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SUMMARY  

Carbon Molecular Sieve (CMS) membranes have a potential to achieve attractive 

gas separation properties. CMS membranes in dense film configuration have shown 

promising results. Hence, for industrial application it’s important to translate this high 

performance in hollow fiber configuration. The key shortcoming in CMS hollow fiber 

fabrication has been the collapse of porous support resulting in lower gas separation 

productivities. 

Therefore, the goal of this study was to prevent the collapse in CMS hollow fibers 

by a process called as V-Treatment. The V-Treatment process uses the sol-gel reaction 

mechanism between organic-alkoxy silane (i.e. Vinyltrimethoxy Silane – VTMS) and 

moisture. The sol-gel reaction proposed in this study is a first-of-a-kind approach in 

asymmetric CMS membranes to create porous morphologies, and it can be easily 

integrated into the current asymmetric CMS membrane fabrication process.  The V-

treatment technique enables restricting the microscale morphology collapse in 

asymmetric CMS membranes without having a chemical reaction with the polymer 

precursor material. The effect of V-treatment is reported on two different polyimide 

precursors: Matrimid
®
 and 6FDA:BPDA-DAM. Several characterization analyses are 

evaluated to understand the mechanism of V-treatment in restricting sub-structure 

collapse. 

The optimization of the V-treatment process is crucial for obtaining better 

separation performance. The V-treatment optimization in terms of the VTMS 

concentration, and the final pyrolysis temperature for V-treated asymmetric Matrimid
®
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CMS hollow fiber membranes are performed. After evaluating the VTMS concentration 

for six different concentrations, an optimum amount for the highest increase in CMS gas 

permeance was found for the 10% VTMS in hexane. The preference for hexane as a non-

solvent for the VTMS-hexane combination of V-treatment is due to the existing post 

spinning solvent exchange process. The novelty of using hexane for V-treatment allows 

direct “drop in” integration into current fiber precursor processing. The potential of 

optimized V-treatment for Matrimid
®
 based CMS hollow fiber membrane is evaluated for 

industrially relevant mixed gas pairs (CO2/CH4, C2H4/C2H6 and C3H6/C3H8), which 

consistently showed an increase in gas permeances for all the gas separation pairs. In 

addition the importance of the pendant functional groups (vinyl and methoxy) for V-

treatment are also discussed. 

For the commercial application of 10% V-treated asymmetric CMS Matrimid
®
 

membranes, the separation performance stability under three different conditions            

(i) active mixed gas feed (ii) stored in pure gas CO2 at 5-6 atm pressure and (iii) stored in 

ambient air is evaluated. 
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CHAPTER 1 

INTRODUCTION 

1.1 Membrane-based gas separation 

Membrane-based separation processes have the ability to outperform thermally 

driven approaches by demonstrating significant reduction in energy consumption [1, 2]. 

Several key advantages for membrane processes include: small installation foot-print 

leading to low capital and operational cost, easy adaptability, low maintenance cost and 

environmental friendliness. Membranes in the liquid separation field have shown great 

benefits, as they reduce the energy costs by over an order of magnitude after displacing 

the traditional thermal separation units [1, 3]. The ability of membranes to selectively 

remove one component over other is being translated to large-scale gas separations. The 

membrane market for gas separation is envisioned to steadily increase at an average 

growth rate of 7-8% per year and expected to reach $760 million by year 2050 [2]. The 

projected market share is mainly dominated by the natural gas (29%) and 

refinery/petrochemical (24%) industries. Other membrane-based gas separation fields 

such as air (21%) and hydrogen (13%) separations are expected to continue their current 

demand.  

The major separation in natural gas involves removal of condensable gases (such 

as carbon dioxide (CO2) and hydrogen sulfide (H2S)), nitrogen (N2) and higher 

hydrocarbons (C3+)) from the methane (CH4) stream [2, 4]. CO2 is the most abundant 

impurity in raw natural gas and is expected to be less than 2% before it is pumped into 

the pipelines. The other emerging membrane-based separation market in 
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refinery/petrochemical field is the separation of olefins and paraffins [3, 5, 6]. Currently, 

these separation markets are dominated by energy intensive processes such as amine 

absorption [4] for natural gas (CO2 removal from CH4) and cryogenic distillation [7] for 

olefin/paraffin separation. A hybrid membrane separation unit can offer an attractive 

cost-reducing advantage as they are easy to integrate with the current process and 

requires a small foot print. A simplified hybrid membrane-current separation process 

plant for both the separations is shown in Figure 1.1.        

 

Figure 1.1: Schematic of hybrid membrane separation plants for natural gas and 

olefin/paraffin separations [4, 8]. 

  

The concept of hybrid membrane-amine absorption separation plant has already 

started to be applied in the natural gas industry by using polymer membranes [4]. The 

trade-off with polymer membranes are the performance limitations: being restricted only 

under certain natural gas feed conditions. Whereas for the case of olefin/paraffin 

separation, polymer membranes lack the ability to provide required minimum separation 
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efficiency [5, 9].  Hence it is important to develop advanced materials for these 

separations, which is the focus of this study.   

1.2 Membrane technology 

To develop membrane technologies for challenging separations, it is important to 

simultaneously consider four key elements [1]. Figure 1.2 summarizes the four enabling 

elements essential to develop a new or enhance an already existing membrane 

technology.    

 

Figure 1.2: Enabling elements for membrane technology development [1]. 
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1.2.1 Advanced materials 

Development of advanced materials is a first stepping stone towards achieving the 

required separation performance. The class of membrane materials being utilized for gas 

separations can be broadly classified into polymer and inorganic membranes [1]. The 

separation limitation of polymer membranes arises due to a tradeoff between the 

productivity and the separation efficiency, as illustrated in Figure 1.3 [10]. The 

performance limitation of polymer membranes is observed to be much more pronounced 

for olefin/paraffin (like ethylene (C2H4)/ethane (C2H6), propylene (C3H6)/propane (C3H8) 

and more) compared to CO2/CH4 separation [5, 6]. Another draw-back of polymer 

membranes is the swelling-induced softening of the polymer chains (‘plasticization’) in 

presence of condensable gases (like CO2, C2H4 and C3H6), which leads to a significant 

decrease in their separation efficiency. The advancement of polymer materials towards 

crosslinkable polymers is a major breakthrough towards preventing plasticization-

induced efficiency loss [3]. Though the crosslinkable polymers are plasticization 

resistant, in terms of separation efficiency they are still limited by the trade-off curve.           

To be cost-competitive with current efficient but energy-intensive amine 

absorption and cryogenic distillations, it is important to broaden the scope of membranes 

to inorganic porous materials. The class of inorganic materials which has gained 

significant importance are the carbon membranes, due to their gas-size sieving capability 

and relative ease of formation [11]. 
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Figure 1.3: Hypothetical polymeric membrane performance trade-off and capability of 

CMS membranes to surpass that trade-off [6, 10].  

 

1.2.1.1 Carbon molecular sieve (CMS) membranes 

The carbon membranes are formed by thermal decomposition of polymer 

precursors and usually referred to as the carbon molecular sieve (CMS) membranes [11, 

12]. CMS membranes have shown great potential in gas separation applications, such as 

O2/N2, CO2/CH4, C2H4/C2H6, C3H6/C3H8 by surpassing the “polymer upper bound trade-

off line” for separation performance [8, 9, 13-15] as shown in Figure 1.3. Because of the 

rigid structure of CMS membranes unlike polymer membranes, they do not undergo any 

plasticization instability under condensable feeds [16]. Therefore to make the separation 
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capability of CMS membranes at an industrial level, the additional enabling elements in 

Figure 1.2, beyond advanced materials per se, become vital.   

1.2.2 High efficiency modules   

To meet the required separation productivities of large scale separations, it is 

essential to develop the membrane modules with large surface area to volume ratio. 

Different membrane module configurations have been investigated to meet these 

requirements, which include plate and frame, spiral wound, tubular and hollow fiber 

module [7, 17]. The hollow fiber membrane configuration is industrially preferred for 

large scale gas separation, as it can provide significantly higher surface area to volume 

ratio compared to other membrane configurations (i.e. >10 times compared to spiral 

wound). The advantage in hollow fiber membrane configuration comes from the 

asymmetric geometry consisting of thin separation selective layer on a microporous 

support [3]. The key feature in the asymmetric membrane geometry is the simultaneous 

formation of microporous and separation selective layer.  Hence while developing 

advanced materials (like CMS), it is important to translate the attractive separation 

performance (as seen in Figure 1.3) to industrially relevant asymmetric hollow fiber 

configuration. Therefore, it leads to the third enabling element of membrane technology 

development, (Figure 1.2) i.e., Morphology control.       

1.2.3 Morphology control 

The engineering of asymmetric morphology in hollow fiber membrane is crucial 

for maintaining the high separation productivity through the modules [18]. The purpose 

of a microporous layer in asymmetric morphology (Figure 1.4) is to facilitate the gas 
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transport without performing any actual separation. They serve as a support for the thin 

dense separation layer where the actual gas separation happens. Therefore, if any 

resistance is developed in the microporous support layer, it will have a detrimental effect 

towards the gas productivity of membrane module. 

 

Figure 1.4: Asymmetric hollow fiber morphology illustrating thin dense separation and a 

microporous support layer [18].  

 

The shortcoming in asymmetric CMS hollow fiber membranes has been the 

densification of microporous support during the fabrication of asymmetric CMS 

membranes [19]. Though the CMS hollow fiber membranes can show encouraging 

separation efficiencies, the gas transport flux (i.e. membrane productivity) has been much 

lower than expected of the productivity increase in corresponding dense membranes [16, 

19] as seen in Figure 1.3. Lower productivity is a major concern for the industrial 

scalability of CMS hollow fiber membranes, as it will increase the net membrane surface 

area to meet the separation requirement. The increase in membrane surface area will also 
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increase the effective membrane module cost. This off-set in cost advantage of 

asymmetric CMS hollow fiber membranes is not good if morphology collapse occurs, 

especially when one of the major advantages of membranes is the desire to reduce the 

cost of separation. 

1.2.4 High speed processing 

For the effective development of membrane technology, it is crucial to 

synchronize all the above elements simultaneously. It is important for achieving the 

economical feasibility of the membrane process for large-scale separation applications. 

The cost of industrial-scale CMS hollow fiber membrane module is estimated to be ~$50-

100 per m
2
 [20]. Inspite of the prediction being 5 times higher than the polymer state-of-

art modules [3] (~$10-20/m
2
), the separation efficiency gain in CMS membranes is still 

significant and the membrane module cost can be further reduced. The major cost drivers 

for CMS membrane modules are the fabrication process and the requirement of higher 

membrane surface area.  

Hence, the current hurdle which needs to be addressed is the low membrane 

productivity of asymmetric CMS hollow fiber membranes. In order to address the 

commercial viability of asymmetric CMS hollow fiber membranes, the focus of this 

study is to restrict the densification of porous support (also termed as sub structure 

collapse) and obtain superior separation performance in terms of gas productivity and 

separation efficiency.  
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1.3 Research objectives 

The overarching goal of this thesis dissertation is to “Establish a framework to 

engineer the morphology of the microporous support layer in asymmetric membranes 

undergoing thermal processing above the glass transition of the intrinsic polymer 

precursor.” In order to achieve this goal, the three objectives of this work are: 

Research Objective 1: Methodology to restrict sub-structure collapse in asymmetric CMS 

hollow fiber membranes (Chapter 4) 

This chapter will focus on the mechanism of sub-structure collapse and various 

methodologies used in an attempt to restrict the collapse. A novel pre-pyrolysis treatment 

is developed to restrict the morphology collapse in asymmetric carbon molecular sieve 

(CMS) hollow fiber membranes. The technique is referred to as V-treatment due to the 

use of a sol-gel crosslinking reaction between an organic-alkoxy silane 

(vinyltrimethoxysilane) and moisture. The V-treatment technique enables restricting the 

microscale morphology collapse in asymmetric CMS membranes without having a 

chemical reaction with the polymer precursor material. The sol-gel reaction proposed in 

this study is a first-of-a-kind approach in asymmetric CMS membranes to create porous 

morphologies, and it can be easily integrated into the current asymmetric CMS 

membrane fabrication process. Several characterization analyses are used to verify the 

proposed mechanism and obtain insights for further optimization. The effect of V-

treatment are presented for two different polyimide precursors Matrimid
®
 and 

6FDA:BPDA-DAM. 
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Research objective 2: Optimization of V-treatment and pyrolysis parameters for superior 

separation performance in asymmetric CMS hollow fiber membranes (Chapter 5)     

This chapter will describe the results of optimization conditions in terms of 

different VTMS concentration and pyrolysis conditions (varying final pyrolysis 

temperature and oxygen doping) to obtain superior separation performance. In addition, 

the importance of both organic and alkoxy functional groups are also explored. The 

control of VTMS concentration is crucial for V-treatment, as the excessive silica can 

hamper the intrinsic CMS separation properties. For reducing the VTMS concentration, 

different polymer non-solvents (Toluene, n-heptane and hexane) are used. VTMS-hexane 

combination in V-treatment is preferred due to the existing post-spinning solvent 

exchange process. 10 wt% VTMS in hexane is found to be the optimum amount which 

maintains both the asymmetric CMS morphology and gives higher gas productivities. 

Moreover, the novelty of using hexane for V-treatment allows direct “drop in” integration 

into current fiber precursor processing.  

The optimization results are evaluated in terms of separation performance for both 

pure gas feed and industry relevant mixed-gas pairs (i.e. CO2/CH4, C2H4/C2H6 and 

C3H6/C3H8) at 35°C. 

Research Objective 3: Realistic evaluation of V-treated CMS hollow fiber membrane for 

natural gas separation (Chapter 6)   

This chapter will evaluate some critical points for the commercial viability of 

CMS membranes for industrial scale-ups. In the pyrolysis process, when untreated 

polymer precursor fibers are pyrolysed in bundles they adhere to each other making them 
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unusable as CMS membranes. Individually separating each fiber during pyrolysis can add 

additional processing and labor cost. In addition to improved permeances, V-treatment 

offers a key advantage of ‘anti-stickiness’ to the asymmetric CMS fibers from V-Treated 

Matrimid
®
 precursor. Presence of silica on the outer layer of V-Treated fibers assists in 

the ‘anti-stickiness’ property. This offset of ‘stickiness’ do not arise for 6FDA based 

precursors, as even the untreated 6FDA precursor fibers were seen to be separable after 

pyrolysis.   

Recent studies on CMS hollow fiber membranes have observed similar aging 

phenomena as seen in glassy polymer membranes. The predicted mechanism for aging in 

CMS membranes is complex; it varies from each gas pair and has a strong relationship 

with storage/testing conditions. This section will include time-dependent separation 

performance tests for V-Treated CMS membranes from Matrimid
®
 precursor. The 

stability of the membranes is evaluated for aggressive feed gas conditions containing 

50% CO2/50% CH4. The aging study is performed under three different conditions (i) 

active mixed gas feed (ii) stored in ambient air and (iii) dry CO2. 

1.4 Dissertation organization 

 This dissertation is organized into seven chapters including this chapter. Chapter 2 

contains background information pertaining to gas transport in CMS membranes. The 

chapter also includes a literature review on CMS membranes. Chapter 3 covers the 

materials, equipments and characterization techniques used in this study. Chapter 4 

describes the mechanism of sub-structure collapse in asymmetric CMS membranes and 

various methodologies which attempt to restrict collapse. The chapter will introduce a 



12 

 

novel pre-pyrolysis approach termed as ‘V-treatment’ to improve the sub-structure pore 

morphology of CMS hollow fiber membranes from Matrimid
®
 and 6FDA:BPDA-DAM 

precursor material. Chapter 5 presents the effect of different fabrication parameters on the 

separation performance of CMS hollow fiber membrane from V-treated precursors. 

Chapter 6 evaluates the performance stability of CMS V-treated hollow fiber membrane 

from Matrimid
®
 precursor under different conditions (i) active mixed gas feed, (ii) stored 

in dry CO2, and (iii) in ambient air. Chapter 7 summarizes the key results of this work, 

along with the recommendations for further study.    

 For the commercial application of 10% V-treated asymmetric CMS Matrimid
®
 

membranes, the separation performance stability under three different conditions            

(i) active mixed gas feed (ii) stored in pure gas CO2 at 5-6 atm pressure and (iii) stored in 

ambient air is evaluated.        
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CHAPTER 2 

BACKGROUND AND THEORY 

2.1 Overview 

The first half of this chapter explains the fundamentals and gas transport of CMS 

membranes. The second half of the chapter gives an insight into the fabrication 

parameters and their effects on the separation performance of asymmetric CMS hollow 

fiber membranes. 

 

2.2 Structure of CMS membranes 

CMS membranes can be formed by the thermal decomposition of polymeric 

precursor materials under controlled atmospheric conditions. CMS membranes produced 

by pyrolysis are mostly char, with a turbostatic structure (Figure 2.1(a)) [1, 2]. These 

materials are amorphous, consisting of disordered sp
2
 hybridized condensed hexagonal 

sheets with pores formed from packing imperfections and an idealized pore structure that 

can be represented as “slit-like” (Figure 2.1(b)). The pore size distribution has a bi-modal 

character, with two major divisions: (i) “Micropores” ranging between 7–20 Å and (ii) 

“Ultramicropores” which are <7 Å (Figure 2.1(c)). 
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Figure 2.1: (a) Structure of pyrolytic carbon material [1, 2]  (b) Idealized pore structure of 

CMS membrane [3] with (c) Idealized bimodal pore size distribution of CMS membrane 

[3]. 

 

2.3 Transport in CMS membranes 

2.3.1 Permeation 

Gas transport through carbon molecular sieve membranes occurs by a sorption-

diffusion mechanism [4]. Gas molecules sorb into the membrane from upstream side, 

diffuse through the membrane under a chemical potential gradient and finally desorb on 

downstream side of the membrane as illustrated in Figure 2.2.  
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Figure 2.2: Schematic of gas transport through a dense membrane [4]. 

 

The performance of membranes is evaluated using two key intrinsic properties, 

“permeability” and “selectivity”. Permeability is a measure of the productivity of a dense 

film membrane, and is given as the pressure and thickness normalized flux (Equation 2.1) 

below: 

p

nA
P =

A
A

     

  

l
                                                  (2.1) 

In equation (2.1), PA is the permeability of component A through the membrane, 

nA is the flux, l is the membrane thickness and ΔpA is the partial pressure difference 

between the upstream and downstream faces. For mixed gas feed, ΔpA is best replaced by 

the transmembrane component fugacity difference to account for thermodynamic non-

idealities.  
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Figure 2.3: Illustration of CMS dense film and asymmetric hollow fiber configuration 

  

For the case of asymmetric hollow fibers (illustrated in Figure 2.3), the actual 

membrane skin thickness is hard to determine; hence, the productivity is described by the 

permeance which is the partial pressure (fugacity) normalized flux, viz.: 

P nAA =

ΔpA

 
 
 l

                                                (2.2) 

The units for permeability and permeance are Barrer and GPU (gas permeance 

unit), respectively: 

 

  

3
cm (STP) cm

-10
1 Barrer = 10

3
cm s cmHg

 
  

 
  

                

  

3
cm (STP)

-6
1 GPU = 10

3
cm s cmHg

 
  

 
  

 

The separation efficiency or ideal permselectivity of a membrane with negligible 

downstream pressure is defined as the ratio of the component permeabilities or 

permeances i.e.,  

P (P
α

/ )A A
=  = A/B

P (P / )B B

 
l 

l 

                                              (2.3) 
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For mixed gas feeds, when the downstream pressure is negligible compared to the 

upstream as it is in this study, the selectivity is defined as the separation factor which is 

the ratio of permeate (y) and feed-side mole fractions (x) corresponding to the 

components A and B: 

  
(y / y  )BA

=  A/B
(x

α

/ x  )BA

                                           (2.4) 

2.3.2 Sorption and Diffusion 

Gas permeability can further be represented as the product of kinetic and 

thermodynamic parameters i.e., the diffusion coefficient (DA) and the sorption coefficient 

(SA): 

   P =  D S
A AA

   
   
   

                                                  (2.5) 

For molecular sieving material like CMS, the sorption coefficient is the pressure 

normalized uptake membrane concentration of gas at an equilibrium pressure. Sorption 

coefficients primarily depend on the gas condensability and its interaction with the 

membrane material. The isotherm can be represented using a Langmuir isotherm, i.e., 

        

'
C bC AHA

S

p 1 + b pA A A

A
=  =   A

                                 (2.6) 

In equation (2.6), CA is the equilibrium uptake of penetrant A by the sorbent, pA is 

the partial pressure, C
’
HA is the Langmuir hole filling capacity and bA Langmuir affinity 

constant for component A. 
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Selective diffusion of gases in CMS material (“slit-like” pore structure-Figure 

2.1(b)) involves molecular size sieving. The similar size gas molecules can be effectively 

separated based on considerable differences in their activation energy for diffusion 

termed as 'energetic selectivity'. In addition unlike the conventional polymers, CMS 

membranes can provide additional high 'entropic selectivity' because of the rigid 

ultramicropores windows (Figure 2.1(b)). These can effectively restrict the degrees of 

freedom for the rotation and internal vibration of the gas molecules [5, 6]. 

 

2.4 Formation of asymmetric CMS hollow fiber membranes  

The focus of this study is on asymmetric hollow fiber configuration due to its 

industrial scale-up advantage as explained in Chapter 1. To form the asymmetric CMS 

hollow fiber membranes, the first step is to obtain an asymmetric polymeric hollow fiber 

membrane. The second step is the pyrolysis of the polymer hollow fiber membrane.  

 

2.4.1 Polymer precursor hollow fiber membranes    

Asymmetric polymer hollow fiber membranes comprise an ultra-thin dense skin 

layer supported by a porous substructure as illustrated in Figure 2.3.  Such membranes 

are formed via a dry-jet/wet quench spinning process [7-11] illustrated in Figure 2.4.  The 

polymer solution used for spinning is referred to as “dope”.  Dope composition can be 

described in terms of a ternary phase diagram as shown in Figure 2.5.  
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Figure 2.4: Dry-jet/wet-quench spinning process for polymer precursor hollow fiber 

membrane fabrication. 
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Figure 2.5: Ternary phase diagram showing the asymmetric polymer membrane 

formation process adapted from [11]. 

 

Polymer molecular weight and concentration are closely correlated to viscosity 

and rheology of the dope, which affects the overall morphology of hollow fibers [12].  

The ratio of solvents to that of non-solvents should be adjusted in order to keep the dope 

in the 1-phase region close to the binodal line in Figure 2.5. Several key factors go into 

the formation of successful defect-free skin layer [9] as illustrated in Table 2.1.  

 

 

 

 

 

 



23 

 

Table 2.1: Key parameters in the fiber spinning process [9] (Figure 2.5) 

Spinning Parameters 

Dope Composition Air gap height Quench bath temperature 

Bore fluid composition Take-up rate Quench bath composition 

Dope/bore fluid flow rate Spinning temperature Humidity 

 

In the spinning process of Figure 2.5, the dope and bore fluid are coextruded 

through a spinneret into an air gap (“dry-jet”), where a dense skin layer is formed and 

then immersed into an aqueous quench bath (“wet-quench”), where the dope phase 

separates to form a porous substructure and can support the vitrified dense skin layer.  

The dense skin layer is formed by evaporation of volatile solvents which drives the dope 

composition toward the vitrified region (indicated by the green dashed line indicated by 

the “Skin Layer Formation” arrow in Figure 2.5). The porous substructure is formed 

when the dope phase separates in the quench bath and enters into a 2-phase region 

(indicated by red dashed line indicated by the “Substructure Formation” arrow in Figure 

2.5). In this way, a desirable asymmetric morphology comprising a dense selective skin 

layer with a porous support structure is formed.   

After phase separation in the quench bath, fibers are collected by a take-up drum 

and kept for solvent exchange. The solvent exchange process is an extremely important 

step in the membrane fabrication process [13, 14]. If the porous precursor fibers contain 

water at the time they are subjected to high temperatures, for instance during drying or 

pyrolysis, removal of the water causes significant changes to the structure and properties 

of the fiber, and of the resulting CMS membrane. The high capillary forces associated 
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with removal of water within the small radii of the pores close to the skin can cause 

densification of the structure in this region, which will result in a less permeable 

membrane [14]. To prevent this, the solvent exchange process replaces the water that is 

present in the porous substructure of the precursor fiber with a fluid having a lower 

surface tension.    

2.4.2 Pyrolysis process for asymmetric CMS hollow fiber membranes 

CMS membranes are fabricated upon controlled pyrolysis of polymer precursors 

[15]. As illustrated in Figure 2.3 for asymmetric CMS hollow fiber, gas separation occurs 

primarily in the intrinsic CMS dense skin. The dense layer of asymmetric CMS 

corresponds to a molecular sieving structure having a bimodal pore distribution 

(illustrated in Figure. 2.1). The nano-size pore structure and distribution can be altered 

using several parameters [15], such as: (2.4.2.1) choice of polymer precursor, (2.4.2.2) 

pre-pyrolysis treatment of polymer precursor, (2.4.2.3) pyrolysis temperature protocol, 

(2.4.2.4) pyrolysis atmosphere, and (2.4.2.5) post-pyrolysis treatment. The details for 

these key parameters are given below: 

2.4.2.1 Polymer precursor 

Precursor selection for the CMS membrane should satisfy a number of criteria:  

having a high aromatic carbon content, high glass transition temperature (Tg), chemical 

stability and superior starting separation properties [15]. Several classes of polymers have 

been investigated for CMS membrane formation viz. cellulose derivatives [16], phenolic 

resins [17, 18], poly (vinyldene) – based polymers [19], polyacrylonitrile (PAN) [20] and 

polyimides [21-27]. Polyimide precursors are preferred over other polymer precursors 

based on the separation performance and mechanical strength [21]. 
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Various gas-pair separations have been done in the past using commercially 

available polyimide Matrimid
®
 and co-polyimide 6FDA:BPDA-DAM in both the CMS 

dense film and asymmetric CMS hollow fiber membrane configurations [24, 26-31]. 

Matrimid
® 

based CMS dense films have shown to give higher selectivity with lower 

permeability for O2/N2, CO2/CH4 and C2H4/C2H6 when compared to the 6FDA:BPDA-

DAM based CMS membranes [27, 28, 32]. The case of C3H6/C3H8 separation is different, 

as Steel & Koros[28] have demonstrated that 6FDA:BPDA-DAM based CMS dense film 

have both higher selectivity and permeability when compared to Matrimid
®
 based CMS. 

These performance trends were explained by the difference in fractional free volume for 

both the precursors, leading to a shift on the hypothetical CMS bimodal pore size 

distribution [32]. Additionally, Williams [23] showed that while Matrimid
®
 pyrolysis 

evolved volatile products such as aniline, toluene, CO2, and CO, 6FDA based precursors 

gave off significant amounts of –CF3 related compounds in addition to these products 

which contributed to the higher permeability of 6FDA based CMS membranes. 

 
    A similar relation of precursor-CMS separation performance is seen in the 

asymmetric CMS hollow fiber configuration too [26, 31]. Recent studies by Xu [33] have 

compared the asymmetric CMS hollow fiber separation performance for Matrimid
®
 and 

6FDA:BPDA-DAM precursors as shown in the Figure 2.6(a) and (b).   
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Figure 2.6: Comparison of asymmetric CMS hollow fiber membranes (a) Permeance and 

(b) Selectivity from Matrimid
®
 and 6FDA:BPDA-DAM precursors, prepared under same 

fabrication conditions by Xu [33]. 

 

 The differences in asymmetric CMS hollow fiber permeance formed from 

Matrimid
®
 and 6FDA:BPDA-DAM (Figure 2.6(a)) can be accounted for as being due to 

two important factors viz., higher intrinsic CMS permeability of 6FDA:BPDA-DAM and 

differences in resultant asymmetric CMS hollow fiber substructure morphology. A 

detailed explanation for the effect of asymmetric CMS substructure morphology on gas 

permeance is given in section 2.5.   

For the purpose of this study, asymmetric CMS hollow fiber from both Matrimid
®
 

and 6FDA:BPDA-DAM precursors are considered. Due to their ability to achieve high 

intrinsic CMS selectivities, any improvement in the permeances of asymmetric CMS 

hollow fiber membranes would be desirable.   

2.4.2.2 Pre-pyrolysis treatment of polymer precursor 

The purpose of precursor pre-treatment is to pre-arrange and stabilize the polymer 

material before undergoing the high-temperature pyrolysis. Pre-treatment can alter the 

chain segmental mobility and morphology of the precursor material, which can translate 

(a) (b) 
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to a change in the resulting CMS structure [34]. Precursor pre-treatment techniques can 

be broadly classified into primarily thermal vs. primarily chemical pre-treatment [34]. 

Typical thermal stabilization techniques are carried out either in oxidative or non-

oxidative atmospheres at elevated temperatures, but below the carbonization temperatures 

(i.e. decomposition temperatures of polymers). By pre-oxidation of the asymmetric 

precursor hollow fibers, Kusuki et al. [35] and Okamoto et al. [36]  prevented complete 

morphology loss of their asymmetric precursors. The pre-treatment avoided the excessive 

volatilization of carbon-containing fragments and resulted in a high carbon yield. 

Centeno & Fuertes [18] observed that the pyrolysis of phenolic resin precursor after pre-

oxidation results in a more open pore structure with a drastic decrease in separation 

selectivity. On the other hand, by the pre-oxidation of poly vinyldene chloride-co-vinyl 

chloride (PVDC-VC) precursors, the same authors observed the resultant CMS 

membrane to be much less permeable [19]. Xu [33] performed pre-oxidation studies on 

asymmetric hollow fibers from Matrimid
®
, 6FDA:BPDA-DAM and 6FDA-DAM 

polyimide precursors. It was observed that only the 6FDA:BPDA-DAM precursor had  

improvement in resultant asymmetric CMS substructure morphology with no effect on 

other polyimides.  Therefore, stabilization studies using pre-oxidation on CMS membrane 

should be carefully chosen as it appears to be favorable only for a specific polymer 

precursor material and to be only partially understood.      

Chemical modification of polymer precursors is another technique that can be 

used for tailoring the resultant CMS separation properties. Some of the techniques that 

have been studied includes chemical modifications by polymer cross-linking [37], non-
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solvent treatment [38] , and grafting of functional groups [39-41] on polyimides to 

enhance the separation capabilities of CMS dense film membranes.  

Tin et al. [37] carried out chemical crosslinking on Matrimid
®
 dense film 

precursor using 10 w/v% solution of p-xylenediamine for different time intervals. The 

chemical crosslinking mechanism involved diamine-imide reaction with the opening of 

imide rings. Upon the pyrolysis of different time interval crosslinked Matrimid
®
 

precursors, a decrease in CMS permeability for all the cases was observed. Only the 1-

day crosslinked Matrimid
®
 precursor, showed an improvement in CO2/CH4 CMS 

selectivity. For the purpose of this study, the diamine crosslinking reaction of Matrimid
® 

precursor was evaluated for asymmetric hollow fiber configuration. It was observed to 

not offer improvements in asymmetric CMS substructure morphology. The details for the 

study are provided in Chapter 4. 

Tin et al. [38] have also studied an extended non-solvent soaking effect of 

Matrimid
®
 and P84 precursor dense films in different non-solvents (methanol, ethanol, 

propanol and butanol for 1 day). The resulting CMS membranes showed an increase in 

selectivity due to increased structural re-organization of solvent treated precursors, 

leading to smaller pores during pyrolysis. However, the fundamental causes of the 

improvement were not explored.   

     Xiao et al. [39] have investigated the effect of bromination on Matrimid
®

 

precursor for CMS dense film separation. Some researchers have also attempted to 

improve the CMS transport properties by sulfonation of the polyimide precursors [40, 

41]. As both studies change the molecular structure of polymer precursor, the resultant 
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modified precursor properties for membrane formation can be much different from the 

original precursor. Also, most of the chemical pre-treatment stabilizations studies have 

been limited to dense film configuration. Very few studies have attempted to translate the 

affect to asymmetric hollow fiber configuration.  

In this study, some of the above techniques are tested for asymmetric Matrimid
®
 

hollow fiber precursor and were found to have limitations when applied for asymmetric 

precursors. Therefore, the focus of this study is to develop a novel pre-pyrolysis 

treatment for asymmetric precursor hollow fibers which will lead to an improvement in 

the final CMS separation performance.   

2.4.2.3 Pyrolysis temperature protocol   

Several parameters in the pyrolysis process such as final pyrolysis temperature, 

heating ramp rate and thermal soak time at the final pyrolysis temperature can play a 

critical role in tuning the molecular sieving pore structure of CMS membranes [15]. 

The final pyrolysis temperature is defined as the temperature to which the 

polymer precursors are heated for the formation of carbon membranes. CMS membranes 

posses an ability to tune their separation performance based on the final pyrolysis 

temperature [27-30, 42]. Typically, an increase in final pyrolysis temperature translates to 

a change in CMS structure, leading towards smaller average pore size [3] as illustrated 

schematically in Figure 2.7. 
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Figure 2.7: Illustration of final pyrolysis temperature (T) effect on the intrinsic molecular 

sieving structure of CMS membrane adapted from Steel and Koros [3]. 

  

By increasing the final pyrolysis temperature for Matrimid
®
 & 6FDA:BPDA-

DAM dense film precursors, Steel & Koros [28] observed an increase in selectivity with 

decrease in permeability for O2/N2 and CO2/CH4 separations. Rungta et al. [27, 30] have 

observed similar permeation trend for C2H4/C2H6 separation. 

Jones & Koros [21] pyrolysed 6FDA precursor based asymmetric CMS hollow 

fibers at 500°C and 550°C. The higher temperature pyrolysed (550°C) CMS fibers 

showed a slight increase in O2/N2 selectivity accompanied with a decrease in O2 

permeance. Xu et al. [29] observed the same trend in C2H4/C2H6 separation from 

Matrimid
®
 based CMS fibers by extensively studying different final pyrolysis 

temperature as shown in Figure 2.8.  
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Figure 2.8: Role of final pyrolysis temperature on asymmetric CMS hollow fiber 

separation performance from Matrimid
®
 precursor by Xu et al. [29]. 

 

Researchers have also studied the role of different heating ramp-rates [42] and 

thermal soak times [28, 31] for tuning the CMS separation performance. For the purpose 

of this study, mainly optimization of final pyrolysis temperature is considered for 

achieving the ‘sweet spot’ for particular separation.  

2.4.2.4 Pyrolysis atmosphere 

Pyrolysis atmosphere is critical in controlling the intrinsic CMS structure and its 

resulting separation performance. Geiszler & Koros [43], and Xu [33] have both 

separately compared the asymmetric CMS hollow fiber separation performance under 

vacuum and inert atmospheres. It is observed that pyrolysis under vacuum atmosphere 

produces high selective but less permeable CMS membranes compared to the inert gas 

atmospheres. A comparison of CMS separation performance for vacuum and argon inert 
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gas pyrolysis using 6FDA:BPDA-DAM precursor fibers is performed by Xu [33] and is 

shown in Figure 2.9.   

 

Figure 2.9: Comparison of asymmetric CMS hollow fiber membrane (a) Permeance and 

(b) Selectivity from 6FDA:BPDA-DAM precursor, pyrolysed under vacuum and inert 

gas atmospheres by Xu [33]. 

 

 To understand the difference between vacuum and inert pyrolysis, Williams [23] 

hypothesized that the amount of oxygen present in the inert purge gas can affect the 

resulting CMS separation performance. Kiyono et al. [32, 44] studied the hypothesis by 

investigating the importance of ‘oxygen doping’ on Matrimid
®
 and 6FDA:BPDA-DAM 

precursors for CO2/CH4 separation which is illustrated in figure 2.10.  

(b) (a) 
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Figure 2.10: Oxygen doping effect on CO2/CH4 separation performance for CMS dense 

film from Matrimid
®

 & 6FD:BPDA-DAM precursor [32, 45].   

 

Rungta et al. [27] observed slight improvement in CMS selectivities for 

C2H4/C2H6 separation by applying the oxygen doping concept on 6FDA:BPDA-DAM 

based CMS dense films.  

Hence by utilizing the oxygen doping concept during pyrolysis, the need for 

vacuum atmosphere to achieve high selectivities can be avoided, thereby preserving 

higher permeabilities. The concept of oxygen doping to tune the separation performance 

is mainly applied for intrinsically open morphology precursors [27]. In the current study, 

the oxygen doping concept is applied to engineer the separation performance of 

asymmetric CMS hollow fibers.  
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2.4.2.5 Post-pyrolysis treatment 

Thermochemical post-treatments have been studied by researchers to finely tune 

the pore dimensions and distributions of CMS membranes. Some of the common 

techniques used are chemical vapor depositions (CVD), post-pyrolysis thermal treatment 

and coating of CMS membranes [15]. Post-oxidation has been the favorite method; where 

CMS membranes after pyrolysis are again heated in oxidative atmosphere to increase the 

pore volume, which typically increases the permeability of CMS membrane [46]. Post-

oxidation and chemical vapor depositions techniques have also been extensively 

investigated by Soffer et al. [47] for cellulose derived CMS fibers. Unlike oxygen doping 

where the pyrolysis is conducted in trace amounts of oxygen, post-oxidation is performed 

after the pyrolysis. Hence the difficulty arises in maintaining the high selectivity.  

Recently, Singh & Koros [48] developed a post-pyrolysis oxygen doping concept 

referred as ‘Dual Temperature Secondary Oxygen Doping (DTSOD)’ where the CMS 

membranes are exposed to trace amounts of oxygen by briefly taking it to a temperature 

higher than the final pyrolysis temperature. The reaction mechanism is similar to the 

primary oxygen doping, difference being in selective doping of the ultramicropores edges 

resulting to a favorable pore size distribution. The DTSOD concept has been applied on 

6FDA:BPDA-DAM based CMS for O2/N2 [48] and C2H4/C2H6 [27] separation.       
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2.5 Transition of asymmetric polymer precursor fiber to asymmetric CMS hollow 

fiber  

The advantage of CMS membrane in dense film configuration has been the ability 

to surpass the polymer membranes separation performance by an increase in both 

permeability and selectivity [49]. For the industrial use of CMS membranes, this intrinsic 

advantage must be translated to the hollow fiber configuration. Vu & Koros [31] studied 

the performance of CMS hollow fiber membranes for both Matrimid
®
 and 6FDA:BPDA-

DAM precursors. In spite of achieving attractive selectivities for CO2/CH4, the 

productivity (i.e., permeance) in CMS hollow fiber membranes was much lower than the 

anticipated value from CMS dense films. In fact, the CMS permeances were even lower 

than the precursor fiber permeances.  

Similar reduction in CMS hollow fiber permeance was observed by Xu et al. for 

C2H4/C2H6 separation [26, 29]. The cause for lower CMS permeances are related to the 

densification of substructure pores during pyrolysis, referred to as ‘substructure collapse’. 

The advantage of asymmetric hollow fiber configuration is ideally due to the high 

transport fluxes obtained through ultra thin membrane skin thickness ((l)<1 µm) [50]. 

Unfortunately the substructure collapse in CMS hollow fibers caused the membrane skin 

thickness (l) to increase which caused the CMS permeance (i.e. P/l – permeability 

normalized thickness) to decrease. The extent of collapse is seen to be a property of the 

precursor [26], Matrimid
®
 based precursors shows the highest degree of collapse. Xu et 

al. [29] attempted some engineering techniques to restrict the collapse in CMS hollow 

fibers by reducing the ‘apparent’ separation layer thickness (i.e thin wall precursor fibers) 

and having a dual layer precursor fiber by incorporating zeolite (13X) in the core polymer 



36 

 

matrix. Even though both techniques had slight improvement in resultant CMS 

permeance, the issue of collapse in asymmetric CMS hollow fibers from Matrimid
®
 

precursor still remained to be addressed. Xu [33] also applied the pre-oxidation technique 

to stabilize the asymmetric polymer substructure morphology prior to pyrolysis. Even 

though no improvement was observed in case for Matrimid
®
 and 6FDA-DAM precursor, 

6FDA:BPDA-DAM precursor fibers after pre-oxidation showed an improvement in final 

asymmetric CMS substructure morphology. The transport performance of the pre-

oxidized asymmetric CMS hollow fiber membranes still require optimization, as 

changing the intrinsic properties of precursor will change the resultant intrinsic CMS 

properties too. 

 The main focus of this study is to restrict the substructure morphology collapse in 

asymmetric CMS hollow fiber membranes, by developing a common pre-treatment 

technique which can be applied to any asymmetric polymer precursor. The mechanism 

and details of this phenomenon will be explained in the subsequent chapters. 
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CHAPTER 3 

MATERIALS AND EXPERIMENTAL METHODS 

3.1 Overview 

This chapter describes the materials and experimental methods used in this study.  

The chapter lists all materials including polymers, solvents, non-solvents, silane agents 

and gases. The asymmetric polymer precursor and CMS hollow fiber membrane 

formation is discussed along with the methods for permeation, sorption and various other 

characterization techniques used. However, the detailed protocol for ‘silane’ pre-

pyrolysis treatment on asymmetric polymer hollow fibers will be discussed in the next 

chapter because it is a new technique and is used for the first time in CMS membrane 

application.   

3.2 Materials 

3.2.1 Polymer precursor 

As discussed in Chapter 2, polyimides are favored as polymer precursors for the 

formation of CMS membranes [1, 2]. Two polyimides Matrimid
®
 5218 (BTDA-DAPI) 

and 6FDA:BPDA-DAM were used in this study. The molecular structure, glass transition 

temperature (Tg), fraction free volume (FFV) for both the polyimide precursors are 

shown in Table 3.1. Matrimid
®
 5218 is a commercially available polyimide and was 

obtained from Huntsman International LLC. 6FDA:BPDA-DAM was lab custom  

synthesized using standard procedure [3]. All the polymers were dried under vacuum at 

150°C overnight before use.  
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Table 3.1: Properties and molecular structure of polyimide precursors Matrimid
® 

5218 

and 6FDA:BPDA-DAM [4-6]   

 

Polymer Chemical structure 

 

 

Matrimid
®

 5218 

Tg ~305°C 

FFV – 0.110 

 

 

 

 

 

 

 

6FDA:BPDA-DAM 

Tg ~424°C 

FFV – 0.145 

 

 

 

3.2.2 Solvents and non-solvents 

For the asymmetric polymer precursor hollow fiber spinning, n- 

methylpyrrolidone (NMP), ethanol, tetrahydrofuran (THF), and lithium nitrate (LiNO3) 

were all purchased from Sigma Aldrich. For the solvent exchange of precursor fibers, 

methanol, and hexane were purchased from VWR. 

 

3.2.3 Silane agents 

The molecular structure and physical properties of different silane agents used in this 

study are summarized in Table 3.2. Vinyltrimethoxysilane (VTMS), trimethoxysilane, 

and vinyltrimethylsilane were purchased by Sigma Aldrich and ethyltrimethoxysilane 

(ETMS) from Gelest Inc. They were all liquid at room temperature.    
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Table 3.2: Physical properties and molecular structure of silane agents 

 

Silane agent 
Boiling point (B.P.) 

(°C) 

Density 

(g/cc) 
Chemical structure 

Vinyltrimethoxysilane 

(VTMS) 
123°C 0.97 

 

Trimethoxysilane 

 
81°C 0.96 

 

Vinyltrimethylsilane 

 
55°C 0.68 

 

Ethyltrimethoxysilane 

(ETMS) 
125°C 0.95 

 
 

3.2.4 Gases 

For permeation and sorption experiments, all the pure gases (He, O2, CO2, N2 and 

CH4) were obtained from Airgas. For the mixed gas permeation experiments, binary 

mixtures of 50 mol% CO2 and 50 mol% CH4, 63.2 mol% C2H4 and 36.8 mol% C2H6,  and 

50 mol% C3H6 and 50 mol% C3H8  were obtained from Praxair. 

For pyrolysis experiments, argon gas with varied amount of oxygen level (in 

ppm) was used.  Ultra High Purity (UHP) argon was purchased from Airgas and specialty 

gases containing 1.08, 10.1, 28.8 and 49.1 ppm of O2 in Ar were purchased from Praxair.      
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3.3 Membrane formation 

 The formation of asymmetric CMS hollow fiber membranes is a two-step 

process: where first the polymeric precursor hollow fibers are formed and then pyrolysed 

to form the CMS hollow fiber membrane.  

3.3.1 Asymmetric polymer precursor hollow fiber membranes 

3.3.1.1 Dope formulation 

The dope compositions for both the polymer precursors Matrimid
®
 and 

6FDA:BPDA-DAM have been well studied in the past [4, 7, 8]. Similar dope 

composition were adapted in this study as shown in Table 3.3, as it yielded good 

mechanical and defect-free precursor hollow fibers. Typical dope compositions consist of 

polymer, solvents and non-solvents. NMP was chosen as non-volatile solvent due to its 

relatively benign nature towards the environment, and THF was selected as the volatile 

solvent for defect-free skin formation. Ethanol was the non-solvent for both polymer 

dopes. For 6FDA:BPDA-DAM dopes, LiNO3 was added for assisting phase separation 

and controlling the viscosity of the dope. Once the dope was formed, it was allowed to 

roll for 2-4 weeks to obtain a homogenous solution.  
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Table 3.3: Dope composition and spinning conditions for Matrimid
®
 and 6FDA:BPDA-

DAM polymer precursor hollow fibers [7, 9, 10] 

 

 Matrimid
®
 6FDA:BPDA-DAM 

Dope 

composition 

(wt %) 

Polymer 

NMP 

Ethanol 

THF 

LiNO3 

26.2 

53.0 

14.9 

5.9 

--- 

20.0 

47.5 

16.0 

10.0 

6.5 

Bore Fluid 

composition 

(wt %) 

NMP/Water 96/4 90/10 

Dope/Bore fluid flow-rate 

(mL/hr) 
180/60 180/60 

Air gap (cm) 5-10 5-10 

Take-up rate (m/min) 20 15 

Dope temperature ( °C) 60 60 

Quench bath temperature ( °C) 50 50 

Precursor fiber O.D. (µm) 450 300 

 

3.3.1.2 Asymmetric polymer hollow-fiber spinning 

The polymer hollow fiber spinning was done by dry jet/ wet quench spinning 

process, which results in asymmetric morphology comprising a defect-free skin and a 

porous substructure. The schematic for hollow fiber spinning set-up has been shown in 

figure 2.4 and the optimized spinning conditions are summarized in Table 3.2. The 

prepared dope was loaded into 500-mL syringe pump (ISCO Inc., Lincoln, NE) and 

allowed to degas overnight. Bore fluid was loaded into a separate 100-mL syringe pump. 

The dope and bore fluid were co-extruded through a custom spinneret with in-line 

filtration between the delivery pumps and the spinneret with 20 µm and 2 µm metal 

filters, respectively. Spinning was temperature-controlled; with thermocouples placed on 

the spinneret, dope line and dope pump. The co-extruded dope solution with bore fluid 

passed through an air gap and was immersed into a water quench bath. The phase-
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separated hollow fiber spin line was then collected on a 0.32 m diameter rotating 

polyethylene drum after passing over Teflon
®
 guide. The hollow fibers were cut-off the 

take-up drum and immersed into water baths for solvent exchange for 48 hrs with 

occasional exchange of deionized water (D.I.) water. The fibers were solvent exchanged 

in glass containers with three separate 20 min methanol baths followed by 3 separate 20 

min hexane baths and dried under vacuum at 75°C for 2 hrs.    

3.3.2 Pre-pyrolysis treatment on polymer precursor hollow fiber membranes 

 The major part of this study involved exploring looking into several thermal and 

chemical pre-treatment techniques carried out prior to pyrolysis. These treatments were 

essential for restricting substructure collapse in asymmetric CMS membranes. The detail 

mechanism and treatment conditions are explained in the subsequent chapters.  

For the purpose of characterizing the new pre-treatment techniques, the same 

procedure of pre-treatment for precursor fibers were carried on polymer powders too. The 

procedure helped in understanding the effects of pre-treatment on chemical molecular 

structure of precursor by eliminating any mass-transport limitations. The details of the 

pre-treatments are provided in their respective sections.    

3.3.3 Asymmetric CMS hollow fiber membrane formation   

3.3.3.1 Pyrolysis set-up 

Both the untreated and pre-treated precursor hollow fiber membranes were 

pyrolysed in the presence of an inert gas to form a CMS membrane.  The pyrolysis set-up 
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used for the study was similar to the previously reported system [7, 11] and also shown in 

Figure 3.1.  

 

                           

Figure 3.1: Schematic for pyrolysis set-up [11, 12]. 

 

The precursor fibers were placed on a stainless steel wire mesh plate (McMaster 

Carr, Robbinsville, NJ) and loosely bound separately with thin stainless steel wires, and 

loaded into a pyrolysis setup as shown in Figure 3.1. The setup consisting of a three-zone 

furnace (Thermocraft, Inc., model # XST-3-0-24-3C, Winston-Salem, NC) connected to a 

multichannel temperature controller (Omega Engineering Inc., Stamford, CT). A quartz 

tube (National Scientific Co., 55 mm ID and 4 ft long, Quakertown, PA) was used to hold 

the fibers in the furnace. An assembly of a metal flange with silicon O-rings (MTI 

Corporation, model EQ-FI-60, Richmond, CA) was used on both ends of the quartz tube. 

An oxygen analyzer (Cambridge Sensotec Ltd., Rapidox 2100 series, Cambridge, 
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England) was integrated to monitor oxygen concentration during the pyrolysis process. 

The flow rate of the purge gas was controlled with a mass flow controller (Alicat 

Scientific, part number MC-500 SCCM-D). Between experiments, the quartz tube and 

wire mesh were rinsed with acetone and baked in air at 800 °C to remove any residue 

which could affect subsequent runs. 

3.3.3.2 Pyrolysis protocol 

The pyrolysis process was carried out under constant inert or oxygen doped inert 

gas flow rate of 200 sccm (standard cubic centimeter per minute). Different grades of 

argon gas were used namely Ultra High Purity (UHP), 1.08, 10.1, 28.8 and 49.1 ppm of 

O2 in argon. The oxygen level in the pyrolysis was ensured to be stable and close to the 

cylinder value before starting the pyrolysis. The entire set-up was purged for greater than 

8 hrs to maintain uniform oxygen concentration. After the initial purging, a heating 

protocol was started depending on the final pyrolysis temperature.  Several final pyrolysis 

temperatures were investigated in this study, ranging from 500°C to 650°C.  For the sake 

of convenience, all the different transport results at different pyrolysis temperatures are 

referred to as ‘final pyrolysis temperature–argon gas grade’ (for e.g., 550°C-UHP). The 

same heating ramp-rate was employed for all the different final pyrolysis temperatures, as 

shown in Table 3.4. 

Table 3.4: Heating protocol followed for pyrolysis at different final temperatures. 

 

Tinitial ( °C) Tfinal ( °C) Ramp rate ( °C/min) 

50 250 13.3 

250 Tmax - 15 3.85 

Tmax - 15 Tmax 0.25 

Tmax Tmax 2 hrs soak 
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Once the heating cycle was completed, the furnace was allowed to cool down to 

room temperature. The resultant CMS fibers were removed from the furnace and used for 

further characterization.  

3.3.3.3 Hollow fiber module formation 

The separation properties for the asymmetric CMS  hollow fibers were evaluated 

using small lab scale fiber modules as described earlier [12]. A typical module is shown 

in Figure 3.2.  For accuracy, CMS fibers were potted into replicate single fiber and 

multiple fiber (4-5) modules.  3M (DP-100) epoxy, commonly referred as ‘5-min epoxy’ 

was used to pot the module ends.  

 

Figure 3.2: Schematic of a lab-scale hollow fiber membrane module [12]. 

3.4 Membrane characterization techniques  

3.4.1 Transport properties  

3.4.1.1 Pure gas permeation 

For pure gas testing of asymmetric CMS hollow fiber modules, constant volume-

variable pressure permeation system was used [12, 13]. The schematic of the constant 

volume-variable pressure permeation system is shown in Figure 3.3.  
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Figure 3.3: Schematic of a constant volume-variable pressure permeation set-up  

 

Both the upstream and downstream of the permeation system were evacuated 

under vacuum for at least 12 hrs and a leak rate was measured, which was always less 

than 1% of the permeate rate of the slowest gas. Once the whole system was evacuated, 

the upstream (shell side) was pressurized with the test gas while the downstream was 

maintained at vacuum, but isolated from the vacuum pump. The pressure rise in a 

standard volume on the downstream was monitored over time by LabView (National 

Instruments, Austin, TX) and permeance was calculated using Equation (2.2) in Chapter 

2. The system was evacuated for at least 12 hrs before experiments with different gases. 
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The pure gas permeation properties for CMS membranes were primarily 

evaluated for feed gases He, CO2, O2, N2 and CH4. For all the measurements, constant 

upstream feed pressure (shell-side feed) of 100 psi was maintained. The permeation 

temperature was constant at 35°C for all the runs. 

3.4.1.2 Mixed gas permeation 

For practical applications of asymmetric CMS membrane, it is important to 

evaluate the mixed gas separation performance, which is of course the real situation in 

any application. Similar to pure gas permeation, even for mixed gas measurements 

constant volume-variable pressure permeation systems (shell-side feed) was used. The 

stage cut (ratio of permeate flow rate to feed flow rate) was maintained less than 1% to 

avoid concentration polarization. The selectivity was calculated from the GC (gas 

chromatography) analysis of permeate composition, while permeance was obtained from 

the pressure rise in downstream. Due to high feed pressures (up to 800 psi at times) and 

non-ideality of the gas, fugacity coefficients were calculated using virial equation of state 

and taken into permeance calculation. 

 The binary mixture of 50 mol % CO2/50 mol % CH4 up to 800 psi total feed 

pressures is most commonly used. This aggressive natural gas feed condition was chosen 

in order to evaluate the most realistic separation performance of asymmetric CMS 

membranes and also to make a comparison with previous related studies [12, 14]. In 

addition to CO2/CH4, mixed gas performance evaluation for C2H4/C2H6 and C3H6/C3H8 

was also performed in this study. The purpose of the olefin-paraffin separation evaluation 

was a ‘proof-of-concept’ study to show the broad application of the current work. The 

separation performance of this study extends the potential of asymmetric CMS 
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membranes for olefin-paraffin separation, studied recently by Xu [10]. For olefin-paraffin 

separation comparison, similar mixed gas feed compositions were followed, i.e., 63.2 

mol% C2H4 and 36.8 mol% C2H6, and 50 mol% C3H6 and 50 mol% C3H8.   

3.4.1.3 Sorption 

   A pressure-decay sorption set-up [14, 15] was used for measuring the 

equilibrium sorption of asymmetric CMS hollow fiber samples. The schematic of the 

sorption set-up is shown in Figure 3.4. 

Figure 3.4: Schematic of pressure-decay sorption set-up for asymmetric CMS fiber 

samples [14]. 

 

The CMS hollow fiber samples was broken into small pieces, loaded into a porous 

stainless steel filter element (0.5 micron, Swagelok) and wrapped using aluminum foil to 

ensure that the sample does not fall out. The sample cell (with CMS fiber sample) was 

dried to 150°C in vacuum overnight to remove any sorbed moisture.  After drying, the 

samples were loaded into the sample cell chamber, and the sorption cell was placed in an 

oil bath with a circulator and temperature controller to maintain uniform temperature at 
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35°C. The entire system was evacuated for 24 hrs prior to testing. The reservoir chamber 

was then charged with feed gas and the temperature was allowed to equilibrate for about 

15 min. The valve between the reservoir and sample cell was then cracked to quickly 

introduce gas into the sample cell. The pressure in both the reservoir and sample chamber 

was monitored using pressure transducers and recorded over time using LabView 

(National Instruments, Austin, TX) until the pressure became constant.  

A mole balance approach was used to obtain the amount of gas taken up by the 

samples as per equation (3.1) below: 

ini ini ini fin fin fin
n = n + n + n = n + n + nres sam mem res sam memtotal                  (3.1) 

Where ‘n’ representing the number of moles. The volume of both the reservoir 

(res) and sample cell (sam) is known, along with the mass and density of the sample 

(mem). The initial (ini) and final (fin) pressure data was recorded via Lab-View and the 

compressibility factors of the gases was calculated using equations listed in Appendix B. 

For the CMS samples, Langmuir model was issued to obtain the sorption isotherms. 

3.4.2 Scanning electron microscopy (SEM) 

SEM was used to characterize the morphology of both asymmetric precursor, and 

CMS hollow fiber membranes. The SEM LEO 1530 and 1550 was used, equipped with a 

thermally assisted field emission gun and operating voltage 5 kV. All fibers were coated 

with gold before SEM. 

 

 



54 

 

3.4.3 Dynamic mechanical analysis (DMA) 

DMA measurements were performed on asymmetric polymeric fibers to evaluate 

the effect of pre-pyrolysis treatment on polymer fiber bulk-flow. The measurement was 

performed on single hollow fiber precursors loaded in tensile mode using a TA Q800 

DMA. A frequency of 1 Hz and temperature ramp rate of 3 °C/min between 50 °C to 400 

°C was used for all measurements. Since accurate estimation of the annular sample 

dimensions proved difficult, modulus values were estimated using diameter 

measurements and a solid cylindrical geometry. 

3.4.4 
13

C solution nuclear magnetic resonance (NMR) 

 
13

C solution NMR spectrum was performed at Shell Global Solutions (US) Inc.  

The spectrum was obtained using a Bruker Avance 500 spectrometer equipped with a 10 

mm auto tune/auto shim probe. The spectra were recorded at 2000 scans under 45 degree 

pulse standard inverse gated quantitative carbon experiment with composite pulse 

decoupling. Approximately 500 mg of sample (precursor fibers and powder) was 

dissolved in dimethyl sulfoxide containing (0.1M) TEMPO as a free radical agent. A 

1000 scan J-modulated spin echo experiment was also acquired to help in peak 

assignments. The solution NMR was helpful to probe the differences in chemical 

structure (if any) and the results are explained in Chapter 4. 

3.4.5 Solid-state NMR 

Solid-state NMR spectra were measured at the Georgia Tech NMR center by Johannes 

Leisen using a high resolution Bruker AV3-400 solid-state spectrometer. The 

spectrometer operated at 
1
H frequency of 400 MHz. Both the 

13
C and 

29
Si solid-state 
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NMR spectrum were important for understanding the mechanism of pre-treatment 

methods explained in Chapter 4.     

3.4.5.1 
13

C NMR spectrum 

13
C solid state NMR spectra were recorded at Cross Polarization – Magic Angle 

Spinning (CP-MAS) with 
1
H 90 degree pulse length 5 µs, MAS at 12 kHz, repetition 

delay of 4 s and 2000 µs contact time. The data points were recorded over 2048 points 

over during 24 millisecond time period, along with high power 
1
H decoupling. Due to the 

conductive nature in CMS samples, some samples had to be measured using Direct 

Polarization (DP)-MAS. The spectrum from CP-MAS technique was averaged between 

2000-8000 scans and for DP-MAS was averaged around 8000 scans. The other 

parameters for DP-MAS were similar to the CP-MAS technique.   

3.4.5.2 
29

Si NMR spectrum 

 
29

Si solid state NMR studies were carried out using CP-MAS with 
1
H 90 degree 

pulse length 5 µs, MAS at 10 kHz contact time of 3000 µs and repetition delay of 5s. The 

data points were recorded over 2048 points over during 24 millisecond time period, along 

with high power 
1
H decoupling. The spectrum was recorded for the data averaged 

between 1000-8000 scans. The referencing in 
29

Si NMR is mostly done relative to 

tetramethylsilane (TMS) due to their lower boiling point, inert nature, and short 

relaxation time [16]. Negative values of the 
29

Si shift are due to low frequency and high 

field compared to TMS.   
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3.4.6 Thermo gravimetric analysis (TGA) 

TGA curves were obtained from STA 409PC Luxx from NETZCH. The heating 

protocol for TGA was maintained the same as the pyrolysis temperature profile in Table 

3.4 with respective final pyrolysis temperatures under UHP Argon flow at 30 mL/min.  

3.4.7 Fourier transform infrared (FTIR) spectrum 

IR spectra were measured using a Bruker Tensor 27 FT-IR spectrometer equipped 

with a Harrick MVP 2 Series
TM

 ATR. Each sample was analyzed using 128 scans with a 

scanner velocity of 10 kHz with a resolution of 4 cm
-1

 and 6 mm aperture setting. The 

spectrum data was recorded for a scan range from 370 to 4000 cm
-1

.    

3.4.8 Elemental analysis 

Elemental analysis of both the precursor and CMS samples was performed by 

ALS labs, Tuscon, AZ. The samples were dried a 150°C and bench ground into fine 

powder before the analysis.  C, H and N wt% were obtained using combustion/IR 

explained in Appendix C. For O wt% similar pyrolysis/IR was used. Si wt% was obtained 

using total dissolution method and F wt% was carried out oxygen flask/bomb technique 

[17] analyzed by ion chromatography (IC). A more detailed procedure for each of this 

analysis is provided in Appendix C.    

3.4.9 X-ray photoelectron spectroscopy (XPS) and sputter argon-ion etching  

XPS with sputter argon-ion etching was performed to obtain the silicon depth 

profile in asymmetric CMS hollow fiber membranes. The spectra were acquired using a 

Thermo K-Alpha XPS (Thermoscientific) with a monochromatic Al Kα line, operating 
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under ultra-high vacuum conditions and a 100 µm spot size. Survey XPS scans were 

obtained over the B.E. range (0-800 eV) with a step size of 1 eV and high resolution 

scans typically at 20 eV pass energy. Calibration of spectra was done with the Si2p peak 

set to Binding Energy (BE) = 104.9 eV. Sputter depth profiling was performed using an 

argon ion gun operating at 3000 eV. More details of XPS-ion etching are provided in the 

chapters 4 and 5.  
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CHAPTER 4 

METHODOLOGY TO RESTRICT SUB-STRUCTURE COLLAPSE 

IN ASYMMETRIC CMS HOLLOW FIBER MEMBRANES 

4.1 Overview 

This chapter will focus on the mechanism of sub-structure collapse and various 

methodologies used in an attempt to restrict the collapse. A novel pre-pyrolysis treatment 

is developed to restrict the morphology collapse in asymmetric carbon molecular sieve 

(CMS) hollow fiber membranes. The technique is referred to as V-treatment due to the 

use of a sol-gel crosslinking reaction between an organic-alkoxy silane 

(vinyltrimethoxysilane) and moisture. V-treatment results in significant improvement of 

asymmetric CMS microscale morphology, increasing the gas productivities of CMS V-

treated membranes. Several characterization analyses are presented to verify the proposed 

mechanism of stabilization and obtain insights for further optimization. The effect of V-

treatment are presented for two different polyimide precursors Matrimid
®
 and 

6FDA:BPDA-DAM. 

4.2 Methodologies investigated for restricting sub-structure collapse  

Low permeances are an area of concern for the industrial scale-up of CMS hollow 

fiber membranes. The permeance decrease in CMS hollow fibers is observed due to the 

densification of the porous support during the pyrolysis process [1]. The magnitudes of 

sub-structure collapse and selective layer thickening in asymmetric CMS hollow fibers 

from Matrimid
®
 (~40x) and 6FDA:BPDA-DAM (~16x) precursors are shown in Figure 

4.1 and 4.2 respectively. 
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Figure 4.1 SEM images of (a) Matrimid
®
 precursor hollow fiber and (b) CMS hollow 

fiber from Matrimid
®

 precursor.  

(a) 

(b) 
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Figure 4.2 SEM images of (a) 6FDA:BPDA-DAM precursor hollow fiber and (b) CMS 

hollow fiber from 6FDA:BPDA-DAM precursor.  

 

(a) 

(b) 
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    The spinning process that was described earlier is designed in such a way that 

the resultant polymer precursor hollow fiber has an asymmetric structure with a nano-

scale separation skin. The substructure pores formed during spinning do not allow a 

uniform well-packed distribution of polymer chains in the precursor morphology. During 

heat treatment (pyrolysis) when temperature crosses the glass-rubber transition (Tg) of the 

polymer precursor, the un-oriented polymer chains enter into a soft and viscous zone 

which increases the chain mobility, thereby enabling segments to move closer to each 

other. This heat treatment above Tg increases the chain packing density, resulting in the 

substructure morphology collapse. The chain mobility of Matrimid
®

 precursor at Tg 

characterized by a DMA plot of storage modulus vs. temperature [2] is shown in Figure 

4.3(a). SEM image of a Matrimid
®
 precursor fiber wall after being heated slightly above 

Tg i.e., up to 350 °C (isothermal for 30 mins) is shown in Figure 4.3(b). Essentially the 

entire Matrimid
®
 precursor fiber wall which had a separation skin (<1 µm) as shown in 

Figure 4.1(a) is completely collapsed at Tg.  
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Figure 4.3: (a) DMA plot of an untreated Matrimid
®
 polymer precursor dense film as 

reported previously [2] (b) SEM image of a untreated Matrimid
® 

hollow fiber heated up 

to 350 °C for 30 mins. 

 

(a) 

(b) 
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In spite of an increase in permeability (P) of the intrinsic CMS dense skin 

(compared to the polymer precursor permeability), the final CMS permeance (i.e., P/l) 

still remained low because of the pronounced increase in separation membrane skin 

thickness (l) at Tg (~40x densification as shown in Figure 4.1(b)).  For the case of 

Matrimid
® 

precursor which has the highest degree of collapse, a comparison of precursor 

and CMS CO2 productivities in dense film and hollow fiber is shown in Table 4.1.  

Table 4.1: Comparison of precursor and CMS CO2 productivities in dense film and 

hollow fiber membrane (
a
dense film permeation data from Kiyono et al. [3], 

b
CMS 

untreated hollow fiber – This study). 

 
Untreated Matrimid

®
 

precursor 

CMS from untreated 

Matrimid
®
 precursor 

Dense film membrane
a
 

(CO2 Permeability) 
10 Barrers 1049 Barrers 

Hollow Fiber membrane
b
 

(CO2 Permeance) 
42 GPU 25 GPU 

 

Xu et al. [4] observed that the 6FDA based polymer precursors exhibited a lower 

degree of substructure collapse in comparison with Matrimid
®
 precursor because of the 

rigid structure and higher Tg. SEM images for both CMS hollow fiber membranes from 

untreated Matrimid
®

 and 6FDA:BPDA-DAM are shown in Figures. 4.1 and 4.2. CMS 

hollow fibers from 6FDA:BPDA-DAM exhibited a lower degree of collapse, but still a 

significant amount of densification (~16x) in membrane skin thickness (l) was observed 

as shown in Figure 4.2.  

4.2.1 Pre-pyrolysis treatment on polymer precursor hollow fiber   

As shown for the Matrimid
®
 precursor in Figure 4.3(a), the primary cause for 

morphology collapse during pyrolysis is the order of magnitude drop in storage modulus 
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at Tg,. To restrict collapse it is important to stabilize the polymer precursor before the 

glass-rubber transition to suppress the bulk flow mobility of polymer chains. Some 

different approaches were investigated in an earlier part of the work, which can be 

broadly classified into:  

(i) Chemical and thermal pre-pyrolysis treatment on polymer precursors  

For stabilizing the polymer precursors, ‘puffing agents’ (like 

polyethylene glycol–PEG) were filled in precursor pores prior to pyrolysis [5], 

chemical crosslinking using diamine linkers: reaction mechanism involves 

opening of imide rings to form amides [6-8], thermal stabilization below Tg to 

induce charge transfer complexes in the precursor structure [9, 10], and  

hydrogen abstraction grafting-crosslinking reaction using peroxide and silanes 

[11]. The pre-treatment procedures and results for each of the treatments are 

provided in Appendix C. 

Though none of the above pre-treatments were favorable in terms of 

restricting collapse, they were essential for establishing the platform for the effect 

of pre-treatment on asymmetric CMS substructure morphology. The control of 

pre-treatment studies leads to the ultimate advantageous technique, explained in 

section 4.3.     

(ii) Tuning of pyrolysis temperature profile (i.e. high ramp-rates) 

Some researchers have achieved slightly increased gas permeabilities of 

CMS dense films by pyrolysing precursors at higher ramp-rates [12]. The subtle 

change in CMS permeability by using higher ramp-rate was not sufficient to give 

a significant improvement in terms of gas permeances. The details for the ramp-

rates used and the resultant CMS hollow fiber performance are given in 

Appendix C.   
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4.3 Sol-gel approach to restrict substructure collapse in asymmetric CMS 

membranes (V-treatment) 

After exploring several other engineering routes, hydrogen abstraction 

crosslinking using VTMS [11] was applied for Matrimid
®

 polymer precursor. Even 

though the extreme peroxide reaction conditions were found to be unsuitable for polymer 

fibers, the actual sol-gel reaction of VTMS was beneficial for restricting collapse.  Hence, 

VTMS here was used as a starting ‘morphology stabilizer’.  

For the treatment, precursor fibers were exposed to an organic-alkoxy silane and 

moisture to undergo a sol-gel reaction which proceeds via hydrolysis and condensation of 

methoxy groups as shown in Figure 4.4 [13-15]. The sol-gel reaction of organic-alkoxy 

silanes is commonly used in the paint and adhesives industry, where the silanes act as 

‘moisture scavengers’ to improve adhesives strength [16, 17].  A related reaction 

mechanism has been commonly used to prepare silica membranes for high temperature 

separation applications [18, 19].  

 

Figure 4.4: Sol-gel crosslinking reaction of VTMS in presence of moisture at 25 °C. 

The precursor fibers after the spinning process were saturated with VTMS liquid 

first and then exposed to ambient moisture at 25 °C. The purpose of saturating the fibers 

with silane-moisture was to create organic crosslinked silica on the fiber pore walls via 
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the sol-gel crosslinking reaction between VTMS and moisture [14]. Since the reaction 

process was a pre-pyrolysis step carried out using VTMS, for convenience it is referred to 

as “V-treatment”.  

The above reaction was carried out at ambient conditions (i.e., room temperature 

25 °C and different relative humidity conditions). The VTMS saturated fibers were kept 

in ambient conditions for about 24 hours to create the crosslinked silica. Before starting 

the pyrolysis, silane treated fibers were heated to 150 °C for 12 hours in vacuum to 

remove unreacted VTMS and moisture (B.P. of VTMS: 123 °C).   

4.3.1 V-treatment reaction condition selection 

For V-treatment, different temperatures (up to 200°C) and reaction times were 

also explored in both ambient (~30-40 %RH), and 100% RH humidity. The reason to 

keep the treatment condition closer to ambient conditions was for process simplification 

and easy scalability for industrial purposes, such as post spin solvent exchange treatment.    

 Both functional groups in VTMS were crucial for V-treatment. The alkoxy (methoxy) 

group was important for creating sol-gel and reactive organic (vinyl) group for 

mechanical properties and rearrangement of silica residue during pyrolysis. For testing 

the effect of both functional groups separately, three different silanes i.e., vinyl trimethyl 

silane, trimethoxy silane (TMS), and ethyl trimethoxy silane (ETMS) were explored. The 

details for each of the non-VTMS silane treatment are provided in the Chapter 5. 

Another important condition for V-treatment was the use of 100% VTMS. The 

results for 100% VTMS are shown in this chapter to illustrate the actual treatment 
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mechanism.  Various other concentrations of VTMS (in different non-solvents) are also 

studied and are discussed in Chapter 5.  

4.3.2 Mechanism of V-treatment in restricting sub-structure collapse 

The mechanism of V-treatment substructure protection in CMS membrane 

formation appears to restrict the bulk polymer precursor chain mobilization during 

pyrolysis. By performing V-treatment, crosslinked silica was formed at the surface of 

micropores in the hollow fiber support via a sol-gel reaction of VTMS and moisture 

(Figure 4.4). The schematic representation of V-treatment in the overall CMS fabrication 

process is shown in Figure 4.5.  

 
Figure 4.5: Schematic representation of V-treatment process in the overall CMS 

formation 

 

The first step in Figure 4.5 is the V-treatment process, where the sol-gel reaction 

occurs when the VTMS molecule comes into contact with moisture to form the vinyl-

crosslinked silica layer. The sol-gel reaction mostly occurred at two places i.e., on the 

substructure pore walls and on the outer-most surface of the precursor fiber. This is 

confirmed by the presence of siloxane chains (Si-O-Si) in the polymer precursor as 
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characterized by 
29

Si solid-state NMR as discussed in section 4.4.5. The step 2 in Figure 

4.5 is pyrolysis of V-treated precursor to form the final asymmetric CMS hollow fiber 

membrane. The majority of silica remained in the V-treated Matrimid
®
 based CMS 

sample, which was confirmed through 
29

Si solid-sate NMR (section 4.4.5), TGA (section 

4.4.7) and elemental analysis (section 4.4.8) characterizations. 

In order to illustrate the silicon distribution in the final asymmetric CMS V-

treated membrane, a schematic representation is shown in Figure 4.6. As analyzed by 

XPS in section 4.4.9, the majority of silicon was observed on the outermost surface of the 

intrinsic CMS skin as a combination of SiO2, silica carbide (Si-C), and siloxane bridges 

(Si-O-Si). SiO2 was mostly present on the outermost surface of silica and as etching 

proceeded into the silica-CMS surface, the percentage of silicon decreased and the silicon 

chemical moieties changed to Si-C and Si-O-Si bridges. More detail into the surface 

characterization of asymmetric CMS V-treated Matrimid
®
 hollow fiber membrane 

through XPS is discussed in section 4.4.9.    

 
Figure 4.6: Schematic representation of silicon distribution on the asymmetric CMS V-

treated structure 
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Even though the silica in CMS substructure pores is essential for preventing the 

collapse, excess silica on the outermost surface of intrinsic CMS skin is not desirable. 

The silica layer on CMS skin act as an additional resistive layer which limits gas 

separation properties. Hence optimization studies for V-treatment to circumvent the 

excess silica are required. The VTMS concentration in V-treatment plays a significant 

role in reducing the excess silica and even further enhancing the transport properties. The 

optimization study is presented in Chapter 5. Nevertheless, the enhancement with 100% 

VTMS V-treatment for both Matrimid
®
 and 6FDA:BPDA-DAM precursors shown here 

are important advances compared to any other current technology and hence been 

focused in this chapter to show the fundamental effect of V-treatment.      

4.4 Characterization of V-treatment 

4.4.1 SEM characterization of asymmetric CMS hollow fiber membranes 

Asymmetric CMS hollow fiber membranes from both V-treatment Matrimid
®
 and 

6FDA:BPDA-DAM showed an improvement in substructure morphology. As shown in 

the SEM image in Figure 4.1(b), the CMS membrane skin thickness (l) from untreated 

Matrimid
®
 precursor is close to the entire membrane wall (~40 µm). For the case of CMS 

hollow fiber from untreated 6FDA:BPDA-DAM precursor (Figure 4.2(b)), the collapse is 

less compared to Matrimid
® 

precursor; however, there is still a significant increase in 

membrane skin thickness (l) to ~16 µm. After pyrolysis of both the V-treated precursor 

fibers, a reduction of 5-6x was observed in CMS membrane skin thickness (l) versus 

untreated precursor, as shown in the SEM images Figures 4.7 and 4.8. SEM analysis is 

summarized in Table 4.2. 



72 

 

Table 4.2: Comparison of asymmetric CMS membrane skin thickness from untreated and 

V-treated precursors (SEM) 

 

 
Asymmetric membrane skin thickness in hollow fiber (l) from 

SEM 

 

Membrane 

precursor skin 

before any 

treatment 

CMS membrane 

from untreated 

precursor 

CMS membrane 

from V-treated 

precursor 

Matrimid
®
 

< 1 µm 
~40 µm ~5-6 µm 

6FDA:BPDA-DAM ~16 µm ~3-4 µm 

 

This comparison is a semi-quantitative approach to determine the membrane skin 

thickness, and the more accurate way to determine the skin thickness in asymmetric 

membranes is to take the ratio of the dense film permeability and hollow fiber 

permeance. Since the V-treatment is more of a substructure morphology treatment, it is 

hard to determine the exact permeability of CMS dense film from the V-treated precursor 

(as no micropore support morphology exists in dense film). A less selective silica 

membrane would get deposited on the dense film surface acting as a resistive layer. 

Nevertheless, the improvement of V-treatment in CMS membrane skin thickness was 

accompanied by a very large increase in final asymmetric CMS permeance as discussed 

in section 4.5. 
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Figure 4.7: SEM images of CMS hollow fiber from V-treated Matrimid

®
 precursor 

showing improved substructure morphology. 

~ 5-6 µm 

~ 70 µm 

~ 70 µm 
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Figure 4.8: SEM images of CMS hollow fiber from V-treated 6FDA:BPDA-DAM 

precursor showing the improved morphology. 

~ 16-17 µm 

~ 3-4 µm 

~ 62 µm 



75 

 

4.4.2 DMA on untreated and V-treated Matrimid
®

 precursor hollow fiber membranes 

Dynamic mechanical analysis (DMA) study was performed on both the untreated 

and V-treated Matrimid
®
 polymer precursor hollow fibers. The mechanism of sub-

structure collapse in untreated Matrimid
®
 polymer hollow fiber is enabled by the decrease 

in storage modulus by several orders of magnitude at Tg as shown in Figure 4.3(a). The 

study in Figure 4.3(a) was done on a polymer precursor dense film [2], the modulus value 

at 25°C was reported to be around 2000 MPa. In this section, DMA study was extended 

to polymer precursor hollow fibers and plotted as storage modulus vs. temperature as 

shown in Figure 4.9. Because of the asymmetric structure with porous micro-support, the 

storage modulus at 25°C was around 350 MPa which was lower than the precursor dense 

film modulus. The details on the DMA experimental conditions are illustrated in Chapter 

3.    

 In Figure 4.9, the untreated Matrimid
®
 polymer fiber (purple curve) starts losing 

storage modulus significantly at Tg and continues to decrease until the sample shape is 

lost at ~365 °C. In comparison, V-treated Matrimid
®
 polymer fibers (green curve) have a 

significantly better thermal stability at Tg. Interestingly, the storage modulus goes 

through a minimum at ~365 °C before increasing again throughout the remainder of the 

test. The modulus vs. temperature behavior is attributed to the silica forming a 

reinforcing glass throughout the porous substructure, thus imparting increased rigidity 

and preventing further sample deformation.   
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Figure 4.9: DMA for the untreated and V-treated Matrimid

®
 precursor hollow fibers 

(storage modulus). 

 

Aside from storage modulus, the tan delta also reveals an interesting aspect of the 

V-treatment process specific to the beta relaxation. Matrimid
®
 is known to exhibit two 

sub-Tg relaxation processes, both of which correspond to short-range motion and are less 

cooperative than the Tg [2]. Smoothed tan delta values corresponding to the Tg for the 

untreated and V-treated precursor fibers are shown in Figure 4.10, with the beta 

relaxation shown in the inset. Of special inset in Figure 4.10 is the fact that the beta 

relaxation amplitude for the V-treated fiber is significantly depressed when compared to 

the untreated precursor fiber. As the beta relaxation reflects a combination of underlying 

complex interactions, understanding which motions are suppressed as a result of the V-

treatment remains a challenge. Multi-frequency DMA studies could be used to measure 
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the beta peak activation energy and to further investigate the effect of V-treatment, but 

are outside the scope of the current work. 

 
Figure 4.10: DMA for the untreated and V-treated Matrimid

®
 precursor hollow fibers 

(Tan delta). 

 

4.4.3 
13

C Solution NMR on untreated and V-treated Matrimid
®

 precursors 

13
C solution NMR spectra were obtained for both the untreated and V-treated 

Matrimid
®
 polymer precursor as shown in Figure 4.11. No sign of chemical reaction 

between vinyl crosslinked silica and Matrimid
®
 molecular structure could be observed. 

The V-treated Matrimid
®
 precursor showed exactly the same 

13
C NMR spectra as 

untreated Matrimid
®

 precursor with all the corresponding precursor structure carbon 

peaks [20]. This verifies the hypothesis that V-treatment is mainly a ‘substructure 

morphology’ treatment on the polymer precursor without having any significant chemical 

Sub-glass beta transition 

Glass-rubber 

transition 
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reaction with the polymer molecular structure.  The list of all the carbon numbers in 

Matrimid
®
 repeat unit and corresponding peaks (ppm) can be found in reported studies 

[20]. 

 
Figure 4.11: 

13
C solution NMR spectrum of untreated and V-treated Matrimid

®
 precursor. 

 

The presence of vinyl carbons in V-treated Matrimid
®
 precursor was not evident 

in 
13

C solution NMR spectrum. The lower amounts and overlapping of olefinic carbon in 

crosslinked silica (Figure 3) compared to the carbons in Matrimid
®
 structure makes 

detection difficult in solution NMR.  Some slight evidence of olefinic carbon in V-treated 

polymer sample could be observed from solid-state 
13

C NMR as shown in Figure 4.12. 
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4.4.4 Solid-state NMR (
13

C) on untreated and V-treated Matrimid
®

 precursors 

 

 
Figure 4.12: 

13
C solid state NMR spectrum (top) vinyl crosslinked silica film (middle) V-

treated Matrimid
®
 and (bottom) untreated Matrimid

®
 precursors. 

 

 

The (top) 
13

C NMR spectrum in Figure 4.12 is from a vinyl crosslinked silica 

film. The film was formed by exposing the VTMS liquid to a humid atmosphere (RH 

100%) for 24 hours, giving a silica film upon methanol evaporation. Similar to solution 

NMR, even in solid-state NMR most of the carbon peaks for V-treated (middle) and 

Vinyl crosslinked silica 

film 

V-treated Matrimid® 

Untreated Matrimid® 
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untreated (bottom) Matrimid
®
 precursor correlate with each other. In Figure 4.12 

(middle) the spectrum of V-treated Matrimid
®
, a small peak ~140 ppm in the range of 

olefinic carbon from vinyl group (top spectrum) was observed.  This indicates the 

presence of the vinyl dispersed in the polymer precursor sample. 

 

4.4.5 Solid-state NMR (
29

Si) on V-treated Matrimid
®

 precursor and CMS V-treated 

Matrimid
®

  

In addition to 
13

C solid-state NMR, 
29

Si solid-state NMR was also performed on 

the V-treated Matrimid
® 

precursor shown in Figure 4.13(top). 
29

Si NMR was also 

performed on the CMS from V-treated Matrimid
®
 pyrolysed at 550°C and shown in 

Figure 4.13(bottom). The chemical shifts in 
29

Si NMR are based on tetra methyl silane 

((CH3)4Si) as a reference at 0 ppm [21]. 
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Figure 4.13: 

29
Si solid state NMR spectrum V-treated Matrimid

® 
precursor (top), and 

CMS V-treated Matrimid
® 

pyrolysed at 550°C (bottom). 

 

 

The presence of siloxane bridges (Si-O-Si) was observed in both V-treated 

Matrimid
®
 precursor and CMS from V-treated Matrimid

®
 (Figure 4.13). The single 

VTMS molecule should show a peak at -55 ppm and the peaks get shifted upon 

hydrolysis and condensation of methoxy groups [14].  After the sol-gel reaction of VTMS 

at current V-treatment conditions (i.e., 25°C and 30-40% RH for 24 hours), a distribution 

of siloxane bridges was observed for the V-treated Matrimid
®
 precursor as shown in 

Figure 4.13(top). The tri-functional (T) siloxane bridges in V-treated precursor are 

V-treated Matrimid® precursor 

T1 T2 T3 Siloxane Bridges 

T1 

T2 

T3 

CMS from V-treated Matrimid® 

Q4 

Q4 
Combination of 

T1 & T2 
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bonded to vinyl at one end and hydroxide (-OH) or another siloxane on other ends. The 

tri-functional siloxane distribution can be denoted by the following notation i.e.,                  

Tn = -Si(OSi)nOH(3-n) [22]. The peaks for T1 are observed at -65 ppm, T2 at -73 ppm and 

T3 at -81 ppm.  

After pyrolysis, the CMS V-treated Matrimid
®

 spectrum in Figure 4.13(bottom) 

indicated the change in silica structure. The T3 peak at -81 ppm (Fig 13(bottom)) shifted 

to -110 ppm corresponding to a Q4 (i.e., tetra siloxane bridges –Si-(O-Si-)4) structure. 

The Q4 peak results from to the loss of vinyl group at temperatures greater than 500 °C 

[23].   The remaining siloxane bridges (T1 and T2) in Fig 4.13(bottom), merges into a 

single broad peak at ~-68 ppm.  

 

4.4.6 FTIR-ATR on untreated and V-treated Matrimid
®

 precursors 

In addition to the above NMR data-set, FTIR-ATR spectra were also obtained for 

untreated and V-treated Matrimid® precursor. The FTIR spectra correlate well with the 

NMR results, and the proposed hypothesis of no reaction between silica and the polymer 

precursor. The FTIR spectrum in Figure 4.14 shows the (red) V-treated precursor to have 

an additional peak ~1050 cm
-1

 which corresponds to siloxane bridges (Si-O-Si) [23]. 
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Figure 4.14: FTIR spectrum (ATR) for Untreated and V-treated Matrimid
®
 polymer 

precursor. 

 

4.4.7 TGA on untreated and V-treated Matrimid
®

 precursors 

The thermal stability of V-treated Matrimid
®

 was evaluated by performing TGA 

on three different samples: vinyl crosslinked silica film (Figure 4.15), untreated and V-

treated Matrimid
® 

precursors (Figure 4.16) at the same pyrolysis temperature profile of 

550°C. 

The TGA plot of vinyl crosslinked silica film in Figure 4.15 has two distinctive 

weight losses. The first loss started immediately above 100°C indicating loss of moisture 

and any unreacted VTMS molecule, and the second loss was at temperatures above 

500°C, showing the reaction of vinyl group in silica. The two losses suggest the 
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hypothesis of Q4 structure formation (
29

Si NMR in Figure 4.13(bottom)). The majority of 

the silica remained as a porous amorphous material (~87 wt%) in the CMS sample even 

after 550 °C. 

 
 

Figure 4.15: TGA plot of vinyl crosslinked silica film pyrolysed at 550 °C (Table 2a) in 

Argon UHP. 

 

The TGA plots of untreated and V-treated Matrimid
®
 pyrolysed are shown in 

Figure 4.16. The (blue) untreated Matrimid
®
 had a weight loss of ~38 wt% after primarily 

evolving CO, CO2 and CH4 at ~450 °C [24], whereas the (red) V-treated Matrimid
®
 had 

slightly lower weight loss i.e., ~35 wt%, which also indicates that silica remains in the 

final CMS sample. In addition, the early onset weight loss above 100 °C is for the 
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residual moisture and methanol due to the continued hydrolysis and condensation sol-gel 

reactions (Figure 4.4). 

 

Figure 4.16: TGA plot of Untreated and V-treated Matrimid
®
 at temperature profile of  

550 °C and Argon UHP atmosphere. 

 

4.4.8 Elemental analysis of untreated and V-treated Matrimid
®

 precursor, and CMS. 

The above characterization analysis provides a comprehensive proof of 

crosslinked silica in the V-treated Matrimid
®

 precursor and CMS V-treated Matrimid
®
. 
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To determine the Atomic (At) % of each element in the sample, elemental analysis was 

performed on both the untreated and V-treated Matrimid
® 

and 6FDA:BPDA-DAM 

precursor. The results are summarized for both wt% and At% in Table 4.3. 

Table 4.3: Elemental analysis for untreated and V-treated Matrimid
®
, and 6FDA:BPDA-

DAM precursor. 

 
 Carbon Hydrogen Nitrogen Oxygen Fluorine Silicon 

Untreated 

Matrimid
®
 

precursor 

(wt %) 75.4 4.4 5.3 14.5 --- --- 

(At %) 52.4 36.9 3.2 7.5 --- --- 

V-treated 

Matrimid
®
 

precursor 

(wt %) 73.2 4.9 4.5 13.2 --- 4.2 

(At %) 49.8 39.6 2.6 6.7 --- 1.2 

Untreated 

6FDA:BPDA-

DAM 

precursor 

(wt %) 64.2 3.3 5.8 15.4 11.4 --- 

(At %) 47.1 29.1 3.6 8.5 5.3 --- 

V-treated 

6FDA:BPDA-

DAM 

precursor 

(wt %) 63.9 4.0 5.2 12.6 10.2 4.1 

(At %) 47.8 35.6 3.4 7.1 4.8 1.3 

 

In order to determine the accuracy of the obtained elemental analysis, the 

experimental composition for the untreated polymer precursors were compared to the 

theoretical composition as per the molecular structure shown in the Table 4.4. Both the 

experimental and theoretical values match with an uncertainty range of +/- 1%. The 

theoretical calculations were based on the precursor molecular structure as shown in 

Figure 4.17.  
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(a)                                                               (b) 

 

Figure 4.17: Molecular structure of (a) Matrimid
®
 and (b) 6FDA:BPDA-DAM 

 

 

 

Table 4.4: Comparison of the theoretical and experimental elemental analysis for 

untreated Matrimid
®
, and 6FDA:BPDA-DAM precursor. 

 
 Carbon Hydrogen Nitrogen Oxygen Fluorine 

Matrimid
®
  

(experimental) 

(wt%) 75.4 4.4 5.3 14.5 --- 

(At%) 52.4 36.9 3.2 7.5 --- 

Matrimid
®
  

(Theoretical
1
) 

(wt%) 75.9 4.5 5.1 14.4 --- 

(At%) 52.2 37.3 3.0 7.5  

6FDA:BPDA-

DAM 

(experimental)  

(wt%) 64.2 3.3 5.8 15.4 11.4 

(At%) 47.1 29.1 3.6 8.5 5.3 

6FDA:BPDA-

DAM  

(Theoretical) 

(wt%) 65.8 3.3 5.8 13.3 11.8 

(At%) 48.3 29.2 3.6 7.3 5.5 

 

For the elemental analysis of the CMS sample, CMS fibers were first ground into 

fine powder and then analyzed for each element as per the procedure in Chapter 3. It is 

important to note that the results in Table 4.5 are represented for the bulk CMS sample.   

 

                                                      
1
The sample calculation of carbon wt% in Matrimid

®
 monomer molecule: the monomer’s molecular weight 

is around 553 grams per mole and has 35 carbon atoms as shown in the structure (Figure 4.17(a)). The 

carbon wt% per mole of Matrimid
®
 monomer would be ((35*12)/553)*100 = 75.9 wt%)  
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Table 4.5: Elemental analysis for untreated and V-treated CMS Matrimid
®
 and 

6FDA:BPDA-DAM (Pyrolysed at 550°C) 

 

 
 Carbon Hydrogen Nitrogen Oxygen Fluorine Silicon 

CMS Untreated 

Matrimid
®
 

(wt%) 87.4 3.1 4.8 4.8 --- --- 

(At%) 66.1 28.1 3.1 2.7 --- --- 

CMS V-treated 

Matrimid
®
 

(wt%) 76.1 3.2 4.0 5.2 --- 11.6 

(At%) 56.2 35.6 2.3 2.4 --- 3.6 

 

CMS Untreated 

6FDA:BPDA-

DAM 

 

(wt%) 82.5 3.1 7.4 7.0 --- --- 

(At%) 60.6 27.0 4.7 3.9 --- --- 

 

CMS V-treated 

6FDA:BPDA-

DAM 

 

(wt%) 78.9 2.8 6.9 8.8 0.2 2.4 

(At%) 62.4 26.8 4.7 5.2 0.1 0.8 

 

The elemental analysis on V-treated precursor samples in Table 4.3 indicates the 

presence of silica. The elemental analysis for final V-treated CMS samples also 

confirmed the presence of silicon (in Table 4.5) as seen in other characterization analysis. 

Interestingly, the percentage of silicon for CMS V-treated 6FDA:BPDA-DAM was found 

to be much lower when compared with the CMS V-treated Matrimid
® 

sample. One of the 

reasons for this difference could be the etching behavior of fluorine species (like CHF3, 

HF), which are the by-product gases evolved during the pyrolysis of 6FDA based 

precursors [24]. CHF3, HF are strong etching agents shown to etch away the silica 

chemical moieties (SiO2, Si-O-Si and Si-C) in other applications [25-27]. Though the 

elemental analysis results in Table 4.5 indicate that the similar etching behavior might be 

taking place during the pyrolysis of V-treated 6FDA:BPDA-DAM precursor, further 
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characterization analyses would be required to quantitatively confirm this hypothesis. 

The potential of this study in future, is been discussed in Chapter 7. The reduction of 

silica in the final CMS V-treated 6FDA:BPDA-DAM can be desirable when related to an 

improvement in separation properties as explained in section 4.5.2.  

 

4.4.9 XPS on asymmetric CMS V-treated Matrimid
®

 hollow fiber membrane  

The silicon distribution on the outer surface of asymmetric CMS V-treated 

Matrimid
®
 hollow fiber membrane (pyrolysed at 550°C) was confirmed through XPS and 

sputter Ar ion etching, performed as per the procedure explained in Chapter 3. Figure 

4.18(a) shows the shallow, and deep etch
2
 distribution profile for silicon (Si2p) and 

carbon (C1s) at the outer surface of CMS V-treated Matrimid
®
 hollow fiber as a function 

of the sputter depth profiling time. The initial Si At% was approximately 35 % for both 

shallow and deep etch sample and decreased to as low as 5% for the deep etch sample. It 

is important to note that the surface elemental composition via XPS analysis cannot 

estimate the hydrogen, whereas hydrogen’s are significantly present in the CMS samples 

(Table 4.5).  

                                                      
2
 Due to the variety of bonds present on the CMS V-treated sample, it is challenging to estimate an 

accurate etch rate. Taking the different bond etch rates for Si-O-Si, Si-C, and C-C the rough estimate would 
be ~0.2-0.25 nm/s. 
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Figure 4.18(a) XPS surface composition profile (Si2p and C1s) as a function of sputter 

etch depth profiling time 

 

 
      (i)                                                     (ii)                                                   (iii) 

 

Figure 4.18(b) XPS spectra representing the Si2p B.E. region as a function of sputter etch 

depth profiling time 

 

In order to understand the chemical bonding of the silicon as a function of the 

sputter etch depth profiling, high resolution Si2p spectra were obtained. Figure 4.18(b) 

shows the chemical shifts in the high resolution Si2p spectra for (i) outermost surface of 
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the CMS V-treated Matrimid
®
 fiber (no etching), (ii) 90 mins etching

3
 and (iii) 135 mins 

etching
4
 into the surface. It was observed that for the surface of the fiber (i), the Si2p 

peak maximum occurs with a bond energy (B.E.) of 104.5 eV which is a characteristic of 

SiO2 [28]. For 90 mins etch (ii), the Si2p peak can be deconvulated and fit with three 

peaks centered at 100.9 eV (representing 54.38% of the total Si2p peak area), at 102.2 eV 

(representing 22.23% of the total Si2p peak area) and 103.3 eV (representing 23.38% of 

the total Si2p peak area), which can be assigned to O-Si-O (SiO2), Si-O-Si and Si-C 

respectively [28] . For the 135 mins etch, the Si2p peak maximum occurs with at bonding 

energy (B.E.) of 100.8 eV, which can be assigned to Si-O-Si and Si-C (representing 

72.71% and 22.25% of the total Si2p peak area respectively.  

The trend on Si2p profile indicated that most of the silica is present on the outer 

surface of CMS V-treated fibers, which agrees with the excess silica hypothesis discussed 

in section 4.2. As we etched deeper into the surface, the transformation of O-Si-O to Si-

O-Si and Si-C moieties can be observed (Figure 4.18(b)). 

 

4.5 Permeation properties 

4.5.1 Pure gas feed (Matrimid
®

) 

Pure gas permeation was carried out on CMS untreated and V-treated Matrimid
®
 

hollow fibers pyrolysed at two different pyrolysis temperatures 550 °C and 650 °C, and 

under Argon UHP inert atmosphere. CMS V-treated fibers at both pyrolysis temperatures 

                                                      
3
 Due to the variety of bonds present on the CMS V-treated sample, it is challenging to estimate an 

accurate etch rate. Taking the different bond etch rates for Si-O-Si, Si-C, and C-C the rough estimate would 
be ~0.2-0.25 nm/s. 
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550°C and 650°C showed greater than 3x increase in gas permeance for the pure gases 

shown in Figures. 4.19(a) and 4.20(a). The increase in permeance after pyrolysis of the 

V-treated precursor results from restricting sub-structure collapse in asymmetric CMS 

hollow fiber membranes. As seen in the SEM image in Figure 4.7, V-treatment reduced 

the CMS separation membrane skin thickness (l) by 5-6x which directly resulted in an 

increase of gas permeance (P/l). The effect of additional silica layer on the intrinsic CMS 

skin (as discussed in section 4.3.2) can be seen with a limited increase in CO2 permeance 

(3x instead of 5x) and slight decrease in selectivities for CMS V-treated Matrimid
®
 

compared to untreated CMS Matrimid
®
 fibers as shown in Figures. 4.19-4.20. The 

optimization of VTMS concentration can show an even further improvement in 

permeation properties of the resulted CMS V-treated membranes and is discussed in 

Chapter 5. Nevertheless as noted earlier, the standard V-treatment as shown here shows a 

substantial improvement in permeance compared to untreated fibers.   
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Figure 4.19: Pure-Gas (a) permeances and (b) permselectivities for CMS untreated (blue) 

and V-treated (red) Matrimid
®
 hollow fiber membranes pyrolysed at 550 °C under argon 

UHP, feed pressure 100 psi and testing temperature 35 °C. 

(a) 

(b) 
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The molecular sieving structure of intrinsic CMS (shown in Chapter 2) strongly 

depends upon the final pyrolysis temperature and atmosphere.  By increasing the final 

pyrolysis temperature from 550 °C to 650 °C, CMS V-treated Matrimid
®

 hollow fibers 

showed similar permeation  trend (Figures. 4.20(a) and (b)) as was observed in the case 

of intrinsic CMS dense films [29]. Such an improvement in gas permeances for CMS V-

treated Matrimid
®
 compared to the untreated CMS Matrimid

®
 hollow fiber membranes is 

quite attractive and can have broad separation applications. 

 
Figure 4.20(a): Pure-Gas permeances for CMS untreated (blue) and V-treated (red) 

Matrimid
®
 hollow fiber membranes pyrolysed at 650 °C under argon UHP, feed pressure 

100 psi and testing temperature 35 °C. 

(a) 
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Figure 4.20(b): Pure-gas permselectivity for CMS untreated (blue) and V-treated (red) 

Matrimid
®
 hollow fibers pyrolysed at 650 °C under argon UHP, feed pressure 100 psi 

and testing temperature 35 °C. 

 

4.5.2 Pure gas feed (6FDA:BPDA-DAM) 

As a proof of concept study, CMS untreated and V-treated 6FDA:BPDA-DAM 

hollow fibers were tested for pure gas CO2 and CH4. Both the untreated and V-treated 

6FDA:BPDA-DAM precursor fibers were pyrolysed at 550 °C and 30 ppm of oxygen 

level in Argon. These conditions were chosen based on a CMS dense film study carried 

out in the earlier work [3].  As discussed earlier, 6FDA based precursor’s showed a lower 

degree of substructure collapse when compared with the Matrimid
®
 precursors, but there 

was still ~16x increase in membrane skin thickness (l) for CMS untreated 6FDA:BPDA-

DAM (Figure 4.2(b)) . After the pyrolysis of V-treated 6FDA:BPDA-DAM precursor, 

(b) 
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similar reduction  (~5-6x) in asymmetric membrane skin thickness (l) was observed as 

shown in Figure 4.8.  The decrease in membrane skin thickness caused a permeance 

increase of greater than 4x in asymmetric CMS V-treated 6FDA:BPDA-DAM hollow 

fiber membranes shown in Figure 4.21(a). 

 

Figure 4.21: Pure gas (a) permeances and (b) permselectivities for CMS untreated and  

V-treated 6FDA:BPDA-DAM hollow fibers pyrolysed at 550 °C, under argon with 30 

ppm of O2, feed pressure 100 psi and testing temperature 35 °C. 

 

Even though the V-treatment reduced final CMS membrane skin thickness by 

similar order (~5-6x), the change in transport properties of CMS V-treated Matrimid
®

 

and 6FDA:BPDA-DAM fibers pyrolysed at 550°C were different (Figures. 4.19 and 

4.21). The increase in CO2 permeance for CMS V-treated 6FDA:BPDA-DAM (4x) was 

higher compared to the increase in CMS V-treated Matrimid
® 

(3x) without any drop in 

CO2/CH4 intrinsic CMS selectivity. The hypothesis for the difference can be explained in 

terms of the excess silica layer formed on the outer surface of intrinsic V-treated CMS (as 

explained in section 4.3). One main difference between 6FDA based precursors and 

Matrimid
® 

is the evolution of fluorine based by-products as volatile gases during 

(a) 

(b) 
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pyrolysis [24]. Therefore as discussed in the elemental analysis section 4.4.8, it is 

possible that CHF3/HF evolved during the pyrolysis of V-treated 6FDA:BPDA-DAM 

etches the silica surface on intrinsic CMS skin as observed by the decrease in the Si% on 

the elemental analysis (Table 4.5).  Nevertheless, this hypothesis would need to be further 

tested with more detailed analysis on V-treated 6FDA based precursors and is a point of 

future study.    

 

4.5.3 Mixed-gas permeation 

For practical application of CMS V-treated membranes, it is important to evaluate 

the mixed gas separation performance, which is of course the real situation in any 

application. An aggressive natural gas feed composition of 50% CO2/50% CH4 was used 

up to a total feed pressure of 800 psi. Due to non-ideality of mixed gas at high feed 

pressures, fugacity coefficients were calculated to obtain accurate gas permeance values.  

The mixed gas separation performance of CMS untreated and V-treated 

Matrimid
®
 hollow fibers pyrolysed at 650°C and Argon UHP are shown in Figure 4.21.  

CMS V-treated Matrimid
®
 maintained the increased permeance trend along with 

attractive selectivities for CO2/CH4 even under aggressive feed conditions (high 

concentrations of CO2 and feed pressures). A similar mixed gas test comparison for CMS 

untreated and V-treated 6FDA:BPDA-DAM pyrolysed at 550°C and 30ppm O2 in Argon 

was also carried out. The results are shown in the Figure 4.22. 
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Figure 4.21: Mixed-Gas feed separation performance (50%CO2/50%CH4) for CMS 

untreated and V-treated Matrimid
®
 hollow fiber membranes pyrolysed at 650 °C, Argon 

UHP and tested at 35 °C. 
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Figure 4.22: Mixed-gas feed separation performance (50%CO2/50%CH4) for CMS 

untreated and V-treated 6FDA:BPDA-DAM hollow fiber membranes pyrolysed at 550 

°C and 30 ppm O2 in Argon, tested at 35 °C. 
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4.6 Summary 

This chapter has presented a novel pre-pyrolysis treatment (V-treatment) 

approach to restrict substructure morphology collapse in asymmetric CMS hollow fiber 

membranes. The V-treatment technique uses a sol-gel crosslinking reaction to induce 

vinyl crosslinked silica on precursor fiber pore walls, which restricts the ability of the 

porous support to collapse during pyrolysis. The effect of V-treatment was applied on 

two widely studied polyimide precursors: Matrimid
®
 and 6FDA:BPDA-DAM. The fact 

that the V-treatment does not involve any chemical reaction with precursor molecular 

structure makes it a simple integral approach to restrict morphology collapse on any class 

of asymmetric CMS polymer precursors. This will enable low-cost facile integration into 

practical membrane production. 

A significant reduction of approximately 5-6x in membrane skin thickness (l) for 

asymmetric CMS hollow fibers from both the V-treated precursors was found. This 

improvement in membrane skin thickness (l) directly translated to an increase in gas 

permeance (P/l) by more than 3x for asymmetric CMS V-treated Matrimid
®
 hollow fibers 

tested for both pure gases (He, CO2, O2, N2 ,CH4) and aggressive high pressure 

(CO2/CH4) mixed gas feeds. Similar improvement in permeance for asymmetric CMS V-

treated 6FDA:BPDA-DAM hollow fibers by more than 4x for both pure and mixed gas 

(CO2/CH4) feed was observed. The separation performance of asymmetric CMS 

membranes from both the V-treated precursors showed attractive separation performance 

even under aggressive natural gas feed conditions at high pressures (800 psi). Further 

optimization of this treatment process is crucial for obtaining even better separation 

performance and hence presented in Chapter 5. 
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CHAPTER 5 

OPTIMIZATION OF V-TREATMENT AND PYROLYSIS 

PARAMETERS FOR SUPERIOR SEPARATION PERFORMANCE 

IN ASYMMETRIC CMS HOLLOW FIBER MEMBRANES 

5.1 Overview 

This chapter presents the results of optimization conditions for different VTMS 

concentrations and final pyrolysis temperatures. In addition, the importance of both 

organic and alkoxy functional groups are presented. The optimization results is evaluated 

in terms of separation performance for both pure gas feed and industry relevant mixed-

gas pairs (i.e. CO2/CH4, C2H4/C2H6 and C3H6/C3H8) at 35°C. Several characterization 

analyses such as SEM, XPS and elemental analysis for optimized V-treated CMS 

membranes are also presented.  

 

5.2 Mechanism for V-treatment optimization 

 As discussed in Chapter 4, the majority of silica in an asymmetric CMS V-treated 

hollow fiber (using 100% VTMS) was concentrated on the outermost surface of the fiber 

as shown in Figure 5.1. Even though the porous organo-silica components in the            

sub-structure support were essential for restricting collapse, the additional undesirable 

silica layer formed outside the intrinsic CMS skin acted as an additional resistive layer 

for gas transport. Due to the excess silica deposition on the outermost CMS skin, limited 

increase in gas permeances were observed.  
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Figure 5.1: Schematic illustration of excessive silica deposition on outermost intrinsic 

CMS skin. 

 

 Optimization of the VTMS concentration in V-treatment is essential for reducing 

the excess silica. In the initial studies (discussed in Chapter 4), V-treatment was started 

with 100% VTMS as a proof-of-concept method to see if it had the capability to restrict 

sub-structure collapse. The potential was clearly indicated in Chapter 4, so the next step 

was the optimization of VTMS in V-treatment. To reduce the concentration of VTMS, 

different polymer non-solvents such as toluene, n-heptane and hexane were used. Though 

in principle any of the three non-solvents could be used, hexane as a non-solvent was 

preferred due to the existing post-spinning solvent exchange process. The V-treatment 

optimization results for different concentrations of VTMS in hexane were evaluated 

through SEM and CO2/CH4 transport properties, as discussed in section 5.3.1. The step 

by step procedure shown in Figure 5.2 was adapted in all the V-treatment optimization 

studies.  
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Figure 5.2: Illustration of the step by step V-treatment optimization protocol.  

 

After evaluating different concentrations of VTMS (i.e. 75%, 50%, 25%, 10%, 

5% and 1%) in hexane, 10% VTMS was observed to be the optimum level, which 

restricted the collapse and also translated to an equivalent improvement in CMS 

permeance. The results for the separation performance of CMS hollow fiber after the 

optimized V-treatment on Matrimid
®
 precursor are discussed in sections 5.3.1, 5.5 and 

5.6. In addition to the enhancement in separation performance, optimized V-treated CMS 

hollow fibers also exhibited lower silicon percentages throughout the CMS sample and 

most importantly, on the outermost CMS skin. This observation was made through 

elemental analysis and XPS, and is discussed in sections 5.4.1 and 5.4.2, respectively. 
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For future studies of V-treatment, one critical objective will be to explore various 

silanes with different pendant groups. Hence, it is important to establish the role of vinyl 

(organic) and methoxy (alkoxy) functional groups in V-treatment. Three different silanes 

were tested under the same V-treatment procedure as shown in Figure 5.2 and are 

mentioned below: 

(a) Trimethoxy silane (TMS) treatment – showed the importance of the vinyl (organic) 

group towards flexibility of V-treated precursor fibers. The TMS treated precursor 

fibers were found to have much higher silicon content compared to V-treated and 

were too brittle to use in any further studies. The results are discussed in the section 

5.3.2.1  

(b) Vinyl trimethyl silane treatment – showed the importance of methoxy (alkoxy) group 

for the formation of sol-gel, as the vinyl trimethyl silane treated CMS hollow fibers 

showed a collapsed morphology after pyrolysis.  The results are discussed in the 

section 5.3.2.2. 

(c) Ethyl trimethoxy silane (ETMS) treatment – was crucial for testing the effect of an 

unsaturated hydrocarbon (vinyl) vs. a saturated hydrocarbon (ethyl). The TGA, XPS, 

NMR and elemental analysis characterizations in Chapter 4 suggested the possibility 

of a reaction between the vinyl and silica during pyrolysis. To evaluate the need of 

reactive hydrocarbon group (like vinyl), a relatively unreactive group ‘ethyl’ was 

evaluated. The ETMS treated CMS hollow fiber does not show the similar permeance 

increase, as it showed for V-treated CMS hollow fibers. Further details are discussed 

in the section 5.3.2.3.             
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5.3 Optimization parameters for V-treatment 

5.3.1 Different concentrations of VTMS in hexane 

 The least amount of silica deposited on the outermost layer of the asymmetric     

V-treated CMS skin (Figure 5.1) is desirable for improved gas transport properties. To 

reduce the silica in the V-treatment step, six different concentrations of VTMS in hexane 

(i.e. 75%, 50%, 25%, 10%, 5% and 1%) using a Matrimid
® 

precursor were used. Sub-

structure morphology of all the different VTMS-hexane treated and untreated CMS fibers 

were analyzed using SEM as shown in Figures 5.3(a) to 5.3(h). 
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Figure 5.3(a): SEM images of 100% V-treated Matrimid
® 

CMS hollow fibers pyrolyzed 

at 650°C under argon UHP atmosphere.  

 

 

(a) 100% VTMS 

~5-6 µm 
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Figure 5.3(b): SEM images of 75% V-treated Matrimid
® 

CMS hollow fibers pyrolyzed at 

650°C under argon UHP atmosphere.  

 

 

Figure 5.3(c): SEM images of 50% V-treated Matrimid
® 

CMS hollow fibers pyrolyzed at 

650°C under argon UHP atmosphere.  

(c) 50% VTMS 

(b) 75% VTMS 

~5-6 µm 

~5-6 µm 
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Figure 5.3(d): SEM images of 25% V-treated Matrimid
® 

CMS hollow fibers pyrolyzed at 

650°C under argon UHP atmosphere.  

 

 

 

(d) 25% VTMS 

~4-5 µm 
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Figure 5.3(e): SEM images of 10% V-treated Matrimid
® 

CMS hollow fibers pyrolyzed at 

650°C under argon UHP atmosphere (Optimum VTMS% based on the permeation results 

in Figure 5.4).  

 

 

(e) 10% VTMS 

~4-5 µm 
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Figure 5.3(f): SEM images of 5% V-treated (VTMS-hexane) Matrimid
® 

CMS hollow 

fibers pyrolyzed at 650°C under argon UHP atmosphere  

 

 

Figure 5.3(g): SEM images of 1% V-treated (VTMS-hexane) Matrimid
® 

CMS hollow 

fibers pyrolyzed at 650°C under argon UHP atmosphere  

 

(f) 5% VTMS 

(g) 1% VTMS 

~36-38 µm 

~28-30 µm 



114 

 

 

Figure 5.3(h): SEM images of untreated Matrimid
® 

CMS hollow fibers pyrolyzed at 

650°C under argon UHP atmosphere  

 

 All SEM images in Figure 5.3(b) to Figure 5.3(e) showed a similar asymmetric 

CMS sub-structure morphology like that of the 100% VTMS V-treated (Figure 5.3(a)). 

The 10% VTMS in hexane is the lowest concentration of VTMS which gives the 

improved asymmetric CMS morphology and also have the reduced silica content. The 

separation skin thickness of the 10% V-treated
4
 fiber in Figure 5.3(e) is around 4-5 µm, 

which is significantly lower by ~9-10x when compared the original untreated CMS 

Matrimid
® 

 (~38-40 µm as shown in Figure 5.3(h)).  

In order to quantitatively evaluate the optimization of V-treatment, pure gas 

CO2/CH4 permeation was performed on the different VTMS% (V-treated) CMS hollow 

                                                      
4
This notation will be used for the remainder of the chapter to refer to the 10% VTMS in hexane 

as the optimized solution for V-treatment.      

 

(h) 0% VTMS (untreated) 

~38-40 µm 
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fibers pyrolysed at 650°C under argon UHP. The permeation results from using the 

various V-treatment solutions are shown in Figure 5.4. The 10% V-treated CMS 

Matrimid
®
 hollow fiber showed the highest permeance increase compared to any other 

VTMS% and untreated CMS hollow fiber. The CO2/CH4 selectivity for all the cases 

remained attractive at ~100. In Figure 5.4, the CO2 permeance for the 10% V-treated 

CMS hollow fiber from the Matrimid
®
 precursor is approximately 85-90 GPU, in 

comparison to the 8-9 GPU gas permeance for the untreated CMS hollow fiber. The 

permeance enhancement correlates well with the 9-10x decrease in separation skin 

thickness for the asymmetric 10% V-treated CMS Matrimid
®
 hollow fiber (Figure 

5.3(e)). Further analysis using XPS discussed in section 5.4.2, showed later that the 10% 

V-treated CMS also exhibited lower silicon content on the outermost CMS skin when 

compared to the 100% V-treated CMS. The permeation results correlate well with the 

hypothesis of lowering the silica on the outermost CMS skin for superior separation 

performance as proposed in section 5.2.    
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Figure 5.4: Separation performance evaluation for different (VTMS-hexane) V-treated 

Matrimid
® 

CMS hollow fibers pyrolyzed at 650°C under argon UHP, pure gas feed was 

used for testing at 100 psi and 35°C. 

 

 

5.3.2 Role of organic and alkoxy functional groups towards V-treatment 

 

5.3.2.1 Trimethoxy silane (TMS) treatment 

 The difference in the molecular structure of VTMS and TMS is the absence of the 

‘vinyl’ group in TMS, as shown in Figure 5.5. The 100% TMS treatment on Matrimid
®
 

precursor fibers was carried out using the same procedure as indicated in Figure 5.2. The 

reason to do 100% TMS treatment was to perform a proof-of-concept study, comparing 

only the effect of silane functional groups in the pre-treatment.   
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Figure 5.5: Molecular structure for Vinyl trimethoxy silane (V-TMS) and Trimethoxy 

silane (TMS). 

 

After pyrolysis the TMS-treated CMS hollow fibers were found to be extremely 

brittle and also exhibited a thick silica layer on the outermost CMS skin as shown in the 

SEM images in Figure 5.6. Even though the TMS treated CMS hollow fiber had the 

improved asymmetric sub-structure morphology, the silicon loading in the TMS treated 

polymer precursor was found to be ~8.5 wt%, which was twice the amount found in 

100% VTMS treated precursors (i.e. 4.23 wt% as discussed in Chapter 4).  The increased 

silica layer in Figure 5.6 can be due to the increase in silicon content for the TMS treated 

polymer hollow fibers and the lack of ‘vinyl’ functional group, which made the TMS 

treated precursor hollow fibers exhibit the characteristics of silica glass (i.e. Si-O-Si) 

rather than silica-carbide (Si-C) or silica oxy-carbide (Si-O-C). The XPS results for the 

100% V-treated CMS in Chapter 4 had indicated that the majority of organo-silica 

domains are bonded as Si-C (except on the outermost of surface which is primarily O-Si-

O (SiO2)).  

Therefore, the ‘vinyl’ (organic) pendant group is essential for the pre-treatment 

approach to maintain the mechanical properties of the polymer precursor and resulting 
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CMS hollow fiber. VTMS gives the flexibility in the V-treatment process, allowing the 

organo-silica film to form on polymer chains but at the same time avoiding formation of 

excess silica (i.e. Si-O-Si). The importance of the ‘vinyl’ group in providing flexibility to 

the silane-treated polymers is also observed in VTMS-grafting related studies for 

cellulose acetate polymers [1].    
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Figure 5.6: SEM images of CMS hollow fiber after the 100% TMS treatment on 

Matrimid
® 

precursor, pyrolysed at 550°C under argon UHP. 
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5.3.2.2 Vinyl trimethyl silane treatment 

 The importance of the alkoxy functional groups in V-treatment is to create the 

sol-gel which restricts the morphology collapse during pyrolysis. To test the alkoxy sol-

gel hypothesis, a vinyl silane without the methoxy groups but instead attached to methyl 

functional group was used. The molecular structures are shown in Figure 5.7. 

 

Figure 5.7: Molecular structure for Vinyl tri(methoxy) silane and Vinyl tri(methyl) silane.  

  

Similar to the TMS treatment, the 100% vinyl trimethyl silane was used for the 

treatment according to the procedure in Figure 5.2. Unlike the TMS treatment, the 

precursor and CMS hollow fibers after vinyl trimethyl treatment had the mechanical 

properties to conduct further transport studies but showed a collapsed morphology after 

pyrolysis as shown in Figure 5.8. The lack of the organo-silica domain in the precursor 

hollow fibers prior to the pyrolysis allowed the polymer chains to mobilize, thus resulting 

in a collapsed morphology.   
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Figure 5.8: SEM images of CMS hollow fiber after the 100% vinyl trimethyl silane 

treatment on Matrimid
® 

precursor, pyrolysed at 550°C under argon UHP. 

 

5.3.2.3 Ethyl trimethoxy silane treatment 

 The XPS results for the 100% V-treated CMS in Chapter 4, indicated the presence 

of three different chemical bonding structures for the silicon atom (i.e., Si-C (majority), 

Si-O-Si, O-Si-O (outermost skin)). The Si-C bonding arises from two different chemical 

structures, one is from the existing vinyl-silicon bond and the second arises during the 

pyrolysis process when some of the vinyl reacts at higher temperatures (greater than 

500°C) within the silica domain to form new Si-C bonds. The reaction of vinyl at higher 

temperatures was indicated in the TGA and NMR analyses discussed in Chapter 4 and 

also in the literature [2].  The importance of having a reactive hydrocarbon pendant group 
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(like vinyl) compared to a less reactive hydrocarbon group was verified using ethyl 

trimethoxy silane (ETMS). The molecular structures are shown in Figure 5.9. 

 

Figure 5.9: Molecular structure for Vinyl trimethoxy silane (VTMS) and Ethyl 

trimethoxy silane (ETMS).  

 

The ETMS control treatment was done using 10% ETMS in hexane following the 

similar procedure in Figure 5.2. After pyrolysis at 650°C under argon UHP, the ETMS 

treated CMS hollow fiber sub-structure morphology was porous, similar to the 10% 

VTMS treated, but the CMS separation skin was thicker (~8-10 µm) for the ETMS 

treated compared to the (~4-5 µm) VTMS treated fibers. The SEM image comparison of 

the CMS sub-structure morphology for both 10% ETMS and 10% VTMS treated is 

shown in Figure 5.10 (a) and (b). The mechanical properties of the ETMS treated 

precursor and CMS hollow fibers were similar to the VTMS treated fibers, further 

modulus testing would be required to conclusively compare the difference. As the 

transport results shown in Table 5.1 where less attractive for ETMS treated hollow fibers, 

mechanical properties characterization for were not pursued.   
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Figure 5.10: SEM image comparison of asymmetric CMS sub-structure morphology after 

(a) 10% ETMS treatment and (b) 10% VTMS treatment on Matrimid
® 

precursor, 

pyrolysed at 650°C under argon UHP. 

  

CO2/CH4 permeation was performed on the 10% ETMS treated CMS hollow fiber 

from Matrimid
®
 precursor and compared with the 10% VTMS treated CMS hollow fiber 

(a) 10% ETMS 

(b) 10% VTMS 
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results, and are listed in Table 5.1. The 10% ETMS treated CMS hollow fiber showed 

lower CO2 permeance due to the increased separation CMS skin as shown in Figure 

5.10(a). 

Table 5.1: Separation performance comparison for 10% ETMS and VTMS treated CMS 

hollow fibers from Matrimid
® 

precursors pyrolyzed at 650°C under argon UHP, pure gas 

feed was used for testing at 100 psi and 35°C. 

State 
 

P(CO
2
) (GPU) CO

2
/CH

4
 

10% ETMS treated CMS 
 

17 95 

10% VTMS treated CMS 
 

85 93 

 

 The results from the ETMS treatment are a further indication that, along with an 

alkoxy group, a reactive hydrocarbon pendant group (e.g., unsaturated compounds) is 

useful for restricting collapse and achieving enhanced separation performance. The study 

using various silanes with different reactive pendant groups can be a future path for 

optimization. 

 

5.4 Characterization of optimized (10%) V-treated precursor and CMS hollow fiber 

membranes  

5.4.1 Elemental analysis 

 The bulk elemental composition for both 10% V-treated Matrimid
®
 precursor and 

CMS sample was obtained similar to the procedure mentioned in Chapter 3. For the 

elemental analysis of the CMS sample, CMS fibers were first ground into fine powder 
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and then analyzed for each element. To verify the accuracy
2
 of the lab results, a 

comparison of the untreated polymer precursor (experimental values) with the theoretical 

composition (according to molecular structure) was obtained and found to agree to within 

+/- 1%.  The comparison of untreated, 100% V-treated, 10% V-treated precursor and 

respective CMS fibers are listed in Table 5.2 and 5.3, respectively.  

Table 5.2: Combined elemental analyses for untreated, 100% VTMS and 10% VTMS 

treated Matrimid
®
 precursor. 

 
 Carbon Hydrogen Nitrogen Oxygen Silicon 

Untreated
5
 

(wt %) 75.4 4.4 5.3 14.5 --- 

(At %) 52.4 36.9 3.2 7.6 --- 

V-treated  

(100% VTMS) 

(wt %) 73.2 4.9 4.5 13.2 4.2 

(At %) 49.8 39.6 2.6 6.7 1.2 

V-treated  

(10% VTMS) 

(wt %) 74.4 4.6 4.9 13.8 2.3 

(At %) 51.3 37.9 2.9 7.1 0.7 

 

 

By reducing the 100% VTMS to the 10% VTMS for V-treatment, a decrease in 

silicon% for both the V-treated precursor (Table 5.2) and the resultant CMS samples 

(Table 5.3) were observed. The decrease is desirable for the optimization of V-treatment 

and translation to the CMS permeance increase as shown in Figure 5.4 and section 5.5. 

 

 

 

                                                      
5
In terms of the accuracy of the technique, untreated precursor samples were also obtained and the results 

closely matched with the precursor
 
molecular structures as discussed in Chapter 4. 
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Table 5.3: Combined elemental analyses for untreated, 100% VTMS and 10% VTMS 

treated CMS Matrimid
®
 sample (Pyrolysed at 550°C under argon UHP). 

 

 
 Carbon Hydrogen Nitrogen Oxygen Silicon 

 

Untreated  

 

(wt %) 87.4 3.1 4.8 4.8 --- 

(At %) 66.1 28.1 3.1 2.7 --- 

 

V-treated  

(100% VTMS) 

 

(wt %) 76.1 3.2 4.0 5.2 11.6 

(At %) 56.2 35.6 2.3 2.4 3.6 

 

V-treated  

(10% VTMS) 

 

(wt %) 85.6 3.4 3.9 3.0 4.2 

(At %) 64.2 30.3 2.5 1.7 1.3 

  

 

 In addition to the VTMS concentration optimization, tuning of final pyrolysis 

temperature is also important for obtaining superior separation performance as discussed 

in section 5.6. Elemental analyses for the CMS samples pyrolysed at different final 

pyrolysis temperatures with and without V-treatment are shown in Table 5.4. As we 

increase the pyrolysis temperatures, both the carbon and silicon percentages in Table 5.4 

increase due to the re-arrangement of carbon sheets in the CMS and probably the reaction 

of vinyl groups within the organo-silica domain at higher temperatures as discussed in 

XPS and TGA characterization sections in Chapter 4.  
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Table 5.4: Comparison of elemental analyses for untreated, 100% VTMS and 10% 

VTMS treated CMS Matrimid
®
 at different final pyrolysis temperatures under argon 

UHP. 

 

 
Carbon Hydrogen Nitrogen Oxygen Silicon 

CMS Untreated Matrimid
®

 

550°C 
wt% 87.4 3.1 4.8 4.8 

 
mol% 66.1 28.1 3.1 2.7 --- 

650°C 
wt% 91.2 1.3 3.8 2.7 

 
mol% 81.7 13.7 2.9 1.8 --- 

CMS V-Treated Matrimid
®

  (100% VTMS) 

550°C 
wt% 76.1 3.2 4.0 5.2 11.6 

mol% 56.2 35.6 2.3 2.4 3.6 

650°C 
wt% 76.3 2.4 2.7 3.0 15.6 

mol% 66.0 24.3 2.0 1.9 5.8 

CMS V-Treated Matrimid
®
  (10% VTMS) 

550°C 
wt% 85.6 3.4 3.9 3.0 4.2 

mol% 64.2 30.3 2.5 1.7 1.3 

600°C 
wt% 87.6 2.7 3.4 2.0 4.3 

mol% 69.2 25.9 2.3 1.2 1.5 

 650°C 
wt% 86.1 2.5 3.1 2.6 5.8 

mol% 70.1 24.2 2.2 1.6 2.0 

 

5.4.2 XPS with sputter-ion etch 

The elemental analysis result in section 5.4.1 gives the bulk composition of the 

CMS V-treated samples, analyzed as described in Chapter 3. To characterize the V-

treatment optimization, it is important to obtain the silicon depth profile in the CMS 

sample, especially in the intrinsic CMS skin and outermost skin layer. XPS with sputter-

ion etch was performed on the outermost skin of 10% V-treated CMS, according the 

procedure mentioned in Chapter 3.  XPS with sputter-ion etch helps in obtaining the Si2p 
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and C1s depth profile by a shallow and deep etch
6
 distribution as a function of the sputter 

depth profiling time. A comparison of shallow etch XPS distribution profile for Si2p and 

C1s on the outer surface of the 10% V-treated CMS with 100% V-treated CMS hollow 

fiber is shown in Figure 5.11. For 10% V-treatment, the silicon (At%) on the outermost 

skin
3
 (which is approximately less than 1 µm ) drops down to ~17% compared to ~35% 

in 100% V-treated CMS. For the 10% V-treated intrinsic CMS skin, the surface 

composition for silicon% drops down to less than 2%, further indicating that the majority 

of silica is present on the outermost CMS skin.  

 

 

 

 

 

 

                                                      
6
Due to the variety of bonds present on the CMS V-treated sample, it is challenging to estimate an accurate 

rate. Taking the different bond etch rates for Si-O-Si, Si-C and C-C the rough estimate would be ~0.2-0.25 

nm/s.  
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Figure 5.11: XPS surface composition profile for Si2p and C1s as a function of sputter 

etch depth profiling time for CMS hollow fibers pyrolysed at 550°C under argon UHP.  

  

The Si2p and C1s shallow etch distribution profile in Figure 5.11 shows that the 

10% V-treated CMS is closer to the untreated intrinsic CMS with much lower silicon% 

(compared to 100% V-treated CMS). It is important to note that At% estimated from XPS 

cannot estimate hydrogen, therefore the XPS percentages are much higher compared to 

the actual bulk CMS sample as shown in Table 5.4 (which includes the hydrogen%). 
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 The shallow etch-XPS distribution is accurate to estimate only the outermost 

surface analysis. For the depth profile in Figure 5.11, the etching depth would be 

approximately less than 1µm depending upon the etch rate
7
. To obtain an increased depth 

profile, the duration of sputter-ion etching was increased to 45 mins per cycle and tested 

for three etching cycles as shown in Figure 5.12. After looking at the SEM image of the 

etched surface for outermost 10% V-treated CMS skin (top view), a distribution of 

smaller pores could be observed. It is difficult to accurately predict the exact depth at 

which XPS cycle was estimated because of the complexity of various bond etch-rates. 

After the third sputter-ion etch cycle, the etched area in Figure 5.12 could be somewhere 

between the transition and microstructure regions.   

 

 

 

 

                                                      
7
 Due to the variety of bonds present on the CMS V-treated sample, it is challenging to estimate an accurate 

rate. Taking the different bond etch rates for Si-O-Si, Si-C and C-C the rough estimate would be ~0.2-0.25 

nm/s. 
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Figure 5.12: Combination of Si2p and C1s deep-etch XPS profile as a function of depth 

profiling time, and SEM images of the top view (from CMS skin side) for 10% V-treated 

CMS surface after 3
rd

 cycle of etching, pyrolysed at 550°C under argon UHP. 

 

After 3rd deep etch cycle 

SEM image of the etched surface for outermost CMS skin (top view) 
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5.4.3 DMA on the different VTMS % treated Matrimid
®

 precursor hollow fibers  

 As discussed in Chapter 4, the mechanism behind the sub-structure collapse 

during pyrolysis is the bulk re-arrangement of polymer chains at the glass-rubber 

transition. The mobilization of polymer chains at Tg is observed by a significant decrease 

in storage modulus as seen by the qualitative DMA study (Figure 5.13), where the blue 

solid curve denotes the untreated Matrimid
®
 precursor hollow fiber. The storage modulus 

of precursor hollow fiber in Figure 5.13 is around 200 MPa, which is lower than the 

reported precursor dense film storage modulus (around 2000 MPa), the lower value is due 

to the asymmetric porous micro-support structure, also discussed in Chapter 4.  In 

comparison, the V-treated precursor fibers exhibit better thermal stability at Tg. Due to 

the presence of silica in the porous sub-structure, the fiber rigidity is increased and severe 

sample deformation is avoided above Tg. It is also apparent from Figure 5.13 that higher 

silica loadings provide increasing resistance to sample deformation above Tg.   

 The different VTMS% treated fibers exhibit different silica loading as seen from 

the elemental analysis results (Table 5.2), and the highest silica content for the 100%     

V-treated sample results in the least drop in modulus as shown in Figure 5.13. The 10% 

V-treated showed a similar trend as the 100% sample, but with a slightly larger drop in 

storage modulus because of lower silica content (Table 5.2). The 10% V-treated fiber 

after reaching the minima at ~365°C showed a similar increasing trend in storage 

modulus, signifying the ability to restrict the collapse. The 5% V-treated asymmetric 

CMS sub-structure morphology (Figure 5.3(f)) exhibited a higher degree of collapse 

because of the insufficient silica domains in the porous sub-structure.  
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Figure 5.13: DMA for the untreated and different VTMS % (V-treated) Matrimid
®
 

precursor hollow fibers (storage modulus). 

 

 

5.5 Permeation and sorption measurements for the optimized (10%) V-treated CMS 

from Matrimid
®
 precursor 

5.5.1 Permeation results for pure gas feed  

 Pure gas permeation was carried out on the 10% V-treated CMS hollow fibers 

pyrolysed at two different pyrolysis temperatures, 550°C and 650°C, under argon UHP. 

At both pyrolysis temperatures, the 10% V-treated CMS hollow fibers showed at least as 

high as or higher than 9x increase in gas permeance as shown in Figure 5.14(a) and 

5.15(a). By optimizing the V-treatment, the 10% V-treated CMS permeance increased by 
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at least 9x, which is even higher when compared to the 100% V-treated CMS permeance 

increase (i.e. at least 3x). The higher increase in CMS permeance resulted due to the 

optimization of VTMS concentration (10%), which reduced the excess silica on the 

outermost V-treated CMS skin as discussed in sections 5.3 and 5.4. The increase in gas 

permeance for 10% V-treated CMS hollow fiber (at least 9x) correlated with the reduced 

CMS separation skin (i.e. 9-10x) as shown in the SEM image Figure 5.3(e).  

 

Figure 5.14(a): Comparison of gas permeance for the optimized (10%) V-treated, 100% 

V-treated and untreated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 

550°C under argon UHP, pure-gas feed pressure of 100 psi and at testing temperature 

35°C. 

 

(a)  
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Figure 5.14(b): Comparison of permselectivity for the optimized (10%) V-treated, 100% 

V-treated and untreated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 

550°C under argon UHP, pure-gas feed pressure of 100 psi and at testing temperature 

35°C. 

 

 The desirable gas permeance increase for both 10% and 100% V-treated CMS 

hollow fibers pyrolysed at 550°C in Figure 5.14(a) resulted in slightly lower 

permselectivities when compared with untreated CMS membranes, shown in Figure 

5.14(b). For the case of CO2/CH4, the V-treated CMS membranes showed significantly 

lower selectivity (by a factor of 2) compared to untreated CMS membranes. To 

understand this behavior, equilibrium sorption measurements were carried out on both 

untreated and 10% V-treated CMS samples, discussed in section 5.5.2. The equilibrium 

sorption isotherms discussed in section 5.5.2, showed some effect of the glassy domains 

(i.e. organo-silica layer) on the properties of the optimized V-treated CMS membranes; 

(b)  
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however, the thin sheath silica layering on the skin and porous micro structure (“struts”) 

illustrated in Fig 5.1 have relatively small effects on sorption in most cases. 

  To address the lower gas permselectivities of the optimized V-treated CMS 

membranes, the final pyrolysis temperature can be tuned to change the molecular sieving 

structure of the intrinsic CMS. By increasing the pyrolysis temperature from 550°C to 

650°C, attractive permselectivities with permeance increase (approximately 9x) for the 

10% V-treated CMS hollow fiber from Matrimid
®
 were observed, as shown in the 

Figures 5.15 (a) and (b).  

 

Figure 5.15(a): Comparison of gas permeance for the optimized (10%) V-treated, 100% 

V-treated and untreated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 

650°C under argon UHP, pure-gas feed pressure of 100 psi and at testing temperature 

35°C. 

 

(a)  
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Figure 5.15(b): Comparison of permselectivity for the optimized (10%) V-treated, 100% 

V-treated and untreated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 

650°C under argon UHP, pure-gas feed pressure of 100 psi and at testing temperature 

35°C. 

 

5.5.2 Equilibrium sorption for 10% V-treated CMS Matrimid
® 

(
 
pure gas CO2 and CH4) 

 In general, molecular sieving materials follow the Langmuir sorption isotherm, 

where the gas molecules sorb into the pores or ‘holes’ of the material and sorption 

coefficients are determined using the parameters CH’ (Langmuir hole filling capacity) and 

b (Langmuir affinity constant). To obtain the equilibrium sorption of V-treated and 

untreated CMS fibers, the CMS hollow fibers were broken into small pieces to fit in a 

mesh filter as explained in Chapter 3. The equilibrium sorption isotherms for both the V-

treated and untreated CMS pyrolysed at 600°C, and 650°C are shown in Figure 5.16, and 

Figure 5.17 respectively.  

(b)  
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Figure 5.16: Comparison of equilibrium sorption isotherms for untreated and 10% V-

treated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 600°C under argon 

UHP, tested at 35°C (solid triangles denote the 10% V-treated CMS and solid squares for 

the untreated CMS experimental sorption data). 

 

Figure 5.17: Comparison of equilibrium sorption isotherms for untreated and 10% V-

treated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 650°C under argon 

UHP, tested at 35°C (solid triangles denote the 10% V-treated CMS and solid squares for 

the untreated CMS experimental sorption data). 
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 In the Figure 5.16 for 600°C, and Figure 5.17 for 650°C, both the untreated and 

10% V-treated CMS showed similar equilibrium sorption isotherms. The small variations 

in the V-treated CMS isotherms can be accounted for, by considering V-treated CMS as a 

composite material, which is primarily composed of carbon sheets but also contains 

certain small amounts of glassy (organo-silica) domains from the V-treatment. The 

characterization analysis discussed in section 5.4 showed the presence of the glassy 

domains in the V-treated CMS sample mostly on the outermost CMS skin and the porous 

sub-structure (“struts”) as explained in Figure 5.1. The Langmuir isotherm model was fit 

to the untreated and the 10% V-treated CMS sorption data for both the pyrolysis 

temperatures in Figure 5.16 and Figure 5.17. The Langmuir constant values are listed in 

Table 5.5.  
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Table 5.5: Langmuir isotherm constants for the untreated, and the 10% V-treated CMS 

Matrimid
®
 hollow fibers, pyrolysed at 600°C, and 650°C under argon UHP. 

Pyrolysis 

Temperature 
 CH’(cc(STP)/cc(CMS)) b (1/psi) 

Sorption 

selectivity 

Untreated CMS from Matrimid
®
 precursor  

600°C 

CO2 91.4 0.038 

1.68 

CH4 73.8 0.014 

650°C 

CO2 97.6 0.036 

1.64 

CH4 79.9 0.014 

10% V-treated CMS from Matrimid
®
 precursor  

600°C 

CO2 94.6 0.024 

1.67 

CH4 89.9 0.008 

650°C 

CO2 100.1 0.045 

1.64 

CH4 95.1 0.011 

 

The variation in Langmuir isotherm constant values (increase in ‘CH’’ and 

decrease in ‘b’) for the 10% V-treated CMS compared to the untreated CMS in Table 

5.5, can be due to the presence of additional ‘pores’ for porous organo-silica domain. 

There is a possibility that the small amount of silica presence can act as an additional 

Langmuir sorption site which lead to differences in CH’ and b for the V-treated CMS. 

However, as shown in the characterization analyses in section 5.4, the presence of silica 

in 10% V-treated CMS is quite small and may not cause truly significant variations in 

sorption properties.   
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The sorption selectivity values in Table 5.5 for both the untreated and V-treated 

CMS were calculated based on the Langmuir constants and 100 psi pressures (which is 

the pure gas feed pressure for permeation measurements in section 5.5.1). Similar 

sorption selectivities were observed for the untreated CMS Matrimid
®
 samples as  

reported by Rungta in her study [3].    

5.5.3 Permeation results for mixed gas (CO2/CH4) feed 

An aggressive natural gas feed composition of 50% CO2 and 50% CH4 was used 

to evaluate the separation performance of the optimized V-treated CMS hollow fibers, for 

a total feed pressure up to 800 psi. Fugacity coefficients were calculated to obtain the 

accurate gas permeance values. 

A comparison of mixed-gas feed separation performance for the 10% V-treated, 

100% V-treated, and untreated CMS hollow fibers from the Matrimid
®

 precursor 

pyrolysed at 650°C are shown in Figures 5.18(a) and (b). Similar to the pure-gas feed 

separation performance, the 10% V-treated CMS hollow fiber showed around 9x increase 

in gas permeance in comparison to the 3x increase for 100% V-treated CMS hollow fiber. 

Both the 10% and 100% V-treated CMS fibers showed a CO2/CH4 selectivity ~90-100.  
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Figure 5.18(a): Comparison of CO2 permeance for the optimized (10%) V-treated, 100% 

V-treated and untreated CMS hollow fibers from Matrimid
®
 precursor pyrolysed at 

650°C under argon UHP, tested at 35°C. 
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Figure 5.18(b): Comparison of CO2/CH4 selectivity for the optimized (10%) V-treated, 

100% V-treated and untreated CMS hollow fibers from Matrimid
®

 precursor pyrolysed at 

650°C under argon UHP, tested at 35°C. 

 

The improvement in mixed gas separation performance for the optimized            

V-treated CMS membranes can have broad applications to industrially relevant 

separations. To test the separation ability of the optimized V-treated CMS membranes for 

challenging gas separation fields like olefin-paraffin separation, preliminary studies were 

conducted and shown in section 5.6.2 and 5.6.3.  

The entire V-treatment optimization studies in this chapter were focused using 

Matrimid
®
 as a starting precursor material. As discussed in Chapter 4, V-treatment 
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simultaneous etching mechanism of organo-silica during the pyrolysis of 6FDA:BPDA-

DAM precursor may be a big advantage to tune the excess silica during the pyrolysis 

step, and is also discussed in Chapter 4. A few pure-gas permeation studies were 

conducted for the 6FDA:BPDA-DAM precursor using the Matrimid
®
 based optimized 

(10%) V-treatment technique, and the results are discussed in Appendix D. Even though 

some permeance enhancement was observed, the optimization studies for the case of V-

treated 6FDA:BPDA-DAM still warrant future study.    

 

5.6 Tuning final pyrolysis temperatures for estimating the mixed-gas separation 

performance of CO2/CH4, C2H4/C2H6 and C3H6/C3H8.        

5.6.1 Natural gas separation (CO2/CH4) 

 The ability to tune the pore size distribution of CMS materials by adjusting the 

final pyrolysis temperature is critical and can be optimized depending upon the separation 

application. Similar to the pure-gas feed results shown in Figures 5.14 and 5.15, the  10% 

V-treated Matrimid
®

 precursor hollow fibers were also pyrolysed at 600°C under argon 

UHP. The mixed gas feed containing 50% CO2 and 50% CH4 was used to test the 

separation performance. The rearrangement of carbon sheets with increasing pyrolysis 

temperature leads to slight improvement in selectivity for the 600°C pyrolysed fibers as 

shown in Figure 5.19(b). The optimum pyrolysis temperature range for Matrimid
®
 based 

optimized V-treated precursor is around 600°C-650°C. Low pyrolysis temperatures (i.e. 

550°C and 600°C) showed a slight competition effect due to the relatively more open 

structure as shown in Figure 5.19(a). 
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Figure 5.19: Mixed gas feed separation performance: (a) permeance and (b) selectivity 

for the optimized (10%) V-treated CMS hollow fibers for Matrimid
®

 precursor pyrolysed 

at 550°C, 600°C and 650°C under argon UHP, tested at 35°C. 

 

10 

100 

1000 

0 200 400 600 800 

C
O

2
 P

e
rm

e
an

ce
(G

P
U

) 

Total Feed Pressure (psi) 

10% V-treated CMS(550°C) 

10% V-treated CMS(600°C) 

10% V-treated CMS(650°C) 

1 

10 

100 

1000 

0 200 400 600 800 

Se
le

ct
iv

it
y 

(C
O

2
/C

H
4
) 

Total Feed Pressure (psi) 

10% V-treated CMS(650°C) 

10% V-treated CMS(600°C) 

10% V-treated CMS(550°C) 

(a)  

(b)  



146 

 

5.6.2 Ethylene/ethane (C2H4/C2H6) separation 

 Recent studies by Xu [4] have shown the potential of CMS hollow fiber 

membranes for separation of olefin/paraffins. For the case of Matrimid
®
 based CMS 

hollow fibers, attractive selectivities for C2H4/C2H6 were achievable but had lower gas 

permeances due to sub-structure collapse. The advantage of restricting collapse by    V-

treatment can be translated to improve the gas permeance compared to untreated CMS 

hollow fibers as shown in Figure 5.20(a). The 10% V-treated CMS hollow fiber 

performance from Matrimid
®
 is compared with the untreated CMS separation obtained 

by Xu [4] in his study. The mixed gas testing conditions were maintained similar to the 

previous study and the feed gas used contained 63.3% C2H4 and 36.7% C2H6, tested at 

100 psi feed pressure and 35°C. A significant improvement in gas permeances for all the 

three pyrolysis temperatures were observed for the three different pyrolysis temperatures 

as shown in Figure 5.20(a),  

 Even though the 10% V-treatment was used, the selectivities were hampered by 

the silica presence in the CMS as shown in Figure 5.20(b). As the focus of this particular 

study was only to demonstrate the potential of V-treatment for C2H4/C2H6 separation as 

proofof-concept study, further optimizations were not performed.   
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Figure 5.20: Mixed gas feed (63.3% C2H4 and 36.7% C2H6) separation performance: (a) 

permeance and (b) selectivity for the 10% V-treated CMS hollow fibers from Matrimid
®
 

precursor pyrolysed at 550°C, 600°C and 650°C under argon UHP, tested at 100 psi feed 

gas pressure and 35°C. For the comparison, the untreated CMS hollow fiber mixed gas 

feed separation performance was obtained from Xu [4]. 
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5.6.2 Propylene/Propane (C3H6/C3H8) separation 

 Similar to the ethylene/ethane permeation trend, the propylene permeance after 

the 10% V-treated Matrimid
®
 pyrolysis at 550°C showed an improvement in gas 

permeance compared to the untreated CMS hollow fiber permeance as shown in Figure 

5.21(a). The separation performance was evaluated for a mixed gas feed containing 50% 

C3H6 and 50% C3H8 and tested at 50 psi feed pressure and 35°C.    

         

Figure 5.21: Mixed gas feed (50% C3H6 and 50% C3H8) separation performance: (a) 

permeance and (b) selectivity for the 10% V-treated CMS hollow fibers from Matrimid
®
 

precursor pyrolysed at 550°C under argon UHP, tested at 50 psi feed gas pressure and 

35°C. For the comparison, the untreated CMS hollow fiber mixed gas feed separation 

performance was obtained from Xu [4]. 

   

The separation performance for the 10% V-treated CMS hollow fiber pyrolysed at 

600°C was also evaluated, high C3H6/C3H8 selectivity of ~48 was observed but with a 

relatively lower gas permeance of ~2 GPU (not shown in Figure 5.21).  
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5.7 Summary 

 This chapter has presented the importance of optimization for the VTMS 

concentration, and the final pyrolysis temperature in V-treated asymmetric Matrimid
®

 

CMS hollow fiber membranes. After evaluating the VTMS concentration for six different 

concentrations, an optimum amount for the highest increase in CMS gas permeance was 

found for the 10% VTMS in hexane. The preference for hexane as a non-solvent for the 

VTMS-hexane combination of V-treatment is due to the existing post spinning solvent 

exchange process. The novelty of using hexane for V-treatment allows direct “drop in” 

integration into current fiber precursor processing.  In addition, the importance of both 

organic and alkoxy functional groups were also discussed, which give the potential for 

further optimization of the pre-treatment process. Three different silanes with either vinyl 

(or) methoxy functional groups were explored, which gave the significance of vinyl 

group in maintaining the mechanical properties for the V-treated precursor and CMS 

hollow fibers. The importance of a reactive functional group (like vinyl) to form Si-C 

bonds during pyrolysis was suggested. The role of methoxy functional group was 

essential for creation of organo-silica domain via sol-gel process.        

The optimized (10%) V-treated CMS membranes showed at least 9x enhancement 

in gas permeance compared to the untreated CMS Matrimid
®
 hollow fiber membranes for 

both pure and mixed gas feeds. The gas permeance increase correlates with the improved 

asymmetric CMS skin thickness, which was reduced to ~9-10x based on the SEM 

images. The equilibrium sorption experiments for the 10% V-treated Matrimid
®
 CMS 

further confirmed that the effects of low amounts of silica on V-treated CMS sorption 

properties are minimal. The XPS and elemental characterization analyses confirmed the 
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reduced silicon percentages in both the outermost CMS skin and the bulk CMS sample. 

The potential of optimized V-treatment for Matrimid
®
 based CMS hollow fiber 

membrane were also evaluated for industrially relevant mixed gas pairs (CO2/CH4, 

C2H4/C2H6 and C3H6/C3H8), which consistently showed the increase in gas permeances 

for all cases.  
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CHAPTER 6 

REALISTIC EVALUATION OF V-TREATED CMS HOLLOW 

FIBER MEMBRANE FOR NATURAL GAS SEPARATION  

6.1 Overview 

This chapter evaluates critical points for the commercial viability of CMS 

membranes for industrial scale-ups. In addition to the improved permeances, V-treatment 

offers a key advantage of ‘anti-stickiness’ to the asymmetric CMS fibers from V-Treated 

Matrimid
®
 precursor. This section also discusses time-dependent separation performance 

tests for V-Treated CMS membranes from Matrimid
®
 precursor. The stability of the 

membranes is evaluated for aggressive feed gas conditions containing 50% CO2/50% 

CH4. The aging study is performed under three different conditions (i) active mixed gas 

feed (ii) stored in ambient air and (iii) CO2 at 5-6 atm pressure. 

 

6.2 Anti-stickiness behavior of V-treated Matrimid
®
 hollow fiber membranes  

In the pyrolysis process, when untreated Matrimid
®
 polymer precursor fibers are 

pyrolysed in bundles they adhere to each other making them unusable as CMS 

membranes. The image of untreated CMS hollow fibers, where the untreated precursor 

fibers were pyrolysed by placing close to each other is shown in Figure 6.1.   
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Figure 6.1: Untreated Matrimid
®
 precursor fibers pyrolysed after placing close to each 

other and resultant CMS fibers unusable because of the stickiness.   

 

For the large scale fabrication of CMS membranes, separating each fiber during 

pyrolysis may add additional processing, labor cost and also a time consuming process 

[1]. Karvan et al.,[1] had demonstrated the ability to produce large-scale CMS hollow 

fiber membranes from Matrimid
®
 precursor and achieved 93% final recovery rate after 

separating each precursor fiber. The schematic of lab and pilot-scale pyrolysis systems 

with the fiber loading set-ups are shown in Figure 6.2.  

After pyrolysis 
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Figure 6.2: Schematic of the pyrolysis systems and fiber-loading set-ups for (a) lab-scale: 

used in this study, and (b) pilot-scale: developed by Karvan et al., [1]. 

 

   In addition to the improved permeances, V-treatment offers a key advantage of 

‘anti-stickiness’ to the asymmetric CMS fibers from V-Treated Matrimid
®

 precursor. 

XPS characterization results discussed in Chapter 4 and 5 indicated the presence of silica 

on the outer layer of V-Treated fibers, which assisted in the ‘anti-stickiness’ of the 

Matrimid
®
 precursor based CMS as shown in Figure 6.3. The bundled V-treated 

Matrimid
®
 precursor fibers after pyrolysis where separable and also showed similar 

transport performance as compared to the non-bundled CMS V-treated Matrimid
®
 hollow 

fibers. The offset of ‘stickiness’ do not arise for 6FDA based precursors, as the untreated 

6FDA precursor fibers were seen to be separable after pyrolysis.      
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Figure 6.3: V-treated Matrimid
®
 precursor fibers pyrolysed after placing close to each 

other and resultant CMS fibers which are separable after pyrolysis.   

 

6.3 Aging stability of CMS V-treated Matrimid
®
 hollow fiber membranes 

 The time dependent stability of CMS V-treated membranes under realistic feed 

conditions is important for the industrial application. For evaluating the stability of CMS 

V-treated Matrimid
®

 hollow fiber membranes, 50% CO2/50% CH4 mixed gas feed was 

used. In addition to active feed gas testing (i.e. 6.3.1), CMS V-treated Matrimid
®
 hollow 

fiber membranes stored under CO2 (~5-6 atm pressure), and ambient air were re-tested, 

and are discussed in section 6.3.2, and 6.3.3 respectively.     

6.3.1 Active mixed gas feed (CO2/CH4) 

 For the stability testing, mixed gas feed at 250 psi feed pressure (from shell side 

feed) was used. The two different final pyrolysis temperatures (i.e. 600°C and 650°C 

After pyrolysis 
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under argon UHP) pyrolysed 10% V-treated CMS Matrimid
®
 hollow fiber membranes 

were tested as a function of time and are shown in Figures 6.4 and 6.5.   

 

Figure 6.4: Stability testing for 10% V-treated CMS Matrimid
®
 hollow fiber membrane 

module pyrolysed at 600°C under argon UHP, mixed gas feed of 50% CO2/50% CH4 at 

250 psi feed pressure and testing temperature was 35°C.     

 

 The 600°C pyrolysed V-treated CMS hollow fibers showed a stable permeance 

and selectivity for over 120 hours of testing. A slight increase in permeance was observed 

in Figure 6.4, for the initial time duration (less than 20 hours) which later tends towards a 

stable CO2 permeance. For the case of 650°C pyrolysed V-treated CMS Matrimid
®
 

hollow fiber membranes in Figure 6.5, a longer time (~220 hours) was needed to reach 

the stable CO2 permeance maintaining the attractive CO2/CH4 selectivity. After 250 hours 

of continuous testing, the 650°C pyrolysed V-treated CMS was observed to reach steady 

permeance value similar to the 600°C pyrolysed V-treated CMS as shown in Figure 6.5.  
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Figure 6.5: Stability testing for 10% V-treated CMS Matrimid
®
 hollow fiber membrane 

module pyrolysed at 650°C under argon UHP, mixed gas feed of 50% CO2/50% CH4 at 

250 psi feed pressure and testing temperature was 35°C.    

 

Though the increased permeances with attractive selectivities are very much 

desirable, it is important to understand the initial transient transport performance of       

V-treated CMS membranes. The initial change in transport behavior in Figure 6.4 and 

6.5, may be a more of a function of CMS sieving structure rather than the silica (from V-

treatment). Similar change in initial CMS transport performance was observed in the 

ethylene/ethane separation study for untreated CMS hollow fibers [2]. There is a 

possibility that the CMS membranes posses an additional free volume which is not 

readily accessible by the gas molecules initially but under active feed pressure the gas 

molecule permeates through resulting in an increase in permeance. Depending on the 

pore distribution of intrinsic CMS the time taken for the stability might change, because 

the tightly packed CMS structure (e.g. at 650°C) will have a higher magnitude of such 
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additional free volumes. Xu [2] had hypothesized that due to the pyrolysis process 

producing a non-uniformly packed graphitic sheets, the intrinsic CMS sieving pore 

structure can be in a flexible intermediate state which can have a tendency to slowly     

re-align over the period of time.   

Due to the effect of numerous parameters in the CMS formation process (as 

discussed in Chapter 2), it would be necessary to perform a systematic study to 

understand this transient behavior. The focus of this study was to emphasize on the 

importance of stability in V-treated CMS membranes and for further understanding of the 

transient behavior additional studies are required. 

 

6.3.2   Stored under CO2 atmosphere 

For industrial application, it is important that the V-treated CMS Matrimid
®
 

hollow fibers have stable separation performance after storing modules in different 

atmosphere conditions. Xu [2], and Rungta [3] have hypothesized the aging phenomenon 

in untreated CMS membranes with a change in separation performance as a function of 

time, depending on the polymer precursor and storage/testing conditions. The trend of 

aging in CMS membranes was observed to be higher for bigger gas-pair separation (like 

olefins/paraffins) compared to the smaller gas-pairs (like O2/N2, CO2/CH4).  

As hypothesized in the section 6.3.1, over extended period of time the intrinsic 

CMS pore structure is prone to re-alignment with the absence of a feed gas pressure. 

Hence in this section, the 10% V-treated CMS Matrimid
®
 hollow fiber modules after the 

active feed gas test (in section 6.3.1) were stored in condensable pure CO2 gas at 5-6 atm 

(~70-80 psi) pressure and re-tested again as shown in Figure 6.6 and 6.7. The testing 
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conditions were maintained similar to the active mixed feed gas test i.e., 50% CO2/50% 

CH4 at 35°C.  The storage pressure was chosen based on the typical ‘coke’ bottle internal 

pressure [4], as it could be used for sealing the CMS modules to restrict the aging 

phenomenon.   

 

 

Figure 6.6: Module stored under CO2 at 75 psi pressure- stability of 10% V-treated CMS 

Matrimid
®
 hollow fiber membrane module pyrolysed at 600°C under argon UHP, mixed 

gas feed of 50% CO2/50% CH4 at 250 psi feed pressure and testing temperature was 

35°C. (Test at ‘Day 0’ is after the active feed gas test in Figure 6.4)   

  

 Both the 10% V-treated CMS Matrimid
®
 hollow fiber module pyrolysed at 600°C 

and 650°C showed stable separation performance for over 20 days as shown in Figure 6.6 

and 6.7. Before each data-point the V-treated CMS module was purged with the feed gas 

for greater than 12 hours and multiple readings were taken to obtain the stable 

performance.  
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Figure 6.7: Module stored under CO2 at 75 psi pressure- stability of 10% V-treated CMS 

Matrimid
®
 hollow fiber membrane module pyrolysed at 650°C under argon UHP, mixed 

gas feed of 50% CO2/50% CH4 at 250 psi feed pressure and testing temperature was 

35°C. (Test at ‘Day 0’ is after the active feed gas test in Figure 6.5)   

 

 For both pyrolysis temperatures in Figures 6.6 and 6.7, greater than 90% of the 

original CO2 permeance was retained maintaining the CO2/CH4 selectivity for 

asymmetric V-treated CMS membranes stored under condensable pure CO2 gas. 

 

6.3.3 Stored under ambient air 

 The 10% V-treated CMS Matrimid
®
 hollow fiber membrane module pyrolysed at 

650°C was re-tested after placing the modules in ambient air for extended period of time 

is shown in Figure 6.8.   
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Figure 6.8: Module stored under ambient air- stability of 10% V-treated CMS Matrimid
®
 

hollow fiber membrane module pyrolysed at 650°C under argon UHP, mixed gas feed of 

50% CO2/50% CH4 at 250 psi feed pressure and testing temperature was 35°C.  

 

 The test in the Figure 6.8 was performed in 5 stages, where in stage 1 the module 

was tested in a mixed gas feed for 24 hours to obtain the performance before aging. In 

stage 2, module was capped from all ends and kept in ambient air for 5 days. After re-

testing the module with mixed gas feed for another 5 days (stage 3), the drop in 

permeance due to ambient aging (for 5 days) was observed to be ~19%.  In stage 4, the 

module was re-stored for 10 days in ambient air and later tested with the mixed gas feed 

after purging with CO2 for 13 days (stage 5). The effective drop in CO2 permeance after 

15 days of ambient air aging (5 days in stage 2 and 10 days in stage 4) for 10% V-treated 

CMS Matrimid
®
 hollow fiber pyrolysed at 650°C was ~35% of the original (before age) 

permeance. With the drop in permeance in Figure 6.8, an improvement in CO2/CH4 

selectivity of ~20% was observed. 

Untreated CMS fiber performance 

~4x 
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 From the Figure 6.8, the effect of aging under ambient air storage was observed. 

In comparison even after aging the 10% V-treated CMS hollow fiber (650°C pyrolysed) 

CO2 permeance is 4-5x higher when compared to the untreated CMS Matrimid hollow 

fiber. The drop in CO2 permeance under ambient air storage is a concern and further 

studies will be required for the effective development of asymmetric V-treated CMS 

membranes.   
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6.4 Summary 

This chapter outlines the added advantage of V-treatment towards ‘anti-

stickiness’ in the asymmetric CMS fibers from V-Treated Matrimid
®
 precursor. Presence 

of silica on the outer layer of V-Treated fibers assists in the ‘anti-stickiness’ property.  

For the commercial application of 10% V-treated asymmetric CMS Matrimid
®
 

membranes, the aging study was performed under three different conditions (i) active 

mixed gas feed (ii) stored in pure gas CO2 at 5-6 atm pressure and (iii) stored in ambient 

air. The stability testing was performed with the mixed gas feed of 50% CO2/50% CH4 at 

250 psi for two different pyrolysis temperature samples i.e. 600°C and 650°C. For the 

case of active feed gas test, both the V-treated CMS samples showed an increase in CO2 

permeance for initial testing duration followed with a stable performance later on. The 

hypothesis for the initial transient behavior in separation performance under active feed-

gas and aging phenomenon in the absence of feed gas (stored in ambient air) is predicted 

due to the complex intrinsic CMS structure. Both the hypothesis of additional ‘free 

volume’ and the aging phenomenon require further detailed studies. 
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CHAPTER 7  

CONCLUSIONS AND RECOMMENDATIONS 

7.1 Summary and conclusions 

The overarching goal of the thesis dissertation is to “Establish a framework to 

engineer the morphology of the microporous support layer in asymmetric membranes 

undergoing thermal processing above the glass transition of the intrinsic polymer 

precursor.” Due to the morphology collapse in asymmetric CMS hollow fiber 

membranes, the major drawback is the lower gas separation productivities. In this study, 

a novel treatment (V-treatment) method has been developed for the polyimide precursor 

hollow fiber membranes to restrict the morphology collapse during pyrolysis. The effect 

of V-treatment is applied on two widely studied polyimide precursors: Matrimid
®
 and 

6FDA:BPDA-DAM. The three research objectives pursued are: 

1. Methodology to restrict sub-structure collapse in asymmetric CMS hollow fiber 

membranes. 

2. Optimization of V-treatment and pyrolysis parameters for superior separation 

performance in asymmetric CMS hollow fiber membranes. 

3. Realistic evaluation of V-treated CMS hollow fiber membrane for natural gas 

separation. 

Prior to the development of V-treatment approach, several thermal and chemical pre-

pyrolysis engineering routes are investigated for stabilizing the polymer precursors which 

are discussed in the Appendix C. Even though the methods are unsuccessful in restricting 
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the morphology collapse, they are essential for establishing the framework of V-treatment 

technique.  

For the V-treatment technique, precursor hollow fibers were exposed to an 

organic-alkoxy silane (VTMS) and moisture to undergo a sol-gel reaction. The sol-gel 

crosslinking reaction induces vinyl crosslinked silica on the precursor fiber pore walls, 

which restricts the ability of the porous support to collapse during pyrolysis. The sol-gel 

reaction proposed in this study is a first-of-a-kind approach in asymmetric CMS 

membranes to create porous morphologies, and it can be easily integrated into the current 

asymmetric CMS membrane fabrication process. The V-treatment technique does not 

involve any chemical reaction with precursor molecular structure, which makes it a 

simple integral approach to restrict morphology collapse on any class of asymmetric 

CMS polymer precursors. This will enable low-cost facile integration into practical 

membrane production.  

Several characterization analysis (i.e., SEM, NMR, FTIR, DMA, TGA and XPS) 

were performed on both the V-treated Matrimid
®
 precursor and CMS to evaluate the 

reaction hypothesis and the silica structure in V-treated samples. Bulk elemental 

compositions showed the presence of silicon in both the V-treated precursor and CMS 

sample. The impact of V-treatment on asymmetric CMS sub-structure morphology and 

separation performance for 6FDA:BPDA-DAM based CMS hollow fiber are also studied 

as a ‘proof-of-concept’ study. A significant reduction of 5-6x in membrane skin thickness 

(l) for asymmetric CMS hollow fibers from both the V-treated precursors was found. This 

improvement in membrane skin thickness (l) directly translated to an increase in gas 

permeance (P/l) by more than 3x for asymmetric CMS V-treated Matrimid
®

 hollow fibers 
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tested for both pure gases (He, CO2, O2, N2 ,CH4) and aggressive high pressure 

(CO2/CH4) mixed gas feeds. Similar improvement in permeance for asymmetric CMS V-

treated 6FDA:BPDA-DAM hollow fibers by more than 4x for both pure and mixed gas 

(CO2/CH4) feed was observed.  

XPS characterization on the 100% VTMS treated CMS Matrimid
®
 hollow fiber 

indicated higher concentration of silica on the outermost skin layer of the V-treated CMS 

hollow fiber. Due to the presence of excess silica on the intrinsic CMS separation skin, 

the potential permeance increase for the 100% V-treated CMS hollow fiber was not 

achieved. The optimization of the V-treatment process was crucial for obtaining even 

better separation performance. The V-treatment optimization in terms of modifying the 

VTMS concentration, and the final pyrolysis temperature for V-treated asymmetric 

Matrimid
®
 CMS hollow fiber membranes were performed. After evaluating the VTMS 

concentration for six different concentrations, an optimum amount for the highest 

increase in CMS gas permeance was found for the 10% VTMS in hexane. The preference 

for hexane as a non-solvent is due to the existing post spinning solvent exchange process 

that utilizes hexane, therefore the optimized V-treatment allows for direct “drop in” 

integration into current fiber precursor processing.   

In addition, the importance of both organic and alkoxy functional groups on the 

silane are also discussed, which gives the potential for further optimization of the pre-

treatment process. Three different silanes with either vinyl (or) methoxy functional 

groups are explored, where vinyl group significance towards maintaining the mechanical 

properties of the V-treated precursor and CMS hollow fibers are observed. The 

importance of a reactive functional group (like vinyl) to form Si-C bonds during 
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pyrolysis is suggested. The role of methoxy functional group is essential for creation of 

organo-silica domain via sol-gel process.        

The optimized (10%) V-treated CMS membranes showed at least 9x enhancement 

in gas permeance compared to the untreated CMS Matrimid
®
 hollow fiber membranes for 

both pure and mixed gas feeds. The gas permeance increase correlates with the improved 

asymmetric CMS skin thickness, which was reduced to approximate ~9-10x based on the 

SEM images. The equilibrium sorption experiments for the 10% V-treated Matrimid
®
 

CMS further confirmed that the effects of low amounts of silica on V-treated CMS 

sorption properties are minimal. XPS and elemental characterization analyses further 

confirmed the reduced silicon percentages in both the outermost CMS skin and the bulk 

CMS sample. The potential of optimized V-treatment for Matrimid
®
 based CMS hollow 

fiber membrane were also evaluated for industrially relevant mixed gas pairs (CO2/CH4, 

C2H4/C2H6 and C3H6/C3H8), which consistently showed the increase in gas permeances 

for all the gas separation pairs. 

In addition to the increased permeances, another advantage of V-treatment is 

towards the ‘anti-stickiness’ of the asymmetric CMS fibers from V-Treated Matrimid
®
 

precursor. Presence of silica on the outer layer of V-Treated fibers assists in the ‘anti-

stickiness’ property. The offset of ‘stickiness’ do not arise for 6FDA based precursors, as 

the untreated 6FDA precursor fibers were separable after pyrolysis. 

For the commercial application of 10% V-treated asymmetric CMS Matrimid
®
 

membranes, the separation performance stability under three different conditions            

(i) active mixed gas feed (ii) stored in pure gas CO2 at 5-6 atm pressure and (iii) stored in 
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ambient air is evaluated. The stability testing was performed with the mixed gas feed of 

50% CO2/50% CH4 at 250 psi for two different pyrolysis temperature samples i.e. 600°C 

and 650°C. For the case of active feed gas test, both the V-treated CMS samples showed 

an increase in CO2 permeance for initial testing duration followed with a stable 

performance later on. The hypothesis for the initial transient behavior in separation 

performance under active feed-gas and aging phenomenon in the absence of feed gas 

(stored in ambient air) is predicted due to the complex intrinsic CMS structure. Both the 

hypothesis of additional ‘free volume’ and the aging phenomenon require further detailed 

studies. 

The impact of V-treatment in restricting the sub-structure collapse leading to an 

improvement in gas permeance of asymmetric CMS hollow fiber membranes can have a 

broad separation application. The goal of this study was achieved by developing a 

technique (V-treatment) for improving the attractive separation performance of CMS 

membranes for industrial application.  There are several areas which will require further 

studies for the effective development of CMS membranes for industrial scale-up (like 

time-dependent stability and aging phenomenon). 

 

7.2 Future recommendations: 

 The research goal of the thesis was achieved by the development of V-treatment 

technique for restricting sub-structure collapse and improving the gas permeances. For 

the future directions, some key areas are observed during the course of the work: 
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7.2.1 V-treated asymmetric CMS hollow fiber membranes for challenging gas-pair 

separations 

 Intrinsic CMS membranes have the potential to achieve attractive gas separation 

selectivities over polymer membranes for difficult gas-pairs (such as H2S/CH4, N2/CH4, 

olefin-paraffin debottlenecking). So far the drawback in untreated asymmetric CMS 

hollow fibers separation performance for these separations has been the low gas 

permeances. The ability to restrict collapse (with low % of VTMS) can have a potential 

in improving the flux of V-treated asymmetric CMS membranes for the challenging gas 

separation-pairs.  

 

7.2.2 Applying V-treatment on different polymer precursor membranes   

 The current V-treatment technique is majorly focused on Matrimid
®
 based 

asymmetric CMS membranes with 6FDA:BPDA-DAM based asymmetric CMS as a 

proof-of-concept study. Based on these two precursors and V-treatment reaction 

mechanism, following class of precursors can be pursued: 

7.2.2.1 6FDA based precursors 

Compared to Matrimid
®
 precursor even though the 6FDA based precursors have 

seen to collapse to a lower content, there is still a significant order of collapse observed in 

6FDA precursor based CMS. The V-treatment technique for asymmetric CMS hollow 

fiber membranes can further improve the gas permeances of the intrinsically open 6FDA 

precursor based CMS membranes.  
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During the course of study, the V-treated 6FDA:BPDA-DAM based CMS showed 

significantly lower silicon percentages compared to the V-treated Matrimid
®
 based CMS. 

The hypothesis for the lower silica content is predicted due to the possibility of self-

etching from fluorine based volatile gases (CHF3 and HF) during pyrolysis. Though the 

exact mechanism of silica-fluorine etching during pyrolysis is not completely understood, 

further studies would be required for V-treated 6FDA precursors to optimize during the 

pyrolysis step. Similar to the V-treatment Matrimid
®
 optimization in Chapter 5, future 

studies on optimization of V-treatment on 6FDA:BPDA-DAM  based precursor is worth 

pursuing. Few preliminary studies using 10% VTMS is performed and discussed in 

Appendix D.  

7.2.2.2 Composite asymmetric polymer precursors 

 For the commercial application to reduce the cost of polymer precursors in CMS 

membranes, a combination of V-treatment with composite hollow fiber membrane 

precursors can be a future path to pursue. A typical composite hollow fiber precursor may 

comprise of a low-cost core layer (higher degree of collapse) precursor, with a more 

intrinsically open 6FDA based precursor as a sheath layer. The V-treatment on these 

membranes may lead to a significantly higher transport flux membranes. 

7.2.2.3 Crosslinkable polymer precursors 

 V-treatment may also be applied for the crosslinkable polymers as CMS 

membrane precursors (which consists of reactive functional groups like alcohol, acid 

groups). The reaction mechanism may proceed with the V-treatment agent (like VTMS) 
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to react with the functional groups and lead to robust asymmetric structure after 

pyrolysis. 

 

7.2.3 Further optimization of the V-treatment technique 

 In the current study, impact of V-treatment optimization for Matrimid
®
 precursor 

towards further improving the gas permeances is observed. Hence, in addition to 

exploring V-treatment on new polymer precursors it will be critical to study the 

optimization for each precursor individually. The important frameworks which can be 

followed to pursue the optimization path are: 

7.2.3.1 V-treatment recipe 

 In addition to VTMS concentration, the moisture exposure amount and time 

duration at the pre-pyrolysis step can be used for tuning the excess silica from outermost 

skin layer. Future studies towards ‘advanced optimization of V-treatment’ being 

developed by Shweta Karwa at Koros research group, Georgia Tech can further improve 

the V-treatment CMS performance.  

7.2.3.2 Use of different morphology stabilizers    

 The main focus in this study has been on VTMS as a starting ‘morphology 

stabilizer’ for restricting the micro support collapse. The advantage of sol-gel reaction 

mechanism and a reactive hydrocarbon group for pre-pyrolysis treatment is necessary for 

exploring different silane agents. The pore-structure of the resulting ‘crosslinked silica 

scum’ can be controlled by the choice of reactive hydrocarbon groups (like vinyl in this 
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case). To control the extent of sol-gel formation, di-alkoxy functional groups instead of 

tri-alkoxy groups can also be explored.    

7.2.3.3 XPS characterizations on the optimized CMS membranes 

 XPS with depth profiling can be a useful characterization for obtaining the surface 

composition and surface bonding of each element on the asymmetric CMS membranes. 

As studied for the V-treated asymmetric CMS Matrimid
®
 membranes, the silica depth 

profiling showed the transition of silicon from the outer skin layer into the intrinsic CMS. 

Deconvolution of XPS-depth profiling peaks could showing the change in the silicon 

bonding going from outermost surface into the intrinsic CMS skin.  

 Similar characterizations could be performed to probe the changes in surface 

compositions of CMS, while performing chemical modifications either prior (or) after 

pyrolysis. To get a better understanding and advanced optimization of different V-

treatment recipes, it can be important to perform the XPS analysis.          

 

7.2.4 Aging stability of V-treated asymmetric CMS membranes     

 The studies has majorly focused on the fundamental development of V-treatment 

and trying to translate the intrinsic CMS separation capability to asymmetric CMS hollow 

fiber membranes. For the industrial scale-up, it is equally important to understand the 

separation performance behavior as a function of time for CMS membranes stored under 

different atmosphere conditions. 
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 The transient behavior seen in the intrinsic CMS V-treated Matrimid
®

 for mixed 

gas CO2/CH4 feed requires careful understanding. It may be useful to conduct similar 

studies with higher condensable gases like ethylene, propylene as a function of time to 

confirm the ‘addition free volume’ hypothesis. Fundamental studies for understanding 

intrinsic CMS structure will have a greater importance as it is expected to influence both 

the transient and aging behavior. 

 The aging stability of CMS membranes is an ongoing study at Koros research 

group, Georgia Tech. The higher impact of aging is observed for the tail-end (bigger-

size) gas molecules separation-pair compared to the smaller size molecules. The 

prediction for re-alignment of carbon sheets as a function of different storage conditions 

and precursor molecule is important to understand. In the case of V-treated CMS 

Matrimid
®
 aging, CMS modules stored under CO2 (5-6 atm pressure) was seen to restrict 

aging for CO2/CH4. The influence of silica (SiO2) on the outermost CMS skin layer 

towards aging may also be important to control as the silica membranes are prone with 

react with moisture. The control studies for reducing excess silica may have an additional 

importance in terms of aging phenomenon too.     
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APPENDIX A 

GAS COMPRESSIBILITY FACTORS 

 The compressibility factors (Z) were taken into consideration for to account 

for the non-ideality of the gases. The calculation is as follows: 

pV
Z =

RT
                                                      (B.1) 

where, p is the gas pressure, V is molar volume, T is the absolute temperature, and R is 

the universal gas constant. The deviation from ideal gas behavior is observed to be higher 

at higher gas pressures, and that has to be accounted for in the calculations.  

 

The pressure dependent compressibility equations is given in equation B.2 

2 3
Z = 1 + (A)p + (B)p + (C)p + ...                                (B.2) 

where, A, B, C are constants and higher order terms negligible. 

 The compressibility constant values are obtained from National Institute of 

Standards and Technology (NIST). They are shown in Table A.1 below: 

Table A.1: Compressibility factor equations with p, pressure in psi 

 

Gas Temperature Compressibility Equation 

CO2 35°C 2 3
Z = 1 - (3.07E - 04)p - (5.35E - 08)p - (5.03E -11)p  

CH4 35°C 2 3
Z = 1 - (1.06E - 04)p + (6.06E - 09)p (3.28E -12)p+  
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APPENDIX B 

ELEMENTAL ANALYSIS PROCEDURES 

 

This appendix gives a detailed elemental analysis procedure used by ALS 

labs, Tuscon, AZ to obtain the elemental composition for both the precursor and 

CMS samples.   

B. 1 Micro CHN analysis (ASTM D5373 / D5291 – reference code for ALS labs):  

 The instrument used in this method is a Perkin Elmer 2400 Series II CHN Analyzer. With 

this instrument, samples were combusted at 935°C followed by a secondary combustion 

through the furnace at 840°C for further oxidation and particulate removal. The gas 

derived from the combustion was transferred by a carrier gas, homogenized and purged 

through an IR detector. This detector measured carbon as a CO2 gas and hydrogen as 

H2O. The nitrogen was detected by thermo conductivity in which the NO2 gas from the 

resulting combustate was measured as nitrogen. The CHN results were then reported as a 

weight percent.  

 Approximately 2-5 mg of sample was weighed out on a micro-balance, with 0.0001 mg 

capability. The amount of sample used derives from the sample matrix. The sample was 

then placed into a pre weighed, combustible tin capsule and dropped into the furnace of 

the instrument for analysis. 

 The instrument was calibrated for the specific matrix of the sample and the capsule used. 
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 B.2 Oxygen analysis (ASTM D5373, modified): 

 The instrument used in this method was a LECO TruSpec Oxygen Analyzer. The sample 

was put into a capsule and weighed out on a micro balance with 0.001 mg capability. The 

capsule was dropped into the furnace which operates at 1300°C. In a reduction tube, 

monoatomic oxygen (O) was combined with carbon black in the furnace. All COx 

components were flowed through copper oxide and were converted to CO2. The resulting 

gas was analyzed for oxygen by IR detection.  

 The instrument was calibrated for the specific matrix of the sample and the capsule used 

in combustion.  

 The amount of sample used in this method was typically 1-10 mg, depending on the 

matrix of the sample. The results were reported in weight percent of oxygen in the 

sample.  

B.3 Silicon analysis (total dissolution): 

 The samples were first digested with acids (HCl, HNO3, HF) in a microwave, then reacted 

with boric acid to neutralize HF, and finally brought up to final volume with nanopure water. 

 Analysis was done using inductively coupled plasma-atomic emission spectroscopy (ICP-

OES). 

B.4 Halogens by flask/bomb preparation and IC (EPA 5050/9056, ASTM 4809)  

 

 The total halogen concentrations were determined using Schöniger oxygen flask or oxygen 

bomb techniques [1], where the prepared organic samples were analyzed using ion 

chromatography (IC).  For the flask combustion technique, a sample weighing between 

approximately 2 to 10 mg was wrapped in a filter paper wick and secured in a platinum 

basket attached to a flask stopper.  The flask was purged using oxygen to create a high 
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oxygen content atmosphere.  The wick was ignited and inserted into the flask along with a 

Na2CO3 scrubber solution. 

 For the oxygen bomb (trace analysis) combustion method, the sample weight has to be 

between 50 and 250 mg. The sample was weighed into a steel combustion capsule and mixed 

with approximately 500 mg of mineral oil. Appropriate care has to be taken to avoid 

exceeding 1.0 g of total combustible material as this could damage the bomb.  The capsule 

was loaded into the combustion bomb ignition system and then charged with oxygen before 

igniting in a bomb calorimeter.  

 In both the wick and oxygen bomb analysis the samples were burned, converting the halogens 

present in the sample into a gaseous state.  This gaseous mixture was absorbed by the Na2CO3 

scrubber solution present in both the flask and bomb, where the halogens were converted into 

their ionic form.  The resultant halogen solution was then diluted to 100 mL and analyzed for 

halogens, sulfur, and phosphorous (in sulfate and phosphate forms) by IC. 

 B.5 References: 

1. Third Supplement to the Fourth Edition of The International Pharmacopoeia.; 

http://apps.who.int/phint/en/p/docf/]. 
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APPENDIX C 

TECHNIQUES ATTEMPTED TO RESTRICT SUB-STRUCTURE 

COLLAPSE IN CMS HOLLOW FIBER MEMBRANES  

 

C.1 Use of ‘puffing agents’ (polyethylene glycol – PEG) 

 The chemical species referred as “puffing agents”, are compounds which can 

decompose into large volatile by-products upon heating and leave void volume in the 

carbon after decomposition. One such puffing technique is the use of polyethylene glycol 

(PEG) [1].  PEG can have an “unzipping effect” upon heating at higher temperatures.  

Essentially all of the PEG molecules can be seen to unzip at ceiling temperatures of 

~350°C.  By puffing PEG (Molecular weight 3400) in the pores before pyrolysis, it was 

attempted to prevent the collapse near the Matrimid
 

Tg (~305°C). The comparison of 

both the TGA curves for Matrimid
®
 and PEG (Mol wt: 3400) is shown in Figure C.1(a).   
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Figure C.1 (a) TGA weight loss plot for Matrimid


 precursor and PEG and (b) 

Illustration of a temperature ‘collapse zone’ for Matrimid


 precursor.   

 

Nevertheless, substructure collapse still occurred even after PEG puffing as 

shown in Figure C.2. The inability of PEG puffing to stop collapse is because of the wide 

temperature range between glass transition (Tg ~305°C) and decomposition point 

(~425°C), referred as ‘collapse zone’ shown in Figure C.1(b).  

(a) 

(b) 
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Figure C.2: SEM images of Matrimid hollow fiber wall (a) precursor after soaked in PEG 

3400 (20 wt%) and (b) CMS after pyrolysis of PEG-puffed precursor fiber at 550°C

(a) 

(b) 
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C.2 Thermal stabilization (below Tg) 

 One of the approaches to pre-stabilize and suppress the polymer chain movements 

is based on the thermal annealing, where the polymer precursors are treated at 

temperatures close to Tg for inducing intermolecular charge transfer complexes (CTC) 

between imide-aromatic rings [2-4]. Though the thermal annealing approach is 

advantageous for suppressing plasticization behavior, it is observed to reduce the gas 

permeabilities of Matrimid
®
 dense films [5]. To explore thermal annealing for restricting 

sub-structure collapse in Matrimid
®
 based asymmetric hollow fibers, precursors were 

heated to 270°C and stayed for 48 hours under argon and vacuum atmosphere. The 

thermal annealing temperature was based such that CTC’s formation was started [5], but 

still remained lower than the Tg (~305°C). The morphology of thermally annealed 

precursor fiber and CMS from thermally annealed fiber is shown in SEM images: Figure 

C.3(a) and (b) respectively. 

 
(a) 
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Figure C.3: SEM images of Matrimid
®
 hollow fiber wall (a) precursor after thermal 

annealing at 270°C-48hrs under argon atmosphere and (b) CMS after pyrolysis of 

thermal annealed precursor at 550°C. 

 

(b) 

(a) 
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 As seen in the Figure C.3(b) in spite of CTC’s formation, thermal annealing is 

unable to restrict the collapse in asymmetric CMS membranes. The thermal stability of 

polymer precursor chains reverses back to the original state as temperature crosses the 

glass-rubber transition point. The results indicate that there is need for stronger 

stabilization techniques which can restrict the bulk polymer flow throughout the ‘collapse 

zone’ of pyrolysis. Hence, chemical crosslinking was attempted. 

 

C.3 Chemical crosslinking using diamine linkers 

 The common technique for polymer membranes crosslinking are through the 

reactive functional groups (like alcohol (–OH), acid (-COOH)), existing in the backbone. 

Due to the absence of reactive groups in Matrimid
®
 precursor, limited room exists to 

chemically modify the precursor. One approach that has been applied to crosslink 

polyimides is the use of diamine linkers, where the diamine reacts with imides to open 

the ring and form an amide bond as shown in Figure C.4 [6, 7].   

   

 

 

 

 

 

Figure C.4: Reaction mechanism of diamine-imide crosslinking of polyimides  

  

 For this study, 10 (w/v)% p-xylenediamine reaction approach [8] was used on 

asymmetric Matrimid
® 

precursor hollow fiber. The reacting conditions used were similar 

to the dense film study carried out by Tin et-al.[8]. For confirmation of crosslinking, 
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diamine treated Matrimid
® 

precursor fiber was immersed in hot NMP at 100°C and 

observed to be insoluble. Inspite of having the cross-linked precursor, the asymmetric 

CMS showed a collapsed morphology as shown in Figure C.5(b). 
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Figure C.5: SEM images of Matrimid
®
 hollow fiber wall (a) precursor after chemical 

crosslinking using 10 (w/v)% p-xylenediamine and (b) CMS after pyrolysis of diamine-

crosslinked precursor at 550°C.  

 

 Diamine crosslinking does not work for restricting collapse due to the instability 

of the peptide (-CONH) bond at higher temperatures [9]. The study by Powell et-al., have 

(a) 

(b) 
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shown reverse reaction mechanism for diamine-crosslinked polyimides as the materials 

are heated at higher temperatures greater than Tg. The TGA analysis in Figure C.6 of 

diamine-crosslinked Matrimid
®
 precursor, showed an early decomposition (~400°C) 

indicating the decrease in thermal stability.  

 

Figure C.6: TGA analysis for uncrosslinked and diamine crosslinked Matrimid
®

 

precursor fiber at 550°C. 

     

The early onset at 100°C corresponds to the removal of solvents absorbed during 

the crosslinking process.  
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C.4 Hydrogen abstraction crosslinking 

 Free radical initiated-hydrogen abstraction technique is commonly used in plastics 

industry for crosslinking polyethylene [10]. The crosslinked polyethylene shows better 

mechanical and thermal properties compared with the uncrosslinked polymer. The agents 

used for hydrogen abstraction crosslinking is peroxide (initiator) and vinyltrimethoxy 

silanes (crosslinking agent), undergoing a two-step crosslinking method [10]:  

(i) Grafting: Abstraction of hydrogen using Dicumyl peroxide (DCP) and 

grafting of vinyltrimethoxy silane (VTMS) on to the polymer backbone. 

(ii) Hydrolysis and condensation of methoxy functional groups to crosslink within 

the silanes, in presence of Tin catalyst. 

The overall reaction can be interpreted as shown in Figure C.7: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure C.7: Mechanism of crosslinking polyethylene using hydrogen abstraction 

technique. 

 

  To apply the hydrogen abstraction technique’ for Matrimid
®
 precursor, certain 

modifications in reaction conditions had to be made. Unlike polyethylene crosslinking 
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where the polymer is in powder state, in this case the crosslinking had to be done on 

asymmetric hollow fibers. To uniformly distribute the grafting mixture throughout the 

hollow fiber, an equimolar mixture (1:1) of grafting compound (dicumyl peroxide-DCP 

and VTMS) was added to the hollow fibers. The entire components in a closed cell were 

heated to 170°C, isothermal for 15 mins. After cooling the cell to room temperature, 

silane treated fibers were immersed in a water & catalyst mixture (99.8% and 0.02% 

respectively) at 85°C for 8 hours. The catalyst used was Di n-butyltin dilurate (DTBDL). 

After the grafting reaction step, treated fibers lack the mechanical stability and were 

brittle for gas transport characterization. Inspite of the transport testing limitations, SEM 

images of the pyrolysed fibers from silane crosslinked precursor showed an improvement 

in the asymmetric morphology (Figure C.8). 
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Figure C. 8: SEM images of pyrolysed fiber from silane treated Matrimid
®
 precursor 
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The extreme peroxide % was found to be undesirable for the mechanical 

properties of the hollow fiber. Hence, the grafting reaction mixture (i.e. DCP and VTMS) 

both were reduced by using a non-solvent substituent methanol. For grafting, different 

compositions of Silane(S):Peroxide(P):Methanol(M) was attempted specifically for 

maintain the low peroxide & silane concentration. After crosslinking the fibers with new 

grafting compositions, it had the better mechanical stability to be pyrolysed and tested for 

separation performance (Figure C.9). 

 

Figure C.9: Comparison of the CMS hollow fiber transport performance from cross-

linked (with methanol) and uncross-linked CMS hollow fiber. For all the CMS, pyrolysis 

was done at 550°C at 100 psi feed pressure, 35 
0
C permeation temperature. (*Cross-

linked fiber from S:P:M = 10:1:89 was also pyrolysed and tested under same conditions; 

CO2 permeance was observed to be low ~ 0.02 GPU, CH4 permeance was below the leak 

rate of the testing module – not shown in the graph) 

 

The CMS permeance result in Figure C.9, after addition of methanol in reaction 

mixture showed even lower fluxes than compared with the untreated CMS hollow fiber 
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permeance. The observation that the permeance kept on decreasing as we kept increasing 

the methanol ratio (Figure C.9) indicated that the methanol is unfavorable for the silane 

crosslinking reaction. Initially, the role of methanol in grafting reaction was anticipated to 

be of a non-solvent not effecting the reaction (or) precursor morphology. The boiling 

point of methanol (65
0
C) is lower than the reaction temperature of 170

0
C. The methanol 

would vaporize out of the fiber pore, allowing the peroxide-silane mixture to graft onto 

Matrimid
®
. SEM images (Figure C.10) of the CMS fibers from methanol containing 

silane-peroxide cross-linked precursors showed a different morphology (closed-foam) 

when compared to the CMS from without methanol silane-peroxide cross-linked 

precursors (Figure C.8). 
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Figure C.10: CMS morphology from the cross-linked precursor with methanol in 

grafting. 

 

The pores in Figure C.10 resembled collapsed bubbles which are not connected to 

each other i.e., closed cell foam, which could relate to the permeance drop with the 

increase in methanol concentration.   
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While exploring the controls for each of the grafting reaction mixture (i.e., silane, 

peroxide and methanol) separately on the CMS asymmetric morphology, the plain silane 

(without any peroxide) showed a much better CMS morphology. The plain VTMS treated 

precursor also exhibited better mechanical stability compared to the VTMS & peroxide 

combination. This control was crucial for the development of V-treatment process in 

Chapter 4.  

 

C.5 Tuning of pyrolysis temperature profile 

 The Figure C. 1(b) illustrated a ‘collapse temperature range’ for the Matrimid
®
 

precursor, which is between the glass transition (Tg) and decomposition point (Td). By 

using higher-ramp rates for pyrolysis between the Tg and Td, it would reduce the time 

duration for precursor to be in that collapse zone. The use of extreme high ramp-rates was 

limited by the temperature controller of pyrolysis system and also caused significant 

stress in polymer precursors at extreme high-ramp rates. For the study, higher ramp-rate 

of 25°C/min was used at two different final pyrolysis temperatures 550°C and 650°C as 

shown in the Figure C.11. 
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Figure C.11: Temperature profiles for standard and high ramp-rate pyrolysis 

 

Slight improvement in permeance was observed by using higher ramp-rates at 

both temperatures as shown in Figure C.12. Though it was still not a significant 

approach, as the substructure collapse would still occur in the high-ramp rate pyrolysed 

CMS fibers.   
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Figure C. 12: Separation performance of CMS hollow fibers from Matrimid
®
 precursor’s 

pyrolysed at higher ramp-rates between (Tg and Td). Tested for pure gas feed at 100 psi, 

35°C. 
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APPENDIX D 

LOWER VTMS CONCENTRATION (10%) V-TREATMENT ON 

6FDA:BPDA-DAM PRECURSOR HOLLOW FIBER MEMBRANES 

 

D.1 10% V-treatment on 6FDA:BPDA-DAM precursor 

 In chapter 4, the potential of V-treatment using the 100% VTMS was 

evaluated for reducing sub-structure collapse in the 6FDA:BPDA-DAM precursor 

based CMS hollow fiber membranes. The V-treated 6FDA:BPDA-DAM CMS hollow 

fiber had showed more than 4x increase in CO2 permeance, which was even higher 

when compared to 100% V-treated Matrimid
®

 CMS hollow fibers (~3x) permeance 

increase. The improvement in gas permeance increase was postulated to be due to the 

simultaneous etching mechanism of organo-silica during the pyrolysis of 6FDA:BPDA-

DAM precursor. Such a hypothetical silica-etching behavior of 6FDA based precursors 

represents a big advantage for tuning the excess silica during the pyrolysis step. Further 

characterization analyses would be required in the future, to accurately predict the 

etching behavior and to quantify the silica-fluorine etched gaseous species evolving 

during the pyrolysis.    

 In this appendix, the results for the 10% V-treated 6FDA:BPDA-DAM CMS 

hollow fiber pyrolysed at 550°C under argon with 30 ppm of oxygen are discussed. The 

pyrolysis conditions for the permeation studies were chosen based on a CMS dense film 

study to obtain better separation performance for CO2/CH4[1].   The SEM images for 

untreated, 100% V-treated and 10% V-treated 6FDA:BPDA-DAM CMS hollow fiber are 

shown in the Figure D.1. Similar reductions in CMS separation skin  (~3-4x) for both the 
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100% and 10% V-treated CMS hollow fiber were observed when compared to the 

untreated CMS fiber, as shown in the SEM images (Figure D.1).   
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Figure D.1: Comparison of the CMS separation skin thickness for untreated, 100%         

V-treated, and 10% V-treated CMS hollow fiber membrane from 6FDA:BPDA-DAM 

precursor pyrolysed at 550°C under argon with 30 ppm of oxygen. 
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Despite reducing the VTMS concentration from 100% to 10% for V-treatment,  

V-treated CMS 6FDA:BPDA-DAM hollow fiber showed similar CMS separation skin 

(Figure D.1) and gas permeance (Table D.1), unlike the situation for the V-treated 

Matrimid
®
 case (as discussed in Chapter 5). 

Table D.1: Separation performance comparison for untreated, 100% V-treated, and 10% 

V-treated CMS hollow fibers from 6FDA:BPDA-DAM
 
precursor pyrolyzed at 550°C 

under argon with 30 ppm of oxygen, pure gas feed was used for testing at 100 psi and 

35°C. 

State 
 

P(CO
2
) (GPU) CO

2
/CH

4
 

Untreated CMS 
 

52 50 

100% V-treated CMS 
 

250 52 

10% V-treated CMS 
 

266 49 

 

To understand this behavior, elemental analysis
8
 was obtained for the untreated 

and V-treated (10% and 100%) CMS 6FDA:BPDA-DAM, indicated in Table D.2. First, 

it was evident that a much lower silicon wt% was present in the 100% V-treated 

6FDA:BPDA-DAM CMS pyrolysed at 550°C under argon UHP, compared to the 100% 

V-treated Matrimid
®

 CMS sample pyrolysed at the same conditions. Similarly for the 

10% V-treatment case also, V-treated 6FDA:BPDA-DAM CMS sample had lower 

silicon% vs. 10% V-treated Matrimid
®
 CMS sample.    

Another observation from Table D.2 is the decrease in silicon% going from 100% 

VTMS to 10% VTMS for V-treatment in 6FDA:BPDA-DAM CMS case was ~1.8x 

                                                      
8
 As discussed in Chapter 3-5, the elemental analysis for CMS represents for the bulk sample obtained after 

grinding the CMS sample to powder. The accuracy of the technique (using untreated precursors) was 

obtained to be +/- 1%. 
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which is lower than the silicon% decrease for the case of V-treated Matrimid
®
 CMS 

(~2.9x). The difference could be due to the fact that when 100% V-treated 6FDA:BPDA-

DAM precursor was pyrolysed it already had a reduced silica content when compared 

with the 100% V-treated CMS Matrimid
®
 sample. As hypothesized earlier the likely 

reduction in silica for the 6FDA based precursor could be due to the strong silica-etching 

behavior of CHF3 and HF gases evolved during pyrolysis [2-5].  

 

Table D.2: Combined elemental analysis for untreated, 100% VTMS and 10% VTMS 

treated CMS Matrimid
®
 and 6FDA:BPDA-DAM (Pyrolysed at 550°C under argon UHP) 

 
 Carbon Hydrogen Nitrogen Oxygen 

Fluorin

e 
Silicon 

Matrimid
®
 based CMS 

 

Untreated  

 

(wt%) 87.4 3.1 4.8 4.8 --- --- 

(At%) 66.1 28.1 3.1 2.7 --- --- 

 

V-treated  

(100% VTMS) 

 

(wt%) 76.1 3.2 4.0 5.2 --- 11.6 

(At%) 56.2 35.6 2.3 2.4 --- 3.6 

 

V-treated  

(10% VTMS) 

 

(wt%) 85.6 3.4 3.9 3.0 --- 4.2 

(At%) 64.2 30.3 2.5 1.7 --- 1.3 

6FDA:BPDA-DAM based CMS 

 

Untreated  

 

(wt%) 82.5 3.1 7.4 7.0 --- --- 

(At%) 60.6 27.0 4.7 3.9 --- --- 

 

V-treated  

(100% VTMS) 

 

(wt%) 78.9 2.8 6.9 8.8 0.2 2.4 

(At%) 62.4 26.8 4.7 5.2 0.1 0.8 

 

V-treated  

(10% VTMS) 

 

(wt%) 81.2 3.0 7.0 7.3 0.2 1.3 

(At%) 63.0 27.6 4.6 4.3 0.1 0.4 
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 There is of course, a possibility that the V-treatment optimization value           

(10% VTMS) for Matrimid
®
 precursor does not hold for the V-treated 6FDA:BPDA-

DAM. The 10% VTMS might not be the optimum amount for 6FDA based precursors 

and possibly an even lower VTMS concentration could be better in terms of separation 

performance. As the purpose this study has been to develop a fundamental concept for 

restricting collapse and to demonstrate its potential in achieving superior gas permeances, 

only Matrimid
®
 precursor has been the focus of V-treatment optimization. Hence, further 

studies following optimization of V-treatment for 6FDA based precursors can lead to a 

bigger impact for different industrially relevant challenging gas separations.   
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