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SUMMARY 

This thesis uses the so-called dual-mode sorption model to analyze Matrimid® 

polyimide-derived carbon molecular (CMS) thin films.  This model provides a useful 

framework to analyze and understand sorption in complex CMS morphology.  The model 

is also helpful to connect morphology to the pyrolysis process used to create it.  The dual 

mode model includes coexisting continuous and dispersed Langmuir terms.  The model 

parameters related to these environments are reported and discussed in this work.   

CMS based membranes have been applied towards many different gas-pair 

separations.  CMS thin films have appealing separation performance for key gas pairs; the 

carbon dioxide/methane pair, which is practically important, is the focus of this study.  

Previous measurements on CMS film sorption for this pair have been done.  Surprisingly, 

applying the dual-mode sorption model to such thin films created from Matrimid® over a 

range of pyrolysis temperatures has not been done previously and is considered here.  This 

thesis characterizes sorption properties of such CMS thin films for the CO2./CH4 pair and 

adds insights relevant to their separation.  Suggestions for the next steps to extend this 

study are also provided.   
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CHAPTER 1. INTRODUCTION 

Over the last several decades, under Department of Energy BES support, the Koros 

group has developed a new generation of membranes based on carbon molecular sieve 

(CMS) membranes to assist in achieving sustainability in globally important separations 

(1-4).  These materials are moving forward toward commercialization.  The current 

exciting time is similar to that in the late 1970’s when glassy polymers were shown to have 

unusually desirable properties relative to rubbery polymers (5-6).  Specifically, at that time, 

glassy polymer asymmetric hollow fibers enabled formation of ultrahigh surface to volume 

membranes with up to 10,000 m2 per cubic meter of module volume.  Moreover, such 

glassy polymer membrane gave unusually high selectivities for gas pairs such as CO2 and 

CH4, O2 and N2, and H2 and CH4 for moderate feed conditions.  One class of such glassy 

polymers, the polyimides, emerged as the most attractive.  Due to appeal of CH4 as a low 

carbon fuel, markets expanded, and increasingly high CO2-containing resources were 

pursued due to limited availability of low CO2 natural gas resources.  To avoid emitting 

the high levels of CO2 extracted from the natural gas, reinjection to the source well became 

increasingly necessary.  Moreover, the ability to avoid using toxic amine absorption fluids 

made membranes increasingly appealing as offshore installations were pursued (2).  The 

high-pressure natural gas feeds from such well, however, were often supercritical fluids 

that swelled even highly rigid glassy polymers, causing them to be “plasticized”, thereby 

undermining their highly selective natures.  It was discovered that crosslinking such 

materials after spinning into asymmetric forms moderated loss in their size and shape 

selectivities under highly aggressive natural gas feeds.   While this crosslinking approach 
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is viable, it reduces intrinsic membrane productivity (permeability), thereby requiring 

increasingly larger and more expensive offshore processing facilities to remove the CO2 

(7).   The period in the 1980’s-1990’s coincided with the discovery of mega fields in the 

deep water off-shore—often many miles from on-shore processing where fixed platforms 

are extremely expensive.  The increasing CO2 contents also challenged the ability of even 

crosslinked membranes to deliver adequate selectivity-productivity tradeoff properties.  

Zeolite and ceramic membrane materials can deliver the required selectivity and 

productivity to purify such challenging feeds, but at a cost of roughly 100 times more than 

crosslinked polymers in modular form.  On the other hand, CMS membranes are estimated 

to offer similar selectivity values to zeolites with much less brittle properties that may cost 

only 3 times more than glassy polymers in asymmetric forms (8).  Discoveries that 

asymmetric polyimide membranes could be pyrolyzed as shown in Figure 1 with good 

mechanical properties and no plasticization even at 1500 pounds per square inch 

atmosphere of CO2 rich streams made CMS membranes change agents for such challenging 

separations (2).  

A recent fundamental discovery suggests that not only molecular sieving diffusion 

selectivity, but also thermodynamic exclusion selectivity can be tuned in CMS membranes 

(5), and this is the topic of the current thesis.  Such a combination of factors enables a new 

Figure 1: Schematic representation of a CMS asymmetric hollow fiber production 

process 
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set of options to promote sustainable separations that are not available to polymers or non-

carbon inorganic membranes (6-10).   

This thesis begins the process of understanding and explaining the fundamental 

properties for the exclusion selectivity related for CMS membranes derived from a 

particular commercially available precursor, Matrimid®, shown in Scheme 1.  A PhD 

student in the Koros group, Nicholas Leon, is pursuing the fundamental topic of molecular 

sieving diffusion selectivity for Matrimid®-derived CMS that complements the exclusion 

selectivity topic.  Understanding and controlling these two complementary sorption and 

diffusion factors will allow creating a new generation of membranes, which will have 

applications even beyond natural gas.  

 

Scheme 1: Matrimid® Polymide, Huntsman Chemicals (11)  

1.1 Personal Motivation  

There has previously been work done on CMS thin films but providing insight into 

the structure (in the Continuous and Langmuir phases) of these membranes is my 

motivation in this thesis.  Utilizing the dual mode model to understand the structure of 

CMS thin films has been the driving force behind this research, ultimately aiding in 

determining their behavior during sorption and testing.  
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1.2 Membrane-Based Gas Separation  

Membrane separation is an emerging technology, and it has been suggested that 

membrane technology may provide attractive alternative to traditional thermally driven 

methods for gas separation because of lower capital and operating costs. Currently, 

insufficient selectivity, a narrow range of useful operation conditions, and high 

manufacturing costs limit the application of membranes to replace thermally driven 

separations. Nevertheless, several studies have shown that a combination of membranes 

and conventional absorption or distillation units can provide better separation 

performance with attractive energy and economic savings. Conventional polymeric 

membranes have been well studied for gas separations. Polymer membranes have good 

mechanical and chemical properties and are currently implemented in industry for gas 

separation application. In 1991, Robeson reported that the performances of solution 

processable polymers are limited by a trade-off relationship (commonly referred to as the 

polymer upper bound) between productivity (permeability) and separation efficiency 

(selectivity) for common gas pairs (12).  This fact is usually referred to as the “polymer 

upper bound” and summarizes productivity (permeability) and separation efficiency 

(selectivity) for important gas pairs.  

Carbon molecular sieve (CMS) membranes are a type of synthetic membrane 

material that consists of highly porous carbon structures. These membranes are primarily 

designed to separate gases based on their molecular size and shape, making them useful 

for various applications such as gas separation, purification, and filtration processes.  

CMS membranes have a unique structure with a network of micropores and mesopores. 

The carbon material used in the membrane is typically derived from organic polymers, 
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such as polyimide or cellulosic, which are carbonized to create the porous structure. The 

pores in CMS membranes are typically in the range of 0.3 to 0.8 nanometers. The 

separation mechanism of CMS membranes is based on the selective adsorption and 

diffusion of gas molecules. Smaller molecules can enter and diffuse through the 

micropores more easily than larger molecules, leading to separation. This molecular 

sieving effect allows for the separation and purification of gases. CMS membranes can 

find applications in various gas separation processes, including the separation of air into 

oxygen and nitrogen, the removal of carbon dioxide (CO2) from natural gas or biogas and 

hydrogen purification.  These membranes ideally offer high selectivity and permeability 

for specific gas pairs, making them valuable for industrial processes. Carbon molecular 

sieve membranes offer several advantages over other types of gas separation techniques. 

They provide high selectivity, high permeability, and good stability, making them 

suitable for continuous and large-scale separation processes. CMS membranes can be 

fabricated as thin films or hollow fibers, allowing for integration into different membrane 

module configurations. This work will be focused on thin dense films to allow 

fundamental property determinations.  

While CMS membranes have demonstrated significant potential, there are some 

limitations to consider. The fabrication process can be complex and requires precise 

control over the carbonization and activation steps to achieve the desired pore structure. 

The performance of CMS membranes can also be affected by factors such as temperature, 

pressure, and the presence of impurities in the gas streams.  The main challenge lies in 

the process to form these novel materials.  These procedures are often tedious and 

extremely painstaking in that the researcher or preparer must be very meticulous in every 
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single step. Researchers are continuously working on improving the performance and 

scalability of carbon molecular sieve membranes. This includes exploring different 

carbon precursors, optimizing membrane fabrication techniques, and developing novel 

membrane structures to enhance selectivity and permeability. In summary, carbon 

molecular sieve membranes are advanced materials that can selectively separate gases 

based on their molecular size and shape. These membranes have potential applications in 

various industries and are subject to ongoing research and development to improve their 

performance and broaden their range of applications. 

1.3 Thesis Structure  

This thesis will provide background into CMS thin film membranes and mention 

previously done work with them to lay the foundation of the current state of research on 

them. Next discussion of relevant sorption experiments and results conducted by the author 

will be provided to explain the structure of these films.  The dual mode model of CMS 

morphology is introduced to understand directly measured sorption isotherms at varying 

pressures for three different pyrolysis temperatures. Results for such directly measured 

sorption values are compared to indirect measurement of sorption results at a particular 

feed pressure (100 psia).   Extension of the discussions that allows interpretation of trends 

in both the sorption properties and model parameters.  Prior complementary 

characterization of CMS materials is considered. In addition, new X-ray photoelectron 

spectroscopy (XPS) characterization is considered to add additional insights into the CMS 

properties and model parameters. Finally, discussion of all the results will be done to 

suggest steps forward to further the insight into this field.  
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CHAPTER 2. THEORY AND BACKGROUND  

2.1 Overview   

Although this thesis primarily focuses on the topic of exclusion selectivity for CMS 

membranes, establishing a general framework related the membrane paradigm provides a 

perspective for the reader to understand the basis for of work. Molecularly selective 

membranes rely upon sorption and diffusion contributions of a penetrant A, reflected by a 

sorption coefficient (SA) and a diffusion coefficient (DA).  The permeability (PA) of A in 

Equation 1 characterizes fundamental materials productivity in Barrers (1 Barrer = 10 -

10cc (STP) cm cm-2
 s -1 cm Hg -1).  Functionally, PA equals the normalized flux, NA, of 

penetrant A across a membrane with a selective layer, l , due to a partial pressure, ΔpA (or 

fugacity, ΔfA), difference between upstream and downstream faces.  The permselectivity, 

𝜶𝑨𝑩, equals the ratio of permeabilities of component A vs. B, and can be factored into 

effective (average) diffusion selectivity, D,ABα  and sorption selectivity, S,ABα , terms, viz.,  

 

A
A

A

N l
P

f


=

  = DASA                                                  (1) 

                                               

(2)
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2.2 Discussion 

The CMS results in Figure 2 show a revolutionary CO2/CH4 selectivity over 3500 for the 

900°C pyrolyzed Matrimid® sample in Figure 2 (1).  Dramatic increases in both diffusion 

selectivity D,ABα and sorption selectivity S,ABα  have been reported as pyrolysis temperature 

increases (1), indicating that pyrolysis temperature is a powerful multifaceted tool.  

Understanding exactly why and how this tool functions will allow creating advanced 

membranes based on the CMS platform, and this thesis begins this process by focusing on 

the sorption terms in Equation 1 and 2. 

The 900 °C mixed gas results were not reported in Figure 2 since the selectivity 

was so high that it was difficult to measure accurately due to ultrahigh selectivity ~ 3500 

for these membranes.  

Figure 0: CMS derived from Matrimid®, showing effects of 

pyrolysis temperature on CO2/CH4 separation performance 

compared to the 2008 polymer upper bound (1). 
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The effective diffusion coefficient is, of course, a kinetic factor while the effective 

sorption coefficient is thermodynamic in nature; nevertheless, both fundamental 

coefficients can be tuned by molecular engineering (2).  Zhang’s paper (1) identified the 

above trend involving “ultraselectivity” in 2017 (1) and used an approach based on 

Equations 1 and 2 to estimate the constituent contributions to the revolutionary separation 

performance. He fixed the feed pressure at 100 psia with a vacuum permeate downstream 

and applied traditional membrane approaches to estimate the diffusion and sorption 

contributions to the permselectivity. For the reader’s convenience a short summary of the 

approach used to generate Figure 3 is provided regarding effective P, D, S values vs. 

pyrolysis temperature.  The approach, used to evaluate variables in Figure 2 at each of the 

pyrolysis temperatures for the pure gas case still starts with Equation 1 with for A= CO2 

and B= CH4.  The effective DA and SA coefficients can be estimated in various ways (2), 

including direct measurements of PA in Equation (1) with direct measurement of SA = CA 

/pA where CA is measured for a given pA followed by calculation of DA = PA /SA.  This 

approach requires two separate experiments; however, Zhang used an alternate approach 

in which the transient time lag (), illustrated in Figure 3 was used.  The Q(t)=NA(t). 

[Membrane area] in Equation (1), and DA = l 2/(6) to evaluate DA, the “average” or 

“effective” diffusion coefficient (2).  The DA is an average value from the upstream to the 

downstream, shown in Equation (1 and 2).  With the downstream at vacuum, as it in 

Zhang’s work, the downstream sorbed concentration is effectively zero, and SA =PA / DA 

with Deff =DA shown in Equation (3). The combined time lag and steady state permeation 

approach in Figure 3 allows rapid identification of materials for further study detailed 

studies, as Zhang did in his study (1). 
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Figure 3: Background for transient (time lag) experiment to estimate DA = l 2/ (6)  

determination (2) 

 

 

 

 

 

Zhang evaluated PA, PB, and DA, DB, SA, and SB shown below in Figure 4a, illustrating 

interesting trends in all the parameters vs. pyrolysis temperature (5). Zhang’s suggested a 

“mixed matrix” morphology in Figure 4b, consistent with the trends seen in Figure 4a-iii. 

 

Figure 4b: Mixed Matrix Morphology (5) 

Figure 4a: Constituent contributions to CMS-derived from Matrimid® showing 

effects of pyrolysis permeability, diffusion, and sorption properties (5) 
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However, it does not provide such a self-consistent connection to a mechanism to create 

such a complex proposed mixed matrix patchwork.   This thesis takes a first step toward 

providing such a self-consistent integrated vision of how and why CMS morphologies 

may evolve to explain the effective sorption parameters in Figures 4a-iii. 

Conventional molecular sieves like zeolites or MOFs show sorption isotherms 

that are described adequately by Langmuir isotherms (3-4), but careful sorption 

measurements for both CO2 and CH4 in CMS showed consistent deviation from the 

simple Langmuir form (5).  Fortunately, combined Langmuir and Henry’s law sorption 

terms, in the so-called “dual mode” mathematical formalism, fit the CMS results well.  

Moreover, the terms and model parameters have physical meaning, with the Henry’s term 

is associated with a low (5,6) volume fraction of a rigid disordered continuous (“C”) in 

addition to distributed microporous Langmuir domains (“L”) as shown in Equation 4. 

                                             

Here, kC,i is the continuous mode Henry’s law sorption constant of component i;  

𝑪𝑳,𝒊
′

 is the Langmuir sorption capacity; bi is the Langmuir affinity constant, and 𝑓i  is the 

local fugacity of while  𝐊𝐢 =
𝑪𝑳,𝒊

′ 𝒃𝒊

𝒌𝑪,𝒊
.    Also,  mixed gas permeability expressions for a binary 

A and B  feed are given in Equations 5a and b, with subscripts 2 and 1 referring to upstream 

and downstream, respectively.  

 

 

(5a) 

(5b) 

(4) 
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The parameters, Fi = DLi/ DCi, characterize the ratio of diffusion coefficients in the 

L and C environments for component i, respectively.   The dual L and C sorption 

contributions, in local equilibrium, are accounted for by this fundamental model. Model 

parameters (kC,i, 𝑪𝑳,𝒊
′ , bi, DLi, and DCi) can be estimated using simple pure gas measurements 

(5) and allow predictions for binary and more complex feeds with impurities.  As will be 

shown later, using the estimated values for sorption affinity coefficients measured here at 

700 and 900 C, the actual trends in pure vs. mixed gas CO2 permeability at 800 C in Figure 

2 can be explained.    

This capability makes Equation 5a and b valuable tools, with trends in parameters 

giving insights into changes with pyrolysis temperature.   During pyrolysis, in the hot inert 

environment, the Koros group has hypothesized that stressed random coil precursor 

polymer chain bonds can fragment during further aromatization (5-6).  The resulting 

shorter rigid strands favor arrangement into plate-like structures, analogous to liquid crystal 

entropically driven phase transitions (7-8). In this environment distributed microporous 

volumes can provide the Langmuir (L) sorption term in Equation 4—shown as cubes in 

Figure 5, but other 3-d polygons are of course possible.  The cubes are utilized to illustrate 

the Langmuir domain in a convenient manner, just for easy understanding.  Such Langmuir 

domains are bounded by molecular sieving ultramicroporous walls, while the continuous 

“C” phase, comprising randomly oriented red strands in Figure 5, are the locus of Henry’s 

Law sorption.  
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Fundamentally connecting properties of such a CMS morphology to the mechanism 

of its creation provides a self-consistent framework that extends from the molecular scale 

all the way to final membranes (5).  The dual mode model parameter values and their trends 

with pyrolysis temperature will be shown to give insights into the pyrolysis process using 

the measurable, physically meaningful parameters (kC,i , 𝐶𝐿,𝑖
′ , bi, DLi, and DCi ) for the L 

and C environments indicated in Figure 5.  In fact, even before making actual 

measurements, we envisioned partial exclusion of bulky CH4 in Figure 5 from the 

Langmuir mode, leading to an increasing trend in S= SCO2/SCH4 apparent from relative 

values of SCO2 and SCH4 in Figure 4ai-iii.  This expectation meant that one should observe 

significant reductions in 𝑪𝑳,𝑪𝑯𝟒
′  with only small reductions in 𝑪𝑳,𝑪𝑶𝟐

′  with increasing 

pyrolysis temperature for L domains in the CMS (Figure 5).  Indeed, such a trend may be 

reflected in the dual mode model related to Equations 5 a and b with trends in DCi, DLi, and 

Fi parameters indicative of increased diffusion selectivity for the CO2/CH4 pair due to 

increased entropic factors in diffusion with increasing pyrolysis temperature.   Results for 

other important gas pairs, studied only using indirect methods like those by Zhang also 

indicated trends like those in Figure 2 (9-12).  This work predated the dual mode model for 

Figure 5: Hypothetical vision showing self-consistent basis for developing CO2/CH4 

sorption selectivity and diffusion selectivity with increasing pyrolysis temperatures 

due to tighter Langmuir mode in a dual mode morphology with increasing pyrolysis 

temperatures. 
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CMS in Equation 5.   In any case, such additional dual mode detail goes beyond an analysis 

based only on temperature dependence of average diffusion coefficients like those in Figure 

4a.   While this thesis focuses primarily upon the sorption selectivity topic (related to 

Equation 4), a related dissertation by a colleague, Nicholas Leon, will pursue such dual 

mode diffusion issues in detail.  Even without invoking diffusion features, however, I will 

show later that Langmuir sorption affinity constants measured in my work correctly predict 

differences between pure and mixed gas CO2 permeation behavior using Equation 5a. As 

will be shown, this is impressive proof of the fundamental importance of sorption effects 

in permeation behavior of CMS materials. 

Another interesting illustration of the value of the self-consistent dual mode model 

can be noted by recalling the discussion of SCO2 and SCH4 at 100 psia in Figure 4ai-iii.  

Recall that these data were measured indirectly by Zhang’s work using Equations (1-3) by 

calculating Si =Pi/Di; however, such data can also be measured directly as CA/pA at 100 psia 

as I do in the study.  It is significant that limited direct measurement like mine were made 

many years ago by Kiyono, but only at 550°C, which will be discussed briefly in Appendix 

A (13).  I will show that directly measured SCO2 and SCH4 values at 100 psia show a 

pronounced maximum that was seen in Zhang’s results suggested near 800 °C pyrolysis in 

Figure 4a-iii. Such a maximum suggests the existence of two countervailing factors at play 

in the pyrolysis range between 550-900 °C.  My detailed dual mode sorption parameter 

results help explain this trend and may help understand the complex morphology changes 

in the important pyrolysis temperature range between 550 and 900 °C.  I think my results 

emphasize the value of the self-consistent dual mode sorption model and its parameters in 

Equation 4.  While indirect estimates of PA, PB, and DA, DB, SA, and SB parameters are 
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valuable for screening as in Zhang’s work, a prior study by Zimmerman et al (14) calls 

attention to limits related to such indirect estimates for a different polyimide precursor, 

6FDA:BPDA-DAM.  

  Zimmerman et. Al (14) showed that trends in parameters can be discovered by indirect 

estimations, but the “gold standard” to understand phenomena is direct measurement such 

as used in this thesis.  Zimmerman studied O2/N2 CMS properties and showed that indirect 

estimates of DO2 and D= DO2/DN2 differed by 37% and 56% respectively from directly 

measured results for DO2  and D=DO2/DN2, respectively that used PO2, PN2 and DO2, and 

DN2.   

Nevertheless, the same general trends were followed for the directly measured 

parameters and the indirectly measured parameters, which supports the validity of the SCO2 

and S= SCO2/SCH4 trends in Figure 4a.  Fortunately, I could use my actual directly measured 

SCO2 and S= SCO2/SCH4 parameters in my analysis over the wide range of pyrolysis 

temperatures between 550-900 °C in my study.  It was satisfying to see the same general 

trends in my directly measured 100 psia SCO2= CCO2/pCO2 and S= SCO2/SCH4 and values 

apparent in Figure 4aiii.  Moreover, since the self-consistent model predictions are 

available using Equation (4) and Equation (5), for SA= CA/pA, SB=CB/pB, and PA and PB, 

direct measurements of these parameters is preferred.  This fact notwithstanding, indirect 

measurement of SCO2= CCO2/pCO2 and S= SCO2/SCH4 are valuable to identify conditions on 

which to focus as Zhang did identify hypotheses to check.  This is exemplified by my 

hypothesis in this thesis that the increase in S= SCO2/SCH4 at high pyrolysis temperature 

reflected sharp reductions in 𝑪𝑳,𝑪𝑯𝟒
′  with only small reductions in 𝑪𝑳,𝑪𝑶𝟐

′  as noted earlier. 
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In this regard, both indirect and direct estimation parameter approaches are 

complementary. 
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CHAPTER 3. MATERIALS AND EXPERIMENTAL METHODS  

A variety of different materials and procedures were relied upon by previously done 

work by members and alumni of the Koros group. The materials utilized and methods for 

all procedures and experimentation done in this study are the same as those previously done 

by those researchers/group alumni. 

3.1 Formation of CMS Membranes  

The polymer precursor utilized in the formation of the CMS thin film membranes 

tested in this research was Matrimid®.  This precursor wase purchased from Huntsman 

Chemicals and dried in a vacuum oven at 180°C for 24 hours before use.  After this is 

completed, it is ready to be mixed with solvent to create solutions for film casting.  The 

solvent utilized in this research was primarily Tetrahydrofuran (THF). 

Details of membrane fabrication are provided in previous publications, but general 

procedures that were utilized will be discussed in this chapter.  The precursor dense film 

membranes were prepared via a solution casting method.  The precursor membranes were 

pyrolyzed in a quartz tube heated in a three-zone furnace.  The pyrolysis protocols have 

also been discussed previously in various studies, but I will also discuss them in a later 

section and illustrate the process. 

3.1.1 Precursor Film Formation 

After the polymer precursor was dried, solutions are prepared in 30 mL clear 

storage bottles and placed on a roll mill overnight to mix with THF.  The polymer film was 
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then formed by pouring onto a mirrored plate under a vent hood, casted with a casting 

knife, and then allowed to spread and form a flat film shape overnight.  After transporting 

from the vent hood, the film is then dried in a vacuum oven at 20°C.  After this, the film is 

ready for pyrolysis to convert to CMS. 

3.2 Pyrolysis Equipment and Protocol  

A slotted quartz plate was used with each piece of precursor film placed on a quartz 

plate inside the pyrolysis furnace. 

To create the carbon molecular sieve membrane, a pyrolysis system was utilized.  

The setup consists of a furnace with three zones (Thermcraft), with each zone’s 

temperature measured by a thermocouple, which is controlled by a multi-channel controller 

(Omega) to set the desired protocol and temperature profile.  The furnace heats the film 

inside a quartz tube form National Scientific Company that are sealed with 2 silicon O-

rings and 4 metal flanges.  In addition to monitoring the temperature in the three different 

zones, the concentration of oxygen inside the tube is monitored by an oxygen analyser 

(Rapidox).  This is critical to analyze as Argon is used to purge the system from oxygen 

Figure 6: Placement of flat, polymeric precursor films on a quartz plate for 

pyrolysis (1). 
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prior to pyrolysis, controlled with a mass flow controller.  The main temperature of the 

films tested throughout the sorption tests were 550, 700, and 900 °C.  The soak time, and 

pyrolysis protocol will be discussed in later sections. 

 

Figure 7: Schematic of pyrolysis furnace and its setup 

3.2.1 Protocols  

A variety of protocols are available to pyrolyze the polymer dense films to CMS 

dense films.  The main protocols utilized for this work are seen below, along with the soak 

time, where the final temperatures ranged from 550 to 900 °C.  Below are 3 tables 

exhibiting the pyrolysis protocols used over the course of this work. 
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 Table 1: CMS-550 Pyrolysis Protocol 

 

Table 2: CMS-700 Pyrolysis Protocol 

 

 

 

 

Temperature (°C) Ramp Rate (°C/min) Time (min)  

Setpoint 50   

Step 1 50 --- 10 

Step 2 250 13.3 15 

Step 3 535 3.85 74 

Step 4 550 0.25 60 

Step 5 550 --- 120 

 
Temperature (°C) Ramp Rate (°C/min) Time (min)  

Setpoint 50   

Step 1 50 --- 10 

Step 2 250 13.3 15 

Step 3 685 3.85 113 

Step 4 700 0.25 60 

Step 5 700 --- 120 
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Table 3: CMS-900 Pyrolysis Protocol 

 

A key topic to avoid artifacts relates to furnace cleanliness which is managed using 

so-called “burnout.”  The burnout protocol was utilized between each CMS preparation 

protocol to ensure the tube is clean of all emissions released from the Matrimid® 

throughout its conversion to CMS.  The burnout period removes impurities inside of the 

tube, basically resetting the system, and preparing it for another round of pyrolysis to 

prepare film for either permeation or sorption.  The burnout protocol can be referenced on 

the following page.  

 

 

 

 

 

 
Temperature (°C) Ramp Rate (°C/min) Time (min)  

Setpoint 50   

Step 1 50 --- 10 

Step 2 250 13.3 15 

Step 3 885 3.85 173 

Step 4 900 0.25 60 

Step 5 900 --- 120 
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Table 4: Burnout Protocol 

 

3.2.2 Additional comments on pyrolysis protocols 

Besides the above-mentioned burnout protocol, before a pyrolysis, the metal 

fittings comprising the pyrolysis furnace were broken down into their individual Swagelok 

parts and flanges.  These pieces were then placed in n-methyl pyrrolidone, (NMP), and 

heated to approximately 100 °C for at least 6 hours.  The pieces were then cooled and dried 

before being placed in water and then acetone for 6 hours each.  Then they were dried at 

approximately 200 °C overnight.  NMP and acetone were both purchased from Sigma-

Aldrich, (St. Louis, MO).  After cleaning, another standard burnout procedure was used 

(2).  Before the actual burnout protocol, both the quartz tube and stainless-steel mesh were 

rinsed with acetone to remove any visible remnants from previous pyrolysis runs. The 

furnace parts, both the ones cleaned with NMP and the quartz tube, were then connected 

with the slotted quartz support plate sealed inside the furnace.  While tedious such protocols 

were felt to be wise to avoid any artifacts noted in prior work (3). 

 

Temperature (°C) Ramp Rate 

(°C/min) 

Time (min)  

Setpoint 50   

Step 1 50 --- 10 

Step 2 900 8.5 100 

Step 3 900 --- 200 
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3.3 Sorption Methodology  

Gas sorption measurements were made using a pressure decay method (4, 5). CMS 

dense films were used for the sorption tests, and the flat sheet membranes were gently 

broken into small pieces (as mentioned in an earlier section) between two pieces of 

weighing paper.  The CMS pieces were loaded into a stainless-steel Swagelok filter 

element and wrapped loosely by aluminum foil to ensure that the samples remained in the 

filter.  The sorption apparatus was placed in a temperature-controlled oil bath (see Figure 

8).  The system was evacuated for 24 hours prior to testing, then feed gas was introduced 

into the reservoir chamber and allowed to equilibrate for 10–15 min. The thermally 

equilibrated gas was then introduced into the sample cell and the pressures in the sample 

cell and reservoir were monitored by pressure transducers and recorded over time using 

LabVIEW. Sorption isotherms were then obtained for the equilibrium sorbed gas 

concentration at each final pressure. Each film was tested at roughly 4-7 different pressure 

levels, increasing from 50 psi to 500 psi.  Pure gas sorption isotherms are determined using 

our pressure-decay sorption equipment, shown as a photo and a schematic for clarity in the 

discussion.  The oil bath allows the sorption test temperature ranging from room 

temperature up to 100 ℃; however, in this work, only 35 °C was studied.  

A schematic of one of the current 26 sorption systems used in the Koros group is 

shown below in Figure 8.   Since this has been described in earlier publications, only a 

summary discussion of the unit is described here. 

As described above, CMS dense films were gently broken into small pieces (as 

mentioned in an earlier section) between two pieces of weighing paper.  The CMS pieces 
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were loaded into a stainless-steel Swagelok filter element and wrapped loosely by 

aluminum foil to ensure that the samples remained in the filter. The sorption apparatus was 

placed in a temperature-controlled oil bath, for this study, 35 °C. The system was evacuated 

for 24 hours prior to testing, then feed gas was introduced into the reservoir chamber and 

allowed to equilibrate for 10–15 min.  The thermally equilibrated gas was then introduced 

into the sample cell and the pressures in the sample cell and reservoir were monitored by 

pressure transducers and recorded over time using LabVIEW.  Sorption isotherms were 

then obtained for the equilibrium sorbed gas concentration at each final pressure.  Each 

film was tested at roughly 4-7 different pressure levels, increasing from 50 psi up to 500 

psi.

 

Figure 8: Schematic of pressure decay sorption system that was used throughout the 

entirety of this work. 

 

The pressure transducers allow precise measurement of pressures in reservoir and 

sample cell volume.  The transducers convert pressure to a digital signal which is displayed 
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on a digital multimeter or recorded in LabView.   The pressures of the cell and reservoir 

are recorded. Then, gas is introduced into the sample chamber (i.e., cell) by opening the 

connecting valve for approximately 1 second. Once this valve is closed, the pressure in the 

sample chamber will decay due to gas sorption into the sample. After the pressure 

equilibrates, the pressures are recorded again. Equilibrium is signaled when the pressure in 

the cell remains constant with no decreasing trend for 1-3 hours.  The amount of gas, j, that 

resides in the CMS sample with volume Vs is given by the following Equation (4), and Cj 

=(njS/Vp) x 22400 (=) cc(STP)/cc CMS). 

𝑛𝑠 =  
1

𝑅𝑔𝑇
[(𝑉𝐶 − 𝑉𝑆) (

𝑝𝐶,𝑖

𝑧(𝑝𝐶,𝑓)
−

𝑝𝐶,𝑓

𝑧(𝑝𝐶,𝑓)
) + 𝑉𝑅 (

𝑝𝑅,𝑖

𝑧(𝑝𝑅,𝑖)
−

𝑝𝑅,𝑓

𝑧(𝑝𝑅,𝑓)
)]                       (6) 

where niS is the number of moles of “j” sorbed in the CMS sample, Rg is the ideal gas 

constant, T is temperature, and VR, VC, and Vs are the volumes of the reservoir, sample cell 

and sample, respectively. The externally applied pressure is denoted by p and z is the 

corresponding compressibility. The subscripts “C” and “R” refer to the cell and reservoir 

in Figure 8, respectively and the subscripts “i” and “f” refer to initial (before opening valve 

to the sample volume) and final (after opening this valve) states. The system is interfaced 

with a personal computer running National Instruments LabViewTM software, which 

allows for visualization of the pressure decay and equilibrium and for data collection. The 

volumes of the reservoir and cell and total sorption concentration can be determined to 

within + 0.5%.   The pressure in the reservoir is then changed and the cycle is repeated 

until the isotherm is completed.  
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To attempt to expedite the experiments, several sorption systems were used for 

measurements, but only the results from one of the systems is reported here.  Specifically, 

after collecting the pressure decay data, it was discovered that volumes of two of the cells 

were incorrect, due to a record-keeping error during the period of COVID-19 operations.  

This disturbing fact was discovered only after all the pressure data were collected over a 

period of 4 months before the actual calculations were done.  This approach will not be 

followed in the future and calculations will be done as soon as possible.  Fortunately, one 

of the three cells had been calibrated by a postdoc in the group and the results were verified 

using a separate independent sample measurement.  Only the results from that verified cell 

(System I) were used here in the main body of my thesis.  The pressure data for the other 

system II and III are recorded in Appendix B, and I plan to use these additional data, along 

with the current data reported from System I when the final paper on my work is submitted 

for journal publication.   

Another hurdle was also encountered that prevented my original plans to run a 

limited number of sorption isotherms to estimate the enthalpies of sorption from the 

temperature dependences of the affinity coefficients and Henry’s Law coefficients.  This 

planned work is omitted from this thesis, but Nicholas Leon will continue and complete 

this in his PhD work.  
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CHAPTER 4. CHARACTERIZATION OF MATRIMID® CMS 

4.1 Overview  

The focus of this thesis is on 35 °C gas sorption and its interpretation using the dual 

mode sorption model as tool for morphology analysis in CMS membranes.  Nevertheless, 

more traditional complementary characterizations using materials science tools are 

considered briefly.  This approach is discussed first to show that although traditional tools 

add information, they lack the ability to give significant insight without the dual mode 

model framework.  Besides summarizing Zhang’s work (1), additional characterization 

using XPS was done to provide insights into elemental analysis of CMS dense films.  This 

work was kindly done by Dr. Zhongyun Liu using a Thermo K-Alpha XPS with an X-ray 

beam size of 400 mm for the 550, 700 and 900 °C pyrolyzed CMS samples.  Like the more 

traditional materials science characterizations results of Zhang to be discussed, these XPS 

results also add marginal additional unambiguous insights until the dual mode sorption 

framework is considered.  Before presenting the new XPS results, the background insights 

from Zhang (1) will be discussed from his article. 

4.2 Traditional Pore Size Characterization Using CO2 Physisorption  

Pore-size distribution characterization (1) using 273 K CO2 sorption used by Zhang in his 

CMS membranes (2) in Figure 9a-e indicate pore sizes up to 10.83 Å), pore sizes of the 

CMS membranes, with reduced pore sizes as pyrolysis temperature increases.  The peak at 

around 5.5 Å for the sample pyrolyzed 750 and 800 °C is clear.  Also, evidence of 4.5–5.0 

Å is present and becomes stronger for pyrolysis from 850 to 900 °C.  Moreover, evidence 
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for a still smaller peak related to 4.0–4.5 Å features in the CMS pyrolyzed at 875 and 900 

°C appears.  This peak, shifted to lower pore-size range as pyrolysis temperature grows 

from 875 to 900 °C suggests the presence of smaller pores as pyrolysis temperature 

increases.  This trend may be consistent with my suggested interpretation of Figure 5 but 

is not definitive; whereas the dual mode model Equation (4) and Equation (5) provides 

insight that may be ultimately connected to diffusion coefficients, which is beyond the 

scope of this work. 

 

 

 

 

Figure 9a, b, c, d, e: dV/dlogW (differential pore volume) vs. pore size (W) 

for CMS Membranes pyrolyzed at (a) 750 °C, (b) 800 °C, (c) 850 °C, (d) 

875 °C, (e) 900 °C. 
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4.3 Morphology Characterization Using WAXD and RAMAN Spectroscopy  

The Figures 9a-e pore size characterizations and Zhang’s wide-angle X-ray 

diffraction (WAXD) results in Figures 4a-b (2) are consistent with a highly amorphous 

structure of CMS comprising a highly disordered amorphous material.  Also, Zhang’s 

Raman spectroscopy (2) results in Figures 10a-b, show D (1310 cm−1) and G (1595 cm−1) 

band peaks in the CMS membranes that are associated with the presence of non-graphitic 

D peaks and ordered graphitic-like sp2 carbon structure in the formed CMS membranes.   

Figure 4a and Figure 4b offer facts, but do not offer definitive insights regarding 

morphology.  Figures 4a-b and the 35 °C sorption results that comprise the focus of my 

thesis using the dual mode framework do offer such insights as will be shown. 

 

Figure 10a, b: (a)Wide-angle X-ray diffraction (WAXD) and (b) Raman 

spectroscopy results for Matrimid®-derived CMS pyrolyzed under inert Argon 

from 750 –900 °C. 
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4.4 Matrimid® CMS Dense Film Scanning Electron Microscopy Imaging  

To avoid any possible complications associated with artifacts due to asymmetric 

membrane structures, in this fundamental study, dense precursor Matrimid® film samples 

were used.  To verify that the CMS cross section of my samples were featureless, except 

at the molecular scale, Figure 11, was kindly provided by Dr. Zachary Campbell in the 

Koros group.   Higher resolution TEM features with dimensions approaching those Figure 

5 have been reported (3); however, the features are lacking the resolution or ability to be 

interpreted to give real insight into morphology like that postulated and discussed here.  

Our perspective is that the CO2 physisorption results in Figure 9 and detailed sorption 

analyses in terms of dual mode parameters discussed in Chapter 5 provide consistent and 

a more physically visualizable morphology to connect to membrane properties.  

 

Figure 11: SEM images of Matrimid® CMS-550 edge and surface, respectively. 

Verifies lack of apparent features at the microscale. 

 

 

 

 

200 nm 200 nm 
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4.5 Characterization of Matrimid® CMS Dense Films using XPS  

In an attempt to seek more insight, elemental characterization beyond that reported 

by Zhang (2) for Matrimid®-derived CMS, was pursued.  This work was inspired by work 

of Liu (3) who studied a more complicated precursor than Matrimid®.   I collaborated with 

Dr. Liu to perform XPS studies to further assess the chemical nature and composition to 

seek insights regarding the carbon nature of the CMS and its evolution for pyrolysis from 

550 to 900 °C.   These results are reported and discussed next.  Like the WAXD and 

RAMAN spectroscopy results, it seems that although XPS offers facts, it still offers less 

physical insight regarding morphology than Figure 4a-e and the 35 °C sorption results that 

comprise the focus of my thesis. 

For the elemental analysis in CMS dense films, a Thermo K-Alpha XPS with an X-

ray beam size of 400 mm was used. Figure 12 show the atomic composition of Nitrogen in 

Matrimid® CMS-550 membrane significantly decreases upon pyrolysis above 550 ℃, 

indicating that possibly the strands in the CMS tighten up, causing the CO2/CH4 selectivity 

to improve.  This would be consistent with the results that are presented in following 

chapters.   Most of the Nitrogen is removed from the sampling by the time 900 ℃ is 

reached, presumably indicating the removal of any pyrrolic and pyridinic N groups at the 

highest pyrolysis temperatures.  Another aspect to note is that sp2 Carbon levels increase 

with increased pyrolysis temperatures.   It is suggested that further XPS testing be done on 

multiple samples to achieve repeatability and to form a better picture as far as trends. 

Preliminary studies of pyridinic and pyrrolic groups are underway and will be include in 

the actual paper derived from this thesis. See the figures below. To further illustrate the 
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significant Nitrogen removal during pyrolysis, in a study conducted by Guiver, et al., it 

was found that Matrimid® polymer is composed with roughly 4.45% Nitrogen (4).  

 

 

 

Figure 12: Atomic Composition Results from XPS in Matrimid® CMS-550, 700, and 

900 °C  

 

 

 

 

 

 

 

Membrane  C 

(Atomic%)  

O 

(Atomic%) 

N 

(Atomic%) 

CMS-550 91.78 4.56 3.66 

CMS-700 95.71 3.03 1.26 

CMS-900 96.56 2.93 0.51 
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CHAPTER 5. CO2/CH4 SORPTION IN MATRIMID®-DERIVED CMS 

5.1 Introduction  

Sorption isotherms are reported here at 35 °C for both CO2 and CH4 measured for 

CMS created under inert pyrolysis atmospheres at 550°C, 700°C, and 900 °C as described 

in Chapter 4 for Matrimid® precursors (See Scheme 1, in Chapter 1).   Besides 

calculation of SCO2= CCO2 /pCO2 and SCH4= CCH4 /pCH4 at the 100 psia pure gas conditions 

between 750 and 900 °C pyrolysis temperatures in Figure 4a-iii, these data allow 

determination of the complete array of dual mode sorption parameters in Equation (4).  

Recall, kC,i is the continuous mode Henry’s law sorption constant of component i;  𝑪𝑳,𝒊
′  is 

the Langmuir sorption capacity; bi is the Langmuir affinity constant, and 𝑓i  is the local 

fugacity of while  Ki =
𝐶𝐿,𝑖

′ 𝑏𝑖

𝑘𝐶,𝑖
    for both i = CO2 and CH4 at 35 °C in Equation 4 in 

Chapter 2: 

  

 

These results are shown in Figures 13a and b, Figures 14a and b, through 15a and b and 

summarized in Figures 16a and b with a detailed listing of the associated dual mode 

parameters tabulated in Tables 5-7.   

 

 

 

 

(4) 
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5.2 CO2 Sorption Results   

Below are figures that illustrate the dual-mode sorption isotherms for all three-

pyrolysis temperature prepared Matrimid® dense films at various CO2 pressure feeds.  

Discussion will follow the CH4 sorption isotherms are shown.  

 

Figure 13a: CMS-550 CO2 Sorption Results at 35 °C 
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Figure 13b: CMS-700 CO2 Sorption Results at 35 °C 
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Figure 13c: CMS-900 CO2 Sorption Results at 35 °C 
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Figure 13d: Summary CO2 Sorption Results for CMS-550, 700, and 900 at 35 °C 
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5.3 CH4 Sorption Results  

Below are figures that illustrate the dual-mode sorption isotherms for all three-pyrolysis 

temperature prepared Matrimid® dense films at various CH4 pressure feeds.  Discussion 

of these results will follow in the upcoming sections.  

 

 

Figure 14a: CMS-550 CH4 Sorption Results at 35 °C  
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Figure 14b: CMS-700 CH4 Sorption Results at 35 °C  
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Figure 14c: CMS-900 CH4 Sorption Results at 35 °C  
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Figure 14d: Summary CH4 Sorption Results for CMS-550, 700, and 900 at 35 °C 
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5.4 Dual Mode Parameters 

 As mentioned in Chapter 2, the dominant feature behind observing the general trend is 

𝑪𝑳,𝒊
′  reaching a maximum for both CO2 and CH4.   The decrease is drastic for methane, 

which explains the selectivity and sorption coefficients that were directly measured 

throughout this experimentation.   

 

 

 

 

 

 

  

Figure 15a: SCO2= CCO2/pCO2 and SCH4= CCH4/pCH4 at 100 psia vs. Tpyrolysis at 550, 700 

and 900 °C 
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Figure 15b: S= SCO2/SCH4 vs. Tpyrolysis at 550, 700 and 900 °C 

 

Dual mode sorption parameters from each pyrolysis temperature and each respective 

penetrant are also reported below.  

 

 

 

 

 

 

 

Table 5: Dual-mode sorption parameters for CO2 and CH4 Matrimid® CMS-550 dense film 

membranes. Isotherms were measured at 35 °C. 

Table 6: Dual-mode sorption parameters for CO2 and CH4 Matrimid® CMS-700 dense 

film membranes. Isotherms were measured at 35 °C. 
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Figure 16a: 𝑪𝑳,𝒊
′  versus Tpyrolysis at 550, 700 and 900 °C 

 

 

 

 

 

 

 

 

Table 7: Dual-mode sorption parameters for CO2 and CH4 Matrimid® CMS-900 dense 

film membranes. Isotherms were measured at 35 °C. 
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Figure 16b: b (affinity constant) versus Tpyrolysis at 550, 700 and 900 °C 
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Figure 16c: 𝒌𝒄,𝒊 versus Tpyrolysis at 550, 700 and 900 °C 
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Figure 16d: K versus Tpyrolysis at 550, 700 and 900 °C 
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5.5 Discussion  

The general consistency of the trend in Figure 15a for SCO2 and SCH4 at 100 psia 

and 35 °C for pyrolysis temperatures from 750-900 °C is satisfying.   Consistency with a 

sharp increase in sorption selectivity vs. pyrolysis temperature at 900 °C should also be 

noted in Figure 15b. My data in Figure 15a and 15b go beyond the range in Figure 2 from 

550-900 °C and emphasize the trend seen versus pyrolysis temperatures.   Furthermore, 

hypothesized exclusion selectivity, as the ultramicropores in the dispersed Langmuir mode 

walls tighten at higher temperature, are indicated.   It is satisfying to see the dual mode 

sorption parameters at elevated temperature to reflect my hypothesis related to Equation 

(4) and the hypothesized cause for the trends observed in Figure 4.   Specifically, the 

general reduction in the  𝑪𝑳,𝒊
′ , Langumir capacity, with increasing pyrolysis temperature is 

stronger for CH4 than for CO2.  This is also consistent with exclusion selectivity noted in 

Figure 4a and suggested in general in Figure 4b.  The dual mode model now allows more 

detail in this picture, and predicts increased molecular sieving related to the diffusion 

coefficient factors in Equation (5).  This later diffusion topic, as noted earlier, will be 

explored by a study mentioned earlier by another Koros group member.   

While changes in the kC,i and bi  parameters with pyrolysis temperature are tempting 

to assign to evolution suggested in Figure 5, I will defer speculation until more detailed 

information regarding XPS results and CO2 physisorption results covering the full range 

of pyrolysis temperatures from 550-900 °C are available.  We anticipate having such data 

provided by my colleague Dr. Zhongyun Liu before actual publication based on my thesis 

in a referred journal article. 
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Two final additional useful items merit discussion related to the above results in 

Section 5.1.  The first item involves the use of the tabulated affinity constants for CO2 and 

CH4 to explain the trend in the 90:10 CO2:CH4 mixed gas feeds for 100 psia total pressure 

with vacuum downstream. Figure 2 shows that mixed CO2 permeabilities exceed pure gas 

CO2 permeabilities, rather than showing CO2 permeation suppression, which might be 

expected due to simple competition for the Langmuir capacity.  Although it is beyond the 

sorption focus of the current thesis, the results merit discussion to show the power of the 

dual mode model framework in Equations 4 and 5.   The concept of “local equilibrium,” 

connecting independently measurable equilibrium thermodynamic properties to local 

chemical potential gradients driving permeation at any given distance x through the 

membrane, are the basis for these equations.  For the mixed gas (10%) CO2/CH4 (90%) 

mixed-gas permeation at 35 °C and 100 psia feed pressure (vacuum downstream) the ratios 

pure and mixed gas CO2 permeabilities in such a case gives the result:  

 [PCO2]10:90  / [PCO2]pure = 
[1+

𝐹𝐶𝑂2𝐾𝐶𝑂2
1+𝑏𝐶𝑂2𝑝𝐶𝑂2 +𝑏𝐶𝐻4𝑝𝐶𝐻4 

 ]

[1+
𝐹𝐶𝑂2𝐾𝐶𝑂2

1+𝑏𝐶𝑂2𝑝𝐶𝑂2 
 ]

  =  = 
[1+

𝐹𝐶𝑂2𝐾𝐶𝑂2
1+𝑏𝐶𝑂2𝑝𝐶𝑂2 +𝑏𝐶𝐻4𝑝𝐶𝐻4 

 ]

[1+
𝐹𝐶𝑂2𝐾𝐶𝑂2

1+𝑏𝐶𝑂2𝑝𝐶𝑂2 
 ]

  

for any value of FCO2 >0 and KCO2 > 0, and bCO2> bCH4 with pCO2 = 10 psia and pCH4 = 90 

psia, the above ratio will be > 1, consistent with Figure 2.   The specific ratio, of course, 

depends upon the value of FCO2 and KCO2.  Using the value of K CO2 = 60, interpolated for 

CO2 at 800 °C, with the approximate from [PCO2]10:90  / [PCO2]pure ~ 1.5 from Figure 2, we 

see 
[1+

𝐹𝐶𝑂2(60)

1+0.0854(10)+0.0261(90)
 ]

[1+
𝐹𝐶𝑂2(60)

1+0.0854(100)
 ]

  =1.5.  Clearly, my colleague, Nicholas Leon can compare this 

estimation to what he finds in his detailed work for pure CO2 vs. 10% CO2 with a 10:90 

feed at 100 psia for his CMS created by pyrolysis at 800C like used by Zhang in Figure 2. 
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An additional discussion item relates to results reported by Zhang pore size 

evolution apparent in Figure 9a-e.  I think my results for 𝑪𝑳,𝑪𝑯𝟒
′  and 𝑪𝑳,𝑪𝑶𝟐

′  may be 

consistent with this trend.  Specifically, emergence of small peaks for pyrolysis for 750 °C 

→ 900 °C in Figure 9a-e may suggest changes in micropore wall morphology enabling 

access to CO2 but possibly not CH4.   Although speculative, if ultramicropores in the walls 

indicated by this emergent capacity exclude CH4, it would provide direct information 

supporting the basis for the exclusion selectivity in favor of CO2 vs. CH4.  This result can 

also clearly help explain exclusion selectivity for the additional important H2/CH4 pair, that 

is starting to be pursued by other colleagues in the Koros group that shows even higher 

permselectivity of 40,000 vs. that of “only” 3500 for CO2/CH4 studied in this thesis. Such 

ultraselectivity for H2/CH4 is especially exciting since it addresses renewed interest in H2 

as a carbon-free energy carrier. Specifically, CMS separation modules with ultrahigh 

selectivities for H2/CH4 may provide the basis for hydrogen extraction modules (HEMs).  

Such HEMs could enable using the huge natural gas pipeline network as a hybrid carrier 

in which HEMs allow high purity H2 extraction at points of use for fuel cells or hydrogen 

refueling stations or other direct uses (3-4).    
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CHAPTER 6. CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions  

This thesis makes important contributions to extend work by former group 

members (1-3) who have shown that a new generation of CMS is emerging.  The focus of 

the work in the current thesis uses the so-called dual mode sorption concept in CMS to 

understand provocative trends in Zhang’s work (2).  Moreover, the work provides a 

foundation for an ambitious PhD project by Nicholas Leon in the Koros group to further 

extend the dual mode concept beyond the sorption topic studied here.  Leon will include 

diffusion topics involving effects of entropic selectivity that are expected to be reflected in 

the dual mode model diffusivities and their ratios for CO2 and CH4. 

The directly measured sorption coefficients at 35 °C and 100 psia for CO2 and 

CH4 for Matrimid®-derived CMS created for pyrolysis temperatures from 550 °C to 900 

°C are consistent with the trends seen based on indirectly measured values by Zhang over 

the range from 750 °C to 900 °C, validating the typical assumption of local equilibrium 

in Equations (1-3).   

The detailed sorption isotherms for the pure CO2 and CH4 at 35 °C for pressures 

up to 500 psia allowed fitting the dual mode sorption parameters, (kC,i, CL,i
′ , b, K) for both 

CO2 and CH4 using the sorption data in these isotherms.   A surprising trend discovered 

for pyrolysis at 700 °C supports the existence of a maximum in the 100 psia sorption 

coefficient for CO2 and CH4 between 550 and 900 °C pyrolysis suggested by Zhang 

using his indirect sorption measurements is significant.  This maximum suggests that the 
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vision in Figure 5 of a dual mode environment with tightening Henry’s law and Langmuir 

environments as pyrolysis temperature increases is reasonable.  

6.2 Recommendations  

I recommend the current work extended to include studying sorption isotherms to 

enable evaluation of enthalpies of sorption from the temperature dependences of the 

affinity coefficients and Henry’s Law coefficients.  This was an initial aim of my research, 

but unfortunately due to time constraints and GEM Fellowship obligations, I was unable 

to include this feature in this work.  Another suggestion is to expand XPS testing on 

additional samples to document and understand trends in the actual nature of trace 

elemental amounts at each pyrolysis temperature.  This could further support the hypothesis 

behind why the kC,i value for CO2 drops dramatically at higher pyrolysis temperatures 

versus lower ones if pyrrolic and pyridinic Nitrogen entities are removed.  In addition, 

more pore size analysis similar to that of Dr. Chen Zhang’s work discussed in Figure 9a-e 

should be completed for CMS prepared at lower temperatures below 750 °C and possibly 

also above 900 °C.  Indeed, studying CMS prepared at temperatures above 900 °C for both 

permeation and sorption should be done to test my hypothesis that selectivity will reach 

even higher levels with applications across a range of gas pairs. 

Although it seems like a minute detail, I also suggest when testing sorption and 

permeation in a consistent order—and eventually with actual mixed gas feeds.  This latter 

recommendation will not be easily done but will allow testing the mixed gas version of 

Equation (4) that includes terms related to those in Equation (5) for mixed gas permeation, 

which is easier to do.  
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APPENDIX A. COMPARISON TO PREVIOUS WORK 

 Conducting these experiments required numerous reconsiderations of previous work 

by Koros members.  One specific member’s dissertation that was utilized heavily was 

that of Dr. Mayumi Kiyono.  All films tested in this current thesis were prepared under an 

inert Argon feed at a rate of 600 standard cubic centimeters (sccm).  Due to the work of 

Kiyono, it was determined that inert gas flow rate does not inhibit or affect film 

performance in sorption.  Initially, after testing many dense films that were prepared 

under the 600 sccm inert Argon feed, it was believed that inert gas feed amounts could in 

fact affect its performance in sorption, but it does not.  There is no external mass transfer 

occurring that could explain if that were the case.  To prove this, I tested Matrimid® 

CMS dense film that was prepared to the exact specifications of the film that was tested 

and discussed by Mayumi.  Her film was prepared under 200 sccm Argon feed, and the 

results that I discovered were nearly identical to hers.  The caveat between my depiction 

and hers, is that she fit her data with a Langmuir isotherm, whereas mine (all seen below) 

were fitted using the dual-mode model.   
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Figure 17: Kiyono Sorption isotherms for Matrimid® CMS-550 membranes 

prepared with 1 ppm 𝑶𝟐/Ar inert pyrolysis. Test temperature was 35˚C (1). 
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Figure 18a: Vessel CO2 Sorption Dual Mode Model fit for Matrimid® CMS-550. 

Membrane prepared with 1 ppm 𝑶𝟐/Ar inert pyrolysis. Test temperature was 35 ˚C. 
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Figure 18b: Vessel CH4 Sorption Dual Mode Model fit for Matrimid® CMS-550. 

Membrane prepared with 1 ppm 𝑶𝟐/Ar inert pyrolysis. Test temperature was 35˚C.  
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APPENDIX B. ADDITIONAL SORPTION EXPERIMENT DATA 

Appendix B illustrates all data gathered on two different sorption modules in the 

Koros Group.  These two sorption modules had not been recently calibrated.  The modules 

had not been utilized in years due to the COVID-19 pandemic, and therefore the usage of 

this specific data in this body of work has been excluded.  The tables were graciously 

created by a recent Georgia Tech Bachelor of Science in Chemical Engineering graduate 

and former member of the Koros Group, Asia Taylor.  It is critical to note how important 

proper calibration is – both volumetric calibration (for the reservoir and cell volumes), as 

well as transducer calibration.  
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