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ABSTRACT 

Matrimid was utilized for the preparation of membranes with asymmetric 

structures. A combination of well-known solvents for Matrimid which include 1-

methyl-2-Pyrrolidone (NMP), tetrahydrofuran (THF), dichloromethane,   

tetrachloroethane as well as non-solvents n-butanol, xylene, and acetic acid were 

used. Cast solutions were prepared at room temperature for different 

combinations and compositions of polymer/solvent/non-solvent systems. PEG 

and Octa-(amino phenyl) POSS were introduced in some of the cast solutions.  

The membranes obtained were characterized by permeation test for gas 

permeabilities and selectivities, Scanning Electron Microscopy (SEM) and 

Nuclear Magnetic Resonance (NMR) Spectroscopy. The gas permeation test 

showed that the use of mixture of dichloromethane and tetrachloroethane as 

solvents with xylene non-solvent and acetic acid as stabilizer gave membranes 

with very high gas selectivity of 133 for CO2/N2 and 492 for CO2/CH4. Also, cast 

solutions containing PEG resulted in membranes with slightly enhanced 

selectivities from 30 to 42 for CO2/N2. Permeation results for CO2, N2 and H2 and 

the selectivities for gas pairs such as CO2/N2, CO2/CH4, are discussed in relation 

to the effect of pressure on the membrane permeance, they are also compared 

with existing results. 
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CHAPTER 1 

RATIONALE AND OBJECTIVE 

 Matrimid is a polyimide used in commercial quantities for its excellent thermal 

and mechanical stability. It is applied on industrial scale for gas separation.  

There is ongoing research to modify and therefore enhance the membrane 

performance properties of Matrimid. Composite membranes of Matrimid have 

been made with inorganic fillers like zeolites, carbon molecular sieves, carbon 

nanotubes and organic fillers. Special attention has also been given to 

manufacturing these membranes with high gas permeabilities and selectivities. 

Improving on the properties of membranes made from this polyimide is of great 

interest in both research studies and the gas separation industry. 

This thesis research has been driven by the need to make membranes with high 

gas permeability coupled with a relatively high selectivity for single gas 

measurement and maintaining this capability when mixed gases are passed 

through the membrane. The CO2 permeances of membranes made, as well as 

the selectivities for CO2/N2, CO2/CH4 and H2/CO2 were studied. The focus was 

on making asymmetric membranes and composite membranes and 

characterizing them. The goal was achieved by making cast solutions with 

different solvent and non-solvent systems and optimization of the best system.     
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Membranes for Gas Separation 

Industries that have activities related to gas separations, gas emissions and gas 

utilization, in recent times, are beginning to take interest in the use of 

membranes. This is because of the many advantages offered by membranes, 

which usually have a small footprint, cost of operation, minimum energy 

requirement and low capital investment. 

There are other features that account for considering membranes for gas 

separations. Membranes can conveniently be substituted for some gas 

separation processes like absorption, pressure swing adsorption and cryogenic 

distillation. They can be used to obtain higher concentration of pure gases due to 

their ability to separate gases at the atomic and molecular scale. It is easy to 

incorporate membranes into existing separation technologies thereby enhancing 

productivity as against a stand-alone of either technique. There is no phase 

change when membranes are used; this makes them convenient for gas 

separation by saving the energy required in other techniques to convert back to 

the initial phase and pressure. 

Several gas separation membranes have been identified for the purpose of this 

study; they are categorized into three groups. 
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2.1.1. Inorganic Membranes 

Dense ion-conducting or metallic membranes, zeolite and microporous carbon 

membranes are some types of inorganic membranes for gas separation which 

have gained so much interest and use in both research and development for use 

[1]. Inorganic membranes are characterized by: 

 High thermal stability. They can be used in conditions of high 

temperatures 

 High mechanical strength and durability 

 High chemical stability, they can withstand corrosion , enabling use where 

polymeric membranes cannot withstand corrosive gases 

These features make inorganic membranes attractive for use in membrane 

processes. However, the unit cost of production is more expensive and complex 

than polymeric membranes. The frequency of defects appearing in inorganic 

membranes during formation leading to membrane instability, loss of intrinsic 

selectivity and difficulty in reproducing them are major drawbacks [2]. Several 

modifications have been used to overcome these defects. Post-synthesis 

treatment with Pd Nano-particle implant in silica membrane was investigated by 

Lee and his group [3]. They demonstrated that the deposition of Pd particle on 

silica membrane is effective in blocking the defects present in the membrane. 

Other techniques include: Atomic layer deposition (ALD) [4], counter-diffusion 

liquid deposition (CLD) [5] and coating with a permeable polymer. 
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2.1.3 Polymeric Membranes 

Organic polymers have large application in gas separation processes and for 

other industrial separation needs. Polymeric membranes are easily processed 

and are reproducible (especially into asymmetric hollow fibre membranes – these 

membranes are sort for industrially for gas separation due to their high area to 

volume ratio (>1000 m2/m3)) and therefore reduce unit cost of production. Low 

cost and energy requirement are major reasons why they are used on an 

industrial scale. They are also chemically and thermally stable and exhibit high 

performance characteristics [20]. They currently compete favorably with 

conventional processes like cryogenic distillation or pressure swing adsorption 

for gas separation. Gas transport in polymeric membranes is by solution-diffusion 

mechanism; this will be discussed in section 2.2.  Polymers which have been 

synthesized for use in gas separations include polyesters, polycarbonates, 

polysulfones, polypyrrolones, polyimides and polyamides. Polyimide Matrimid® 

was used in this thesis work. It is used on an industrial scale for gas separation 

because of its desirable properties as a polymeric membrane as already 

discussed. 

It is however necessary to point out that polymeric membranes are faced with 

tradeoff of permeability and selectivity. Robeson reported this in 1991, where he 

showed the relationship between the selectivity for small gaseous molecules (for 

example, O2, N2, CO2, and CH4) and the permeability. Of all the polymeric 
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membranes that were studied, he pointed out that there was an upper bound 

beyond which no polymeric membrane exists [21] as illustrated in figure 2.1 [7]. 

This can be explained by the transition state theory, where increases in chain 

stiffness and interchain separation are known as means to improve separation 

performance. When the interchain separation is large enough, the penetrant 

diffusion ceases to be controlled by the polymer segmental motion and unless 

solubility selectivity can be improved on, the upper bound will continue to be the 

reference point for the performance of polymeric membranes [22]. 

 

 

 

 

 

 

 

 

Figure 2.1: Upper bound correlation for CO2/N2 separation [7] 

𝛼𝑁2

𝐶𝑂2  
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2.2 Gas Transport in Polymeric Membranes and Terminologies 

2.2.1 Permeation 

The solution-diffusion model is used to describe gas transport through dense or 

non-porous membranes. This is a process that describes permeation as a 

process whereby under the influence of applied pressure, gas molecules are 

absorbed on the surface of the membrane, diffuse through the membrane matrix 

and are desorbed on the downstream end of the membrane as illustrated in 

figure 2.2 [20]. It is defined mathematically as the permeability of a gas A, PA  

[cm3 standard temperature and pressure (STP) cm/cm2 s cm Hg] through a 

membrane being equal to the product of the average diffusion DA (cm2/s), and 

sorption SA (cm3-gas/cm3-polymer cm Hg),coefficients. It is written as 

                                        (2.1) 

When the pressure on the permeate side of the membrane equal zero, the 

selectivity αA/B, for a gas A over gas B is defined as the ratio of the permeabilities 

of gas A, PA to gas B, PB given by; 

                                                          
  
  

 
  
  

 
  

  
 
  
  

                                                         

It is now apparent that selectivity may be a result of solubility selectivity 

(differences in solubility coefficient of both gases) or diffusivity or mobility 

selectivity (differences in diffusivity coefficient of both gases) [23]. The gas with 

the slower permeability is used as the denominator; hence selectivity is always 
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greater than one. Permeabilities describe the intrinsic property of a material; they 

are dependent on pressure and temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Solution-diffusion Mechanism 

Solution- diffusion model is the mechanism used to describe the transport of 

gases through a polymeric membrane. Concentration gradient on both sides of a 

membrane is the driving force behind sorption, diffusion and permeation in the 

membrane [24]. 

The model outlines 3 steps that comprise the permeation through the 

membranes: adsorption or absorption at the upper boundary; diffusion through 

the membrane and desorption at the downstream boundary as shown in figure 

Figure 2.2: Permeation of a gas through a dense polymeric membrane [20] 

 
p’ is the feed pressure 

p’’ = permeate side pressure 

c’ = gas concentration in the film at 

the feed/film interface 

c’’ = gas concentration in the film at 

the permeate side 

z = direction of gas flow 
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2.3. 

 

 

 

 

 

 

 

where l is the thickness of the membrane, ci is the gas concentration at point i, pi 

is the pressure at point i, i=1,2 and x is the direction of gas flow through the film. 

From the illustration above, gas sorption in the polymer can be described by 

Henry’s law (equation 2.3) while gas diffusion through the membrane is governed 

by Fick’s law described in equation 2.4. 

                                                                                                                                                 

                                                                    
   
  

                                                                        

S is the gas solubility coefficient, N is the gas flux through the membrane, and D 

is the gas diffusion coefficient. Equation 2.3 and 2.4 when combined and 

rearranged are as follows: 

Figure 2.3: Illustration of the three-step transport mechanism in solution-
diffusion  

c1   1 

l 

p2 c2   2 

p1 

x 
0 
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Integrating equation 2.5 from x=0 to x=l yields; 

                                                          ∫        ∫   
 2

  

 

 

                                                          

Solving equation 2.6 for N gives; 

                                                                      
    

 
                                                                      

2.1.2. Mixed Matrix Membranes 

Mixed matrix membranes (MMM) are formed by dispersing inorganic fillers or 

particles in polymeric phase or materials. MMMs combine the advantages 

obtainable from each of the individual materials when used as membranes. The 

easy processability of polymeric membranes when combined with high 

membrane performance characteristics of inorganic membrane materials is 

expected to form a matrix that is easily processed and retains its performance 

[6]. Other desirable properties are:  the lower cost of producing polymeric 

membranes and the much needed mechanical properties of inorganic 

membranes. More attention was drawn to fabricating MMMs for gas separation 

due to the constraints placed by polymeric membranes as described in Robeson 

trade-off between permeability and selectivity of a gas [7], where a higher 

permeability means a lower selectivity and verse versa. Inorganic particles like 
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zeolites [8–10], carbon molecular sieves[10,11], carbon nanotubes [12,13] and 

organic fillers [14] are commonly used in mixed matrix membranes.  

However, there are instances at the polymer-sieve interface, when due to 

inadequate adhesion, the result can be increased permeability with no 

improvement in the selectivity or even a reduction in the overall permeability of 

the polymer [15–17]. Mixed matrix membranes made with inorganic fillers in 

many cases have defects and extensive studies have been conducted to find 

ways to reduce their occurrence. One of such defect prevention means is the use 

of metal organic frameworks (MOFs) [17–19]. MOFs are made up of inorganic 

metal ions joined by organic components [15]. 

2.2.3 Gas Transport in Rubbery and Glassy Polymers 

At certain low temperature regions, the amorphous segments of a polymeric 

material are rigid or in glassy state. The molecules can be described as frozen in 

this temperature region, there is no segmental motion and the molecules are only 

able to vibrate slightly. When this polymer is heated, it will get to a temperature 

when these segmental chains just begin to move, this is the glass transition 

temperature (Tg) and the polymer transits into a rubbery polymer. 

In a particular condition of use, a rubbery polymer is an amorphous polymeric 

material which is above its glass transition temperature. Henry's sorption law 

describes gas sorption in this type of polymer (Figure 2.4). There is a linear 

relationship between the concentration of the molecules absorbed in the polymer 
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matrix and the pressure applied [25]. Henry's law written as; 

                                                                                                                                   

Where CD,    and p, are the concentration, Henry's law coefficient and pressure 

respectively.  

 

            Figure 2.4: Henry’s law for gas sorption in rubbery polymer    
 

Gas transport in glassy polymers is described by the dual-mode sorption model 

as shown in figure. 2.5. This is attributed to the fact that, in glassy polymers, gas 

sorption is not only through the polymer matrix but also through the excess 

volume or "free volume” of the glassy polymer [26]. The dual-mode describes two 

regions, the Henry's law (as sorption in rubbery polymer) and the Langmuir’s 

region (as a result of the glassy state) [27]. It postulates that a finite number of 

C
o
n
c
e
n
tr

a
ti
o
n
 (

c
m

3
(S

T
P

)/
 c

m
3

 p
o

ly
m

e
r 

Pressure (bar) 

Henry’s Law 



21 
 

Langmuir "sites" exist, and they become saturated as sorption increases or there 

is "hole filling" of the microcavities. It is expressed mathematically as: 

                                                                                                                              

                                                                            
  

   

    
                                                

C is the penetrant concentration, CH' is the Langmuir’s capacity, b is the 

Langmuir’s affinity constant. The dual model provides excellent fits for 

experimental data, as seen in figure 2.6 [28]. 

Figure 2.5: Dual-mode sorption isotherm. It explains that the total concentration 
is the sum of the Henry's law and Langmuir’s mode [28].      
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Figure 2.6: CO2/Lexan® sorption isotherm. The curved line is the dual 
mode model and the circles are experimental data [29] 

 

2.2.4 Gas Transport in Composite Membranes 

Composite membranes are high performance membranes with a numerous 

industrial applications for separation purposes. They comprise a thin dense 

selective top layer on a porous sub-layer which acts as a support for the selective 

layer. The porous support provides mechanical strength and could be made of 

the same material as the thin selective layer or of a different material. In this 

thesis work, asymmetric membranes were made from Matrimid polymer and 
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silicone was used as coating. The formation of asymmetric or composite 

membranes is faced with the problem of microscopic defects or pinholes. A 

defect free membrane is a requirement for high performance. The presence of 

pinholes contributes to Knudsen or viscous flow leading to a reduction in 

selectivity. To combat defect problem in these membranes, silicone rubber or 

other highly permeable polymeric materials  are commonly  used as an extra 

layer on the surface of the asymmetric or composite membrane to act as a 

"defect sealer" [30]. They may also serve the purpose of providing a 'gutter' layer 

between the thin selective layer and the support layer [31] or are used to protect 

the surface of the membrane from direct contact with the surrounding conditions. 

The resistance model has been used to explain gas transport in composite 

membranes. The main separation component is the thin selective layer and the 

porous layer acts only as a support. 

Henis and Tripodi [30] first presented the concept of resistance model in 

composite membrane. They compared mass transport through the membrane 

with an electric circuit and defined the permeation rate or flux through a 

polymeric membrane for a component i as: 

                                                                      
   

 
⁄                                                                   

Qi is the permeation rate of i(mol/sec),Pi (mol-m/m2-sec-Pa) is the intrinsic 

permeability of the polymeric membrane, A (m2) is the cross-sectional area of the 

surface of the membrane, l (m) is the thickness of the membrane and ci (Pa) is 
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the partial pressure difference across the membrane of the component i. 

The above concept is related to Ohms law of current flow through a resistor given 

as: 

                                                                                
 

 
                                                                    

The current I, is analogous to Qi, the difference in electrical potential E is related 

to Ci. Therefore the membrane resistance R is 

                                                                            
 

   
                                                                   

Equation 2.11 becomes, 

                                                                                                                                   

The resistance model proposed by Henis et al assumes that permeation in the 

composite membrane is like the flow of electricity through a series-parallel 

arrangement of resistors figure 2.7 [30]. 

The total resistance to permeate flow, Rt, is defined as a summation of the 

resistance in series; R1 which is the resistance contributed by the coating to gas 

permeation, R4 is the resistance of the porous polymer matrix; and in parallel; R2 

and R3 are the resistances of the dense and porous parts of the surface of the 

skin layer respectively. This is described by equation 2.15. 
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The resistance to permeation as in equation 2.13 is R2. The resistance to 

Knudsen gas flow through the porous regions relate to R3 and R4. The 

resistances are functions of the size of the pores in the polymer matrix and the 

surface area of the membrane.  

 

  

 

 

 

 

 

Figure 2.7: Resistance Model of a composite membrane  

 

Equation 2.15 becomes equation 2.16, on the assumption that the porous layer's 

resistance is negligible when compared to the combined resistance of the coating 

and the skin layer. 

                                                                     
    

     
                                                          

Combining equation 2.16 and 2.13 and with several other assumptions, such as 
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the pores in the composite membranes being filled the coating solution, such that 

the resistances of R1 and R3 are defined by equation 13, the total flux of a 

composite membrane can be defined as; 

                               (
  

      
 

 2

 2   2
 

  

      
)                                                            

The Resistance Model described by Henis et al does not account for cross flow 

at coating and selective layer interface. Other models such as the Wheatstone 

Bridge Model (Figure 2.8)  have  been used preferably to described gas transport 

in composite membranes, and this is discussed elsewhere [32]. 

 

 

Figure 2.8: Wheatstone bridge model for a laminated membrane [32] 
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2.3 Membrane Processes and Applications 

2.3.1 Non-condensable Gases 

Permanent gases or non-condensable gases (for example hydrogen H2, nitrogen 

N2, oxygen O2 and helium He) have critical temperatures below room 

temperatures and are not condensable even at high pressures while maintaining 

these temperatures. Membranes have and are still been developed for 

separation of condensable gases. 

Hydrogen Separation 

Hydrogen is a very permeable gas especially in its permeation through glassy 

polymers like polyimides. It has good selectivity with respect to other gases such 

as nitrogen and carbondioxide. Separation of hydrogen with membranes is used 

commercially on a large scale in industries for hydrogen separation from 

ammonia purge gas streams; it is gaining reputation for use in syngas 

production, for water gas shift reactions. It is used in the refinery for extraction of 

hydrogen from naphtha cracking and hydrogen separation from methanol purge 

gas. Using membranes for hydrogen separation is favored by the fact that 

hydrogen is mostly available at high concentrations in the feed stream at high 

pressures and so does not require further pressure. The purity of recovered 

hydrogen can get up 98% with over 95% recovery. Figure 2.9 is a schematic 

representation of a Hydrotreater with a membrane hydrogen recovery unit with 
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up to 97% hydrogen purity [20][33–35]. 

 

Figure 2.9: Hydrotreater for hydrogen recovery from a purge gas stream [34] 

 

There are several other non-condensable gas separations, they are discussed 
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elsewhere [22], [34], [35]. They include enrichment of oxygen from by removing 

nitrogen and helium recovery. 

2.3.2 Condensable Gases 

Carbondioxide Separation 

The recovery of carbondioxide is very important in many applications. 

Carbondioxide recovery is relevant in the petroleum and petrochemical industry 

for natural gas sweetening (CH4/CO2), landfill gases, to produce biofuels, in 

enhanced oil recovery to regenerate CO2 that was used as injections in oil wells 

to increase oil production [35], treatment of synthesis gas (H2/CO2) and the 

capture of CO2 from flue gas (CO2 /N2 ) [22]. 

The recovery of CO2 using polymeric membranes is determined by the diffusivity 

and solubility selectivity factors. For this separation membranes with high CO2 

permeabilities and high selectivities are required. Membrane materials have been 

synthesized with several interesting properties; Pebax copolymers with P (CO2) = 

110−130 Barrer and α (CO2/N2) = 37−49 [36], [37] polyimides and polyamides 

with CO2/N2 selectivities ranging between 11 and 31 and α CH4/CO2 between 16 

and 64 [38]. 
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CHAPTER 3  

EXPERIMENTAL 

3.1  Matrimid 

Matrimid is a polymer that is obtained by the polycondensation of 3’3’4’4’-

benzophenone tetracarboxylic dianhydride (BTDA) and (diaminio-phenylindane) 

5- and 6-amino-1-(4-aminophenyl)-1,3,3-trimethylindane Figure 3.1. Matrimid is a 

desirable polymer especially for use in gas separation membranes because of its 

performance capability in its attractive combination of permeability and selectivity 

for many important gas pairs. It has good chemical resistance, thermal properties 

with high glass transition temperature and excellent mechanical properties [44]  

 

Figure 3.1: Structure of the Matrimid 5218 

 

3.2 Solvent and Non-solvent System for Matrimid 

For experiments conducted, several solvent and non-solvents were utilized in 

making the asymmetric membranes. These systems were chosen based on the 

work of Shishatskiy et al [39] and Peinemann [40]. 
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3.2.1 Solvents and Non-solvents 

1-Methyl-2-Pyrrolidinone (NMP: Fisher Scientific) 

(B.P. 205oC/760mmHg, 82°C/10mmHg) 

Dichloromethane (Aldrich) (b.p. 40°C/760mmHg) 

CH2Cl2 

Tetrachloroethane (C2H2Cl4) (b.p.146.5°C/760mmHg) 

Toluene (C7H8) (b.p 110.6oC/760mmHg) 

 

Tetrahydrofuran (THF) (b.p. 76oC/760mmHg) 
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Gamma-Butyrolactine (GBL) (b.p.204°C/760mmHg) 

 

Butanol (n-BuOH) (b.p. 117.7°C/760mmHg) 

Water (b.p. 100°C/760mmHg) 

p-xylene (C8H10) (b.p. 138°C/760mmHg) 

 

Acetone (C3H6O) (b.p. 56.2°C/760mmHg) 

 

 



33 
 

3.2.2 Polymer/Solvent/Non-solvent System 

The composition of the solvent and non-solvent in the solution of the polymer 

plays a vital role in the membrane formation process. Making solutions close to 

the cloud point is necessary to make membranes that have high flux and are 

defect free. The appearance of macro-voids can also be decreased by adding 

non-solvents [41], [42]. Non-solvents have been shown to increase the 

interactions between the polymer chains by decreasing the dissolving effect of 

the solvent; it helps in approaching cloud points more quickly and accelerates the 

phase inversion process which can account for the thinner selective layers that 

are formed [43].  

The solvent present in the solution is also useful for the membrane morphology 

and performance. Figure 3.2 shows a membrane with sponge-like structures. 

 

Figure 3.2: Sponge-like structure of Matrimid membrane CI-0018 
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Two casting solution systems were used in this work. These casting solutions are 

ternary mixtures of Matrimid, solvents and non-solvents. The respective 

components of each of these casting solutions are: Matrimid/NMP/THF/n-butanol 

and Matrimid/CH2Cl2/C2H2Cl4/p-xylene/toluene/acetic acid.  

The use of volatile solvents as THF and dichloromethane helps to cause a 

delayed liquid-liquid demixing, which in turn results in  the formation of dense top 

layer with sub-layers having macro-voids figure 3.3. 

 
Figure 3.3: Membrane with top dense layer and macro-voids 

 

The work done by Shishatskiy et al was used in this work to choose the casting 

solution composition with the accompanying cloud points. Figures 3.4 and 3.5 

are ternary systems showing cloud point lines for casting solutions. Using the 

diagrams, it was possible to determine and choose the composition of casting 

solutions to be made. 
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Figure 3.5: Phase diagram for the cloud point lines of a ternary system of 
Matrimid with solvent and non-solvent [39] 

 

Figure 3.4: Phase diagram for the cloud point lines of the ternary system of 
Matrimid with solvent and non-solvent [39] 
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3.3 Membrane Preparation 

3.3.1 Asymmetric Matrimid Membrane Preparation 

Matrimid 5218 was dried in the oven for 24 hours at 100oC before use. 16% 

Matrimid casting solutions were prepared by stirring on a magnetic stirrer at 

ambient temperature and for 24 hours to obtain a homogenous solution. The 

solution was left at room temperature for 24-36 hours to allow removal of air 

bubbles. The solvents and non-solvents THF, NMP, GBL, CH2Cl2, C2H2Cl4, were 

used in different ratios (it will be discussed in the next chapter) based on work 

done previously in literature and understanding gained from several other 

literatures [39], [40]. Asymmetric membranes were made by casting the solution 

on a glass with a casting knife, set to 0.25mm to control the membrane 

thickness. These membranes were prepared by the dry-wet phase inversion 

process described in literature [45].  In this procedure, after casting the solution 

on a glass plate, it is exposed to air for 10-60seconds before been immersed in 

water or acetone (at room temperature). Phase separation occurs during 

precipitation in water or acetone. The membrane is left in the precipitation bath 

for 30 minutes or more depending on the precipitation solution used (30 minutes 

for Acetone and one hour for water). For acetone precipitation, the membrane is 

removed and dried for 24 hours at room temperature before coating or 

characterization. For water precipitation, the membrane is rinsed with warm 

water and left to dry under atmospheric conditions for 24 hours. 
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3.3.2 Composite Matrimid Membranes on Non-Woven 

To provide a better mechanical support for the asymmetric membrane, polyester 

non-woven material was used. On a smaller scale, the solution was cast on non-

woven with a casting knife or a casting machine with a thickness of 250µm. The 

same procedure as discussed in 3.3.1 was used to obtain the membrane. It was 

possible to make better membranes with the casting machine as opposed to 

casting on non-woven with a knife. However, the membrane performance was 

not very good. 

3.4 Polyhedral Oligomeric Silsesquioxane (POSS) 

Polyhedral Oligomeric Silsesquioxane exists as cage-type structures. Its 

formation involves two steps: the formation of Si-O-Si block which is the core of 

the caged structure and then building on the polyhedral network and the organic 

substituents are modified. POSS appear colorless or are white crystalline solids 

or viscous liquids that are transparent. They have a formula of (RSiO1.5) n where 

n= 8, 10 or 12 [46]. Different POSS molecules are available and produced by 

Hybrid Plastics Inc. The properties and synthesis of POSS have been described 

elsewhere [46–49]. The incorporation of POSS in the Matrimid polymer matrix by 

physical blending or co-polymerization can improve on the separation properties 

of the membrane. Ríos-Dominguez et al studied the effect of POSS on 

polystyrene. They concluded with results that with up to 10% wt. of POSS in the 

polymer matrix, there is an increase in permselectivity and this is due to changes 

in the gas diffusivity. At POSS concentrations greater than 10%, permeability 
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was remarkably increased, this was accounted for by diffusivity and solubility 

[50]. POSS also have the added advantage of enhancing the mechanical and 

thermal properties and reducing the tendency of their nanocomposite 

membranes to absorb water [51]. In this research to study the effect of POSS on 

Matrimid membranes, according to availability, PEG-POSS and Octa-amino 

phenyl POSS were used by physical blending with the membranes.  

 

3.4.1 Polyethylene Glycol POSS (PEG POSS) 

 

                        

 

Figure 3.6: Structure of PEG POSS 

PEG- POSS is a pale yellowish viscous liquid. It is soluble in water and alcohols. 

PEG POSS was dispersed in a Matrimid casting solution. 

3.4.2 Octa(aminophenyl) POSS (OAP-POSS) 

Octa(aminophenyl) POSS is soluble in THF and is a light brown solid. OAP-

POSS was dissolved in dichloromethane and used further for the preparation of a 

cast solution with Matrimid. 



39 
 

  

3.4.3 Matrimid membranes with POSS 

From studying work done by several researchers [52–55], POSS was utilized in 

several ways. PEG POSS (cage mixture lot 08091056) was used in different 

ratios for example 3-10% of PEG POSS in a cast solution by Matrimid 

composition. 

3.5 Polydimethylsiloxane (PDMS) 

Polydimethylsiloxane has a repeating unit of dimethylsiloxane [(CH3)2SiO]. 

 

                            Figure 3.8: Structure of Polydimethylsiloxane 

 

Figure 3.7:  Structure of OAP-POSS 
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PDMS has a low surface energy of 20-23 dynes/cm2 and a glass transition 

temperature of -123oC. They form a low surface energy shield, this in turn 

accounts for the low intermolecular interactions and peculiar characteristics of 

PDMS [56], [57]. 

For use as coating materials in membranes, PDMS have been cross-linked by 

several methods [57][58]. Typically the use of PDMS as coating in membranes is 

to block defects on the selective surface of a membrane and also to form a 

protective coating for the membrane. When PDMS is used as coating on a 

membrane, a composite membrane is formed and the gas performance 

characteristics of this membrane is described the by resistance model as 

discussed in chapter 2. 

3.5.1 Matrimid Membranes with PDMS Coating 

PDMS was used to cure the defects in many samples of the membranes. It was 

prepared by using 2% solution of PDMS in isooctane with adhesive and catalyst 

in a 300:2:1 ratio. The solution was stirred and applied on the membranes by dip 

coating and left to dry at room temperature for not less than 24 hours. 

3.6 Characterization Methods 

3.6.1 Gas Permeation Test 

Gas permeation test was conducted using a constant pressure/variable volume 

apparatus (figure 3.9). Two test cells with membrane areas 13.33cm2 and 
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2.81cm2 were used. The pure gas measurement was to measure gas flux for 

CH4, N2, CO2 and H2. Gas pressure varied from 1-19bar at room temperature. 

The polymer is placed in the cell. The gas is allowed to flow at the chosen 

pressure and readings are taken only when a constant pressure has been 

attained. The time required for a bubble to move through a specified volume is 

measured from the bubble flow meter and these results with other constant 

parameters are used to calculate the gas flux and permeance respectively as 

given below. 

                                                                          
 

  
                                                                        

                                                                    
 

      
                                                                    

Where N, m3/m2hr, is the rate of gas flow or gas flux, V, m3, is the volume of the 

displaced bubble, A, m2, is the membrane area, t (hours) is the time for a bubble 

to flow across a volume in the bubble flow meter.QA, m3/m2hr.bar, is the 

permeance and ΔP, bar, is the applied pressure. 

The gas selectivity for a gas pair was calculated from results obtained from gas 

permeance and is given as: 
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3.6.2 Nuclear Magnetic Resonance (NMR) Spectroscopy 

Nuclear Magnetic resonance spectra for some of the membrane samples where 

obtained using a Bruker 900MHzWide-Bore magnets. NMR was done to see and 

compare the structures of the membranes in varying conditions of preparation. 

3.6.3 Scanning Electron Microscopy (SEM) 

NOVA NanoSEMTM instrument was used to study the structure of the pores 

inside and on the membrane surface. It was possible to identify the dense and 

porous region of the membranes made, see the thicknesses of these layers and 

relate them with the results of the permeation test conducted. In one case, a 

membrane that was poorly coated with PDMS was identified and hence 

explained the permeability and selectivity result that was obtained for that 

membrane. The images of several membrane samples were observed. 

3 

1 

2 4 
5 

6 

Figure 3.9: Schematic of the experimental setup used for gas permeation test: 
(1) Feed gas; (2) Valve; (3) Pressure guage; (4) Membrane module; (5) Cell; (6) 
Bubble flow meter. 
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CHAPTER 4 

RESULTS AND DISCUSSIONS 

4.1 Formation and Morphology of Asymmetric Matrimid Membrane 

The combination of solvent and the non-solvent in the casting solution is 

important in the formation of membrane structures and properties. In this work, 

all membranes were made under the concept of delayed demixing, thereby 

making asymmetric membranes with a dense skin layer and porous substructure. 

The SEM images in figure 4.1 show the cross-sections of a typical membrane 

made by a combination of different solvents and non-solvents. All the 

membranes were coated with PDMS to seal off defects. 

 

 

 

 

 

 

 

Figure 4.1: SEM image of the cross section of Matrimid membrane structure 

with  PDMS 
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4.1.1 Gas Transport 

Defects in the membranes where blocked by the PDMS coating applied hence 

Knudsen and microporous diffusion where avoided. The membranes where 

measured at room temperature within pressure range of 2-19bars. Those 

membranes not coated with PDMS when tested yielded poor selectivity which is 

a proof of the presence of defects in the membrane. Although with PDMS coating 

there was significant drop in permeances, the selectivity of the measured 

membranes increased in multiples like obtaining CO2/N2 selectivity of 82 as 

against α (CO2/N2) of 5 for the uncoated membrane. This drop in permeance can 

be said to be a result of plugging the defects in the membranes and thus 

reducing the flow contributed by these defects. The N2 permeance also dropped 

significantly with PDMS treatment. In some membranes, it became impossible at 

all measured pressures to detect N2 flux. This improvement can only be partly 

attributed to the presence of PDMS as blocking the defects enhances the 

membrane performance. 

The single gas permeance of untreated and treated Matrimid membrane is 

shown in table 4.1. The coated membrane has much lower permeances but 

higher selectivities, showing the presence of defects before coating. 

 

Table 4.1 Gas permeance of untreated and treated Matrimid membrane 
 

Gas Untreated Matrimid membrane                                                                                                                                       
Permeance a      α(CO2/N2) 

              PDMS coated  
Permeance a    α(CO2/N2) 

CO2              3200                  13               879             30 

N2                242              29 

 

a- Gas Permeance,×10
4
m

3
(STP)/(m

2
-h-bar) 
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4.2 Study of Solvent- Non Solvent System in Membranes 

The interaction between solvent and non-solvent plays a vital role in the 

formation of membranes. The extent to which the solvent and non-solvent 

interact accounts for the rate at which demixing occurs. When there is high 

interaction, delayed demixing takes place.  In this work, asymmetric membranes 

with dense skin were made and membranes formed by delayed demixing have a 

dense skin and spongy structure [54].  

4.2.1 THF/NMP/N-butanol 

A casting solution was prepared by dissolving 16% Matrimid polymer (all the 

membrane in this work were made using 16% Matrimid) in 46% NMP, 30% THF 

and 8%, n-butanol. The properties of the resultant membrane are shown in figure 

4.1 and table 4.2. The structure of the membrane is one with a porous finger-like 

sub structure possibly a result of the NMP constituent of the solvent, which 

possibly has high miscibility with the non-solvent. The membrane samples are 

designated by percentages of the solvent and non-solvent. 46/30/8 is a 

membrane made from 16% Matrimid polymer containing 46% NMP, 30% THF 

and 8% n-butanol.  It is clear from table 4.2, that a higher THF content in the 

solution gave membranes with the highest selectivities. This can be due to a 

slower rate of demixing. THF (76oC) has a much lower boiling point than NMP 

(205oC). Due to this low boiling point, there is a faster evaporation of the casting 

solution, resulting in a more concentrated polymer phase at the top layer of the 

casting film. This concentrated layer in turn slows the rate of exchange of the 
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Table 4.2 Transport properties of Matrimid Membranes with NMP/THF/ n-butanol 

 

 

 

 

a- Gas Permeance, ×10
4
m

3
(STP)/(m

2
-h-bar) 

b- Permeance ×10
2
 m

3
 (STP)/(m

2
 h bar) 

 

 

 

 

 

 

Figure 4.2: SEM images of the cross section of Matrimid membranes with CH2Cl2/C2H2Cl4/xylene/acetic acid

Membrane  Gas Permeance                                                           Selectivity 

  H2
a H2

b N2
a N2

b CO2
a CO2

b  CO2/N2 H2/N2 H2/CO2 

46/30/8  2045 75.4 29.2 1.1 879 32.4  30 70 2 

42/42/0  1369 50.4 25.2 0.93 771 28.4  31 54 2 

36/40/8  353 13.0 2.9 0.11 239 8.8  82 122 1.5 

28/53/3  30.5 1.1 0.82 0.03 40.4 1.5  49 37 0.8 



solvent on the bottom layer and the non-solvent coagulant during immersion in 

the coagulation bath. The result is a slower rate of precipitation, and a membrane 

with more dense skin layer or less porous structure. 

4.2.2 CH2Cl2/C2H2Cl4/Xylene/Acetic acid 

 This selection of solvent and non-solvent was based on the invention of 

Peinemann [40]. Figure 4.2 and table 4.3 show the properties of the membrane 

obtained. A dense skin layer with sponge-like substructure is formed. This 

membrane is of particular interest due to the extra-ordinarily high selectivity 

obtained for gas pairs such as CO2/N2 and CO2/CH4. A possible explanation for 

this can be drawn from the solvent –non-solvent and precipitation agent 

interaction. The overall membrane morphology can be attributed to a combined 

effect of these solutions.  

Dichloromethane is a very volatile solvent with a boiling point of 40oC. It quickly 

evaporates from the solution, forming very quickly, a concentrated polymer upper 

layer of the cast film, even before immersion precipitation. The faster rate of 

evaporation is also accompanied by the increase in the concentration of the non-

solvents xylene and acetic acid, which form dispersed droplets in the casting 

solution. The polymers rest about these droplets leading to a denser skin 

formation. When immersed in the coagulation bath this structure becomes fixed. 

The precipitation agent has an effect on the thickness and pore structure of the 

membrane [40]. Acetone was used for coagulation and it obviously has a slow 

precipitation rate for Matrimid, that is, the rate of removal of solution  
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from the film is faster that the rate of diffusion of the solvent in the membrane. 

This accounts for the closed pore structure that was formed. 

Additionally, the miscibility of the components of the casting solution and their 

rates of evaporation should be taken into consideration in order to understand 

better how this membrane was formed. 

Data from table 4.3 shows that changing the ratio of the solvents that is reducing 

the composition of the very volatile dichloromethane, results in a membrane with 

higher permeance for all gases measured. This in turn causes a reduction in the 

membrane selectivity which has a tradeoff function with gas fluxes or permeance 

Table 4.3 Transport Properties of Matrimid membranes formed from                 
CH2Cl2/C2H2Cl4/xylene/acetic acid 

Membrane    Gas Permeance   Selectivity  

  
H2

a N2
a CH4

a CO2
a  CO2/N2 H2/CO2 CO2/CH4 

CI-0018 b  
257 4.6 1.24 609  132 0.42 492 

CI-0022 c  2186 28.6 - 1514  52.9 1.44 - 
  

a- Gas Permeance,×10
4
m

3
(STP)/(m

2
-h-bar) 

b- CI-0018: made from CH2Cl2/C2H2Cl4/xylene/acetic acid with ratio 54.5/4.8/17.6/7.1 

c- CI-0022: made from CH2Cl2/C2H2Cl4/xylene/acetic acid with ratio 29.4/30/17.6/7.1 

 

CI-0018 has a higher permeance for CO2 when compared to H2.This is a typical 

behavior of rubbery polymers. Matrimid is a glassy polymer, this shows that there 

is probably a higher CO2-polymer interaction; the carbonyl groups could 

represent specific interaction sites.  
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A very surprising result is the extremely high CO2/CH4 selectivity of membrane. 

We may call this “super selectivity”, because we have to take into account that 

the intrinsic selectivity of an equilibrated Matrimid film is around 36.  The now 

measured selectivity of 481 of the asymmetric membrane is more than 10 times 

higher than the intrinsic polymer selectivity.  This value was measured 

repeatedly. The CO2/N2 selectivity of 132±39 was as well higher than the 

expected selectivity of 30. We can also exclude a chemical change of the 

polymer structure. NMR spectroscopy findings show that this membrane is 

similar to those made using NMP/THF/n-butanol, figure 4.3.The super selectivity 

must be a consequence of a secondary polymer structure, which is far away from 

equilibrium. It is not surprising that we have a non-equilibrated polymer structure, 

because we use a highly volatile solvent for the evaporation step and a fast 

quenching step. It would be worthwhile to study the reason for the super-

selectivity of the non-equilibrium structure, but this is beyond the scope of this 

work. 

 

 

 

 

 

                                    Figure 4.3:  NMR for Matrimid membranes  

CI-0018 

CI-0013b 

CI-0013a 

CI-0013
a
: made with THF/NMP/n-butanol (46/30/8) precipitated in water 

CI-0013
b
: same as CI-0013

a
 but tested for CO2 permeance. 
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4.3 Effect of POSS on Membrane Transport Property 

As already discussed in section 3.4, polyhedral oligomeric silsesquioxane 

(POSS) has been used in membranes by physical blending for improving 

membrane performance and their mechanical properties. Polyethylene glycol 

POSS (PEG POSS) and octa(aminophenyl) POSS (OAP-POSS) were studied in 

this work as shown in table 4.4 and figure 4.4. 

The results show a slight decrease in the permeance of all the pure gases 

measured. This is due to a reduction in the free volume and mobility of the chain 

segments brought about by the addition of the PEG-POSS which is linked to the 

polymer by hydrogen bond. There is also a noticeable increase in the selectivity 

of the gas pairs CO2/N2, H2/CH4, which can be claimed by an improvement in the 

diffusivity selectivity. There appears to be little change in the N2 permeance. 

OAP-POSS has been successfully cross-linked  and known to improve the 

thermal mechanical properties when used in polyimide membranes [59]. Jun-

Chao et al were able to show an improvement in the thermal mechanical 

properties of the polyimide membrane studied. However, in this work with 10% 

OAP-POSS by weight to Matrimid, results show drop in permeance of all pure 

gases, accompanied by a great drop in selectivity for all gas pairs.  A possible 

reason for this could be inefficient cross-linking. 
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Figure 4.4: SEM images of Matrimid membrane with a) PEG POSS b) OAP-

POSS 
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Table 4.4 Transport properties of Matrimid membranes blended with PEG POSS and OAP-
POSS all coated   with PDDMS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                          a- Gas Permeance,X10
4
m

3
(STP)/(m

2
-h-bar) 

b- crosslinked with 10% PEG POSS   
                    c - crosslinked with 10% OAP-POSS 

d- CI-0018 is 54.5/4.8/17.6/7. 

             e- CI-0023 is 54.5/4.8/17.6/7.1 with OAP-POSS 

Membrane  Gas Permeance                                              Selectivity 

  H2
a N2

a CH4
a CO2

a  CO2/N2 H2/N2 H2/CH4 CO2/CH4 

THF/NMP/N-butanol 

PEG POSS 
        

30/46/8  2045 29.2 432 879  30.1 70.1 4.7 10.2 

30/46/8b  996 20.2 81.0 847  41.9 49.3 12.3 10.5 

           

OAP-POSS           

42/42/0  1369 25.2 - 771  30.7 54.4 - - 

42/42/0c  195 22.6 - 81.5  3.6 8.6 - - 

           

CH2Cl2/C2H2Cl4/xylene/acetic acid 

 

       

OAP-POSS           

CI-0018d  257 4.6 1.24 609  132 55.8 208 492 

CI-0023e  122 3.1 2.81 119   37.8 38.8 43.3 42.2 
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4.4 Variation of Permeance and Selectivity with Pressure 

Figure 4.5-4.7 shows the permeance H2, N2, CH4, CO2 through Matrimid 

membranes cast with composition of solvents and non-solvent that were 

measured at different feed pressures. The H2 and CO2 permeances are higher 

than the other gases measured. They show significant variation with changing 

pressure. Nitrogen and methane have very low solubility in the membrane and 

the permeance only slightly vary with pressure. The results obtained are in 

agreement with diffusion by molecular sizes or kinetic diameters. Hydrogen has 

the kinetic diameter 2.89 Å; CO2 = 3.3 Å; N2 = 3.64 Å and CH4 = 3.8 Å. 

 

 

Figure 4.5: Effect of feed pressure on permeance of H2, N2, CH4, from  

THF/NMP/n-butanol: 38/38/8 
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Figure 4.6: Effect of feed pressure on permeance of H2, N2, CH4, in Matrimid 

membrane made from THF/NMP/n-butanol: 38/38/8 with 10% PEG POSS 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7: Effect of feed pressure on permeance of H2, N2, in a membrane 

made from CH2Cl2/C2H2Cl4/xylene/acetic acid:29.4/30/17.6/7.1 
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4.5    CO2 -Permeation Behavior 

The stability of several Matrimid membranes were tested, including those made 

with THF/NMP/n-butanol, cross-linked with POSS and made with 

CH2Cl2/C2H2Cl4/xylene/acetic acid. This was done by studying CO2 permeance 

variation with pressure. Figure 4.8 shows the effect of pressure on the 

permeance of CO2 through the membranes. 

Figure 4.9 corresponds to a polymeric membrane sorption behavior described by 

Ismail et al [60] where an initial decrease in permeance with increasing pressure 

was observed and this obeys the dual sorption theory. This effect can be linked 

with a decrease in the CO2 solubility with increasing pressure. After a critical 

pressure, the permeance begins to increase with increasing pressure; this is 

described elsewhere as occurring because the diffusivity coefficient is increasing 

faster than the solubility coefficient. The membrane whose gas transport 

properties are shown in figures 4.9 and 4.10 exhibit high CO2 conditioning of the 

polymer matrices. 
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Figure 4.8: Effect of pressure on CO2 permeance 

 (CH2Cl2/C2H2Cl4/xylene/acetic acid:54.5/4.8/17.6/7.1). 

 

 

Figure 4.9: Effect of pressure on CO2 permeance (CH2Cl2/C2H2Cl4/xylene/acetic 
acid:54.5/4.8/17.6/7.1) with 10% OAP-POSS.  
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                           Figure 4.10: CI-0011, effect of pressure on CO2 permeance 
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      4.6 Performance Comparison with other Matrimid Membranes 

The gas transport properties of membranes made in this research are compared with work done these were 

extracted from literature data, as shown in table 4.5. 

         Table 4.5 Comparison of gas transport properties of Matrimid membrane   

Matrimid Type        Gas Transport 
 

                    Selectivity  Reference 

  
H2 N2 CH4 CO2             CO2/N2  CO2/CH4  

A.flat sheet PDMS 
coatedb  

77.9 0.83 1.03 30.4 

 

37  30 39 

PAN+A. membrane+ 
PDMSb 

88.8 37.5 121 378 

 

10  3.1 31 

PAN+ A. membraneb 11.2 0.23 0.26 4.8 
 

21  19 31 
Dense filmc 18 0.14 - 4.6 

 
33  - 61 

Densefilmc 17.8 0.16 0.15 5.4 
 

34  36 62 
Cross-linked Matrimidc,d 15.8 2.2 6.8 115 

 
53  17 62 

flat sheetb 20.5 0.29 - 8.8 
 

30  - This work 
cross-linked Matrimidb,e 10.0 0.2 0.81 8.5 

 
42  10 This work 

Flat sheet 2.6 0.05 0.0124 6.1   133  492 This work 

 

   
 
 
 
 
 

b- Permeance ×10
2
 m

3
 (STP)/(m

2
-h-bar) 

c- Permeability(Barrer) 
d- PPG/PEG/PPGDA (poly(propylene glycol)block poly(ethylene glycol) block poly(propylene glycol)diamine) 
e- PEG POSS 
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CHAPTER 5 

CONCLUSION 

Flat sheet Matrimid membranes with high selectivities for several gas pairs as 

CO2/N2, CO2/CH4 were developed in this work. The effect of solvent and non-

solvent were studied by the use of solvents including 1-methyl-2-pyrrolidinone 

(NMP), tetrahydrofuran (THF) with n-butanol as non-solvent and 

dichloromethane and tetrachloroethane with para-xylene and acetic acid as non-

solvents. These membranes can be used for targeted applications such as 

natural gas sweetening, removing CO2 from flue gas and possibly for other gas 

separations. 

Asymmetric Membranes with high selectivity were developed by the application 

of a previously developed solvent-non-solvent system. Using a solvent-non 

solvent system of dichloromethane, tetrachloroethane, xylene and acetic acid, 

membranes were made which had selectivity values of 492 for CO2/CH4 and 132 

for CO2/N2. The membranes formed were defect free. Nuclear Magnetic 

resonance spectra carried out for membrane samples, showed that these 

acetone precipitated membranes have the same properties as other membranes 

with solvent system. 

The effect of Polyhedral Oligomeric Silsesquioxane (POSS) on crosslinking was 

studied. The use of PEG-POSS in the polymer solution enabled the 

enhancement of the permselectivity property of the membrane. Although octa-

(amino phenyl) POSS, did not produce desirable transport properties as it 
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resulted in a decrease in permeance and selectivity respectively, it is a cross-

linker known to improve the thermal mechanical property of polyimides. 

The membranes showed significant increase in H2 permeance with increasing 

pressure, enabling its favorable application even at high pressure requirement. 

Stability test using CO2 showed that the membranes are prone to plasticization 

and further modifications need to be done to prevent or reduce this effect. 
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CHAPTER 6 

RECOMMENDATIONS FOR FUTURE WORK 

Although the membranes have high and attractive selectivity values, the 

permeance was not optimized. Further study needs to be conducted, to improve 

on the permeance while maintaining reasonably high selectivities,  one 

suggestion would be to study the precipitation medium, acetone seems to have 

slow rate of diffusion into the membrane for solvent exchange, a slight increase 

in this rate, would effect a change. 

The use of both PEG-POSS and OAP-POSS Polyhedral Oligomeric 

Silsesquioxane should be optimized. 

Mixed gas and sorption test should be done for the membranes made with 

dichloroethane-tetrachloroethane solvents. An NMR showed a membrane that 

has the same structure as membranes with other solvent system; other methods 

can be utilized to further understand the property of this membrane synthesized. 
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