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Abstract 

Over the past decade, CO2 separation and capture have become the new bandwagon for 

polymer science and membrane research.  This review presents the fundamentals of CO2/gas 

separation in polymeric membranes and discusses how these principles underpin opportunities and 

challenges for post-combustion carbon capture (CO2/N2), hydrogen purification (CO2/H2), and 

natural gas and biogas sweetening (CO2/CH4).  Emerging polymeric membrane materials are 

discussed, including a few polymers containing a high content of polar functional groups (i.e., 

ether oxygen-rich polymers and polymeric ionic liquids), shape-persisting glassy polymers (i.e., 

perfluoropolymers, thermally rearranged polymers, iptycene-containing polymers), and reactive 

polymers featuring facilitated transport.  Moreover, the promising candidates for each CO2 

separation application are highlighted.  Finally, the permeability-selectivity data reviewed were 

plotted against their 2008 and 2019 upper bounds. 
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1. Introduction  

The first commercial membrane gas separation system was developed by Monsanto in 1979 

for the separation of H2 from CH4, N2, and Ar in purge gases in ammonia and chemical plants and 

refineries [1,2].  Since then, a number of other applications were established, including air 

separation by Generon (1982),  H2 purification in synthesis gas plants by Ube Industries (1987),  

and natural gas treatment by UOP (1994) [3-5].  The rapid growth of membrane market was driven 

by advances in polymer science and membrane process engineering.  Compared to other 

purification processes, membrane is known for its system compactness, energy efficiency, 

operational simplicity, and ability to overcome thermodynamic limitations [6].  These advantages 

quickly attracted the interests from academia and industry in early 2000s when the CO2 emissions 

from the use of fossil fuels became a pressing social and environmental issue [7-11].  In 2019 

alone, fossil fuels accounted for about 80% of the energy production in the United States and 

contributed to approximately 1616 million metric tonne of carbon emissions  [12].  Carbon dioxide 

separation and capture could be the next opportunity for the large-scale deployment of gas 

separation membranes. 

Membrane-based carbon capture is best suited for emissions from large stationary sources.  

Based on the location, these applications can be divided into three categories: (1) CO2/N2 

separation from flue gases, (2) CO2/H2 separation in syngas processing, and (3) CO2/CH4 

separation in natural gas and biogas sweetening.  Aside from the dissimilar gas pairs, these 

separation scenarios differ significantly in the CO2 concentration, pressure, major contaminants, 

and separation specifications.   

In post-combustion carbon capture, the flue gases are discharged at ambient conditions with 

11–14% CO2 from coal-fired power plants and 4–8% CO2 from natural gas combined cycle power 
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plants [13,14].  Besides N2, flue gases also contain water, O2, and trace amounts of SOx and NOx.  

Because of the low CO2 partial pressure, a highly CO2-permeable yet highly selective membrane 

is needed to achieve a deep carbon cleaning [15,16].  In addition, since the CO2 captured and low-

purity N2 are the byproducts, membrane process does not have the luxury of producing a high-

value product to rebate its capital and operational costs.   

In comparison, in pre-combustion carbon, there is a much more favorable syngas composition 

of ca. 40% CO2 and 56% H2 with balance of water, CO, H2S, etc., at a temperature of 

approximately 240°C and a pressure as high as 50 atm [17-19].  The high transmembrane driving 

force relaxes the requirement for a highly-permeable membrane, but the membrane material needs 

to exhibit a high CO2 or H2 selectivity at a high temperature in order to reduce the H2 loss and 

avoid a significant syngas cooling.   

Depending on the geographical location, crude natural gas contains 5–70% CO2, and 

membrane separation is typically performed at ambient temperature with a pressure of 30–60 atm 

[20].  Often, membrane-based dehydration and desulfurization are carried out prior to the CO2 

removal in order to avoid the condensation of acidic water caused by the  Joule–Thomson effect 

[21,22].  In addition, the membrane material should be resistant to plasticization of CO2 and 

hydrocarbon vapors.  These challenges imposed by the high natural gas pressure are absent for 

biogas, which typically consists of 38–40% CO2, 55–60% CH4, and 1–2% water at atmospheric 

pressure [23].  However, the membrane should have a sufficient CO2 permeance due to the reduced 

driving force. 

For these CO2 separation applications, the drastically different operating conditions also 

impose different challenges on the membrane material development.  In CO2/N2 separation, the 

chemical properties of polymers are altered to promote the CO2 sorption and thus separate this gas 
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pair in similar molecular size.  The synthesis of CO2-philic functional polymers is a prominent 

research area, for which various Lewis bases are often incorporated for their favorable physical 

interaction (e.g., ether and carbonyl oxygens) [24,25] or chemical reaction (e.g., amines) [26,27] 

with CO2.  Contrarily, the tuning of polymer conformation is more important than the chemical 

functionality for the size-sieving, H2-selective membranes [28,29].  This is in particular the case 

for syngas purification, where the CO2 sorption is largely suppressed by the high operating 

temperature [30].  For natural gas processing, the high CO2 partial pressure and the presence of 

heavy hydrocarbons can cause many non-ideal effects, such as the CO2-induced plasticization and 

membrane swelling [31].  These effects often increase the interchain spacing and lead to a 

significantly reduced CO2/CH4 selectivity.  Therefore, the membrane development pivots on the 

synthesis of shape-persisting polymers with high chain rigidity. 

In the past decade, significant progress has been witnessed in membrane science, and new 

classes of polymers have been developed with improved performance for CO2 separation and 

capture.  This paper first discusses the fundamental scientific principles for CO2/gas separation in 

polymeric membranes.  Emerging polymeric materials are then highlighted, including ether 

oxygen-rich polymers, polymeric ionic liquids, perfluoropolymers, thermally rearranged 

polymers, iptycene-containing polymers, some other noteworthy non-reactive polymers, and 

reactive polymers based on facilitated transport.  Finally, the opportunities and challenges of these 

emerging materials are summarized for different CO2/gas separation applications. 
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2. Theory and Terminology 

2.1. Light gas permeation in non-reactive polymers 

As a pressure-driven process, membrane separation requires a transmembrane pressure 

differential for the permeation of light gases (e.g., CO2, N2, H2, and CH4).  The steady-state 

permeance of a polymeric membrane to a gaseous species 𝑖𝑖 is defined as: 

𝑃𝑃𝑖𝑖
ℓ

=
𝐽𝐽𝑖𝑖
Δ𝑝𝑝𝑖𝑖

(1) 

where 𝑃𝑃𝑖𝑖 ℓ⁄ , 𝐽𝐽𝑖𝑖, and Δ𝑝𝑝𝑖𝑖 are the permeance, flux, and transmembrane partial pressure differential 

of species 𝑖𝑖.  The permeance reflects the mass transfer resistance in the permeation through the 

membrane, which is typically reported in Gas Permeation Unit (GPU, 1 GPU = 1 × 10–6 cm3(STP) 

cm–2 s–1  cmHg–1).  The intrinsic conductance of the polymer can then be calculated by multiplying 

the permeance with the membrane thickness (ℓ ), which is defined as the gas permeability 

coefficient (𝑃𝑃𝑖𝑖) with a unit of Barrer (1 Barrer = 1 × 10–10 cm3(STP)  cm cm–2 s–1 cmHg–1).   

The permeability is a material property, which is usually measured by using a free-standing 

film with a thickness of a few hundred microns.  The permeance, however, is a membrane property 

that depends on the membrane thickness and configuration [32-35].  For a non-reactive polymer 

with certain gas permeability, a higher permeance can be achieved by reducing the membrane 

thickness.  Therefore, the formation of thin membrane is important for practical membrane 

applications. 

For non-reactive polymers, the transport of gas molecules typically follows the solution-

diffusion mechanism, and the permeability coefficient is usually given by: 

𝑃𝑃𝑖𝑖 = 𝑆𝑆𝑖𝑖 × 𝐷𝐷𝑖𝑖 (2) 
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where 𝑆𝑆𝑖𝑖  and 𝐷𝐷𝑖𝑖  are the solubility and diffusivity coefficients of species 𝑖𝑖  in the polymer, 

respectively [2,36].  The ideal selectivity of species 𝑖𝑖 over species 𝑗𝑗 is the ratio of their pure-gas 

or mixed-gas permeabilities: 

𝛼𝛼𝑖𝑖𝑖𝑖 =
𝑃𝑃𝑖𝑖
𝑃𝑃𝑗𝑗

= �
𝑆𝑆𝑖𝑖
𝑆𝑆𝑗𝑗
� �

𝐷𝐷𝑖𝑖
𝐷𝐷𝑗𝑗
� (3) 

where 𝑆𝑆𝑖𝑖 𝑆𝑆𝑗𝑗⁄  is the solubility selectivity and 𝐷𝐷𝑖𝑖 𝐷𝐷𝑗𝑗⁄  is the diffusivity selectivity.  Therefore, the 

separation arises from the difference in the solubilities or diffusivities of the gas pair in the 

polymer. 

The solvation of gas molecules into a polymer is often an enthalpy-driven process.  The 

solubility is determined by its condensability and correlates with its Lennard-Jones temperature 

(𝜀𝜀𝑖𝑖 𝑘𝑘⁄ ) as: 

ln 𝑆𝑆𝑖𝑖 = 𝑀𝑀 + 𝑁𝑁
𝜀𝜀𝑖𝑖
𝑘𝑘
− �500 − 10

𝜀𝜀𝑖𝑖
𝑘𝑘
� �

1
𝑇𝑇
−

1
298�

(4) 

where 𝑀𝑀 and 𝑁𝑁 are constants and 𝑇𝑇 is the absolute temperature [24,37].  Robeson et al. reviewed 

a large collection of glassy and rubbery polymers, and the fitting of Eq. (4) to the solubility data 

at 25–35°C led to a value of –7.30 for 𝑀𝑀 and 0.0249 for 𝑁𝑁 (with solubility in unit of cm3(STP) 

cm–3 cmHg–1) [38].  The Lennard-Jones temperatures of relevant light gases are summarized in 

Table 1.  Based on Eq. (4), the solubility coefficients can be estimated, and the solubility 

selectivities of CO2 vs. other gases are also listed in Table 1.  As seen, CO2 exhibits a higher 

solubility than H2 and N2, which renders favorable CO2 solubility selectivities over H2 and N2 in 

most polymers.  However, CO2 is only moderately more condensable than CH4, resulting in an 

appreciable but lower CO2/CH4 solubility selectivity.    
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Table 1. Physical properties of light gases in non-reactive polymers and the estimated solubility 

and diffusivity selectivities against CO2 at 25°C. 

Gas 𝜀𝜀𝑖𝑖 𝑘𝑘⁄  (K) 
[37] 

𝑆𝑆𝑖𝑖 (cm3(STP) cm–3 
cmHg–1)†  𝑆𝑆𝐶𝐶𝑂𝑂2 𝑆𝑆𝑖𝑖⁄  𝑑𝑑𝑖𝑖 (Å) 

[39] 𝐷𝐷𝐶𝐶𝑂𝑂2 𝐷𝐷𝑖𝑖⁄ ‡ 

H2 59.7 3.0 29.0 2.89 0.18 
CO2 195.2 87 – 3.30 – 
N2 71.4 4.0 21.8 3.64 4.84 

CH4 148.6 27 3.20 3.80 10.7 
† Estimated based on Eq. (4). 
‡ Estimated based on Eq. (8) with 𝑎𝑎 = 0.64 and 𝑐𝑐 = 1100 cal mol–1 Å–2. 

 

The sorbed light gas molecules occupy the voids in the polymer, and they can then migrate 

into voids above a critical size by random volume fluctuation [40].  The gas diffusion in a weakly 

interacting polymer is a thermally activated process and obeys the Arrhenius equation: 

𝐷𝐷𝑖𝑖 = 𝐷𝐷0,𝑖𝑖 ∙ exp �−
𝐸𝐸𝐷𝐷,𝑖𝑖

𝑅𝑅𝑅𝑅 �
(5) 

where 𝐷𝐷0,𝑖𝑖  is a pre-exponential factor, 𝐸𝐸𝐷𝐷,𝑖𝑖  the activation energy of diffusion, and 𝑅𝑅  the gas 

constant [41].  The pre-exponential factor and the activation energy often observe a “linear free 

energy relation”: 

ln𝐷𝐷0,𝑖𝑖 = 𝑎𝑎
𝐸𝐸𝐷𝐷,𝑖𝑖

𝑅𝑅𝑅𝑅
− 𝑏𝑏 (6) 

where the parameters 𝑎𝑎 (𝑎𝑎 < 1) and 𝑏𝑏 are independent of the gas species [42].  The activation 

energy is related to the kinetic size (𝑑𝑑𝑖𝑖) of the gas molecule as: 

𝐸𝐸𝐷𝐷,𝑖𝑖 = 𝑐𝑐 𝑑𝑑𝑖𝑖2 − 𝑓𝑓 (7) 

where 𝑐𝑐 and 𝑓𝑓 are constants depending on the polymer type [43].  The combination of Eqs. (5)–

(7) gives a correlation between the diffusivity selectivity and the kinetic sizes of the gas pair as: 

ln
𝐷𝐷𝑖𝑖
𝐷𝐷𝑖𝑖

= �
1 − 𝑎𝑎
𝑅𝑅𝑅𝑅 � 𝑐𝑐 �𝑑𝑑𝑗𝑗2 − 𝑑𝑑𝑖𝑖2� (8) 
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The kinetic diameters of several light gases and the estimated diffusivity selectivities of CO2 

vs. other gases are also summarized in Table 1.  The CO2/H2 diffusivity selectivity is less than 

unity, which offsets the favorable CO2/H2 solubility selectivity.  Therefore, the common strategy 

for the separation of this gas pair is to operate a H2-selective membrane, such as polyimide and 

polybenzimidazole (PBI), at a high temperature where the difference in the condensability is 

weakened [44,45].  CO2 does not exhibit an appreciable diffusivity selectivity over N2.  Actually, 

CO2 has a smaller kinetic diameter (3.30 vs. 3.64 Å) but a larger critical volume (93.9 vs. 89.8 cm3 

mol–1 [37]) than those of N2, resulting in a CO2/N2 diffusivity selectivity near unity in most 

polymers [32].  For this reason, nearly all CO2/N2 separation membranes rely on the enhanced 

CO2–polymer interaction to exhibit certain solubility selectivity.  On the contrary,  CO2 has a 

pronounced diffusivity selectivity as well as a moderate solubility selectivity against CH4.  Most 

state-of-the-art CO2/CH4 separation membranes are glassy polymers with size-sieving ability [46]. 

 

2.2. Permeability/selectivity trade-off and upper bounds 

Since the advent of commercial gas separation membranes in the late 1970s, the studies of how 

the polymer structure relates to the separation performance remain as the core of membrane 

research.  Numerous analyses of structure-property data of polymeric membranes made it apparent 

that a trade-off exists between the permeability and selectivity [47-49].  This observation is best 

represented by a conceptual “upper bound” where all permeability-selectivity data are below an 

empirical line on a log-log scale [50].  Figure 1 shows an example of CO2/N2 upper bound, which 

was proposed by Robeson in 2008 [51].  The upper bound takes the form: 

𝛼𝛼𝑖𝑖𝑖𝑖 =
𝛽𝛽𝑖𝑖𝑖𝑖
𝑃𝑃𝑖𝑖
𝜆𝜆𝑖𝑖𝑗𝑗

(9) 
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where the parameters 𝛽𝛽𝑖𝑖𝑖𝑖 and 𝜆𝜆𝑖𝑖𝑖𝑖 are for a specific gas pair and 𝑖𝑖 is the more permeable species.  

As new polymers were synthesized and the gas separation characteristics became available, 

updated upper bounds were published.  For instance, Comesaña-Gándara et al. revised the 2008 

CO2/N2 upper bound in 2019 based on a series of ultra-permeable iptycene-based polymers of 

intrinsic microporosity (PIMs) [52].  The shift, however, was mainly reflected in a larger value of 

𝛽𝛽𝑖𝑖𝑖𝑖 rather than a significant change in the slope of the upper bound (i.e., 𝜆𝜆𝑖𝑖𝑖𝑖). 

 

 

Figure 1. Experimental data of CO2/N2 separation and an empirical upper bound proposed by 

Robeson in 2008.  Adapted from Ref. [51]; copyright Elsevier. 

 

Although the upper bound is an empirical correlation, theoretical analysis has been carried out 

by Freeman et al. to justify and predict the position and slope of the upper bound [40,53].  In their 

theory, the slope is correlated to the kinetic sizes of the gas pair by the activation energy theory: 

𝜆𝜆𝑖𝑖𝑖𝑖 = �
𝑑𝑑𝑗𝑗
𝑑𝑑𝑖𝑖
�
2

− 1 (10) 
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and 𝛽𝛽𝑖𝑖𝑖𝑖 is expressed as: 

𝛽𝛽𝑖𝑖𝑖𝑖 = �
𝑆𝑆𝑖𝑖
𝑆𝑆𝑗𝑗
� 𝑆𝑆𝑖𝑖

𝜆𝜆𝑖𝑖𝑖𝑖 ∙ exp �−𝜆𝜆𝑖𝑖𝑖𝑖 �𝑏𝑏 − 𝑓𝑓 �
1 − 𝑎𝑎
𝑅𝑅𝑅𝑅 ��� (11) 

where 𝑆𝑆𝑖𝑖 and 𝑆𝑆𝑗𝑗 are given by Eq. (4) [53].  Apparently, 𝜆𝜆𝑖𝑖𝑖𝑖 is only a function of the kinetic sizes of 

the gas pair but 𝛽𝛽𝑖𝑖𝑖𝑖 is dependent on the temperature.   

Exemplary upper bound behaviors at temperatures ranging from 200–400 K are shown in 

Figure 2 for CO2/N2, CO2/CH4, H2/CO2, and CO2/H2 separations.  Figure 2 (a) shows the CO2/N2 

upper bound with the strongest temperature dependence, which is in line with the assumption that 

the separation mainly arises from the solubility selectivity (see Table 1).  In order to enhance the 

selectivity, most CO2/N2 separation membranes are operated at 25–35°C [54]; some polyimide 

membranes are even operated at sub-ambient conditions in order to gain the selectivity [55-57].   

Similarly, the CO2/CH4 upper bound depicted in Figure 2 (b) shifts downwards with increasing 

temperature since the separation is driven by both the higher solubility and diffusivity of CO2 

relative to CH4.  However, the temperature dependence is less pronounced compared with the 

CO2/N2 upper bound due to the smaller difference in the condensability values between CO2 and 

CH4.   

For H2/CO2 separation illustrated in Figure 2 (c), the upper bound shifts upwards with 

increasing temperature due to the strong decrease in the CO2 solubility at a higher temperature.  

This feature is the basis of using H2-selective membranes in high-temperature applications such as 

syngas purification [6].  A particular scenario is the CO2/H2 separation demonstrated in Figure 2 

(d), where a reverse-selective membrane must be used to separate the slow-diffusing but more 

condensable species [58].  In this case, a lower temperature again is beneficial for the separation 

because of the enhanced solubility selectivity. 
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Figure 2. Effects of temperature on the predicted upper bounds for (a) CO2/N2, (b) CO2/CH4, (c) 

H2/CO2, and (d) CO2/H2.  Adapted from Ref. [53]; copyright Elsevier. 

 

Other noteworthy theoretical work to ascertain the upper bound behavior includes the group 

contribution methods developed by Park and Paul [59] and by Robeson et al. [60], respectively, 

for the prediction of permeability and selectivity of aromatic polymers, and the data-driven method 
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developed by Alentiev and Yampolskii [61].  Other theories have also been employed to interpret 

the upper bound behavior, such as the lattice fluid theory for the solubility upper bound [62], the 

cohesion energy density theory for the diffusivity upper bound [63], the free volume theory for the 

permeability upper bound in a highly plasticizing environment [64,65], and the resistance-in-series 

model for the permeance upper bound for thin-film composite (TFC) membranes [66].  The 

improved understanding of the permeability/selectivity trade-off not only defines the boundary of 

membrane technology in CO2 separation and capture, but also points out the potential and direction 

for polymer and membrane research.   

 

2.3. Facilitated transport mechanism 

As indicated by Eq. (11), the value of 𝛽𝛽𝑖𝑖𝑖𝑖 is constrained by the 𝑆𝑆𝑖𝑖 𝑆𝑆𝑗𝑗⁄  term, which is entirely 

determined by the Lennard-Jones temperatures of the gas pair (see Eq. (4)).  Since the location of 

the upper bound is mainly controlled by 𝛽𝛽𝑖𝑖𝑖𝑖, the permeability/selectivity trade-off is intrinsically 

caused by the limited physical solubility selectivity.  One approach to overcome the upper bound 

limit is to introduce reactive moieties that can reversibly react with CO2 in a polymeric membrane 

[67].  The reactive moiety is often termed as a carrier, and membranes containing carriers are 

typically referred as facilitated transport membranes (FTMs). 

In a CO2-selective FTM, CO2 molecules dissolve in the polymer on the high-pressure side and 

react with the carriers to form reaction products.  Because of the reversibility of the CO2–carrier 

reaction, the dissolution includes both the physisorption and chemisorption of CO2.  Provided 

certain mobility, the reaction products diffuse down the concentration gradient across the 

membrane.  On the low-pressure side, the low CO2 partial pressure leads to the dissociation of the 

reaction products, by which the CO2 molecules are released and the carriers are regenerated.  The 
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reactive diffusion scheme does not exclude the solution-diffusion of unreacted CO2 molecules.  

Similar to the dual mode sorption model in glassy polymers [43], the overall CO2 flux through a 

FTM can be expressed as: 

𝐽𝐽CO2 =
𝑃𝑃CO2

ℓ
Δ𝑝𝑝CO2 +

𝑃𝑃carrier-CO2

ℓ
Δ𝑝𝑝carrier-CO2

(12) 

where the first term on the right-hand side is the contribution from the solution-diffusion of CO2, 

while the second term represents the facilitated transport [68,69].  The reactive diffusion enhances 

the transport of CO2.  On the contrary, other inert gases (e.g., H2, N2, and CH4) cannot react with 

the carriers and their fluxes based on the solution-diffusion mechanism are typically a few orders 

of magnitude lower than that of CO2 [26].   

Amines are the most exploited carriers for the synthesis of CO2-selective FTMs owing to the 

rich amine–CO2 chemistry.  CO2 can react with a primary or secondary amine as a electrophile 

and form a zwitterion [70]: 

CO2 + R–NH2 ⇌ R–NH2+–COO– 

The zwitterion quickly degenerates to a carbamic acid via an intramolecular proton transfer: 

R–NH2+–COO– ⇌ R–NH–COOH 

The carbamic acid then reacts with another amine to form carbamate and ammonium ions: 

R–NH–COOH + R–NH2 ⇌ R–NH–COO– + R–NH3+ 

This so-called “zwitterion mechanism” requires 2 moles of primary or secondary amine for 1 mole 

of CO2. 

A tertiary amine, on the other hand, cannot form carbamate with CO2 because of the lack of a 

labile proton.  Instead, it reacts with CO2 following a Brønsted acid-base reaction in the presence 

of water: 

CO2 + R1R2–N–R3 +  H2O ⇌ HCO3– + R1R2–NH+–R3 
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where 1 mole of tertiary amine is needed for 1 mole of CO2.  Although tertiary amines exhibit an 

advantageous reaction stoichiometry relative to primary and secondary amines, their reaction 

kinetics is severely limited by the slow formation rate of carbonic acid from CO2 and water [71].  

Figure 3 shows a schematic of CO2 transport vs. other inert gases through an amine-containing 

FTM [72].  As seen, the carrier can either be polymeric with amino groups covalently bound to 

the polymer backbone, or a small molecular amine that is mobile in the polymer matrix.  The 

former is often termed as a fixed-site carrier while the latter as a mobile carrier [73].  For the fixed-

site carrier, the amino groups can only fluctuate near their equilibrium positions.  In this case, CO2 

molecules can hop among neighboring amino groups via the formation and breakage of the 

carbamate bond [72-75].  The mobile carrier, on the other hand, can form a mobile carbamate or 

bicarbonate ion with CO2, which typically possesses a better mobility compared with the hopping 

mechanism for the fixed-site carrier [76]. 

 

Figure 3. Schematic of gas permeation through a facilitated transport membrane.  Adapted from 

Ref. [77]; copyright American Chemical Society (ACS). 
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3. Emerging Polymeric Membrane Materials 

Emerging polymeric membrane materials for CO2/gas separation are reviewed in this section 

based on the polymer architecture and the polymer–CO2 interaction.  Seven classes of polymers 

are discussed, including (1) ether oxygen-rich polymers, (2) polymeric ionic liquids, (3) 

perfluoropolymers, (4) thermally rearranged polymers, (5) glassy polymers with iptycene as 

building block, (6) other non-reactive polymers, and (7) facilitated transport polymer membranes.  

Other important membrane families such as mixed matrix membranes and carbon molecular sieve 

membranes are beyond the scope of this review, but their information can be found in recent 

reviews [78,79]. 

3.1. Ether oxygen-rich polymers 

Among the many efforts to enhance the CO2 solubility selectivity in polymers, the most 

successful example is a family of rubbery polymers that contain high content of ether oxygen [80-

82].  It is known that CO2 is affinitive to ether (–C–O–C–) linkage via quadrupole-quadrupole 

interaction [83].  Due to the uneven distribution of charges in the ether linkage, the carbon atoms 

carry partially positive charge while the oxygen atom is partially negative.  The symmetric CO2 

molecule has a permanent electrical quadrupole moment and tends to align its oxygen atoms near 

the positively charged regions (carbon) of the ether-containing polymer while positioning its 

carbon atom near the negatively charged regions (oxygen).  This net attraction promotes the 

solvation of CO2 and the CO2 solubility could increase with a greater content of ether oxygen. 

Liu et al. used density functional theory (DFT) and studied the binding geometries between 

CO2 and three oligomers: nonane (O:C = 0), diethylene glycol dimethyl ether (diglyme) (O:C = 

0.5), and 1-methoxy-2-(methoxymethoxy)ethane (TOO) (O:C = 0.6) [84].  As shown in Figure 4, 

a higher O:C ratio increases the binding energy and potentially could enhance the CO2 solubility.  
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Albeit its high affinity to CO2, flexible ether linkages tend to form semi-crystalline regions in 

polymers.  For instance, poly(ethylene oxide) (PEO) has a O:C ratio of 0.5 but a low CO2 

permeability of merely 12 Barrer [85].  These semi-crystalline regions not only hamper the 

diffusion of CO2, but also make the ether groups inaccessible to CO2 interaction. 

 

 

Figure 4. Binding geometries and energies of CO2 and oligomers with various ether oxygen 

contents.  Bond lengths are in the unit of Å. Key: C, gray; O, red; H, white.  Adapted from Ref. 

[84]; copyright Elsevier.   

 

In order to suppress the crystallinity of ether oxygen-rich polymers, various approaches have 

been developed in the literature, including (1) copolymerization with bulky, rigid segment, (2) 

blending with low MW moiety to disrupt chain packing, and (3) formation of secondary polymer 

chains by crosslinking or branching.  The CO2 permeabilities and CO2/gas selectivities of 

representative emerging ether oxygen-rich polymers are summarized in Table S1 in the Supporting 

Information (SI) based on the synthesis strategy. 

Block-copolymerization of ethylene oxide segments and certain rigid segments is an efficient 

method to suppress the crystallinity of PEO.  The hard segments disrupt the chain packing and 

increase the fractional free volume (FFV), while the soft ethylene oxide segments are responsible 

for the CO2 affinity.  The first few ether-rich block copolymers are under the trade name Pebax® 
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and Polyactive™, in which polyamide (PA) and poly(butylene terephthalate) (PBT) are used as 

the rigid segments, respectively [37,86].  Compared with PEO, these commercial copolymers 

exhibited an improved CO2 permeability as high as 150 Barrer with a CO2/N2 selectivity ca. 50 at 

25°C.  Particularly, the CO2/N2 selectivity is of interest for CO2 capture from dilute sources such 

as flue gases [16].  TFC membranes were synthesized with these block copolymers [87], and a 

high CO2 permeance of 1815 GPU with a CO2/N2 selectivity of 50 was reported by Yave et al. 

[88].   

Other even bulkier rigid segments have also been used and reported in the literature, such as 

polyvinyl chloride (PVC) [89], polyacrylonitrile (PAN) [90,91], and pentiptycene-based 

polyimide (Pent-PI) [92,93].  Reijerkerk et al. synthesized a block copolymer based on a 

poly(ethylene oxide-ran-propylene oxide) (PEO-ran-PPO) soft segment and a monodisperse tetra-

amide (T6T6T) hard segment [55].  This copolymer exhibited a high CO2 permeability of 470 

Barrer and a CO2/N2 selectivity of 43 at 35°C. 

In order to refrain the crystallinity in the abovementioned block copolymers, the fraction of the 

ethylene oxide phase typically is low, which limits the solubility of CO2.  Therefore, the block 

copolymers are often blended with ether-containing oligomers to enhance the membrane 

performance.  Short chain polyethylene glycol (PEG) with a MW of 100–2000 Da was blended 

with Polyactive™ [86] and Pebax® [94], and the increased ether content rendered a CO2 

permeability greater than 500 Barrer with a CO2/N2 selectivity higher than 30.  The improved CO2 

permeability was attributed to the higher CO2 solubility as well as the higher free volume.   

The terminal groups on PEG could also provide another control to disrupt the packing of the 

ethylene oxide phase.  Yave et al. blended PEG-dibutyl ether (PEG-DBE) with Polyactive™ and 

registered a high CO2 permeability of 750 Barrer with a CO2/N2 selectivity of 40 at 30°C [86].  
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PEG moieties with terminal groups, such as methyl ether, ally ether, divinyl ether, butyl ether, etc., 

were incorporated into Pebax® MH1657 [95].  In general, these terminal substituents eliminated 

the hydrogen bond donors on PEG, making the polymer blends more permeable to CO2.   

Other ether-containing brush polymers have also been used to further increase the free volume 

of the polymer blends.  Reijerkerk et al. used poly(dimethylsiloxane-co-methyl(3-

hydroxypropyl)siloxane)-g-poly(ethylene glycol)methyl ether (PDMS-g-PEGME) as the ether 

additive, resulting in a CO2 permeability of 896 Barrer with a CO2/N2 selectivity of 36 at 35°C 

[96].  A self-crosslinkable poly(glycidyl methacrylate-g-polypropylene glycol)-co-

poly(oxyethylene methacrylate) (PGP-POEM) brush polymer was added in Pebax-1657, which 

led to a 2.5-fold enhancement in CO2 permeability compared to the neat membrane [97].  TFC 

membranes were also synthesized by blending poly(ethylene glycol)dimethyl ether (PEGDME-

500) [98] and poly(ethylene glycol)-b-poly(pentafluoropropylacrylate) (PPFPA) [99] into Pebax®.  

These TFC membranes demonstrated a CO2 permeance of 940 GPU with a surprisingly high 

CO2/N2 selectivity of 30 at an elevated temperature of 57°C. 

Ether-rich polymers can also be synthesized via the crosslinking of ethylene oxide-containing 

monomers or oligomers.  The initial work was based on the photopolymerization of various 

methacrylate monomers, where chain packing was an impossibility in the highly crosslinked 

polymer network [100-105].  Another interesting building block for the crosslinked ether-rich 

network is polyether terminated with amino groups.  Jeffamine®, a commercial polyether diamine, 

has been used to crosslink with multidentate epoxide [106-108] and acyl chloride [109].  A recent 

work by Li et al. demonstrated the crosslinking of diethylene glycol bis(3-aminopropyl)ether 

(DGBAmE) and trimesoyl chloride (TMC) via interfacial polymerization; the TFC membrane 

exhibited a CO2 permeance of 1310 GPU with a CO2/N2 selectivity of 33 at 22°C [110]. 
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Recently, a new family of comb polymers have been synthesized by Liu et al. using 

heterocyclic acetals [84].  Alkoxy acrylate was used to induce the ring opening of the heterocyclic 

acetal and subsequently graft the ether-containing segment onto the vinyl substrate.  This vinyl 

monomer was then photopolymerized to afford a vinyl polymer with side chains containing ether 

groups.  As shown in Figure 5, a poly(1,3-dioxolane) with a high O:C ratio of 0.67 exhibited a 

high CO2 permeability of 1400 Barrer and a CO2/N2 selectivity of 64 at 70°C.  This might be the 

first polyether that demonstrated a high CO2/N2 selectivity at a temperature considerably higher 

than room temperature.  Liu and coworkers also used 1,3,5-trioxane as the cyclic acetal and 

achieved an O:C ratio of 0.8 in the synthesized comb polymer [111].  However, this polymer 

possessed a low FFV due to the extremely high ether content, thus a low CO2 permeability.   

 

 

Figure 5. Structure and CO2/N2 transport performance of poly(1,3-dioxolane) at 70°C.  Adapted 

from Ref. [84]; copyright Elsevier. 
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Despite the great potential of the ether-rich polymers for CO2/N2 separation, these polymers 

do not possess sufficient CO2/H2 and CO2/CH4 selectivities for applications such as pre-

combustion carbon capture and natural gas sweetening (see Table S1 in the SI).  As discussed in 

Section 2.1, the low CO2/H2 diffusivity selectivity offsets the benefit of the high CO2/H2 solubility 

selectivity contributed by the ether groups.  These polymers also lack the size-sieving ability to 

enhance the CO2/CH4 diffusivity selectivity.  A recent work by Harrigan et al. used methylidynetri-

p-phenylene triisocyanate (PTI), a tridentate rigid crosslinker, to polymerize PEG oligomers [112].  

The rigidification of the crosslinked PEG provided certain hindrance on the diffusion of CH4,  

which rendered a CO2/CH4 selectivity greater than 60 but a low CO2 permeability of 0.07 Barrer.  

 

3.2. Polymeric ionic liquids 

Room temperature ionic liquids (RTILs) are organic/inorganic salts that exhibit liquid-like 

properties at ambient conditions.   RTILs are typically non-volatile and thermally stable owing to 

the strong ionic strength.  RTILs have been widely studied as absorbents for CO2 capture due to 

their high CO2 solubility and low volatility [113].  In addition, supported liquid membranes 

(SLMs) have been synthesized by impregnating RTILs into porous membranes [114-117].  These 

SLMs showed potentials for CO2/N2 and CO2/CH4 separations, but cannot withstand a high 

transmembrane pressure differential, under which the RTILs tend to leach out [114].  The stability 

concerns sparked the development of polymeric ionic liquids (poly(RTIL)s) [118,119].  Based on 

how the IL moieties are incorporated in the polymer, the poly(RTIL)s can be categorized into three 

motifs: (1) crosslinked ion-gel membranes, (2) poly(ionene)s, and (3) poly(ionomer)s.  The CO2 

vs. gas transport performances of relevant poly(RTIL)s are summarized in Table S2 in the SI based 

on the synthesis strategy.  
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A natural extension of the SLM concept is to use a highly crosslinked polymer rather than a 

porous membrane to host the RTILs.  The RTIL is often blended with the monomer or oligomer 

prior to the crosslinking so that a molecularly mixed ion-gel mixture can be formed.  Various 

crosslinked polyethers have been synthesized as the hosting polymers.  On one hand, a high content 

of RTILs can be impregnated into proper polyethers without phase separation; on the other hand, 

the RTILs can plasticize these polyethers and significantly enhance the gas diffusivity [120].  The 

most common synthesis scheme is to photopolymerize an ethoxylated acrylate monomer with a 

multi-amine via Michael addition [121] or with a multi-thiol via thiol-Michael addition [122].  At 

least one of the two monomers should be tridentate in order to form the crosslinked network.   

In a recent work by Deng et al., poly(ethylene glycol) diacrylate (PEGDA) was polymerized 

with a triamine, tris(2-aminoethyl)amine (TAEA) to form an ether-rich rubber as shown in Figure 

6 with a glass transition temperature below –40°C [121].  Four conventional RTILs with different 

anions (i.e., [Bmim][BF4], [Bmim][PF6], [Bmim][TCM], and [Bmim][Tf2N]) were blended with 

the polymer network at a RTIL loading as high as 80%.  Among them, the membrane containing 

[Bmim][Tf2N] demonstrated the best CO2 permeability of 135 Barrer and a CO2/N2 selectivity of 

45 at 35°C. 
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Figure 6. Synthesis scheme of the cross-linked tris(2-aminoethyl)amine-poly(ethylene glycol) 

diacrylate membrane.  Adapted from Ref. [121]; copyright ACS. 

 

A polymer network with an even higher ether oxygen content was reported by Kusuma et al. 

by using 3,6-dioxa-1,8-octanethiol and ethoxylated trimethylolpropane triacrylate, a branched 

acrylate with a 20:3 ethylene glycol/acrylate ratio [122].  The cation effect of the RTIL was studied 

by incorporating a series of [Tf2N]-based RTILs into the ion-gel membranes, with [emim][Tf2N] 

showing the highest CO2 permeability of 529 Barrer and a CO2/N2 selectivity of 31 at 40°C.  In 

this case, the imidazolium ring in the [emim]+ cation was closely associated to the ether linkage 

through the acidic proton on the C-2 position of the imidazolium ring, leaving the two terminal 

methyl groups dangling away from the polymer chain [123].  This short chain impingement further 

plasticized the polymer network (evidenced by a reduced glass transition temperature from –44 to 

–61 °C), leading to a higher gas diffusivity.   

The PEG-based thiol could also be replaced by a thiol-decorated polysiloxane, and the resultant 

PEO-siloxane copolymer improved the CO2/N2 selectivity to 54 at 40°C [124].  It is apparent that 

subtle changes to the polymer structure could greatly affect the gas permeability and selectivity.  

In general, an ethoxylated acrylate with a shorter PEG chain often results in a tighter polymer 
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network, which tends to (1) limit the impregnation of a high content of RTILs, (2) render a lower 

free volume of the ion gel, and (3) result in a more fragile film [120]. 

The high CO2/N2 separation performance of the abovementioned ion-gel membranes is only 

achievable at a high RTIL content.  However, phase separation can occur with increasing RTIL 

loading, and the phase stability generally weakens at a higher temperature [125,126].   In order to 

address these membrane formation issues, methods to incorporate the ionic groups directly onto 

the polymer have been developed, and these research efforts follow two motifs: poly(ionene)s and 

poly(ionomer)s.  In a poly(ionene), a cationic or anionic group is directly constructed in the 

polymer backbone; however, the ionic group is connected to the polymer chain as a pendent group 

in a poly(ionomer). 

A series of rigid poly(ionene)s were synthesized by Bara’s group by incorporating imidazolium 

group into Tröger’s base-containing polymers [127] and polyimides [128] with [Tf2N]– as the 

counterion.  These poly(ionene)s did not exhibit any nanoscale phase separation, but the rigid 

polymer backbone resulted in a low free volume and thus a low CO2 permeability less than 20 

Barrer.  A more successful effort was reported by Yin et al. for the synthesis of a new imidazolium 

monomer with two amino terminal groups [129].  As shown in Figure 7, this monomer was 

polymerized with diglycidyl ether and triglycidyl ether, resulting in linear and branched 

poly(ionene)s, respectively.  After blending with [emim][Tf2N], the branched poly(ionene) 

showed an exceptional CO2 permeability of 2070 Barrer and a decent CO2/N2 selectivity of 25 at 

35°C. 
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Figure 7. Synthesis of crosslinked poly(ionene) via the Debus-Radziszewski reaction.  Adapted 

from Ref. [129]; copyright Elsevier. 

 

Compared with the poly(ionene)s, poly(ionomer)s are typically low-free-volume glassy 

polymers with unattractive gas separation performance themselves.  However, low MW RTILs 

can serve as permanent plasticizers and greatly enhance the polymer free volume.  Ito et al. 

incorporated 1-butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide ([C4mim][Tf2N]) 

into a sulfonated polyimide [130].  At a loading of 75 wt.% of the RTIL, a bicontinuous 

nanostructure was formed with IL-rich and IL-lean phases, resulting in a high modulus of the film 

and a CO2 permeability of 431 Barrer with a CO2/N2 selectivity of 30 at 30°C.  Once again, a softer 

polymer chain generally improves the gas diffusivity in the poly(ionomer).   

Linear pyrrolidinium polycation ([HPyr]+) has been reported to yield a higher CO2 diffusivity 

than other rigid poly(ionomer)s [131].  The membrane performance was greatly improved when 

this poly(ionomer) was paired with bulky cyano-functionalized anions, such as [C(CN)3]–, 
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[N(CN)2]–, and [B(CN)4]– [131,132].  These bulky anions outperformed the conventional [Tf2N]– 

anion and demonstrated a CO2/N2 selectivity as high as 61 at 20°C. 

Similar to the ether oxygen-rich polymers, poly(RTIL) membranes lack the size-sieving ability 

and mainly rely on the CO2/gas solubility selectivity for the separation.  Therefore, most of the 

work in this area targeted CO2/N2 separation.  CO2/CH4 separation data were occasionally reported 

[127,128] while application in CO2/H2 separation is seldomly seen. 

 

3.3. Perfluoropolymers 

Perfluoropolymers are a family of fluorinated polymers with most or all the C–H bonds 

replaced by stronger C–F bonds.  The high C–F bond energy (485 kJ/mol vs. 346 kJ/mol for C–C 

bond) and the protective sheath of the bulky fluorine atoms around the C–C polymer backbone 

make perfluoropolymers extremely resistant to harsh thermal and chemical environments [133].  

Although the early generations of fluorinated vinyl polymers (e.g., polytetrafluoroethylene 

(PTFE)) were extensively used in numerous commercial applications, they did attract much 

interest in gas separation due to the low gas permeability and poor solvent processability [134].   

However, since mid-1980s, a new class of amorphous perfluoropolymers were developed, such 

as Teflon™ AF, Hyflon™ AD, and Cytop™ as shown in Figure 8.  The bulky dioxole monomer 

disrupts the chain packing, which renders a higher gas diffusivity as well as a better solubility in 

fluorinated solvents [135].  The CO2/gas separation performances of these commercial 

perfluoropolymers are summarized in Table S3 in the SI.  As seen, these amorphous glasses 

generally exhibited a high CO2 permeability, which was partly attributed to the pre-existing 

microchannels in these materials [136].  For instance, Teflon™ AF2400 showed a CO2 

permeability as high as 2200 Barrer at 35°C [137].  Various fluorocarbon solvents, e.g., Vertrel® 
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XF and Novec™ 7200, have been developed and allowed for the solvent processing of these 

perfluoropolymers into TFC membranes, which demonstrated a CO2 permeance greater than 1000 

GPU [138].  A pitfall of these commercial perfluoropolymers, however, is the low CO2/gas 

selectivity.  Although certain CO2/CH4 separation could be observed due to the overall low 

hydrocarbon sorption (e.g., CH4), the permselectivity is inadequate for applications such as natural 

gas sweetening [139].   

 

 

Figure 8. Structures of commercial fluorinated polymers and perfluorodioxolane polymers.   

 

A noticeable trend of research in this area is the synthesis of novel perfluorodioxolane 

monomers such as perfluoro-(2-methylene-4-methyl-1,3-dioxolane) (PFMMD) and perfluoro-(2-

methylene-1,3-dioxolane) (PFMD).  Although the homopolymers of these perfluorodioxolane 

monomers (see Figure 8) did not show promising CO2/gas separation performance [140], these 

monomers can be copolymerized with other existing fluorovinyl monomers.  For instance, Belov 
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et al. copolymerized PFMMD with pentafluorostyrene (PFSt), resulting a copolymer that was 

soluble in common solvents such as acetone and tetrahydrofuran [141].   

A more versatile synthesis route was developed by Fang et al., where PFMMD was 

copolymerized with PFMD and chlorotrifluoroethylene (CTFE), respectively [142].  Although 

these copolymers were only soluble in specialty fluorinated solvents, TFC membranes were 

synthesized with a selective layer thickness of ca. 200 nm, and the membranes demonstrated a CO2 

permeance greater than 400 GPU and a high CO2/CH4 selectivity of 55.  An alternative approach 

is to add perfluoropolyether into the perfluorodioxolane as a plasticizer.  Chiang et al. reported 

that the addition of Fomblin® Z60 ((–CF2–CF2–O–)n, n = 112) in poly(PFMMD) greatly increased 

the CO2 permeability with a slight reduction in the CO2/CH4 selectivity [143]. 

The physical aging and plasticization by hydrocarbon vapors have also been studied for 

commercial perfluoropolymers [144-147].  Perfluoropolymers showed a slower physical aging 

compared with other high-free-volume glassy polymers.  In addition, the low hydrocarbon sorption 

also bestowed perfluoropolymers the ability to retain the CO2/CH4 selectivity under highly 

plasticizing conditions.  Therefore, novel amorphous perfluoropolymers can be well-suited for 

natural gas sweetening. 

 

3.4. Thermally rearranged (TR) polymers 

In 2007, Park et al. reported a new class of polymers where rigid and planar macromolecules 

could be formed by the thermal rearrangement of polyimides and polyamides containing ortho-

functionalized groups [148].  The general scheme of the thermal rearrangement is shown in Figure 

9.  For a poly(hydroxyimide) precursor (i.e., TR-α precursor), an intramolecular cyclization is 

initiated between the hydroxyl and imide groups with a quantitative loss of CO2.  The TR process 
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leads to the formation of a rigid rod-like benzoxazole-phenylene structure (TR-α-PBO), which 

disrupts the chain packing and renders a bimodal cavity distribution [148-151].  The larger cavities 

serve as the channels for fast gas diffusion, while the smaller ones are capable of molecular sieving 

[152].   

 

Figure 9. Thermally rearrangement mechanism of (a) TR-α and (b) TR-β.  Adapted from Ref. 

[153]; copyright Elsevier. 

 

Similar TR processes can occur for amino group in the ortho position, resulting in the formation 

of  polybenzimidazole (PBI) (TR-α-PBI) [154].  The TR reaction for thiol group has also been 

proposed as shown in Figure 9 (a), but to the best of our knowledge, no example of the resultant 

TR polybenzothiazole has been reported in the literature, likely due to the poor nucleophilicity of 

the thiol group [155].   



 
 

30 
 

Table S4 in the SI summarizes the transport properties of several TR-α polymers as well other 

selected TR polymers.  These TR-α polymers exhibited CO2 permeabilities as high as 4045 Barrer 

with CO2/N2 selectivities higher than 20 and CO2/CH4 selectivities in the range of 40–50.     

Positron annihilation lifetime spectroscopy and molecular modeling have shown that the 

conversion of the polyimide precursor to the TR-α-PBO or TR-α-PBI led to an increase in the free 

volume, thereby increases in both gas diffusivity and solubility [156-158].  Hollow-fiber (HF) 

membranes were also prepared by TR-α-PBO with a high CO2 permeance of 2500 GPU and a 

CO2/CH4 selectivity of 22 [159,160]. 

In order to produce TR-α polymers with good separation performance, the polyimide 

precursors are generally treated at >400°C, and the resultant films are often brittle and cannot be 

made into a modular configuration [161].  One approach to reduce the TR temperature is to use 

ortho-functionalized poly(hydroxyamide)s as the precursors as shown in Figure 9 (b).  TR 

polymers synthesized following this route are termed as TR-β polymers.  The synthesis of the 

polyamide precursor involves the use of a diacyl chloride rather than the bulkier dianhydride used 

for TR-α polymers.  In addition, the aromatic amide linkage is more flexible than the aromatic 

imide linkage for the same hydroxyl group at the ortho position.  As a result of these two factors, 

the TR temperatures into TR-β polymers are about 100°C lower than those for TR-α polymers, but 

the cavity size of TR-β polymers is also smaller [153,162,163].  Consequently, TR-β polymers 

generally exhibited lower CO2 permeabilities as shown in Table S4 in the SI. 

TR polymers are subject to physical aging like other glassy polymers with high excess free 

volume [164].  As shown in Figure 10 (a), chain relaxation caused the collapse of the 

microstructure of a TR-α-PBO, which led to a loss of CO2 permeability but an increased CO2/CH4 

selectivity [165].  However, the extent of aging was less severe compared with its 
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poly(hydroxyimide) precursor due to the overall higher chain rigidity.  In-situ restoration was also 

demonstrated by exposing the TR polymers to methanol.  As illustrated in Figure 10 (b), a TR-α-

PBO HF went through the in-situ methanol treatment twice during a course of 703 days, and each 

time the CO2 permanence was well recovered [166]. 

 

 

Figure 10. (a) Physical aging of a TR-α-PBO and its poly(hydroxyimide) precursor for 6 months; 

(b) Evolution of CO2 permeance and CO2/N2 selectivity of a TR-α-PBO HF during physical aging 

and regeneration by methanol.  Adapted from Refs. [165,166]; copyright Elsevier. 

 

The brittleness and unsatisfactory membrane forming ability of TR-α polymers can also be 

addressed via crosslinking.  Various attempts have been reported in the literature by using 3,5-

diaminobenzoic acid (DABA) as a crosslinkable building block.  DABA was used to synthesize 

the aromatic dianhydride and then polymerized with the hydroxy diamine to afford the 

crosslinkable poly(hydroxyimide) precursor.  The carboxyl group on the DABA unit was then 

crosslinked by a mono-esterification reaction with diol [167] or by a decarboxylation reaction with 
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another DABA unit [168-170] as shown in Figure 11.   Additional excess free volume was created 

during the crosslinking reaction, resulting in an improved CO2 permeability.  In addition, the 

interconnected polymer network can mitigate the plasticization of these glassy polymers in high-

pressure applications such as natural gas sweetening. 

 

 

Figure 11. Schematic synthesis process of a crosslinked TR-α-PBO.  Adapted from Ref. [170]; 

copyright Elsevier. 

 

Copolymerization of TR polymers is another widely explored area with purposes of: (1) 

combining TR polymers with other glassy polymers such as aromatic polyamides [171] and 

polyimides [172] and (2) combining different TR polymers  [173].  The incorporation of non-TR-
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able glassy polymers could improve the mechanical properties of the TR polymers; the gas 

permeability changes based on the chain rigidity and bulkiness of the non-TR-able units.  For 

instance, the incorporation of imide segments derived from 2,3,5,6-tetramethyl-1,4-

phenylenediamine (4MPD) and 4,4′-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) led 

to a reduced CO2 permeability [172]; however, the CO2 permeability was increased to a great deal 

when the diamine, 4MPD, was replaced by a bulky 9,9-bis(3-amino-4-hydroxyphenyl)fluorene 

(bisAHPF) unit [174].   

A copolymer containing different types of TR units could exhibit advantageous characteristics 

from both TR polymers.   For instance, Choi et al. synthesized a TR-PBO-co-PPL copolymer, 

which showed a good CO2 permeability of 525 Barrer (from the TR-PBO units) and an exceptional 

CO2/CH4 selectivity of 78 (from the TR-PPL units) [173]. 

TR polymers can also be copolymerized with PIMs, another class of highly rigid polymer.  The 

main characteristic of PIMs is their contorted backbone derived from the spiro-center or Tröger's 

base [164].  Li et al. reported a series of spiro-TR-PBOs that contained a spiro-center in the TR-β 

backbones [175].  The TR process increased the CO2 permeability by six folds compared to that 

of the precursor.  Hu et al. copolymerized a TR-able poly(hydroxyimide) and a non-TR-able 

polyimide containing the highly rigid Tröger's base unit as shown in Figure 12 [176].  The 

synergistic effect between the TR and Tröger's base units resulted in an improved CO2 

permeability of 541 Barrer and a CO2/CH4 selectivity of 32, which was significantly higher than 

the neat TR and PIM counterparts.  The mechanical properties of the copolymer were also 

significantly improved. 
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Figure 12. Synthesis of a TR-PBO copolymer containing Tröger's base units.  Adapted from Ref. 

[176]; copyright Elsevier. 

 

Overall, as the state-of-the-art glassy polymers with the highest chain rigidity and cavity 

uniformity, TR polymers have great potentials in CO2/CH4 separation as well as applications in 

certain CO2/N2 separation scenario.  Progress has also been witnessed in recent years for the HF 

membrane synthesis of TR polymers [177-179], which is a key step for increasing the membrane 

packing density.   
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3.5. Iptycene-containing polymers 

An emerging building block for the synthesis of shape-persisting, rigid polymers is iptycene, 

which is a class of 3-D molecules with arene rings fused to a [2,2,2]bicyclooctatriene  bridgehead 

[180].  The most commonly utilized iptycenes in gas separation membranes are (1) triptycene 

(Trip), (2) extended triptycene (exTrip), and (3) pentiptycene (Pent) [181].  As shown in Figure 

13, the clefts of the arene “blades” form an internal free volume (IFV, 31 Å3 and 133Å3 for Trip 

and Pent, respectively) within the iptycene units, which is preserved when built into the polymer 

backbone and can provide certain size-sieving ability for light gas separation [182,183].  Because 

of the rigid and shape-persisting nature of the iptycenes, the IFV does not collapse as opposed to 

other high-free-volume polymers, thus less tendency to physical aging [184].   

 

 

Figure 13. Synthesis of 6FDA-iptycene polyimides by using (a) triptycene and extended triptycene 

and (b) pentiptycene.  Adapted from Refs. [182,183]; copyright Elsevier. 

 

In addition, diverse chemistry is available to change the substituent groups on the iptycenes, 

and these functional groups can be used in numerous polycondensation reactions to incorporate 
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the iptycene units in a variety of glassy polymers [185].  Based on the backbone architecture, these 

iptycene-containing polymers fall into three structures: non-ladder, semi-ladder, and ladder 

polymers.  Table S5 in the SI summarizes the transport properties of representative examples. 

The iptycene-containing non-ladder polymers are typically a family of polyimides with the 

iptycene units introduced by the dianhydride or diamine (see Figure 13).  6FDA has been widely 

used as the dianhydride to polymerize with 2,6-diaminotriptycene (DAT1) [186], its extended 

triptycene diamine derivative (DAT2) [182], and pentiptycene diamine (PPDA) [183,187].  

Compared to their neat polyimide counterparts, the free volume of these iptycene-polyimides could 

be increased by ca. 40%, which was beneficial for the gas diffusivity and permeance [182].  Wide-

angle X-ray diffraction (WAXD) studies showed that the average interchain spacing of these 

iptycene-polyimides was in the range of 5–6 Å, which was partially attributed to the IFV of the 

iptycene units  [186].  The CO2/gas selectivities, however, were not much different compared to 

the neat polyimides because the retainment of the large cavities caused by the inefficient chain 

packing. 

In order to further refine the cavity size distribution, the triptycene unit was introduced in TR 

polymers, and the gas separation performances of the derived TR-PBO membranes have been 

widely studied [188,189].  The triptycene unit was retained during the TR process and improved 

the size-sieving ability of the TR polymers.  A CO2 permeability of 270 Barrer and an exceptional 

CO2/CH4 selectivity of 67 were registered by an triptycene-containing TR-α polymer [189].  A 

series of TR-polyimide copolymers containing the triptycene units were also synthesized with the 

purpose to combine the size-sieving ability of iptycene and the good processibility of TR 

copolymers [190,191].  In particular, a TR-α-PBO-polyimide copolymer with triptycene units in 

the TR segments exhibited a high CO2 permeability of 519 Barrer and a CO2/CH4 selectivity of 58 
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[191].  Because of its potential for the use in natural gas sweetening, the TR conditions, mixed gas 

sorption, and aging properties of this polymer were extensively studied [192,193].   

In order to further increase the interchain spacing and overcome the upper bound trade-off, the 

imide linkage can be replaced by a more rigid semi-ladder or ladder backbone.  In this case, the 

single-bond connections are partially or completely replaced by two-bond connections with 

restricted rotation freedom.  The archetype for the semi-ladder, iptycene-containing polymers is a 

series of PIM-polyimide (PIM-PI) copolymers, such as KAUST-PIs [194,195].  As illustrated in 

Figure 14, these PIM-PIs fused the triptycene unit into the backbone for the restriction of chain 

rotation.  The bridgehead substituent groups on the triptycene unit and the ortho-functional group 

on 6FDA were varied to further tune the free volume and chain packing properties.   

 

 

Figure 14. Hydroxyl-functionalized polyimides, derived from 2,2-bis(3-amino-4-hydroxyphenyl)-

hexafluoropropane (APAF), containing conventional 6FDA and PIM-type 9,10-diisopropyl-

triptycene dianhydrides (TPDA).  Adapted from Ref. [196]; copyright Elsevier. 

 

For the polyimides illustrated in Figure 14, Swaidan et al. showed that a diisopropyl-substituted 

triptycene could significantly stiffen the chain, while the introduction of hydroxyl groups on the 

6FDA unit could promote the chain-to-chain interaction via hydrogen bonding [196].  As listed in 
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Table S5 in the SI, these semi-ladder, triptycene-based PIM-PIs generally exhibited a higher CO2 

permeability but lower CO2/CH4 and CO2/N2 selectivities compared with the iptycene-based non-

ladder polyimides.  In addition, a semi-ladder polyimide that did not contain a PIM segment was 

reported by Mao et al., in which the triptycene unit was introduced by the diamine monomer [197]. 

The PIM-based semi-ladder polymers discussed above all feature certain contortion in the 

backbones.  In full ladder polymers, however, the backbones are super-rigid and ribbon-like with 

no contortion.  The first few iptycene-containing ladder polymers were synthesized by the 

homopolymerization of a triptycene-containing monomer that has dihydroxy groups on one end of 

the monomer and difluoro-functional groups on the other end.  These ladder polymers, namely 

TPIM-1 and TPIM-2, possessed narrow ultra-micropores and a large amount of micropores >10 Å 

[198].   

Other variations containing Tröger’s base in the backbones were also reported [199].  Although 

these ladder polymers were not as permeable as their PIM counterparts, they exhibited a 

significantly improved CO2/gas selectivity, likely because of the reduced free volume caused by 

the  π-π interaction between the iptycene units.  A recent breakthrough was made by McKeown 

and coworkers for the synthesis of a series of 2D ladder polymers fused with extended triptycene 

and its derivatives [52].   Specifically, PIM-BTrip with no substitution on the extended triptycene 

showed high CO2/CH4 and CO2/N2 selectivities.  In combination with the high CO2 permeability, 

the performance of this ladder polymer surpassed both the 2008 Robeson upper bounds for 

CO2/CH4 and CO2/N2 separations.  Updated upper bounds were proposed based on this series of 

polymers, which have been referred as the “2019 upper bounds” in the literature. 
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3.6. Other non-reactive polymers 

The compilation of data in Tables S1–S5 in the SI indicates that these non-reactive polymers 

do not possess sufficient H2/CO2 selectivity for applications such as syngas purification.  Rubbery 

membranes such as polyethers and poly(TRIL)s do not exhibit a good H2/CO2 selectivity due to 

the higher CO2 condensability.  The cavity size in the glassy polymers is too large for the size 

sieving of H2 against CO2.  Therefore, a H2/CO2 selectivity less than 10 is typically observed.  

However, PBIs are regarded as promising materials for H2/CO2 separation due to the inherent 

strong π-π stacking and hydrogen bonding.  PBIs generally have a low FFV in the range of 0.09–

0.17 but a decent interchain spacing ca. 4 Å [30].  Hence, a decent H2/CO2 selectivity of 10–20 

can be achieved at 35°C but the H2 permeability is only 2–3 Barrer [200-202].   

As discussed in Figure 2 (c), the H2 permeability and H2/CO2 selectivity are expected to 

increase simultaneously with increasing temperature.  Such a beneficial effect of operating the PBI 

membranes at a higher temperature was reported by Li et al. for four commercial PBIs [28] and by 

Stevens et al. for a tetraaminodiphenylsulfone-based PBI at 250°C [203].  The H2 permeability 

could increase to as high as 997 Barrer due to the increased H2 diffusivity; however, the H2/CO2 

selectivity was still in the range of 20–30 [28].  In order to further tighten the nanostructure of PBI, 

Zhu et al. used terephthaloyl chloride (TCL), H2SO4, and H3PO4 to crosslink a commercial PBI, 

Celazole® S10 [44,204].  The PBI doped with H3PO4 exhibited a narrower interchain spacing of 

3.6 Å and demonstrated an unprecedented H2/CO2 selectivity of 140 at 150°C. 

Another study to increase the chain rigidity and size-sieving ability was reported by Ali et al. 

via the interfacial polymerization of m-phenylenediamine (MPD) and TMC [205].  Compared with 

conventional reverse osmosis membranes, this crosslinked polyamide was synthesized with a 

higher diamine-to-acyl chloride ratio, which restricted the interchain spacing to ca. 3.5 Å.  In 
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addition, TFC membrane with a selective layer thickness of 100 nm was prepared.  The tight 

polymer nanostructure and the thinness of the membrane resulted in a H2 permeance of 350 GPU 

and a H2/CO2 selectivity of ca. 50 at 140°C. 

For CO2/N2 separation, a new crosslinked polyphosphazene (PPZ) was synthesized by the 

photopolymerization of a PPZ containing 2-allylphenoxy side groups [206].  Specially, the 

crosslinked PPZ was judiciously blended with poly[bis(methoxyethoxyethoxy)phosphazene] 

(MEEP), a low MW PPZ containing a high-content of ether oxygen.  This rubbery polymer blend 

exhibited a high CO2 permeability of 610 Barrer with a good CO2/N2 selectivity of 35 at 40°C.  

The corresponding TFC membrane demonstrated a CO2 permeance of 1200 GPU with a CO2/N2 

selectivity of 31 and did not show any decline in the performance over 2000 h with actual flue gas.   

Maroon et al. reported on a similar ether oxygen strategy, in which 2-methoxyethoxy (–

OEtOMe) groups were grafted on the ε position of the norbornene rings in a poly(norbornene) 

(PNB) [207].  The incorporation of ether groups softened the rigid, bicyclic backbone and hence 

provided certain CO2/N2 solubility selectivity.  Therefore, a CO2 permeability of 733 Barrer and a 

CO2/N2 selectivity of 28 was demonstrated, which were more attractive for post-combustion 

carbon capture than the pristine PNB (a CO2 permeability of 4371 Barrer but with a low CO2/N2 

selectivity of 13 [207]). 

 

3.7. Amine-containing FTMs 

CO2-selective FTMs differ from the previously discussed non-reactive polymers in that the 

CO2/gas separation is achieved by discriminating the reactivity of the gas pair rather than their size 

or condensability.  For this reason, the separation performance of a FTM is not limited by the upper 

bound behavior as discussed in Section 2.2.  Instead, the design principle pivots on two factors: 
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(1) the kinetic characteristics of the CO2–carrier reaction and (2) the mobility and confinement of 

the carrier in the polymeric membrane.  The rich chemical and structural varieties of amines make 

them the ideal carrier for the synthesis of FTMs [208].  Based on how the amine is confined in the 

FTM, these carriers can be distinguished into two archetypes: fixed-site carrier and mobile carrier.   

Table S6 in the SI summarizes the transport properties of selected amine-containing FTMs based 

on the carrier types. 

As fixed-site carriers, polyamines with amino groups either in the polymer backbone or as a 

pendent groups have been reported to possess facilitated transport feature.  The commonly utilized 

polyamines include polyvinylamine (PVAm) [209], poly(ethyleneimine) (PEI) [210], 

poly(allylamine) (PAA) [72], polyamidoamine (PAMAM) dendrimer [211], and chitosan [212-

214] with a reducing density of amino groups at 23.3 = 23.3 > 18.2 > 11.6 > 5.6 mmol/g, 

respectively.  Limited by the low MW or high crystallinity, PEI, PAA, and chitosan are typically 

blended with poly(vinyl alcohol) (PVA) or crosslinked PVA in order to be fabricated into a thin 

film or membrane [72,210].  Extensive hydrogen bonds can be formed between the polyamine and 

PVA, resulting in a fully miscible blends with no phase separation.  The polyamine also serves a 

plasticizer to disrupt the chain packing of PVA.   

In the polyamines, i.e., fixed-site carriers, CO2 molecules hop among the covalently bonded 

amino groups, which not only provide a reactive diffusion pathway for CO2 transport, but also 

increase the overall chemisorption of CO2 in the membrane.  Therefore, exceptional CO2/N2, 

CO2/H2, and CO2/CH4 selectivities can be achieved even at an elevated temperature [215].  For 

low MW polyamines, polyethers and their block copolymers were also reported as good hosts for 

blending [210].  For instance, chitosan was blended with Pebax® MH 1657, a ether-amide block 
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copolymer and resulted in a CO2 permeability of 2884 Barrer and a CO2/N2 selectivity of 65 at 

85°C [212]. 

Polyamidoamine (PAMAM) dendrimer, on the other hand, can be blended in crosslinked PVA 

[211] or copolymerized into the hosting polymer [216].  Taniguchi et al. reported a method to 

extend a zero-generation PAMAM dendrimer by four glycidyl methacrylate moieties, and the 

acrylate sites were then copolymerized with poly(ethylene glycol) dimethacrylate (PEGDMA) to 

form a polymer network containing both ether and amino contents [103].  The resultant polymer 

exhibited a good membrane forming ability, with a CO2 permeability of 132 Barrer and a CO2/H2 

selectivity of 50 at 40°C.  This resultant reverse-selective membrane demonstrated a much higher 

CO2/H2 selectivity owing to the facilitated transport of CO2 in comparison with other rubbery 

polymers listed in Tables S1 and S2 in the SI. 

Among the polyamines used for FTM synthesis, PVAm is known for its highest amino group 

density and excellent processibility.  High MW PVAm can be easily obtained via the free-radical 

polymerization of  N-vinylforamide; the resultant vinyl polymer can then be hydrolyzed to afford 

primary amino groups as pendent groups [217,218].  This hydrophilic polymer can be dissolved 

in water and coated on an ultrafiltration membrane [219].  The resultant TFC membranes 

demonstrated a CO2 permeance greater than 200 GPU and a CO2/N2 selectivity higher than 500 

[220,221].   

It should be noted that the coating of PVAm is not straightforward.  This hydrophilic polymer 

has a poor wettability on most ultrafiltration membranes due to their hydrophobicity.  Therefore, 

hydrophilic modification was performed on the substrate prior to the coating [222-224].  Moreover, 

TFC membranes with a PVAm selective layer as thin as 100 nm on a polydimethylsiloxane (PDMS) 

gutter layer was reported by Li et al. with a CO2 permeance of 1887 GPU and a CO2/N2 selectivity 
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of 83 [225].  In order to improve the adhesion of the PVAm layer, the gutter layer was dip-coated 

with polydopamine (PDA).  Other hydrophilic or amphiphilic moieties, such as PVA [226] and 

polymeric surfactants [227], have also been used as the compatibilizer between the PVAm 

selective layer and the substrate. 

The primary amino groups on PAA and PVAm can also be modified to introduce sterically 

hindered amines in FTMs.  As discussed in Section 2.3, two primary or secondary amino groups 

react with a CO2 molecule following the zwitterion mechanism to form a stable carbamate ion.  

However, if the amino group is sterically hindered, the rotation of the C–N bond in the carbamate 

product is restricted and hence the carbamate product is destabilized by the surrounding bulky 

substituents.  In the presence of water, the hindered carbamate can be easily hydrolyzed, resulting 

in the formation of bicarbonate and the regeneration of a free amino group [228,229]: 

CO2 + R1–NH–R2 ⇌ R1R2–NH+–COO– ⇌ R1R2–N–COOH 

R1R2–N–COOH + R1–NH–R2 ⇌ R1R2–N–COO– + R1R2–NH2+ 

R1R2–N–COO– + H2O ⇌ R1–NH–R2 + HCO3– 

Therefore, an equimolar stoichiometry between CO2 and the amino group can be achieved, thereby 

doubling the CO2 loading capacity [72,230].   

Zhao and Ho grafted sec-butyl, isopropyl, and tert-butyl groups on the primary amino sites in 

PAA [72].  As shown in Figure 15, a moderately hindered PAA, poly(N-isopropylallylamine) 

(PAA-C3H7), exhibited a high CO2 permeability of 297 Barrer, which was nearly 5.5 times more 

permeable than the unhindered PAA.  The improved CO2 permeability was not attributed to a 

change in free volume since the CO2/H2 selectivity was also increased from 16 to 40 after the 

hindrance modification.  A severely hindered PAA, poly(N-tert-butylallylamine) (PAA-C(CH3)3), 

however, showed a lower CO2 permeability and selectivity.  In this case, the severe steric hindrance 
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restricted the collision orientation between the amino group and CO2 due to the bulky substituents 

surrounding the amino site.  Therefore, the reaction kinetics was slower than the less hindered 

counterparts [72].   

 

 

Figure 15. CO2/H2 selectivities and CO2 permeabilities of FTMs containing 70 wt.% sterically 

hindered PAA and 30 wt.% crosslinked PVA at 110°C.  Adapted from Ref. [72]; copyright 

Elsevier. 

 

A similar strategy was also adopted by Tong and Ho to synthesize N-substituted PVAm with 

methyl, isopropyl, and tert-butyl groups [230].  Because of the inherent hindrance from the vinyl 

backbone on the amino groups, an N-methyl substitution yielded sufficient steric hindrance and 

resulted in the highest CO2 permeability of 264 Barrer at 57°C.  When the temperature was 

increased to 102°C, the hindered PVAm exhibited an enhanced CO2 permeability of 6804 Barrer 

with an exceptional CO2/H2 selectivity of 162. 
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Tertiary amines were also utilized as fixed-site carriers in FTMs synthesis.  An innovative 

approach was proposed by Li et al., where interfacial polymerization was conducted for TMC and 

3,3′-diamino-N-methyldipropylamine (DNMDAm), a multi-amine with two terminal primary 

amino groups and a tertiary amino group [231].  As shown in Figure 16, TMC exhaustively reacted 

with the terminal amino groups on DNMDAm but was nonreactive to the tertiary amino group.  

Therefore, a crosslinked polymer with tertiary amino groups were formed.  The TFC membrane 

showed a high CO2 permeance of 1613 GPU with a CO2/N2 selectivity of 138 at 30°C.  This facile 

membrane formation method was also used to synthesize fixed-site carrier membranes with other 

multi-amine monomers [232,233].  

 

 

Figure 16. Interfacial polymerization of TMC and DNMDAm for the synthesis of TFC membrane 

containing tertiary amino groups.  Adapted from Ref. [231]; copyright Wiley. 

 

 



 
 

46 
 

The addition of small molecular amine in a compatible polymer was proposed and 

demonstrated for CO2 separation in polymeric membranes by Ho [234,235] and subsequently 

studied extensively by his coworkers and him [6,18,72,77,218,236-247].  Compared with the 

fixed-site carrier membranes, the incorporation of mobile carrier adds another flexibility to 

introduce high-content, sophisticated amine structures in the membrane.  In addition to their high 

diffusivities, these small molecules can also plasticize the hosting polymer, resulting in a higher 

gas diffusivity in the membrane.  For instance, ethylenediamine (EDA) [248] and 

monoethanolamine (MEA) [249] were blended in PVAm and coated on porous substrate to form 

TFC membranes.  These membranes demonstrated a CO2 permeance >600 GPU with a CO2/N2 

selectivity >100 and a CO2/H2 selectivity >60.  However, although these multi-amines can form 

hydrogen bonds with PVAm, they can leave the membrane due to their high volatility and thus 

cause membrane instability. 

An alternative type of mobile carrier was first proposed by Ho [234,235] using nonvolatile 

aminoacid salts; for example, his group deprotonated 2-aminoisobutyric acid (AIBA) with KOH 

[18,77,236].  The resultant aminoacid salt AIBA-K contained a sterically hindered primary amino 

group as well as an ionic pair between the carboxylic group and the potassium ion.  This mobile 

carrier has been blended with sulfonated polybenzimidazole (SPBI) [236], PAA-C3H7 [77], and 

PVAm [18], rendering a CO2 permeability greater than 1000 Barrer and a high CO2/H2 selectivity 

as high as 300 at 100–110°C.  Owing to the high ionic strength, the AIBA-K aminoacid salt was 

nonvolatile at the operating temperature, and a good membrane stability was demonstrated by 

these FTMs.   

Inspired by this work, a number of aminoacid salts have been designed and utilized for FTM 

synthesis.  Specially, less sterically hindered aminoacids have also been used in the carrier 
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synthesis for CO2/N2 separation, including the glycine (Gly), proline (Pro), and cysteine (Cys) 

[218,237,250].  After the deprotonation by a strong base (e.g., KOH), these mobile carriers were 

incorporated in PVAm and PVA with a content as high as 65 wt.%.  The resultant TFC membranes 

demonstrated a CO2 permeance ca. 1100 GPU and a CO2/N2 selectivity greater than 170.   

The aminoacid salt can also be synthesized by using a multi-amine, rather than an inorganic 

base, to deprotonate the aminoacid.  Han and coworkers proposed the deprotonation of an α-

aminoacid, such as Gly and sarcosine (Sar), with a cyclic multi-amine, such as piperazine (PZ) 

and 2-(1-piperazinyl)ethylamine (PZEA), to form an aminoacid salt (e.g., PZ-Gly and PZEA-Sar) 

with multiple free amino groups [238].   

As shown in Figure 17 (a)–(d), DFT calculations suggested that for PZ-Gly, the primary amino 

group on Gly is responsible for the reaction of PZ-Gly with CO2; on the other hand, for PZEA-

Sar, the primary amino group on PZEA and the secondary amino group on Sar partake in the 

reaction with CO2 following the carbamate and bicarbonate pathways, respectively [241].  Further 

reaction coordinates analysis shows that PZ-Gly and PZEA-Sar have a higher reactivity towards 

CO2 than PVAm (see Figure 17 (e) and (f)).  In addition, PZEA-Sar exhibits a faster reaction 

kinetics than PZ-Gly following the carbamate pathway, and it also has a higher tendency to induce 

the bicarbonate formation.  Therefore, a higher CO2 loading capacity can be expected for PZEA-

Sar [241].  
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Figure 17. The carbamate pathways of (a) PZ-Gly and (b) PZEA-Sar and the bicarbonate pathways 

of (c) PZ-Gly and (d) PZEA-Sar for leading to their preferred products.  Relative energies (∆E, 

with respect to reactants) of structures in the amine–CO2 reactions of carriers following the (e) 

carbamate and (f) bicarbonate pathways.  Adapted from Ref. [241]; copyright ACS. 

 

Membrane formation studies indicated that PVAm was miscible with up to at least 85 wt.% 

PZEA-Sar, likely owing to the bulky PZEA+ cation and the resultant low tendency for 

crystallization and salting-out issues [239].  The corresponding TFC membrane exhibited a CO2 

permeance of 1450 GPU and a CO2/N2 selectivity >160 at 67°C.  The facile fabrication of this 
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FTM containing PZEA-Sar was also demonstrated by a roll-to-roll continuous process [242-244], 

and the membrane was rolled into prototype spiral-wound (SW) membrane modules with a high 

packing density [245,246].  The module was tested with actual flue gas at the National Carbon 

Capture Center (NCCC), Wilsonville, AL, USA, and demonstrated a 500-h stability in the presence 

of 2 ppm SO2, 1.5–4 ppm NO2, and 7.6% O2 [247].  PZEA-Sar was also incorporated in a polymer 

blend containing PVA, PAA-C3H7, and a surface-modified nanocellulose by Janakiram et al. [251].  

The TFC membrane showed a CO2 permeance of 652 GPU with a CO2/N2 selectivity of 41 at 

35°C. 

A special note is needed for the reporting and comparison of the transport results of FTMs.  It 

is known that the CO2 permeance (or permeability) of a FTM is dependent on the CO2 partial 

pressure due to the carrier saturation phenomenon [67,252].  One example is shown in Figure 18 

(a), where the CO2 permeance of a FTM containing PZEA-Sar reduced significantly with 

increasing CO2 partial pressure [253].  The initial non-linear decrease of CO2 permeance was 

caused by the consumption of free amine carriers by the CO2-amine reaction in the membrane, 

followed by a plateau when all the carriers were reacted.  The strong concentration dependance 

suggests that membrane performance measured for low-pressure applications (e.g., carbon capture 

from flue gas) cannot be projected for high-pressure applications (e.g., syngas purification and 

natural gas sweetening).  For this reason, the synthesis of FTM is task-specific, and the range of 

CO2 partial pressure affects the choice of amine carrier.   
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Figure 18. (a) Effect of CO2 partial pressure on the CO2 permeance of a FTM containing PZEA-

Sar; adapted from Ref. [253]; copyright ACS.  (b) Effects of membrane thickness on the CO2 

permeability and permeance of a FTM containing AIBA-K.  Adapted from Ref. [254]; copyright 

Elsevier. 

 

The CO2 permeability of a FTM also depends on the membrane thickness.  CO2 molecules 

react with the amine carriers at the feed/membrane interface and are released at the 

membrane/permeate interface by the reverse reaction.  The forward and reverse reaction kinetics 

can impose certain mass transfer resistances at the two interfaces, which are independent of the 

membrane thickness [239,255-257].  As shown in Figure 18 (b), the CO2 permeability reduced 

with reducing membrane thickness due to the persistent interfacial resistances [254].  As a 

consequence, the CO2 permeance increased non-linearly with decreasing membrane thickness.  In 

general, the CO2 permeability measured by a thick film cannot be extrapolated to estimate the CO2 

permeance of the corresponding facilitated-transport TFC membrane.  In this sense, CO2 

permeance is a more meaningful measure of the FTM performance.  Thus, we recommend that 

both the CO2 permeance and CO2 permeability should be reported for new FTM materials and that 

the results should be accompanied by the membrane architecture and testing conditions. 
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3.8. FTMs with other carriers 

Carriers other than amine have also been used for the synthesis of FTMs, and they include 

other organic bases (e.g., quaternary ammonium hydroxide and carbonate, amidine, carboxylate), 

CO2 hydration catalyst, and mimic enzymes (e.g., Zn-cyclen and vinylimidazole-zinc complex).  

The CO2/gas transport performances of relevant examples are listed in Table S7 in the SI. 

Similar to the reaction with a tertiary amine (see Section 2.3), CO2 can react with other 

Brønsted bases or catalyzed water to form bicarbonate or carbonate as the product.  These reactions 

tend to be slower than the amine–CO2 reaction but can be utilized to facilitate the CO2 transport in 

situations where the oxidative stability of amine is of concern.  A niche application of FTMs is to 

selectively remove CO2 and recover H2 from the anode exhaust of a syngas-air solid oxide fuel 

cell (SOFC).  Because the anode exhaust is at a temperature around 120°C but not at pressure, a 

sweep air is an economic choice to provide the transmembrane driving force [258].  However, 

amine-containing FTMs are unstable in this condition due to the oxidation of amine at such a high 

temperature [259-261].  In order to address this issue, a series of FTMs based on 

poly(diallyldimethylammonium hydroxide) (PDADMQ-OH) and poly(diallyldimethylammonium 

fluoride) (PDADMQ-F) were developed by Vakharia et al., in which tetramethylammonium 

hydroxide (TMAOH) was added as the mobile carrier [262].    The quaternary ammonium 

hydroxide groups reacted with CO2 to form bicarbonate, and the fluoride ion catalyzed the water–

CO2 reaction.  These FTMs were quite stable under air sweep and demonstrated a CO2/H2 

selectivity ca. 100 at 120°C.   

In order to further increase the membrane selectivity, tetrafluoroboric acid (TBFA) was 

incorporated in the FTM to further catalyze the water–CO2 reaction [263].  This improved FTM 

exhibited a better CO2/H2 selectivity of 115, but a thermal degradation was observed when this 
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membrane was subject to a temperature fluctuation between 120 and 130°C.  Kai et al. later 

demonstrated that the thermal instability stemmed from the Hofmann rearrangement of the 

tetramethylammonium ion in the presence of hydroxide [264,265], and proposed to use 

tetramethylammonium fluoride (TMAF) as a mobile catalyst to replace the TMAOH [266].  As 

shown in Figure 19 (a), TMAF exhibited a desirable thermal stability at 130°C, and it could induce 

a considerable deshielding of the hydrogen atoms of water as compared to other inorganic fluoride 

salts (Figure 19 (b)).  The nearly “naked” proton in the water molecule enhanced the kinetics of 

the water–CO2 reaction, and eventually resulted in a reasonably stable CO2 permeance of 108 GPU 

and a CO2/H2 selectivity of 106. 

 

 

Figure 19. (a) 1H NMR spectra of 0.5 M tetramethylammonium fluoride (TMAF) before and after 

heating at 130°C; (b) chemical shifts of water in the presence of 0.5 M of KF, CsF, and TMAF.  

Adapted from Ref. [266]; copyright Elsevier. 

 

Another approach to utilize hydroxide ion as the mobile carrier was reported by Xiong et al. 

for a hydroxide-exchange membrane with a polysulfone-methylene quaternary phosphonium 
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backbone [267].  The membrane showed a high CO2 permeability of 1090 Barrer and a CO2/N2 

selectivity of 275 when it was fully hydrated.  Other organic strong bases, such as amidine [268] 

and guanidine [269] were also shown to facilitate the CO2 transport.  Blinova and Svec modified 

a  polyaniline (PANI) membrane by the grafting of guanidine groups, which improved the CO2 

permeability to 2460 Barrer with a CO2/CH4 selectivity of 540 at 1 atm and 25°C [269].  The 

membrane performance could be interesting for the methane recovery from biogas.  Weak 

Brønsted bases, such as carbonate [270] and carboxylate ions [271,272] were also incorporated in 

FTMs in the forms of mobile and fixed-site carriers.  Although less reactive than amines, these 

carriers are advantageous in their better oxidative and chemical stability. 

Lastly, bio-inspired FTMs were constructed based on carbonic anhydrase (CA), a 

metalloenzyme that catalyzes the interconversion between carbon dioxide and water and the 

dissociated ions of carbonic acid in biological processes.  The active size of most CAs is a Zn2+ 

ion coordinates to three histidine groups [273].  Mimic enzymes were constructed by impregnating 

Zn2+ into cyclen, an aza-crown ether.  These mimic enzymes were incorporated in PVA, and the 

resultant FTMs showed a CO2 permeance of 200–400 GPU with a CO2/N2 selectivity ca. 100 

[274,275].  Alternatively, poly(N-vinyl imidazole) (PVIm) was shown to form a 

[(H2O)Zn(imidazole)n]2+ complex and promote the hydration of CO2 [276].  This feature bestowed 

the FTM a high CO2 permeance of 1122 GPU and a CO2/N2 selectivity of 83 at 25°C. 

 

4. Concluding Remarks 

Since the first commercial membrane gas separation unit was built by Monsanto in 1979, 

material and membrane research has led to the fast expansion of polymeric membranes into the 

existing and emerging markets of several key energy-intensive separations, such as post-
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combustion carbon capture (CO2/N2), syngas purification (CO2/H2), and natural gas and biogas 

sweetening (CO2/CH4).  In order to compare the many families of polymers reviewed in this paper, 

the permeability-selectivity data in Tables S1–S7 in the SI are plotted in Figure 20 (a)–(d) against 

their respective upper bounds. 

For CO2/N2 separation (Figure 20 (a)), rubbery polymers featuring a high CO2/N2 solubility 

selectivity are advantageous compared with the size-sieving glassy polymers.  Polyethers and 

poly(RTIL)s are promising materials for the decarbonization of flue gas due to a combination of 

high CO2 permeability and decent CO2/N2 selectivity.  FTMs are of particular interest for this 

application because they generally exhibit a CO2/N2 selectivity above the 2008 and 2019 upper 

bounds.  In addition, FTMs are less prone to suffer from carrier saturation in flue gas conditions 

due to the low CO2 concentration. 

For CO2/H2 separation, reverse-selective membranes such as polyethers can offer a CO2/H2 

selectivity of 10–20 based on the solubility selectivity.  A better CO2/H2 selectivity of 100–200 

can be realized by using FTMs.  An advantage of FTMs over polyethers is that they can be operated 

at an elevated temperature, which is typical for syngas purification and fuel cell applications.  In 

comparison, the CO2/H2 selectivity of polyethers is predicted to reduce as shown in Figure 20 (b) 

due to the reduced solubility selectivity with increasing temperature.   

Glassy polymers with size-sieving ability generally exhibit a H2 selectivity over CO2.  The 

high-free-volume, shape-persisting polymers possess a high H2 permeability but a low H2/CO2 

selectivity because of their large cavity size.  Crosslinked PBIs, on the other hand, show a better 

H2/CO2 selectivity but a lower H2 permeability.  As shown in Figure 20 (c), the H2 selectivity of 

PBIs can be further improved at a higher temperature.  Therefore, PBIs can potentially be used in 

high-temperature syngas purification where the transmembrane driving force is abundant. 
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For CO2/CH4 separation, conventional and iptycene-containing TR polymers are currently the 

membrane-to-beat owing to their high CO2/CH4 selectivity and relatively slower physical aging.  

The state-of-the-art TR polymers actually exhibit CO2/CH4 separation performance above the 2008 

upper bound as shown in Figure 20 (d).  Certain perfluorodioxolanes also possess a CO2/CH4 

selectivity of interest.  More importantly, their chemical and plasticization resistances are well 

suited for natural gas sweetening.  FTMs can also exhibit a decent CO2/CH4 selectivity, but the 

risk of carrier saturation makes the current FTMs be more feasible for low-pressure applications 

such as biogas sweetening.   
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Figure 20. Transport properties of selected polymers against the (a) 2008 [51] and 2019 [52] 

CO2/N2 upper bounds, (b) theoretical CO2/H2 upper bounds at 25 and 120°C [53,81], (c) 2008 

H2/CO2 upper bound [51] and its theoretical projection at 150°C [204], and (d) 2008 [51] and 2019 

[52] CO2/CH4 upper bounds.  Symbols: polyethers (); poly(RTIL)s (♦); perfluoropolymers (■); 

TR polymers (▲); iptycene-containing polymers (×); FTMs (●); PBIs at 35°C (►); PBIs at 150°C 

(★). 
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As for the future research directions for CO2 separation and capture, CO2/N2 separation from 

dilute flue gases remains as the most challenging application.  New membranes with a CO2 

permeance greater than 3000 GPU are desired to make them more competitive with other carbon 

capture technologies.  In order to achieve this goal, novel membrane materials including new CO2 

carriers and CO2-philic polymers should be developed, and advanced membrane formation 

methods are required to realize the potential in a TFC configuration.  For CO2/H2 separation, FTMs 

have the potential for syngas purification due to their exceptional CO2/H2 selectivity at a 

temperature greater than 100°C.  However, new strategies should be devised to mitigate the carrier 

saturation at a high CO2 partial pressure.  In view of the chemical and plasticization resistances, 

the molecular design of perfluorodioxolanes should be further explored for CO2/CH4 separation.  

In particular, the role of fluorine content on gas sorption properties should be elucidated.  The 

knowledge gained is also beneficial for the rational design of other fluorine-containing glassy 

polymers such as fluorinated polyimides, TR, and triptycene-based polymers.  
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Nomenclature 

𝑎𝑎 parameter in Eq. (6) 

𝑏𝑏 parameter in Eq. (6) 

𝑐𝑐 parameter in Eq. (7) 

𝐷𝐷 gas diffusivity in polymer 

𝑑𝑑 kinetic diameter 

𝐸𝐸𝐷𝐷 activation energy of diffusion 

𝑓𝑓 parameter in Eq. (7) 

𝐽𝐽 flux 

ℓ membrane thickness 

𝑀𝑀 parameter in Eq. (4) 

𝑁𝑁 parameter in Eq. (4) 

𝑃𝑃 gas permeability 

Δ𝑝𝑝 transmembrane partial pressure differential 

𝑅𝑅 ideal gas constant 

𝑆𝑆 gas solubility in polymer 

𝑇𝑇 absolute temperature 

 

Greek letters 

𝜀𝜀𝑖𝑖 𝑘𝑘⁄  Lennard-Jones temperature 

𝛼𝛼 ideal selectivity 

𝛽𝛽 parameter in Eq. (9) 

𝜆𝜆 parameter in Eq. (9) 
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Subscripts 

𝑖𝑖 species 𝑖𝑖, 𝑖𝑖 = CO2, H2, N2, or CH4 

𝑗𝑗 species 𝑗𝑗, 𝑗𝑗 = CO2, H2, N2, or CH4 
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Figure Captions 

Figure 1. Experimental data of CO2/N2 separation and an empirical upper bound proposed by 

Robeson in 2008.  Adapted from Ref. [51]; copyright Elsevier. 

Figure 2. Effects of temperature on the predicted upper bounds for (a) CO2/N2, (b) CO2/CH4, (c) 

H2/CO2, and (d) CO2/H2.  Adapted from Ref. [53]; copyright Elsevier. 

Figure 3. Schematic of gas permeation through a facilitated transport membrane.  Adapted from 

Ref. [77]; copyright American Chemical Society (ACS). 

Figure 4. Binding geometries and energies of CO2 and oligomers with various ether oxygen 

contents.  Bond lengths are in the unit of Å. Key: C, gray; O, red; H, white.  Adapted from Ref. 

[84]; copyright Elsevier. 

Figure 5. Structure and CO2/N2 transport performance of poly(1,3-dioxolane) at 70°C.  Adapted 

from Ref. [84]; copyright Elsevier. 

Figure 6. Synthesis scheme of the cross-linked tris(2-aminoethyl)amine-poly(ethylene glycol) 

diacrylate membrane.  Adapted from Ref. [121]; copyright ACS. 

Figure 7. Synthesis of crosslinked poly(ionene) via the Debus-Radziszewski reaction.  Adapted 

from Ref. [129]; copyright Elsevier. 

Figure 8. Structures of commercial fluorinated polymers and perfluorodioxolane polymers. 

Figure 9. Thermally rearrangement mechanism of (a) TR-α and (b) TR-β.  Adapted from Ref. 

[153]; copyright Elsevier. 

Figure 10. (a) Physical aging of a TR-α-PBO and its poly(hydroxyimide) precursor for 6 months; 

(b) Evolution of CO2 permeance and CO2/N2 selectivity of a TR-α-PBO HF during physical aging 

and regeneration by methanol.  Adapted from Refs. [165,166]; copyright Elsevier. 
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Figure 11. Schematic synthesis process of a crosslinked TR-α-PBO.  Adapted from Ref. [170]; 

copyright Elsevier. 

Figure 12. Synthesis of a TR-PBO copolymer containing Tröger's base units.  Adapted from Ref. 

[176]; copyright Elsevier. 

Figure 13. Synthesis of 6FDA-iptycene polyimides by using (a) triptycene and extended triptycene 

and (b) pentiptycene.  Adapted from Refs. [182,183]; copyright Elsevier. 

Figure 14. Hydroxyl-functionalized polyimides, derived from 2,2-bis(3-amino-4-hydroxyphenyl)-

hexafluoropropane (APAF), containing conventional 6FDA and PIM-type 9,10-diisopropyl-

triptycene dianhydrides (TPDA).  Adapted from Ref. [196]; copyright Elsevier. 

Figure 15. CO2/H2 selectivities and CO2 permeabilities of FTMs containing 70 wt.% sterically 

hindered PAA and 30 wt.% crosslinked PVA at 110°C.  Adapted from Ref. [72]; copyright 

Elsevier. 

Figure 16. Interfacial polymerization of TMC and DNMDAm for the preparation of thin-film 

composite FTM.  Adapted from Ref. [231]; copyright Wiley. 

Figure 17. The carbamate pathways of (a) PZ-Gly and (b) PZEA-Sar and the bicarbonate pathways 

of (c) PZ-Gly and (d) PZEA-Sar for leading to their preferred products.  Relative energies (∆E, 

with respect to reactants) of structures in the amine–CO2 reactions of carriers following the (e) 

carbamate and (f) bicarbonate pathways.  Adapted from Ref. [241]; copyright ACS. 

Figure 18. (a) Effect of CO2 partial pressure on the CO2 permeance of a FTM containing PZEA-

Sar; adapted from Ref. [253]; copyright ACS.  (b) Effects of membrane thickness on the CO2 

permeability and permeance of a FTM containing AIBA-K.  Adapted from Ref. [254]; copyright 

Elsevier. 
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Figure 19. (a) 1H NMR spectra of 0.5 M tetramethylammonium fluoride (TMAF) before and after 

heating at 130°C; (b) chemical shifts of water in the presence of 0.5 M of KF, CsF, and TMAF.  

Adapted from Ref. [266]; copyright Elsevier. 

Figure 20. Transport properties of selected polymers against the (a) 2008 [51] and 2019 [52] 

CO2/N2 upper bounds, (b) theoretical CO2/H2 upper bounds at 25 and 120°C [53,81], (c) 2008 

H2/CO2 upper bound [51] and its theoretical projection at 150°C [204], and (d) 2008 [51] and 2019 

[52] CO2/CH4 upper bounds.  Symbols: polyethers (); poly(RTIL)s (♦); perfluoropolymers (■); 

TR polymers (▲); iptycene-containing polymers (×); FTMs (●); PBIs at 35°C (►); PBIs at 150°C 

(★). 
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