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Abstract 1 

 Polybenzimidazoles (PBIs) are promising materials for high temperature H2/CO2 2 

separation in applications such as steam reforming and pre-combustion carbon capture where 3 

significant amounts of water are often present.  However, PBIs are hydrophilic, and the impact of 4 

humidity on PBI gas separation properties is relatively unexplored.  Furthermore, opportunity 5 

exists to elucidate the interplay between plasticization, free volume, and gas transport in glassy 6 

polymer membranes such as PBIs.  This study investigates the effect of humidity on H2, O2, and 7 

CO2 permeabilities at 35 °C in a commercial PBI and two sulfone-containing PBIs.  Water 8 

uptake significantly reduces PBI gas permeabilities at low humidities due to competitive sorption 9 

and antiplasticization.  At high humidities, plasticization increases the permeabilities of larger 10 

gases in more hydrophilic PBIs.  Effective fractional free volumes evaluated from gas 11 

permeation data and previously reported water sorption and dilation data suggest water 12 

plasticizes PBIs by increasing accessible free volume via enhanced molecular dynamics rather 13 

than by creating new free volume cavities. 14 

Keywords 15 

Polybenzimidazole, humidity, plasticization, free volume, gas separation  16 
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Introduction 17 

 There is a growing need to develop advanced polymers for high temperature gas 18 

separation membranes.  While conventional gas separation applications operate at or near 19 

ambient temperatures,[1-3] some applications, such as H2 separation from CO2 following a steam 20 

reforming process, would benefit from membranes operating at temperatures in excess of 150 21 

°C.[4-6]  These gas streams can also be saturated with steam, which will quickly degrade most 22 

polymers. 23 

 Polybenzimidazoles (PBIs) are promising materials for these applications because of their 24 

rigid aromatic structures.  Commercial PBI (Celazole®) is thermally stable to temperatures as 25 

high as 600 °C and has exhibited promising H2/CO2 separation performance at temperatures up 26 

to 250 °C.[5-10]  Sulfone-containing PBIs, which exhibit significantly improved processability 27 

in polar solvents compared to Celazole®, also exhibit high thermal stability and H2/CO2 28 

separation performance.[11]  Unlike other aromatic polymers conventionally used for gas 29 

separation membranes, such as Matrimid® and polysulfone, PBIs are hydrophilic and exhibit 30 

water uptakes as high as 25 wt% at 35 °C.[12-14]  Since significant amounts of water are present 31 

in gas separation applications such as syngas and gasification processes, it is vital to understand 32 

the impact of water uptake on gas transport properties of PBIs and other hygroscopic glassy 33 

polymer membranes. 34 

Despite the interest in using hydrophilic membranes for performing gas separations in the 35 

presence of humidity, few studies have systematically investigated the influence of humidity-36 

induced changes to polymer structure on gas transport properties of polymers like PBIs.  A 37 

complication arises as water uptake can impact gas transport in polymers in different, often 38 

contradictory ways.  Since PBIs are glassy polymers, water molecules can compete with gas 39 
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molecules for sorption into excess non-equilibrium free volume (i.e., Langmuir sites) through 40 

competitive sorption.[15-18]  This phenomenon reduces solubilities and permeabilities of light 41 

gases in the membrane.  At low concentrations, water can also reduce chain mobility and free 42 

volume, a phenomenon known as antiplasticization, which lowers gas diffusivities and 43 

permeabilities.[19, 20]  In Matrimid®, a polyimide with a liquid water uptake of around 2.7 wt%, 44 

gas permeabilities decrease by about 20-50% at 35 °C as humidity increases up to 75%.[21, 22].  45 

This behavior results from a combination of competitive sorption and antiplasticization caused 46 

by reduced sorption and diffusion-accessible free volume.  For barrier materials such as food 47 

packaging, this behavior can be advantageous for reducing oxygen transport rates through glassy 48 

polymer films.[23, 24]  For gas separation membranes, on the other hand, reduced gas 49 

permeability means lower gas throughput and larger membrane area required to treat a given 50 

flowrate of feed gas. 51 

 On the other hand, at high water concentrations, sorbed water can swell and plasticize 52 

polymers, increasing chain mobility, gas diffusivities, and gas permeabilities, often at the 53 

expense of membrane selectivity.[16, 25, 26]  In Nafion® 117, a perfluorinated ionomer used for 54 

ion exchange membranes, gas permeability increases by up to two orders of magnitude as 55 

humidity increases to 80% at 35 °C.[27, 28]  PBIs exhibit similar water uptakes and degrees of 56 

swelling to Nafion®, suggesting PBIs may be susceptible to plasticization at high humidities.[12, 57 

14, 27, 28]  However, the rigid, aromatic structures of PBIs are more similar to that of 58 

Matrimid®, which may make them more resistant to plasticization than polymers with more 59 

flexible backbones like Nafion®.  Thus, the question arises, under what conditions do 60 

competitive sorption or humidity-induced plasticization dominate PBI gas transport behavior, 61 
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and how can these phenomena be connected to conventional models of mass transport in 62 

polymers such as free volume models? 63 

Understanding humidified gas transport in PBIs could elucidate the tradeoff between 64 

competitive sorption, antiplasticization, and plasticization for high Tg hydrophilic glassy 65 

polymers.  This study investigates humidity-dependent gas permeabilities at 35 °C in commercial 66 

Celazole® and two sulfone-containing PBIs: one with higher water uptake than Celazole® 67 

(TADPS-TPA) and one with lower uptake (TADPS-OBA).  While many applications for PBI 68 

membranes could benefit from operation at much higher temperatures than 35 °C, near ambient 69 

temperature measurements were performed to facilitate ease of measurement and provide a 70 

comprehensive investigation of membrane properties, such as swelling and free volume changes 71 

at 35 °C, which have been the focus of previous studies.[12, 14]  Analysis of humidity effects at 72 

temperatures above 100 °C would require systems capable of handling high pressure steam 73 

rather than low pressure water vapor, which introduces substantial measurement challenges.   74 

A custom constant-volume, variable-pressure permeation system was designed to allow 75 

each polymer to be equilibrated with water vapor on both feed and permeate sides to establish a 76 

uniform water concentration profile in the membrane prior to permeating gas.  Unlike methods 77 

where water vapor co-permeates with the gas, this method enables correlation with properties 78 

such as fractional free volume (FFV) to be performed more accurately, since there are no water 79 

concentration gradients in the membranes that would complicate analysis.[22, 27-29]  Previous 80 

studies using similar methods have attempted to relate gas transport to free volume changes 81 

arising from water uptake (e.g., for Matrimid®) by assuming volume additivity or ideal water 82 

clustering, stating that accurate measurement of polymer dilation and the occupied volume of 83 

water in the polymer are necessary for more accurate determination of FFV.[22]  Recent studies 84 
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allow extension of this analysis by directly measuring PBI dilation as a function of humidity.[12, 85 

14]  These data permit direct calculation of FFV changes as a function of relative humidity and 86 

water concentration.  FFV values calculated from PBI water sorption and dilation data using two 87 

different approaches are then correlated with humidified gas permeabilities.  Deviations from 88 

predicted free volume behavior enable investigation of the impact of plasticization on free 89 

volume and gas transport in membranes. 90 

Experimental Methods 91 

 Materials 92 

 Celazole® was purchased as S26 dope solution from PBI Performance Products, Inc.  93 

This solution contained 26.8 wt% polymer in N,N-dimethylacetamide (DMAc) with 1.5 wt% 94 

LiCl added as a compatibilizer.  Sulfone-based PBIs (TADPS-TPA and TADPS-OBA) were 95 

synthesized as described previously.[11]  DMAc (99.8%, anhydrous) was purchased from 96 

Sigma-Aldrich and used as received.  Deionized water was generated using a Millipore RiOs and 97 

A10 purification system.  Ultra high purity gases were purchased from Airgas.  Chemical 98 

structures of Celazole®, TADPS-TPA, and TADPS-OBA are shown in Figure 1. 99 

 100 
(A) Celazole® 101 

 102 
(B) TADPS-TPA 103 
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 104 
(C) TADPS-OBA 105 

Figure 1.  Molecular structures of (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA. 106 

 Solution casting of polymer films 107 

 2.5 wt% PBI solutions in DMAc were prepared and cast onto glass plates inside glass 108 

rings following filtration and sonication.[11, 12, 30]  Solvent was evaporated overnight under 109 

full vacuum at room temperature, followed by 4 hours at 60 °C and 1 hour at 100 °C.  Films 110 

were delaminated from the glass plates and boiled in deionized water for 4 hours to remove 111 

residual DMAc.  Finally, films were dried under full vacuum at 150 °C for 24 hours.  Films were 112 

approximately 15-30 μm thick.  Further details of the casting procedure can be found in previous 113 

publications.[11, 12, 30] 114 

Single gas humidified permeation measurements 115 

 Membrane samples were prepared as described previously.[11, 30]  Gas permeation 116 

measurements were performed in a humidified constant-volume, variable-pressure gas 117 

permeation system.  A diagram of the system is shown in Figure 2.  For humidified, single gas 118 

permeation measurements, a three step procedure was used: (1) equilibrate upstream and 119 

downstream sides of the sample with water vapor, (2) introduce 10 atm of gas to the upstream 120 

side of the sample and monitor permeate flux until it reaches steady-state, and (3) degas 121 

upstream and downstream sides of sample to remove sorbed gas and water vapor.  Complete 122 

details of sample preparation and the methods used for dry and humidified gas permeation 123 
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measurements are provided in the Supporting Information. 124 

 125 

Figure 2.  Schematic of humidified constant-volume, variable-pressure gas permeation system.  126 

A detailed description of this system and its operation is presented in the Supporting 127 

Information. 128 

Results and Discussion 129 

 130 
 Humidified gas permeation 131 

To verify the reliability of the humidified permeation systems, helium permeabilities 132 

were measured at 35 °C in Matrimid® polyimide at humidities between 0 and 60% and compared 133 

to results previously reported by Ansaloni et al.[22]  Samples were equilibrated with water vapor 134 

for approximately 20 to 40 minutes in the permeation system before introducing gas at 2 atm.  135 

Detailed results are shown in the Supporting Information.  Helium permeabilities were within 136 

30% of those measured by Ansaloni et al. at 0% humidity and exhibited similar trends, indicating 137 

the systems are able to reproduce published data.[22] 138 
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Humidified gas permeation measurements were performed for Celazole®, TADPS-TPA, 139 

and TADPS-OBA at 35 °C, 10 atm feed gas pressure, and relative humidities between 0 and 140 

~55% for H2, O2, and CO2.  Results are shown in Figure 3.  Gas permeabilities for all three gases 141 

in all three PBIs decreased sharply, by up to an order of magnitude, at low relative humidities.  142 

Gas permeabilities were sensitive to low levels of moisture, decreasing by 50-65% at 3% 143 

humidity. These results reinforce the necessity of fully drying PBIs or other hygroscopic glassy 144 

polymers and preventing exposure to trace moisture before measuring dry gas permeabilities to 145 

ensure reliable data collection.  This high sensitivity to water at very low humidities may be 146 

partially responsible for the wide variation of reported gas transport properties for Celazole®, as 147 

Celazole®’s ~35 °C H2/CO2 selectivity has been reported to be as low as 4 and as high as 56.[9, 148 

11, 30-36]  It is likely these samples were not all dried to the same extent prior to measurement.  149 

Gas permeabilities increased slightly for all gases in Celazole® at higher humidities.  CO2 150 

permeabilities in TADPS-TPA increased substantially above 10% humidity and showed 151 

permeabilities approaching those of fully dried TADPS-TPA at 50% humidity.  O2 152 

permeabilities also increased at high humidities in TADPS-TPA but to a lesser extent than CO2.  153 

TADPS-TPA is the most hydrophilic of the three polymers, with liquid water uptakes around 25 154 

wt%, compared to ~20 wt% for Celazole® and ~12 wt% for TADPS-OBA.[11, 12]  TADPS-TPA 155 

also undergoes more swelling at higher humidities than the other two PBIs, so more water-156 

induced plasticization likely occurs in TADPS-TPA than in Celazole® or TADPS-OBA.[12]  157 

TADPS-OBA showed little increase in gas permeability even at the highest humidities, with the 158 

exception of a slight increase in CO2 permeability around 50% humidity.  TADPS-OBA likely 159 

undergoes less water-induced plasticization than the other two PBIs because of its lower water 160 

uptake.[14]  Little effect of plasticization was observed for H2 permeabilities in all three PBIs, 161 
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since H2 is the smallest gas molecule tested and should be least affected by changes in free 162 

volume and plasticization.[37-39] 163 

164 

 165 

Figure 3. Humidified gas permeabilities at 35 °C and ~10 atm feed gas pressure for: (A) 166 

Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA.  Uncertainties determined by propagation 167 

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

Figure 4A presents H2/CO2 selectivities in the three PBIs as a function of relative 169 

humidity.  TADPS-TPA showed the greatest drop in H2/CO2 selectivity with increasing 170 
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humidity, with a 10-fold decrease at 50% humidity relative to dry films.  Celazole® H2/CO2 171 

selectivities likewise decreased from 29 ± 4 to 11 ± 1.4 at ~50% humidity, and TADPS-OBA 172 

selectivities dropped from 13 ± 0.5 to 8 ± 0.3 at ~50% humidity.  These results are consistent 173 

with significant water-induced plasticization at high water uptakes.  Competitive sorption could 174 

also reduce H2/CO2 selectivities if sorbed water decreased H2 solubilities more than it decreased 175 

CO2 solubilities.  PBI H2/CO2 separation performance at different humidities is shown on the 176 

2008 Robeson upper bound in the Supporting Information.[40]  As humidity increases, PBI 177 

H2/CO2 separation performance moves away from the upper bound down and to the left.  178 

Simultaneous reduction in gas permeability and H2/CO2 selectivity with humidity suggests that 179 

the presence of water is detrimental to PBI H2/CO2 separation performance at 35 °C. 180 

This decrease in PBI separation performance would likely be less significant at elevated 181 

temperatures (e.g., 150 or 200 °C), which would be closer to the operating conditions of 182 

hydrogen separation membranes for applications like steam reforming.  At elevated 183 

temperatures, PBIs should uptake less water and undergo less swelling than at lower 184 

temperatures, so the effects of plasticization and competitive sorption on gas transport would 185 

likely be less significant as temperature increases.[41]  Previous measurements of Celazole® 186 

H2/CO2 separation performance at 250 °C in the presence of saturated steam showed PBI 187 

selectivities to be relatively unaffected by water at high temperatures.[5] 188 
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 189 

Figure 4. (A) H2/CO2 selectivities and (B) H2O/O2 selectivities at 35 °C and ~10 atm feed gas 190 

pressure as a function of humidity for Celazole® (green circles), TADPS-TPA (red triangles), 191 

and TADPS-OBA (blue diamonds). 192 

Figure 4B shows PBI H2O/O2 selectivities as a function of humidity.  Water vapor 193 

permeabilities were calculated as the product of previously reported water vapor sorption and 194 

diffusion coefficients.[12, 14]  Water permeabilities were assumed to be unaffected by the 195 

presence of O2, which requires additional justification via mixed gas/water vapor sorption 196 

measurements.  Unlike H2/CO2 selectivities, H2O/O2 selectivities increased with humidity 197 

primarily due to reduced O2 permeabilities, exceeding 105 for all PBIs above 10% humidity.  198 

This behavior suggests PBI membranes may be advantageous for dehydration applications.[42-199 

47]  Sulfone-based PBIs show higher H2O/O2 selectivities than Celazole® due to their higher 200 

water diffusion coefficients.[12, 14] 201 

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

and antiplasticization behavior.  Competitive sorption occurs when a highly condensable 203 
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molecule (e.g., water) preferentially occupies Langmuir sorption sites in a polymer, reducing the 204 

Langmuir solubilities of less condensable molecules (e.g., H2 or CO2).[15-18]  When sorbed 205 

molecules occupy a polymer’s Langmuir sites, they can reduce the total amount of free volume 206 

available for gas molecule diffusion.[19, 20, 48-51]  If polymer chain mobility is not 207 

significantly enhanced by plasticization at a given sorbed water concentration, this reduction in 208 

free volume results in antiplasticization, decreasing gas diffusion and permeability 209 

coefficients.[16, 19]  Liu et al. reported over an 80% reduction in CO2 and CH4 permeabilities in 210 

thermally-rearranged HAB-6FDA polyimide when 1700 ppm toluene (activity = 0.28) was 211 

present, which was attributed to a combination of competitive sorption and antiplasticization.[16]  212 

Scholes et al. likewise concluded that humidity reduced CO2 and CH4 permeabilities in 213 

thermally-rearranged polyimides via competitive sorption.[15]   214 

H2 permeabilities in all three PBIs decreased more than O2 and CO2 permeabilities at low 215 

humidities (e.g., 10% relative humidity), which may result from greater exclusion of H2 from 216 

Langmuir sites than O2 or CO2 due to hydrogen’s low condensability (i.e., critical temperature).  217 

In addition to competitive sorption, antiplasticization could be partially responsible for reduced 218 

gas permeabilities at low humidities.  Antiplasticization would be expected to affect larger 219 

molecules like CO2 and O2 more than H2, as the larger penetrants should be more sensitive to 220 

changes in free volume.[16]  However, the opposite behavior is observed, further suggesting 221 

competitive sorption may also play an important role.  CO2 solubility in PBIs may be enhanced 222 

by the presence of sorbed water due to chemical interactions with PBI imidazole groups, 223 

potentially increasing CO2 permeability, but humidified sorption measurements would be 224 

required to conclude this confidently. 225 

  226 



Page 14 of 28 
 

Free volume 227 

Gas diffusion coefficients in polymers often correlate with polymer free volume.[52-55]  228 

In the conventional free volume model described by Cohen and Turnbull and further developed 229 

by Vrentas and Duda, polymers contain non-uniformly distributed void spaces between polymer 230 

chains that are accessible to small molecules for sorption and diffusion.[52-54]  Small molecules 231 

that sorb into these free volume elements can execute diffusion jumps between free volume 232 

elements as chains undergo cooperative thermal motion and will diffuse through the polymer 233 

under a chemical potential driving force.  Since solubility is generally a weaker function of free 234 

volume than diffusivity, gas permeabilities typically follow an exponential relationship with gas 235 

diameter squared divided by FFV:[37] 236 

 2 /Bd FFV

p
P A e−=  (1) 

where d  is the gas diameter, and pA  and B  are adjustable parameters.  There are multiple gas 237 

diameters that can be used for this relationship, including gas kinetic diameters and gas diffusion 238 

diameters.[37-39]  Gas kinetic diameters will be used in this study as they have been found to 239 

provide better correlations between FFV and PBI gas transport properties than gas diffusion 240 

diameters.[30]  Figure 5A shows dry gas permeabilities in all three PBIs plotted vs. gas kinetic 241 

diameter squared divided by FFV.  Good agreement is found between the data and Equation 1. 242 
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 243 

Figure 5. (A) Dry gas permeability at 35 °C and ~10 atm feed gas pressure vs. gas kinetic 244 

diameter squared divided by FFV. (B) Humidified gas permeabilities at 35 °C and ~10 atm gas 245 

pressure vs. gas kinetic diameter squared divided by FFV* calculated from Equation 3. Circles 246 

are Celazole®, squares are TADPS-TPA, and diamonds are TADPS-OBA.  Green symbols are 247 

H2, red symbols are CO2, and blue symbols are O2.  Filled symbols are dry gas permeabilities, 248 

and unfilled symbols are humidified gas permeabilities.  Uncertainties determined by 249 

propagation of error for single measurements are smaller than the symbols. Dashed lines are fits 250 

of dry gas permeabilities to Equation 1 ( pA  = 1.29x105 Barrer and B  = 0.15 Å-2). 251 

During humidified measurements, water can simultaneously fill existing free volume 252 

elements while plasticizing and swelling the polymer, increasing its total volume.[14, 20, 48, 50, 253 

56-63]  Thus, the amount of fractional free volume in partially hydrated PBIs that is available to 254 

gas molecules for diffusion would be expected to differ from that of fully dried samples.  255 

Antiplasticization is generally attributed to a decrease in free volume, while plasticization is 256 

generally associated with an increase in free volume.[50, 56, 61, 63]  However, some studies 257 
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report that adding significant amounts of plasticizer to a polymer can reduce FFV by occupying 258 

existing free volume elements while simultaneously increasing chain mobility and diffusion 259 

coefficients.[48, 50, 61, 62]  In light of these observations, a more nuanced view of the free 260 

volume accessible to molecular transport considers free volume to include both static and 261 

dynamic contributions, which arise from defects in molecular packing and local polymer 262 

segmental dynamics, respectively.[20, 48, 52, 56, 64-73]  As it is virtually impossible to 263 

experimentally determine exact values of free volume in a swollen polymer, the following 264 

discussion relies on approximations of free volume based on water sorption, swelling, and gas 265 

permeation data. 266 

The amount of FFV available for small molecule diffusion in partially hydrated PBIs can 267 

be calculated as a function of humidity using water vapor sorption and dilation data according to 268 

two limiting cases.[12, 14]  In the first case, volume occupied by water is considered to be 269 

available to gas and water molecules for diffusion and is included in FFV:[12, 14, 74] 270 

 0,
ˆ1.3

1 1
ˆ

vDw

poly p p

mixture mix

V w V
FFV

V V

⋅
= − = − ∑

 (2) 

where 0, polyV  is the volume occupied by polymer chains, mixtureV  is the volume of the swollen 271 

water-polymer mixture, pw  is polymer weight fraction, ˆ1.3 vDw

pV∑  is the specific occupied 272 

volume of polymer chains calculated from van der Waals volumes of polymer functional groups 273 

(cm3/g), and m̂ixV  is the specific volume of the water/polymer mixture (cm3/g).  Similar to the 274 

work by Forsyth et al., this definition attempts to model the effects of plasticization-induced 275 

molecular mobility as an additional dynamic contribution to accessible free volume.[14, 48] 276 
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In the second case, the volume occupied by water is considered completely inaccessible 277 

for gas and water diffusion and is excluded from the free volume of the polymer-penetrant 278 

mixture (FFV*):[14, 19, 22, 52, 63] 279 

 0, 0,
ˆ ˆ1.3

* 1 1
ˆ ˆ

vDw

poly p pwater w w

mixture mixture mix mix

V w VV w V
FFV

V V V V

⋅ ⋅= − − = − −∑
 (3) 

where 0,waterV  is the volume occupied by sorbed water molecules, ww  is water weight fraction, and 280 

ŵV  is the specific occupied volume of water (cm3/g).  This definition assumes the specific 281 

occupied volumes of the water and the polymer are additive and that free volume consists 282 

primarily of “holes” arising from packing defects.  Similar expressions were employed by 283 

Ansaloni et al. to describe humidity effects on Matrimid® polyimide.[22] 284 

Water vapor diffusion coefficients in PBIs were previously shown to correlate closely 285 

with the first definition of FFV (Equation 2), which increases with increasing water uptake.[12, 286 

14]    Values of pw , ww , ŵV , and m̂ixV were derived as a function of relative humidity from water 287 

vapor sorption and dilation data reported previously.[12, 14]  Values of FFV and FFV* for each 288 

PBI are shown as a function of humidity in Figure 6A-C.  FFV (dashed curves in Figure 6A-C) 289 

increases with humidity due to the significant swelling caused by high water uptake.  FFV* 290 

(solid curves in Figure 6A-C) decreases with increasing humidity, representing the filling of pre-291 

existing free volume elements by water molecules primarily via Langmuir sorption.[14]   292 
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293 

 294 

Figure 6. Fractional free volume values in (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-295 

OBA at 35 °C as a function of relative humidity.  Values of FFV, FFV*, and FFVeffective were 296 

calculated using Equations 2, 3, and 4, respectively.  Green circles represent H2 data, blue 297 

diamonds represent O2 data, and red triangles represent CO2 data. 298 

Figure 5B shows humidified gas permeabilities plotted vs. gas kinetic diameter squared 299 

divided by FFV*.  At low humidities, both gas permeabilities and FFV* decrease as water fills 300 

pre-existing free volume elements (i.e., Langmuir sorption).  However, at higher humidities, gas 301 
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permeabilities increase and no longer correlate with FFV* values, which continue to decrease 302 

slightly with humidity (cf., solid curves in Figure 6A-C).  This deviation is most clearly observed 303 

for O2 and CO2 permeabilities in Celazole® and TADPS-TPA.  Performing a similar analysis 304 

with values of FFV derived from Equation 2 likewise shows decorrelation between permeability 305 

and FFV at high humidities. 306 

Plasticization-induced chain mobility enhancements may be responsible for an increase in 307 

effective free volume available for gas transport in highly water swollen PBIs in a manner that is 308 

not fully captured by either expression for fractional free volume in Equations 2 or 3.  Effective 309 

values of fractional free volume, herein termed FFVeffective, were estimated by back-calculating 310 

fractional free volumes from Equation 1 using measured values of humidified gas permeabilities: 311 

 2 ln p

effective

humidified

A
FFV Bd

P

 
=   

 
 (4) 

where p
A  and B  are parameters obtained from linear regression of dry gas permeation data in 312 

Figure 5A ( pA  = 1.29x105 Barrer and B  = 0.15 Å-2).  In other words, values of FFVeffective were 313 

chosen such that the same scaling relationship in Equation 1 holds for both dry and humidified 314 

gas permeabilities (cf., Figure S4 in Supporting Information).  This analysis assumes that all of 315 

the effects of plasticization are reflected in changes in FFVeffective rather than in pA  or B .  This 316 

analysis further assumes gas solubilities are constant with humidity, which may not necessarily 317 

be true (see Supporting Information).  FFVeffective values are shown as points in Figure 6A-C. 318 

 With the exception of FFVeffective values predicted from H2 permeabilities in TADPS-319 

OBA, FFVeffective values were all greater than FFV* values which exclude the occupied volumes 320 
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of water molecules from free volume (cf., Equation 3).  As FFV* neglects any enhancement in 321 

free volume due to plasticization, this observation suggests that segmental motions play an 322 

important role in gas diffusion when PBIs are swollen with sorbed water.  It appears that 323 

plasticization does not arise simply from an increase in swollen polymer free volume due to 324 

water molecules adding new static cavities, which should be reflected in an increase in FFV* at 325 

high humidities.  Rather, the amount of effective free volume available for molecular diffusion is 326 

increased primarily by enhanced polymer chain mobility. 327 

The high frequency of plasticizer motion may also play a role in forming dynamic free 328 

volume elements.[48]  Peterlin suggested free volume be considered a primarily statistical 329 

concept that relates to the likelihood of creating sorption sites, rather than simply a collection of 330 

actual voids.[64, 75]  He further suggested that the actual FFV of a polymer cannot be fully 331 

derived from density measurements, which is consistent with the deviations between FFVeffective 332 

and FFV* in this study.[64]  Other studies have suggested that local free volume accessible to 333 

molecular diffusion includes the ability to generate free volume from coordinated chain 334 

motion.[65-68]  FFVeffective values were also observed to be less than values of FFV determined 335 

using Equation 2, which suggests that accounting for the role of plasticization-enhanced chain 336 

motion in mixed gas/vapor systems is more complex than simply including the volume occupied 337 

by water as a “dynamic” contribution to free volume.   338 

Additional free volume in excess of FFV*, herein termed FFVadditional, can be defined as 339 

the difference between FFV* and FFVeffective at a given humidity as an attempt to quantify the 340 

increase in free volume due to plasticization.  Values of FFVadditional are shown as a function of 341 

equilibrium water concentration in Figure 7.  The amount of FFVadditional available for gas 342 

diffusion due to plasticization-enhanced chain motion generally increased with water 343 
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concentration, consistent with the fact that diffusion coefficients in plasticized polymers are 344 

often correlated with plasticizer concentration.[60, 76-80]  FFVadditional values were small for 345 

TADPS-OBA, as it was least affected by plasticization due to lower water uptake than the other 346 

two polymers.  TADPS-TPA was more severely plasticized by water than Celazole®, represented 347 

by larger values of FFVadditional.  TADPS-TPA contains sulfone groups that are absent in 348 

Celazole® and para- phenyl groups that can undergo faster rotation than Celazole®’s sterically 349 

hindered meta-linked phenyl groups.  Additional sites on the polymer backbone where flexibility 350 

can occur may permit water-swollen TADPS-TPA easier access to coordinated chain motions 351 

than Celazole®, increasing dynamic contributions to free volume during water sorption and 352 

swelling.  FFVeffective values derived from O2 and CO2 permeation data are slightly higher than 353 

those derived from H2 permeation data in each PBI, suggesting plasticization and changes in 354 

segmental motion from water sorption have a stronger effect on larger gases. 355 

This free volume analysis neglects the effect of competitive sorption, so we have limited 356 

the discussion of permeability trends with free volume at low humidities.  Values of FFVeffective 357 

decrease at low humidities for all gases in all three PBIs, which likely reduces gas diffusion and 358 

permeability coefficients via antiplasticization.  However, reduced gas solubility due to water 359 

molecules occupying PBI Langmuir sites would also cause gas permeabilities to decrease at low 360 

humidities.  Humidified gas sorption measurements, although technically challenging to perform, 361 

could be valuable to discern the effects of humidity on gas solubility and diffusion coefficients.  362 

Ultimately, additional work is needed to more fully elucidate the interplay between plasticization 363 

and changes in free volume and chain mobility in glassy polymer membranes. 364 
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366 

 367 

Figure 7. FFVadditional in (A) Celazole®, (B) TADPS-TPA, and (C) TADPS-OBA at 35 °C as a 368 

function of equilibrium water concentration.  FFVadditional was calculated as the difference 369 

between FFVeffective (solid symbols in Figure 6) and FFV* (solid curves in Figure 6). Green 370 

circles represent H2 data, blue diamonds represent O2 data, and red triangles represent CO2 data. 371 
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Conclusions 373 

H2, O2, and CO2 permeabilities were measured at 35 °C in Celazole® and two sulfone-374 

containing PBIs, TADPS-TPA and TADPS-OBA, at relative humidities between 0 and 55%.  A 375 

humidified gas permeation system was designed to achieve a uniform concentration profile of 376 

sorbed water in each PBI during gas permeation.  Gas permeabilities at 3% humidity were up to 377 

65% lower than those in dry samples, and most permeabilities were reduced by nearly an order 378 

of magnitude at 50% humidity.  H2/CO2 selectivities at 35 °C decreased by 40-90% at 50% 379 

humidity.  At low humidities, water molecules fill existing free volume sites, primarily via 380 

Langmuir sorption, reducing free volume and lowering permeabilities via a combination of 381 

competitive sorption and antiplasticization.  In more hydrophilic PBIs, significant amounts of 382 

water sorption and polymer swelling plasticize PBIs, increasing their gas permeabilities at higher 383 

humidities.  Effective fractional free volume values estimated from water vapor sorption, 384 

dilation, and gas permeation data suggest that water-induced plasticization increases gas 385 

permeabilities in PBIs primarily by enhancing molecular motion, rather than by creating new 386 

free volume cavities. 387 
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