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Abstract: 

Perfluoropolymers have fundamentally distinct thermodynamic partitioning properties compared to those 

of their hydrocarbon counterparts. However, current upper bound theory assumes hydrocarbon solubility 

behavior for all polymers. Herein, the fundamental presupposition of invariance in solubility behavior to 

upper bound performance is critically assessed for perfluoropolymers and hydrocarbon polymers. By 

modifying solubility relationships, theoretical perfluoropolymer upper bounds are established, showing a 

positive shift of the upper bound front as a result of beneficial solubility selectivities for certain gas pairs, 

including N2/CH4, He/H2, He/N2, He/CH4, and He/CO2. Within the framework of the solution-diffusion 

model, an analysis is presented to compare two independent approaches often pursued in efforts to surpass 

the polymer upper bound: (1) achieving solubility selectivity via perfluoropolymers and (2) improving 

diffusion selectivity via rigid hydrocarbon polymers. This analysis demonstrates the significant benefit that 

can be achieved by considering both the chemical composition and morphology of solid-state 

macromolecules when designing membrane materials.  
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1. Introduction 

In the past few decades, polymer membranes have emerged as a promising platform for energy-efficient 

gas separations.1–3 In these unit operations, gases are separated based on their relative differences in 

diffusion rates and sorption coefficients. Polymer membranes are currently used in limited industrial 

capacity, such as removal of CO2 from natural gas for natural gas sweetening, nitrogen generation for On-

Board Inert Gas Generation Systems (OBIGGS), and a variety of hydrogen separations in the petrochemical 

industry.4 A major challenge preventing membranes from wider industrial deployment is a general tradeoff 

between gas permeability and selectivity, which is described empirically by the so-called Robeson upper 

bound.5 First established in 1991 and revisited in 2008, the upper bound showed this general inverse 

relationship for many common gas pairs and described the best performing materials at the time, thereby 

setting a standard of comparison for newly developed materials.5,6 A theoretical analysis by Freeman 

revealed two pathways to surpass current limitations in membrane performance; namely, improving 

diffusion selectivity and/or improving sorption selectivity.7 Since then, researchers have focused 

predominantly on creating novel materials to improve diffusion selectivity,8–11 while far fewer efforts have 

been expended on sorption selectivity.12,13 

Perfluoropolymers are an unusual class of polymeric materials with performance characteristics that define 

the upper bound front for several gas pairs. These polymers have C-F bonds instead of the more typical C-

H bonds, a distinct chemical feature that influences polymer-penetrant interactions. Within the solution-

diffusion framework, these modifications to polymer-penetrant interactions alter sorption selectivities, and 

hence, permselectivities, thereby shifting upper bound performance for certain separations.14 Readers are 

directed to a book chapter by Merkel that expounds on the unique solubility characteristics of 

perfluoropolymers and recounts a brief history of research efforts in this area.15 In the timespan between 

the publication of the first upper bound database in 1991 and the revisited database in 2008, a variety of 

new perfluoropolymers had been tested. Robeson noted that perfluoropolymers showed the highest 
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combinations of permeability and selectivity for all He and many CH4 based separations, suggesting that 

the unique solubility behavior of perfluoropolymers was responsible for these findings.6 

The majority of publications on novel membrane materials development in the past 30 years have focused 

on improving performance via diffusion selectivity by simultaneously creating stiffer polymer backbones 

and increasing inter-chain spacing, thus following the materials design strategy originally proposed by 

Freeman.7 While still profitable for the development of fundamental science, practically, improvements in 

diffusion selectivity often result in reduced mechanical integrity and increased physical aging rates.16,17 

Therefore, this work aims to highlight potential improvements in transport properties by considering 

solubility selectivity as a primary consideration. Results suggest that this approach offers the ability to 

surpass current limitations in materials performance while simultaneously circumventing some of the key 

challenges associated with diffusion-selective polymers mentioned above. To this end, the permeability and 

selectivity of hydrocarbon polymers, partially fluorinated polymers, and perfluoropolymers were collected 

from literature sources. Upper bounds for non-perfluoropolymer (i.e., hydrocarbon and partially fluorinated 

species) are established and shifted according to the theoretical framework developed by Freeman but now 

allowing the underlying assumption of fixed hydrocarbon solubility selectivity to be relaxed. 

2. Theory & Background 

Membrane separation performance is typically evaluated by determining the permeability and selectivity 

of certain gases in a polymer. Permeability is defined as the flux of gas through the membrane normalized 

by the pressure differential across the membrane and the thickness of the membrane: 

𝑃
𝑁𝑙
Δ𝑝

1  

where 𝑃 is the permeability of a gas, 𝑁 is the molar flux through the membrane, 𝑙 is the membrane thickness, 

and Δ𝑝 is the pressure differential.2 

Permeability is commonly expressed in units of Barrer: 
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1 𝐵𝑎𝑟𝑟𝑒𝑟 10
𝑐𝑚 𝑆𝑇𝑃 ∙ 𝑐𝑚
𝑐𝑚 ∙ 𝑠 ∙ 𝑐𝑚𝐻𝑔

3.35 10  
𝑚𝑜𝑙 ∙ 𝑚

𝑚 ∙ 𝑠 ∙ 𝑃𝑎
2  

Gas transport through polymeric membranes is commonly described via the solution-diffusion model. 

Within this theoretical framework, gases sorb into the upstream face of the membrane, diffuse across the 

membrane along a chemical potential gradient, and then desorb from the downstream face of the membrane. 

From this model, permeability can be represented as the product of an effective diffusion coefficient, 𝐷, 

and the equilibrium sorption coefficient, 𝑆.14  

𝑃 𝐷𝑆 3  

The units for 𝐷 and 𝑆 are traditionally cm2 s−1 and cm3(STP) cm−3 cmHg−1 respectively. 

The ideal selectivity for a gas pair is defined as the permeability ratio of the faster permeating gas, A, to 

that of the slower permeating gas, B. Using the solution-diffusion model, the ideal selectivity, 𝛼, can be 

written as the product of diffusion selectivity and solubility selectivity: 

𝛼 ⁄
𝑃
𝑃

𝐷
𝐷

𝑆
𝑆

4  

As mentioned previously, a major challenge in membrane separations is the inverse relationship between 

permeability and selectivity, which is clearly apparent from the Robeson upper bound.5,6 As exemplified 

for He/H2 separation in Figure 1, an upper bound plot is a log-log plot of permeability and selectivity that 

is populated with experimental performance data for a variety of polymers. Describing the best-performing 

materials at the time, Robeson established empirical upper bounds for common gas pairs involving He, H2, 

O2, N2, CO2, and CH4 using the following mathematical form: 

𝑃 𝑘𝛼 ⁄  5.1  

where 𝑛 and 𝑘 are the slope and front factor, respectively. Robeson identified a linear relationship between 

𝑛 and the difference in the kinetic diameters of each gas pair.5 
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Figure 1: Example upper bound plot for He/H2 separation. The 1991 and 2008 upper bound lines illustrate 

the trade-off between permeability and selectivity.5,6 

In 1999, Freeman derived a theoretical expression for the upper bound that matched the empirical 

mathematical expression originally proposed by Robeson.7 Freeman’s approach was based on the solution-

diffusion model and activated diffusion theory,18,19 defining the slope and front factor in terms of penetrant 

and polymer properties.7 Freeman used an equivalent form of the upper bound relationship: 

𝛼 ⁄
𝛽 ⁄

𝑃 ⁄
5.2  

where 𝜆 /  and 𝛽 /  are altered forms for the slope and front factor, respectively.  

The slope was derived to be: 

𝜆 ⁄
1
𝑛

𝑑
𝑑

1
𝑑 𝑑

𝑑
𝑑 𝑑 6  
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where 𝑑  and 𝑑  are the gas kinetic diameters, suggesting that the upper bound slope is exclusively 

dependent on the gas pair and not on any characteristics intrinsic to the polymer. This result is consistent 

with the aforementioned observation originally described by Robeson.5  

The front factor was derived to be: 

𝛽 ⁄ 𝑘
𝑆
𝑆

𝑆 ⁄ exp 𝜆 ⁄ 𝑏 𝑓
1 𝑎

𝑅𝑇
7  

where 𝑆  and 𝑆  are the solubility coefficients for gases A and B, and 𝑎, 𝑏, and 𝑓 are parameters resulting 

from the application of activated diffusion theory. 

To estimate the solubility and solubility selectivity 𝑆 𝑆⁄  of gas in the polymer, penetrant partitioning is 

viewed as a two-step process, consisting of a condensation-like step of the gas adsorbing onto the polymer 

followed by mixing of the penetrant into the polymer matrix.14,20 These effects can be generalized by 

correlating the sorption of penetrants with some thermodynamic potential, such as the Lennard-Jones well 

depth of a penetrant, 𝜀 /𝑘:2 

ln 𝑆 𝑀 𝑁
𝜀
𝑘

8  

where 𝑀 and 𝑁 are parameters fit from experimental data on solubility for various penetrants. Freeman 

used values of 𝑀 9.84 and 𝑁 0.023 for all polymers, in units of cm3(STP) cm−3 cmHg−1, based on 

established correlations for hydrocarbon species. 

The other parameters, 𝑎, 𝑏, and 𝑓, are a result of the application of activated diffusion theory, using 

Arrhenius behavior to describe the diffusion coefficient based on the activation energy of diffusion, 𝐸 , an 

Arrhenius prefactor, 𝐷 , the ideal gas constant, 𝑅, and absolute temperature, 𝑇:18 

𝐷 𝐷 , exp
𝐸 ,

𝑅𝑇
9  

The parameters 𝑎 and 𝑏 originate from the linear free energy relationship proposed by Barrer21:  
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ln 𝐷 , 𝑎
𝐸 ,

𝑅𝑇
𝑏 10  

Freeman used values of 𝑎 0.64 for all polymers and 𝑏 9.2 or 11.5 for rubbery or glassy polymers, 

respectively, in units of cm2 s−1 for the diffusion coefficient.  

The 𝑓 parameter originates from the Brandt model relating the diffusion activation energy to the gas kinetic 

diameter, which describes the energy required to open a transient gap for a molecular jump to occur between 

free volume elements22: 

𝐸 , 𝑐𝑑 𝑓 11  

where 𝑐 and 𝑓 are constants that relate to the size-sieving ability of the polymer. The 𝑐 parameter is related 

to backbone stiffness and acts as an energy scaling factor with respect to the penetrant diameter squared, 

and the 𝑓 parameter is related to inter-chain packing. The quantity 𝑓 𝑐⁄  can be interpreted as a rough 

estimate of the average chain spacing. Freeman calculated a best-fit 𝑓 value of  52.7 kJ mol−1 for the 1991 

upper bounds from a least squares regression of theoretical and experimental 𝛽 /  values across all gas 

pairs considered.7 

Freeman’s definitions for 𝜆 /  and 𝛽 /  allow for theoretical predictions of the slopes of the upper bounds 

with no adjustable parameters and front factors with two adjustable parameters: 𝑓, relating to the inter-

chain spacing, and 𝑆 /𝑆 , relating to the solubility selectivity of the gases in the polymer. Since 𝜆 /  

theoretically is not be affected by polymer materials characteristics, these parameters represent the two 

major pathways towards increasing the value of the front factor and therefore improving the separation 

performance for polymeric membranes.  

3. Analysis Procedure 

This analysis focuses on the theoretical shifts to the upper bound fronts through the modification of the 

solubility terms in Equation 14. Non-perfluoropolymer upper bound fronts were re-fit from an updated 
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Robeson’s database excluding perfluoropolymer data points to establish a clear baseline for this analysis.23 

The solubility correlation parameters were adjusted for perfluoropolymers while retaining the fitted f values 

from the non-perfluoropolymer upper bounds. By doing so, this procedure illustrates the potential 

improvements to using perfluoropolymers under the key assumption that fluorine functionality has no other 

effect on transport performance other than adjusting gas-polymer molecular partitioning. It should be noted 

that some recent data on new diffusion-selective polymers have been reported with property sets that 

surpass certain upper bounds.24,25 There are a limited number of these polymers, and they show beneficial 

upper bound performance for O2/N2, CO2/CH4, H2/N2, and H2/CH4 separations, which are not the primary 

consideration for this work. Therefore, we have chosen not to include these polymers in our analysis, 

thereby allowing us to use a widely accepted and published database of separation property sets. 

a. Modifications from previous analysis 

The analysis originally considered by Freeman was derived using a form of the linear free energy 

relationship proposed by Barrer.21 However, an alternative mathematical form has also been proposed by 

van Amerongen.26 In 2005, Prabhakar considered the linear free energy relationships proposed by van 

Amerongen (Equation 12.1) and Barrer (Equation 13.1) respectively:27 

ln 𝐷 𝑎
𝐸
𝑅

𝑏 12.1  

ln 𝐷 𝑎
𝐸
𝑅𝑇

𝑏 13.1  

When substituting these expressions into the Arrhenius diffusion relationship, we arrive at the following 

distinct definitions for diffusion coefficients: 

𝐷 exp 𝑎
𝐸
𝑅

𝑏 exp
𝐸
𝑅𝑇

12.2  

𝐷 exp 𝑏 exp
𝑎 1 𝐸

𝑅𝑇
13.2  
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Prabhakar argued against the use of the Barrer form of the linear free energy relationship because it would 

require a fixed intercept of 𝑏′ when plotting ln 𝐷  vs. 1 𝑇⁄ , regardless of the polymer-penetrant system, 

while conversely, the van Amerongen form would allow for an intercept that depended on the polymer-

penetrant system. The null hypothesis of a fixed intercept regardless of the polymer-penetrant system was 

tested through a two-factor analysis of variance (ANOVA) without replication using van Amerongen’s data 

(See SI Section B).26 The variance in the intercept was found to be statistically significant when considering 

both polymer composition and gas selection for a separation based off both critical F and 𝑝-values, thus 

suggesting the van Amerongen form of the linear free energy relationship should be used for this analysis. 

Prabhakar reported values of 𝑎 0.00203 and 𝑏 8.3 for rubbery polymers and van Krevelen reported 

𝑏 11.5 for glassy polymers.27,28 This aforementioned modification leads to a slightly modified form of 

𝛽 / : 

𝛽 ⁄
𝑆
𝑆

𝑆 ⁄ exp 𝜆 ⁄ 𝑏 𝑓
1 𝑎𝑇

𝑅𝑇
14  

b. Necessity of non-perfluoropolymer upper bounds 

New non-perfluoropolymer upper bounds were determined by eye for this analysis, following a similar 

procedure to that used by Robeson in estimating the original 1991 and 2008 upper bounds.5,6 An example 

highlighting the need for the creation of distinct upper bounds based off chemical structure is shown in 

Figure 2a, where there is a significant difference in the location of the upper bound front depending on 

whether or not perfluorinated polymers are considered. A particular distinction is made for this work in 

describing the new upper bounds as “non-perfluoropolymer” instead of “hydrocarbon”. This terminology 

is chosen because many partially fluorinated polymers (e.g., 4,4’-(hexafluoroisopropylidene)diphthalic 

anhydride (6FDA) based polyimides) have shown sorption behavior more similar to that of hydrocarbon 

polymers than perfluoropolymers.29 An exception to this distinction is made for Viton® E60 and Viton® 

GF, both highly fluorinated elastomers (65 wt% F and 75 wt% F respectively), since they display sorption 

behavior consistent with perfluoropolymers.30 A remarkable example of how transport properties for 
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partially fluorinated Viton® polymers more closely align to those of perfluoropolymers is noted for the 

He/H2 upper bound presented in Figure 3a. In this example, Viton® polymers are the only non-

perfluorinated polymers exceeding the non-perfluoropolymer upper bound. 

 

Figure 2: a) A representative upper bound plot with data points identified as hydrocarbon, partially-

fluorinated, and perfluorinated. Non-perfluoropolymer upper bounds are established for this work because 

the upper bound database includes a large amount of perfluoropolymer data. b) Best-fit solubility 

correlation parameters when comparing non-perfluorinated and perfluorinated polymers at 35°C and 1 atm. 

c. Selection of molecular diameters 

It has been previously noted that theoretical upper bounds calculated from Freeman’s approach match 

poorly with Robeson’s experimental upper bound plots, primarily as a result of the use of kinetic diameters 

for the analysis.31 This inconsistency has prompted studies into using new sets of diameter definitions 

suitable for describing diffusion through polymeric media such as the “Dal-Cin” and the “permeability 

correlation” diameters.31,32 For this study, the so-called “diffusion” diameters were employed.23 These 

diameters are calculated from a least squares minimization approach that optimizes a fit for molecular 

diameters based on correlations from a large database of gas diffusion coefficients in polymer membranes.23 

This diameter set assumes a fixed CH4 diameter of 3.817 Å (1 Å = 10-10 m) as a basis for the least squares 
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minimization because CH4 is nearly spherical and there is little variation in literature-reported diameters.32 

For this analysis, diffusion diameters resulted in the lowest sum-of-squared-residuals when comparing 

between predicted and non-perfluoropolymer 𝜆 /  values for all gas pairs considered in this analysis. Other 

diameter sets considered included the kinetic, Dal-Cin, Teplyakov-Meares, Lennard-Jones, permeability 

correlation, Lennard-Jones collision, and effective diameters.31–38  

d. Calculation of individual 𝑓 values for each gas pair 

With the non-perfluoropolymer upper bounds and the diameter sets established, 𝑓 values were calculated 

for each gas pair to exactly match the upper bound fit to the empirical non-perfluoropolymer upper bounds. 

Fitting a singular best-fit f value across all gas pairs resulted in significant variability to upper bound fits, 

suggesting that this simplification would severely limit the predictive applicability of the theory developed 

in this paper. Therefore, 𝑓 values are defined for each gas pair.  

e. Adjustment in solubility correlation 

The non-perfluoropolymer upper bounds were shifted by adjusting the 𝑆  and 𝑆  values in Equation 14 

according to observed changes in 𝑀 and 𝑁 between non-perfluoropolymers and perfluoropolymers. The 

changes in correlation parameters were determined from a collection of published non-perfluorocarbon and 

perfluorocarbon sorption coefficients at or near standard testing conditions of 35oC and 1 atm (see Table 

S4), as shown in Figure 2b. The parameters for the non-perfluorocarbons were 𝑀 10.0 0.3 and 𝑁

0.025 0.002 and the parameters for the perfluorocarbons were 𝑀 9.0 0.3 and 𝑁 0.016

0.002. These parameters were determined by performing linear regression on the natural log of the sorption 

coefficient with respect to the Lennard-Jones temperature for a variety of common gases. The natural log 

of the gas solubility coefficient is commonly correlated, to good accuracy, with respect to other 

thermodynamic properties of gases such as critical temperature or boiling temperature (see Equation 8).39 

The Lennard-Jones temperature was chosen as the correlation variable because it originates from Lennard-

Jones potential energy well depth, while other measures of condensability such as critical and boiling 



12 
 

temperature can be influenced by the strength of the intermolecular forces between individual gas 

molecules. The noted change in gas solubility and solubility selectivity between non-perfluoropolymers 

and perfluoropolymers is hypothesized to be the basis for the observed improvement in separation 

performance shown by perfluoropolymers for certain gas pairs. 

4. Results 

a. The perfluoropolymer upper bound 

The above analysis procedure was implemented on gas pairs (He/H2, He/CO2, He/N2, He/CH4, and N2/CH4) 

where perfluoropolymer performance was particularly notable. Figures 3a-e present upper bound plots for 

these gas pairs. Included on each plot are permeabilities and selectivities for hydrocarbon, partially 

fluorinated, and perfluorinated polymers, and two distinct upper bounds are shown to represent the non-

perfluoropolymer and perfluoropolymer upper bounds. The slope and front factor for each upper bound are 

listed in Table 1. The front factors for the perfluoropolymer upper bounds are significantly increased when 

solubility selectivities are made in accordance with empirical trends reported in the literature while retaining 

the non-perfluoropolymer 𝑓 value.15 

Gas pair 

𝑛, non-

perfluoropolymer and 

perfluoropolymer 

𝑘, non-perfluoropolymer 

(Barrer) 

𝑘, perfluoropolymer 

(Barrer) 

He/H2 -4.6 786 18,700 

He/CO2 -1.6 5,100 79,500 

He/N2 -1.0 19,900 85,800 

He/CH4 -0.8 11,100 67,600 

N2/CH4 -4.6 508 19,900 

Table 1: Tabulation of 𝑛 (slopes) and 𝑘 (front factors) for the gas pairs analyzed. 
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Figure 3: Upper bound plots showing the non-perfluoropolymer and perfluoropolymer upper bounds: a) 

He/H2 b) He/CO2 c) He/N2 d) He/CH4 e) N2/CH4 
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When comparing experimental perfluoropolymer data points with the perfluoropolymer upper bounds, 

there are cases where the perfluoropolymer upper bound approximately matches data for the best observed 

performance of known perfluoropolymers (He/CO2, He/N2, He/CH4) and cases where experimental data 

surpasses the shifted upper bound (He/H2, N2/CH4). In the most general sense, the perfluoropolymer upper 

bound represents the potential separation performance of the best performing non-perfluorinated polymers 

if they were to theoretically retain their backbone stiffness and inter-chain spacing (𝑐 and 𝑓 values from 

Equation 11) while improving their sorption selectivities to those of perfluoropolymers. This interpretation 

implies that perfluoropolymers with property sets below the shifted upper bound would have a hypothetical 

hydrocarbon counterpart that exhibits separation performance below that of the non-perfluoropolymer 

upper bound. Conversely, perfluoropolymers at or surpassing the shifted upper bound are able to take 

advantage of perfluoropolymer solubility selectivity while simultaneously possessing size-sieving 

properties greater than or equal to that of the best non-perfluoropolymers for these gas pairs.  

There are two subclasses of perfluoropolymers that either define or surpass the perfluoropolymer upper 

bound for the gas pairs considered in Figure 3: various Nafion® block copolymers and glassy dioxolane-

based perfluoropolymers. Nafion® polymers are well-known for their unique packing structure due to their 

amphiphilic side chains. After wetting and drying of the polymer, the hydrophilic sulfonated side chains 

are believed to form ionic clusters within the matrix, causing the hydrophobic portion of the 

perfluoropolymer to pack irregularly about the clusters.40 The notable glassy dioxolane-based 

perfluoropolymers are recently developed polymers of perfluoro-2-methylene-1,3-dioxolane 

(poly(PFMD)) and perfluoro-2-methylene-4-methyl-1,3-dioxolane (poly(PFMMD)), as well as PFMD-

PFMMD block copolymers with varying block lengths.12,13 These dioxolane-based polymers possess cyclic 

structures in their backbones that frustrate packing and demonstrate glass transition temperatures ranging 

from 123oC to 135oC.12,13 Therefore, the resulting packing structure of these two subclasses of 

perfluoropolymers leads to good diffusion selectivity performance.40 Such a finding reveals that it is 
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possible to develop materials that have solubility selectivities and size-sieving behavior that is both 

complementary and beneficial in surpassing property sets of conventional hydrocarbon polymers. 

b. Comparison of diffusivity and solubility selectivity effects on shifting the upper bound 

A helpful exercise is to consider improvements that have been made in separation performance since the 

publication of the 1991 upper bounds for perfluorinated and non-perfluorinated polymer structures. These 

performance improvements can be quantified by comparing the 𝑓 values for the 1991 upper bounds with 

the newly fitted 𝑓 values for the non-perfluoropolymer upper bounds and the “effective 𝑓” values for the 

perfluoropolymer upper bounds. In this study, the “effective 𝑓” values are defined as the calculated 𝑓 values 

necessary to replicate the perfluoropolymer upper bound front while retaining non-perfluoropolymer 

solubility selectivity. In other words, the effective 𝑓 for a gas pair is the 𝑓 value required to shift the non-

perfluoropolymer front to match that of the perfluoropolymer upper bound. Table 2 shows the newly fitted 

𝑓 values and the effective 𝑓 values for the five gas pairs considered to match the non-perfluoropolymer and 

perfluoropolymer upper bounds, respectively, as previously shown in Figure 3a-e. The effective 𝑓 values 

are between 15-29% greater than the non-perfluoropolymer 𝑓 values, depending on the gas pair, with an 

average increase of 20%.  

A similar procedure as described previously was used to calculate 𝑓 values for the 1991 upper bounds. By 

doing so, a qualitative measure of the improvement in gas separation performance between 1991 and the 

current non-perfluoropolymer upper bounds could be established. The 1991 upper bounds were chosen as 

a baseline comparison, as opposed to the 2008 upper bounds, because the only perfluoropolymer data point 

at the time (Nafion® 117) was considered to be an outlier and was not included in the upper bound analysis.5  

Table 2 presents the percentage increase in calculated 𝑓 values from 1991 to the current non-

perfluoropolymer upper bounds for the analyzed gas pairs. For these separations (e.g., He/H2, He/CO2, 

He/N2, He/CH4, N2/CH4), 𝑓 values shift between −1.7% and 19%. Note that the −1.7% shift for He/H2 

separation results from our decision to group Viton® elastomers with perfluoropolymers. Viton® was 
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originally included in the 1991 upper bound, and to date, there have been no reported property sets for non-

perfluorinated polymers that have surpassed the He/H2 separation performance of Viton®.30 As for the other 

gas pairs, this analysis reveals that mild improvements to separation performance have been made using 

synthetic design strategies that do not include perfluorinated polymers.  

Conversely, Table 2 also presents a comparison of the increase in 𝑓 values for the newly fitted non-

perfluoropolymer upper bounds and the effective 𝑓 values. In this case, significant shifts in 𝑓 values 

between 14.9% and 28.8% are observed for the gas pairs analyzed. This remarkable finding quantitatively 

demonstrates the benefit to using perfluoropolymers for the five primary separations analyzed in this work. 

Despite nearly three decades of membrane research since the publication of the 1991 upper bound, there 

have been no successful design strategies for non-perfluorinated polymers capable of achieving the same 

performance improvements as those obtained through the use of perfluoropolymers.  

A full list of 𝑓 values for the 1991 upper bounds and the newly fitted non-perfluoropolymer upper bounds 

are compiled in Table S5 along with the corresponding percent change in 𝑓 values. The newly fitted non-

perfluoropolymer 𝑓 values shift between −1.7% and 106% compared to the 1991 𝑓 values, depending on 

the gas pair, with an average increase of 27%. Of note, the two separations with the greatest improvements 

in non-perfluorinated property sets are CO2/CH4 and O2/N2 separations. Unlike all other separations 

tabulated, these separations benefit from both diffusion and solubility selectivities. For example, in the case 

of CO2/CH4 separation, CO2 is both smaller than CH4 and more soluble than CH4 in polymers, thereby 

resulting in favorable diffusion selectivities and solubility selectivities, and hence, permselectivities. 

Conversely, for all of the separations enhanced through the use of perfluoropolymers, solubility selectivity 

is intrinsically unfavorable. For example, in the case of He/H2 separation, He is less soluble than H2 in 

polymers, thereby resulting in unfavorable solubility selectivities.29,41 Therefore, from the standpoint of the 

solution-diffusion model, perfluoropolymers are attractive for separations that benefit from weak solubility 

selectivities (i.e., solubility selectivities closer to unity). Heuristically, Table S5 highlights the importance 
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of considering both molecular size and polymer-penetrant interactions when choosing a polymer for a given 

separation. 

Gas 

pair 

𝑓 value Increase in 𝑓 value 

𝑓 for non-

perfluoropolymer 

upper bound 

(kJ/mol) 

Effective 𝑓 for 

perfluoropolymer 

upper bound 

(kJ/mol) 

Increase in 𝑓, 1991 𝑓 

to non-

perfluoropolymer 𝑓 

Increase in 𝑓, non-

perfluoropolymer 𝑓 

to effective 𝑓 

He/H2 79.9 102 -1.7% 27.1% 

He/CO2 84.1 103 19% 22.3% 

He/N2 67.2 77.2 5.0% 14.9% 

He/CH4 70.3 82.6 8.4% 17.6% 

N2/CH4 87.0 112 - 28.8% 

Table 2: Actual and effective 𝑓 values and relative increases from baseline comparisons. There was no 

N2/CH4 upper bound reported by Robeson in 1991.5 

Figures 4a-c present upper bound plots for He/CH4, H2/CH4, and CO2/CH4. The line labeled “1991” is the 

upper bound front originally described by Robeson. Accompanying values of 𝑓, 𝑀, and 𝑁 required to obtain 

this fit are provided as a reference. The non-perfluoropolymer upper bound, which maintains an identical 

𝑀 and 𝑁 value to that of the 1991 upper bound but a modified value of 𝑓 is labeled as “Non-

perfluoropolymer”. This change in 𝑓 corresponds to the shift in state-of-the-art performance for non-

perfluoropolymers, as described previously. The final line, labeled “1991 Shifted”, presents 𝑓 values 

characteristic of upper bound non-perfluoropolymers in 1991, but with the solubility relationship 

coefficients, 𝑀 and 𝑁, shifted to hypothetically account for solubility behavior that is expected for 

perfluoropolymers according to the solubility terms in Equation 14. For He/CH4, modifying the 1991 upper 

bound by only changing the analysis to consider perfluoropolymer solubility characteristics results in a 

greater shift to the upper bound front than that observed for the present non-perfluoropolymer upper bound. 
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The same qualitative findings are observed for He/H2, He/CO2, He/CH4, and N2/CH4 as well. For H2/CH4, 

which is shown in Figure 4b, the adjustment to perfluoropolymer solubility coefficients resulted in an 

improvement surpassing the 1991 baseline but did not reach the current performance limit of the non-

perfluoropolymer upper bound. Lastly, there are general cases in which the use of the perfluoropolymer 

solubility correlation negatively impacts performance. One commonly studied gas separation that does not 

benefit from the sorption behavior of perfluoropolymers is CO2/CH4. An illustration of this behavior is 

shown in Figure 4c. In this case, the more strongly-sorbing penetrant (i.e., CO2) also has a smaller diameter 

than that of the other component (i.e., CH4), resulting in a lowered upper bound front. This penetrant 

size/solubility argument can be used to predict the effects of solubility changes on the upper bound position 

for all other gas pairs. 

 

Figure 4: Comparison in the shifts of the upper bound plots from 1991 by changing either 𝑓 or the 

characteristic solubility correlations for non-perfluoropolymers and perfluoropolymers. Results are shown 

for: a) He/CH4 b) H2/CH4 c) CO2/CH4 

c. Prediction of upper bound fronts from penetrant properties 

A key challenge in the membrane field is the ability to predict performance limits for separations where 

little to no experimental data exists. Such limitations often preclude the use of process modeling to 

incorporate membranes into the design of separations processes. On the contrary, however, many thermally-

driven separations, such as distillation, have abundant accessible datasets and tested models to ensure good 

predictive capabilities when designing new chemical plants. An interesting consequence of our work is the 
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ability to leverage theory to predict membrane separation performance for less well-studied separations. Of 

particular importance is a correlation that can be gleaned from the compilation of 𝑓 values for individual 

gas pairs, as shown in Figure 5a for the non-perfluoropolymer upper bounds. When plotting ln 𝑓  versus 

𝜆 / 𝑆 /𝑆   for each gas pair, there is a resulting linear correlation with a R2 value of 0.655 and a Pearson 

correlation coefficient of −0.809. A F-test of overall significance was performed with the null hypothesis 

stating that the fit matches the reduced model containing parameters for the intercept only. The calculated 

F-value for this fit was 20.9 and the critical F-value, with degrees of freedom corresponding to a 2 parameter 

fit and 13 observations, was equal to 4.84 for 𝑝 0.05. Since the calculated F-value is larger than the 

critical F-value, the null hypothesis was rejected in favor of the full model containing parameters for one 

independent variable and the intercept, suggesting some physical meaning for this trend.42 

A potential interpretation is that 𝜆 /  and the predicted value of 𝑆 /𝑆  serve as proxies for diffusion and 

actual solubility selectivities based exclusively on correlations with well-known penetrant properties. 

Therefore, a larger product of the two terms represents, in general, a more efficient separation with higher 

selectivities because the separation is aided by properties intrinsic to the penetrants (i.e., He/CO2 is the least 

efficient, while CO2/CH4 is the most efficient). However, our interpretation of a unique 𝑓 value for every 

gas pair is contrary to the Brandt model (cf., Equation 11) where a polymer possesses a singular 𝑓 value, 

which is seen as an intrinsic property related to the inter-chain spacing of the polymer.22 Therefore, we 

chose to carefully apply these predictions with the knowledge that additional theory must still be developed 

to fully understand the fundamental origins underlying our approach. 

The obvious application of this correlation is to predict present day 𝑓 values for gas pairs of interest that 

were not considered in this work. In doing so, new upper bounds can be predicted. Ethylene/ethane 

(C2H4/C2H6) and propylene/propane (C3H6/C3H8) upper bound limits have been previously established, 

albeit using the Lennard-Jones and Lennard-Jones collision diameters respectively.35,36,43,44 When our 

analysis was repeated using the respective diameter sets for each separation, the predicted 𝑓 values are 72.1 

kJ mol−1 for ethylene/ethane and 66.0 kJ mol−1 for propylene/propane. The original and current predicted 
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non-perfluoropolymer upper bound fronts with the original data sets are shown in Figures 5b-c, where a 

modest shift in the upper bound front is predicted. It should be noted that the trend shown in Figure 5a 

reflects the current progress in polymer membrane performance and should be updated as upper bound front 

factors increase over time with the development of new materials. Predicted perfluoropolymer upper 

bounds, based off of the predicted non-perfluoropolymer upper bounds, were calculated using the 𝑓 values 

following the procedure outlined in section 3 and are shown in Figures 5b-c, predicting essentially no shift 

for C2H4/C2H6 and a negative shift for C3H6/C3H8. Examining equation 14 and Figure 2b, this outcome can 

be attributed to a decrease in 𝑆 /  when switching from hydrocarbon to perfluoropolymer solubility for 

these gas pairs. In the case of C2H4/C2H6, there is no shift in the front factor because the decrease in 𝑆 /  

is approximately equal to the increase in 𝑆 /𝑆 , while in the case of C3H6/C3H8, the negative shift is due to 

the predominant decrease in 𝑆 /  over the increase in 𝑆 /𝑆 . This effect scales primarily with the 

condensability of gas A, revealing limiting cases where perfluoropolymers would not improve performance 

even for certain gas pairs that do follow the size/solubility argument presented in section 4b. 

Figure 5d shows the predicted non-perfluoropolymer and perfluoropolymer upper bounds for H2/C3H6, an 

industrially important separation for olefin recovery, again using the Lennard-Jones collision diameter for 

this analysis.45,46 From the predicted upper bound fronts, it is expected that hydrogen separation from olefin 

streams could greatly benefit from the use of perfluoropolymers. The ability to predict upper bound fronts 

for gas pairs with no data points allows for a rough estimate of performance and suggests pathways for 

improvement. However, this approach must be used with caution, as limited data is currently available to 

test the key assumptions outlined in this work. 
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Figure 5: a) Semi-log plot showing the correlation between 𝜆 / 𝑆 /𝑆  and non-perfluoropolymer upper 

bound 𝑓 values. b) The previous upper bound, predicted current non-perfluoropolymer upper bound, and 

predicted perfluoropolymer upper bound for C2H4/C2H6 separation.43 The two predicted upper bounds are 

essentially overlapping. c) The previous upper bound, predicted current non-perfluoropolymer upper 

bound, and predicted perfluoropolymer upper bound for C3H6/C3H8 separation.44 d) Predicted current non-

perfluoropolymer upper bound and perfluoropolymer upper bound for H2/C3H6 separation. 

d. Promising future gas separation applications for perfluoropolymers 

While the five gas pairs analyzed were selected because of the known performance improvements that result 

from using perfluoropolymers, there are other separations where modifications to solubility selectivity 
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presents a benefit. In particular, He/O2 and H2/CH4 have similar intrinsic advantageous metrics of relative 

molecular sizes and solubilities for their respective gas pairs that could benefit from the use of 

perfluoropolymers. Following the analysis procedure outlined in section 3, Figures 6a-b demonstrate the 

predicted shift in upper bound performance that can be achieved using perfluoropolymers for these 

separations. Interestingly, in contrast to our predictions, currently available data indicates that 

perfluoropolymers exhibit nearly the same performance as that of the best performing non-

perfluoropolymers. In the case for He/O2 separation, it has been experimentally shown that perfluorocarbon 

liquids have anomalously high sorption capacity for O2, which would lower the solubility selectivity and 

result in depressed separation performance.47 In the case of H2/CH4, it is possible that similarities in the 

chemical composition between H2 and CH4 result in H2 having anomalous interactions with fluorocarbons, 

similar to that of CH4 with C-F bonds, again resulting in lower solubility selectivity and separation 

performance than predicted by our solubility correlations.48,49 Note that in Figure 2b, H2 and CH4 are the 

two gases that deviate the most significantly from our solubility correlation. Currently, H2/CH4 separation 

represents an important challenge in refinery off-gas purification, and while He/O2 separation is currently 

not practiced in industry, it could become useful in the future as helium-containing natural gas resources 

continue to diminish.2,50 Perfluoropolymers also show promise in improving H2/C3H6 separations for olefin 

recovery from thermal cracking or off-gas streams, as shown in Figure 5d.45,46 Additionally, 

perfluoropolymers, which possess a nano-confined packing structure with unique electronic interactions 

stemming from their highly polarized C-F bonds,51,52 could also be of interest for a variety of valuable 

isotope separations such as H2/D2 separation for the production of “heavy drugs” associated with decreased 

pharmacokinetics and fewer side effects, or for 3He/4He separation for medical applications related to 

imaging of the human lungs.53,54 
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Figure 6: Upper bound plots showing gas pairs where perfluorinated polymers display performance similar 

to the best non-perfluorinated polymers: a) He/O2 b) H2/CH4 

5. Conclusions 

The solubility behavior of gases in perfluoropolymers is not considered in the current theoretical framework 

used to define the Robeson upper bound. This analysis addresses this key limitation by considering distinct 

theoretical trends in solubility for non-perfluorocarbons and perfluorocarbons.  By doing so, new non-

perfluoropolymer and perfluoropolymer upper bounds are established and compared to current data. For 

the five gas pairs examined, it was found that perfluoropolymer data either matched or surpassed the 

theoretical perfluoropolymer upper bounds established in this work, indicating that the best-performing 

perfluoropolymers exhibit size-sieving ability equal to or greater than that of the best performing non-

perfluoropolymers. Of note, polymers such as Nafion® block copolymers, poly(PFMD), poly(PFMMD), 

and PFMD-PFMMD block copolymers demonstrate the accessible separation performance that can be 

accessed through improvements in both the diffusivity and solubility terms originally revealed in Freeman’s 

analysis. Additionally, a new trend based on penetrant size and solubility selectivity is presented as a 

predictive method to estimate non-perfluoropolymer 𝑓 values, which can then be used to predict both the 

non-perfluoropolymer and perfluoropolymer upper bound fronts for separations not explicitly considered 

in this work. 
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