs) are promising materials for these applications because of their
rigid aromatic structures. Commercial PBI (Celazole®) is thermally stable to temperatures as
high as 600 °C and has exhibited promising H»/CO- separation performance at temperatures up
to 250 °C.[5-10] Sulfone-containing PBIs, which exhibit significantly improved processability
in polar solvents compared to Celazole®, also exhibit high thermal stability and H»/CO»
separation performance.[11] Unlike other aromatic polymers conventionally used for gas
separation membranes, such as Matrimid® and polysulfone, PBIs are hydrophilic and exhibit
water uptakes as high as 25 wt% at 35 °C.[12-14] Since significant amounts of water are present
in gas separation applications such as syngas and gasification processes, it is vital to understand
the impact of water uptake on gas transport properties of PBIs and other hygroscopic glassy

polymer membranes.

Despite the interest in using hydrophilic membranes for performing gas separations in the
presence of humidity, few studies have systematically investigated the influence of humidity-
induced changes to polymer structure on gas transport properties of polymers like PBIs. A
complication arises as water uptake can impact gas transport in polymers in different, often

contradictory ways. Since PBIs are glassy polymers, water molecules can compete with gas
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molecules for sorption into excess non-equilibrium free volume (i.e., Langmuir sites) through
competitive sorption.[15-18] This phenomenon reduces solubilities and permeabilities of light
gases in the membrane. At low concentrations, water can also reduce chain mobility and free
volume, a phenomenon known as antiplasticization, which lowers gas diffusivities and
permeabilities.[19, 20] In Matrimid®, a polyimide with a liquid water uptake of around 2.7 wt%,
gas permeabilities decrease by about 20-50% at 35 °C as humidity increases up to 75%.[21, 22].
This behavior results from a combination of competitive sorption and antiplasticization caused
by reduced sorption and diffusion-accessible free volume. For barrier materials such as food
packaging, this behavior can be advantageous for reducing oxygen transport rates through glassy
polymer films.[23, 24] For gas separation membranes, on the other hand, reduced gas
permeability means lower gas throughput and larger membrane area required to treat a given

flowrate of feed gas.

On the other hand, at high water concentrations, sorbed water can swell and plasticize
polymers, increasing chain mobility, gas diffusivities, and gas permeabilities, often at the
expense of membrane selectivity.[16, 25, 26] In Nafion® 117, a perfluorinated ionomer used for
ion exchange membranes, gas permeability increases by up to two orders of magnitude as
humidity increases to 80% at 35 °C.[27, 28] PBIs exhibit similar water uptakes and degrees of
swelling to Nafion®, suggesting PBIs may be susceptible to plasticization at high humidities.[12,
14,27, 28] However, the rigid, aromatic structures of PBIs are more similar to that of
Matrimid®, which may make them more resistant to plasticization than polymers with more
flexible backbones like Nafion®. Thus, the question arises, under what conditions do

competitive sorption or humidity-induced plasticization dominate PBI gas transport behavior,
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and how can these phenomena be connected to conventional models of mass transport in

polymers such as free volume models?

Understanding humidified gas transport in PBIs could elucidate the tradeoff between
competitive sorption, antiplasticization, and plasticization for high T, hydrophilic glassy
polymers. This study investigates humidity-dependent gas permeabilities at 35 °C in commercial
Celazole® and two sulfone-containing PBIs: one with higher water uptake than Celazole®
(TADPS-TPA) and one with lower uptake (TADPS-OBA). While many applications for PBI
membranes could benefit from operation at much higher temperatures than 35 °C, near ambient
temperature measurements were performed to facilitate ease of measurement and provide a
comprehensive investigation of membrane properties, such as swelling and free volume changes
at 35 °C, which have been the focus of previous studies.[12, 14] Analysis of humidity effects at
temperatures above 100 °C would require systems capable of handling high pressure steam

rather than low pressure water vapor, which introduces substantial measurement challenges.

A custom constant-volume, variable-pressure permeation system was designed to allow
each polymer to be equilibrated with water vapor on both feed and permeate sides to establish a
uniform water concentration profile in the membrane prior to permeating gas. Unlike methods
where water vapor co-permeates with the gas, this method enables correlation with properties
such as fractional free volume (FFV) to be performed more accurately, since there are no water
concentration gradients in the membranes that would complicate analysis.[22, 27-29] Previous
studies using similar methods have attempted to relate gas transport to free volume changes
arising from water uptake (e.g., for Matrimid®) by assuming volume additivity or ideal water
clustering, stating that accurate measurement of polymer dilation and the occupied volume of

water in the polymer are necessary for more accurate determination of FFV.[22] Recent studies
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allow extension of this analysis by directly measuring PBI dilation as a function of humidity.[12,
14] These data permit direct calculation of FFV changes as a function of relative humidity and
water concentration. FFV values calculated from PBI water sorption and dilation data using two
different approaches are then correlated with humidified gas permeabilities. Deviations from
predicted free volume behavior enable investigation of the impact of plasticization on free

volume and gas transport in membranes.
Experimental Methods
Materials

Celazole® was purchased as S26 dope solution from PBI Performance Products, Inc.
This solution contained 26.8 wt% polymer in N,N-dimethylacetamide (DMAc) with 1.5 wt%
LiCl added as a compatibilizer. Sulfone-based PBIs (TADPS-TPA and TADPS-OBA) were
synthesized as described previously.[11] DMAc (99.8%, anhydrous) was purchased from
Sigma-Aldrich and used as received. Deionized water was generated using a Millipore RiOs and
A10 purification system. Ultra high purity gases were purchased from Airgas. Chemical

structures of Celazole®, TADPS-TPA, and TADPS-OBA are shown in Figure 1.

H
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N N n
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Figure 1. Molecular structures of (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA.

Solution casting of polymer films

2.5 wt% PBI solutions in DMAc were prepared and cast onto glass plates inside glass
rings following filtration and sonication.[11, 12, 30] Solvent was evaporated overnight under
full vacuum at room temperature, followed by 4 hours at 60 °C and 1 hour at 100 °C. Films
were delaminated from the glass plates and boiled in deionized water for 4 hours to remove
residual DMAc. Finally, films were dried under full vacuum at 150 °C for 24 hours. Films were
approximately 15-30 um thick. Further details of the casting procedure can be found in previous

publications.[11, 12, 30]

Single gas humidified permeation measurements

Membrane samples were prepared as described previously.[11, 30] Gas permeation
measurements were performed in a humidified constant-volume, variable-pressure gas
permeation system. A diagram of the system is shown in Figure 2. For humidified, single gas
permeation measurements, a three step procedure was used: (1) equilibrate upstream and
downstream sides of the sample with water vapor, (2) introduce 10 atm of gas to the upstream
side of the sample and monitor permeate flux until it reaches steady-state, and (3) degas
upstream and downstream sides of sample to remove sorbed gas and water vapor. Complete

details of sample preparation and the methods used for dry and humidified gas permeation
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measurements are provided in the Supporting Information.
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Figure 2. Schematic of humidified constant-volume, variable-pressure gas permeation system.
A detailed description of this system and its operation is presented in the Supporting

Information.

Results and Discussion

Humidified gas permeation

To verify the reliability of the humidified permeation systems, helium permeabilities
were measured at 35 °C in Matrimid® polyimide at humidities between 0 and 60% and compared
to results previously reported by Ansaloni et al.[22] Samples were equilibrated with water vapor
for approximately 20 to 40 minutes in the permeation system before introducing gas at 2 atm.
Detailed results are shown in the Supporting Information. Helium permeabilities were within
30% of those measured by Ansaloni et al. at 0% humidity and exhibited similar trends, indicating

the systems are able to reproduce published data.[22]
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Humidified gas permeation measurements were performed for Celazole®, TADPS-TPA,
and TADPS-OBA at 35 °C, 10 atm feed gas pressure, and relative humidities between 0 and
~55% for Hz, Oz, and CO». Results are shown in Figure 3. Gas permeabilities for all three gases
in all three PBIs decreased sharply, by up to an order of magnitude, at low relative humidities.
Gas permeabilities were sensitive to low levels of moisture, decreasing by 50-65% at 3%
humidity. These results reinforce the necessity of fully drying PBIs or other hygroscopic glassy
polymers and preventing exposure to trace moisture before measuring dry gas permeabilities to
ensure reliable data collection. This high sensitivity to water at very low humidities may be
partially responsible for the wide variation of reported gas transport properties for Celazole®, as
Celazole®s ~35 °C H»/CO; selectivity has been reported to be as low as 4 and as high as 56.[9,

11, 30-36] It is likely these samples were not all dried to the same extent prior to measurement.

Gas permeabilities increased slightly for all gases in Celazole® at higher humidities. CO»
permeabilities in TADPS-TPA increased substantially above 10% humidity and showed
permeabilities approaching those of fully dried TADPS-TPA at 50% humidity. O>
permeabilities also increased at high humidities in TADPS-TPA but to a lesser extent than CO».
TADPS-TPA is the most hydrophilic of the three polymers, with liquid water uptakes around 25
wt%, compared to ~20 wt% for Celazole® and ~12 wt% for TADPS-OBA.[11, 12] TADPS-TPA
also undergoes more swelling at higher humidities than the other two PBIs, so more water-
induced plasticization likely occurs in TADPS-TPA than in Celazole® or TADPS-OBA.[12]
TADPS-OBA showed little increase in gas permeability even at the highest humidities, with the
exception of a slight increase in CO; permeability around 50% humidity. TADPS-OBA likely
undergoes less water-induced plasticization than the other two PBIs because of its lower water

uptake.[14] Little effect of plasticization was observed for H, permeabilities in all three PBIs,
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162  since Hz is the smallest gas molecule tested and should be least affected by changes in free

163  volume and plasticization.[37-39]
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166  Figure 3. Humidified gas permeabilities at 35 °C and ~10 atm feed gas pressure for: (A)
167  Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA. Uncertainties determined by propagation

168  of error for single measurements are smaller than the symbols.

169 Figure 4A presents H2/COz selectivities in the three PBIs as a function of relative
170  humidity. TADPS-TPA showed the greatest drop in H2/COz selectivity with increasing
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humidity, with a 10-fold decrease at 50% humidity relative to dry films. Celazole® H»/CO»
selectivities likewise decreased from 29 +4 to 11 + 1.4 at ~50% humidity, and TADPS-OBA
selectivities dropped from 13 + 0.5 to 8 £ 0.3 at ~50% humidity. These results are consistent
with significant water-induced plasticization at high water uptakes. Competitive sorption could
also reduce Ho/CO:z selectivities if sorbed water decreased Hz solubilities more than it decreased
CO: solubilities. PBI H»/CO; separation performance at different humidities is shown on the
2008 Robeson upper bound in the Supporting Information.[40] As humidity increases, PBI
H2/CO; separation performance moves away from the upper bound down and to the left.
Simultaneous reduction in gas permeability and H2/CO» selectivity with humidity suggests that

the presence of water is detrimental to PBI Ho/CO» separation performance at 35 °C.

This decrease in PBI separation performance would likely be less significant at elevated
temperatures (e.g., 150 or 200 °C), which would be closer to the operating conditions of
hydrogen separation membranes for applications like steam reforming. At elevated
temperatures, PBIs should uptake less water and undergo less swelling than at lower
temperatures, so the effects of plasticization and competitive sorption on gas transport would
likely be less significant as temperature increases.[41] Previous measurements of Celazole®
H»/CO; separation performance at 250 °C in the presence of saturated steam showed PBI

selectivities to be relatively unaffected by water at high temperatures.[5]
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190  Figure 4. (A) H2/CO; selectivities and (B) H2O/Oz selectivities at 35 °C and ~10 atm feed gas
191  pressure as a function of humidity for Celazole® (green circles), TADPS-TPA (red triangles),

192  and TADPS-OBA (blue diamonds).

193 Figure 4B shows PBI H>O/O; selectivities as a function of humidity. Water vapor

194  permeabilities were calculated as the product of previously reported water vapor sorption and
195  diffusion coefficients.[12, 14] Water permeabilities were assumed to be unaffected by the

196  presence of Oz, which requires additional justification via mixed gas/water vapor sorption

197  measurements. Unlike H2/COz selectivities, H2O/Oz selectivities increased with humidity

198  primarily due to reduced O> permeabilities, exceeding 10° for all PBIs above 10% humidity.
199  This behavior suggests PBI membranes may be advantageous for dehydration applications.[42-
200  47] Sulfone-based PBIs show higher H>O/O: selectivities than Celazole® due to their higher

201  water diffusion coefficients.[12, 14]

202 Reduced gas permeabilities at low humidities are consistent with competitive sorption

203  and antiplasticization behavior. Competitive sorption occurs when a highly condensable
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molecule (e.g., water) preferentially occupies Langmuir sorption sites in a polymer, reducing the
Langmuir solubilities of less condensable molecules (e.g., H2 or CO2).[15-18] When sorbed
molecules occupy a polymer’s Langmuir sites, they can reduce the total amount of free volume
available for gas molecule diffusion.[19, 20, 48-51] If polymer chain mobility is not
significantly enhanced by plasticization at a given sorbed water concentration, this reduction in
free volume results in antiplasticization, decreasing gas diffusion and permeability
coefficients.[16, 19] Liu et al. reported over an 80% reduction in CO2 and CH4 permeabilities in
thermally-rearranged HAB-6FDA polyimide when 1700 ppm toluene (activity = 0.28) was
present, which was attributed to a combination of competitive sorption and antiplasticization.[16]
Scholes et al. likewise concluded that humidity reduced CO> and CH4 permeabilities in

thermally-rearranged polyimides via competitive sorption.[15]

H> permeabilities in all three PBIs decreased more than O and CO; permeabilities at low
humidities (e.g., 10% relative humidity), which may result from greater exclusion of H> from
Langmuir sites than O or CO2 due to hydrogen’s low condensability (i.e., critical temperature).
In addition to competitive sorption, antiplasticization could be partially responsible for reduced
gas permeabilities at low humidities. Antiplasticization would be expected to affect larger
molecules like CO2 and Oz more than Hz, as the larger penetrants should be more sensitive to
changes in free volume.[16] However, the opposite behavior is observed, further suggesting
competitive sorption may also play an important role. CO; solubility in PBIs may be enhanced
by the presence of sorbed water due to chemical interactions with PBI imidazole groups,
potentially increasing CO2 permeability, but humidified sorption measurements would be

required to conclude this confidently.
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Free volume

Gas diffusion coefficients in polymers often correlate with polymer free volume.[52-55]
In the conventional free volume model described by Cohen and Turnbull and further developed
by Vrentas and Duda, polymers contain non-uniformly distributed void spaces between polymer
chains that are accessible to small molecules for sorption and diffusion.[52-54] Small molecules
that sorb into these free volume elements can execute diffusion jumps between free volume
elements as chains undergo cooperative thermal motion and will diffuse through the polymer
under a chemical potential driving force. Since solubility is generally a weaker function of free
volume than diffusivity, gas permeabilities typically follow an exponential relationship with gas

diameter squared divided by FFV:[37]
_ A B 1
P—ApeBd’FFV o))

where d is the gas diameter, andAp and B are adjustable parameters. There are multiple gas

diameters that can be used for this relationship, including gas kinetic diameters and gas diffusion
diameters.[37-39] Gas kinetic diameters will be used in this study as they have been found to
provide better correlations between FFV and PBI gas transport properties than gas diffusion
diameters.[30] Figure SA shows dry gas permeabilities in all three PBIs plotted vs. gas kinetic

diameter squared divided by FFV. Good agreement is found between the data and Equation 1.
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Figure 5. (A) Dry gas permeability at 35 °C and ~10 atm feed gas pressure vs. gas kinetic
diameter squared divided by FFV. (B) Humidified gas permeabilities at 35 °C and ~10 atm gas
pressure vs. gas kinetic diameter squared divided by FFV* calculated from Equation 3. Circles
are Celazole®, squares are TADPS-TPA, and diamonds are TADPS-OBA. Green symbols are
H>, red symbols are CO, and blue symbols are O». Filled symbols are dry gas permeabilities,
and unfilled symbols are humidified gas permeabilities. Uncertainties determined by

propagation of error for single measurements are smaller than the symbols. Dashed lines are fits

of dry gas permeabilities to Equation 1 (A, = 1.29x10° Barrer and B =0.15 A?).

During humidified measurements, water can simultaneously fill existing free volume
elements while plasticizing and swelling the polymer, increasing its total volume.[14, 20, 48, 50,
56-63] Thus, the amount of fractional free volume in partially hydrated PBIs that is available to
gas molecules for diffusion would be expected to differ from that of fully dried samples.
Antiplasticization is generally attributed to a decrease in free volume, while plasticization is

generally associated with an increase in free volume.[50, 56, 61, 63] However, some studies
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report that adding significant amounts of plasticizer to a polymer can reduce FFV by occupying
existing free volume elements while simultaneously increasing chain mobility and diffusion
coefficients.[48, 50, 61, 62] In light of these observations, a more nuanced view of the free
volume accessible to molecular transport considers free volume to include both static and
dynamic contributions, which arise from defects in molecular packing and local polymer
segmental dynamics, respectively.[20, 48, 52, 56, 64-73] As it is virtually impossible to
experimentally determine exact values of free volume in a swollen polymer, the following
discussion relies on approximations of free volume based on water sorption, swelling, and gas

permeation data.

The amount of FFV available for small molecule diffusion in partially hydrated PBIs can
be calculated as a function of humidity using water vapor sorption and dilation data according to
two limiting cases.[12, 14] In the first case, volume occupied by water is considered to be
available to gas and water molecules for diffusion and is included in FFV:[12, 14, 74]

S vDw
pry =1V _y_ %, 032V,

mixture mix

2)

where V ,;, is the volume occupied by polymer chains, V. awe is the volume of the swollen

poly
water-polymer mixture, W, is polymer weight fraction, I.SZV;’DW is the specific occupied
volume of polymer chains calculated from van der Waals volumes of polymer functional groups
(cm¥/g), and ‘}mix is the specific volume of the water/polymer mixture (cm?/g). Similar to the

work by Forsyth et al., this definition attempts to model the effects of plasticization-induced

molecular mobility as an additional dynamic contribution to accessible free volume.[14, 48]
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In the second case, the volume occupied by water is considered completely inaccessible
for gas and water diffusion and is excluded from the free volume of the polymer-penetrant

mixture (FFV*):[14, 19, 22, 52, 63]

Voouw Vi w I3V
FFV* =1- 0,poly " 0,water =1- P AZ p - Wvg\ w (3)
mixture mixture Vmix VmLx

where V. is the volume occupied by sorbed water molecules, W, is water weight fraction, and

A

V. is the specific occupied volume of water (cm?/g). This definition assumes the specific

occupied volumes of the water and the polymer are additive and that free volume consists
primarily of “holes” arising from packing defects. Similar expressions were employed by

Ansaloni et al. to describe humidity effects on Matrimid® polyimide.[22]

Water vapor diffusion coefficients in PBIs were previously shown to correlate closely

with the first definition of FFV (Equation 2), which increases with increasing water uptake.[12,
14]  Values of w,, W,, \}W, and Vmix were derived as a function of relative humidity from water

vapor sorption and dilation data reported previously.[12, 14] Values of FFV and FFV* for each
PBI are shown as a function of humidity in Figure 6A-C. FFV (dashed curves in Figure 6A-C)
increases with humidity due to the significant swelling caused by high water uptake. FFV*
(solid curves in Figure 6A-C) decreases with increasing humidity, representing the filling of pre-

existing free volume elements by water molecules primarily via Langmuir sorption.[14]
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Figure 6. Fractional free volume values in (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-
OBA at 35 °C as a function of relative humidity. Values of FFV, FFV*, and FFVeffective Were
calculated using Equations 2, 3, and 4, respectively. Green circles represent H» data, blue

diamonds represent O2 data, and red triangles represent CO2 data.

Figure 5B shows humidified gas permeabilities plotted vs. gas kinetic diameter squared
divided by FFV*. At low humidities, both gas permeabilities and FFV* decrease as water fills

pre-existing free volume elements (i.e., Langmuir sorption). However, at higher humidities, gas
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permeabilities increase and no longer correlate with FFV* values, which continue to decrease
slightly with humidity (cf., solid curves in Figure 6A-C). This deviation is most clearly observed
for O and CO» permeabilities in Celazole® and TADPS-TPA. Performing a similar analysis
with values of FFV derived from Equation 2 likewise shows decorrelation between permeability

and FFV at high humidities.

Plasticization-induced chain mobility enhancements may be responsible for an increase in
effective free volume available for gas transport in highly water swollen PBIs in a manner that is
not fully captured by either expression for fractional free volume in Equations 2 or 3. Effective
values of fractional free volume, herein termed FFVeffecive, Were estimated by back-calculating

fractional free volumes from Equation 1 using measured values of humidified gas permeabilities:

— 2 AP
FF‘/eﬁfective - B d ln (4)
humidified

where 4, and B are parameters obtained from linear regression of dry gas permeation data in

Figure 5A (Ap =1.29x10° Barrer and B =0.15 A2). In other words, values of FFVefective Were

chosen such that the same scaling relationship in Equation 1 holds for both dry and humidified

gas permeabilities (cf., Figure S4 in Supporting Information). This analysis assumes that all of
the effects of plasticization are reflected in changes in FFVeffecive rather than in@, or B . This
analysis further assumes gas solubilities are constant with humidity, which may not necessarily

be true (see Supporting Information). FFVeffective Values are shown as points in Figure 6A-C.

With the exception of FFVeffecive values predicted from H» permeabilities in TADPS-

OBA, FFVetfeciive values were all greater than FFV* values which exclude the occupied volumes
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of water molecules from free volume (cf., Equation 3). As FFV* neglects any enhancement in
free volume due to plasticization, this observation suggests that segmental motions play an
important role in gas diffusion when PBIs are swollen with sorbed water. It appears that
plasticization does not arise simply from an increase in swollen polymer free volume due to
water molecules adding new static cavities, which should be reflected in an increase in FFV* at
high humidities. Rather, the amount of effective free volume available for molecular diffusion is

increased primarily by enhanced polymer chain mobility.

The high frequency of plasticizer motion may also play a role in forming dynamic free
volume elements.[48] Peterlin suggested free volume be considered a primarily statistical
concept that relates to the likelihood of creating sorption sites, rather than simply a collection of
actual voids.[64, 75] He further suggested that the actual FFV of a polymer cannot be fully
derived from density measurements, which is consistent with the deviations between FFVfrective
and FFV* in this study.[64] Other studies have suggested that local free volume accessible to
molecular diffusion includes the ability to generate free volume from coordinated chain
motion.[65-68] FFVfeciive values were also observed to be less than values of FFV determined
using Equation 2, which suggests that accounting for the role of plasticization-enhanced chain
motion in mixed gas/vapor systems is more complex than simply including the volume occupied

by water as a “dynamic” contribution to free volume.

Additional free volume in excess of FFV*, herein termed FFV additional, can be defined as
the difference between FFV* and FFVesfeciive at a given humidity as an attempt to quantify the
increase in free volume due to plasticization. Values of FFV aditional are shown as a function of
equilibrium water concentration in Figure 7. The amount of FFVqditional available for gas

diffusion due to plasticization-enhanced chain motion generally increased with water
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concentration, consistent with the fact that diffusion coefficients in plasticized polymers are
often correlated with plasticizer concentration.[60, 76-80] FFVadditional Values were small for
TADPS-OBA, as it was least affected by plasticization due to lower water uptake than the other
two polymers. TADPS-TPA was more severely plasticized by water than Celazole®, represented
by larger values of FFVadditiona. TADPS-TPA contains sulfone groups that are absent in
Celazole® and para- phenyl groups that can undergo faster rotation than Celazole®’s sterically
hindered meta-linked phenyl groups. Additional sites on the polymer backbone where flexibility
can occur may permit water-swollen TADPS-TPA easier access to coordinated chain motions
than Celazole®, increasing dynamic contributions to free volume during water sorption and
swelling. FFVefeciive values derived from O» and CO> permeation data are slightly higher than
those derived from H> permeation data in each PBI, suggesting plasticization and changes in

segmental motion from water sorption have a stronger effect on larger gases.

This free volume analysis neglects the effect of competitive sorption, so we have limited
the discussion of permeability trends with free volume at low humidities. Values of FFVettective
decrease at low humidities for all gases in all three PBIs, which likely reduces gas diffusion and
permeability coefficients via antiplasticization. However, reduced gas solubility due to water
molecules occupying PBI Langmuir sites would also cause gas permeabilities to decrease at low
humidities. Humidified gas sorption measurements, although technically challenging to perform,
could be valuable to discern the effects of humidity on gas solubility and diffusion coefficients.
Ultimately, additional work is needed to more fully elucidate the interplay between plasticization

and changes in free volume and chain mobility in glassy polymer membranes.
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Figure 7. FFVadditional in (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA at 35 °C as a
function of equilibrium water concentration. FFVagditional Was calculated as the difference
between FFVeffecive (solid symbols in Figure 6) and FEV* (solid curves in Figure 6). Green

circles represent H» data, blue diamonds represent O; data, and red triangles represent CO; data.
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Conclusions

H», O2, and CO» permeabilities were measured at 35 °C in Celazole® and two sulfone-
containing PBIs, TADPS-TPA and TADPS-OBA, at relative humidities between 0 and 55%. A
humidified gas permeation system was designed to achieve a uniform concentration profile of
sorbed water in each PBI during gas permeation. Gas permeabilities at 3% humidity were up to
65% lower than those in dry samples, and most permeabilities were reduced by nearly an order
of magnitude at 50% humidity. H>/CO; selectivities at 35 °C decreased by 40-90% at 50%
humidity. Atlow humidities, water molecules fill existing free volume sites, primarily via
Langmuir sorption, reducing free volume and lowering permeabilities via a combination of
competitive sorption and antiplasticization. In more hydrophilic PBIs, significant amounts of
water sorption and polymer swelling plasticize PBIs, increasing their gas permeabilities at higher
humidities. Effective fractional free volume values estimated from water vapor sorption,
dilation, and gas permeation data suggest that water-induced plasticization increases gas
permeabilities in PBIs primarily by enhancing molecular motion, rather than by creating new

free volume cavities.

Funding Sources

This study was partially supported by the U.S. Department of Energy Office of Science, Office
of Basic Energy Sciences under Award Number DE-FG02-02ER15362. This material is based
upon work supported in part by the National Science Foundation Graduate Research Fellowship
Program under Grant No. DGE-1610403. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the author(s) and do not necessarily

reflect the views of the National Science Foundation.

Page 23 of 28



396

397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

References

[1] R.W. Baker, Future directions of membrane gas separation technology, Industrial &
Engineering Chemistry Research, 41 (2002) 1393-1411.

[2] R.W. Baker, B.T. Low, Gas separation membrane materials: A perspective, Macromolecules,
47 (2014) 6999-7013.

[3] R.W. Baker, Membrane Technology and Applications, Third ed., Wiley, 2012.

[4] T.C. Merkel, M. Zhou, R.W. Baker, Carbon dioxide capture with membranes at an IGCC
power plant, Journal of Membrane Science, 389 (2012) 441-450.

[5] K.A. Berchtold, R.P. Singh, K.W. Dudeck, G.J. Dahe, C.F. Welch, D. Yang, High
temperature polymer based membrane systems for pre-combustion carbon dioxide capture, in:
NETL CO; Capture Technology Meeting, Pittsburgh, PA, 2012.

[6] X. Li, R.P. Singh, K.W. Dudeck, K.A. Berchtold, B.C. Benicewicz, Polybenzimidazole
(PBI)-based membrane materials for high temperature H2/CO- separation, in: American
Chemical Society Division of Energy and Fuels, 2013.

[7] S.C. Kumbharkar, Y. Liu, K. Li, High performance polybenzimidazole based asymmetric
hollow fibre membranes for H2/CO; separation, Journal of Membrane Science, 375 (2011) 231-
240.

[8] S.C. Kumbharkar, U.K. Kharul, Investigation of gas permeation properties of systematically
modified polybenzimidazoles by N-substitution, Journal of Membrane Science, 357 (2010) 134-
142.

[9] D.R. Pesiri, B. Jorgensen, R.C. Dye, Thermal optimization of polybenzimidazole meniscus
membranes for the separation of hydrogen, methane, and carbon dioxide, Journal of Membrane
Science, 218 (2003) 11-18.

[10] K.A. Berchtold, R.P. Singh, J.S. Young, K.W. Dudeck, Polybenzimidazole composite
membranes for high temperature synthesis gas separations, Journal of Membrane Science, 415—
416 (2012) 265-270.

[11] H. Borjigin, K.A. Stevens, R. Liu, J.D. Moon, A.T. Shaver, S. Swinnea, B.D. Freeman, J.S.
Riffle, J.E. McGrath, Synthesis and characterization of polybenzimidazoles derived from
tetraaminodiphenylsulfone for high temperature gas separation membranes, Polymer, 71 (2015)
135-142.

[12] J.D. Moon, M. Galizia, H. Borjigin, R. Liu, J.S. Riffle, B.D. Freeman, D.R. Paul, Water
vapor sorption, diffusion, and dilation in polybenzimidazoles, Macromolecules, 51 (2018) 7197-
7208.

[13] B.W. Rowe, B.D. Freeman, D.R. Paul, Effect of sorbed water and temperature on the optical
properties and density of thin glassy polymer films on a silicon substrate, Macromolecules, 40
(2007) 2806-2813.

[14] J.D. Moon, M. Galizia, H. Borjigin, R. Liu, J.S. Riffle, B.D. Freeman, D.R. Paul, Modeling
water diffusion in polybenzimidazole membranes using partial immobilization and free volume
theory, Polymer, 189 (2020) 122170.

[15] C.A. Scholes, B.D. Freeman, S.E. Kentish, Water vapor permeability and competitive
sorption in thermally rearranged (TR) membranes, Journal of Membrane Science, 470 (2014)
132-137.

[16] Q. Liu, M. Galizia, K.L. Gleason, C.A. Scholes, D.R. Paul, B.D. Freeman, Influence of
toluene on CO; and CH4 gas transport properties in thermally rearranged (TR) polymers based

Page 24 of 28



440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485

on 3,3'-dihydroxy-4,4'-diamino-biphenyl (HAB) and 2,2"-bis-(3,4-dicarboxyphenyl)
hexafluoropropane dianhydride (6FDA), Journal of Membrane Science, 514 (2016) 282-293.
[17] E.S. Sanders, W.J. Koros, H.B. Hopfenberg, V.T. Stannett, Pure and mixed gas sorption of
carbon dioxide and ethylene in poly(methyl methacrylate), Journal of Membrane Science, 18
(1984) 53-74.

[18] W.J. Koros, Model for sorption of mixed gases in glassy polymers, Journal of Polymer
Science: Polymer Physics Edition, 18 (1980) 981-992.

[19] Y. Maeda, D.R. Paul, Effect of antiplasticization on gas sorption and transport. III. Free
volume interpretation, Journal of Polymer Science Part B: Polymer Physics, 25 (1987) 1005-
1016.

[20] M. Forsyth, P. Meakin, D.R. MacFarlane, A.J. Hill, Free volume and conductivity of
plasticized polyether-urethane solid polymer electrolytes, Journal of Physics: Condensed Matter,
7 (1995) 7601-7617.

[21] G.Q. Chen, C.A. Scholes, G.G. Qiao, S.E. Kentish, Water vapor permeation in polyimide
membranes, Journal of Membrane Science, 379 (2011) 479-487.

[22] L.M. Ansaloni, M.; Baschetti, M. Giacinti; Sarti, G.C., Effect of relative humidity and
temperature on gas transport in Matrimid®: Experimental study and modeling, Journal of
Membrane Science, 471 (2014) 392-401.

[23] A.J. Hill, A.W. Thornton, R.H.J. Hannink, J.D. Moon, B.D. Freeman, Role of free volume
in molecular mobility and performance of glassy polymers for corrosion protective coatings,
Corrosion Engineering Science and Technology, 55 (2020) 145-158.

[24] T.D. Krizan, J.C. Coburn, P.S. Blatz, Structure of amorphous polyamides: Effect on oxygen
permeation properties, in: W.J. Koros (Ed.) Barrier Polymers and Structures, American Chemical
Society, Washington, DC, 1990, pp. 111-125.

[25]J.S. Chiou, J.W. Barlow, D.R. Paul, Plasticization of glassy polymers by CO>, Journal of
Applied Polymer Science, 30 (1985) 2633-2642.

[26] Y. Yampolskii, I. Pinnau, B.D. Freeman, Material Science of Membranes for Gas and
Vapor Separation, John Wiley and Sons, United States, 2006.

[27] M.G. Baschetti, M. Minelli, J. Catalano, G.C. Sarti, Gas permeation in perflurosulfonated
membranes: Influence of temperature and relative humidity, International Journal of Hydrogen
Energy, 38 (2013) 11973-11982.

[28] J. Catalano, T. Myezwa, M.G. De Angelis, M.G. Baschetti, G.C. Sarti, The effect of relative
humidity on the gas permeability and swelling in PFSI membranes, International Journal of
Hydrogen Energy, 37 (2012) 6308-6316.

[29] L. Olivieri, H. Aboukeila, M. Giacinti Baschetti, D. Pizzi, L. Merlo, G.C. Sarti, Humid
permeation of CO; and hydrocarbons in Aquivion® perfluorosulfonic acid ionomer membranes,
experimental and modeling, Journal of Membrane Science, 542 (2017) 367-377.

[30] K.A. Stevens, J.D. Moon, H. Borjigin, R. Liu, R.M. Joseph, J.S. Riffle, B.D. Freeman,
Influence of temperature on gas transport properties of tetraaminodiphenylsulfone (TADPS)
based polybenzimidazoles, Journal of Membrane Science, 593 (2020) 117427.

[31] S.C. Kumbharkar, P.B. Karadkar, U.K. Kharul, Enhancement of gas permeation properties
of polybenzimidazoles by systematic structure architecture, Journal of Membrane Science, 286
(2006) 161-169.

[32] J.R. Klaehn, T.A. Luther, C.J. Orme, M.G. Jones, A.K. Wertsching, E.S. Peterson, New
soluble N-substituted polybenzimidazoles by post-polymerization modification, Polymer
Preprints, 46 (2005) 708-709.

Page 25 of 28



486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

[33] S.C. Kumbharkar, K. Li, Structurally modified polybenzimidazole hollow fibre membranes
with enhanced gas permeation properties, Journal of Membrane Science, 415-416 (2012) 793-
800.

[34] X. Li, R.P. Singh, K.W. Dudeck, K.A. Berchtold, B.C. Benicewicz, Influence of
polybenzimidazole main chain structure on H2/CO> separation at elevated temperatures, Journal
of Membrane Science, 461 (2014) 59-68.

[35] T. Yang, T.-S. Chung, Room-temperature synthesis of ZIF-90 nanocrystals and the derived
nano-composite membranes for hydrogen separation, Journal of Materials Chemistry A, 1 (2013)
6081-6090.

[36] J.M. Pérez-Francisco, J.L. Santiago-Garcia, M.I. Loria-Bastarrachea, M. Aguilar-Vega,
Evaluation of gas transport properties of highly rigid aromatic PI DPPD-IMM/PBI blends,
Industrial & Engineering Chemistry Research, (2017).

[37] S. Matteucci, Y. Yampolskii, B.D. Freeman, 1. Pinnau, Transport of gases and vapors in
glassy and rubbery polymers, in: Materials Science of Membranes for Gas and Vapor
Separation, John Wiley & Sons, Chichester, U.K., 2006, pp. 1-47.

[38] L.M. Robeson, M.E. Dose, B.D. Freeman, D.R. Paul, Analysis of the transport properties of
thermally rearranged (TR) polymers and polymers of intrinsic microporosity (PIM) relative to
upper bound performance, Journal of Membrane Science, 525 (2017) 18-24.

[39] L.M. Robeson, Z.P. Smith, B.D. Freeman, D.R. Paul, Contributions of diffusion and
solubility selectivity to the upper bound analysis for glassy gas separation membranes, Journal of
Membrane Science, 453 (2014) 71-83.

[40] L.M. Robeson, The upper bound revisited, Journal of Membrane Science, 320 (2008) 390-
400.

[41] X. Duthie, S. Kentish, C. Powell, K. Nagai, G. Qiao, G. Stevens, Operating temperature
effects on the plasticization of polyimide gas separation membranes, Journal of Membrane
Science, 294 (2007) 40-49.

[42] F.H. Akhtar, M. Kumar, L.F. Villalobos, R. Shevate, H. Vovusha, U. Schwingenschlogl, K.-
V. Peinemann, Polybenzimidazole-based mixed membranes with exceptional high water vapor
permeability and selectivity, Journal of Materials Chemistry A, 5 (2017) 21807-21819.

[43] G.M. Shi, T. Yang, T.S. Chung, Polybenzimidazole (PBI)/zeolitic imidazolate frameworks
(ZIF-8) mixed matrix membranes for pervaporation dehydration of alcohols, Journal of
Membrane Science, 415-416 (2012) 577-586.

[44] K. Kneifel, S. Nowak, W. Albrecht, R. Hilke, R. Just, K.-V. Peinemann, Hollow fiber
membrane contactor for air humidity control: Modules and membranes, Journal of Membrane
Science, 276 (2006) 241-251.

[45] H. Sijbesma, K. Nymeijer, R. van Marwijk, R. Heijboer, J. Potreck, M. Wessling, Flue gas
dehydration using polymer membranes, Journal of Membrane Science, 313 (2008) 263-276.
[46] H. Lin, S.M. Thompson, A. Serbanescu-Martin, J.G. Wijmans, K.D. Amo, K.A.
Lokhandwala, T.C. Merkel, Dehydration of natural gas using membranes. Part I: Composite
membranes, Journal of Membrane Science, 413-414 (2012) 70-81.

[47] J. Potreck, K. Nijmeijer, T. Kosinski, M. Wessling, Mixed water vapor/gas transport
through the rubbery polymer PEBAX® 1074, Journal of Membrane Science, 338 (2009) 11-16.
[48] M. Forsyth, P. Meakin, D.R. MacFarlane, A.J. Hill, Positron annihilation lifetime
spectroscopy as a probe of free volume in plasticized solid polymer electrolytes, Electrochimica
Acta, 40 (1995) 2349-2351.

Page 26 of 28



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575

[49] G. Dlubek, R. Buchhold, C. Hiibner, A. Nakladal, Water in local free volumes of
polyimides: A positron lifetime study, Macromolecules, 32 (1999) 2348-2355.

[50] G. Dlubek, F. Redmann, R. Krause-Rehberg, Humidity-induced plasticization and
antiplasticization of polyamide 6: A positron lifetime study of the local free volume, Journal of
Applied Polymer Science, 84 (2002) 244-255.

[51] J.S. Vrentas, J.L. Duda, H.C. Ling, Antiplasticization and volumetric behavior in glassy
polymers, Macromolecules, 21 (1988) 1470-1475.

[52] J.S. Vrentas, J.L. Duda, Diffusion in polymer—solvent systems. I. Reexamination of the
free-volume theory, Journal of Polymer Science: Polymer Physics Edition, 15 (1977) 403-416.
[53] M.H. Cohen, D. Turnbull, Molecular transport in liquids and glasses, The Journal of
Chemical Physics, 31 (1959) 1164-11609.

[54] H. Fujita, Diffusion in polymer-diluent systems, in: Springer Berlin Heidelberg, 1961, pp.
1-47.

[55] H. Lin, B.D. Freeman, Gas permeation and diffusion in cross-linked poly(ethylene glycol
diacrylate), Macromolecules, 39 (2006) 3568-3580.

[56] J.S. Vrentas, C.M. Vrentas, Solvent self-diffusion in glassy polymer-solvent systems,
Macromolecules, 27 (1994) 5570-5576.

[57] X. Hong, Y.C. Jean, H. Yang, S.S. Jordan, W.J. Koros, Free-volume hole properties of gas-
exposed polycarbonate studied by positron annihilation lifetime spectroscopy, Macromolecules,
29 (1996) 7859-7864.

[58] H. Chen, M.-L. Cheng, Y.C. Jean, L.J. Lee, J. Yang, Effect of CO» exposure on free
volumes in polystyrene studied by positron annihilation spectroscopy, Journal of Polymer
Science Part B: Polymer Physics, 46 (2008) 388-405.

[59] N.R. Horn, D.R. Paul, Carbon dioxide plasticization and conditioning effects in thick vs.
thin glassy polymer films, Polymer, 52 (2011) 1619-1627.

[60] M. Minelli, M.G. De Angelis, G.C. Sarti, Predictive calculations of gas solubility and
permeability in glassy polymeric membranes: An overview, Frontiers of Chemical Science and
Engineering, 11 (2017) 405-413.

[61] R.M. Hodge, T.J. Bastow, G.H. Edward, G.P. Simon, A.J. Hill, Free volume and the
mechanism of plasticization in water-swollen poly(vinyl alcohol), Macromolecules, 29 (1996)
8137-8143.

[62] R.J. Elwell, R.A. Pethrick, Positron annihilation studies of poly(methyl methacrylate)
plasticized with dicyclohexyl phthalate, European Polymer Journal, 26 (1990) 853-856.

[63] N.R. Horn, D.R. Paul, Carbon dioxide sorption and plasticization of thin glassy polymer
films tracked by optical methods, Macromolecules, 45 (2012) 2820-2834.

[64] A. Peterlin, Transport properties as an extremely sensitive indicator of the status of the
amorphous component in the elastically and plastically deformed semicrystalline polymer, in:
Interrelations between Processing Structure and Properties of Polymeric Materials, Elsevier
Science Publishers B.V., Amsterdam, 1984, pp. 585-604.

[65] R.E. Robertson, Effect of free volume fluctuations on polymer relaxation in the glassy state.
II. Calculated results, Journal of Polymer Science: Polymer Physics Edition, 17 (1979) 597-613.
[66] M.R. Tant, G.L. Wilkes, An overview of the nonequilibrium behavior of polymer glasses,
Polymer Engineering & Science, 21 (1981) 874-895.

[67] D. Meng, K. Zhang, S. K. Kumar, Size-dependent penetrant diffusion in polymer glasses,
Soft Matter, 14 (2018) 4226-4230.

Page 27 of 28



576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606

607

[68] K. Zhang, D. Meng, F. Miiller-Plathe, S.K. Kumar, Coarse-grained molecular dynamics
simulation of activated penetrant transport in glassy polymers, Soft Matter, 14 (2018) 440-447.
[69] W.W. Brandt, Model calculation of the temperature dependence of small molecule diffusion
in high polymers, Journal of Physical Chemistry, 63 (1959) 1080.

[70] D.R. Paul, Gas sorption and transport in glassy polymers, Berichte der Bunsengesellschaft
fiir physikalische Chemie, 83 (1979) 294-302.

[71] N. Muruganandam, W.J. Koros, D.R. Paul, Gas sorption and transport in substituted
polycarbonates, Journal of Polymer Science Part B: Polymer Physics, 25 (1987) 1999-2026.
[72] A. Morisato, N.R. Miranda, B.D. Freeman, H.B. Hopfenberg, G. Costa, A. Grosso, S.
Russo, The influence of chain configuration and, in turn, chain packing on the sorption and
transport properties of poly(tert-butyl acetylene), Journal of Applied Polymer Science, 49 (1993)
2065-2074.

[73] W.J. Koros, D.R. Paul, CO; sorption in poly(ethylene terephthalate) above and below the
glass transition, Journal of Polymer Science: Polymer Physics Edition, 16 (1978) 1947-1963.
[74] K.P. Bye, V. Loianno, T.N. Pham, R. Liu, J.S. Riffle, M. Galizia, Pure and mixed fluid
sorption and transport in Celazole® polybenzimidazole: Effect of plasticization, Journal of
Membrane Science, (2019) In Press.

[75] A. Peterlin, Dependence of diffusive transport on morphology of crystalline polymers,
Journal of Macromolecular Science, Part B, 11 (1975) 57-87.

[76] F. Doghieri, G.C. Sarti, Solubility, diffusivity, and mobility of n-pentane and ethanol in
poly(1-trimethylsilyl-1-propyne), Journal of Polymer Science: Part B: Polymer Physics, 35
(1997) 2245-2258.

[77] M. Galizia, K.A. Stevens, D.R. Paul, B.D. Freeman, Modeling gas permeability and
diffusivity in HAB-6FDA polyimide and its thermally rearranged analogs, Journal of Membrane
Science, 537 (2017) 83-92.

[78] M. Minelli, G.C. Sarti, Permeability and diffusivity of CO- in glassy polymers with and
without plasticization, Journal of Membrane Science, 435 (2013) 176-185.

[79] J. Crank, Some methods of deducing the diffusion coefficient and its concentration
dependence from sorption experiments, Transactions of the Faraday Society, 51 (1955) 1632.
[80] S. Zhou, S.A. Stern, The effect of plasticization on the transport of gases in and through
glassy polymers, Journal of Polymer Science Part B: Polymer Physics, 27 (1989) 205-222.

Page 28 of 28



Graphical abstract for

Impact of humidity on gas transport in

polybenzimidazole membranes

Joshua D. Moon', Hailun Borjigin®, Ran Liu?, Ronald M. Joseph?, Judy S. Riffle?, Benny D.

Freeman’”, Donald R. Paul®

® ST

Low humidity

Water competitively occupies
free volume, lowering gas
permeability

e
&

High humidity

Enhanced segmental mobility
increases gas permeability

Free Volume

H
N R, N
N N n
r H

|

Humidity

“Effective”
free volume

Unoccupied
free volume






