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Abstract 
 

As one of the basic chemicals and green energy sources, hydrogen (H2) is mainly produced 

from fossil fuels via steam reforming or gasification with carbon dioxide (CO2) as a byproduct. 

The CO2 must be removed for the H2 to be used, and with a low-cost and energy-efficient H2/CO2 

separation technology, the CO2 can be captured for sequestration or utilization. With inherently 

high energy-efficiency, membrane technology has been extensively investigated for H2/CO2 

separation. The key to the success of this technology is membrane materials with high H2 

permeability and H2/CO2 selectivity (preferably above 15) at syngas processing temperatures of 

100 – 300 oC.  

Solubility and diffusivity can be independently tuned to design high-performance 

membrane materials. The under-valued solubility and solubility selectivity are powerful tools for 

designing materials with superior separation properties. Chapter 2ed highlights recent 

achievements of sorption-enhanced materials with superior gas separation performance, including 

fluorinated polymers for He/gas and gas/CH4 separations, and polar polymers and mixed-matrix 

materials comprising metal-organic frameworks for olefin/paraffin separations.  

On the other hand, Diffusivity selectivity is governed by the relative molecular size of 

penetrants to be separated and the free volume of membrane materials and it has received great 

attention, yielding a wealth of size-sieving materials reported in the literature. Cross-linking has 

been extensively utilized to improve Diffusivity selectivity of materials and enhance the separation 

properties for important industrial gas separations such as H2/CO2, CO2/CH4, and C3H6/C3H8 

separations. However, it remains unexplored how the cross-linking influences the physical 

properties of the polyimides such as Tg, FFV and gas permeability. Chapter 3 critically reviews 
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the strategies utilized to chemically cross-link polyimides (including the reaction via imide rings 

or DABA functional groups) and the gas separation properties in the resulted polymer networks.  

In chapter 4 we looking into the cross-linking of P84 for the H2/CO2 separation application. 

The effects of crosslinking on the P84 polyimide chain packing and segmental mobility have a 

profound impact on the membrane transport properties. These effects are analyzed through 

permeation, sorption, fractional free volume, and X-ray diffraction characterization.  

In chapter 5, we demonstrate, for the first time, that carbonization of PBI, a leading material 

for the H2/CO2 separation, at optimal conditions can lead to the desired glasshour structure that is 

suitable for H2/CO2 separation properties at 100 – 200 oC. The effect of pyrolysis temperature on 

gas permeation and sorption were analyzed to provide insight into the factors governing separation 

properties in PBI-CMS membrane for H2/CO2 separation. 

 Finally, the general conclusion of the current work and a perspective outlook on future 

research directions have been addressed. 
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1.1 Overall view of membrane technology for gas separation and its 

challenges 
 

The separation of gases by membranes has been an active area of research and industrial 

use for several decades and is growing as technology improves and applications expand [1]. 

Among existing membrane materials for gas separations, polymer-based materials have some 

intrinsic advantages such as good processability, low price and a readily available variety of 

materials. Polymeric membranes have been commercialized for separating a number of common 

gas pairs such as O2/N2, CO2/CH4, H2/CH4, He/air, and for the dehydration of air and natural gas 

[1,2].  

To promote the practical applications of the high-performance membrane materials, one of 

the major challenges which should be overcome through the intersection and application of 

chemistry, materials science and engineering, is the performance trade-off [3,4].  

Membrane performance is often characterized by gas throughput and separation efficiency 

and these properties are most commonly expressed by permeability and selectivity coefficient. The 

trade-off between pure gas permeability and ideal selectivity is a commonly used gauge of 

membrane performance to determine the utility of pure polymeric materials and readily compare 

them with other materials [4,5]. 

Robeson identified that the best combinations of permeability and selectivity of polymer 

membranes follow a relationship expressed by PA=kαA/Bn [5]. This relationship is shown as a 

linear upper bound line in the log-log plot of selectivity vs. fast gas permeability for each gas pair. 

Membrane materials approaching or over passing the upper bound line are considered to be 

superior. The upper bound correlation of polymer materials for different gas pairs can be shown 

https://paperpile.com/c/in7Uhq/d1zA
https://paperpile.com/c/in7Uhq/d1zA+otQz
https://paperpile.com/c/in7Uhq/dKJo+0KWQ
https://paperpile.com/c/in7Uhq/0KWQ+QlVa
https://paperpile.com/c/in7Uhq/QlVa
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like figure 1. polymers with higher selectivity often exhibit lower permeability and vice versa as 

indicated by Robeson’s upper bound plot [5]. 

Figure 1.1 Different possible approach to overcome the upper bound. (1) selectivity increased 

while permeability decreased. (2) both selectivity and permeability improved, (3) increased 

permeability and decreased selectivity.  

 

Robeson plots are intended to represent pure gas transport at dry and ambient temperature 

(25 - 35 °C) using purely polymeric homogeneous dense membranes [5]. However, the Robeson’s 

plot has been used to compare the separation performance of materials developed with the 

literature data at 25 - 35 °C, it also can be calculated at a different temperature to compare material 

performance in real application temperature, as described using equation 1: 

          (1) 

where αA/B is gas selectivity, γ indicates the effect of temperature on the solubility and 

diffusivity for gases A and B, and β0,A/B and λA/B are determined by the penetrant physical 

https://paperpile.com/c/in7Uhq/QlVa
https://paperpile.com/c/in7Uhq/QlVa
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properties. Increasing temperature moves up the upper bound and has no effect on the slope of the 

upper bounds[6].  

The ready availability of membrane materials with high separation performance that can 

operate under realistic process conditions is crucial [1]. Consequently, concerted efforts have been 

devoted to new materials for polymeric membranes, with both high permeability and high 

selectivity. More emphasis on fundamental structure/property/processing relations is needed to 

overcome the performance trade-off challenge of membranes [3]. 

1.2 Fundamental of membrane transport mechanism 
 

The rational design of high permeability polymer-based membranes requires a deep 

understanding of the gas transport mechanisms within membranes. In a typical membrane gas 

separation process with the partial pressure of the penetrant gases as the driving force, Gas 

penetrants dissolve into the film surface on the upstream side, then diffuse across the film due to 

the concentration gradient, and finally desorb from the film on the downstream side [7]. 

The permeability of a polymer film to gas component A, PA, is defined as [7]: 

              (2) 

where NA [cm3(STP) cm-2 s-1] is steady-state gas flux across the film, l (cm) is the film 

thickness, and p1 (cmHg) and p2 (cmHg) are the downstream and upstream pressure of component 

A, respectively. Gas permeability is usually expressed in Barrers, where: 

1 Barrer = 1 × 10−10 cm3 (STP) cm cm-2 s-1 cmHg-1.  

The permeation process of gas penetrants through dense polymeric films can be described 

by the solution-diffusion model. The solution-diffusion model is understood to govern gas 

https://paperpile.com/c/in7Uhq/Bogw
https://paperpile.com/c/in7Uhq/d1zA
https://paperpile.com/c/in7Uhq/dKJo
https://paperpile.com/c/in7Uhq/yZFE
https://paperpile.com/c/in7Uhq/yZFE
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transport in all nonporous polymeric gas separation membranes. In this model, permeability and 

selectivity are used to evaluate the separation performance of polymer-based membranes [7].  

Based on the solution-diffusion model, gas permeability can also be expressed as [7]:  

            (3) 

where SA [cm3 (STP) cm-3 polymer atm-1] is solubility coefficient of gas component A in the 

polymer, and DA (cm2 s-1) is a concentration averaged effective diffusivity coefficient.  

Gas solubility in polymers is defined as the ratio of the concentration of gas in polymer, C, to the 

pressure of gas, p, contiguous to the polymer [8]: 

 SA=C/p              (4) 

Gas solubility in polymers primarily determined by its condensability (indicated by critical 

temperature, as shown in Table 1), and influenced by its interaction with polymers and free volume 

in polymers. Therefore, gas solubility can be increased by increasing the condensability of gas 

molecules and/or by increasing the interactions of gas molecules with the membrane matrix. 

Gas diffusivity is governed by penetrant size (indicated by kinetic diameter or critical 

volume, as shown in Table 1), polymer free volume, and polymer chain flexibility. Gas diffusivity 

increases with the decrease of gas molecule size and with the increase in the number and size 

distribution of free volume elements [9]. 

Gas diffusivity can be described using a simplified free volume model: 

            (5) 

where A is a front factor depending weakly on temperature, B is a constant related to size of gas 

penetrant, and FFV is the polymer fractional free volume.  

https://paperpile.com/c/in7Uhq/yZFE
https://paperpile.com/c/in7Uhq/yZFE
https://paperpile.com/c/in7Uhq/Oll0
https://paperpile.com/c/in7Uhq/gIEo
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The free volume indicates the space generated by inefficient chain packing or transient gaps 

created by thermally stimulated segmental motion of polymer chains. The FFV is defined as 

follows [10]: 

                          (6) 

where V is polymer specific volume (cm3/g), and V0 is the volume occupied by polymer chains 

(cm3/g).  

Table 1.1 Physical properties of gases and vapors governing their transport properties in 

polymers[11,12][8, 12].* Lennard-Jones diameter [13]. 

 

Gas Kinetic diameter 

(Å) 

Critical volume 

(cm3 mol-1) 

Critical temperature 

(K) 

H2 2.89 65.1 33.2 

CO2 3.30 93.9 304 

N2 3.64 89.8 126 

CH4 3.80 99.2 191 

C3H6 4.68* 181.0 365 

C3H8 5.06* 203.0 370 

 

Gas selectivity, characterizing separation efficiency of membranes, is a combination of 

solubility selectivity (SA/SB) and diffusivity selectivity (DA/DB):  

https://paperpile.com/c/in7Uhq/CeI9
https://paperpile.com/c/in7Uhq/yii5+p7cb
https://paperpile.com/c/in7Uhq/3NlQ
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         (7) 

Solubility selectivity arises from the difference in condensability of the penetrant gases and affinity 

between the gas molecules and the membrane matrix. Diffusivity selectivity depends largely on 

the difference in the size of the penetrant gases and polymer size-sieving capability [8,14]. 

key design criteria for new membranes have emerged to tuning polymer diffusivity 

coefficient by properly sized free-volume elements (or pores), narrow free-volume element (or 

pore size) distribution, or tuning solubility property of polymers with highly tuned interactions 

between permeants of interest and the membrane’s polymer. Various approaches to exceed the 

upper bound have been explored, including surface modification, facilitated transport, phase 

separated polymer blends, and mixed-matrix membranes (MMMs) [1,4,15].  

In H2/CO2 separation, which is the main subject of this thesis, as H2 has smaller molecular 

size compared to CO2, diffusivity selectivity is favorable but having a lower critical temperature 

of H2 and in consequence lower condensability, the H2/CO2 solubility selectivity is unfavorable 

for this separation. Thus, enhancement in diffusivity selectivity of material, especially in glassy 

polymer for H2/CO2 separation is aimed by several researchers.  

 

1.3 H2/CO2 Separation 
 

H2/CO2 separation is industrially important for H2 purification and CO2 removal in pre-

combustion processes in power plants [16]. In these processes, fossil fuels are decarbonized by 

reforming or gasification to generate mixtures of H2 and CO. The CO is further converted to H2 

and CO2 by the water-gas shift reaction. The shifted syngas contains ~55% H2 and ~40% CO2 at 

150-200oC and 20-40 bar [9,11,16]. The produced H2 must be purified by removing CO2 for use 

https://paperpile.com/c/in7Uhq/Oll0+e2Gy
https://paperpile.com/c/in7Uhq/W1o5+d1zA+0KWQ
https://paperpile.com/c/in7Uhq/bGjb
https://paperpile.com/c/in7Uhq/bGjb+yii5+gIEo
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in hydrogen-fueled turbines in what is called an Integrated Gasification Combined Cycle (IGCC) 

process, and the concentrated CO2 can then be utilized or sequestered underground. The current 

leading technologies for pre-combustion CO2 capture are physical absorption processes, such as 

Selexol® or Rectisol® [16,17]. These processes have a number of drawbacks. The U.S. DOE has 

examined the economics of various separation technologies for CO2 capture from coal-derived 

syngas produced using GE gasification technology. The CO2 is captured using Selexol consumes 

50 MWe for a GE IGCC plant with a power generation of 556 MWe [18]. Membrane processes 

have previously been suggested as a means to lower the cost and energy intensity of IGCC syngas 

cleanup [17]. Generally, membrane technology is an affordable approach for CO2 capture because 

of intrinsic advantages such as high energy efficiency, operational simplicity, and reliability, 

module compactness and modularity. Membrane separation does not require a phase change and 

provides a continuous one-pass operation with only a few moving parts such as compressors or 

vacuum pumps. Membrane systems can be run in remote areas without frequent maintenance. 

Additional benefits are that membrane systems often have a small footprint, and have the flexibility 

to be scaled up or down [1,16]. 

 

Figure 1.2.  Effect of the membrane H2/CO2 selectivity on the required (a) power consumption 

(including compressor and refrigerator requirements) and (b) total membrane area for CO2 capture from a 

https://paperpile.com/c/in7Uhq/bGjb+zZO7
https://paperpile.com/c/in7Uhq/HoIr
https://paperpile.com/c/in7Uhq/zZO7
https://paperpile.com/c/in7Uhq/d1zA+bGjb
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GE-type gasification process. The process simulations assume the membranes have H2 permeance of 300 

gpu with varying CO2 permeances. Figures adapted from the literature [19]. 

 

According to a study by Membrane Technology and Research Inc. (MTR), with extensive process 

optimization, a two-stage membrane system, combining slight feed compression, partial permeate 

vacuum, and a sweep operation, could be competitive with other technologies[1,19].  

The key to the success of this technology is membrane materials with high H2 permeability 

and H2/CO2 selectivity at syngas processing temperature in the range of 100 – 200 oC [16,17]. 

Glassy polymers are leading materials for H2/CO2 separation in H2 purification and CO2 capture 

process, because of their inherently high size sieving ability. Even though enhancing the selectivity 

of membranes can deduct an energy consumption of CO2 capture from the pre-combustion process, 

high permeable membrane also needed to reduce the membrane cost as it results in less membrane 

area. Polymers with higher selectivity often exhibit lower permeability and vice versa as indicated 

by Robeson’s upper bound plot. Conventional polymers have seemingly reached a limit in the 

productivity-selectivity tradeoff despite concentrated efforts to tailor polymer structures to change 

https://paperpile.com/c/in7Uhq/O98x
https://paperpile.com/c/in7Uhq/O98x+d1zA
https://paperpile.com/c/in7Uhq/bGjb+zZO7
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separation properties. Because of this limitation, much research is focused on forming and 

evaluating novel membranes [1,15]. 

1.4 Research objective and dissertation overview 
 

To achieve highly permeable membrane materials, attention should be focused on 

manipulating the gas solution and diffusion behaviors in the polymer. According to the gas 

transport mechanism, enhanced gas solubility can be achieved by introducing polar groups into 

the polymeric membrane and enhanced diffusivity can be achieved by inefficient polymer chain 

packing or flexible polymer chains. The dissertation contains five chapters. In chapter 2 and 3 

materials and performance for the ‘‘polymeric membranes’’ are extensively summarized in order 

to provide the guidelines for membrane materials design. 

Chapter 4 and 5 are the experimental projects have been done with the focus of enhancing 

H2/CO2 separation at elevated temperature by improving the size sieving ability of glassy polymers 

such as crosslinking of P84 and pyrolyzing PBI membranes. In chapter 4 we looking into the cross-

linking of P84 for enhancing the H2/CO2 separation. The effects of crosslinking on the P84 

polyimide chain packing and segmental mobility have a profound impact on the membrane 

transport properties. These effects are analyzed through permeation, sorption, fractional free 

volume, and X-ray diffraction characterization. In chapter 5 we aimed to enhance the H2 

permeability of PBI membrane by pyrolyzing the polymer and make it into carbon molecular sieve 

membrane. Finally, general conclusion of the current work and a perspective outlook on future 

research directions have been addressed. 

 

  

https://paperpile.com/c/in7Uhq/W1o5+d1zA
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 Abstract 
 

Solubility and diffusivity constitute two vertically tunable parameters for designing high-

performance membrane materials for gas separation. The latter approach has received great 

attention, yielding a wealth of size-sieving materials reported in the literature. In contrast, this 

review highlights recent achievements of sorption-enhanced materials with superior gas separation 

performance, including fluorinated polymers for He/gas and gas/CH4 separations, and polar 

polymers and mixed-matrix materials comprising metal-organic frameworks for olefin/paraffin 

separations. The under-valued solubility and solubility selectivity are powerful tools to designing 

materials with superior separation properties and good resistance to plasticization caused by 

condensable components in the feed, which, otherwise, would decrease gas selectivity. 
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2.1 Introduction 
 

Membrane technology has been practiced for gas separation, notably nitrogen enrichment from the 

air and CO2 removal from natural gas, and it has been extensively explored for other important 

separations, such as CO2 capture from syngas and flue gas, helium recovery from natural gas, and 

olefin/paraffin separations [1,2]. The key to success of membrane technology is materials with 

high gas permeability and high selectivity. However, there exists a permeability/selectivity trade-

off, i.e., materials with higher gas permeability often exhibit lower selectivity, and vice versa[3–

5], as depicted in Fig. 2.1. This trade-off was generalized by Robeson through an exhaustive 

collection of gas separation data [6] and rationalized by Freeman using the transition state theory 

[7]. Materials typically obtain high gas permeability through their high free volume, which often 

decreases their size-sieving ability and thus selectivity of small molecules over large ones [8,9]. 

Over the last three decades, significant efforts have focused on the development of materials with 

separation properties above the upper bound for practical applications and intellectual fulfillment 

[2–4,10]. 

 

https://paperpile.com/c/xFRNCE/mgXx+B1u0
https://paperpile.com/c/xFRNCE/bL2R+POeQ+kCWq
https://paperpile.com/c/xFRNCE/bL2R+POeQ+kCWq
https://paperpile.com/c/xFRNCE/ZVOP
https://paperpile.com/c/xFRNCE/dCWw
https://paperpile.com/c/xFRNCE/Uji8+KXCw
https://paperpile.com/c/xFRNCE/zgaB+B1u0+bL2R+POeQ
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Figure 2.1 Contribution of solubility selectivity and diffusivity selectivity to the permeability/selectivity 

trade-off for O2/N2 separation [5]. Reproduced with permission, Elsevier B.V. 

 

Solubility and diffusivity can be independently tuned to design high-performance 

membrane materials [5]. Diffusivity selectivity is governed by the relative molecular size of 

penetrants to be separated and the free volume of membrane materials. One effective route to 

design materials with performance above the upper bound is to achieve hourglass-shaped cavities 

with ultramicroporous necks to simultaneously obtain high gas diffusivity and diffusivity 

selectivity [7,11]. This approach has been elucidated by thermally rearranged (TR) polymers 

[11,12]and polymers of intrinsic microporosity (PIMs) [13]. Similar approaches have been adopted 

in designing inorganic membrane materials, such as graphene oxides with molecule-sieving sub-

nanometer channels between layers [14–16], metal-organic frameworks (MOFs) with high 

porosity and molecular-sieving apertures [17,18], and carbon molecular sieves with sieving 

ultramicropores [19]. In contrast, much fewer studies have focused on the materials design to 

enhance solubility selectivity. This lack of consideration can be explained by the much greater 

design space of polymer structures in diffusivity selectivity than in solubility selectivity. As shown 

https://paperpile.com/c/xFRNCE/kCWq
https://paperpile.com/c/xFRNCE/kCWq
https://paperpile.com/c/xFRNCE/dCWw+3bKV
https://paperpile.com/c/xFRNCE/3bKV+I419
https://paperpile.com/c/xFRNCE/KCMA
https://paperpile.com/c/xFRNCE/CcwE+v6GQ+SCk1
https://paperpile.com/c/xFRNCE/SLU4+xHya
https://paperpile.com/c/xFRNCE/hJRM
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in Fig. 1, when O2 permeability increases from 10-14 to 10-6 cm3(STP) cm/(cm2 s cmHg), the O2/N2 

solubility selectivity varies between 2 and 1, while the O2/N2 diffusivity selectivity varies between 

10 and 1. Similarly, O2 diffusivity in known polymers spans from 10-10 cm2/s to 10-4 cm2/s 

representing six orders of magnitude, while O2 solubility ranges from 10-3 to 10-1 cm3(STP)/(cm3 

cmHg) representing only two orders of magnitude [5].  

Despite the limited design space, solubility selectivity offers a vertical route for designing 

high-performance materials and presents advantages over the diffusivity selectivity approach 

[7,20]. Solubility selectivity is determined by the relative condensability of penetrants and their 

relative affinity towards membrane materials. For instance, solubility selectivity has been 

extensively explored for CO2/light gas separations by designing highly polar polymers with an 

affinity towards CO2 alone [20–22]. Additionally, solubility selectivity is relatively insensitive to 

the operating conditions such as high pressures and contaminants in the feed. In contrast, 

diffusivity selectivity derived from the size-sieving ability can be dramatically decreased by the 

plasticization of highly condensable penetrants at high activity.  

Complementary to the extensive reviews of materials designs in enhancing diffusivity 

selectivity [2,10,12], this review highlights the recent progress on the sorption-enhanced 

membrane materials for gas separation, including fluorinated polymers for He/gas and gas/CH4 

separations, and polar polymers and mixed-matrix materials (MMMs) comprising MOFs for 

olefin/paraffin separations. The sorption of penetrants in the polymers can also be tuned to design 

membrane materials with resistance to plasticization by highly condensable components in the 

feed. The superior gas separation of these materials elucidates the importance of this approach in 

designing next-generation membranes for gas separation. 

https://paperpile.com/c/xFRNCE/kCWq
https://paperpile.com/c/xFRNCE/dCWw+jCJt
https://paperpile.com/c/xFRNCE/jCJt+Pyrt+PGxT
https://paperpile.com/c/xFRNCE/I419+zgaB+B1u0
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2.2 Perfluoropolymers for He/gas and gas/CH4 separations 
 

Amorphous glassy perfluoropolymers have been demonstrated to define the upper bound 

for membrane separations of several gas pairs including He/CH4, He/H2, and N2/CH4 [6,23]. For 

instance, Fig. 2a depicts the superior He/CH4 separation properties of perfluoropolymers relative 

to selected hydrocarbon polymers in Robeson’s upper bound plot. Polymers usually show good 

He/CH4 permeability selectivity, due to the much smaller molecule size of He than CH4. The 

superior separation properties in these perfluoropolymers are partially ascribed to their unfavorable 

interactions with H2 [24,25] and CH4 [26]and the absence of unfavorable interactions with He. 

This peculiar behavior is presumably due to differences in gas polarizability, as shown in Table 1 

[25,27]. H2 and hydrocarbon gases exhibit much higher polarizability than He, indicating their 

greater tendency to be polarized than He. It was speculated that as the penetrants are polarized by 

highly polar C-F bonds, they tend to have unfavorable interactions with the fluorine substituents 

in polymers [25].  

Figure 2b further exemplifies the remarkably higher He/CH4 solubility selectivity in the 

fluorinated polymers than hydrocarbon ones. Gas solubility selectivity is determined by their 

relative condensability and affinity towards the polymer, and it can be weakly influenced by the 

fractional free volume (FFV) of the polymer. The perfluoropolymers in Fig. 2b have the FFV 

values ranging from 0.23 to 0.33 [24,28], and the hydrocarbon polymers have the similar range of 

the FFV values (from 0.14 to 0.26) [28]. Therefore, the significant deviation of the He/CH4 

solubility selectivity can be ascribed to the unfavorable interactions between perfluoropolymers 

and CH4. Aside from their attractive separation properties, perfluoropolymers are also resistant to 

physical aging, i.e., gas permeability does not decrease dramatically over time even for films as 

thin as 50 nm [28–31].  

https://paperpile.com/c/xFRNCE/ZVOP+dcIm
https://paperpile.com/c/xFRNCE/PvV8+3Te1
https://paperpile.com/c/xFRNCE/opdi
https://paperpile.com/c/xFRNCE/3Te1+RgKL
https://paperpile.com/c/xFRNCE/3Te1
https://paperpile.com/c/xFRNCE/PvV8+YClF
https://paperpile.com/c/xFRNCE/YClF
https://paperpile.com/c/xFRNCE/YClF+mxaN+pJ7R+R7AS
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(c)  

 

Figure 2.2 (a) Permeability-selectivity trade-off for He/CH4 separation at 25-35 oC [6, 23, 32]. Gas 

permeability in poly(PFMDD-co-PFMD) [32] and poly(PFMDD-co-CTFE) [33] was calculated from 

permeance and an estimated selective layer thickness of 180 nm. (b) Comparison of He/CH4 solubility 

selectivity in the selected hydrocarbon polymers and perfluoropolymers [ [23,24,34–36]. (c) Chemicals 

structures of selected fluorinated polymers. 

 

  

https://docs.google.com/document/d/1enolobk9PdcfYIbpoY6leZqWy_82Od4VP67oxB2N3yM/edit#heading=h.tyjcwt
https://docs.google.com/document/d/1enolobk9PdcfYIbpoY6leZqWy_82Od4VP67oxB2N3yM/edit#heading=h.2xcytpi
https://docs.google.com/document/d/1enolobk9PdcfYIbpoY6leZqWy_82Od4VP67oxB2N3yM/edit#heading=h.147n2zr
https://paperpile.com/c/xFRNCE/S54n
https://paperpile.com/c/xFRNCE/xCGf
https://paperpile.com/c/xFRNCE/PvV8+dcIm+90KT+b67w+r2YS
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Table 2.1 Kinetic diameter (dk), critical volume (Vc), critical temperature (Tc), and polarizability 

(α) for the relevant gases [38]. 

Gas dk (Å) Vc (cm3/mol) Tc (K) α × 1024 (cm3) 

[27] 

He 2.6 57.4 5.2 0.21 

H2 2.89 65.1 33.2 0.80 

CO2 3.3 93.9 304.2 2.91 

N2 3.64 89.8 126.2 1.74 

CH4 3.8 99.2 191.0 2.59 

C2H4 4.16 [38] 130.4 282.4 4.25 

C2H6 4.44 [38] 148.3 305.4 4.47 

C3H6 4.68 [39] 181.0 364.9 6.26 

C3H8 5.06 [39] 203.0 369.8 6.29 

 

First-generation perfluoropolymers include commercially available Teflon® AF (cf. Fig. 

2c), Hyflon® AD, CytopTM, and Nafion [39]. The polymer backbones comprise 

polytetrafluoroethylene (PTFE) and another component of perfluoro-dioxole (Teflon® AF and 

Hyflon® AD), perfluoro-oxole (CytopTM) or sulfonic acid clusters (Nafion). PTFE is semi-

https://docs.google.com/document/d/1R5koICgCtHuDrgkDtT8HDn2RNkYp-inn0Un5EK1GeYs/edit#heading=h.41mghml
https://paperpile.com/c/xFRNCE/RgKL
https://paperpile.com/c/xFRNCE/RgKL
https://paperpile.com/c/xFRNCE/RgKL
https://paperpile.com/c/xFRNCE/5bYI
https://paperpile.com/c/xFRNCE/5bYI
https://paperpile.com/c/xFRNCE/5bYI
https://paperpile.com/c/xFRNCE/5bYI
https://paperpile.com/c/xFRNCE/F15v
https://paperpile.com/c/xFRNCE/F15v
https://paperpile.com/c/xFRNCE/F15v
https://paperpile.com/c/xFRNCE/F15v
https://paperpile.com/c/xFRNCE/F15v
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crystalline, and the addition of oxole or dioxole rings disrupts the PTFE chain runs and thus 

crystallization, leading to an amorphous phase. Otherwise, the crystalline phase is not accessible 

for gas sorption and diffusion, and its presence in polymers usually decreases gas permeability 

[37].  

Recently, a new generation of fluorinated copolymers has been synthesized and explored 

for membrane gas separation [32,33,40,41]. These copolymers comprise perfluoro(2-methylene-

4,5-dimethyl-1,3-dioxolane) (PFMDD) and either perfluoro(2-methylene-1,3-dioxolane) (PFMD) 

or chlorotrifluoroethylene (CTFE) [33,40]. Both poly(PFMDD-co-PFMD) and poly(PFMDD-co-

CTFE) (cf. Fig. 2c) display superior He/CH4 separation properties relative to conventional 

perfluoropolymers. Especially, poly(PFMDD-co-CTFE) exhibits the highest He/CH4 selectivity, 

which was ascribed to the more efficient chain packing and thus stronger size-sieving ability than 

commercially available perfluoropolymers [25,41]. However, the fundamental gas solubility and 

diffusivity data were not reported, and thus, a direct comparison of gas diffusivity selectivity is not 

available. 

These PFMDD-based polymers also exhibit exceptional CO2/CH4 and N2/CH4 separation 

properties [32,36], partially due to their unfavorable interactions with CH4 and thus high gas/CH4 

solubility selectivity. In the case of poly(PFMDD-co-CTFE), the presence of Cl substituents 

increases the solubility parameter and thus CO2 solubility [25], contributing to the high CO2/CH4 

solubility selectivity. 

2.3 Solubility-selective materials for olefin/paraffin separation 
 

The separation of olefins from their close-boiling paraffins continues to be one of the most 

challenging industrial separations, which is presently performed by cost- and energy-intensive 

https://paperpile.com/c/xFRNCE/dTZo
https://paperpile.com/c/xFRNCE/xCGf+S54n+7riL+VrkY
https://paperpile.com/c/xFRNCE/xCGf+7riL
https://paperpile.com/c/xFRNCE/VrkY+3Te1
https://paperpile.com/c/xFRNCE/S54n+r2YS
https://paperpile.com/c/xFRNCE/3Te1
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cryogenic processes [1]. As such, membrane technology has been heavily pursued for these 

applications. Olefins have slightly smaller kinetic diameters than their corresponding paraffins and 

thus higher diffusivity, as shown in Table 1. On the other hand, olefins have lower critical 

temperatures than paraffins and thus lower solubility in the absence of specific interactions. To 

achieve high olefin/paraffin selectivity, optimal materials should have strong size-sieving ability 

to achieve high diffusivity selectivity or functional groups with an affinity towards olefins to 

achieve high solubility selectivity [42–46]. This review reports the key approaches for enhancing 

the solubility selectivity of C2H4/C2H6, which include highly polar polymers, polymer electrolytes 

containing silver salts, and MMMs containing MOFs with an affinity towards C2H4. 

2.3.1 Functional polymers with an affinity towards olefins 
 

The π bonds of olefins can interact favorably with polar groups, which can be tailored to 

design functional polymers with attractive olefin/paraffin solubility selectivity [37]. Such 

interactions can be elucidated by considering the olefin/paraffin solubility in solvents containing 

various functional groups. Fig. 3a presents C2H4 solubility and C2H4/C2H6 solubility selectivity at 

25 oC in the selected solvents with various solubility parameter values[47]. Gas solubility in liquids 

can be described using the regular solution theory [48]: 

                                         (1) 

where δA and δsolvent are the solubility parameter (MPa0.5) of the gas and solvent, respectively, and 

a and b are adjustable parameters. C2H4 has a  value of 15.6 MPa0.5 [49], and therefore, its 

solubility decreases with increasing δsolvent values when they are greater than 15.6 MPa0.5. As the 

δsolvent value increases from 19 to 48 MPa0.5 (or the solvent becomes more polar), the C2H4/C2H6 

solubility selectivity increases from 0.6 to 2.6. 

https://paperpile.com/c/xFRNCE/mgXx
https://paperpile.com/c/xFRNCE/8epR+IcMD+YGQZ+0MTV+p2Kl
https://paperpile.com/c/xFRNCE/dTZo
https://paperpile.com/c/xFRNCE/wjy2
https://paperpile.com/c/xFRNCE/QCfK
https://paperpile.com/c/xFRNCE/FFRw
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Fig. 3b further demonstrates the potential of exploiting polar ether oxygen groups to 

enhance C2H4/C2H6 separation properties. As the ether oxygen to carbon ratio increases from 0 to 

0.5 in the solvents, C2H4/C2H6 solubility selectivity increases from 0.72 to 1.2 at 25 oC [37,47]. 

Similarly, as the ether oxygen content increases from polyethylene (PE) to poly(ethylene oxide) 

(PEO), the C2H4/C2H6 solubility selectivity increases from 0.58 to 1.4 [37,50], and C3H6/C3H8 

solubility selectivity increases from 0.89 to 1.7 [37]. Nevertheless, the solubility selectivity of 

olefin/paraffin in functional polymers is still too low for practical use. For example, PEO shows 

permeability selectivity of only 1.7 and 2.7 for C2H4/C2H6 and C3H6/C3H8, respectively [37]. 

Therefore, materials with stronger interactions with olefins than PEO are desired to enable 

membranes for this application. 

 
 

Figure 2.3 (a) Effect of the solvent solubility parameter on C2H4 solubility and C2H4/C2H6 solubility 

selectivity at 25 °C; (b) Effect of polar ether oxygen content in liquids and polymers on C2H4/C2H6 

solubility selectivity at 35oC. C6: hexane, AN: acetone, MAc: methyl acetate, BtOH: 1-butanol, DMSO: 

dimethyl sulfoxide, DMF: dimethylformamide, MeOH: methanol, PE: polyethylene, PPO: poly(propylene 

oxide), and PEO: poly(ethylene oxide). 

 
 
 

https://paperpile.com/c/xFRNCE/wjy2+dTZo
https://paperpile.com/c/xFRNCE/dTZo+i9Up
https://paperpile.com/c/xFRNCE/dTZo
https://paperpile.com/c/xFRNCE/dTZo
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2.3.2 Polymers doped with Ag ions or nanoparticles for facilitated transport of olefins 
 

To further increase olefin/paraffin solubility selectivity, functional polymers can be doped 

with transition metal-based salts, where the dissociated metal ions (Ag+ or Cu+) can form 

complexes with olefins through cation-π interactions [42–46,51,52]. At a high Ag+ content, C2H4 

can diffuse through materials via hopping mechanism, leading to both high permeability and 

C2H4/C2H6 selectivity [53]. For example, Pebax® 2533 is a phase-separated block copolymer of 

poly(tetramethylene oxide) and Nylon 12, and it exhibits a C2H4/C2H6 solubility selectivity of 0.9 

and a permeability selectivity of 1.0 at 35 oC. As the AgBF4 loading increases to 73 wt.%, the 

C2H4/C2H6 solubility selectivity increases dramatically to 560 and permeability selectivity 

increases to 220  [53]. The C2H4/C2H6 solubility selectivity can be further increased with an initial 

inclusion of a coordinating solvent (such as CH3CN) to form complexes of [(AgI(2,2’-

bipyridine)(CH3CN)][BF4], followed by the CH3CN removal to activate Ag+ cations [46]. 

However, silver salts can react with oxygen easily in the air, suffer from H2S poisoning, and even 

form explosive silver acetylide in the presence of acetylene, resulting in deteriorated separation 

performance [44].  

Silver nanoparticles, in place of silver salts, were incorporated in polymers to form MMMs 

for olefin/paraffin separations, therefore mitigating the issues of the reaction with oxygen and H2S 

[54,55]. However, silver nanoparticles do not exhibit strong interactions with olefins, and thus, the 

MMMs containing silver nanoparticles exhibit low olefin permeability and olefin/paraffin 

selectivity. The Ag nanoparticles can be activated using p-benzoquinone, which increases the 

C3H6/C3H8 selectivity to as high as 150. However, the stability against oxygen and H2S needs to 

be evaluated [54,55]. Immobilized liquid membranes based on ionic liquids of 

https://paperpile.com/c/xFRNCE/8epR+IcMD+YGQZ+0MTV+p2Kl+NHAR+rbn0
https://paperpile.com/c/xFRNCE/mWAJ
https://paperpile.com/c/xFRNCE/mWAJ
https://paperpile.com/c/xFRNCE/p2Kl
https://paperpile.com/c/xFRNCE/YGQZ
https://paperpile.com/c/xFRNCE/adrQ+UCzZ
https://paperpile.com/c/xFRNCE/adrQ+UCzZ


27 

 

[Ag(olefin)x]
+[Tf2N]-] have also demonstrated with superior C3H6/C3H8 selectivity while avoiding 

the formation of solid explosive silver acetylide to improve the stability against acetylene [56].  

2.4 Mixed-matrix materials comprising MOFs 
 

There is a judicious balance between employing transition metal ions to form complexes 

with olefins and achieving stability against reactions with O2, acetylene, and H2S. MOFs with a 

high density of open metal centers (shown in Fig. 4a) are ideal candidates because their porosity 

provides high gas permeability and their metal ions can be stabilized by ligands [57,58]. Fig. 4b 

shows the C2H4/C2H6 selective adsorption performance in M2(dobdc) with varying metal types 

(dobdc4- = 2,5-dioxido-1,4-benzenedicarboxylate). The high C2H4 adsorption is ascribed partially 

to its affinity towards the metal ions of MOFs [59–61]. C2H4/C2H6 sorption selectivity decreases 

in the order of Fe2+ > Ni2+ > Mn2+ ≈ Co2+ > Zn2+ > Mg2+, wherein the affinity is governed by the 

relative softness of the metal center to form π-complexation with C2H4. The favorable interactions 

between olefins and open site metal centers of MOFs have been additionally confirmed through 

computational study, where optimal MOFs structures with Ag+ and Cu+ were investigated [62,63].  

 

  

https://paperpile.com/c/xFRNCE/JTiN
https://paperpile.com/c/xFRNCE/OCMA+xr2y
https://paperpile.com/c/xFRNCE/EcX7+pJbJ+YZsK
https://paperpile.com/c/xFRNCE/pe4r+Cl5t
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(a) 

 

  

Figure 2.4 (a) An illustration of M2(dobdc)[64]. Reproduced with permission, ACS Publications; (b) 

C2H4 sorption and C2H4/C2H6 solubility selectivity in M2(dobdc) with different metal ions at 35 oC and 1 

bar (data adopted from [60]); (c) C2H4/C2H6 solubility selectivity in MMMs containing 33% Co2(dobdc), 

25% Ni2(dobdc), 23% Mg2(dobdc), and 13% Mn2(dobdc)[65]; (d) advantage of MMMs containing 

M2(dobdc) for C2H4/C2H6 separation (data adopted from [65]).  

 

MMMs containing MOFs have been extensively investigated to exploit the unique 

properties of various MOFs. The majority of the work has focused on improving MOFs size-

https://paperpile.com/c/xFRNCE/FYaJ
https://docs.google.com/document/d/1enolobk9PdcfYIbpoY6leZqWy_82Od4VP67oxB2N3yM/edit#heading=h.2dlolyb
https://paperpile.com/c/xFRNCE/UTIt
https://paperpile.com/c/xFRNCE/UTIt
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sieving abilities derived from their apertures, rather than enhancing MOFs gas solubility selectivity 

[65,66]. On the other hand, Fig. 4c presents the effect of M2(dobdc) loading on C2H4/C2H6 

solubility selectivity in 6FDA-DAM polyimide [65]. By introducing 25% Ni2(dobdc) in 6FDA-

DAM, C2H4 solubility increases from 18 to 73 cm3 (STP)/(cm3 bar) and C2H4/C2H6 solubility 

selectivity increases from 0.86 to 1.3, indicating a 300% and 51% increase, respectively. Fig. 4d 

demonstrates the effect of sorption enhancement on the C2H4/C2H6 separation performance in the 

Robeson’s upper bound plot [65]. The MMMs-containing C2H4-philic MOFs exceed the upper 

bound. Moreover, to fabricate the thin film composite membranes with the selective layer less than 

1 µm, the MOFs should have particle size of 100 nm or less, and the MOFs should have good 

compatibility with the polymer matrix to promote good dispersibility within the polymer matrix.  

2.5 Resistance to plasticization in solubility-selective materials 
 

Membrane materials based on the sorption-enhanced separation show advantage over 

conventional materials relying on the diffusivity selectivity, which can be adversely affected by 

the plasticization caused by the highly condensable components. Fig. 5a compares the mixed-gas 

C3H6/C3H8 separation properties in Cytop and a polyimide (BPDA-TMPD). The polyimide 

exhibits very high selectivity at low feed pressures due to the strong size-sieving ability. However, 

the selectivity decreases abruptly as the feed pressure and thus the sorption of C3H6 and C3H8 in 

the polymer increases. The dissolved penetrants plasticize the polymer chains, decreasing the size-

sieving ability. On the other hand, Cytop exhibits low sorption of C3H6 and C3H8 due to the 

unfavorable interactions towards hydrocarbons, and thus, the selectivity is independent of the feed 

pressures investigated. Fig. 5b shows the similar contrast between the diffusivity-selective and 

sorption-enhanced materials for CO2/CH4 separation. A polyimide (6FDA-DABA) exhibits high 

https://paperpile.com/c/xFRNCE/UTIt+y5lr
https://paperpile.com/c/xFRNCE/UTIt
https://paperpile.com/c/xFRNCE/UTIt
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CO2/CH4 selectivity at low CO2 partial pressures, which decreases with increasing degree of the 

plasticization by CO2 [66]. On the other hand, cellulose acetate with high CO2/CH4 solubility 

selectivity (8.0) [67] , and Hyflon AD80 with low gas sorption exhibit more stable selectivity than 

the polyimide over the pressure ranges studied. 

 

  

Figure 2.5 (a) Mixed-gas C3H6/C3H8 selectivity for Cytop and 3,3’,4,4’-biphenyltetracarboxylic 

dianhydride-2,4,6-trimethyl-1,3-phenylenediamine (BPDA-TMPD). Adapted from [23]; (b) Mixed-gas 

CO2/CH4 selectivity in cellulose acetate [11], Hyflon AD 80 [26], and 4,4'-hexafluoroisopropylidene 

diphthalic anhydride-3,5-diaminobenzoic acid (6FDA-DABA) [66]. 

 

2.6 Conclusion and Future Prospective 
 

This review highlights solubility and solubility selectivity as an under-valued vertical route 

in designing membrane materials with superior gas separation performance, in contrast to the well-

explored material designs aiming to improve diffusivity selectivity. Specifically, this approach is 

elucidated in the recent advancement of fluorinated polymers for He/gas and gas/CH4 separation, 
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and polar polymers and MMMs comprising MOFs for olefin/paraffin separations. Fluoropolymers 

exhibit unfavorable interactions with H2 and light hydrocarbons, and thus, they exhibit superior 

He/gas and gas/CH4 separation properties derived from their enhanced solubility selectivity. The 

recently discovered PFMMD-containing copolymers have drawn significant attention, and a better 

understanding of structure/property relationship will enable more rapid development of these 

fluorinated polymers. The olefin/paraffin separations would benefit from the discovery of 

functional groups or transition metal ions in stable forms that can interact favorably with olefins, 

instead of paraffins. The recent development of MOFs with open metal sites provides a useful 

route to achieving high olefin/paraffin solubility selectivity and thus permeability selectivity. 

Materials design for enhancing solubility selectivity has not gained the attention it 

deserves, partially because of the limited design space. However, it provides unique characteristics 

such as the excellent resistance to plasticization caused by the feed contaminants. It has become a 

critical component for designing membrane materials for CO2/light gas separation and has shown 

promise for improving olefin/paraffin separation. The success of this approach relies on the 

fundamental understanding of interactions between functional groups (including transitional metal 

ions) and gas molecules and tailoring these groups into useful membrane materials. Computation 

studies including high throughput screening of the functional groups could be useful for this 

approach. 
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 Abstract 
      

 Cross-linking has been widely utilized to modify polyimide nanostructures for membrane 

gas separations, such as increasing size-sieving ability and diffusivity selectivity for H2/CO2 and 

CO2/CH4 separation, and improving resistance to plasticization derived from CO2 and heavy 

hydrocarbons for CO2/CH4 and C3H6/C3H8 separations. However, there is a lack of fundamental 

understanding of the relationship between cross-linked structure and membrane gas separation 

properties. This chapter critically reviews the effect of cross-linking on polymer physical 

properties (such as glass transition temperature, Tg), and current strategies adopted to cross-link 

polyimides for membrane gas separation. The information is synthesized to elucidate the effect of 

cross-linking on Tg and cross-linking density in polyimides, which is then used to interpret the 

changes of gas permeability and selectivity. The benefits of cross-linking in improving gas 

separation properties are also illustrated in Robeson’s upper bound plots for H2/CO2, CO2/CH4 and 

C3H6/C3H8 separation. 
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3.1 Introduction 
      

 Membrane gas separation has enjoyed significant growth in the last three decades for 

industrial gas separation, due to its high energy-efficiency, small footprint, simplicity in operation, 

and easiness in scale-up [1–3]. The key to advanced membrane technology is a membrane with 

high productivity (or gas permeance) and high separation efficiency (or selectivity). However, 

there is a trade-off between membrane productivity and selectivity, i.e., higher permeability results 

in lower selectivity [4,5]. There have been intensive efforts in design and synthesis of novel 

polymers for membrane gas separation, such as polyimides, perfluoropolymers, poly(ethylene 

oxide) containing materials, poly(ionic liquids), polymers of intrinsic microporosity, and thermally 

rearranged polymers [1,2].These efforts lead to significant understanding of structure/property 

relationship for design of new materials, and move the trade-off lines towards higher permeability 

and higher selectivity.   

Cross-linking has been explored as an effective way to modify polymer nanostructures, 

such as increasing chain rigidity and even disrupting chain crystallization [6–8]. As shown in Fig. 

1, cross-linking may improve polymer chain packing efficiency, decrease polymer free volume 

and thus increase size-sieving ability [9,10]. This approach has been particularly attractive for 

important separations such as CO2/CH4 and olefin/paraffin separations, when gas mixtures contain 

highly plasticizing components such as CO2 and heavy hydrocarbons. The CO2 and hydrocarbons 

can be significantly sorbed in the polymer, swell the polymer matrix and increase polymer inter-

chain spacing and chain mobility (i.e., plasticization), leading to weaker size-sieving ability and 

thus reduced gas selectivity [11–14]. On the other hand, cross-linking can restrict the swelling, 

preventing the significant loss of size-sieving ability or mixed-gas selectivity. In addition, cross-

https://paperpile.com/c/jrTy9h/EHxM+PQdF+8Hpc
https://paperpile.com/c/jrTy9h/k6Li+QgYu
https://paperpile.com/c/jrTy9h/EHxM+PQdF
https://paperpile.com/c/jrTy9h/RXDW+q4Ik+2Ju6
https://paperpile.com/c/jrTy9h/NY8j+LVR5
https://paperpile.com/c/jrTy9h/kybO+lePC+mu9i+ChQK
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linking modification may be facilely incorporated into the post-treatment step for current industrial 

membrane fabrication [15].  

 

 

Fig. 3.1 Schematic illustration of polymer chains chemically cross-linked by cross-linker (red shorts) and 

the volume reduction caused by the cross-linking. 

 

Recently, glassy polyimides are considered as a promising platform for cross-linking 

modification because of their good intrinsic size-sieving ability, versatile structures prepared from 

a variety of diamines and dianhydrides, and good processability [16]. However, the effect of cross-

linking has not been clearly determined, in major part due to the complexity of the polymer 

systems. For example, the reaction conversion may not be well characterized, and the addition of 

cross-linkers in polyimides changes the chemical composition and thus influences the gas transport 

properties [6,17,18].  

This chapter reviews the effect of cross-linking on polymer properties, such as glass 

transition temperature (Tg). The various chemical routes for polyimide cross-linking are reviewed, 

and the effect of cross-linking on gas separation properties is summarized for important 

applications such as H2/CO2, CO2/CH4 and C3H6/C3H8 separations. Finally, the relationship 

between cross-linking density and gas transport properties is elucidated. This study may shed some 

https://paperpile.com/c/jrTy9h/gaX6
https://paperpile.com/c/jrTy9h/OcGh
https://paperpile.com/c/jrTy9h/Ynwd+RXDW+Jed0
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light on the fundamental mechanism of polymer cross-linking and how the modifies polymer 

nanostructures can be harnessed to improve gas separation properties for practical applications. 

3.2 Effect of cross-linking on polymer physical properties 
       

The degree of cross-linking is often characterized using the molecular weight of polymer 

chains between cross-links (Mc). the Mc value can be estimated from the known compositions of 

the polymers and cross-linking agents or from elastic modulus at rubbery state using the following 

expression[6,19,20]:. 

                                     (1) 

where φ is a front factor usually assumed to be 1 for highly cross-linked polymers, ρ is polymer 

density (g cm-3), R is the gas constant (8.314 cm3 MPa K−1 mol−1), T is absolute temperature (K), 

and Ee is equilibrium tensile modulus (MPa) at approximately 40 oC above Tg. Lower Mc value 

denotes higher cross-linking density, and highly cross-linked polymers typically have Mc less than 

1000 g mol-1[19]. 

Nielsen proposed an empirical equation to correlate the decreased Mc values (or increased 

cross-linking density) with the increased Tg values in cross-linked polymers, as shown below[21]: 

                  (2) 

where Tg,0 is the glass transition temperature of a uncross-linked polymer, and K is a constant 

related to chemical compositions of cross-linked polymers (K g mol-1).  

The empirical correlation as described in Eq. 2 has been validated. For example, Fig. 2 

shows the linear relationship between (Tg-Tg,0) and 1/Mc for six polymer networks. These polymers 

https://paperpile.com/c/jrTy9h/RXDW+B0Wk+0CYG
https://paperpile.com/c/jrTy9h/B0Wk
https://paperpile.com/c/jrTy9h/vyjy
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are based on well-studied epoxide resins (as summarized in Table 2), including phenyl glycidyl 

either (PGE), Bisphenol A diglycidyl ether (DGEBA), elastomer-modified Bisphenol A diglycidyl 

ether (e-DGEBA), N,N-bis-(2,3-epoxypropyl)-N,N-dimethyl-4,4’-diamino-diphenylene-methane 

(G2A) and N,N-bis-(2,3-epoxypropyl)-N,N-dimethyl-4,4’-diamino-diphenylene-methane (G2S), 

and their corresponding cross-linkers (or curing agents)[22–26]. The detailed structures are shown 

in Table 2. The Mc values are estimated based on either the compositions of epoxide and curing 

agent or the Ee values using Eq. 1.  

 

 

Fig. 3.2. Effect of cross-linking density on glass transition temperature for 6 series of polymer networks 

based on well-known epoxide resins[22–26]. The details of polymer structures are shown in Table 2. 

 

 As shown in Fig. 2, there are two linear lines for the 6 polymer networks with two K 

values, 2.0 × 104 and 3.9 × 104 K g mol-1. The K constant is often influenced by polymer chemical 

compositions[19,21]. Interestingly, the value of 3.9 × 104 K g mol-1 is the same as that estimated 

by Nielsen. 

https://paperpile.com/c/jrTy9h/AcYt+u7Vc+y0GO+HvAj+xZqF
https://paperpile.com/c/jrTy9h/AcYt+u7Vc+y0GO+HvAj+xZqF
https://paperpile.com/c/jrTy9h/B0Wk+vyjy
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Nielsen’s empirical equation provides good estimates of Tg in cross-linked polymers, 

despite the simplicity of Eq. 7 and the complexity of the polymer systems. This equation will be 

used to interpret the effect of cross-linking on the Tg of polyimides, which will then be related to 

gas permeability. 
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Table 3.1. Chemical structure of resins and cross-linkers, and physical properties of the resulted cross-linked networks. 

Resin Cross-linker 
Tg 

(oC) 

Mc 

(g/mol) 

Ee 

(MPa) 

R

ef. 

 

(PGE) 

 

(OCR) 

57 
1653 

a 
 

2

8 

67 
1047 

a 
 

79 714 a  

91 581 a  

10

9 
523 a  

11

5 
491 a  

 

(PGE) 

 

(ATE) 

41 856 b 12.4 

2

9 

64 492 b 23.4 

82 385 b 31.0 

10

1 292 b 42.6 

11

7 197 b 65.0 

13

9 180 b 75.0 
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G2A 
 

11

2 

1650 

c 
5.5 

3

0 

15

2 
731 c 13.2 

18

6 
469 c 28.2 

21

3 
346 c 26.0 

23

8 
273  

 

G2S  

12

4 

1402 

c 
7.4 

3

0 

15

5 
671 c 15.3 

18

7 
441 c 30.5 

21

2 
329 c 28.0 

24

1 
262  

  

10

0 

4350 

d 
2.9 

3

1 
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e-DGEBA 10

5 

1600 

d 
8.0 

12

0 

1160 

d 
11.4 

22

0 305 d 
53.3 

 

DGEBA 
 

68 

1147 

b 
7.9 

3

2 

99 371 b 24.4 

11

5 325 b 24.3 

11

6 292 b 31.0 

13

2 232 b 38.0 

13

8 222 b 40.1 

a. Mc values are calculated from compositions of epoxy resins and cross-linkers. 
b. Mc values are estimated based on the Ee values at 40 oC above Tg. 
c. Mc values are estimated based on the Ee values at 30 oC above Tg. 
d. Mc values are estimated based on the Ee values at 50 oC above Tg. 
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3.3 Cross-linking of polyimides for membrane gas separation 

 

3.3.1. Aromatic polyimides for gas separation 
  

Aromatic polyimides have been extensively investigated for membrane gas separation, due 

to their superior gas separation properties, flexibility in polymer structure design and good 

processability[27–29]. Fig. 3 shows a typical structure of aromatic polyimides comprising rigid 

five-member imide rings in polymer backbones. These polyimides are often prepared by 

polycondensation of aromatic dianhydrides (containing Ar groups) and aromatic diamines 

(containing R groups) in a two-step process. First, polyamic acids are obtained by nucleophilic 

substitution of amino groups to carbonyl carbons of anhydride groups. Second, polyimides are 

produced by thermal imidization of polyamic acids at temperatures up to 300 oC[30]. Both Ar and 

R groups can be varied separately to obtain a large collection of polyimides with high free volume 

and good solution processability, as shown in Fig. 3. For example, introduction of 6FDA and 

durene groups are well known to increase polymer free volume and their solubility in 

solvents[16,31,32]. 

 

https://paperpile.com/c/jrTy9h/cST1+Y7aq+Cfd9
https://paperpile.com/c/jrTy9h/AHRR
https://paperpile.com/c/jrTy9h/BBg7+1oon+OcGh
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Fig. 3.3. Chemical structures of representative aromatic polyimides used for membrane gas separations. 

Adapted from references[27,33]. 

 

Table 3.3 summarizes the physical properties and gas separation performance of some 

well-studied polyimides, which are compared with other commercial membrane polymers such as 

polysulfone (PSf) and cellulose triacetate (CTA). Generally, polyimides have higher Tg than PSf 

and CTA, and they have a wide range of gas separation properties to meet different separation 

targets. For example, 6FDA-DABA has CO2 permeability of 13 Barrers and CO2/CH4 selectivity 

of 62, while 6FDA-DAM shows CO2 permeability of 842 Barrers and CO2/CH4 selectivity of only 

18. A copolymer of these two polyimides such as 6FDA-DAM:DABA (3:2) has a good balance 

of high CO2 permeability (144 Barrers) and high CO2/CH4 selectivity of [34].  

 

https://paperpile.com/c/jrTy9h/cST1+eH6f
https://paperpile.com/c/jrTy9h/PlAa
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Table 3.2. Physical properties and gas separation performance of well-known aromatic polyimides and 

some other commercialized membrane polymers at 35 oC. 

Polymer 

Trade  

name 

Permeability (Barrer)  Gas selectivity Tg 

(oC) 

FFV 

CO2 N2  H2/CO2 CO2/CH4 

BTDA-AAPTMI[35–37] Matrimid® 9.5 0.31  3.1 40 313 0.170 

BTDA-TDA/MDI[38,39] P84® 1.4 0.05  6.5 49 300 0.14 

BAPP-mPD[40] Ultem® 1.5 0.05  - 38 209 0.180 

6FDA-durene[41,42] - 600 39  1.0 19 424 0.180 

6FDA-DABA[34] - 13 0.51  - 62 363 - 

6FDA-DAM[34,43] - 842 55  - 18 395 0.190 

Polysulfone[44,45] Udel® 5.5 0.22  2.5 23 186 0.156 

Cellulose triacetate[46] - 8.1 0.27  2.453 30 198 0.215 

 

 

 

https://paperpile.com/c/jrTy9h/xEQb+8alw+Q3w1
https://paperpile.com/c/jrTy9h/1lhR+4RoO
https://paperpile.com/c/jrTy9h/sEHh
https://paperpile.com/c/jrTy9h/Ors2+b9PR
https://paperpile.com/c/jrTy9h/PlAa
https://paperpile.com/c/jrTy9h/PlAa+8GRs
https://paperpile.com/c/jrTy9h/XPA5+qvvK
https://paperpile.com/c/jrTy9h/bq5W
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3.3.2. Chemical cross-linking of polyimides 

Polyimides can be chemically cross-linked via two routes based on the location of cross-

links on polyimide backbones, i.e., the five-member imide ring and the functional R groups, as 

shown in Fig. 3. Both cross-linking approaches are described in detail below. 

Fig. 4 shows the schematic of the reaction between imide rings and diamines to form an 

amide based intermolecular cross-link. For example, a 6FDA-durene film was immersed in 

methanol solution containing p-xylenediamine. The p-xylenediamine diffuses inside the polyimide 

swollen by methanol and reacts with imide rings[12]. Fig. 4 also lists other diamines used to cross-

link polyimides, such as ethylenediamine (EDA), propane-1,3-diamine (PDA) [47,48], 

xylenediamine [38,49], 1,3-cyclohexanebis-(methylamine) [50], polypropylenimine dendrimers 

[51], and polyamidoamine (PAMAM) dendrimers [52,53]. 

 

 

https://paperpile.com/c/jrTy9h/lePC
https://paperpile.com/c/jrTy9h/iQnm+4CHc
https://paperpile.com/c/jrTy9h/w807+1lhR
https://paperpile.com/c/jrTy9h/W21M
https://paperpile.com/c/jrTy9h/rB47
https://paperpile.com/c/jrTy9h/mfER+tzC5
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Fig. 3.4. Schematic of chemical cross-linking of 6FDA based polyimides using diamines, and examples of 

diamine cross-linkers. Adapted from reference[12]. 

 

The reaction of imide rings and diamines can also occur in vapor phase using volatile 

diamines such as EDA[54], diethylenetriamine [55], and tris(2-aminoethyl) amine [56]. For 

example, 6FDA-durene was cross-linked using EDA vapor, which yields extremely high size-

sieving ability. The H2/CO2 selectivity increases from 1.0 in the virgin polymer to 100 in the cross-

linked one. This increase in selectivity is somewhat consistent with the decrease in d-spacing from 

6.18 Å to 6.02 Å after cross-linking [54].  

The degree of cross-linking depends on the reactivity and diffusion rate of diamines in the 

swollen polyimides [57]. The obtained cross-linked polyimides films from this immersion/cross-

linking method are usually not homogenous, with higher cross-linking density on or near surface 

region. Due to this non-homogenous structure, the effect of cross-linking on physical properties 

such as Tg and gas transport properties is not well understood. 

The second approach of cross-linking is to functionalize R groups with cross-linkable 

groups. For example, copolyimides with DABA blocks containing carboxylic acid (as shown in 

Fig. 3) can be cross-linked by diols (or glycidol) following a two-step procedure, as shown in Fig. 

5. First, the carboxylic acid groups react with excessive diols to form a mono-esterified polymer. 

Second, the polymer chains are cross-linked via a transesterification reaction at temperatures of 

about 220 oC in vacuum [13,58]. The cross-linking density can be controlled by varying the content 

of cross-linkable DABA blocks in the copolymers. Unlike the first approach of immersion/cross-

linking, the second approach based on DABA provides homogeneous films, since it is not 

diffusion-limited. As a result, cross-linked polyimide did not plasticize even at a CO2 feed pressure 

of 35 atm while the pristine polymer can be plasticized by CO2 at pressures as low as 14 atm [13]. 

https://paperpile.com/c/jrTy9h/lePC
https://paperpile.com/c/jrTy9h/nHcN
https://paperpile.com/c/jrTy9h/vIyO
https://paperpile.com/c/jrTy9h/yQ8U
https://paperpile.com/c/jrTy9h/nHcN
https://paperpile.com/c/jrTy9h/ScfC
https://paperpile.com/c/jrTy9h/FEs6+mu9i
https://paperpile.com/c/jrTy9h/mu9i
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Such cross-linked systems are also ideal to investigate the relationship between physical 

properties, such as Tg and cross-linking density, and gas separation properties. The details will be 

described in Section 5.4 (Correlation of gas permeability and cross-linking density).  

 

 

Fig. 3.5. Two-step cross-linking scheme for carboxylic acid-containing polyimides and cross-linking agents 

including diols and glycidol. Adapted from reference[13]. 

 

The gas separation properties of the cross-linked polyimides are determined by the 

chemical structure of base polyimides, cross-linking agents, and thermal treatment conditions. Fig. 

5 lists a variety of diols (or glycidol) investigated as cross-linkers for polyimides containing DABA 

block[58–65]. 6FDA-DAM:DABA (3:2) co-polyimide has been extensively investigated, due to 

its balanced CO2 permeability and CO2/CH4 selectivity[65,66]. In addition, the DABA containing 

polyimides can be thermally cross-linked in the absence of cross-linkers at sub-Tg temperatures 

(such as 300 – 370 oC) due to decarboxylation of the DABA moieties[67]. 

3.4 Gas separation properties of cross-linked polyimides 
 

Cross-linking has been an effective route to modify polyimides to increase size-sieving 

ability, and resistance to plasticization by high pressure CO2 and heavy hydrocarbons[60,64,66]. 

https://paperpile.com/c/jrTy9h/mu9i
https://paperpile.com/c/jrTy9h/FEs6+xPaH+jxys+3KIP+EyKu+OX9u+XhYW+4lyt
https://paperpile.com/c/jrTy9h/4lyt+gisr
https://paperpile.com/c/jrTy9h/wxaE
https://paperpile.com/c/jrTy9h/gisr+jxys+XhYW
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In this section, we will review the gas separation properties of cross-linked polyimides for the 

separation of H2/CO2, CO2/CH4, and C3H6/C3H8, aiming to uncover how cross-linking modifies 

the polymer structure and thus gas separation properties. 

 

3.4.1. H2/CO2 separation 
 

Membranes with high H2/CO2 separation properties can be used for CO2 capture from 

syngas (i.e., precombustion processes)[68]. To achieve high H2/CO2 selectivity, polymers should 

have very strong size-sieving ability to compensate for the unfavorable solubility selectivity (cf. 

Table 1). Conventional polyimides do not show the promise for this application, due to the low 

selectivity, as shown in Table 3.  

Cross-linking of polyimides using diamines is found to be a convenient way to dramatically 

enhance H2/CO2 separation performance, as shown in Fig. 7[48,57]. The upper bound indicates 

the highest selectivity possible for any H2 permeability. In general, cross-linking decreases H2 

permeability and increases H2/CO2 selectivity, in a large part due to the decrease in free volume 

and increase in size-sieving ability. For example, 6FDA-durene shows a H2/CO2 selectivity of only 

1.3 at 35 oC. The cross-linking of 6FDA-durene using BuDA increases the H2/CO2 selectivity to 

102[54]. Together with a H2 permeability of 32 Barrers, this cross-linked polymer demonstrates 

the H2/CO2 separation properties well above the upper bound, and a great potential for CO2 capture 

from the precombustion processes [54]. 

Other cross-linking methods have been explored. For example, 6FDA-durene was also 

cross-linked using different linear diamines such as EDA and PDA in the solution or vapor phase. 

Matrimid was also cross-linked using PDA at 50°C for 1h, and the H2/CO2 selectivity increased 

from 5.4 to 49 [69]. 

https://paperpile.com/c/jrTy9h/LIu5
https://paperpile.com/c/jrTy9h/4CHc+ScfC
https://paperpile.com/c/jrTy9h/nHcN
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https://paperpile.com/c/jrTy9h/xwbz
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Fig. 3.7. Advantages of cross-linking polyimides for H2/CO2 separation in Robeson’s upper bound plot, 

including Matrimid (○), XL Matrimid (●), 6FDA-ODA/NDA 25:75 (□), XL 6FDA-ODA/NDA 25:75 (■), 

6FDA-durene (∆), and XL 6FDA-durene (▲). The label of “XL” indicates cross-linked polymers[54,69]. 

 

3.4.2. CO2/CH4 separation 
 

Removal of CO2 from natural gas is one of the most important industrial gas separation 

applications[70]. Raw natural gas may contain high content of CO2 and heavy hydrocarbons (i.e., 

C2H6, C3H8, and higher aromatic and aliphatic hydrocarbons), which are highly condensable and 

strongly sorbed by polymers[71,72]. Fig. 8a presents the effect of feed pressure on mixed gas 

CO2/CH4 selectivity in 6FDA-mPD at 35oC with a feed gas containing 50:50 CO2:CH4. At low 

CO2 pressures, the polyimide exhibited high CO2/CH4 selectivity due to high diffusivity 

selectivity. However, the selectivity dramatically decreased as the feed pressure increased to above 

10 atm. On the other hand, the cross-linked 6FDA-DABA using ethylene glycol maintains the high 

selectivity at pressures up to 20 atm, presumably due to the strong resistance to the CO2 

https://paperpile.com/c/jrTy9h/xwbz+nHcN
https://paperpile.com/c/jrTy9h/Rhi4
https://paperpile.com/c/jrTy9h/PX8f+YbHX
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plasticization. Interestingly, the cross-linking even increases the CO2 permeability from 6.5 

Barrers to 9.5 Barrers [17]. 

 

  

Fig. 3.8. (a) Advantage of cross-linked polyimides with strong resistance to plasticization for CO2/CH4 

separation. This graph is adapted from reference[13] . (b) Cross-linked polyimides for CO2/CH4 separation 

in Robeson’s upper bound plot, including 6FDA-DAM:DABA (○), XL 6FDA-DAM:DABA (●), 6FDA-

durene (∆), XL 6FDA-durene (▲), 6FDA-durene:DABA (□), and XL 6FDA-durene:DABA (■).[57,64,73] 

Cross-linking of other polyimides has also been reported. For example, copolyimides of 

6FDA-durene:DABA and 6FDA-DAM:DABA were cross-linked using glycols. 6FDA based 

polyimides were also cross-linked using glycidol. The 41% glycidol-modified cross-linked 

membrane has excellent selectivity, permeability balance as well as high plasticization resistance.  

 Fig. 3.8b shows the effect of cross-linking on CO2/CH4 separation in Robeson’s plot. 

Generally, the cross-linking decreases CO2 permeability and increases CO2/CH4 selectivity. The 

separation properties of cross-linked polyimides approach the upper bound. 

Cross-linked polyimides have demonstrated their potentials for practical CO2/CH4 

separations. Chinn et al. reported that cross-linked DABA based polyimides have been fabricated 

into bench-scale hollow fiber membranes and field tests of these membranes at natural gas 

https://paperpile.com/c/jrTy9h/Ynwd
https://paperpile.com/c/jrTy9h/mu9i
https://paperpile.com/c/jrTy9h/ScfC+XhYW+K4eu
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plants[74]. These membranes exhibited high CO2 permeance and CO2/CH4 selectivity with good 

long-term stability in real natural gas environment. 

 

3.4.3. C3H6/C3H8 separation 
 

Olefin/paraffin separation such as C3H6/C3H8 separation is one of the most energy-

intensive gas separations. A variety of polymers have been explored for this application. However, 

both C3H6 and C3H8 are highly soluble in polymers and thus plasticize the polymers, leading to a 

loss of size-sieving ability[75]. For example, BPDA-TmPD shows a pure-gas C3H6/C3H8 

selectivity of 50. However, with a feed gas mixture of 50:50 at 10 atm, the mixed-gas C3H6/C3H8 

selectivity decreases to below 2[76].   

Cross-linking has been explored as a way to improve the membrane performance by 

decreasing plasticization effect and improving selectivity[77]. As shown in Fig. 9, the cross-linked 

6FDA-4MPD:DABA 4:1 copolyimide still exhibits C3H6/C3H8 selectivity of 11 at the feed gas 

mixture of 4 atm, while the uncross-linked 6FDA-4MPD shows a selectivity of less than 6. The 

cross-linked polyimides demonstrate the C3H6/C3H8 separation properties closer to the upper 

bound than the uncross-linked one. 

 

https://paperpile.com/c/jrTy9h/kq8D
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Fig. 3.9. Effect of cross-linking on C3H6/C3H8 separation properties at 35 oC with a mixture containing 

50:50 C3H6/C3H8 at 4 atm for 6FDA-MPD (○), and cross-linked 6FDA-4MPD:DABA 4:1 using ethylene 

glycol (●)[77]. 

 

3.5 Correlation of gas permeability and cross-linking density 
 

In this section, we aim to interpret the effect of cross-linking on polymer physical 

properties including gas permeability. Table 3.3 summarizes chemical compositions and physical 

properties in selected cross-linked polyimides. Cross-linking modification slightly increases 

density except 6FDA-durene:DABA (3:2). Interestingly, cross-linking does not necessarily 

increase polymer Tg. The cross-linking may increase the Tg due to enhanced polymer chain rigidity; 

on the other hand, the addition of cross-linking agents such as butylene glycol may lead to lower 

Tg because of the copolymer effect[73]. As a result of these two competing effects, the Tg of most 

cross-linked polyimides changes within ± 10 oC from that of the uncross-linked ones, which is 

much less than that of highly cross-linked epoxies (up to 100 oC, as shown in Fig. 2). 

 
  

https://paperpile.com/c/jrTy9h/Usuv
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Table 3.3. Effect of chemical cross-linking on the physical properties of polyimides, including cross-linking density (Mc), Tg, density, and CO2/CH4 

separation properties at 35 oC. 

Polyimides Cross-linker 
Mc 

(g/mol) 

Tg 

(oC) 

Density 

(g/cm3) 

P (CO2) 

(Barrer) 

CO2/CH4 

selectivity 
Ref. 

6FDA- 

DAM:DABA 

(3:2)  

None  386 1.400 151 28 

73 
glycidol 

14800 383 1.399 146 30 

6300 375 1.403 95 33 

None  385 1.402 85 20 

76 

dietheylene 

glycol 
2800 a 374 1.397 55 23 

trietheylene 

glycol 
1500 a 384 1.399 48 30 

tetraetheylene 

glycol 
1800 a 365 1.398 40 31 

6FDA- 

DAM:DABA 

(2:1) 

None  364 1.388 115 29 

19 butylene 

glycol 
3100 b 363 1.394 44 

34 

None  319 1.482 45 44 88 
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6FDA- 

6FpDA:DABA 

(2:1) 

butylene 

glycol 
3800 b,c 328 1.532 43 

47 

None  313 1.483 28 45 

18 ethylene 

glycol 
14000 b,c 323 1.485 35 

42 

6FDA- 

durene:DABA 

(3:2) 

None  375 1.375 465 23 

85 Fe(III) 

acetylacetonate 

 377 1.350 599 22 

 380 1.339 700 22 

 390 1.296 877 22 

a. Conversion rate of trans-esterification reaction is estimated based on the gel content. 

b. Conversion rate of trans-esterification reaction is from Ref. 73. 

c. Conversion rate of mono-esterification is from Ref. 19. 
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Unlike the well-studied epoxy networks as shown in Table 3.1, there is often no 

quantitative analysis of cross-linking density (or Mc values) for cross-linked polyimides. Herein, 

Mc values are estimated using the conversion rate of cross-linking agents. Fig. 10a shows the 

correlation between the measured (Tg-Tg,0) values and 1/Mc values. However, there is no clear 

correlation between (Tg-Tg,0) and 1/Mc as described in Eq. 7, presumably due to the low cross-

linking density (or large Mc values) in polyimides, or the copolymer effect derived from the cross-

linkers[21,64,73]. Eq. 7 generally works for highly cross-linked networks with Mc values less than 

l,000 g mol-1; whereas the Mc values for cross-linked polyimides are often much greater than 1,000 

g mol-1.  

 

  

Fig. 3.10. (a) Effect of cross-linking density on the deviation of Tg from that of uncross-linked polyimide 

(Tg,0). (b) Relative CO2 permeability as a function of Tg deviation for cross-linked polyimides. The line in 

Fig. 10b is to guide the eye. 

 

Fig. 10b demonstrates the effect of Tg on the relative CO2 permeability (defined as the CO2 

permeability in cross-linked polyimides to that of uncross-linked ones). Generally, increasing Tg 

https://paperpile.com/c/jrTy9h/XhYW+vyjy+K4eu
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increases CO2 permeability. However, there lacks the FFV values in these systems to directly 

correlate with gas permeability values.  

3.6 Concluding remarks 
 

3.6.1 Summary 
 

This study aims to elucidate the effect of cross-linking on membrane gas separation 

properties in polyimides. Though cross-linking has been extensively utilized to improve separation 

properties for important industrial gas separations such as H2/CO2, CO2/CH4 and C3H6/C3H8 

separations, it remains unexplored how the cross-linking influences physical properties of the 

polyimides such as Tg, FFV and gas permeability. This chapter critically reviews the strategies 

utilized to chemically cross-link polyimides (including the reaction via imide rings or DABA 

functional groups) and the gas separation properties in the resulted polymer networks.  

Cross-linking of polyimides may slightly increase or decrease Tg, due to the competitive 

effect of cross-linking and the change of chemical compositions due to the addition of cross-linkers 

with low Tg. There is no clear correlation between Tg and cross-linking density (as indicated by 

Mc), as described by Nielsen’s empirical model. This behavior is very different from that observed 

for well-studied epoxides networks. In cross-linked polyimides, gas permeability often increases 

with increasing Tg. However, due to the lack of the FFV information, the change of permeability 

cannot be examined using the free volume model. Nevertheless, hollow fiber membranes based on 

cross-linked polyimides have been successfully demonstrated for CO2 removal from natural gas 

with good long term stability at natural gas processing plants. 

 

3.6.2 Outlook 
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Systematic understanding of the effect of cross-linking on polymer nanostructures is the 

key to design advanced polymers for those important separations in practical conditions. There is 

an urgent need in the design and synthesis of cross-linked polymers that can be accurately 

characterized for their nanostructures, in order to study structure/property relationship.  

A critical step to move these cross-linked polymers with high performance to industrial 

membranes is to seamlessly incorporate the cross-linking step in the membrane production 

processes. The ability to form defect-free membranes with ~100 nm thick selective layers would 

be required. The successful commercialization of membranes based on cross-linked polymers 

would also need to address the membrane production scale-up (i.e., reproducibility in membrane 

production), and the long term stability of these membranes in the real gas streams. 
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 Abstract 
 

Polymers with a strong size-sieving ability and superior H2/CO2 selectivity at 100 oC or 

above are of great interests for pre-combustion CO2 capture. Polyimides (such as Matrimid and 

6FDA-durene) have been cross-linked using diamines and show superior H2/CO2 selectivity. 

However, these cross-linked polymers cannot be used for the pre-combustion CO2 capture because 

of the lack of thermal stability at 100 oC. Herein we demonstrate that commercial P84TM can be 

chemically cross-linked using 1,4-butanediamine (BuDA) to achieve robust H2/CO2 separation 

properties at 100 oC to 150 oC. The cross-linked P84 were thoroughly evaluated using Fourier 

transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), differential 

scanning calorimetry (DSC), and thermogravimetric analysis (TGA). The effects of the cross-

linking time on the physical properties and H2/CO2 separation properties at various temperatures 

were determined and interpreted using a free volume model. An exemplary sample based on P84 

cross-linked by BuDA for 6 h exhibits an H2 permeability of 47 Barrers (1 Barrer = 3.35 × 10-16 

mol m/m2·s·Pa) and H2/CO2 selectivity of 14 at 100 oC, which is on the Robeson’s upper bound, 

indicating their potential for practical applications. 
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4.1 Introduction  
 

Membrane technology has attracted significant interests for H2 purification and CO2 

capture in pre-combustion processes because of its inherently high energy-efficiency [1-4]. In 

these processes, fossil fuels are decarbonized by reforming or gasification to generate mixtures of 

H2 and CO. The CO is further converted to H2 and CO2 by the water-gas shift reaction. The 

produced H2 must be purified by removing CO2 for use in hydrogen-fueled turbines or other 

applications, and the concentrated CO2 can then be utilized or sequestered underground. 

Specifically, membrane materials with high H2 permeability and H2/CO2 selectivity at the syngas 

processing temperatures such as 100 °C or above provide a low-cost route for the CO2 capture [5-

7]. In an exampled membrane process design, a N2 stream is used as the sweep gas on the permeate 

to increase the driving force for H2 permeation, and the swept-out gas can be directly sent to the 

hydrogen turbine for power generation [5]. Membranes with a H2/CO2 selectivity of 10 at 150 oC 

were shown to achieve 90% CO2 capture from the pre-combustion processes at an energy 

consumption 32% less than the current leading technology of Selexol absorption. 

Glassy polymers have been explored for H2/CO2 separation at high temperatures because 

of their strong size-sieving ability and thus high H2/CO2 diffusivity selectivity [8], such as 

polybenzimidazole (PBI) with H2 permeability of 12 Barrers and H2/CO2 selectivity of 14 at 100 

oC [7, 9], cross-linked PBI with H2 permeability of 8.7 Barrers and H2/CO2 selectivity of 23 at 100 

oC [3, 10], and highly cross-linked polyamides [11]. Conventional polyimides do not have 

sufficiently high H2/CO2 selectivity despite their huge design space of diamines and dianhydrides, 

low cost, and significant know-how in preparing hollow fiber membranes, partially because of the 

insufficient size-sieving ability. For example, typical polyimides of Matrimid® 5218 and 6FDA-

durene (where 6FDA and durene are 4,4ʹ-(hexafluoroisopropylidene) diphthalic anhydride and 
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2,3,5,6-tetramethyl-1,4-phenylenediamine, respectively) show a H2/CO2 selectivity of only 3.7 

and 1.0 at 35 oC, respectively [12, 13].  

Cross-linking polyimides using diamines is a convenient way to dramatically enhance the 

H2/CO2 selectivity [6, 14-23], in large part due to the increase in size-sieving ability. For example, 

the cross-linking of 6FDA-durene using 1,4-butanediamine (BuDA) for 10 min increases the 

H2/CO2 selectivity from 1.0 to 102 at 35 oC [12, 16, 18, 23], and the cross-linking of 6FDA-

ODA/NDA (where ODA and NDA are 4,4′-oxydianiline and 1,5-napthalenediamine, respectively) 

using 1,3-diaminopropane (PDA) for 2 h increases the H2/CO2 selectivity from 2.3 to 60 at 35 oC 

[17, 24]. Hollow fiber membranes based on 6FDA-NDA (NDA=1,5-diamino naphthalene), 

PBI/Matrimid blends, and Torlon were prepared and cross-linked using ethylenediamine (EDA) 

vapor [25]. After 5 min reaction, the 6FDA-NDA membranes showed a H2 permeance of 3.4 GPU 

(1 GPU = 10-6 cm3(STP)/cm2 s cmHg) and a H2/CO2 selectivity of 35 at 35 oC [25]. However, the 

cross-linked Matrimid, 6FDA-durene, and 6FDA-ODA (ODA = 4,4’-diamino diphenyl ether) are 

not stable at temperatures above 100 oC, where the cross-linking reaction reverses to produce imide 

rings and release the diamines [14, 15, 17, 26, 27]. Therefore, these materials are not suitable for 

the pre-combustion CO2 capture (preferred to be at 100 oC or above). Moreover, from a 

fundamental perspective, the cross-linking reaction was performed with thick films (50 µm), and 

the reaction only occurs on the surface and not in bulk (as indicated by the low gel content in the 

cross-linked samples) [16-18, 23, 24]. Therefore, there lacks a fundamental understanding of the 

effect of cross-linking on the H2/CO2 separation properties in polyimides. 

P84TM is a commercially available polyimide with a strong size-sieving ability and higher 

pure-gas H2/CO2 selectivity (5.3) than Matrimid (3.7) or 6FDA-durene (1.0) at 35 oC [22]. P84 

had been prepared into flat-sheet membranes for organic solvent nanofiltration [28, 29] and hollow 
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fiber membranes for pervaporation and CO2/CH4 separation [30, 31]. Asymmetric hollow fiber 

membranes based on P84 were also cross-linked with 1,5-diamino-2-methylpentane (DAMP), 

which increased the H2/CO2 selectivity from 5.3 to 16 at 35 oC [22]. However, no studies on the 

cross-linked P84 for H2/CO2 separation at elevated temperatures are available in the literature.  

In this study, we systematically investigate the effect of the bulk cross-linking of P84 using 

diamines on H2/CO2 separation at 35 ºC to 150 oC. Higher temperature may benefit the efficiency 

of CO2 removal. However, most commercial membrane modules have been configured for the 

operation of 150 oC or below, including the supper layer, glues, spacers, etc. [5]. Therefore, the 

polymers are evaluated at 150 oC to demonstrate the concept. Freestanding 15-µm thick films were 

fully cross-linked and demonstrated to be stable at temperatures up to 150 oC. The effect of the 

cross-linking time and agents such as BuDA, p-xylene diamine (XDA), and PDA on the polymer 

properties were determined. The H2/CO2 separation properties at 100 oC and 150 oC are compared 

with the literature data in the Robeson’s upper bound plots to demonstrate that the cross-linking 

of P84 can be a useful way to achieve superior H2/CO2 separation properties at temperatures 

relevant to the pre-combustion CO2 capture. 

4.2 Experimental 

4.2.1. Materials 

 

Equipment and instruments or materials are identified herein to adequately specify the 

experimental details. Such identification does not imply recommendation by the National Institute 

of Standards and Technology, nor does it imply the materials are necessarily the best available for 

the purpose. 

P84 was purchased from HP Polymer Inc. (Lenzing, Austria). Methanol, BuDA, PDA, and 

XDA were supplied by Sigma-Aldrich Corporation (St. Louis, MO, USA). N-methyl-2-
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pyrrolidone (NMP) was purchased from Fisher Scientific International, Inc. (Hampton, NH, USA). 

Novec 7300 engineered fluid (1,1,1,2,2,3,4,5,5,5-decafluoro-3-methoxy-4-(trifluoromethyl)-

pentane) was obtained from 3M Company (St. Paul, MN, USA). Gas cylinders of H2 and CO2 with 

ultrahigh purity were obtained from Jackson Welding & Gas Products (Buffalo, NY, USA) 

 

4.2.2. Preparation of the cross-linked P84 films 

 

To prepare freestanding films, P84 was first dissolved in NMP at 10 % by mass. After 

mixing, the homogeneous solution was filtered using a filter with a pore size of 1.0 µm. The 

solution was then cast on a glass plate and allowed to dry in a fume hood. Finally, the film was 

dried in a conventional oven at 80 ºC for 15 h and then in a vacuum oven at 200 ºC for 48 h to 

remove the residual NMP (with a boiling temperature of 203 oC). The obtained film has a thickness 

of 15 µm ± 2 µm. 

Freestanding films of P84 were cross-linked by immersing in methanol containing 1 mol/L 

BuDA for a desired period at 21 ºC. The films were then washed with fresh methanol for 3 times 

and then dried at 80 ºC for 24 h to remove the methanol. The cross-linked samples were labeled 

as XLP84-th (where t represents the cross-linking time in hours). 

4.2.3. Characterization of chemical and physical properties of XLP84 

 

The changes in the chemical structure of P84 after cross-linking were monitored by 

Attenuated total reflection Fourier transform infrared (ATR FTIR) spectroscopy (Vertex 70, 

Bruker, MA) with a resolution of 4 cm-1. 

Glass transition temperature (Tg) of P84 and XLP84 was determined using differential 

scanning calorimetry (DSC, Q2000, TA Instruments, DE). The measurement was performed at a 

heating rate of 10 ºC/min from 25 ºC to 400 ºC under a nitrogen flow of 50 mL/min. The Tg value 
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was taken as the midpoint of the heat capacity step change using the Universal Analysis software 

(TA instrument). 

Thermal stability of P84 and XLP84 was determined using a thermogravimetric analyzer 

(TGA, Netzsch TG 209 F1, Germany). The measurement was performed with a ramping rate of 

10 ºC/min from 25 ºC to 800 ºC under a nitrogen flow of 100 mL/min. 

X-ray photoelectron spectroscopy (XPS) was used for elemental analysis of the polymer 

films. XPS measurements were performed using a Kratos AXIS Ultra DLD Spectrometer (Kratos 

Analytical, Manchester, UK) with a monochromatic Al K  source (1486.6 eV) operating at 140 

W. The base pressure of the sample analysis chamber was ≈1.0 × 10-9 Torr (or 1.33× 10-7 Pa), 

and spectra were collected from a nominal spot size of 300 m × 700 m. Measurements were 

performed in hybrid mode using electrostatic and magnetic lenses, and the pass energy of the 

analyzer was set at 160 eV for survey scans and 20 eV for high resolution scans, with energy 

resolutions of 0.5 eV and 0.1 eV. All XPS data analysis was performed using the CasaXPS 

software package. 

The gel content of the XLP84 was measured by immersing the film (with a mass of m1) in 

NMP for 24 h. The insoluble material was dried at 200 ºC for 24 h and then weighted with a mass 

of mgel. The gel content (wgel) was calculated using eqn (1): 

𝑤𝑔𝑒𝑙 =
𝑚𝑔𝑒𝑙

𝑚1
× 100%                 (1) 

The density of the polymer films was determined using Archimedes’ principle and an 

analytical balance (Model XS64, Mettler-Toledo, OH) equipped with a density kit at 21 oC [32]. 

Novec 7300 engineered fluid was used as an auxiliary liquid because the solvent has low sorption 

in the polymers. The liquid has a density of 1.66 g/cm3 at 21 oC. 

Fractional free volume (FFV) is an important factor determining gas diffusivity, which can 
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be calculated using eqn (2): 

𝐹𝐹𝑉 =
𝑉−1.3𝑉𝑤

𝑉
                 (2) 

where V is the specific volume of the polymer and VW is the van der Waals volume, which can be 

estimated by a group contribution method [33]. For the XLP84 samples, the VW value was 

calculated by considering the gel composition (or the molar ratio of the reacted BuDA and P84 

repeating units, as shown in eqn (4)).  

 

4.2.4. Determination of gas permeation and sorption 

 

Pure-gas permeation measurement was performed using a constant-volume/variable-

pressure apparatus at 35 oC to 150 oC [34]. The polymer film was first masked using a brass disc 

and high-temperature epoxy adhesive and then installed in a permeation cell in an oven with 

controlled temperatures. Gas permeability (PA) was determined by monitoring a steady-state 

pressure increase in the volume on the permeate side of the film. The PA has a unit of Barrers, 

where 1 Barrer = 10−10 cm3 (STP) cm/(cm2 s cmHg). The obtained permeability values have 

an uncertainty of ≈10%, which can be estimated using a standard propagation of error 

analysis [35]. 

Gas solubility in polymers was determined using a microbalance (IGA 001, Hiden 

Isochema, Warrington, UK) at 35 oC to 150 ºC [10, 32]. Polymer samples with ~ 70 mg were 

used, and the gas pressure was varied from 0.1 atm to 12 atm. Gas sorption at each pressure 

was considered at equilibrium when the microbalance reading remained unchanged for 

more than 1 h. The gas sorption is calculated using the mass change of the polymer samples 

considering the buoyancy effect [32]. The uncertainty of the gas solubility is estimated to 

be ≈5% using the standard propagation of error analysis [35]. 
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4.3 Results and discussion 

 

4.3.1. Reaction of P84 and BuDA 

 

Because the cross-linking of P84 occurs in methanol, the sorption kinetic of methanol in 

the P84 freestanding films were investigated. Fig. 1 illustrates the two-stage kinetic of methanol 

sorption in the P84 films including the Fickian diffusion and structural relaxation. In the first stage 

(first 6 h), methanol diffuses in the polymer following the Fickian diffusion mechanism. In the 

second stage (after 6 h), the polymer chains swell, and the structure rearranges because of the 

methanol plasticization, which further increases the methanol sorption and differs from the Fickian 

diffusion. Such two-stage kinetics has been reported for the sorption of organic vapor in glassy 

polymers [36]. After the sorption experiments, the P84 films were dried at 80 oC and showed the 

weight almost the same as that before the sorption experiments, confirming that P84 has negligible 

solubility in methanol. 

 
Fig. 4.1. The two-stage kinetics of methanol uptake in 15-µm thick P84 films at 21 oC. Mt is the mass of 

methanol sorbed by the P84 at an immersion time of t, and Mfinal is the equilibrium mass uptake of methanol 

(0.050 g methanol/g P84).  

 

Fig. 4.2 shows the possible reactions between P84 and BuDA including grafting, cross-
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linking, and chain scission [13, 17, 22]. As one of the amine groups in the BuDA reacts with an 

imide ring on the backbone of the P84, the imide ring opens, grafting the BuDA and forming two 

amide groups. If the other amine group of the BuDA reacts with another P84 chain, cross-linking 

occurs. The electrophilic amide groups are susceptible to nucleophilic attacks, and therefore, they 

can exchange with the amine groups partially because the BuDA is excessive in the methanol 

solution. Consequently, if one imide group reacts with two BuDA modules, chain scission occurs, 

resulting in short P84 chains (or sol) that may be soluble in methanol [17].  

 

Fig. 4.2. Possible reaction mechanisms of P84 and BuDA in methanol at 21 ºC including grafting, cross-

linking, and chain scission. 

 

Fig. 4.3 compares the FTIR spectra of P84 and two cross-linked P84 samples (XLP84-6h 

and XLP84-12h). Both XLP84-6h and XLP84-12h exhibit two characteristic amide peaks of 1654 

cm-1 (C=O stretching) and 1534 cm-1 (C-N stretching) [29, 31, 37], which are not presented in the 

P84 spectrum. On the other hand, all samples show the characteristic imide peaks of 1780 cm−1 
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(C=O asymmetric stretching), 1715 cm−1 (C=O symmetric stretching), and 1356 cm−1 (C-N 

stretching) [29, 31, 37], suggesting that not all the imide groups are converted to the amides after 

the cross-linking. The imide groups are important to retain the long polymer chains or cross-linked 

structure. 

 
Fig. 4.3. Comparison of FTIR spectra of P84 and XLP84 samples confirming the reaction between 

P84 and BuDA. The peaks are not normalized. 

 

Table 4.1 records the physical and chemical properties of the XLP84 samples. After the 

cross-linking, the samples were dried in the air and then in an oven at 80 oC to remove the residue 

methanol. The mass change is defined as the percentage of the mass increase after the cross-linking 

relative to the pristine P84 film. Surprisingly, the immersion of the P84 films in the BuDA 

solutions decreases the mass, which is caused by the chain scission (cf. Fig. 2), generating small 

P84 chains that are soluble in methanol. For example, the XLP84-6h shows a mass loss of 2.6 % 

compared with the pristine P84 film, though the solubility of P84 is negligible in methanol. As a 

comparison, Matrimid films exhibited a mass gain of 16 % under the same cross-linking condition 

in the methanol solution, which is also consistent with the literature study [13]. 
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Table 4.1. Chemical and physical properties of XLP84 samples, including weight change, gel content, density, Tg, elemental information, the molar 

ratio of BuDA to the P84 repeating units (r), estimated BuDA content, and FFV. 

 

Sample 
Weight 

change (%) 

wgel 

(%) 

Density 

(g/cm3) 

Tg 

(oC) 

O content 

(mol%) 

N content 

(mol%) 
r 

BuDA content 

(% by mass) 
FFV 

P84 - 0 1.351±0.005 326±1 14.2 5.2 0 0 0.136±0.003 

XLP84-1h -2.1±0.2 95±1 1.363±0.005 324±1 11.5 8.8 0.57 11 0.114±0.003 

XLP84-6h -2.6±0.2 95±1 1.386±0.005 317±1 11.4 10 0.87 15 0.091±0.003 

XLP84-12h -2.9±0.2 96±1 1.367±0.005 315±1 11.4 9.3 0.69 13 0.107±0.003 

XLP84-24h -3.4±0.2 98±1 1.336±0.00

5 

320±1 11.1 9.9 0.84 15 0.126±0.00

3 

XLMatrimid

-6h 
16±1      0.68 14  
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Table 4.1 also shows the gel content of the XLP84 samples. After 1 h immersion in the 

BuDA solution, the film shows the gel content as high as 95 %, indicating an almost complete 

cross-linking of the P84 chains. Further increase in the cross-linking time only slightly increases 

the gel content, indicating that the center of the bulk film is also fully cross-linked after 1 h cross-

linking. This result is different from the literature, where the films were cross-linked for much 

shorter time (≈10 min), and the surface had much higher cross-linking density than the center of 

the films [17, 20].  

As the cross-linking time increases, the Tg of XLP84 decreases before increasing, which 

can be ascribed to the opposite effect of the copolymer effect from the flexible BuDA and the 

enhanced chain rigidity from the highly cross-linking network [19, 38, 39]. On the other hand, the 

density increases before decreasing with increasing the cross-linking time. Initially, increasing the 

cross-linking time tightens the polymer structure and thus increases the density, while the further 

increase in the cross-linking time increases the BuDA content and causes the structural relaxation 

of the polymer chains in the methanol (as shown in Fig. 1) [10, 17], both decreasing the density.  

Table 4.1 also presents the effect of cross-linking on the elemental information of the 

surface (<10 nm depth) derived from the XPS results. P84 shows an O content of 14.2 mol% and 

N content of 5.2 mol%, which are very close to the theoretical values (i.e., O content of 15.5 mol% 

and N content of 6.2 mol%). In general, the exposure of P84 films with BuDA decreases the O 

content and increases the N content, confirming the generation of the amide groups in the XLP84 

samples (as shown in Fig. 2).  

The N content (xN) can be used to calculate the mass ratio of the BuDA and P84 (mB/mP84) 

based on the mass balance with the following equation: 

2𝑚𝐵

𝑀𝑤,𝐵
+

2𝑚𝑃84

𝑀𝑤,𝑃84
= 𝑥𝑁 (

6𝑚𝐵

𝑀𝑤,𝐵
+

32𝑚𝑃84

𝑀𝑤,𝑃84
)               (3) 
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where Mw,P84 (360 g mol-1) and Mw,B (88 g mol-1) is the molecular mass of a P84 repeating unit and 

BuDA, respectively. BuDA has two N atoms out of 6 atoms of C and N, while a typical P84 

repeating unit has two N atoms out of 32 atoms of C, N, and O. 

The molar ratio of the BuDA to P84 repeating units (r) is calculated using the following 

equation: 

𝑟 =
𝑚𝐵

𝑚𝑃84
×

𝑀𝑤,𝑃84

𝑀𝑤,𝐵
                 (4) 

The 1 h cross-linking leads to an r value of 0.57, consistent with the gel content of 95%. As the 

cross-linking time increases, the r value increases due to the increased grafting reaction or even 

chain scission (as shown in Fig. 2) before leveling off. The value of 0.84 is very close to 1 for the 

100% grafting reaction. However, it is unclear for the lower r value for the XLP84-12 than XLP84-

6. Table 4.1 also shows the estimated BuDA content in the XLP84  (i.e., 𝑚𝐵 (𝑚𝐵 + 𝑚𝑃84)⁄ ), which 

increases with increasing the cross-linking time before leveling off after 6 h. 

The r values can be used to estimate the amount of functional groups and the VW values, 

which yields the FFV values using Eq. (2). As shown in Table 1, the FFV value decreases with the 

cross-linking time before increasing, which is consistent with the changes of the density and Tg in 

the XLP84s. Interestingly, XLP84-6h has the lowest FFV value of 0.091. 

Fig. 4.4 presents the thermal degradation behavior of P84 and XLP84-6h, which is very 

similar. Both polymers exhibit about 5 % mass loss at about 250 oC because of the loss of the 

residual NMP (with a boiling temperature of 203 °C) despite the annealing of the films at 200 oC 

for 48 h before the experiment, and then they are thermally stable at temperatures as high as 400 

°C, indicating that they can be used for H2/CO2 separation at elevated temperatures such as 100 oC 

and 200 °C. On the other hand, the presence of the NMP in the polymers may have impact on the 

gas transport properties. 
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Fig. 4.4. Comparison of the thermal stability for P84 and XLP84-6h in the TGA (solid) and differential 

thermal gravimetric (DTG, dotted) curves.  

 

The stability of the XLP84s cross-linked with BuDA is consistent with the P84 cross-linked 

with XDA [31]. On the other hand, the cross-linked Matrimid using ethylenediamine (EDA) were 

not stable at 100 °C or above [14, 15, 17], though the reaction mechanism of Matrimid and EDA 

is similar to that of P84 and BuDA investigated in this study. One of the possible reasons is that 

XLP84 was prepared with a cross-linking time of 1 h or more, while the literature study on 

Matrimid or 6FDA-durene often used 10 min or less and the cross-linking was confined to the 

surface. Another possibility can be the difference in the electrophilicity of imide rings among these 

polyimides. For example, Matrimid undergoes much more rapid cross-linking with PDA than 

6FDA-durene because of the higher electron affinity in the dianhydride monomer used to 

synthesize Matrimid than that for 6FDA-durene [12]. However, it is beyond the scope of this study 

to fully elucidate the reaction mechanism of these polyimides with diamines. 
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4.3.2. Effect of cross-linking on gas permeability in XLP84s 

 

The XLP84 samples were tested with pure-gas H2 and CO2 at pressures ranging from 4.4 

atm to 11.2 atm and temperatures of 35 oC, 100 oC, and 150 oC, and the gas permeability is 

independent of the feed pressures. Fig. 5a and 5b present the effect of the cross-linking time on 

pure-gas H2 and CO2 permeability at 7.8 atm and various temperatures, respectively. As the cross-

linking time increases, H2 permeability increases first (until 6-h cross-linking) before decreasing, 

and CO2 permeability decreases (until 6-h cross-linking) before slight increase. As shown in Fig. 

5c, the H2/CO2 selectivity increases from 5.8 to its maximum of 14 by 6 h cross-linking with a 

negligible decrease in H2 permeability at 100 oC, validating that the cross-linking can improve the 

membrane H2/CO2 separation performance at high temperatures. The peak of the selectivity is also 

consistent with the chain relaxation of the P84 after 6 h sorption by methanol. During the first 6-h 

cross-linking, increasing the cross-linking time increases the cross-linking density (as indicated by 

the increase in the r values) and decreases the CO2 permeability, leading to an increase in H2/CO2 

selectivity. Swelling time of more than 6 h appears to relax polymer chains and decrease the size-

sieving ability. Polymer films were also tested at 100 oC and 150 oC continuously for more than 

10 days while retaining their physical appearing and gas separation properties, indicating their 

thermal stability at the elevated temperatures, which is in contrast with Matrimid, 6FDA-durene, 

or 6FDA-ODA cross-linked with diamines [14, 15, 17, 26, 27]. 
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Fig. 4.5. Effect of the temperature and cross-linking time on (a) pure-gas H2 permeability, (b) pure-gas CO2 

permeability, and (c) pure-gas H2/CO2 selectivity at 7.8 atm. (d) Modeling of pure-gas H2 and CO2 
permeability in the P84 and XLP84-6h using the Arrhenius equation. Gas permeability has an 
estimated uncertainty of ≈10%, and the H2/CO2 selectivity has an uncertainty of ≈14%. 

 

The effect of temperature on gas permeability can be described using the Arrhenius 

equation: 

𝑃𝐴 = 𝑃𝐴0𝑒𝑥𝑝 (−
𝐸𝑃,𝐴

𝑅𝑇
)                 (5) 
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where PA0 is a pre-exponential factor (Barrers), EP,A is the activation energy of permeation 

(kJ/mol), R is the gas constant, and T is the temperature (K). As shown in Fig. 5d, the gas 

permeability in the P84 and XLP84-6h can be satisfactorily described using the model. Table 2 

records the adjustable parameters of PA,0 and EP,A for H2 and CO2. For both samples, H2 exhibits 

higher Ep values than CO2, indicating a greater influence of the temperature on H2 permeation than 

on CO2 permeation. The XLP84-6h exhibits higher EP,A value for H2 than P84, confirming the 

stronger size-sieving ability for XLP84-6h. 

 

Table 4.2. Adjustable parameters of the Arrhenius equation for the gas permeability (at 7.8 atm), solubility 

(6.0 atm) and diffusivity in the pristine P84 and XLP84-6h at 35 - 150 oC.  

Polymers 

H2  CO2 

PA0  

(Barrer) 

Ep,A 

(kJ/mol) 

 PA0 

(Barrer) 

Ep,A 

(kJ/mol) 
SA0

† 
∆HS,A 

(kJ/mol) 

DA0 

(10-4 cm2/s) 

ED,A 

(kJ/mol) 

P84 15,300 18  1800 17 16 -14 8.7 31 

XLP84-6h 28,300 20  1200 18 9.2 -16 9.9 34 

† The unit is 10-3 cm3(STP)/(cm3 atm).  

 

Fig. 4.6 compares the type of the diamines for 24-h cross-linking on the pure-gas H2 

permeability and H2/CO2 selectivity at 100 oC, including BuDA, XDA, and PDA. These diamines 

have different chain lengths and rigidity and have been widely explored for cross-linking Matrimid 

and 6FDA-durene. Since the diffusion rate of diamines into the polymers controls the cross-linking 

rate, a cross-linking time of 24 h was chosen to ensure a full cross-linking. The BuDA cross-linked 

XLP84-24h exhibits the best combination of high H2 permeability and H2/CO2 selectivity. The 

XDA cross-linked one shows comparable H2/CO2 selectivity but much lower H2 permeability than 

the BuDA cross-linked one, because the XDA with benzene ring interacts favorably with the 

benzene rings in P84 through π-π stacking, resulting in more compact structure and lower 
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permeability than BuDA. The PDA cross-linked one shows both lower permeability and selectivity 

than the BuDA cross-linked one, presumably because of the shorter and less flexible chains [12].  

 

 

 

 
Fig. 4.6. Effect of the type of diamines (including PDA, BuDA, and XDA) on the pure-gas H2 permeability 

and H2/CO2 selectivity in XLP84s at 100 oC. The cross-linking was performed for 24 h in methanol 
solutions. Gas permeability has an estimated uncertainty of ≈10%, and the H2/CO2 selectivity has an 
uncertainty of ≈14%. 

 

4.3.3. Effect of cross-linking on gas solubility and diffusivity 
      

 To elucidate the effect of the cross-linking on the gas transport properties, gas permeability is 

decoupled into solubility and diffusivity. The CO2 solubility was determined using a gravimetric 

method, while H2 solubility could not be determined due to its extremely low sorption in polymers. 

Fig. 7a compares CO2 sorption isotherms for P84 and XLP84-6h at different temperatures, 

showing that CO2 sorption is independent of the cross-linking. The isotherms in glassy polymers 

can be described using the dual-mode sorption model:  

                 (6) 
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where CA is the sorption of the penetrant A in the polymer, kD is the Henry’s constant,  is 

Langmuir sorption capacity, and b is the affinity parameter. Equation (6) also indicates that 

increasing gas pressure decreases solubility (SA, where 𝑆𝐴 = 𝐶𝐴 𝑝𝐴⁄ ). On the other hand, increasing 

cross-linking time has minimal effect on the CO2 solubility, as shown in Fig. 7b. The cross-linking 

does not drastically change the chemistry of the materials (indicated by less than 17 % of BuDA 

in the XLP84s, cf. Table 1). Because the gas solubility is governed by its condensability and 

interaction with the polymer matrix, the XLP84s show similar CO2 solubility. 
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Fig. 4.7. (a) Effect of the temperature on the CO2 sorption isotherms in P84 and XLP84-6h. (b) Effect of 

the cross-linking time on CO2 solubility and diffusivity at 100 ºC and 6 atm. (c) Effect of 1/FFV on H2 

permeability and CO2 diffusivity at 100 ºC. The CO2 solubility and diffusivity have an estimated 
uncertainty of ≈5% and ≈11%, respectively.  

 

Fig. 4.7b also shows that CO2 diffusivity decreases significantly after 1 h cross-linking and 

then increases after 6 h cross-linking, which is consistent with the two-stage swelling kinetics. 

After 6 h swelling, the polymer chains relax, increasing the FFV for CO2 diffusion. Fig. 4.7c 

illustrates that the decrease in the CO2 diffusivity at 100 oC is consistent with the decrease in the 

FFV. However, there is no correlation between H2 permeability and the polymer FFV, presumably 

because the distribution of the free volume size and population influence the gas permeability and 

such information cannot be directly determined. 

The effect of the temperature on CO2 solubility and diffusivity can also be described using 

the Arrhenius equations: 

𝑆𝐴 = 𝑆𝐴0𝑒𝑥𝑝 (−
∆𝐻𝑆,𝐴

𝑅𝑇
)                (7) 

𝐷𝐴 = 𝐷𝐴0𝑒𝑥𝑝 (−
𝐸𝐷,𝐴

𝑅𝑇
)                (8) 

where SA0 (cm3(STP)/(cm3 atm)) and DA0 (cm2/s) are pre-exponential factors, ∆𝐻𝐻,𝐻 is enthalpy 
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of sorption (kJ/mol), and ED,A is the activation energy of diffusion (kJ/mol). The values of these 

parameters are summarized in Table 2. The ED,A value for CO2 is slightly higher for XLP84-6h 

than the pristine P84, further confirming that cross-linking increases the size-sieving ability. 

 

4.3.4. H2/CO2 separation properties in XLP84 at elevated temperatures 
 

Fig. 4.8a compares the H2/CO2 separation properties in P84 and XLP84-6h with the 

materials reported in the literature at ≈35 oC in the Robeson’s plot (Ref.40). The upper bound 

shows the tradeoff between H2 permeability and H2/CO2 selectivity, and the 6 h cross-linking 

moves the performance of P84 closer to the upper bound at 35 oC, confirming the effectiveness of 

the cross-linking in improving the polymer separation properties. The upper bounds were also 

estimated for 100 °C and 150 °C using a transition state model developed in the literature [10, 40]. 

The pristine P84 shows the performance below the upper bounds for all the temperatures, while 

the XLP84-6h exhibits the H2/CO2 separation properties at the upper bound of 100 °C and close 

to that of 150 oC. Specifically, the XLP84-6h exhibits comparable H2/CO2 selectivity with PBI (a 

leading polymer for this application) and higher H2 permeability than PBI at 100 oC. 

Fig. 4.8b displays the effect of the cross-linking time on the H2/CO2 separation properties 

at 100 oC. There appears to be an optimal cross-linking time (6 h), which yields the best 

combination of H2 permeability and H2/CO2 selectivity right on the upper bound. 
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Fig.4. 8. (a) Pure-gas H2/CO2 separation performance of P84 and XLP84-6h in Robeson’s upper bound plot 

at various temperatures. The data points from left to right are for 35 ºC, 100 ºC, and 150 ºC, respectively. 

(b) Effect of the cross-linking time on the H2/CO2 separation performance at 100 oC. 

 

4.4 Conclusions 
 

Despite an extensive study of diamine-cross-linked polyimides for membrane H2/CO2 

separation, this study, for the first time, systematically investigated the effect of the cross-linking 

of the bulk P84 films on H2/CO2 separation properties at elevated temperatures (> 100 oC). Unlike 

other polyimides such as Matrimid and 6FDA-durene, cross-linking P84 using BuDA decreases 

the sample mass while leading to highly cross-linked networks with thermal stability up to 400 oC. 

The XLP84 samples exhibit gas separation performance near the upper bound in Robeson’s plot 

for H2/CO2 separation at 100 ºC to 150 ºC, suggesting their potential for pre-combustion CO2 

capture. 
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 Abstract 
 

Glassy polymers are leading materials for H2/CO2 separation in H2 purification and CO2 

capture process, because of their inherently high size-sieving ability. However, these polymers 

often exhibit low H2 permeability. The privation of membrane materials with both high H2 

permeability and H2/CO2 selectivity at 100 – 300 oC for use in pre-combustion process remains as 

an ongoing concern. Herein we report novel carbon molecular sieve (CMS) membranes derived 

from polybenzimidazole (PBI), a leading polymer for H2/CO2 separation. These membranes are 

prepared by pyrolysis of PBI in inert gas, forming microcavity with high gas permeability and 

ultra-microporous channels with strong size-sieving ability. We systematically study the effect of 

the pyrolysis temperature on the physical and gas separation properties in the CMS. As the 

pyrolysis temperature increases, the CMS density increases before decreasing, while the porosity 

increases consistently up to 30% for CMS with a pyrolysis temperature of 900 oC. In general, the 

carbonization of PBI dramatically increases H2 permeability while retaining or slightly increasing 

H2/CO2 selectivity. For example, pure PBI exhibit H2 permeability of 27 Barrers and H2/CO2 

selectivity of 14 at 150 oC, while the CMS with a pyrolysis temperature of 900 oC shows an H2 

permeability of 54 Barrers and H2/CO2 selectivity of 80 at 150 oC. The fundamental gas solubility 

and diffusivity in these CMS are determined as well. These CMS with intrinsic micropores exhibit 

H2/CO2 separation properties far above the Robeson’s upper bound, demonstrating their potential 

for practical H2 purification and CO2 capture. 
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5.1 Introduction 
 

As one of the basic chemicals and green energy sources, hydrogen (H2) is mainly produced 

from fossil fuels via steam reforming or gasification with carbon dioxide (CO2) as a byproduct. 

The CO2 must be removed for the H2 to be used, and with a low-cost and energy-efficient H2/CO2 

separation technology, the CO2 can be captured for sequestration or utilization[1,2]. With 

inherently high energy-efficiency, membrane technology has been extensively investigated for 

H2/CO2 separation. The key to the success of this technology is membrane materials with high H2 

permeability and H2/CO2 selectivity (preferably above 15) at syngas processing temperatures of 

100 – 300 oC [3].  

Because H2 has smaller kinetic diameter than CO2 (2.89 Å vs. 3.3 Å), current design for 

high-temperature H2/CO2 separation membranes is focused on materials with strong size-sieving 

ability, including polymers (such as polybenzimidazole (PBI)[4,5], cross-linked PBI [1,6], and 

crosslinked polyamides [7]), inorganic materials (such as silica [8], zeolites [9], metal-organic 

frameworks (MOFs) [10,11], and graphene oxide (GO) [2,12], MoS2 [13], transition metal 

carbides and nitrides (MXenes) [14]), and polymer-based mixed matrix membranes (MMMs) 

containing size-sieving inorganic fillers [15–17]. However, the pursuit of the sharp molecular size-

sieving ability often leads to low free volume and thus low H2 permeability, i.e., materials with 

high H2/CO2 selectivity tend to exhibit low H2 permeability, and vice versa [1,18]. An effective 

way to break the permeability/selectivity tradeoff is to create “hourglass” structure in materials 

with both microcavities to achieve high gas permeability and ultra-microporous channels to attain 

high selectivity [19,20]. However, there lacks systematic understanding of the relationship 

between material chemistry, structure, and properties. The discovery of membrane materials with 

“hourglass” structure and thus simultaneously high permeability and selectivity is often hit-or-

https://paperpile.com/c/FePN41/uBXj+WSdC
https://paperpile.com/c/FePN41/80M8
https://paperpile.com/c/FePN41/GHSk+dA3A
https://paperpile.com/c/FePN41/uBXj+lhdj
https://paperpile.com/c/FePN41/sJbj
https://paperpile.com/c/FePN41/bUcf
https://paperpile.com/c/FePN41/O0qa
https://paperpile.com/c/FePN41/OM90+t6P9
https://paperpile.com/c/FePN41/5r9d+WSdC
https://paperpile.com/c/FePN41/lBrz
https://paperpile.com/c/FePN41/AGvA
https://paperpile.com/c/FePN41/4pEz+SvEV+O2n2
https://paperpile.com/c/FePN41/4Fti+uBXj
https://paperpile.com/c/FePN41/kx6f+n5ua
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miss, such as thermally re-arranged (TR) polymers [20] and polymers of intrinsic microporosity 

(PIMs) [21]. 

Recently, amorphous carbon molecular sieving (CMS) materials have been demonstrated 

with separation performance above the upper bound for challenging gas separations like O2/N2, 

N2/CH4, CO2/CH4, and olefin/paraffin [22–24]. CMS materials are formed by thermal 

decomposition of polymer precursors and comprise parallel layers of condensed hexagonal rings 

without three dimensional crystalline order, which have bimodal distribution of slit-like pores with 

micropores of 6-20 Å and ultramicropores of less than 6 Å [25,26]. Depending on the polymer 

precursors and carbonization conditions, the size of the ultramicroporous channels could be 

suitable for certain gas separations [27–29]. For example, Matrimid® pyrolyzed at 800 °C shows 

N2 permeability of 6.8 Barrers and N2/CH4 selectivity of 7.7 (which governs the upper bound for 

N2/CH4 separation), and Matrimid carbonized at 675 °C exhibits CO2 permeability of 480 Barrers 

and CO2/CH4 selectivity of 80 [26]. However, the CMS membranes reported in the literature have 

never been tailored for H2/CO2 separation. For example, Matrimid carbonized at 675 °C shows 

H2/CO2 selectivity of only 1.3 [26]. Blends of PBI and Matrimid (50:50) carbonized at 800 oC 

show H2 permeability of 324 Barrers and H2/CO2 selectivity of 8.8 at 35 oC[30]. 

Herein, we demonstrate, for the first time, that carbonization of PBI at optimal conditions 

can lead to the desired glasshour structure that is suitable for H2/CO2 separation properties at 100 

– 200 oC. PBI is a leading material for the H2/CO2 separation with H2 permeability of 27 Barrers 

and H2/CO2 selectivity of 14 at 150 oC [1,6]. The PBI carbonized at 900 oC exhibits a pure-gas H2 

permeability of 54 Barrers and H2/CO2 selectivity of 80 at 150 oC, which is well-above the 

Robeson’s upper bound at 150 oC. We thoroughly investigate the effect of carbonization 

https://paperpile.com/c/FePN41/n5ua
https://paperpile.com/c/FePN41/3oKh
https://paperpile.com/c/FePN41/yiHK+naND+j5nI
https://paperpile.com/c/FePN41/p0Sf+V9GB
https://paperpile.com/c/FePN41/3cFF+PjVS+4Vo7
https://paperpile.com/c/FePN41/V9GB
https://paperpile.com/c/FePN41/V9GB
https://paperpile.com/c/FePN41/xf3s
https://paperpile.com/c/FePN41/uBXj+lhdj
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temperature on the PBI-CMS structure and H2/CO2 separation properties, and evaluated the CMS 

films with simulated syngas (i.e., gas mixtures containing water vapor) for more than one week. 

 

5.2 Results and discussion 

 

5.2.1 Preparation and characterization of CMS films 

 

 Fig. 5.1a shows the schematic of the carbonization of the PBI, which creates microporous pores 

(leading to and thus expected high gas permeability) and ultramicroporous channels (leading to 

sharp molecular sieving ability). As a result of the pyrolysis, upon heating, the color of the film 

changed from transparent yellow to black (cf. Fig. 1b) and yields CMS dense membranes with 

shrinkage in both the mass and the dimension of the precursor materials. The CMS materials are 

in excess of 90% carbon, leaving very few functional groups on the surface, as confirmed by the 

FTIR spectra (cf. Fig. S1 in the Supporting Information), which is also consistent with the 

literature [31]. 

https://paperpile.com/c/FePN41/fAq9
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Fig. 5.1. Preparation and characterization of the CMS films. (a) Schematic of the carbonization of 

PBI to create microporous structure and ultra-microporous channels; (b) photos of PBI, 

CMS@600, and CMS@900 films; (c) temperature ramping and weight loss of the CMS@900 

monitored by TGA; (d) Raman spectra of CMS@600 and CMS@900; and (e) effect of 

carbonization temperature on the N/C ratio in the CMS films. 

    

 

Fig. 5.1c shows the weight loss of PBI@900 during the carbonization monitored by 

thermogravimetric analysis. The procedures for the temperature ramping and soaking are 

described in the Method of Supporting Information (SI), which are expected to influence the 

microstructures of the CMS films. PBI has a Tg of 470 °C and degradation temperature of 500 °C, 

and the weight loss occurs in several steps. At the first step of below 100 °C, the film loses 1.5 

wt% because of the evaporation of the water. At the second step of below 450 °C, the film loses 

14.5 wt% because of the evaporation of the residual DMAc. At the third step of ramping from 450 

oC to 900 oC, the PBI degrades and loses another ≈18 wt%. During the last soaking step, the 
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PBI further loses ≈3 wt.%. Therefore, the carbonization at 900 oC decreases the weight by 

37% for the films, while the dry PBI loses 25 wt% (relative to the dry PBI) due to the carbonization. 

Similarly, the carbonization at 600 oC decreases the weight by 24 wt% including the evaporation 

of solvents by 15 wt%. Thus, the dry PBI weight loss is 11% for the PBI@600 (Fig. S1). 

Fig. 1d shows the Raman spectra of CMS@600 and CMS@900. Appearance of peaks 

around 1341 cm-1 and 1580 cm-1 confirms the formation of disordered carbon and highly oriented 

graphitic carbon in the CMS samples, respectively. CMS@900 exhibits higher ID/IG ratio (1.5) 

than CMS@600 (0.87), confirming the higher amount of ordered graphitic carbon in CMS with 

higher soaking temperature. The graphitic crystallite size (La) can be estimated using Tuinstra-

Koenig equation ( La= 4.4/( ID/IG).[33, 34] The CMS@600 and CMS@900 have the graphitic 

crystallite sizes of 5.0 nm and 2.9 nm, respectively. Fig. 1d further confirms the carbonization by 

elemental analysis from X-ray Photoelectron Spectroscopy (XPS) results. The N/C ratio decreases 

with increasing the soaking temperature.  

Fig. 5.2a shows the effect of the soaking temperature on the weight loss of the PBI samples 

monitored by TGA. Increasing the soaking temperature increases the weight loss. The weight loss 

can also be calculated from the weight difference before and after the carbonization. As shown in 

Fig. 5.2a, the weight loss values are more or less consistent for the PBI@600 and PBI@900. 

Fig. 5.2b shows the effect of the soaking temperature on the bulk density (ρbulk) determined 

from the mass and dimension measurements of the CMS films. PBI has a density of 1.25 g/cm3, 

while the carbonization increases the ρbulk before decreasing at 750 oC, reflecting the compromised 

effect of the generation of graphites with high density and micropores. The ρbulk values are also 

compared with the skeletal density (ρskeletal) determined using the Helium pycnometry, which 
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follows the similar trend with increasing the soaking temperature, except for PBI@900. The 

average porosity (ε) can be calculated using the following equation [32]: 

𝜀 =
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
= 1 −

𝜌𝑏𝑢𝑙𝑘

𝜌𝑠𝑘𝑒𝑙𝑒𝑡𝑎𝑙
              (1) 

Increasing the carbonization temperature continues to increase the ε, confirming the 

formation of the microcavity in the CMS films. PBI@900 has the highest porosity of 26%.  

 
Fig. 5.2. Morphology of PBI@T films. Effect of the soaking temperature on (a) weight loss, (b) skeletal 

density, bulk density, and porosity (ε), (c) WAXD patterns and d-spacings, and (d) the diameter of free 

volume elements from PALS results.  

 

https://paperpile.com/c/FePN41/XhAp
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Fig. 5.2c presents the patterns of Wide-angle X-ray diffraction (XRD). The carbonization 

decreases the d-spacing values from 3.9 Å to 3.8 Å for PBI@600 and then 3.6 Å for PBI@900, 

suggesting the increased size-sieving ability. Moreover, a small broad peak at a d-spacing of 2.0 

Å appears for the CMS, which is representative of the carbon-carbon spacing on graphite planes 

[33,34].  

Positron annihilation lifetime spectroscopy (PALS) was used to characterize the 

micropores in the CMS samples. The PALS technique measures the lifetimes of positron species 

that form and annihilate in a polymer matrix [34], such as τ2 for the annihilation of a positron and 

an electron (no bound state formed) and τ3 for the formed ortho-positroniums (bound state of the 

positron and electron of the same spin). Usually, the τ3 is used to analyze the pore structure [35]. 

However, most ortho-positronium annihilations occur on the surface of the conductive CMS films, 

which makes it inadequate to resolve the τ3 in the spectra. In such situations, the τ2 is used to derive 

the micropore characteristics [35,36]. Fig. 3d demonstrates that increasing the soaking temperature 

increases the pore size before leveling off at 750 oC and then decreasing at 900 oC. Such changes 

again confirm the compromised generation of micropores with large pores and densification 

forming ultramicroporous channels with sharp size-sieving ability.   

 

5.2.2 Pure-gas transport characteristics in CMS films  

 

The CMS films were tested with pure-gas H2 and CO2 at temperatures of 35 oC - 150 oC 

and pressures ranging from 4.4 atm to 11.2 atm. The gas permeability is independent of the feed 

pressures. Fig. 5.3a presents the effect of the soaking temperature on pure-gas H2 and CO2 

permeability at 100 oC and 7.4 atm. As expected, a significant increase in both H2 and CO2 

permeability observed after carbonizing PBI membranes. PBI@750 has almost 2 orders of 

https://paperpile.com/c/FePN41/fI50+GLLP
https://paperpile.com/c/FePN41/GLLP
https://www.sciencedirect.com/topics/materials-science/pore-structure
https://paperpile.com/c/FePN41/bSqH
https://paperpile.com/c/FePN41/bSqH+Pc27
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magnitude increase in H2 permeability compares to PBI with a decrease of H2/CO2 selectivity from 

14 to 8.7 at 100 oC, which is consistent with the generation of the microporous structure. On the 

other hand, PBI@800 and PBI@900 show lower permeability and much higher selectivity (18) 

than PBI@750. At temperatures above 750 oC, densification results in micropore collapse and 

lower permeability and ultramicroporous channels with sharp size-sievin ability and thus higher 

H2/CO2 selectivity. 

 

Fig. 5.3. Effect of pyrolysis temperature in preparing the CMS films on (a) pure-gas H2 and CO2 

permeability and (b) H2/CO2 selectivity at 7.4 atm and 100 oC. (c) CO2 sorption isotherms (d) CO2 

diffusivity at 10 atm and 100 oC as a function of pyrolysis temperature. (e) Effect of temperature on H2 

permeability in PBI and CMS films at 10 atm. 

 

To elucidate the effect of carbonization on the gas transport properties, gas permeability is 

decoupled into solubility (SA, cm3 (STP)/cm3 atm)) and diffusivity (DA, cm2/s). Fig. 5.3c presents 

the CO2 sorption isotherms in PBI, CMS@600, and CMS@900 at 100 oC, while H2 solubility 
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could not be determined due to its extremely low sorption in polymers. The gas sorption in CMS 

follows typical dual-mode sorption behavior[27]. Carbonization increases the CO2 sorption 

because of the increase in the porosity (or Langmuir’s sorption capacity). For example, 

carbonization at 600 oC increases the CO2 solubility from 1.0 to 4.2 cm3(STP)/cm3 atm. Fig. 3d 

shows the effect of carbonization on the CO2 diffusivity at 100 oC. CMS@600 exhibits the highest 

CO2 diffusivity among the three polymers, reflecting the competing effect of increasing porosity 

(derived microcavities) and decreasing d-spacing (related to ultramicroporous channels) with 

increasing the carbonization temperature.  

 Fig. 5.3e displays the effect of temperature on the H2 permeability in PBI  and CMS films, 

which can be satisfactorily described using the Arrhenius equation. The activation energy (EP) for 

H2 permeation is also recorded in Table S2. PBI shows the highest EP values because of the low 

porosity, followed by CMS@900 because of its ultramicroporous structure. CMS600 and CMS850 

show the lowest EP values because of their moderate free volume size and porosity. Similar 

behavior is also observed for the EP values for CO2, as shown in Table S2. Fig. 3f demonstrates 

that the H2/CO2 selectivity is independent of the temperature. 

 

5.2.3 Mixed-gas H2/CO2 separation properties in PBI-CMS 

The CMS@900 exhibits the best combination of high H2 permeability and H2/CO2 

selectivity, and thus, it is further evaluated at simulated syngas conditions containing water vapor 

at higher temperatures. Figures 4a and 4b show the dependence of mixed-gas H2 and CO2 

permeability and H2/CO2 selectivity on the CO2 partial pressure of the feed gas at 150 oC with 

three H2/CO2 mixtures (20:80, 50:50, and 80:20). Both H2 and CO2 permeability (with an 

uncertainty of ≈10%) decrease with increasing CO2 partial pressure because of the competitive 

https://paperpile.com/c/FePN41/3cFF
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sorption, while the mixed-gas H2/CO2 selectivity is independent of the CO2 partial pressure, 

suggesting the lack of plasticization because of the low CO2 sorption at 150 oC.  

Coal-derived shifted syngas typically contains ~56% H2, ~41% CO2, water vapor, and 

other light gases. Fig. 4c depicts the effect of water vapor on the mixed-gas separation properties 

and long-term stability of CMS@900 at 11 atm and 150 oC. The sample was initially tested using 

a dry gas mixture (50% H2/50% CO2) for 40 h. Then 0.31 mol.% water vapor was introduced in 

the feed for 54 h before switching back to the dry gas. The sample exhibits stable separation 

properties for 120 h with and without the water vapor. 

 

 

Fig. 5.4. Super H2/CO2 separation performance of CMS@900. Effect of the CO2 feed partial pressure on 

(a) mixed-gas H2 and CO2 permeability, and (b) H2/CO2 selectivity. The lines are to guide the eye. (c) 

Long-term stability in dry and humidified conditions with H2:CO2 of 50:50 at 11 atm and 150 oC for 120 h. 

(d) Pure-gas H2/CON2 separation performance in the Robeson’s upper bounds at 100 oC. (e) Comparison 

of CMS@900 with the state-of-the-art materials for H2/CO2 separation. 
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Fig. 5.4d compares the H2/CO2 separation properties in CMS samples with the Robeson’s 

2008 upper bound plot.7 The pristine PBI shows the performance below the upper bound at 25°C, 

while most CMS samples exhibit the H2/CO2 separation properties above the upper bound. 

Specifically, the CMS@900 exhibits remarkable H2/CO2 selectivity of 80. 

Figure 5.4e compares the pure- and mixed-gas H2/CO2 separation performance of 

CMS@900 with a leading commercial H2/CO2 separation membrane (ProteusTM) in a Robeson’s 

upper bound plot estimated for 150 °C using a transition state model.[7, 47, 48] The CMS@900 

and CMS@800 show H2/CO2 separation properties better than the ProteusTM materials, and 

significantly above the upper bound. Fig. 4e also demonstrates the superior H2/CO2 separation 

performance of CMS@900 compared with other state-of-the-art materials, including MMMs,[16, 

17, 41-44] polymers,[1, 4, 8, 45] and inorganic materials.[9-15, 46] 

In summary, despite an extensive study on CMS membrane for different challenging gas 

separation, to the best of our knowledge, for the first time CMS membrane in this study used for 

H2/CO2  separation at elevated temperatures (> 100 oC). PBI, a leading material for this separation, 

used as a precursor for carbonization. The effect of pyrolysis temperature on gas permeation and 

sorption were analyzed to provide insight into the factors governing separation properties in PBI-

CMS membrane for H2/CO2 separation. PBI-CMS samples exhibit impressive gas separation 

performance well above the upper bound in Robeson’s plot for H2/CO2 separation at 35 ºC to 100 

ºC. The PBI-CMS-900 exhibits comparable H2/CO2 selectivity of permeability of 73 Barrer and 

highest H2/CO2 selectivity of 52 at 35 ºC. The result reported in this study could be a starting point 

for future works on optimizing pyrolysis condition of CMS membrane for H2/CO2 separation and 

suggesting their potential for pre-combustion CO2 capture. 
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5.3 Methods 

 

5.3.1 Preparation of membranes  
  

PBI was first dissolved in DMAC at 8 wt.% and filtered using a 1.0 μm PTFE syringe filter 

(Thermo Fisher Scientific). Freestanding films were prepared via solution casting method. After 

drying in a conventional oven at 80 ºC for 15 h, the film was dried under vacuum at 200 ºC for 48 

h to remove the residual solvent. The obtained film has a thickness of 100 µm ± 5 µm as measured 

using a Starrett 2900 digital micrometer (L.S. Starrett Co., Athol, MA).  

To prepare CMS, the PBI films were pyrolyzed in a 1-inch-tube furnace (MTI Corporation, 

Richmond, CA) under 200 cm3(STP)/min N2 following a procedure used for the carbonization of 

polyimides, as shown in SI [39]. The final pyrolysis temperature (at 500 - 1000 °C) was reached 

using a “ramp-and-soak” method, whereby the temperature ramping rate starts at 13.3 

°C/min and then decreases to 3.85 °C/min and finally to 0.25 °C/min before soaking at the 

targeted final temperature for 2 h. Finally, the films were cooled to ≈23 oC in the furnace 

tube. The CMS samples are labeled as PBI@xxx, where xxx represents the targeted final 

temperature (oC). 

5.3.2 Characterization 

 

Thermal gravimetric analysis (TGA) was conducted using an SDT Q600 

thermogravimetric analyzer (TA Instruments, DE) under N2 flow with the temperature ramping 

procedures same as the pyrosis conditions. Attenuated total reflection-Fourier transform infrared 

spectroscopy (ATR-FTIR) spectra were recorded using a vertex 70 Burker spectrometer (Billerica, 

MA). 100 scans were collected for each sample at a resolution of 4.0 cm−1 and ≈21 oC. X-ray 

photoelectron spectroscopy (XPS) was used for elemental analysis of the PBI and CMS films. A 

https://paperpile.com/c/FePN41/l67M
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Kratos AXIS Ultra DLD Spectrometer (Kratos Analytical, Manchester, UK) with a 

monochromatic Al Kα source (1486.6 eV) operating at 140 W was used at the chamber 

pressure of ≈ 1.33× 10-7 Pa. The spectra were collected from a nominal spot size of 300 µm × 700 

µm and analyzed using the CasaXPS software package. 

The density of the freestanding films was determined from the weight and volume. The 

volume can be calculated by the film thickness and area or measured using Micromeritics Accu-

Pyc II 1340 Gas Pycnometer (Micromeritics Instrument Corporation, Norcross, GA). The volume 

can also be. WAXD patterns of the CMS films using a Rigaku Ultima IV x-ray diffractometer over 

a 2θ range of 5 - 45° with a scanning rate of 2.0° min-1. The diffractometer has a Cu Kα x-ray 

source with a wavelength of 1.54 Å. Porosity and surface area of CMS films was determined using 

Micromeritics Tri-Star II with VacPrep. PALS was used to determine the free volume 

characteristics of the CMS films under vacuum (1 × 10−5 Torr) at ≈ 22 oC using an EG&G Ortec 

(Oak Ridge, TN) fast−fast coincidence spectrometer. The lifetime of the free annihilation 

(τ2, ∼0.4 ns) and the ortho-positronium (τ3) in the microcavities (i.e., free volume) are often 

used to derive the free volume size. Because the CMS films are conductive, the τ3 values can not 

be accurately determined, and thus, the τ2 values are used to relate to the size of the free volume 

elements. 

Pure-gas permeability (PA) was determined using a constant-volume/variable-pressure 

apparatus at controlled temperatures [39]. Mixed-gas permeability was determined using a 

constant-pressure/variable-volume apparatus with a sweep gas of N2 [1]. Binary mixtures were 

prepared by in-line mixing of pure H2 and CO2 streams at desired flow rates. Water vapor can 

be introduced by passing the mixed gas through a water bubbler. The composition of each 

stream was analyzed by 3000 Micro GC gas analyzer (Inficon Inc., Syracuse, NY). The 
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permeability often has an uncertainty of ≈10%, estimated using a propagation of error 

analysis [40]. Gas solubility in CMS films was determined using a microbalance (IGA 001, 

Hiden Isochema, Warrington, UK) at various temperatures and pressures. The gas sorption 

is calculated using the mass change of the samples (≈100 mg) after gas sorption reaches 

equilibrium and considering the buoyancy effect [1, 7]. The uncertainty of the gas solubility 

is estimated to be ≈10% using the propagation of error analysis[41].  

 

5.4 Supporting information 

 

5.4.1 Methods 

 

Equipment and instruments or materials are identified herein to adequately specify the 

experimental details. Such identification does not imply recommendation by the National Institute 

of Standards and Technology, nor does it imply the materials are necessarily the best available for 

the purpose. 

 

5.4.2 Materials 

 

PBI (Celazole®) was supplied by PBI Performance Products, Inc. (Charlotte, NC). 

Anhydrous N, N-dimethylacetamide (DMAc) was purchased from Fisher Scientific International, 

Inc. (Waltham, MA). Gas cylinders of H2, CO2, and N2 with ultrahigh purity were obtained from 

Airgas Inc. (Buffalo, NY). 

 

5.4.3 CMS preparation 
 

The protocols for the CMS preparation are shown below. At each step, the N2 flow rate is 

200 cm3(STP)/min. 

https://paperpile.com/c/FePN41/Vci6
https://paperpile.com/c/FePN41/xpN5
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1. Ishothermal at 25 ºC for 30 min 

2. Increase from 25 ºC to 50 ºC at a ramp rate of 0.83 ºC/min 

3. Increase from 50 ºC to 250 ºC at 13.3 ºC/min  

4. Increase from 250 ºC to (Tmax -15 ºC) at 3.85 ºC/min 

5. Increase from (Tmax -15 ºC) to Tmax at 0.25 ºC/min 

6. Isothermal at Tmax  for 2 hours 

7. Cool down to ≈22 oC under N2 flow  

 

5.4.4 Results and discussion 
 

  

Figure S1. Effect of temperature and time on the degradation of PBI in the TGA (solid) and differential 

thermal gravimetric. 

 

By increasing the carbonization temperature above 700 oC, both density declined except 

the skeletal density for PBI-CMS-900 sample, which results in highest porosity of 26% for PBI-

CMS-900. 
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Figure S2. (a) C2H6 sorption isotherms at 100 oC. (b) Effect of temperature on CO2 permeability in PBI 

and CMS samples at 10 atm. 

 

The gas sorption isotherms of glassy polymers can be described using the dual mode 

sorption model, as expressed by the following equation:  

              (S1) 

where CA is the sorption of the penetrant A in the polymer, kD is the Henry’s constant, is 

Langmuir sorption capacity, and b is the affinity parameter. Table S1 summarizes the fitting 

parameters for the CO2 and C2H6 isotherms of the PBI and CMS samples at 100 °C.  

 

Table S1. Parameters of the dual mode sorption model for CO2 sorption in the PBI and CMSs at 

100 °C. 

Samples 

kD (cm3(STP) cm-

3·atm-1) 
b (atm-1)  (cm3(STP) cm-3) 

CO2 C2H6 CO2 C2H6 CO2 C2H6 

PBI 0.812 0.864 0.567 0.346 2.29 0.436 

CMS@600 1.37 1.60 0.392 0.780 36.6 9.83 

CMS@900 1.29 0.806 0.137 0.477 68.9 36.9 
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Table S2 summarizes the CO2 and C2H6 solubility at 10 atm and 100 °C in the PBI and 

CMS samples. Carbonization increases both CO2 and C2H6 solubility, leading to a slight increase 

in the CO2/C2H6 solubility selectivity. 

 

 
Table S2. Gas solubility and solubility selectivity of the PBI and CMSs at 10 bar and 100 °C. 

Samples 
Gas solubility (cm3(STP) cm-3·atm-1) CO2/C2H6 

solubility selectivity CO2 C2H6 

PBI 1.0 0.90 1.1 

CMS@600 4.2 2.4 1.8 

CMS@900 5.2 3.8 1.4 

 

The effect of temperature on gas permeability can be described using the Arrhenius equation as 

shown below: 

         (S2) 

where PA,0 is a pre-exponential factor (Barrer), R is the gas constant, T is the temperature (K), and 

EP,A is the activation energy for the gas permeation. Table S3 summarizes the EP,A values for H2 

and CO2 permeation in the PBI and CMSs at 35 - 200 °C. For all the investigated samples, CO2 

permeation exhibits activation energy similar to H2 due to its larger kinetic diameter but greater 

condensability than H2. 

 
Table S3. EP,A for H2 and CO2 permeation in the PBI and CMSs at 35 - 200 °C. 

Samples 
EP,A (kJ mol-1) 

H2 CO2 

PBI [1]  23 21 

CMS@600 4.1 4.7 

CMS@850 4.7 4.1 

CMS@900 13 13 
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Supplementary Table 4 records the literature data of H2/CO2 separation performance for the state-

of-the-art membrane materials. These data have also been presented in Fig. 3f in the main text. 

Table S4. H2/CO2 separation properties in selected membrane materials in the upper bound for 

comparison (Fig. 4e). Mixed-gas contains 50% CO2 and 50% H2. 

 

Table S4. H2/CO2 separation properties in selected membrane materials in the upper bound for 

comparison (Fig. 4e). Mixed-gas contains 50% CO2 and 50% H2. 

  

Membrane materials Mixed or 

pure-gas 

Δp 

(atm) 

T 

(°C) 

H2 perm. 

(Barrer) 

H2/CO2 

select. 

Ref. 

Mixed 

Matrix 

Materials 

1. 20wt% NUS-2 @ PBI Pure 5.0 35 4 31 [41] 

2. 50wt% ZIF-7 @ PBI Pure 3.5 35 26 15 [42] 

3. PBI/Pd Mixed 9.9 175 43 31 [43] 

4. 30wt% ZIF-8@PBI Pure 3.5 35 105 12 [16] 

5. 23wt% Pd @ PBI Pure 1.0 60 176 10 [44] 

6. 10wt% ZIF-71 @ 

cross-linked polyimide 

Mixed 7.0 150 120 10 [17] 

Polymers 7. Polyamide Mixed 3.4 140 7 50 [8] 

8. Acid doped PBI Mixed 14 180 19 32 [1] 

9. ProteusTM Mixed 3.4 150 46 15 [4] 

10. BTBP-PBI Pure 3.4 250 710 7.1 [45] 

Inorganic 

materials 

11. 2D MOFs: Zn2(Bim)3 Mixed 1.0 120 1.2 166 [12] 

12. Graphene oxide Mixed 1.0 100 8.1 250 [13] 

13. 2D MOFs: Zn2(Bim)4 Mixed 1.0 25 11 200 [11] 
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14. MXene Pure 1.0 25 32 27 [15] 

15. Silica (Si600) Mixed 1.0 200 45 71 [9] 

16. ZIF-7 Mixed 1.0 200 358 6.5 [46] 

17. SAPO-34 zeolite Mixed 3.5 200 1045 23 [10] 

18. MoS2 Pure 1.0 160 1700 8 [14] 

CMS@800 Pure 11 100 640 17   

CMS@900 Pure 11 150 54 80  This 

work 

CMS@900 Mixed 11 150 39 53   
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6. Conclusion 

Systematic understanding of the effect of cross-linking on polymer nanostructures is the 

key to design advanced polymers for those important separations in practical conditions. Cross-

linking has been explored as an effective way to modify polymer nanostructures, such as increasing 

chain rigidity and even disrupting chain crystallization. On the other hand, cross-linking can 

restrict the swelling, preventing the significant loss of size-sieving ability. Despite an extensive 

study of diamine-cross-linked polyimides for membrane H2/CO2 separation, this study, for the first 

time, systematically investigated the effect of the cross-linking of the bulk P84 films on H2/CO2 

separation properties at elevated temperatures (> 100 oC). As expected, cross-linking of P84 

decreased H2 permeability and increases H2/CO2 selectivity, in a large part due to the decrease in 

free volume and increase in size-sieving ability. Unlike other polyimides such as Matrimid and 

6FDA-durene, cross-linking P84 using BuDA decreases the sample mass while leading to highly 

cross-linked networks with thermal stability up to 400 oC. The XLP84 samples exhibit gas 

separation performance near the upper bound in Robeson’s plot for H2/CO2 separation at 100 ºC 

to 150 ºC, suggesting their potential for pre-combustion CO2 capture. 

A critical step to move these cross-linked polymers with high performance to industrial 

membranes is to seamlessly incorporate the cross-linking step in the membrane production 

processes. The ability to form defect-free membranes with ~100 nm thick selective layers would 

be required. The successful commercialization of membranes based on cross-linked polymers 

would also need to address the membrane production scale-up (i.e., reproducibility in membrane 

production), and the long term stability of these membranes in the real gas streams. 
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Furthermore, an effective way to break the permeability/selectivity tradeoff is to create 

“hourglass” structure in materials with both microcavities to achieve high gas permeability and 

ultra-microporous channels to attain high selectivity. The discovery of membrane materials with 

“hourglass” structure and thus simultaneously high permeability and selectivity is often hit-or-

miss, amorphous carbon molecular sieving (CMS) materials have been demonstrated with 

separation performance above the upper bound for challenging gas separations like O2/N2, N2/CH4, 

CO2/CH4, and olefin/paraffin. We systematically study the effect of the pyrolysis temperature on 

the physical and gas separation properties in the CMS.  We thoroughly investigate the effect of 

carbonization temperature on the PBI-CMS structure and H2/CO2 separation properties, and 

evaluated the CMS films with simulated syngas (i.e., gas mixtures containing water vapor) for 

more than one week. PBI-CMS samples exhibit impressive gas separation performance well above 

the upper bound in Robeson’s plot for H2/CO2 separation at 35 ºC to 100 ºC. The PBI-CMS-900 

exhibits comparable H2/CO2 selectivity of permeability of 73 Barrer and highest H2/CO2 

selectivity of 52 at 35 ºC. The result reported in this study could be a starting point for future works 

on optimizing pyrolysis condition of CMS membrane for H2/CO2 separation and suggesting their 

potential for pre-combustion CO2 capture. 
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