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Abstract 
A plasma reactor converts CO2 to CO and O2, generating an outflow consisting of the 

three gases. A proposed solution to separate this gas mixture is a polymer membrane-assisted 

process. This thesis focuses on two topics to explore the potential of this separation process. The 

first topic is a literature survey, aiming to map the current state of the art of membrane 

performance using Robeson’s method. [1] The second topic is a modeling study on the transport 

behavior of gases in polymer materials based on thermodynamic modeling.  

Performance quantification through Robeson’s method is done by gathering single gas transport 

data on a binary combination of gases from literature. This data is visualized in a graph with the 

permeability of the most permeable gas on one axis and the ideal selectivity on the other. 

The method was successfully applied to CO2 and O2. For this binary mixture, one commercially 

available polymer exhibits a combination of selectivity and permeability close to the upper bound. 

This polymer, PEBAX, is a block copolymer of elastomeric polyethylene oxide and a glassy 

polyamide. PEBAX is recommended as a starting material for a polymer membrane-assisted 

separation of CO2 and O2. Its selectivity is mainly attributed to its high CO2 affinity over O2. 

The modeling topic involved two models: the Lattice Fluids (LF) proposed by Sanchez and 

Lacombe and the Non-Equilibrium Lattice Fluids (NELF) model proposed by Sarti and Doghieri. 

[2,3] Both models were used to determine the solubility isotherms of gases in both rubbery and 

glassy polymer materials. Moreover, the NELF model was used to calculate permeability 

isotherms of gases in glassy polymers.  

The two models were first compared to literature for validation. The LF model was tested by 

calculating the solubility isotherms of He, H2, CH4, CO2, N2 and O2 in PDMS, showing significant 

inaccuracies for O2 and N2.  The NELF model was tested by calculating the solubility and 

permeability isotherms of the same gases in a variety of glassy polymers, such as Matrimid 

polyimide.  

Afterward, the models were used in novel applications. The LF model was applied to determine 

the solubility isotherms of CO2 and O2 in PEBAX. The outcomes reveal promising solubility 

selectivity towards CO2 and good agreement between experimental data and the model. The 

NELF model was used to successfully predict the solubility isotherm of CO2 in Matrimid without 

the use of any fitting to experimental data. This is a step towards proving the possibility of 

predicting membrane behavior without fitting.  



 
 

  



 
 

“This report, by its very length, defends itself against 

  the risk of being read.” 

-Sir Winston Leonard Spencer-Churchill 
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1.2 Properties of gases and polymers 
This section first discusses the physical properties of gases and later those of polymers. 

The density of a gas is in the order of several grams per liter, a thousand times less dense than 

their solid or liquid equivalents. [4] Because of the low density, repulsive effects that can result in 

phase separation are negligible. The absence of phase-separating forces allows atoms or 

molecules to move freely, resulting in a homogeneous distribution for a mixture of gases.    

If any gas is kept in a fixed enclosure, it will distribute evenly over the entire environment. It is 

then described by three quantities: the pressure (p), the temperature (T) and the volume (V). The 

three quantities make up the state of the gas, as all three are related to each other. The variables 

are interdependent, as described in the collision theory. An external pressure increase will 

decrease the volume of a gas, resulting in more collisions and thus a higher temperature. On the 

other hand, an increase in temperature will cause an increase in pressure in a fixed volume 

because temperature increases the amount of collisions and thus repulsion. [4] The 

characteristics mentioned above are some of the important considerations in gas separation 

processes. As mentioned earlier, polymer membranes are invoked to facilitate this transport. 

Polymers are generally solids, with varying characteristics. Some of these polymers that are used 

for membranes are elastic and some are more rigid. Polymers can be used to generate porous 

membranes or completely dense membranes. [7] Freeman states that the versatility in membrane 

materials makes them difficult to define holistically. [8] The categorization that is used often in 

literature is based on the molecular rigidity: rubbery versus glassy polymer materials. Rubbery 

polymer have an elastic molecular structure and glassy polymers have a rigid molecular structure. 

[9] In general, glassy polymers are found to be more selective and less permeable whereas 

rubbery polymers are found to be more permeable and less selective. [4,5,10] 

The choice of a polymer material for gas separation applications rests on two basic 

characteristics: the permeability (Eqn. 1) and the separation selectivity. 

 𝑃𝑖 = 𝐽𝑖 ∙
𝑙

𝑝𝑖,𝑢−𝑝𝑖,𝑑
       with        𝐽𝑖 = �̇�𝑖 ∙

𝑣𝑚
𝑆𝑇𝑃

𝐴
   (1) 

Herein, the permeability coefficient (𝑃𝑖) is formulated as a function of the flux (𝐽𝑖) in cm3/(cm2∙s), 

the membrane thickness (𝑙) in cm and transmembrane pressure drop (𝑝𝑖,𝑢 − 𝑝𝑖,𝑑) in cmHg. The 

flux is considered as a volumetric quantity, based on the molar flow (�̇�𝑖) in mol/s the molar volume 

(𝑣𝑚
𝑆𝑇𝑃) in cm3/mol and the specific membrane area (𝐴) in cm2. The chosen units are non-SI by 

convention [5,11] with the unit of permeability, Barrer, equal to 10-10 cm3∙cm/(cm2∙cmHg∙s).  
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The selectivity is the ratio of two permeabilities. In membrane studies, this quantity is called the 

ideal selectivity. [1] This is the ratio of two permeabilities of pure components measured 

separately at the same pressure and temperature (Eqn. 2). 

 𝛼𝑖,𝑗 =
𝑃𝑖

𝑃𝑗
⁄  (2) 

The ideal selectivity 𝛼𝑖,𝑗 is a dimensionless quantity and it is equal to the ratio of the permeability 

of the most permeable gas (𝑃𝑖) divided by the permeability of the least permeable gas (𝑃𝑗). 

Besides permeability, the performance of a polymer membrane depends on its thermal- and 

attrition resistance, its lifetime and cost. [4,8] Polymers have gained a significant portion of 

academic interest, as shown in the short history summary below. 

 

1.3  History and application  
 Sir Graham was amongst the first researchers to investigate gas transport in polymer 

membranes, noticing that nitrogen flows through rubber at lower fluxes than oxygen does. He 

related the difference in flows to the molar masses of the penetrants. This is now known as 

Graham’s law. [12] After him, several attempts at describing gas transport through polymer 

membranes were reported. Some prime examples are the Knudsen diffusion, molecular sieving 

and the solution-diffusion mechanism. [11,13] From these fundamental laws onwards, the last 

three decades have shown a steep increase in academic research in this field, as illustrated by a 

chronological plot of literature on the topic, shown in Figure 2 . 

The increased interest in polymer membranes for gas transport is marked by Monsanto’s 

development of Prism™ membranes in 1980. Prism™ membranes were used for the separation 

of hydrogen from the purge gas stream of ammonia plants. [1,10] Monsanto’s proof that 

membranes are industrially viable resulted in the systematic research in polymer membranes. 

Numerous other examples followed and are described in relevant literature. [7,8,14–19] 
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1.5 Scope 
 Prior to discussing the work done towards both goals, some of the fundamentals of gas 

transport in polymer membranes are discussed. These fundamentals are physical properties of 

the two main categories of polymers and gas transport mechanisms within these polymer 

membranes. The theory is covered in chapter two.  

Hereafter, the data analysis through Robeson’s method is applied to the CO/CO2/O2 mixture. This 

method quantifies a polymer membrane in terms of its permeability and ideal selectivity. Since 

there are no Robeson plots available for the combinations of the CO/CO2/O2 mixture, the creation 

of Robeson plots is attempted for the three possible combinations. In chapter three, additional 

theory required for this method is explained. Subsequently, the data criteria and results are 

discussed.    

Besides a literature survey on research results, the thesis aims to understand transport behavior. 

The chosen method to understand gas transport in polymer membranes is modeling. Literature 

provides several options to this extent. One model is selected in this thesis and the derivation of 

the model from thermodynamic laws will be shown. The model and its results are discussed in 

chapter four.  
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2 Theory 
The theory of gas separation by polymer membranes is based on two categorizations, 

namely on pore size and molecular rigidity of the chains. [4,6] Firstly, a polymer membrane is 

categorized in one of the four different pore structure domains. Pore structure and size play a 

major role in the transport of penetrants, as different structures and size will have different 

mechanisms at play. Secondly, the molecular rigidity of the chains plays a part in the transport of 

penetrants, the differences in transport between glassy- and rubbery polymers are explained in 

this work. 

 

2.1 Gas transport mechanisms 

A pore can be specified as large or small, as it is relative to the size of the penetrant 

molecule. In polymers membranes the consequences of the pore sizes are found in different 

transport mechanisms based on the ratio of the penetrant- and membrane pore size.  

The membrane pores are quantified by an average pore diameter. The penetrant movement is 

quantified by the kinetic diameter: the average distance that a molecule travels from one collision 

to another. [4] The kinetic diameter is determined by the size of the molecule. When comparing 

two molecules, the molecule with a larger relative size will have a larger kinetic diameters as its 

collision frequency is higher. Several different combinations of kinetic diameter and pore 

diameters are shown Figure 3. When the kinetic diameter of a molecule is several times smaller 

than the diameter of the pore, as in Figure 3A, effectively no separation can take place. This is 

because the interactions with the wall are negligible. For gas separations, this occurs for macro- 

and mesopores. [4] If the pore size has the same order of magnitude as the mean free path of its 

penetrant, the gas transport is dominated by the Knudsen diffusion mechanism (Figure 3B). The 

bigger molecules collide with each other and with the wall more frequently than the smaller 

molecules, resulting in a lower flux compared to the smaller molecules. Recall that the difference 

in flux gives rise to a selectivity. [13]  

Figure 3C visualizes the dominant transport mechanism for even smaller pores. Here, the mean 

free path of both molecules is bigger than the pore size. This occurs in the category of micropores 

so small that they near the kinetic diameter of the gas. The mechanism is called molecular sieving 

and it is similar to regular sieving. Some molecules do not physically fit in the small pores whereas 

the smaller molecules do. The smaller molecules can thus through the sieve.  
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Figure 3: Four different transport mechanisms of gases (blue circles) through polymer membranes (green 
blocks). (A) No separation, (B) Knudsen diffusion, (C) Molecular sieving, (D) Solution-Diffusion. The direction 
of chemical potential gradient is indicated by the thick black arrow to the right of the polymer membrane 

The last mechanism is found in Figure 3D. Here, any form of pores is not visually or experimentally 

distinguishable. The mechanism at play for these membranes is the solution-diffusion 

mechanism. The actual mechanism of solution and diffusion is also found in the equation of the 

permeability of gases through polymer membranes. As the membrane is consider dense, 

molecules move through the voids between two polymer chains. They are now separated based 

on their affinity with– and diffusivity through the membrane. The affinity is quantified as solubility 

and the diffusivity is quantified as a diffusion coefficient, as shown in (Eqn. 3). 

In Eqn. 3, the permeability (𝑃𝑖) in Barrer is the product of the kinetic diffusion coefficient (𝐷𝑖) in 

cm2/s and the solubility coefficient (𝑆𝑖) in cm3
STP/(cm3∙s∙cmHg). The solution-diffusion mechanism 

displayed in this equation and Figure 3D is generally accepted as the main transport mechanism 

in dense polymer membranes. [4,6,11] The three steps of the mechanism are displayed in Figure 

4. 

 

 𝑃𝑖 = 𝐷𝑖 ∙ 𝑆𝑖 (3) 

C 

A B 

D 





10 
 

Figure 5: Different trends in permeabilities (P) in Barrer as a function of the van der Waals molar volume (VM) 
in cm3/mol, for one glassy polymer (blue dots) and one rubbery polymer (green dots). [24] 

Rubbery polymers are defined as such because of their elasticity. The polymers swell with 

increasing penetrant concentration. This deformation is reversible as soon as the penetrant is 

removed by lowering its partial pressure. In contrast, glassy polymers may change their 

morphology over the course of their usage. If a glassy polymer is exposed to high penetrant 

concentration, it can plasticize and therefore resemble a rubbery state. [25,26] As soon as the 

concentration is lowered again, the chains may have reconfigured resulting in an altered density. 

This process is called physical aging. [27] It is either caused by high penetrant content, high 

temperatures, or both, as these effects are capable of creating enough free volume for the chains 

to reconfigure. [25] In the case of high penetrant concentrations, it is called the plasticization 

effect. In the case of high temperatures, the polymer has exceeded its glass transition 

temperature.  

In both cases, the quantity that determines permeability most is the fractional free volume. [26], 

[28]. The fractional free volume is the space in a membrane that is not occupied by the molecules 

of the polymer. It generally includes the van der Waals volume of the polymer, multiplied by a 

factor to account for the hindrance of interlocking polymer chains. [29] This quantity is critical 

because penetrant molecules must move through the voids of the membrane to get from one 
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point to another. In the case of little free volume, there are only little amounts of voids in which a 

penetrant may move. The low degree of movement inhibits permeation. [4,29]  

This basic theoretical section underlies the theory required for the three chapters that follow. The 

next chapter will discuss the method of quantifying membrane performance based on Robeson’s 

method.  



12 
 

  



13 
 

3. Robeson’s method 

3.1  Introduction  
Researchers in the field of membrane science discovered a trade-off between the 

permeability and selectivity of gases in polymer membranes. A highly selective polymer will show 

low permeabilities whereas a highly permeable polymer will be less selective. [5]  

Robeson found that plotting the selectivity versus the permeability visualizes this trade-off. [1] A 

linear upper bound in the double logarithmic plot of the permeability and selectivity was 

recognized in an analysis of thirteen gas pairs in total. These were nine gas pairs in 1991 and 

additionally four in 2008. [1,30] The gas pairs were chosen on the basis of abundance in literature 

and relevance to industry.  

The Robeson plot is useful for benchmarking membrane materials by the same standards. These 

standards are discussed in section 3.3. If a material has a permeability-selectivity combination 

above the upper bound, it surpasses all other membranes for the specific gas separation. 

Moreover, the Robeson plot is used to visualize trends. The membranes are modified to improve 

their selectivity, permeability or both. An example of this Robeson plot is found below for the 

separation of He from CO2 (Figure 6). 

 

Figure 6: Robeson plot for the He / CO2 gas pair. The two upper bounds visualize the improvement in polymer 
materials for this separation from 1991 to 2008. All data points are measured at p = 2 bar and T = 35 oC. [30] 
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The plot has logarithmic axis and presents two upper bounds. The first upper bound is from the 

original publication in 1991. [1] The difference in upper bounds displays the improvements in 

membrane materials in the last years. These improvements were done by finding new materials 

and optimizing old materials by, for example sulfonation, fluorination, or blending of their polymer 

constituents. [30]  

As mentioned earlier, thirteen industrially relevant gas pairs have been analyzed by Robeson. 

The CO/CO2/O2 system is not among these gas pairs. To compare the performance of 

membranes for these separations, a new set of Robeson plots should be developed. The attempt 

performed in this thesis resulted in a Robeson plot for one pair of gases. Before discussing this 

result, the additional theory and criteria of the analysis are covered.  

 

3.2  Theory 

Robeson suggests that the upper bound is determined by the difference in the sizes of the 

penetrant molecules. [1,30] Using size difference as selectivity determinant is similar to the 

Knudsen diffusion equation. If one gas molecule is larger than the other, it would collide more 

frequently with the walls and diffuse through the voids less quickly. [31] A correlation that 

describes the upper bound was developed. This correlation relates the ideal selectivity (𝛼𝑖𝑗) to the 

permeability (𝑃𝑖) as shown in Equation (Eqn.) 4.  

 
𝛼𝑖𝑗 = 𝑘−

1
𝑛𝑃

𝑖

1
𝑛 (4) 

In this equation, 𝑘 is the front factor in Barrer-1 and 𝑛 is the dimensionless slope of the logarithmic 

plot. A relationship exists between the slope of the upper bound and the kinetic diameter of the 

molecule. [30] Parameter 𝑛 is the negative inverse of the slope and thus correlates directly to the 

difference in kinetic diameters (Eqn. 5). 

 
−

1

𝑛
=̅ 𝑑𝑗 − 𝑑𝑖 (5) 

In Eqn. 5, the kinetic diameters of the most permeable gas (𝑑𝑖) and least permeable gas (𝑑𝑗) are 

in Angstrom and the slope (−1/𝑛) is dimensionless. To determine the accuracy of the prediction 

by Eqn. 5, a fitting plot of 𝑛 versus the absolute difference in kinetic diameters for several gas 

pairs was made.  
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Figure 7: Fitting plot of the visually determined slope of the upper bound versus the calculated values from 
Eqn. 5. The data points represent gas pairs that are numbered and can be found in the adjacent table. Black 
squares represent data from the original publication [1] and blue squares represent data from second 
publication. [30] Red dots represent calculated values for the CO/CO2/O2 system. 

Figure 7 displays this fitting plot. On the vertical axis, the visual fit values are plotted. On the 

horizontal axis, the absolute difference in kinetic diameters in Angstroms are shown. The 

correlation plot reveals that the errors remain within a 10% margin, though data will be used on a 

logarithmic scale which causes larger absolute errors in the upper bound correlation shown in a 

Robeson plot. 

Freeman describes a predictive correlation for the second parameter in Eqn. 4, the front factor 

(𝑘). This correlation is based on an average solubility of the gases in polymer materials. [5] The 

correlation was tried for the CO/CO2/O2 system, though failed to result in reasonable 

approximations.  This is due to the fact that the Lennard-Jones temperature was needed, which 

was not found for CO and resulted in a physically incorrect value for CO2/O2.  
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3.3  Data criteria 
The main criterion stated in the publications is the use of common sense. [1] Whenever a 

publication states a permeability – selectivity combination that is well outside the cloud of data 

points, those membranes require a duplication measurement by another author to confirm. 

Furthermore, the membrane data should come from open literature on membrane science. [1] 

The selectivity data is arguably more accurate, because dividing two permeabilities measured by 

the same researcher will cancel out calibration errors, film preparation errors and measurement 

errors. [30] 

To these criteria, the Robeson plot in section 3.4 must display several other characteristics which 

come forth from the permeability equation in the introduction. From this equation, the thickness is 

linearly proportional to the permeability, thus the permeability coefficient can be high if the 

thickness is high. This would be non-realistic, thus only membranes with a thickness under 250 

μm are utilized. This specific thickness was empirically selected on the basis of membranes that 

are used in this analysis, it is the upper limit for thickness found in the set. 

The pressure should also be taken into account. To illustrate, most publications measure CO2 

permeabilities at a different pressure than O2 permeabilities. This is done to cancel out i.e. 

plasticization effects of CO2 in the polymer materials. To account for this, the data that is used 

must have a weak pressure dependency for either one of the gases. This is useful because an 

average selectivity can describe the behavior over the entire pressure range. Many publications 

measure either one of the gases of interest as a function of pressure. [5,32–36] The used 

permeability measurements show that the gases of interest, CO2 and O2, have relatively flat 

permeability curves over the pressure range. [32,34,37–48] Therefore, any value stated in the 

pressure range can be used for accurate selectivity determination. However, in some cases such 

as those illustrated later in section 4.7, the permeability curve is not flat over the operating range. 

The permeability values must now be compared at the same pressure to give a correct 

representation. This benchmark pressure is set at 2 bar for benchmarking in the Robeson plot.  

An important note on these results: Robeson performs these analysis with publications that 

specifically target the gas separations in the plot. The CO/CO2/O2 analyzed here are not 

industrially relevant enough yet, therefore, no explicit optimization towards these gas pairs has 

been done. The upper bound is therefore based on membranes that were optimized for other gas 

separations and just happening to have a high permeability-selectivity combination for the 

CO/CO2/O2 system.  
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3.4 The CO2/O2 upper bound 
 The data survey resulted in 154 eligible membranes from 37 references. The CO2/O2 gas 

pair is the only pair with a large amount for which large amounts of permeability measurements 

were available for both gases in various membranes. The author was unable to find a sufficient 

number of membranes that had a CO permeability measurement. This lack of data is likely due 

to safety hazards related with CO measurements. Since no statistically relevant dataset was 

generated, no Robeson plots for CO/CO2 and CO/O2 are presented. 

A Robeson plot for CO2/O2 is presented in Figure 8. The data of the plot was categorized on the 

basis of different types of membranes, commonly used in literature. The categorization is 

convenient for trend visualization, as most membranes of one category are found in the vicinity 

of each other in the permeability-selectivity domain. The categories will be briefly outlined in the 

next paragraphs. 

 

 Figure 8: Robeson plot for the CO2/O2 pair with various categories of membranes differentiated. The upper 
bound was determined visually instead of using the correlation. 

 

10-1 100 101 102 103 104 105 106
100

101

102


C

O
2 
 / 

O
2 
(-

)

 Neat polymer
 Polymer blend
 MMM with MOF
 PIM
 F-polymer
 S-polymer
 Variety
 Upper bound

PCO2
(Barrer)



18 
 

3.4.1 Categories 

In Figure 8, the black squares denote the category of neat polymers. A neat polymer is a 

commercially available polymer made via standard protocols. Its permeability is measured 

multiple times, allowing accurate benchmarking. Prime examples of neat polymers are 

polydimethylsiloxane (PDMS) and polyimide (PI). The structure of PDMS is shown in Figure 9.  

 

Figure 9: Polydimethylsiloxane molecular structure. The section between brackets is the monomer and it is 
repeated n times. 

The publications that measured permeability and selectivity of neat polymers often use them as 

base case to compare the improvements that are strived for, by optimizing the membrane material 

for a gas separation. [27,37,49] One method of improving is by blending two neat polymers 

together. 

Polymer blends are captured in the second category, the red dots in Figure 8. The new properties 

that come with blending two polymers will inherently alter the permeability-selectivity combination 

when compared to the neat polymers that were used in the blend. Polymer blending is used in, 

for example, overcoming the plasticizing effect of CO2 on glassy polymers. When a neat polymer 

like Matrimid® polyimide is placed in an environment with a CO2 partial pressure above 12 bar, it 

will exhibit a more rubber-like behavior: enhanced permeability for all penetrant species in the 

environment. To counteract this plasticizing effect, a polymer that is hardly effected by CO2 could 

be blended in. One study demonstrates the blending of Matrimid® with P84 to improve the 

selectivity-permeability combination. [50] 

Furthermore, fluorinated- and sulfone-containing polymers are commonly used categories. 

[22,34,41,51,52] These categories are displayed in green diamonds and brown crosses in the 

Robeson plot respectively. Fluorinated (F) polymers are chemically inert due to the strong C-F 

bonds. Sulfone-containing (S) polymers exhibit inertness to various other conditions (such as 

higher temperatures) in comparison with F-polymers. [53] The choice between either S- or F- 

polymers is based on the chemistry and operating conditions in which the membrane is placed. 

Examples of an F- and an S-polymer are shown Figure 10A and B, the two specific polymers are 

also used in the Robeson plot of CO2/O2. 
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Figure 10A: Teflon AF2400, an example of a fluorinated polymer. Teflon AF2400 consists of two blocks, the 
first block is repeated n times and the second block is repeated m times. 10B: Polyethersulfone, an example 
of an S-polymer. It is repeated n times in the polymer chain.  

The previously mentioned four categories are all found below the upper bound. Figure 8 reveals 

that they are found in a group of data points with permeabilities between 100 and 102 Barrer and 

an ideal selectivity between 2 and 5. Membranes with a permeability that is higher than this cloud 

of points belong to another category: polymers with intrinsic microporosity (PIMs).  

These polymers are displayed by the orange pluses. PIMs have a high free volume and a 

distinctive ladder-like conformation. The ladder-like structure creates micropores in the polymer 

membrane, which are permeable for small gas molecules. An example of a PIM monomer is 

shown below in Figure 11. 

  

Figure 11: PIM-1 monomer. The index n is the number of repeating units. 

Another category is the Mixed Matrix Membrane (MMM) with Metal Organic Frameworks (MOFs) 

as green downward triangles. These are any neat polymers or polymer blends that contain MOFs, 

which have already been discussed in the introductory section. They have inherent potential to 

increase both the selectivity and the permeability of a membrane. [54–56] Only MOFs were 

considered in this category, the most frequently encountered filler. Any other filler is separated in 

the category below.  

The last category is titled ‘Variety’ in purple stars. This category contains all the membranes that 

cannot be covered by the previous categories. These membranes are improved by, for example, 
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UV curing or thermal annealing [35], infused with silica nanoparticles [57] and carbon nanotubes. 

[58]  

 

3.4.4 Results 

In the Robeson plot for CO2/O2, several data points with either a high selectivity or a high 

permeability stand out. The first data point that stands out is a neat polymer with a selectivity-

permeability combination that places it just below the upper bound. The specific membrane is a 

dense layer of poly-etheroxide block amide (PEBAX) on a polyethersulfone (PES) support. PES 

has been shown previously in Figure 10B and PEBAX is shown below in Figure 12. 

 

Figure 12: PEBAX block copolymer, the commercial polymer with the highest selectivity of CO2 over O2. n 
=1.5∙m in the used membrane 

The PEBAX copolymer has two types of microdomains that are blended. The polyimide domain 

(m) is rigid and crystallizes to form the glassy subdomain. The polyether oxide domains (n) are 

soft and rubbery. Gas permeation occurs primarily through these polyether oxide domains [59] 

PEBAX polymers have a high selectivity towards quadrupolar over nonpolar substances and this 

makes them suitable for a separation such as CO2/O2. [37,38,59] The ether characteristic group 

has a high affinity with CO2 due to chemical similarities. The downside of this selectivity towards 

CO2 is the plasticization behavior. At pressures above 1.5 MPa, PEBAX tends to plasticize. This 

results in a decreased selectivity and increased permeability, which is especially bad for mixed 

gas permeation. However, the conditions for eligibility described in the criteria do not exceed the 

plasticization pressure. [59] Thus, PEBAX under standard conditions is the first recommendation 

from this analysis. The absolute values of this membrane, along with the two most selective and 

most permeable membranes are shown in Table 1. 
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Table 1: Membranes with highest selectivity- and permeability combinations from the Robeson plot on CO2 / 
O2. 

Membrane Type PCO2 (Barrer) α (-) Reference 

PEBAX 117 27.2 [37] 

PEBAX-TEOS 20 50 [37] 

PEBAX-MWNT 329.4 38.3 [37] 

PIM-1 with 20wt% MOF-74 21269 9.4 [54] 

PIM-1 with 10wt% MOF-74 15064 9.8 [54] 

 

The two most selective membranes are also based on dense PEBAX as material. To improve the 

selectivity and permeability of the neat polymer, it was modified with fillers. The highest selectivity 

was reached for PEBAX membranes doped with tetraethoxysilane (TEOS), its structure is shown 

in Figure 13. This component takes part in a polycondensation reaction that grows silicon dioxide 

domains inside the PEBAX matrix.  

 

Figure 13: Tetraethoxysilane (TEOS) filler for the preparation of fine distributed silicon dioxide particles. [38] 

The modification of PEBAX using TEOS lowers the permeability, probably caused by the 

tendency of TEOS to fill the free volume in the polymer. As a consequence, less voids are 

available for penetrant permeation, the gain in ideal selectivity of CO2 over O2 is however 

significant, as seen in Table 1. 

The second highest selectivity is found in PEBAX membranes with multi-walled carbon nanotubes 

(MWNTs). Carbon nanotubes are composed of sp2-hybridized carbon bonds, similar to graphite. 

These bonds result in outstanding mechanical, thermal and electrical properties. Carbon 

nanotubes also have gas permeation rates that are several orders of magnitudes higher 

compared to zeolites as fillers. [37,60] This is because of the smoother interior of the tubes 

compared to zeolite structures. Carbon nanotubes that are of different diameter can be stacked 

inside one-another, which is called MWNT. This is useful because the outer tubes can be modified 

with surface groups that covalently attach to the PEBAX matrix and the inner tubes can be tuned 

for maximum permeability. The selectivity and permeability improvements due to the incorporation 
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of MWNTs in PEBAX are ascribed to the affinity of MWNT with quadrupolar molecules like CO2. 

PEBAX-MWNT was found to have a factor 2.8 increase in permeability compared to the neat 

polymer. It also has a factor 1.5 increase in selectivity of CO2 over O2. [60] The structure of a 

MWNT sheet is shown in Figure 14. 

 

Figure 14: Repeating structure of a sp2-hybridized carbon sheet. This sheet can be rolled to form cylinder like 
structures that make up a carbon nanotube.  

The highest permeabilities can be found in PIM-1 (Figure 11) with MOF-74 as a filler. [54] This 

combined effect of high free volume polymers and high free-volume fillers has resulted in the high 

permeability. The selectivity of this combination is also found to be a factor 2 higher than the data 

cloud of neat polymers, sulfonated polymers, fluorinated polymers and polymer blends. The 

enhanced selectivity is ascribed to the implementation of a MOF that is selective towards CO2 

and not O2. The authors of the publication on PIM-1 with MOF-74 hypothesize that their 

preparation is key to the high permeability. They state that the PIM-1 chains will rearrange in 

chloroform in such a way that the fluoride chain ends interact with the MOF. This results in an 

interconnected microporous network because the MOF pores and the PIM pores will interact. 

They also crosslink the polymer and the filler to obtain a defect-free film. [54] 

 

3.4.3 Statistical validity 

Several data queries were performed: Time dependence, pressure dependencies and 

thickness dependence. First, the references were sorted by chronology. The used publications 

are categorized in the four decennia since permeability measurements were done accurately. The 

trends in the improvement of data points was visualized. Membranes, in general, improved 

strongly in terms of selectivity and permeability. The data points closest to the upper bound are 

almost solely those measured from 2010 up to now. The result is displayed in appendix 1.  
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The data points were also plotted as a function of the CO2 and O2 pressure. These plots are 

discussed in appendices 3 and 4 respectively. The plots show the permeability on the left axis 

with data displayed as black squares. The selectivity is found on the right axis and red circles. In 

general, measurements for both pressure ranges were conducted in the range below 10 bar. This 

circumvents plasticization effects at CO2 higher pressures. The conclusion drawn from 

appendices 3 and 4 is the fact that the data is  not skewed towards any of the gas pressures. This 

means that the data shows no pressure dependency for the permeability and selectivity.  

Lastly, the data points were plotted as a function of the membrane thickness. This is shown in 

appendix 5. The permeability increases proportionally with the membrane thickness. Appendix 5 

proves that the used data shows no trend toward thickness. It also shows that the differences in 

membrane thicknesses used is at most 200 micrometers.  

 

3.5 Conclusion 

 The analysis in this work differs fundamentally from the ones by Robeson, because 

membranes have not been optimized for the CO/CO2/O2 system specifically, in the work analyzed 

here. Any combination of permeability and selectivity that comes close to the upper bound is 

found therefore due to serendipity. This is an important insight when interpreting the results.  

The best neat polymer from the Robeson plot on CO2/O2 PEBAX, which is recommended as a 

starting material for membranes to facilitate this gas separation. PEBAX stands out due to its soft 

polyether micro domains which have a high affinity towards CO2. An improvement in both the 

permeability and ideal selectivity of PEBAX for the CO2/O2 gas separation was realized by using 

MWNTs as a filler.  

The highest permeability is found in PIMs with MOFs incorporated. This permeability is caused 

by the high free volume of PIMs and the benefits of using a MOF with a high affinity towards CO2 

permeation, gaining additional selectivity improvement. These highly permeable PIMs are thus 

also above the average selectivity, compared to the other points.  

A last suggestion on PEBAX membranes is the fact that the neat polymer in itself has the highest 

measured selectivity of all the neat polymers that were studied. The author speculates that the 

combination of a PEBAX membrane with MOF incorporated could result in membrane with both 

high selectivity and permeability for CO2. The contribution of the PEBAX membrane is high 

intrinsic selectivity and the contribution of the MOFs is enhanced permeability. 
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4.  Gas solubility and permeation modeling 

4.1  Introduction 
Membrane research is a practical field. Most of the research in this field focuses on the 

preparation, characterization and optimization of membranes for gas separation. This has 

established a rich pool of literature, as discussed in Chapter 3. On the contrary, relatively little 

research has focused on modeling membrane performance. Although this is inherently coupled 

to the complexity of phenomena in polymer materials for gas separation, some attempts such as 

the Dual Mode Sorption model from the introduction gained significant interest over the years. 

[11,61]  

Modeling leads to a more fundamental understanding of a studied process. In this thesis, 

dissolution and permeation are the processes of interest. To add to the previously known data 

from Chapter 3, the goal of this chapter is to understand the membrane solubility and permeation 

to give future experimental research a direction. The chapter will start by discussing three 

distinguished methods to model membrane solubility and permeability. The first- and most often 

used method is the DMS model. 

 

4.2.  Dual mode sorption 
The DMS model is a convenient method to calculate the solubility behavior of penetrants 

in polymers. Some of the first publications on DMS by Vieth et al., argues that two species of 

penetrant molecules exist in a polymer sorption process. [11] The species are characterized by 

either Langmuir’s law or Henry’s law. An equation for the steady state solubility was formulated 

on the basis of these two species. This is shown in Eqn. 6. 

 
𝐶𝑖 = 𝐶𝐻 + 𝐶𝐿 = 𝑘𝐻 ∙ 𝑃𝑖 +

𝐶𝐿
∗ ∙ 𝑏 ∙ 𝑝𝑖

1 + 𝑏 ∙ 𝑝𝑖
 (6) 

The solubility of a gas penetrant (𝐶𝑖) in units cm3
STP / cm3

POL is expressed as the sum of two 

contributions 𝐶𝐻 and 𝐶𝐿 for the Henry and Langmuir contribution respectively. These are 

concentration contributions and have the same units as 𝐶𝑖.  

The Henry contribution is the product of Henry’s constant (𝑘𝐻) in cm3
STP /(cm3

polymer ∙atm) and the 

pressure (𝑝𝑖) in atm. The Langmuir contribution utilizes two parameters and the same pressure 
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(𝑝𝑖). The two parameters are the hole affinity constant (𝑏) in units atm-1 and the hole saturation 

constant in units (𝐶𝐿
∗) cm3

STP / cm3
POL. [11]  

The DMS model is widely used throughout literature, although it does have drawbacks. One of 

the drawbacks is the inability to work predictively. The DMS parameters (𝑘𝐻, 𝑏 and 𝐶𝐿
∗) can only 

be found by fitting the equation to an experimentally determined solubility isotherm. The DMS 

parameters also change for different temperatures and pressures. Moreover, the model can only 

be used for one type of isotherm, showing a linear combination of Langmuir and Henry sorption. 

It is unable to distinguish between glassy and rubbery polymers and is unable to predict the 

behaviour of possibly implemented fillers. [62]  

 

4.3 Molecular Dynamics 

On the other hand, recent advances in computational power have allowed the evolution 

of molecular dynamics (MD) models. These models focus on a small bulk of molecules and 

simulate their behaviour as a function of time and interaction configurations. The scale on which 

these simulations take place is displayed in Figure 15. 

 

Figure 15: Schematic overview of the output of an MC simulation in a zeolite membrane. [63] The axis are 
Cartesian coordinate scales and their units are nanometers. 

Some of the algorithms are based on Monte Carlo (MC) simulations and Particle Insertion/ 

Deletion (PID). [62] The MC simulation repeatedly calculates random molecular configurations to 

determine interaction energy. Because of the high number of random calculations, the outcome 

is a probability distribution of interactions around a fixed mean. This fixed mean is the deterministic 

outcome of the problem. [64] 

The PID technique is an addition to MC in a sense that it explicitly models the time-specific 

addition or deletion of a molecule from the bulk to see how the dynamics of this new interaction 

take place. [65] 
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Because molecular simulations are complex and computationally expensive, they are scarcely 

used. One specific case mentions the use of MC simulation for the determination of permeability 

in MMMs. The technique is applied to predict suitable candidates for the separation of CO2 and 

N2. [66] Although the technique is promising, it does not achieve the goal of this chapter. The goal 

is to understand the process of solubility and diffusivity instead of creating a highly complex code 

to do this.  

A macroscopic modelling approach should be able to capture the gas transport process more 

efficiently, therefore a last alternative to MD and DMS models is proposed in section 4.4. 

 

4.4  Thermodynamic modeling 

4.4.1 Introduction 

This alternative is using macroscopic thermodynamic models, a category of models that 

provides more versatility than the DMS model and less complexity than MD. A thermodynamic 

model is defined as an Equation of State (EoS) combined with a specific set of rules, originating 

from robust thermodynamic analysis. Qualitatively speaking, thermodynamic models are 

considered as the middle way in the complexity spectrum for the modeling of gas transport in 

polymer membranes. Thermodynamic modeling covers the complete scope of this thesis, 

because it brings a holistic description of both solubility behavior and permeability behavior. The 

different possible trends can be accurately predicted, according to authors that publish in this field 

of research. [3,23,67] Furthermore, the thermodynamics-based approach resembles the goal for 

this chapter, which was previously defined in the scope (section 1.4). The goal is to understand 

transport behavior quantitatively and to find out how component properties relate to these 

quantities. 

A research group from the Università di Bologna led by Sarti has done a significant portion of 

research [3,22,23,25,62,68–75] towards the use of thermodynamic models for the gas transport 

in polymer membranes which is explained in the upcoming sections. Their first publications 

discuss two types of models, the Lattice Fluids (LF) model for rubbery polymers, based on an 

EoS by Sanchez and Lacombe, and the Non-Equilibrium Lattice Fluids (NELF) model for glassy 

polymers, developed by Sarti and Doghieri. 
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use of the relation in Eqn. 8, below. From here onwards, the subscript 𝑖 is introduced to ascribe a 

variable to a pure penetrant.  

 𝑝𝑖
∗𝑣𝑖

∗/𝑟𝑇𝑖
∗ = 1 (8) 

The Lattice Fluids model is based on minimization of the Gibbs free energy. The minimization is 

done by taking the derivative of the Gibbs free energy function and finding the root of this new 

function. Eqn. 9 displays the expression obtained when the derivative towards the amount of 

moles (𝑁𝑖) is taken.  

 𝑑𝐺𝑖

𝑑𝑁𝑖
|

𝑇,𝑃

= 𝜇𝑖 = 0 (9) 

This derivation results in a well-known thermodynamic quantity, the chemical potential (𝜇𝑖) in 

J/mol. It is furthermore noted that the chemical potential is always derived under isothermal and 

isobaric conditions. It nears zero as a system nears its thermodynamic equilibrium. Applying Eqn. 

9 to 7 gives the following expression for the chemical potential: the Lattice Fluids Equation of 

State (LF-EoS). [67,76]  

 
𝜇𝑖/𝑅𝑇 = 𝑟 ∙ [−

ρ̃𝑖

T̃𝑖

+
p̃𝑖

�̃�𝑖ρ̃𝑖

+
1

𝑟
𝑙𝑛ρ̃𝑖 +

1 − ρ̃𝑖

ρ̃𝑖
ln(1 − �̃�𝑖)] = 0 (10) 

In this formula, the dimensionless density of pure component 𝑖 is always a function of the pressure 

and temperature. The temperature or pressure is never calculated as a function of the density. 

[76] The macroscopic variables are transformed to their appropriate dimensionless variants by 

using three new parameters. In their original publication, these are the interaction energy of two 

adjacent sites in the lattice, the molecular volume and the lattice occupation (𝑟). The more 

frequently used alternative of these variables is displayed in Table 2. [23,25,77–79] 

Table 2: Summarization of the definitions of pure component SL/LF-EoS parameters. [67] 

Parameter Definition Units 

𝑝𝑖
∗ Measure of intermolecular cohesion strength of component 𝑖 MPa 

𝑇𝑖
∗ Measure for interaction energy of component 𝑖 K 

𝜌𝑖
∗ Close packed density at 0 K for component 𝑖  g/cm3 

𝑀𝑖 Molar mass of penetrant component 𝑖 g/mol 

𝑁𝑖 Amount of moles of pure component 𝑖 mol 

𝑟 Lattice number for component 𝑖  (-) 

�̃�𝑖 Reduced parameter for component 𝑖 (= 𝑋/𝑋𝑖
∗) (-) 
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For pure components, the EoS can be reduced to a practical version that allows for direct 

numerical calculation of the reduced density based on the macroscopic state variables. The 

reduced LF-EoS is shown in Eqn. 11.  

This expression shows an equality between a density-dependent function (ℎ) and the reduced 

density itself. By solving the function in such a way, the outcomes of the Gibbs free energy 

minimization result in the exact same outcomes as the solution of Eqn. 10. This identical strategy 

is visualized in Figure 17. 

 

 

 

 

 

 

Eqn. 11 always presents three roots, corresponding to the two minima of the Gibbs energy 

function on the outer two roots and the maximum of the Gibbs energy function in the middle root. 

The model predicts a lower density- and a higher density minimum, corresponding to the density 

of a pure component in a gas- and liquid phase respectively. 

 

4.4.3 Lattice Fluids for binary systems 

In the case of binary systems, the LF model requires additional rules for the determination 

of the characteristic- and reduced variables. Sanchez and Lacombe discussed these rules as an 

adaption to the original EoS is required to incorporate mixing effects. [67] The new expression for 

 
ℎ(�̃�𝑖) = 1 − exp (−

�̃�𝑖
2

�̃�𝑖

− (1 −
1

𝑟
) �̃�𝑖 −

�̃�𝑖

�̃�𝑖

) = �̃�𝑖   (11) 

 

Figure 17: Original schematic drawing of the density EoS as a function of itself and the dimensionless Gibbs 
energy for pure components as a function of the density. Minima in the right graph correspond to intersections 
in the left graph. [76] 
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the chemical potential is presented is Eqn. 12, which is valid for binary mixtures but easily 

expanded to multi-component mixtures by summation rules. [2] 

 
𝜇𝑖/𝑅𝑇 = 1 − Φ𝑖 + 𝑙𝑛Φ𝑖 +

ρ̃𝑀𝑖∆𝑝𝑖𝑗
∗

𝑅𝑇ρ̃𝑖
∙ (1 − Φ𝑖)2 + 𝑟

∙ [−
ρ̃

T̃𝑖

+
�̃�𝑖

�̃�𝑖ρ̃
+

1

𝑟𝑚
𝑙𝑛ρ̃ +

1 − ρ̃

ρ̃
ln(1 − ρ̃)] = 0 

(12) 

The parameters �̃�, �̃� and �̃� in Eqn. 12 have the same physical meaning as their pure component 

variants, �̃�𝑖, �̃�𝑖 and �̃�𝑖. Yet, because they are for mixtures, the denominator is calculated 

differently. Also 𝑟𝑚 now indicates the number of lattices an average molecule of the binary mixture 

occupies. The variable Φ𝑖is the volume fraction of penetrant molecule in the mixture. Eqn. 12 

reduces to Eqn. 10 when Φ𝑖 is equal to unity. Based on this condition (Φ𝑖 = 1), the mixture 

parameters (�̃�, �̃�, �̃� and 𝑟𝑚) also require specific combination rules to satisfy this constraint. These 

have been presented in Table 3 which shows appreciable differences compared to Table 2. 

Table 3: Combination rules in the mixture LF-EoS system for the calculation of the dimensionless mixture 
parameters. [2] 

Variable Equation Units 

𝑥𝑖 = 𝑁𝑖 𝑁𝑡𝑜𝑡⁄   (-) 
𝜔𝑖 = Φ𝑖 ∗ 𝜌𝑖

∗ 𝜌∗⁄  (-) 
𝑣𝑖

∗ = 𝑅𝑇𝑖
∗ 𝑝𝑖

∗⁄  cm3/mol 

𝑣∗ = (
Φ𝑖

𝑣𝑖
∗ +

Φ𝑗

𝑣𝑗
∗ )

−1

 cm3/mol 

𝑟𝑚 = 𝑥𝑖𝑟𝑖+𝑥𝑗𝑟𝑗 (-) 

𝜌∗ = (
𝜔𝑖

𝜌𝑖
∗ +

𝜔𝑗

𝜌𝑗
∗)

−1

 g/cm3 

𝑝∗ = Φ𝑖𝑝𝑖
∗ + Φ𝑗𝑝𝑗

∗ − Φ𝑖Φ𝑗(𝑝𝑖
∗ + 𝑝𝑗

∗ − Δ𝑝𝑖𝑗
∗ ) MPa 

𝑇∗ 
=

𝑝∗

Φ𝑖𝑝𝑖
∗

𝑇𝑖
∗ +

Φ𝑗𝑝𝑗
∗

𝑇𝑗
∗

 
K 

�̃� = 𝑋/𝑋∗ (with 𝑋 = 𝜌, 𝑝, 𝑇)  (-) 
 

Only one parameter in Table 3 implements interactions between the components of the mixture. 

This is defined as the interaction pressure. Doghieri et al. described this variable as a function of 

the characteristic pressures (𝑝𝑖
∗,𝑝𝑗

∗) in Pa and the interaction constant (𝛹), which is dimensionless. 

[75] This is shown in Eqn. 13.  

 
∆𝑝𝑖𝑗

∗ = 2 ∙ 𝛹 ∙ √𝑝𝑖
∗𝑝𝑗

∗ (13) 



ᵒ
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on a macroscopic scale. This renders the LF model as inappropriate for predictions in rigid glassy 

polymers. Another strategy is applied, which is discussed in the next section. 

 

4.4.4  Non-Equilibrium Lattice Fluids 

Sarti et al. analyzed both glassy and rubbery types of polymer membranes and came to 

the conclusion that significant differences exist. [3,22,23,25,62,68,70,75,77–81] The authors 

argue that the LF model describes gas transport in rubbery polymers because these can reach 

equilibrium configurations, though the same model could not represent gas transport in glassy 

polymer behavior. Their research focusses on a modelling approach, named Non-Equilibrium 

Thermodynamics (NET), which is the translation of an EoS for rubbery polymers to an EoS for 

glassy polymers. This implies that solutions of the chemical potential equation are found 

analogous to the LF model approach, yet using a different equation. The Non-Equilibrium Lattice 

Fluids (NELF) chemical potential equation is derived by Sarti and Doghieri and the outcome is 

displayed in Eqn. 15.  

 
𝜇𝑖

(𝑆)

𝑅𝑇
= ln (

𝜔𝑖𝜌𝑝𝑜𝑙

(1−𝜔𝑖)𝜌1
∗ ) −

𝑀𝑖𝑝𝑖
∗

𝜌𝑖
∗𝑅𝑇𝑖

∗ [(1 + (
𝑇𝑖

∗

𝑇∗

𝑝∗

𝑝𝑖
∗ − 1)

(1−𝜔𝑖)𝜌∗

𝜌𝑝𝑜𝑙
 ) ∙ ln (1 −

𝜌𝑝𝑜𝑙

(1−𝜔𝑖)𝜌∗) +
𝑇𝑖

∗

𝑇∗

𝑝∗

𝑝𝑖
∗ +

𝜌𝑝𝑜𝑙

(1−𝜔𝑖)𝜌∗ (
𝑇1

∗

𝑇∗ [1 +
𝑝∗

𝑝𝑖
∗ −

(
(1−𝜔𝑖)𝜌∗

𝜌𝑝𝑜𝑙
)

2

Δ𝑝𝑖𝑗
∗

𝑝𝑖
∗ ])] + 1  

(15) 

In Eqn. 15, the chemical potential of the penetrant in the membrane (𝜇𝑖
(𝑆)) in J/mol is divided by 

the gas constant (𝑅) in J/(mol∙K) and the temperature (𝑇) in K to obtain a dimensionless quantity. 

The chemical potential is a function of the mass fraction (𝜔𝑖). The other parameter definitions can 

be found in Table 2 and Table 3. 

The key difference in the NELF model approach is the integration of the density (𝜌𝑝𝑜𝑙), which 

cannot be estimated by the equilibrium LF model. This is caused by the difference in molecular 

rigidity which was highlighted earlier on in the introduction. A glassy polymer will be characterized 

by a density that is higher than its expected equilibrium density, because the polymer chains of a 

glassy polymer are too rigid to change conformations. Subsequently, the polymers never reach 

the equilibrium packed at the specific temperature, pressure and composition in the glassy phase.  
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Sarti et al. mentioned two specific ways of dealing with the glassy polymer. The first method 

requires the measurement of a dry polymer density prior to any experimental study. The dry 

polymer density is then incorporated in Eqn. 15 and assumed to stay fixed throughout the 

experimental study. The boundary condition for this method is that the penetrant exhibits low 

solubility in the glassy polymer. [3,79] Mostly inert gases such as N2 or H2 show such low solubility 

behaviors. [71] In other cases, i.e. CO2
 as the penetrant, a high solubility may induce swelling.  

This swelling effect is captured in the second method. Minelli et al. found that a linear relationship 

predicts on the basis of a linear approximation when swelling does occur. [25,68,81,82] This linear 

approximation uses the following equation to determine the density of the polymer as a function 

of the pressure at a fixed temperature.  

 𝜌𝑝𝑜𝑙(𝑃) = 𝜌𝑝𝑜𝑙
0 ∙ (1 − 𝑘𝑠𝑤 ∙ 𝑝𝑖) (16) 

In this equation, the polymer density (𝜌𝑝𝑜𝑙) in g/cm3 is a function of the pressure (𝑃) in MPa and 

the swelling coefficient (𝑘𝑠𝑤) in MPa-1. The polymer density at vacuum (𝜌𝑝𝑜𝑙
0 ) in g/cm3 should be 

determined experimentally, whereas the swelling coefficient follows from two sorption 

measurements at different pressures. In the publications by Sarti et al., the swelling coefficient is 

only employed for solubility simulations with swelling gases such as CO2 or low weight alkanes in 

glassy polymers. [25,62,68,70] The system of interest for this thesis only contains swelling agents, 

CO2, whereas O2 does not cause swelling under operating conditions. Therefore, this section 

focusses on CO2-polymer swelling behavior.  

The chemical potential equation along with its combination rules from Table 3 will form the left 

hand side of the equilibrium equation in the beginning of the chapter. The outcome will be a 

fraction. For LF this will be a volume fraction, while for NELF it will be a mass fraction. The 

outcome describes the equilibrium solubility content of the penetrant in the membrane phase.  

 

4.4.5 Predicting the swelling coefficient for CO2 in polymers 

 Besides the experimental method of determining the swelling coefficient (𝑘𝑠𝑤) from Eqn. 

16, Minelli et al. proposed another way that does not require the two sorption measurements. 

[28,83] The method by Minelli et al. uses solely the LF-EoS and pVT data of the polymer. The 

pVT are necessary for the determination of the characteristic pure component parameters. 
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Therefore, no additional experimental data is required for this method. Minelli et al. define 𝑘𝑠𝑤 as 

follows: 

 
𝑘𝑠𝑤 = 𝜒

1

�̂�𝑝𝑜𝑙
0

𝜕�̂�𝐸𝑄

𝜕𝑝𝑖
|

𝑝𝑖→0 

 (17) 

In Eqn. 17, the swelling coefficient in MPa-1 is a function of a dimensionless rigidity factor (𝜒), the 

specific volume of the dry polymer prior to solubility- or permeability studies (�̂�𝑝𝑜𝑙
0 ) in cm3/g and 

the volume change of the polymer near vacuum as predicted by the LF-EoS. The calculation 

based on the LF-EoS is analogous to section 4.4.3, because this section regards a binary mixture 

of a penetrant and a polymer.  

The rigidity factor is derived from an elegant analysis of the pVT data incorporating the Tait EoS. 

This EoS is fitted separately to the rubbery and glassy temperature region in the pVT diagram. 

Based on the fitting parameters of this equation, an isothermal compressibility factor (κ𝑖) in K-1 is 

determined for both regions. The ratio of the compressibility in the glassy domain (κ𝑔) over the 

compressibility in the rubbery domain (κ𝑟) is equal to the rigidity factor (Eqn. 18.). [83] 

 
χ =

κ𝑔
κ𝑟

⁄         with         κ𝑖(T, p) = −
1

�̂�𝑝𝑜𝑙
0 (

𝜕�̂�𝑝𝑜𝑙
0

𝜕𝑇
)  (18) 

Minelli et al. state that the rigidity factor is an index that describes the swelling behavior of the 

polymer, where χ equaling unity indicates that the polymer swelling behavior resembles the glassy 

state, whereas χ equal to zero indicates that the polymer swells as if it were rubbery. [28] An 

example of the predictive determination of 𝑘𝑠𝑤 of CO2 in polycarbonate is shown in appendix 8. 

[84] 

 

4.4.6 Permeability determination 

 To describe the two key quantities (permeability and selectivity) in gas transport through 

polymer membranes, Sarti et al. utilize an equation that is derived from their NELF model. This 

equation should be able to predict permeability- and ideal selectivity as function of temperature 

and pressure. Sarti et al. state that no explicit equation has been able to capture all possible 

trends accurately, within their knowledge. [68,70,80] Therefore, they propose a solution from the 

NELF theory. The main goal of the permeability equation described below is to employ one single 
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expression that can show the common trends of scarcely soluble, common, swelling and 

plasticizing penetrants. [25,68] 

Permeability is defined as the product of the solubility coefficient and the diffusivity coefficient in 

the solution-diffusion model. The first component, solubility, is simply the calculated penetrant 

concentration divided by the pressure, found in the (NE)LF model. The diffusivity however is still 

unknown. This quantity must be defined to predict the permeability.  

Sarti et al. choose the following expression (Eqn. 19) containing in the infinite dilution mobility 

coefficient (𝐿𝑖𝑗
0 ) in cm2/s and the plasticization factor (𝛽), considered as fitting parameters. [25] 

The same method with fitting parameters is employed in this thesis.  

 
𝐷𝑖 =  

𝑑𝜇𝑖
(𝑆)

/𝑅𝑇

𝑑𝑙𝑛(𝜔𝑖)
∙ 𝐿𝑖𝑗 (19) 

This diffusivity is constant under steady state permeation as a steady state will indicate that a 

pseudo-form of equilibrium is achieved. This results in the following expression for the diffusive 

mass flux through the effective length of the membrane under the assumption of fixed pressures. 

The permeability coefficient is given below in Eqn. 20. [68,80] 

 
𝑃𝑖 = 𝐽𝑖 ∙

𝑙

𝑝𝑖
𝑢 − 𝑝𝑖

𝑑 =
1

𝑀𝑖(𝑝𝑖
𝑢 − 𝑝𝑖

𝑑)
 ∙ ∫ 𝜌𝑝𝑜𝑙 ∙ 𝐿𝑖𝑗

0 ∙ exp(𝛽𝜔𝑖) ∙
𝜔𝑖

𝑝𝑖
∙ 𝑧𝑖𝑑𝑝𝑖

𝑝𝑖
𝑑

𝑝𝑖
𝑢

 (20) 

In Eqn. 20, the gradient of the chemical potential has been efficiently captured in a compressibility 

factor and the mobility coefficient. Since the permeability must be calculated numerically, this is 

more accurate as gradient determination always has numerical errors and is computationally 

demanding. With all the theory on these equations in mind, the next step is working out the 

(pseudo)equilibrium problem. The next sections discusses a solution strategy to the problem. 

 

4.5 Solution strategy 

 The (pseudo)-equilibrium problem involves the numerical solution of the chemical potential 

equation to finally obtain a composition of the mixture. The general formulation for the numerical 

problem is therefore shown in Eqn. 21.  

 Φ𝑖 = 𝑓(𝑇, 𝑝, 𝜌𝑝𝑜𝑙 , 𝑝𝑖
∗, 𝑝𝑗

∗, 𝑇𝑖
∗, 𝑇𝑗

∗, 𝜌𝑖
∗, 𝜌𝑗

∗, 𝛹, 𝑘𝑠𝑤) (21) 



37 
 

In this equation, the function 𝑓 is the equality that rests between the chemical potential of the 

penetrant in the external gas and in the polymer. This is visualized in Figure 19 graphically and 

the mathematically in Eqn. 22.  

 

Figure 19:(Pseudo)-equilibrium condition of the (NE)LF model. [3] The upper white part indicates the external 
gas phase with carbon dioxide molecules in it as black particles. The lower dark part is the polymer membrane 
phase. The chemical potential of the penetrant molecule in the gas phase is μ(G) and the chemical potential of 
the penetrant in the membrane phase is μ(S). Both are in units J/mol. 

The condition in Eqn. 22 describes the penetrant chemical potential in the membrane phase (μi
(S)) 

as a function of temperature (𝑇) in K, pressure (𝑝) in Pa, mass ratio of penetrant to membrane 

(Ω𝑖) in gi / gpol and the density of the polymer (𝜌𝑝𝑜𝑙) in g/cm3. The chemical potential of the 

penetrant in the external phase (μi
(S)) is a function of only temperature (𝑇) in K and pressure (𝑃) 

in Pa. In this equality, the LF equation for pure components is used to determine μi
(G) and either 

the LF or the NELF equation for mixtures is used to determine μi
(S). 

The formulation is written as a single-step process, yet the solution is performed in several steps. 

The first step is to calculate μi
(G) which requires the simultaneous calculation of the reduced 

density of the external gas. In this thesis, the scope is limited to single gases at a fixed pressure 

and temperature. Subsequentially, the appropriate EoS for the mixture phase should be chosen. 

For rubbery polymers, the LF EoS is used. For glassy polymers, the NELF EoS is used. 

The chosen numerical solver is MatLab. For this thesis, version 2016b was used, in combination 

with the Curve Fitting Toolbox. The relevant scripts are attached in the Appendices 6 and 7.  

 𝜇𝑖
(𝑆)

(𝑇, 𝑝, Ω𝑖 , 𝜌𝑝𝑜𝑙) = 𝜇𝑖
(𝐺)(𝑇, 𝑝) (22) 



38 
 

 

4.6  Solubility- and permeability isotherms 

4.6.1  Solubility isotherms  

The (NE)LF model describes the equilibrium content which should be visualized in a useful 

way that compares well with literature. There are two outputs of this model: the solubility isotherms 

and the permeability isotherms. For the solubility isotherm, either mass ratios or concentrations 

are used to quantify data. The mass ratio is derived from the mass fraction. For glassy polymers 

this is directly calculated from NELF, yet for rubbery polymers, volume fractions are calculated. 

The volume fraction can be adjusted by making use of the characteristic density of the 

components. This is displayed in Eqn. 23.  

 𝜔𝑖 = = Φ𝑖 ∙ 𝜌𝑖
∗ 𝜌∗⁄  (23) 

As both rubbery and glassy polymers are displayed in mass fractions, the data can be transformed 

to a mass ratio. The mass ratio is found by applying algebraic manipulation to the mass fraction. 

This results in Eqn. 24. 

 Ω𝑖 =
𝜔𝑖

1 − 𝜔𝑖
 (24) 

The mass ratio is plotted in several of the publications on NELF and LF. [25,62,68,70,81] Yet, the 

most commonly used quantity is concentration. This unit is used often because it is the unit used 

in the Dual Mode Sorption model. The unit used for the concentration (cm3
STP/cm3

POL) is defined 

as the ratio of the amount of gas at standard conditions in cm3 and the amount of polymer volume. 

This unit is derived from the mass ratio by making use of Eqn. 25.  

 
𝐶𝑖 = Ω𝑖 ∙

𝜌𝑝𝑜𝑙(𝑇, 𝑃)

𝜌𝑔𝑎𝑠(𝑇𝑆𝑇𝑃 , 𝑃𝑆𝑇𝑃)
 (25) 

The concentration in Eqn. 25 is denoted as 𝐶𝑖 with the units described above. Literature provides 

the accurate gas density (𝜌𝑔𝑎𝑠) in units g/cm3. The polymer density (𝜌𝑝𝑜𝑙) in g/cm3 is calculated 

with the LF EoS for rubbery polymers or from the linear approximation in Eqn. 16 for glassy 

polymers. In both cases, the density must be accurately determined by making use of the correct 

measurement at the operating temperature and pressure.  
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The density of rubbery polymers also decreases as penetrant concentrations increase. This 

dilution effect must be taken into account by correcting for the volume change due to swelling. De 

Angelis et al. provide a dilution factor to correct for this change in density which is consistent with 

the LF model. [22,67] They note that the factor only becomes significant for penetrant 

concentrations above 20 cm3
STP/cm3

POL, however the model proposed in this work adds the 

volume change for all attempted predictions. The dilution correction is demonstrated in Eqn. 26.  

  ΔV

V0
=

𝜌𝑗
∗�̃�𝑗

�̃�𝜌∗(1 − 𝜔𝑖)
− 1  (26) 

Herein, the characteristic density of the polymer (𝜌𝑗
∗) in g/cm3 is multiplied by its pure component 

reduced density (�̃�) at specified temperature and pressure. This pure polymer density is divided 

by the reduced mixture density (�̃�), the characteristic mixture (𝜌∗) in g/cm3 and the weight fraction 

of the polymer (1 − 𝜔𝑖) in the mixture at specified conditions. The correction is incorporated in 

Eqn. 25 by defining 𝜌𝑝𝑜𝑙 as a function of the dilution correction from Eqn 27. This is shown below: 

 
𝜌𝑝𝑜𝑙(𝑇, 𝑃) = 𝜌𝑝𝑜𝑙

0 (𝑇) ∙
𝑉0

𝑉0 + Δ𝑉
  (27) 

In Eqn. 27, the density of the polymer at specified temperature at vacuum (𝜌𝑝𝑜𝑙
0 ) in g/cm3 must be 

measured separately. The dilution is predicted by the LF-EoS, which indicates that the rubbery 

polymer dilution correction is fully predictive in case the binary interaction parameter is estimated 

(𝛹). For glassy polymers, 𝜌𝑝𝑜𝑙 is simply estimated based on the linear swelling coefficient and 

used in the calculations.  

 

4.6.2 Permeability isotherms 

 The permeability is expressed in Barrer, which was discussed earlier in the introduction. 

Unit analysis has revealed that the outcome of the permeability expression in Eqn. 20 from section 

4.4.5 does not result in this unit. Therefore, some adjustments had to be made to transform the 

units of the found permeability values. Unit analysis reveals that the calculated permeability is 

equal to: 

 
Pi =

mol

g ∙ MPa
∙

g

cm3
∙

cm2

s
∙

1

MPa
∙ MPa =

mol ∙ cm2

cm3 ∙ MPa ∙ s 
 (28) 
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This unit analysis reveals that the correct manipulations involve the pressure and the quantity of 

the gas. The pressure unit (MPa) is transformed to cmHg by multiplying with a factor 750. The 

unit of the gas quantity (mol) is transformed to the appropriate concentration unit (cm3
STP) by 

multiplying with the molar volume of the gas at standard temperature and pressure. This results 

in the following:  

 
Pi(Barrer) =

mol ∙ cm2

cm3 ∙ MPa ∙ s 
∙ (

2.21 ∙ 104  
cm𝑆𝑇𝑃

3

mol

7.50 ∙ 102  
cmHg
MPa

) (29) 

A last note on the permeability units is that Barrer is in Mercury pressure units, but displayed in 

its isotherm plots as a function of the pressure in Pascal. Only the permeability unit must be 

corrected as the pressure on the x-axis is solely an input variable.  

 

4.7 Results 

4.7.1 Gas density and chemical potential 

The LF-EoS should be able to accurately predict the densities of pure components within 

a given temperature- and pressure range. To test this hypothesis, pure gases were first simulated 

on the basis of their characteristic parameters. To validate the model, some well-known trends 

must be seen in the data. A gas has a low density under low pressure, nearing zero when the 

pressure nears vacuum. As the pressure increases, so should the density of the gas. For 

temperatures, a negative relation is expected. As the temperature increases, so does the amount 

of Brownian motion. This will cause a higher amount of collisions and thus a higher repulsion, 

decreasing the density. These two trends have been checked for hydrogen, resulting in Figure 

20. 

Figure 20 shows that the expected trends are realized by the LF-EoS prediction for hydrogen. 

The black line represents the density at near-vacuum conditions and the predicted density under 

these conditions is near zero. The drawback of the LF-EoS is that it does not allow the calculation 

of the density at complete vacuum because this will require a division by zero in the equation.  
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Figure 20: Density of pure gaseous hydrogen as a function of temperature at four different pressures as 
simulated by the LF model. 

The trends remain the same for different gases, thus sets of characteristic parameters. As the 

trends are now explained, the next step is finding how well the EoS describes absolute values. 

Several gases were used in the LF model to calculate the density at standard conditions (1 atm 

and 0 oC). These fives gases were analyzed on the basis of their characteristic parameters, shown 

in Table 4. 

Table 4: Characteristic parameters of the five gases in analyzed in this section using the LF-EoS. 

Component 𝑻∗ (K) 𝒑∗ (MPa) 𝝆∗ (g/cm3) Reference 

H2 46 37 0.078 [85] 

He 9.3 4 0.148 [85] 

CH4 215 250 0.500 [72] 

N2 145 160 0.943 [72] 

O2 170 280 1.290 [72] 

CO2 300 630 1.515 [72] 

 

The characteristic parameters above and the LF-EoS in Eqn. 11 resulted in predictions, these 

were compared to literature. These absolute outcomes were checked for relative errors to see 

how accurate the EoS predicts the density of pure gases. The comparison is shown in Table 5. 
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Table 5: Comparison of calculated density and literature density at STP for several gases including CO2 and 
O2. 

Component 𝝆𝒍𝒊𝒕 (kg/m3) 𝝆𝑬𝒐𝑺 (kg/m3) 𝝈(%) 

H2 0.0890 0.0880 1.1 

CO2 1.98 1.95 1.6 

O2 1.43 1.41 1.3 

He 0.179 0.176 1.7 

N2 1.25 1.23 1.6 

  Average error 1.5 

 

The average error is 1.5% over these five gases. The highest error of 1.7% is recorded for Helium. 

This is explained by the fact that noble gases have the most difficult-to-determine characteristic 

parameters, which are used for the calculations for the density EoS in Table 5. [71] Assuming that 

pVT data are measured with the same device and therefore the same absolute error and noble 

gases having the lowest densities, these will have the highest relative errors of in the fitting 

parameters. Thus, higher errors for noble gases would be expected.  

 

 

Figure 21: Projection of the phase diagram of pure carbon dioxide in the (p, ρ) plane for five different 
temperatures. The dotted lines indicate a gas-liquid phase transition, indicating that the temperature and 
pressure are below the critical temperature and pressure.  
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The higher pressure range for the EoS is also of interest. It would be useful if the LF-EoS could 

be used above the critical point for CO2, which is reached at 31oC and 74 bar. [86] Therefore, the 

LF-EoS brings extra value if it is able to predict the critical fluid transition for gases. This was 

tested by calculating the density as a function of the pressure at various temperatures. The result 

is displayed in Figure 21 for five temperatures across a range of -10 ᵒC and 60 ᵒC. The pressure 

range is from 0 bar to 150 bar.  

The projection of the phase diagram in (p, ρ) space reveals several characteristics of the model. 

Firstly, the model predicts both phase transitions from gas to liquid (illustrated by the dotted lines 

for -10 ᵒC, 0 ᵒC and 35 ᵒC) and it also displays a transition to the supercritical phase for any 

temperature above the critical point. At this point, the phase transition is described by a smooth 

curvature instead of a sudden jump in density value. [86] 

The numerical origin behind this transition from a singular to a discrete function is explained 

through the equations from the LF model. Figure 17 in the theoretical section depicts the 

dimensionless density function (ℎ) and the dimensionless Gibbs energy (�̃�) as a function of the 

density. The theoretical density value that is shown in Figure 21 is the density at the minimum of 

the Gibbs free energy. In Figure 17 in the theoretical section on the LF model, the Gibbs function 

displays two peaks. For low (p,T) combinations, the lower peak will be the lowest peak. As soon 

as pressure increases isothermally, the upper liquid peak will now become the lowest peak.  

As the solver looks for the lowest minimum in the spectrum, it will have a sudden jump for that 

(p,T) value that gives an equal peak intensity for both the liquid and the gaseous density. As soon 

as the critical point has been reached, the Gibbs free energy curve displays only one minimum, 

as both the minima have converged in the critical point. The supercritical fluid is found to display 

only a smooth transition in density, which is found to match literature. [86] 

Although the model predicts the trends correctly, the exact predicted phase transition point is 

different from the value stated in literature. The critical point of CO2 is found at T = 44 ᵒC and p = 

89.2 bar in this model, higher than the temperature and pressure stated in literature. [86] Sanchez 

and Lacombe argue that the inaccuracy near the critical point is due to the fact that the Ising fluid 

assumption becomes invalid near this point. They prove their point by showing that the 

compressibility of a bulk fluid near the critical point is largely overestimated compared to reality. 

[76] Sanchez and Lacombe elaborate on the fact that this only occurs near the critical point, thus 

validity of predictions near the critical point are not as accurate as those away from it.  
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Another setback is the lack of data on CO, the third gas of interest in this research. Sarti et al. did 

not report any results on thermodynamic modeling with CO, most likely due to shortcomings of 

the LF model. The LF model contains no parameters capable of incorporating polarity, therefore 

errors are expected in the calculation of CO isotherms. The author of this thesis has not attempted 

to derive the characteristic parameters of CO from available pVT data, for this reason – the 

expected errors may indicate that a different model should be used for the modeling of CO gas 

transport in polymer membranes. 

To conclude this section, the LF-EoS is able to predict gas densities around standard conditions 

with an error of under 2%. It is also able to show phase transitions from gaseous penetrants to 

their liquid phase, as seen in the phase plot of CO2. It is however incapable of correctly predicting 

the exact location of the critical point, deviating approximately 10% in pressure and temperature. 

The LF-EoS has not yet been attempted with mixtures of gases, another recommendation on 

future expansion of this model. 

 

4.7.2 Solubility isotherms in rubbery polymers  

The LF model was used to predict solubility isotherms of six different gases in a rubbery 

polymer (polydimethylsiloxane, abbreviated as PDMS). The LF model is expected to show at least 

similar trends in solubility behavior equal to those of the experimental data used. Two references 

were selected to provide the experimental data. The first reference is a work by De Angelis et al. 

who measured the solubility isotherms of CO2, N2, O2 and several light alkanes in PDMS. [22] 

The second publication by Galizia et al. shows solubility data of He and H2 in PDMS and several 

glassy polymers. [71] They used a slightly different PDMS and therefore another set of 

characteristic parameters was employed. The used characteristic parameters of the PDMS are 

displayed in Table 6 and the characteristic parameters of the gases can be found in Table 4. 

These are combined with the equilibrium solution strategy from the theory in sections 4.4.3 and 

4.6.1 to create solubility predictions in useful units.  

Table 6: Characteristic parameters for the evaluated solubility isotherms in PDMS at 35 oC. PDMS-DA is used 
for CH4, N2, O2 and CO2 whereas PDMS-G is used for H2 and He.  

Component 𝑻∗ (K) 𝒑∗ (MPa) 𝝆∗ (g/cm3) 𝝆𝟎 (g/cm3) Ref. 

PDMS – DA 498 292.5 1.081 0.980 [22] 

PDMS – G 476 302 1.104 0.970 [85] 
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To illustrate the solution method, the solubility isotherms have been documented in a specific 

style. The data in Table 6 and the experimental data have been combined in six solubility isotherm 

graphs in Figure 22 and Figure 23, each isotherm has four features. The first feature is the 

experimental data, shown in blue dots. The origin of the data is referred to in the caption of each 

figure. The second feature is the black dotted line, which represents the zero-order approximation 

by the model made for this thesis. Sarti et al. define the zero-order approximation as the prediction 

that uses a binary interaction parameter that is equal to unity. [2,67] This binary interaction 

parameter in the current model is Hildebrand’s coefficient (𝛹). The zero-order approximation 

should display a similar trend in solubility behavior, but it is not expected to fit the data exactly. 

This is because zero-order approximations are based solely on pure components and they do not 

incorporate any interaction such as hydrogen bonding and polarity effects. To improve the 

agreement of the model and the data, 𝛹 was employed as a fitting parameter. De Angelis et al. 

found good fits of their interpretation of the LF model, resulting in values for 𝛹. [22] The values 

that were found are used in the current model, which resulted in the dashed lines in Figure 22 

and Figure 23. Although De Angelis et al. and Galizia et al. obtained good fits, their values do not 

produce similarly satisfying results for the current model. Therefore, the fourth feature in each 

isotherm is the fit that is obtained by least-squares optimization of the interaction parameter by 

the current model. This is displayed by the solid lines in Figure 22 and Figure 23.  

Within the figures, the zero-order approximation exhibits the same trends as the data. The 

isotherms of O2, N2 and CH4 display Henry-type behavior, typical for nonswelling penetrants. The 

isotherm of CO2 shows slightly upward curvature with pressure, typically seen in swelling 

penetrants. As a side note, the DMS model is unable to predict this nonideal behavior and this 

increases the added value of the LF model. Although the trends are displayed accurately, the 

absolute concentrations are far from fitting the data. 
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Figure 22: Solubility isotherms of different gases in PDMS at 35 oC. The blue dots represent experimental data 
by De Angelis et al. for CH4 and O2 and by Pope et al. for N2 and CO2. [82] The dotted lines represent first-
approximation LF predictions. The dashed lines represent best fits obtained by De Angelis et al. [82] The solid 
lines are best fits of the current employed model.  

The errors for O2 are well over 250%, presenting the worst-case scenario for the LF-zero order 

approximation. Other fits are more accurate, yet still far from where they should be. De Angelis et 

al. describe a negative relationship in the absolute value of 𝛹 and the molar mass of the penetrant 

(𝑀𝑖) in g/mol. For values of 𝛹  less than unity, a gas-polymer system exhibits negative polymer-

penetrant interactions. They state that the reason for the correlation of 𝑀𝑖 and 𝛹 is unknown. [22] 

The model by De Angelis et al. illustrates the correlation conclusion by looking at a series of light 

alkanes, noting that CH4 has a near-unity value and C3H8 has a lower value for the coefficient. 

[22] The current model predicts a different trend in 𝛹, shown in Figure 22.  
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The zero-order approximations are furthest off for O2 and N2, two nonpolar penetrants with similar 

molecular weight. The CH4 isotherm displays a difference of 80%, whereas CO2 isotherms have 

the most accurate zero-order approximations out of  the four, deviating 50% from experimental 

data. The values found by De Angelis et al. for the 𝛹 are similar to the fits in this work. The origin 

of the differences between the zero-order approximation and the data must be further 

investigated, thus the model was used in the prediction of He and H2 in PDMS (Figure 23).  

Figure 23: Solubility isotherms of Hydrogen (at 10 oC) and Helium (at 35 oC) in PDMS. The blue dots represent 
experimental data by Galizia et al. The dotted lines represent first-order approximation LF predictions by the 
model. The dashed lines represent fits obtained by Galizia et al. [71] The solid lines represent the fits obtained 
by the current model.  

In these two isotherms, the LF model predicts Henry-type behavior, as expected. Yet, now the 

model underestimates the concentration in both zero-order approximations. The differences are 

around 200% over the entire isotherm. Because of the underestimation, 𝛹 is adjusted to a value 

above unity. This indicates that the PDMS has a favorable interaction with both H2 and He. 

However, the correlation is not completely true for He according to Galizia et al. [71] They argue 

that He displays quantum effects that are not captured in the three characteristic parameters of 

the LF model.  

The main outcome from this section is that the six isotherms indicate that the zero-order 

approximation has a higher accuracy for penetrant-polymer systems with similar elemental 

compositions and a lesser accuracy for systems with dissimilar elemental compositions. To 

illustrate, PDMS contains methyl groups and silicon-oxygen groups which mostly resembles CH4 

(methyl side groups), CO2 (Si-O bond) and H2 (methyl side groups). Several other researchers 

note the increased accuracy of the LF model for alike combinations of penetrants and polymers. 

[2,22,62,75] Therefore, the main phenomena displayed by the version of the LF model used in 
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this thesis are similar to the findings in literature, solely the absolute values of 𝛹 and the 

concentration (C) differ.  

 

4.7.3 Solubility isotherms in glassy polymers  

The solubility isotherms were modeled using the NELF model, employing six different 

penetrants and Matrimid® polyimide as membrane material. The motivation for this material is the 

fact that many studies have described the properties of Matrimid® as a membrane, coming up 

with consistent results. [19,44,87–89] Two publications have been selected for the provision of 

experimental data: one by Galizia et al. for He and H2 and one by Moore et al. for CO2, CH4, O2 

and N2. [71,90] 

Minelli et al. published an article containing the relevant characteristic parameters of the polymer 

used in the model, which is shown below in Table 7. [87] The characteristic parameters of the 

gases used can be found in Table 4. The model for this thesis was double-checked with the model 

by Minelli et al. to see whether comparable results are obtained. 

Table 7: Characteristic parameters for the NELF model used in the prediction of solubility isotherms for the six 
gases (H2, He, CH4, N2,O2, CO2) in Matrimid®.  

Component 𝑻∗ (K) 𝒑∗ (MPa) 𝝆∗ (g/cm3) 𝝆𝟎 (g/cm3) Ref. 

Matrimid® 880 450 1.350 1.239 (at 27ᵒC) [87] 

 

Both publications used Matrimid® with the same measured dry polymer density of 1.239 g/cm3 at 

T = 27 oC. For temperature adjustments, a linear thermal expansion coefficient of 63∙10-4 K was 

used. [87] Moore et al. measured the latter four gases in Table 7 at a temperature of 35 oC and 

pressures up to 27 bar, except for O2 due to safety considerations. [90] Galizia et al. measured 

He and H2 solubility at temperatures ranging between -10 oC and 70 oC and pressures ranging 

between 0 and 70 bar. [71] The wide range of data has been narrowed down to isotherms at T = 

35 oC in this analysis. This was done to compare the solubility isotherms of the six gases at similar 

temperature. The best fits obtained for relevant fitting parameters by the two references are 

displayed in Table 8, these are used in the solubility isotherms. 
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Table 8: Swelling coefficients and binary interaction parameters for the six gases in Matrimid® at 35 oC from fit 
optimization by Minelli et al. [87] and Galizia et al. [71] 

Component 𝒌𝒔𝒘(MPa-1) 𝛹 (-) Ref. 

H2 - 1.09 [71] 

He - 0.750 [71] 

CH4 - 0.932 [87] 

N2 - 0.890 [87] 

O2 - 0.935 [87] 

CO2 0.0174 1.030 [87] 

 

Each solubility isotherm again contains four features, with the blue dots representing the used 

experimental data, the dotted line representing the zero-order approximation for the relevant fitting 

parameter, the dashed line representing the best fits obtained for the model in the reference and 

the solid line representing the best fits from this model. The isotherms of H2 on the left and He on 

the right are shown in the figure below.  

Figure 24: Solubility isotherms of H2 and He in Matrimid® at T = 35oC. Blue dots represent the data by Galizia 
et al. [71]  Dotted lines represent zero-order approximations by this model, dashed lines represent best fits for 
the model by Galizia et al., solid lines represent best fits for this model.  

The solubility isotherms show Henry-type behavior for He, a nonswelling penetrant that barely 

sorbs in the polymer. H2 shows a slight decrease in curvature with increasing pressure, deviating 

from Henry-type sorption. This change in curvature is explained by the fact that Matrimid® has a 

low saturation concentration of H2, albeit still higher than the concentrations reached in this 

solubility experiment. This is caused by a low free volume in Matrimid® compared to PDMS, in the 

previous section. It is therefore expected that at these concentrations already, the curvature 

decreases due to an increasing occupied volume. The two solubility isotherms show remarkably 
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accurate zero-order approximations, deviating 25% for He and 40% for H2. Moreover, when using 

𝛹 as a fitting parameter, the data and the prediction are in excellent agreement. For 𝛹 = 0.750, 

the current model and the model by Galizia et al. both obtain the best fitting results. H2 interacts 

more favorably with the polymer than the zero-order approximation predicts, thus 𝛹 is valued 

higher than unity. The fit by Galizia et al. slightly deviates from the fit obtained by this model. The 

graphs in their publication show that the used model in their publication does obtain the best fit, 

indicating slight differences in this model and the one used in their work.  

Figure 25: Solubility isotherms of N2 and CH4 in Matrimid® at T = 35oC. Blue dots represent the data by Moore 
et al. [90] Dotted lines represent zero-order approximations by this model, dashed lines represent best fits for 
the model by Minelli et al.,  [87] solid lines represent best fits for this model.  

The solubility isotherms of N2 and CH4 are determined experimentally by Moore et al. at T = 35 
oC. The gases both show a decreasing curvature with increasing pressure, which is expected 

based on the low free volume of Matrimid® and the fact that both gases are non-swelling. The 

plots show a more pronounced difference between the zero-order approximation and the 

experimental data. The deviation for N2 reaches up to 250% whereas the CH4 deviation reaches 

180% at 26 bar.  

As soon as  𝛹 is employed as a fitting parameter, the prediction of the N2 isotherm is in 

accordance with experimental data. However, CH4 predictions are still deviating from 

experimental data, especially in the lower region. The author has no model-based explanation for 

this besides swelling-related errors, however Moore argues that his regression of the data 

resulted in bad matches in several cases, due to the little amount of data points and the actual 

deviation of data seen in this graph. [90] This argument was tested by incorporating a second set 
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of experimental data and predictions, by Chung et al. [91] The comparison of both is displayed in 

Figure 26. 

 

Figure 26: Solubility isotherms of CH4 in Matrimid® at two different temperatures. Green dots represent the 
data by Chung et al., measured at T = 23 oC. [91] Blue dots represent the data by Moore et al., measured at T = 
35 oC. [90] Solid lines represent the NELF predictions with appropriate values for 𝚿.  

The prediction shows similar inaccuracies, underestimating solubility by about 5% at pressures 

below 15 bar and overestimating solubility by about 5% at pressures above 20 bar. The reason 

for this is that CH4 may result in swelling of the polyimide, indeed resulting in density inaccuracies. 

In the CH4 solubility isotherms in Figure 26, the swelling coefficient is set at zero. The 

consequence of this assumption is quantified as follows: the predicted concentration of CH4 in 

Matrimid® by the NELF model has a high sensitivity towards density, changing the density by only 

1%, a change in concentration of 13.6%. Errors in the density are amplified strongly in the 

concentration. The error analysis can be found in Appendix 9. 

The last isotherm that was fitted using solely 𝛹 is O2, shown in Figure 27. The zero-order 

approximation similar trends as the experimental data, although by deviation of 300%. After 

adjusting the model with the appropriate value for 𝛹, the experiment and the prediction match. 

The isotherm does show remarkable differences in best fit values obtained by Minelli et al. [87] 

and the current model. Again, the interaction effects seem to be more pronounced in this model. 

The reason for this is most likely a different solution strategy of the model.  
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Figure 27: Solubility isotherm of O2 in Matrimid® at T = 35 oC. Blue dots represent data by Moore et al. [90] 
Dotted line represent the zero-order approximation by this model. The dashed line represents best fit by Minelli 
et al. [87] The solid line represents the best fit by this model. 

CO2 was fitted using a different parameter. This time, the parameter is called the swelling 

coefficient and it is employed here because CO2 will swell and eventually plasticize glassy 

polymers. This must be corrected, because now no longer the fixed density assumption is valid. 

Therefore, the linear density change approximation demonstrated in sections 4.4.4 and 4.6.1 is 

used. This swelling coefficient can either be treated as a fitting parameter based on experimental 

solubility data or fully predictive based on the LF model, the Tait equation and pVT data (as shown 

in 4.6.4). Both have been demonstrated in Figure 28. The value for Hildebrand’s coefficient (𝛹 = 

1.030) in Table 8 for CO2 indicates that two fitting parameters were used in this isotherm. The 

procedure for two fitting parameters requires that the solubility isotherm is first fitted in a pressure 

range of 0 < p < 5 bar for 𝛹. The value fitted by Minelli et al. matched the fit by this model 

reasonably well, thus the value was unchanged.  

In Figure 28 the solubility isotherm shows similar trends for either value of 𝑘𝑠𝑤. The importance 

of this fitting parameter becomes apparent at pressures above 6 bar already, because here CO2 

will swell the polyimide. 
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Figure 28: Solubility isotherm of CO2 in Matrimid® at T = 35 oC. Blue dots represent experimental data by Moore 
et al. [90] Dotted line represent zero-order approximation (ksw = 0). Dashed line represent best fits determined 
by Minelli et al. based on their model. [87] Solid line represents best fits obtained in results section 4.7.4. 

Minelli et al. determined the optimal value based on experimental analysis, getting 𝑘𝑠𝑤 = 0.0174 

MPa-1 for the CO2-Matrimid® system at 35oC in their version of the NELF model. When the 

predictive method in the upcoming section is used in combination with the current model, a 

remarkable fit with the data by Moore et al. is reached.  

Thus, to conclude this section, the NELF model shows to predict non-swelling gases well. It shows 

the expected trends for N2, O2, He and H2 but appears to deviate for CH4. The author argues that 

this is caused by an error in the dry polymer density. The NELF model also predicts the solubility 

isotherm of a swelling gas based on the linear density decrease equation. For swelling gases, 𝛹 

is determined based on low pressure data (p < 5 bar) because polymer swelling is still insignificant 

in this range, thus interaction parameter determination is not significantly influenced by swelling 

effects.  
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4.7.4 Predicting the swelling coefficient for glassy polymers 

The theory in section 4.4.6 reveals a method developed by Minelli and Sarti that can 

predict the swelling coefficient of glassy polymers with CO2 based on solely pure component pVT 

data. This is repeated for Matrimid®, however as the theory states, there must be information 

about the isothermal compressibility (𝜅) in both the glassy and rubbery phase. Matrimid® is a 

substance that decomposes before it reaches the temperature required for a rubbery phase. 

Therefore, no measured pVT data are available.  

To overcome this limitation, the author of this work has looked at molecular simulations on 

hypothetical rubbery states of Matrimid®. This simulation was performed by Heuchel, who uses 

GCMC to simulate the pVT diagram for Matrimid® in a temperature range from 200 K up to 1000 

K. [92] 

Based on the pVT data in Figure 29, a Tait equation can be formulated for the rubbery and glassy 

temperature domain of the polymer. The approach is analogous to the approach by Zoller et al. 

described in Appendix 8. 

 

Figure 29: Molecular simulation of the pVT diagram of Matrimid® from 200 to 1000 K at three different pressures. 
[92]  

The pVT data display a similar trend compared to the polycarbonate described in the introductory 

section. The authors state that the pure glassy phase is found up to temperature of 650 K. From 

this temperature until 800 K, a transition phase is described, where the authors are not sure 
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whether or not a true rubbery or true glassy phase applies. [92] At 800 K, the authors claim that 

a hypothetical rubbery phase is reached. The temperature ranges have been used to fit the Tait 

equations (Eqns. 31 and 32), resulting in the values found in Table 9. 

Table 9: Parameters for the Tait EoS fitted to the molecular simulation results from Heuchel. [92] 

Parameter Glassy region Rubbery region 

𝑎0 (cm3/g) 7.83∙10-1 5.90∙10-1 

𝑎1 (cm3/(g∙K)) 1.71∙10-4 3.06∙10-4 

𝑎2 (cm3/(g∙K2)) 0 1.60∙10-7 

𝐵0 (bar) 3.91∙103 6.93∙104 

𝐵1 (1/K) 5.14∙10-3 5.14∙10-3 

 

The parameters in Table 9 are used in to calculate the isothermal compressibility of the rubbery 

and glassy region based on Eqn. 33. The compressibility factors as a function of temperature are 

plotted and their resulting ratio at the hypothetical glass transition temperature (800 K) is equal to 

the desired weighing factor. This is visualized in Figure 30. 

 

Figure 30: pVT diagram of Matrimid® polyimide from molecular simulations by Heuchel. Black dots represent 
the specific volume at 1 bar, as a function of the temperature. Blue line represent the Tait equation with 
parameters from the glassy phase. Green line represents Tait equation with parameters from the rubbery 
phase. In the subplot, the isothermal compressibility (𝛋) around Tg is shown. The blue line represents the glass-
phase 𝛋𝐆 whereas the green line represents the hypothetical rubbery phase 𝛋𝐑. The ratio of 𝛋𝐆 over 𝛋𝐑is equal 
to the weighing factor (𝛘).  
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Based on this graph, 𝜒 is equal to 0.813, being the ratio of the two isothermal compressibility 

curves. [28] This value is in the higher range compared to the four glassy polymers treated in the 

analysis by Zoller and Minelli, which is expected because Matrimid® does not have a physically 

attainable rubbery phase. Because the weighing factor describes the approximate amount of long-

term volume changes due to glassy polymer properties, a polymer such as polyimide that 

resembles a glassy polymer without any transition state is expected to have a high weighing 

factor.  

The swelling coefficient was determined using the theory in section 4.6.4. The last part of the 

determination is the based on the numerical calculation of the LF-model prediction of the volume 

of the mixture change near zero penetrant pressure. This resulted in a final value of 𝑘𝑠𝑤 following 

Eqn. 17 have been shown in Table 10, which compares the predicted values with experimental 

studies by Minelli et al. [87]  

Table 10: Comparison of experimental- and predicted values for the swelling coefficient of Matrimid® with CO2. 
Experimentally determined 𝒌𝒔𝒘 is based on sorption measurements by Minelli et al. [87] Predictively 
determined 𝒌𝒔𝒘 is based on the method of Zoller and Minelli [80], [84], Molecular simulations by Heuchel and 
Minelli [92] and the model described in this chapter.  

T (oC) Exp. 𝑘𝑠𝑤 (MPa-1) Pred. 𝑘𝑠𝑤 (MPa-1) 𝝈 (%) Ref. 

23 0.0174 0.0148 17.6 [87] 

35 0.0153 0.0137 11.7 [87] 

 

The predicted values from the third column of Table 10 are used to fit two solubility isotherms with 

experimental data available. The first isotherm was measured by Moore et al. at T = 35 oC and 

the second isotherm was measured by Chung et al. at T = 23 oC. The used polymers have similar 

density and are analyzed in the NELF model using the same set of characteristic parameters. 

The outcomes are exhibited in Figure 31. 
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Figure 31: Solubility isotherms of CO2 in Matrimid® at two different temperatures. Green dots are the 
experimental data at 23 oC by Chung et al. [91] Blue dots are the experimental data at 23 oC by Moore et al. [90] 
Black lines represent NELF fits using predictive method of this section. 

The swelling coefficient values predicted by this method and MD pVT data show remarkably good 

fits, whereas the experimentally determined values by Minelli et al. show lesser fits in this model 

(Figure 28). Minelli fitted his experimental value for 𝑘𝑠𝑤 at 35 oC using his own model, which did 

result in a neat fit according to the relevant paper. This shows that the author of this work has a 

different interpretation of the used NELF model, resulting in different outcomes.  

This specific combination of MD pVT data and the predictive method has not been done in 

literature. De Angelis and Sarti mention in their review that this combination of MD and 

thermodynamic modeling for predictions could be the future of modeling gas transport in polymer 

membrane, as it combines the benefits of both. [62] 

To conclude, the prediction of the swelling coefficient based on MD and a rheological model by 

Minelli et al. has been proven, as idealized by De Angelis and Sarti. The obtained fit for Matrimid® 

is remarkably accurate, however the accuracy of this method and the model at large is still not 

proven as versions of this model by other authors have shown different values for fitting 

parameters in almost all cases mentioned in this report.  
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4.7.5  Permeability and selectivity in glassy polymers  

The model was used to predict the permeability of CO2 and O2 in several glassy polymers 

based on the theory on the NELF and the permeability equation. The permeability equation has 

been fitted to experimental data from several references.[27,93–98] The fitting procedure is based 

on the introduction of two parameters, namely the mobility (𝐿𝑖𝑗
0 ) and the plasticization factor (β). 

[25,68] 

Before these parameters are fitted to the permeability equation, the theory requires that the 

solubility isotherm is first determined, within the same pressure range. The determination will 

result in the binary interaction parameter (𝛹) and the swelling coefficient (𝑘𝑠𝑤) that produces the 

optimal fit for this model. After the solubility isotherm, the permeability is fitted.  

The goal of the analysis is to show that the permeability equation is able to correctly fit all four 

types of permeability trends, as discussed in 4.6.3. Furthermore, the numerical origins of the 

trends are examined, as are the weaknesses and inaccuracies of the permeability equation. The 

results are displayed in the figures below. The figures are structured as follows. 

Firstly, the solubility isotherms contain blue dots and blue squares. The blue dots represent CO2 

measurements and the blue squares represent O2 measurements. The data is taken from 

literature, which is referenced in the caption of the solubility isotherms. Black lines in the solubility 

isotherms represent the NELF prediction based on the appropriate parameters for this model. The 

input parameters are found in Table 11.  

Secondly, permeability plots contain blue dots and blue squares. The blue dots represent CO2 

measurements and the blue squares represent O2 measurements. The publication from which 

these points were derived is found in the caption of the solubility isotherms. Black lines in the 

solubility isotherms represent the simulated permeability based on the appropriate parameters for 

this model. The input parameters are found in Table 12 and Table 13. 

Lastly, the selectivity is compared. This is done in Figure 39. These plots contain red triangles 

and red diamonds. The red triangles represent the ideal permeability selectivity and the red 

diamonds represent the ideal solubility selectivity. Black lines in these figures represent the NELF- 

and permeability equation simulations by this model. The solid line that represents the NELF 

equation is closest to the solubility selectivity points as it represents these. The other solid line 

that represents the permeability selectivity is closest to permeability selectivity.  



59 
 

Table 11: Characteristic parameters for the NELF model calculations for the six relevant polymers and the two 
investigated gases. 

Component 𝒑∗ (MPa) 𝑻∗ (K) 𝝆∗ (g/cm3) 𝝆𝒑𝒐𝒍
𝟎  (g/cm3) Ref. 

AF2400 250 624 2.13 1.74 [25,93]  

Matrimid 450 880 1.35 1.24 [27,68]  

PEI 610 820 1.38 1.28 [68,97] 

PEMA 507 602 1.22 1.12 [68,95] 

PMMA 560 695 1.27 1.18 [68,96] 

PSf 600 830 1.31 1.24 [68,98] 

PTMSP 405 416 1.25 0.750 [25,94] 

 

The values in Table 11 have been taken from literature directly whereas the values from Table 12 

and Table 13 are used to fit this model to experimental data. As seen in previous sections, this 

model differs from the model used by other authors for unknown reasons. Therefore, the authors 

suggest a cautious approach when using the values from Table 12 and 13 in NELF models by 

other authors, while stating that an uncertainty remains regarding which model is the most correct. 

Table 12: Fitting parameters for the solubility- and permeability isotherms of CO2 in six glassy polymer 
membranes calculated by this model. 

Polymer Gas 𝜳 (-) 𝒌𝒔𝒘 (MPa-1) 𝑳𝒊𝒋
𝟎  (cm2/s) 𝜷 (-) 

AF2400 CO2 1.00 1.90∙10-2 4.70∙10-6 17.0 

Matrimid CO2 1.10 2.10∙10-2 2.40∙10-9 24.5 

PEI CO2 0.990 1.50∙10-2 1.27∙10-9 22.8 

PEMA CO2 0.975 2.01∙10-2 1.30∙10-8 56.5 

PMMA CO2 1.01 2.08∙10-2 2.2∙10-9 38.0 

PSf CO2 0.987 0.920∙10-2 6.00∙10-9 17.3 

PTMSP CO2 0.980 0 4.85∙10-5 0 

 

The first two parameters in Table 12 and Table 13 are used in the solubility isotherm equations in 

the NELF framework as we are discussing glassy polymers. The latter two are the newly 

introduced parameters for the permeability equation. Because the solubility coefficient based on 

𝛹 and 𝑘𝑠𝑤, these two parameters will influence both the permeability and the solubility isotherms. 

Therefore, first solubility data should be fitted before permeability data can be considered.  
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Table 13: Fitting parameters for the solubility- and permeability isotherms of O2 in two glassy polymer 
membranes calculated by this model. 

Polymer Gas 𝜳 (-) 𝒌𝒔𝒘 (MPa-1) 𝑳𝒊𝒋
𝟎  (cm2/s) 𝜷 (-) 

AF2400 O2 1.03 0.3∙10-2 8.20∙10-6 18.0 

PTMSP O2 0.950 0 3.20∙10-5 0 

 

The obtained solubility and permeability values are shown in Figure 32 to Figure 36. The 

isotherms for CO2 have resulted in three out of the four possible trends of permeability with 

increasing pressure. Either a monotonous decrease, monotonous increase of a plasticization 

effect is noticed for the analyzed polymers. The decrease is found in polysulfone (PSf) and 

polyetherimide (PEI), as shown in Figure 32 and 36 respectively.  

Figure 32: Solubility- and permeability isotherm of CO2 in polysulfone (PSf) at 35 oC. Blue dots represent 
experimental data by Erb and Paul. [98] Solid line represents NELF predictions by this model. 

Figure 33: Solubility- and permeability isotherm of CO2 in polyetherimide (PEI) at 35 oC. Blue dots represent 
experimental data by Barbari et al. [97] Solid line represents NELF predictions by this model. 
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Both solubility isotherms show excellent agreement between the model prediction and the 

experimental data based on the values in Table 12 showing the behavior of a swelling penetrant 

in a glassy polymer with a relatively low free volume. Furthermore, it is noted that 𝛹 in both cases 

is close to unity, indicating that a zero-order approximation would have only minor deviations from 

the solubility isotherms. These two systems were modeled predictively.  

However, the permeability plots show significant inaccuracies in the lower pressure range. These 

inaccuracies are caused by the term before the integral in Eqn. 20. As the transmembrane 

pressure difference decreases, so does the denominator of this term. As this denominator nears 

zero, the permeability coefficient will near infinity which is physically incorrect. This subject will be 

treated again at the end of this results section.  

In the higher pressure range, the permeability plots for PEI and PSf show a good fit for the 

permeability equation with the data. The decreasing trend is caused by the specific combination 

of several aspects of the permeability equation. Firstly, because of the concavity of the solubility 

isotherm, the solubility coefficient decreases with increasing pressure. Furthermore, the 

plasticization coefficient is relatively low. A low plasticization coefficient correlates to the 

permeability equation via an exponential equation as demonstrated in the theory. The 

dependency is especially visible at higher pressures. Lastly, the mobility coefficient is relatively 

low compared to other values in Table 12. The analysis shows that this coefficient mostly 

translates to a displacement of the total curve, as it is correlates linearly to the permeability 

coefficient via the known equations. [25] 

A positive trend with pressure is found for polyethyl-methacrylate (PEMA) and polymethyl-

methacrylate (PMMA) in the reference data. [95,96] The four isotherms belonging to these 

polymers have been depicted below in Figure 34 and Figure 35. 
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Figure 34: Solubility- and permeability isotherm of CO2 in poly(ethyl methacrylate) (PEMA) at 35 oC. Blue dots 
represent experimental data by Chiou and Paul. [95] Solid line represents NELF predictions by this model. 

Figure 35: Solubility- and permeability isotherm of CO2 in poly(methyl methacrylate) (PMMA) at 35 oC. Blue 
dots represent experimental data by Chiou and Paul. [96] Solid line represents NELF predictions by this model. 

The model shows good agreement for the PEMA solubility isotherm, whereas an underestimation 

at lower pressures is noticed for the PMMA solubility isotherm. Both solubility isotherms show 

only slight concavity with increasing pressures. The PMMA isotherm shows more concavity which 

is related to a lower free volume. The last polymer investigated is Matrimid®, shown below. 
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Figure 36: Solubility- and permeability isotherm of CO2 in Matrimid® polyimide at 35 oC. Blue solid dots 
represent experimental data by Horn et al. [99] Blue open dots represent experimental data by Tin et al. [100] 
Solid line represents NELF predictions by this model. 

As can be seen in Figure 36 the solubility isotherm is in good agreement. This is the same 

isotherm as the one in Section 4.7.3 on the solubility isotherms in glassy polymers. The 

explanation of its curvature and data agreement can be found there. The permeability isotherm 

shows a lesser agreement at higher pressures. The permeability equation does predict a similar 

trend, showing a downward curvature for pressures up to the expected plasticization pressure (15 

bar).based on experimental data. [87] At higher pressures, the model underestimates the upward 

change in curvature. The cause for this lies with the fact that the NELF model is invalid for 

polymers that resemble elastomeric characteristics, the LF model should be used. At high CO2 

pressures, the penetrant causes the polyimide to be swollen to such an extent that it is exhibits a 

rubbery structure. Rubbery polymers in general have higher permeabilities, thus an 

underestimation of the trend is expected. It is, however, a shortcoming of the current 

methodology.  

Minelli et al. have attempted to fix this shortcoming for solubility isotherms by using the NELF 

model to the LF model above the plasticization pressure. [28] This has resulted in a better fit for 

solubility. The same methodology of switching from NELF to LF is not investigated for the solubility 

here, nor is the permeability behavior of rubbery polymers through the LF model. The author of 

this work makes a first approximation by looking at glassy polymers with high permeabilities. 

These are PTMSP and AF2400, with permeabilities which are three orders of magnitude higher 

than those in Matrimid®. The isotherms are shown in Figure 37 and Figure 38. 

AF2400 predictions by the NELF model also show good agreement for both permeability and 

selectivity. The solubility isotherm for CO2 shows as light downward curvature due to high uptake, 
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which fills the available free volume in the polymer. The oxygen isotherm shows Henry-like 

behavior, typical for non-swelling agents. 

The adjustment made by changing the interaction parameter is, however, much smaller compared 

to the results found in sections 4.7.2 and 4.7.3 Thus, the isotherms of this polymer can be 

determined purely predictive within reasonable error bounds by the zero-order approximation 

method (𝛹 = 0). The fluorinated polymer shows high permeability towards both gases, which is 

inherently coupled to its high free volume. 

  

Figure 37: Solubility isotherms of O2 and CO2 in AF2400 (random copolymer of 65 mol% 2-bistrifluoromethyl-
4,5-difluoro-1,3-dioxole and 35 mol% tetrafluoroethylene) at 35 oC. Blue dots and blue squares represent data 
by Merkel et al. [93] . Solid lines represent NELF predictions. 

Figure 38: Solubility isotherms of O2 and CO2 in poly(1-trimethylsilyl-1-propyne) (PTMSP) at 35 oC. Blue dots 
and blue squares represent data by Merkel et al. [94] Solid lines represent NELF predictions. 
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An upward trend of CO2 permeability represents similarities with commonly found permeability 

trends in rubbery polymers, e.g. significant swelling. [68] To determine similarities between the 

glassy polymer and the rubbery polymer, an even more permeable polymer, PTMSP, was 

investigated.  

PTMSP isotherms show the highest CO2 solubilities of all isotherms shown in this thesis. This is 

due to the unique value of the free volume of this polymer. Its characteristic density (𝜌∗) is equal 

to 1.25 g/cm3 whereas its dry vacuum density is equal to 0.75 g/cm3. This significant difference is 

an indicator for high free volume, following the definitions of the two densities from the theory. 

The free volume effect is also noticed in the permeability values, in the order of 20,000 Barrer for 

CO2. PTMSP displays a decreasing permeability with increasing for CO2 and a relatively flat 

isotherm for O2. 

Lastly, the two permeabilities and solubilities of CO2 and O2 in AF2400 and PTMSP are compared 

in selectivity plots, displayed in Figure 39. Both the solubility selectivity (𝛼𝑆) and the permeability 

selectivity (𝛼𝑃) are displayed, equal to the respective ratios of the solubility isotherms and the 

permeability isotherms. As the CO2 permeability in PTMSP decreases more strongly O2 

permeability with pressure, one would expect a permeability decrease in 𝛼𝑃. The plot shows that 

both the model and the experimental data confirm this. The dominantly increasing CO2 

permeability in AF2400 results in an increasing 𝛼𝑃.  

 

Figure 39: Solubility and Permeability selectivity isotherms in AF2400 and PTMSP at 35 oC. Red diamonds and 
red downward triangles represent experimental measurements by Merkel et al. [93,94]. Solid lines represent 
NELF- and permeability equation outcomes.  
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Based on the gathered data from this section, the model is able to produce results that are similar 

to the work by other authors. [70] For most polymers, the zero-order approximation results in 

errors lower than 10%, making the model completely predictive. Even the selectivity trends can 

be calculated accurately by the NELF model and the permeability equation.  

The six glassy polymers and their isotherms reveal the four possible trends from the theory. These 

four trends originate from one equation that has two fitting parameters. The plasticization 

coefficient (𝛽) influences the slope of the permeability isotherm at mostly higher pressures, as 

well as the pressure coordinate of the minimum in the isotherm. The mobility coefficient (𝐿𝑖𝑗
0 ) 

determines mostly the permeability coordinate, which is the equivalent of shifting parallel to the 

y-axis. All permeability isotherms are governed by an asymptote towards infinity for pressures 

near vacuum. This behavior is not physically grounded, therefore inaccuracies in the lower 

pressure range are a weak point of the equation. These inaccuracies can be minified for a small 

step size (i.e. small difference between two calculations at different pressures.) and by setting the 

permeate partial pressure to zero.  

Moving further away from the asymptote, the permeability value always decreases towards a 

minimum and then either gradually increases (𝛽 > 0) or flattens (𝛽 = 0). If the location of the 

minimum is found within the experimental operating range, the isotherm reveals plasticization of 

the membrane. If the location of the minimum is outside of the operating range, the isotherm is 

either flattened for scarcely soluble penetrants or decreasing for soluble penetrants. The decrease 

is linked to the filling of free volume, envisioned as a hold-up of penetrant molecules passing 

through the polymer voids.   

The four possible trends of permeability isotherms with pressure are captured in one equation, 

with two fitting parameters. The first one (𝐿𝑖𝑗
0 ) captures the y-coordinate of the permeability and 

the second (𝛽) captures the changes in curvature. The biggest inaccuracies are found for 

Matrimid® because of the plasticization effect occurring at higher pressures. The equation is 

unable to capture the transition of rigid to elastomeric Matrimid® at higher pressures, thus 

underestimates the permeability at these pressures.  

For the other cases, good agreement between experimental data and predicted curves can be 

reached for values comparable to literature. Both the permeability and selectivity can be 

accurately estimated by the permeability equation. The biggest weakness of the model is the 

asymptote near a transmembrane pressure difference of zero. This effect is not linked to any 

physical phenomenon but purely an artefact of the equation.  
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A second issue is that Sarti et al. did not published any articles on the application of this model to 

rubbery polymers. This raises doubts on the viability of the permeability equation for these 

polymers. The author of this work did not investigate the application of the permeability equation 

to rubbery polymers for this reason, but does argue that it should be possible. To modify this 

equation for rubbery polymers, the value of the infinite dilution mobility coefficient should be high 

(in the order of PTMSP). Also the density should no longer be calculated via the linear 

approximation in Eqn. 16 and instead come from the LF-EoS. Lastly the solubility should be 

calculated by the LF model.  

 

4.7.6 Applying the LF model  

 The LF model created for this work was compared to previous work by Sarti et al. After 

discussing the differences of this model and their results in the previous sections, the model is 

finally tested by applying it to a novel polymer. This section is a proof of concept, displaying that 

the thermodynamic models are applicable polymer with existing pVT data. Thus, the model is 

applied to a previously mentioned polymer from the Robeson analysis in section 3.4: PEBAX. In 

this section, the Robeson plot reveals that PEBAX has the highest selectivity out of all the neat 

polymers while maintaining a reasonable permeability, placing it on the upper bound for the 

CO2/O2 separation. 

Figure 40: pVT data of PEBAX® 4033 at five pressures ranging between 0.1 MPa and 120 MPa and temperatures 
ranging between 300 K and 490 K. Black vertical lines indicate the left border of the incorporated data from the 
rubbery region of PEBAX® 4033.[101] 
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In this analysis, PEBAX® 4033 by Arkema© was chosen, as pVT data and solubility studies have 

been performed, though no characteristic parameters are available for the model. Thus, the first 

step in this proof of concept is determining 𝜌∗, 𝑝∗ and 𝑇∗. This is done by applying a non-linear 

least squares (NLSQ) fitting strategy of Eqn. 11 with the available pVT data for PEBAX® 4033. 

[101] The pVT data of PEBAX are shown in Figure 40.  

The NLSQ fitting was applied to the elastomeric range, thus not its fluid range. This range has 

been set before the mild density transition that is visible in the pVT data. For 0.1 MPa, this 

transition starts at a temperature of 375 K and ends at 400 K. All data before the start of the phase 

transition are valid for the fitting procedure. Two fits have been attempted, one for the complete 

pressure range and one for the lower pressure range. The outcomes of these fits are shown in 

Table 14. 

Table 14: Two sets of LF-EoS characteristic parameters extracted from the rubber domain of the pVT diagram 
of PEBAX® 4033 for two pressure ranges, including the average error. 

Range 𝑻∗ (K) 𝒑∗ (MPa) 𝝆∗ (g/cm3) 

p<40 MPa 631.6 495.3 1.075 

p<120 MPa 550.0 482.8 1.108 

 

The parameters are used to calculate the continuous LF-EoS. The outcomes of these calculations 

for the lower pressure range data (p < 40 MPa) is shown below in Figure 41. The lower pressure 

fit is in good agreement with lower pressure data, whereas especially the 120 MPa density isobar 

deviates strongly. If the fit over the complete pressure range (p < 120MPa) is employed, especially 

the lower two isobars (p = 0.1 MPa and p = 20 MPa) deviate.  

With the knowledge that the fit over the complete pressure range shows greater deviations for the 

lower pressure isobars, the lower pressure range parameters were chosen. These describe the 

polymer pVT data more accurately for the operating conditions of solubility- and permeability 

experiments. 
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Figure 41: pVT data at five different pressures over the thermoplastic temperature range of PEBAX®. The 
squares represent pVT data. [101] The solid lines represent the LF-EoS calculations with the first set of 
characteristic parameters (p<40 MPa) from Table 14. 

Sanchez and Lacombe, in their original publications on polymer solutions, note that the pressure 

range is also limited for the polymers in their study (i.e. PMMA, PC and others employed in the 

results in section 4.7). [67] The author of this work argues that under such high pressures, the 

polymers can exhibit phenomena such as structure collapsing that give rise to the significant 

differences in LF prediction and sample data. The collapse of the structure changes the 

macroscopic material properties, which is not captured in the LF-EoS effects. The change in 

macroscopic material properties can only be incorporated by fitting a new set of characteristic 

parameters to the data. This shortcoming is deemed insignificant to the scope of this thesis, 

because solubility- and permeability studies on this polymer have not been performed at such 

elevated pressures. [102] 

With the characteristic parameters of the polymer and the gases available, the LF model can be 

used to calculate solubility isotherms via the theory in section 4.4.2 and 4.4.3. Before proceeding, 

however, the exceptional properties of PEBAX® 4033 must be discussed. PEBAX® is known to 

consist of rubbery- and glassy microdomains because it is a block copolymer of soft poly-x-oxides 

and polyamides. In the studied PEBAX® 4033, the found contents are 53 wt% PTMEO and 47 

wt% PA12. PTMEO is polhydrofuran (soft) and PA12 is Nylon 12 (rigid). [103] 
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In these polymers, the Poly-x-oxides account for almost all sorption- and permeability of gases. 

[38,58,60,103] The polyamide domains have a high crystallinity and low free volume available to 

facilitate solubility and permeability of penetrants. In this analysis, the solubility of gases is 

assumed negligible in the polyamide because of the low free volume. This requires a correction 

for the amount of impenetrable volume of the total polymer.  

The impenetrable volume is corrected for, by first calculating the volume fraction of polyamide in 

PEBAX® 4033. The mass fraction of PA12 is 0.47, as mentioned earlier. To determine its volume 

fraction, the densities of both species are required. Both species in the polymer have similar 

densities. PA12 has a density of 1.01 g/cm3 and PTMEO has a density of 0.982 g/cm3. [102] The 

volume fraction is now calculated using Eqn. 23. The outcome is shown below.  

 
𝜙𝑃𝐴 =

𝜔𝑃𝐴
𝜌𝑃𝐴

⁄
𝜔𝑃𝐴

𝜌𝑃𝐴
⁄ +

𝜔𝑃𝐸𝑂
𝜌𝑃𝐸𝑂

⁄
= 0.46 (30) 

 

In Eqn. 30, subscript PA indicates the polyamide crystalline species whereas subscript PEO 

indicates the polyethylene oxide. The impenetrable volume fraction (𝜙𝑃𝐴) is 0.46. This correction 

is used in the solubility determination. 

One might argue that the use of characteristic parameters for the complete PEBAX® copolymer 

should not be used for the solubility- and permeability in polyethylene oxide. The use of 

polyethylene oxide characteristic parameters should be used in the LF-EoS to calculate the 

solubility and permeability of the penetrant in the PEO species and the characteristic parameters 

of polyamide should be used in the NELF-EoS to calculate the solubility and permeability of the 

penetrant in the respective species.   

However, this logic is in conflict with the LF theory. The characteristic parameters are meant to 

describe pVT behaviour of bulk fluids. The pVT behaviour of PEBAX® is equally determined by 

the PA and the PEO species in it. Thus, the assumption of having an impenetrable fraction and a 

penetrable of PEBAX® is more in line with the LF theory because the overall change in structure 

of PEBAX® is influenced equally by PA and PEO species regardless of their penetrability. In other 

words, the used method is in line with the LF theory because the characteristic parameters of 

PEBAX describe its structure (and changes) regardless of penetrant molecules. The PEBAX® 

exhibits solubility behaviour in the PEO part due to structural changes in the total PEBAX 

copolymer. The effects of PA are thus incorporated by making use of characteristic parameters 

of the complete copolymer in Table 14.   
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With the correction for the impenetrable fraction in mind, the following solubility isotherms have 

been calculated for CO2 and O2, shown in Figure 42. 

The solubility isotherms reveal that the LF model overestimates both solubilities. The CO2 

solubility shows a minor upward trend with pressure, expected for swelling gases. Upon 

comparing the upward curvature of this isotherm with the CO2 isotherm in PDMS, the trend in 

PEBAX® is less pronounced. The upward curvature is induced by a plasticizing / swelling 

penetrant which is counteracted by the greater rigidity of PEBAX® from its PA domains. Bondar 

et al. also note the low swelling of the polymer in their work. [102] The O2 solubility is close to 

ideal Henry behavior, as expected in mildly soluble penetrants.  

The zero-order approximation for CO2 only slightly overestimates the experimental data, thus 𝛹 

is near unity. This is expected on the basis of the penetrant-polymer similarities of CO2 and 

PEBAX®. The chemical resemblance of the polymer with CO2 is apparent in the ether 

characteristic group in PEO. The zero-order approximation for O2, however, is far from accurate. 

It overestimates the solubility by a factor 4. The binary interaction coefficient, 𝛹 deviates more 

from unity, in line with the dissimilarities of O2 and PEBAX®. Thus, the zero-order approximation 

would underestimate the solubility selectivity of CO2 over O2. Based on the previous results of this 

version of the LF-EoS, one could expect that outcome because the oxygen isotherms are always 

heavily overestimated by the model. A more likely estimate that could be used in predictions with 

this model would be using a value of 0.75 to 0.80 for 𝛹 for O2 solubility isotherms.  
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Figure 42: Solubility isotherms of O2 and CO2 in PEBAX® 4033 at 35 oC. Dashed lines represent zero-order 
approximation by the LF model, solid lines represent best fits with experimental data by the LF model. Blue 
dots represent solubility data by Bondar et al. [102] 
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Regarding the permeability, Sarti et al. only discussed the permeability calculation using the NELF 

expression (Eqn. 20.) in glassy polymers. [68,80] Elastomers were not analyzed with this 

equation, as these are not calculated using the NELF model but the LF model. The direction of 

this thermodynamic analysis is therefore assessing the use of the permeability equation for 

elastomers, thus expanding its applicability beyond glassy polymers. However, this has not been 

covered in this thesis and remains future work.  

This section on the proof of concept shows that the characteristic parameters for the LF model 

must be determined for strictly defined pressure- and temperature ranges. The methods by 

Sanchez and Lacombe require that the polymer characteristic parameters are determined in the 

elastomer temperature region, over a fixed pressure range.  

With these parameters, the solubility isotherms can be determined. The O2 solubility is only 

accurately calculated for 𝛹 ≪ 1, whereas the CO2 isotherm is predicted reasonably with the zero-

order approximation. The permeability isotherms could not be predicted as the required equation 

has only been used in the determination of glassy polymers. This research is seen as the future 

expansion of these thermodynamic models for the determination of gas transport in polymer 

membranes.  

 

4.8 Conclusions 
 The LF-EoS has been used to predict the density of pure gases and has shown to do this 

accurately for gases that do not display a critical point in the pressure and temperature range of 

the density calculation. The average error reached for six gases under STP conditions is 1.5%. 

The errors increase for gases near their critical point, showing predictions with an error of over 

10% for CO2 near the critical point. Another downside is the lack of characteristic parameters for 

CO, the LF model is expected to show erroneous predictions for this gas due to its polarity, which 

is not captured in the three characteristic parameters. CO may require a different model for the 

correct description of its gas transport in polymer membranes. 

The application of the LF-EoS to equilibrium solubility isotherms has been demonstrated 

afterward. The used model shows significant deviations from the version by other authors. The 

observed trends are, however, similar to the other version. Three possible trends are captured by 

the LF-EoS, visualized through different curvatures with pressure. A downward curvature of the 

solubility with pressure is found for non-swelling penetrants that are mildly soluble. A linear 
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isotherm is found for scarcely soluble penetrants. An upward curvature is found for 

swelling/plasticizing penetrants.  

The binary interaction parameters plays a key role in the fitting the LF-EoS to the experimental 

data. This reduces the value of this method because it is no longer predictive – due to the need 

for fitting to experimental data. In general, the binary interaction parameter is close to unity when 

the polymer and the penetrant have similar molecular structures, where it deviates from unity 

when the polymer and penetrant are dissimilar. The relative deviation of the parameter from unity 

is similar to the deviations in the models by other authors for the investigated isotherms, although 

the absolute values of this deviation is different. Thus, the values reported in literature for other 

versions of the LF model should be used cautiously, as these will result in different calculated 

values with this LF model.  

The NELF model was used for the solubility- and permeability isotherms in glassy polymers. 

Conclusions similar to the LF model arise from this research. The model predicts trends correctly, 

although the fitting parameters needed for an agreement render non-predictive in most cases. 

The optimal fitting parameters of this version of the NELF model are different from those stated 

in literature, the origin of these discrepancies have not been found. This conclusion hold for both 

solubility- and permeability isotherms. 

The fully predictive NELF model for the CO2-Matrimid® pair was also investigated. This method 

resulted in a good agreement between data and the NELF model. The method is completely 

predictive because molecular simulations were used to generate pVT data, used in the 

determination of the swelling coefficient. The deviations caused by the zero-order approximation 

of 𝛹 were minor, as the optimal fitting value of this coefficient was 1.03, not far from unity. This 

specific combination of molecular simulations and the predictive NELF model has not been found 

in literature prior to this thesis.  

Lastly, the recommended polymer material from chapter three was modeled by the LF model. 

First, characteristic parameters for PEBAX® 4033 were determined and secondly the solubility 

isotherms of CO2 and O2 in this material were calculated. The isotherms reveal a high solubility 

selectivity, indicating its potential as a suitable material for this membrane separation. The 

calculation of solubility isotherms was demonstrated, which has not been done before for this 

specific polymer prior to this work. Permeability isotherms were not determined because of the 

lack of evidence that the permeability equation from the NELF analysis is applicable to rubbery 

polymers. 
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In general, the LF- and NELF models are not applicable as predictive models yet. The zero-order 

approximation of solubility isotherms results in significant errors. This problem is only solved by 

fitting an interaction parameter to data.  

A predictive version is obtained by creating a model for the interaction parameter. This model 

could be based on group contribution methods that compare the penetrant and the polymer 

chemical structures. The first steps towards the prediction of the gas separation performance of 

polymer membranes for the CO/CO2/O2 have been made. The next chapter recommends possible 

future steps.  
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5  Outlook 
Regarding Robeson’s analysis: an expansion towards CO should be considered. The 

added value of a Robeson plot is appreciated throughout literature because of its ability to 

benchmark membrane materials for a gas separation process. Having such a plot for all gas pairs 

in the system can influence other researchers to benchmark their membranes in the Robeson 

plots of this system, gaining a greater amount of possible materials.   

The LF- and NELF model in this thesis should be tested on a greater set of polymer materials to 

designate candidates for this separation. Before doing so, several aspects can and should be 

improved. Firstly, a correlation or model should be developed for Hildebrand’s coefficient, the 

binary interaction parameter 𝛹. Furthermore, the permeability equation from the NELF model 

should be tested for applicability to rubbery polymers. The author of this thesis believes in its 

applicability although has not tested this yet. The only factors that change in the permeability 

equation are the origin of the density and the solubility. The density will come from the LF model 

instead of the linear approximation in the NELF model. The solubility will come from an equilibrium 

solution in the LF model, instead of the pseudo-equilibrium solution from the NELF model.  

The NELF model should also be improved by adding the possibility of mixed gases through 

Maxwell relations, [74] mixed polymers through new blending rules, [73,83] and incorporation of 

fillers. [69] These three concepts have all been demonstrated by Sarti et al. thus far, indicating 

their viability.   
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Appendices 

A1 -  Time evolution of the CO2/O2 Robeson plot 
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Figure 43:Robeson plot for CO2 / O2 separation categorized by time. 

The plot shows that the membranes for which the permeabilities have been measured have 

improved over the last decennia. Most red and black data are found having a selectivity around 

4-5. This is the non-improved Knudsen diffusion difference. The difference in kinetic diameters 

between CO2 and O2 gives rise to this intrinsic permeation difference. Any selectivity above this 

level is due to affinity properties. 

 

  



 

A2 -  Empirical upper bound vs Freeman upper bound 
Table 15: Parameters used in the Robeson equation for Upper bound determination. 

 𝒌 (1/Barrer) −𝟏/𝒏 (-) 

Freeman Fit 900,000,000 0.16 

Empirical Fit 1,260,000 0.362 
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Figure 44: Robeson upper bound relationship plot containing the empirical and the Freeman equation fit. 

  



 

A3 - CO2/O2 data points as a function of membrane thickness 
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Figure 45: Thickness dependence analysis for the CO2/O2 data plot. Each point represents a measured 
membrane that is incorporated in the Robeson plot. 

 

  



 

A4 -  CO2/O2 data points as a function of the CO2 measurement 
pressure 
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Figure 46: CO2 pressure dependence analysis for the CO2/O2 data plot. Each point represents a measured 
membrane that is incorporated in the Robeson plot. 

  



 

A5 - CO2/O2 data points as a function of the O2 measurement pressure 
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Figure 47: O2 pressure dependence analysis for the CO2/O2 data plot. Each point represents a measured 
membrane that is incorporated in the Robeson plot. 

 

  



 

A6 -  MatLab 2016B script for isotherm solution 

A 6.1 – Function “LFSolubilitysolve” (Lattice Fluids solubility isotherm) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                                                         % 
%                  S O L V E    T H E    L F    M O D E L                 % 
%                                                                         % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                                                         % 
% This script solves the problem of the solubility isotherm for a rubbery % 
% pure polymer such as PDMS and a pure gas such as N2.                    % 
% The script is based on theory by Sarti, Doghieri, De Angelis, Minelli   % 
% on the Lattice Fluids model by Sanchez and Lacombe.                     % 
%                                                                         %  
% The following steps take place:                                         % 
% (1) Define the gas by filling in the right characteristic parameters:   % 
%                       Tx.Gas  -- Px.Gas -- Rx.Gas                       % 
% (2) Define the polymer by filling in the right characteristic params:   % 
%                       Tx.Pol  -- Px.Pol -- Rx.Pol                       % 
% (3) Define macroscopic variables of the solubility isotherm:            % 
%             Pressure -- Temperature -- Dry density of polymer.          % 
% (4) Initialize solver script parameters, required constants, etc.       % 
% (5) Solve the desired amount of solubility isotherm points              % 
% (6) Post-treat data to obtain correct units and output                  % 
% (7) Additional. Dilution effects                                        % 
% (8) Additional. Compare with data points for right fit                  % 
% (9) Plot the istherm if succeeded                                       % 
%                                                                         %  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 1 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
%% current gas = oxygen. 
Px.Gas  = 214;          % MPa 
Tx.Gas  = 180;          % K 
Rx.Gas  = 1.250;        % g/cm^3 
Mx.Gas  = 32;           % g/mol 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 2 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
%% current polymer = PDMS with De Angelis 1999 Char Par set.  
Px.Pol  =  292.5;       % MPa 
Tx.Pol  =  498;         % K 
Rx.Pol  =  1.080;       % g/cm^3 

  

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 3 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
%% Important parameters for the solubility isotherm 

  
Gamma       = 0.794;    % Hildebrand's coefficient for the gas-polymer pair 
CalcDilution= 1;        % Boolean. If =1 --> dilution effect is taken into 

account 



 

                        %          If =0 --> dilution effect is not taken 
                        %          into account 
CmpData     = 1;        % Boolean. If =1 --> Input data in script 
                        %          If =0 --> No data incorporated 
RhoPOL      = 0.980 ;   %Measured Density (g/cm^3) 
Temperature = 35;       %Degrees Celsius 
Pressure    = 25;       %Bar 
Videal      = 22414 ;   %cm^3/mol 
R           = 8.314496; %J/mol/K 
%%%%   %%%%   %%%%   %%%%   %%%%   ( 4 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
Vx.Gas  =  R * Tx.Gas/Px.Gas; 
Vx.Pol  =  R * Tx.Pol/Px.Pol; 

  
r1.gas  =  Mx.Gas / Rx.Gas / Vx.Gas; 

  
Prezz = Pressure; 
clear Pressure; 

  
Pmin    = 1e-2;                         % Do not set equal to zero 
Npoints = 251;                          % Only change for p > 10 MPa.    
Prange = linspace(Pmin,Prezz,Npoints);  % Prediction range  

                 

  
%% Initialize an array for each required variable. 

  
PhiSol      = zeros(1,length(Prange)); 
OmgSol      = zeros(1,length(Prange)); 
OmgRat      = zeros(1,length(Prange)); 
CSol        = zeros(1,length(Prange)); 
CSolD       = zeros(1,length(Prange)); 
RhoRED      = zeros(1,length(Prange)); 
diluteV     = zeros(1,length(Prange)); 
RhoMIX      = zeros(1,length(Prange)); 
PMX         = zeros(1,length(Prange)); 
TMX         = zeros(1,length(Prange)); 
VMX         = zeros(1,length(Prange)); 
r11x        = zeros(1,length(Prange)); 
RhoPOLii    = zeros(1,length(Prange)); 
RhoPOLp     = zeros(1,length(Prange)); 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 5 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
for ii = 1:length(Prange) 

     
    Pressure = Prange(ii); 

     
    P       = Pressure     / 10;    % correct input units for LF model 
    T       = Temperature  + 273.15;% correct input units for LF model 
    red.T1  = T / Tx.Gas;            
    red.P1  = P / Px.Gas; 

  
    %%% DPG is the Density of Pure Gas     
    rho1         = 0.1; 



 

    opts       = []; 
    red.rho1   = fzero(@DPG,rho1,opts,red,r1);  % Calc reduced density gas 
    mu.LHS     = MPG(red,r1);                   % Define chemical pot. 

     

     
    %%% MuRP is the Mu (Chemical Potential) of Rubbery Polymer     
    X0 = [1e-100; 0.1]; 
    opts = optimset('TolFun',1e-6); 
    PHIout     = fzero(@MuRP,X0,opts,Px,Tx,Rx,Vx,Mx,mu,P,T,R,Gamma); 

     
    %%% Phi is the volume fraction of the gas in the polymer 
    PhiSol(ii) = PHIout; 

     
end 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 6 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
for ii = 1:length(Prange) 

     
    %%% Omega is the mass fraction of the gas in the polymer 
    OmgSol(ii) = PhiSol(ii) ./ (PhiSol(ii) + (1 - PhiSol(ii))           ... 
                                            .* Rx.Pol/Rx.Gas); 

     
    %%% OmgRat is the mass ratio (omega / (1 - omega) of gas in pol. 
    OmgRat(ii) = OmgSol(ii) ./( 1 - OmgSol(ii)); 

     
    %%% CSol is the concentration in units cm3stp/cm3pol. 
    CSol(ii)   = OmgRat(ii) * RhoPOL ./ (Mx.Gas/Videal);    

  
end 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 7 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
if CalcDilution == 1 
    for ii = 1:length(Prange) 
        x00     = [0.1 0.999]; 

  
        PMX(ii) =     PhiSol(ii) * Px.Gas                               ... 
                   + (1-PhiSol(ii))* Px.Pol                             ... 
                   -    PhiSol(ii) * (1 - PhiSol(ii)) * (Px.Gas + Px.Pol... 
                   - 2       * Gamma      * (Px.Gas * Px.Pol)^0.5);  
        TMX(ii) =      PMX(ii)                                          ... 
                   /   (PhiSol(ii) * Px.Gas   / Tx.Gas                  ... 
                   + (1-PhiSol(ii))* Px.Pol / Tx.Pol); 

                        
        VMX(ii) = (PhiSol(ii)/Vx.Gas + (1-PhiSol(ii))/Vx.Pol)^(-1); 

  
        r10  = Mx.Gas/Rx.Gas/Vx.Gas; 
        r11x(ii)  = r10 * Vx.Gas/VMX(ii);   

          
        RhoRED(ii) = fzero(@RMP,x00,[],PhiSol(ii)                       ... 
                           ,Prange(ii),PMX(ii),T,TMX(ii),r11x(ii)); 

                        



 

        RhoMIX(ii) = (OmgSol(ii) / Rx.Gas + ( 1 - OmgSol(ii))           ... 
                                               / Rx.Pol)^(-1); 
        RhoPOLp(ii) = fzero(@RMP,x00,[],0,Prange(ii)                    ... 
                            ,PMX(ii),T,TMX(ii),r11x(ii)); 
        diluteV(ii)= 1 / (RhoRED(ii) .* RhoMIX(ii) .* (1 - OmgSol(ii))  ... 
                          .* ( 1 / (RhoPOLp(ii)*Rx.Pol))) - 1;  

  
        RhoPOLii(ii)= RhoPOL / (1 + diluteV(ii)); 
        CSolD(ii)   = OmgRat(ii) .* RhoPOLii(ii) ./ (Mx.Gas/Videal);    

  

  
    end 

  
elseif CalcDilution == 0 

     
    for ii = 1:length(Prange) 
        CSolD(ii) = CSol(ii); 
    end 

     
end 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 8 )   %%%%   %%%%   %%%%   %%%%    %%% 
%%%%   %%%%   %%%%   %%%%   %%%%   ( 9 )   %%%%   %%%%   %%%%   %%%%    %%% 
if CmpData == 1 
    GetData 
    plot(Prange,CSolD,Ppoint,Cpoint,'x') 

  
elseif CmpData == 0 
    plot(Prange,CSolD) 
end 

  

  

A 6.2 - Function “DPG” (Density of pure gas function) 
function F = DPG(rho1,red,r1) 
    r1      = r1.gas; 
    F       = 1 - exp(-rho1^2/red.T1                                    ... 
                - red.P1/red.T1 - rho1                                  ... 
                * ( 1 - 1 / r1)) - rho1; 
end 



 

A6.3 - Function “MPG” (Chemical potential of pure gas function) 
function F = MPG(red,r1)  
    r1 = r1.gas; 

     
    F = r1 * ( - red.rho1 + red.P1 / red.T1 / red.rho1                  ... 
               + 1 /r1 * log(red.rho1)                                  ... 
               + ( 1 - red.rho1)/red.rho1*log(1-red.rho1)); 

     
end 

 

A6.4 - Function “RMP” (Density of mixture with polymer function) 
function F   = RMP(RHO,PHI1,P,PMIX,T,TMIX,r11) 

  
         TRED = T / TMIX; 
         PRED = P / PMIX; 
         F   = (1 - exp(-RHO^2/TRED                                     ... 
                  - PRED / TRED -RHO * (1 - PHI1/ r11)) - RHO); 

          
end 

 

A6.5 - Function “MuRP” (Chemical potential of gas-polymer function) 
function F = MuRP(PHI1,Px,Tx,Rx,Vx,Mx,mu,P,T,R,Gamma) 
         red.T1=T/Tx.Gas; 
         red.P1=P/Px.Gas; 

          

          
         VMIX = (PHI1/Vx.Gas + (1-PHI1)/Vx.Pol)^(-1); 

  
         r10  = Mx.Gas/Rx.Gas/Vx.Gas; 
         r11  = r10 * Vx.Gas/VMIX;         

          

                  
         PMIX =      PHI1 * Px.Gas                                      ... 
                + (1-PHI1)* Px.Pol                                      ... 
                -    PHI1 * (1 - PHI1) * (Px.Gas + Px.Pol               ... 
                - 2       * Gamma      * (Px.Gas * Px.Pol)^0.5);         

                        

          
         TMIX =      PMIX                                               ... 
                /   (PHI1 * Px.Gas   / Tx.Gas                           ... 
                + (1-PHI1)* Px.Pol / Tx.Pol); 

          

  

          

  
        RHO = fzero(@RMP,0.9,[],PHI1,P,PMIX,T,TMIX,r11); 

  



 

        deltaP = Px.Gas+Px.Pol - 2 * Gamma * (Px.Gas*Px.Pol)^0.5 ; 

  
RHS =       (1 - PHI1) + log(PHI1)                                      ... 
     +    RHO  * Mx.Gas  * deltaP / ( R   * T * Rx.Gas) * (1 - PHI1)^2  ... 
     +    r10     * ( - RHO / red.T1 + red.P1 / red.T1 / RHO            ... 
     +    1 / r11 * log(RHO) + (1 - RHO)/RHO * log( 1 - RHO));  

  
LHS = mu.LHS; 

    
F = RHS - LHS; 
end 

  

A6.6 - Function Data file for plot comparison 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                                                         % 
%         P A S T E   E X P E R I M E N T   D O W N    B E L O W          % 
%                                                                         % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
PasteValuesFromExcelhere = ... 
[ ] ; 

  
Ppoint = PasteValuesFromExcelhere(:,1); 
Cpoint = PasteValuesFromExcelhere(:,2); 

 

  

 

   



 

A7 -  MatLab 2016B script for isotherm solution in GP 

A7.1 – Function “NELFSolubilitysolve” (Non-Equilibrium Lattice Fluids       
solubility isotherm) 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                                                         % 
%                S O L V E    T H E   N E L F    M O D E L                % 
%                                                                         % 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
%                                                                         % 
% This script solves the problem of the solubility isotherm for a glassy  % 
% pure polymer such as Matrimid and a pure gas such as CO2.               % 
% The script is based on theory by Sarti, Doghieri, De Angelis, Minelli   % 
% on the Non Equilibrium Lattice Fluids model.                            % 
%                                                                         %  
% The following steps take place:                                         % 
% (1) Define the gas by filling in the right characteristic parameters:   % 
%                       Tx.Gas  -- Px.Gas -- Rx.Gas                       % 
% (2) Define the polymer by filling in the right characteristic params:   % 
%                       Tx.Pol  -- Px.Pol -- Rx.Pol                       % 
% (3) Define macroscopic variables of the solubility isotherm:            % 
%             Pressure -- Temperature -- Dry density of polymer.          % 
% (4) Initialize solver script parameters, required constants, etc.       % 
% (5) Solve the desired amount of solubility isotherm points              % 
% (6) Post-treat data to obtain correct units and output                  % 
% (7) Additional. Compare with data points for right fit                  % 
% (8) Plot the istherm if succeeded                                       % 
%                                                                         %  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 1 )   %%%%   %%%%   %%%%   %%%%    %%% 
%% Current gas is CO2. 
Px.Gas  = 630;  % MPa 
Tx.Gas  = 300;  % K 
Rx.Gas  = 1.515;% g/cm^3 
Mx.Gas  = 44;% g/mol 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 2 )   %%%%   %%%%   %%%%   %%%%    %%% 
%% Current polymer is Matrimid 
Px.Pol  =  450;  % MPa 
Tx.Pol  =  880;  % K 
Rx.Pol  =  1.350;% g/cm^3 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 3 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
Temperature = 23   ; %Degrees Celsius 
Pressure    = 25 ; %Bar 
RhoPOL0     =1.225;  

  
param.ksw   = 0.0137;     % Swelling coefficient, highly important parameter 
param.ksp   = -0.035;     % Gamma = 1 - param.ksp 

  



 

Pmin        = 1e-2; 
Npoints     = 251; 
Prange = linspace(Pmin,Pressure,Npoints); % Measurement Range 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 4 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
Vx.Gas  =  R * Tx.Gas/Px.Gas; 
Vx.Pol  =  R * Tx.Pol/Px.Pol; 
r1.gas  =  Mx.Gas/Rx.Gas/Vx.Gas; 

  
OmgSol  = zeros(1,length(Prange)); 
OmgRat  = zeros(1,length(Prange)); 
RhoPOLii= zeros(1,length(Prange)); 
CSol    = zeros(1,length(Prange)); 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 5 )   %%%%   %%%%   %%%%   %%%%    %%% 

  
for ii = 1:length(Prange) 
    P = Pressure     / 10; 
    T = Temperature  + 273.15; 

  
    red.T1      = T / Tx.Gas; 
    red.P1      = P / Px.Gas; 
    rho1         = 0.1; 

     
    opts       = []; 
    %% MDPG is Density of Pure Gas 
    red.rho1   = fzero(@MDPG,rho1,opts,red,r1); 

     
    %% MMPG is Mu of Pure Gas 
    mu.LHS     = MMPG(red,r1); 

     
    %% MMuSolver is wrong 
    Omgout     = MMuSolver2(P,GP,mu,Px,Tx,Rx,Vx,Mx,T,R,RhoPOL0,param);   
    OmgSol(ii) = Omgout;          

  
end 
%%%%   %%%%   %%%%   %%%%   %%%%   ( 6 )   %%%%   %%%%   %%%%   %%%%    %%% 
for ii = 1:length(Prange) 
    OmgRat(ii) = Omgout / ( 1 - Omgout); 
    RhoPOLii(ii)= RhoPOL0 *(1 - param.ksw*P); 
    CSol(ii)   = OmgRat(ii) .* RhoPOLii(ii) ./ (Mx.Gas/Videal); 

     
end 

  
%%%%   %%%%   %%%%   %%%%   %%%%   ( 7 )   %%%%   %%%%   %%%%   %%%%    %%% 
%%%%   %%%%   %%%%   %%%%   %%%%   ( 8 )   %%%%   %%%%   %%%%   %%%%    %%% 
if CmpData ==1 
    GetDataGlassy 
    plot(Prange,CSol,PPoints,CPoints,'x') 

     
elseif CmpData ==0 

     
    plot(Prange,CSol) 



 

end 

 

A7.2 – Solver method for glassy polymer equation 
function F = MMuSolver2(P,GP,mu,Px,Tx,Rx,Vx,Mx,T,R,RhoPOL0,param) 

    
%%Initial Guess 
OMG1 = 1e-10; 

  
ErrorTol = 1e-3; 

  

  
%% If vacuum, no phi possible. Must be stated explicitly because of asymptote 
if P ==0 
   OMG1 = 0; 

  
%% Newton-Raphson method  
elseif P>0 
    if GP ==1 
    MuRHS = @MMuGP;   
    elseif GP ==0 
    MuRHS = @MuRP;   
    end     

     
   OMG1     = 1e-10; 
   OMG2     = 0.99*OMG1; 
   OMG3     = 1.01*OMG1; 
   fVal1    = MuRHS(OMG1,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal2    = MuRHS(OMG2,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal3    = MuRHS(OMG3,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 

    
   fPrime   = (fVal3 - fVal2) / (OMG3 - OMG2); 

    
while abs(fVal1)>ErrorTol 
    if fPrime > 0  
    OMG1    = OMG1 - fVal1 / fPrime; 
    OMG2    = 0.999*OMG1; 
    OMG3    = 1.001*OMG1; 
   fVal1    = MuRHS(OMG1,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal2    = MuRHS(OMG2,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal3    = MuRHS(OMG3,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param);     

  
   fPrime   = (fVal3 - fVal2) / (OMG3 - OMG2); 
    PHIN    = OMG1 - fVal1 / fPrime; 

     
       if PHIN < 0  
       OMG1 = abs(PHIN) - OMG1;     
       elseif PHIN == 0 
           OMG1 = 1.001 * OMG1; 
       end 

    
    elseif fPrime < 0 

         



 

   OMG1 = 1e-12;  
   OMG2     = 0.999*OMG1; 
   OMG3     = 1.001*OMG1; 
   fVal1    = MuRHS(OMG1,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal2    = MuRHS(OMG2,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 
   fVal3    = MuRHS(OMG3,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param); 

    
   fPrime   = (fVal3 - fVal2) / (OMG3 - OMG2);       
    end 

    
       PHIN    = OMG1 - fVal1 / fPrime; 
       if PHIN < 0  
       OMG1 = abs(PHIN) - OMG1;     
       elseif PHIN == 0 
           OMG1 = 1.001 * OMG1; 
       end 

        
end 

    
end 

  
F = OMG1; 
end 

 

 

A7.3 – Function “MDPG” (Density of pure gas function) 
function F = MDPG(rho1,red,r1) 

   
    r1      = r1.gas; 
    F       = 1 - exp(-rho1^2/red.T1 - red.P1/red.T1 - rho1 ... 
                * ( 1 - 1 / r1)) - rho1; 

  
end 

 

A7.4 – Function “MMPG” (Chemical potential of pure gas function) 
function F = MMPG(red,r1)  

     
    r1 = r1.gas; 
    F = r1 * ( - red.rho1 + red.P1 / red.T1 / red.rho1 + 1 /r1 * log(red.rho1) 

+ ( 1 - red.rho1)/red.rho1*log(1-red.rho1)); 

        
end 

A7.5 – Function “MMuGP” (Chemical potential of gas-polymer function) 
function F = MMuGP(OMG1,Px,Tx,Rx,Vx,Mx,mu,P,T,R,RhoPOL0,param) 

                  
RhoStar = (OMG1 / Rx.Gas + (1-OMG1) /Rx.Pol)^(-1); 



 

  
deltaP  = Px.Pol+Px.Gas-2*(1-param.ksp)*(Px.Pol*Px.Gas)^0.5 ; 

  
PStar   = RhoStar * (Px.Gas *      OMG1  / Rx.Gas                       ... 
                   + Px.Pol * (1 - OMG1) / Rx.Pol                       ... 
                   + OMG1   * (1 - OMG1) / (Rx.Pol*Rx.Gas)              ... 
                   * RhoStar * deltaP); 

  
TStar   =   PStar  / (RhoStar *                                         ... 
          ( Px.Gas / Tx.Gas / Rx.Gas *    OMG1                          ... 
          + Px.Pol / Tx.Pol / Rx.Pol * (1-OMG1))); 

  
RhoPOL  =   RhoPOL0 * (1 - param.ksw * P); 

  
LHS     =   mu.LHS; 

  
RHS     =   log(OMG1 * RhoPOL / ((1 - OMG1) * Rx.Gas))                  ... 
          - Mx.Gas * Px.Gas / Rx.Gas / R / Tx.Gas                       ... 
          * ((1 +   ( Tx.Gas / TStar * PStar / Px.Gas  - 1)             ... 
          * (1-OMG1)*RhoStar / RhoPOL)                                  ... 
          * log( 1 - RhoPOL / ((1 - OMG1)*RhoStar))                     ... 
          + Tx.Gas / TStar * PStar / Px.Gas                             ... 
          + RhoPOL / ((1 - OMG1)*RhoStar)                               ... 
          *(Tx.Gas/T * ( 1 + PStar / Px.Gas                             ... 
          - ((1 - OMG1)*RhoStar/Rx.Pol)^2 * deltaP /Px.Gas))) + 1; 

       
F = RHS - LHS; 
end 

 
 

A8 – Predictive determination of the swelling coefficient 
The Tait equation describes the dry polymer volume as a function of temperature at vacuum for 

each phase based on three fitting parameters. This is shown below. 

 𝑉𝑇𝑎𝑖𝑡(𝑇)|𝑝=0 = 𝑎0 + 𝑎1𝑇 + 𝑎2𝑇2 (31) 

This polynomial fit shows to have a precise description of pVT data for polymers in both their 

glassy- and rubbery domain. From the vacuum specific volume (𝑉𝑇𝑎𝑖𝑡) in cm3/g, depending only 

on temperature, the pressure is accounted for by introducing three additional fit parameters.  The 

complete Tait equation for the pressures and temperatures considered in the pVT data, the 

equation becomes: 

 𝑉𝑇𝑎𝑖𝑡(𝑝, 𝑇) = (𝑉𝑇𝑎𝑖𝑡(𝑇)|𝑝=0) ∙ (1 − 𝐶 ln (1 +
𝑝

𝐵0 exp(−𝐵1𝑇)
)) (32) 

To emphasize once more, two fits of the Tait equation describe polymer pVT data in both two 

separate phases. It must be said that different values of the constants in in Eqn. 31 (𝑎0, 𝑎1, 𝑎2) 





 

Table 16:Tait equation parameters for Lexan 101 (R) PC as measured by Zoller et al. and fitted via Eqns. 31 and 
32. [83], [84] 

Parameter Glassy Rubbery 

𝑎0 (cm3/g) 7.70∙10-1 7.00∙10-1 

𝑎1 (cm3/(g∙K)) 2.20∙10-4 2.55∙10-4 

𝑎2 (cm3/(g∙K2)) 0 3.20∙10-7 

𝐵0 (bar) 8.90∙103 1.15∙104 

𝐵1 (1/K) 2.50∙10-3 4.40∙10-3 

 

Based on the parameters and Eqns. 31 and 32, the isothermal compressibility is calculated for 

both phases as a function of temperature. The results are plotted in Figure 49. In this case, 𝜒 is 

found to be 0.577 according to the values for 𝜅𝐺and 𝜅𝑅 at Tg. 

 

Figure 49: Isothermal compressibility in the glassy and rubbery phase as a function of temperature and 
calculated by Eqn. 33. 

The swelling coefficient 𝑘𝑠𝑤 describes a decreasing density as penetrant pressure increases. The 

density is equal to the inverse of the specific volume, as unit analysis reveals. This is displayed 

in Eqn. 34. 

 1

𝜌𝑝𝑜𝑙
= 𝜒�̂�𝑆(𝑇, 𝑝) + (1 − 𝜒) �̂�𝐿 (34) 

Further analysis takes place by using the characteristic parameters of PC and calculating the 

volume change near vacuum using the equilibrium LF-EoS described in section 4.4.3.  
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A9 – Sensitivity analysis of the LF, NELF and permeability models 

 

Figure 50: Sensitivity analysis of the pure component LF equation for its input parameters with a sample group 
of  four gases. 

 

 

Figure 51: Sensitivity analysis of the two outcomes of the complete LF model towards its input parameters 
with a sample group of four gases in PDMS. 
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Figure 52: Sensitivity analysis on the outcome of the NELF model as a function of its input parameters with a 
sample group of four gases in Matrimid® 

 

Figure 53: Sensitivity analysis on the outcome of the NELF model as a function of its input parameters with a 
sample group of two gases in two different polymers.  
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