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Abstract  

Energy consumption increases each year, and as a consequence, CO2 emissions also continue to grow. To face 

this challenge, different CO2 separation technologies have been emerging, and among them membranes. The 

application of membranes in industrial gas separation is still recent but holds undeniable advantages. This study 

focuses on the preparation and test of two types of membranes, carbon molecular sieving (CMSM) and mixed-

matrix membranes (MMM), in CO2/N2 separation, one of the important separations in flue gas. 

In the first part of this work, CMSM were prepared by direct carbonization of Novolac polymer membranes 

supported on porous alumina. Single gas (CO2 and N2) permeability tests through the prepared CMSM were carried 

out at three different temperatures (20, 70 and 150ºC) and also different pressures (1, 2, 4 and 6 bar). The effect of 

different membrane fabrication parameters (such as additives, humidity etc.) on their final performance was 

analyzed.  

In the second part of this work, MMM were prepared and their single gas transport properties (permeability 

and diffusivity) were measured, for CO2/N2, at 20ºC with a pressure differential of 1bar, using a time-lag 

equipment. These membranes are composed of polymeric ionic liquid-ionic liquid composites (poly[pyr11][NTf2] 

with 40% of 2 different ionic liquids, [C2mim][NTf2] and [Pyr14][NTf2]) doped with small amounts of porous 

carbon particles. The carbon materials were prepared by carbonization of one ionic liquid ([C4mim]Cl, [C2mpyr]Br 

and [C2mim][NTf2]) and a salt (Na[Tar]), in 1:2 molar ratio. The influence of the different carbon materials on the 

gas separation membrane performance was evaluated.  

Keywords: CO2 Separation, Carbon Molecular Sieving Membranes, Novolac Polymer Precursor, Mixed-

Matrix Membranes, Ionic Liquids, Gas Permeation. 

 

1. Introduction 
 

In the 21st century, global climate change is perhaps 

the most controversial subject, at a global scale. 

Although there is some discussion on what is causing 

this event, it is clear that it has a dramatic effect on life 

at earth. Pointed out as one of the main reasons for 

environmental global change is the greenhouse effect 

due to the enormous amounts of anthropogenic gases 

that each day are released into the atmosphere. Among 

the gases that are emitted and contribute to climate 

change, carbon dioxide (CO2) is the one found in 

greater quantity.  

Carbon dioxide existence in the atmosphere is 

mainly caused by the increase in global energy 

consumption, that until today, is largely based on 

burning coal, oil, and natural gas. The development of 

carbon capture and storage technologies or, more 

recently, carbon capture and utilization technologies is, 

thus, key to the survival of the planet. Carbon capture 

and its respectively storage is a widely studied 

technology with aim to reduce the anthropogenic CO2 

emissions. Currently, in the fossil fuel processes, CO2 

can be captured through three different processes; pre-

combustion capture, oxy-fuel combustion or post-

combustion capture [1].  In this work, we will focus on 

the post-combustion processes, and as a consequence, 

study in detail the CO2/N2 separation, one of the 

important separations from flue gas.  

There are several technologies that can be used to 

separate CO2 from other gases, being membranes one 

of them. This technology to be used in CO2 capture and 

separation must have several specific advantages over 

the existing ones: high permeability and selectivity 

towards CO2, high thermal and chemical stability and 

aging resistance, long term stability and to be cost 

effective. 

Different materials can be used to prepare CO2 

separation membranes: polymeric  membranes [2], 

inorganic membranes [3] (comprising ceramic, 

metallic, zeolite or metal organic frameworks (MOF)) 

and mixed-matrix membranes (MMM), that are a 

combination of inherent characteristics of polymer and 

inorganic fillers [4]. For this thesis two different 

strategies were pursued: 1) tubular carbon membranes 

and 2) flat sheet MMM. 

Carbon membranes were firstly reported by Koresh 

and Soffer [5] in the 1980’s and are an upgrade to 

mailto:bruna.soares@tecnico.ulisboa.pt


 

2 

 

polymeric membranes. Carbon membranes are a result 

of thermal decomposition (pyrolysis) of a specific 

polymeric membrane. The pyrolysis step provides the 

membrane a highly separation capability (named 

sieving effect), once their high porosity and micro pore 

sizes ensures an extremely high permeability. The 

larger micropores provide sorption sites, while the 

ultra-micropores provide the sieving effect. 

A highly performant carbon molecular sieving 

membrane (CMSM) should present molecular sieving 

and surface diffusion gas transport mechanism, since 

the objective is not only to separate the different gases 

through their size, but also to enhance selectivity 

through affinity of one of the components to the 

membrane material. 

The preparation of carbon membranes is linked to 

the target gas chemical nature, since different polymer 

precursors offer different properties. An example of a 

polymer widely used as a precursor is the phenol resin, 

since it is a low-cost polymer that yields membranes 

with molecular sieving properties [6]. 

Consequently, supported carbon membranes are 

prepared by coating the polymer precursor into a 

silica/alumina/ceramic support and their subsequent 

pyrolysis under specific conditions. In the case of dip-

coating, the preparation of a supported polymeric 

membrane encompasses the dipping the support (in this 

case tubular) into the solution, while vacuum is used on 

the inner side to assist the adhesion of the solution to 

the support. Together with the choice of the precursor, 

the carbonization step has direct impact on the final 

performance of the membrane. If the experimental 

variables, carbonization temperature, the atmosphere or 

vacuum used and the heating rate, are changed a 

membrane with different separation properties is 

obtained. 

On another matter, ionic liquid-based membranes 

have won the interest of the scientific community once 

their results gather the benefits of membrane separation 

together with the unique characteristics of ionic liquids 

(ILs), namely their easy tunability and their low vapor 

pressure. In 2001, Blanchard et. al. [7] were the first to 

propose the use of ILs in the preparation of CO2 

separation membranes. This is due to the particularly 

high solubility and selectivity of some ILs towards 

CO2. 

Unlike CMSM, IL-based membranes, have no 

pores and, thus, are considered dense. As mentioned 

before, the morphology influences the gas transport 

through the membrane, which in this case occurs 

through the solution-diffusion model. 

Four different configurations of ILs-based 

membranes for CO2 separation have been proposed and 

used in the literature [8]: supported ionic liquid 

membranes (SILM), gelled ionic liquid membranes, 

polymeric ionic liquid (PIL) membranes, and polymer-

ionic liquid composite membranes (PIL-IL). 

Supported ionic liquid membranes are the 

configurations that presents better results in terms of 

permeability and selectivity [9], besides that very 

attractive feature of only requiring a small amount of 

IL. 

To achieve, at least, the results obtained by SILMs, 

in terms of their CO2 permeability and selectivity, other 

strategies are coming along. For instance, the inclusion 

of inorganic particles in PIL-IL membranes to improve 

the CO2 separation performance has been proved to 

yield very promising results. 

In the first part of this work, the treatment and 

analysis of 14 CMSM permeation results was carried 

out. The former research will focus on increasing both 

CO2 permeability and selectivity and to study how the 

influence of certain changes will affect the end result. 

In a second part, 17 MMM were fabricated and 

evaluated their permeation results, in order to compared 

them to the previous membranes presented. They were 

chosen due to their growing potential in the 

investigation field, as well as the inorganic materials 

added made of porous carbons. This search, compared 

to the first one, started from a much more initial stage, 

and for that reason is not yet in the optimization and 

development part, needing some more research and 

information. 

 

2. Experimental Section  

 

2.1. Carbon Molecular Sieving Membranes 

 

2.1.1. Materials 

Phenol, 99% and Ethylenediamine 99% and 

Aluminum acetylacetonate, 98% were supplied by 

MERCK. Oxalic acid, 98% (by ACROS ORGANICS) 

and Formaldehyde 37 % (by VWR) were used without 

further purification. The permanent gases were 

supplied by Air Liquid (99.999% pure). 

 

2.1.2. Preparation of Novolac Polymer 

Phenolic resins, such as Novolac resins, are the 

result of a poly-condensation reaction of phenol with 

formaldehyde. The following steps are required for the 

synthesis: 97.5 g of phenol are added to the three-

necked flask and heated at 50ºC during 30min, under 

constant stirring. 3 g of catalyst (oxalic acid) are added, 

and the temperature is increased to 80ºC, while stirring 

for another 30 min. 69g of formaldehyde are added 

dropwise as slowly as possible. The reaction is left at 

80ºC with stirring for 3-10 hours in constant reflux (the 

longer the reflux time the greater the molecular 

weight). The reaction is stopped at the desired time, and 

the viscous polymer solution is transferred to vials and 

centrifuged for 15 min at 10ºC and 4000 rpm. The 

polymer is rinsed with water and the centrifugation is 

repeated 3 times. Finally, when the supernatant does 

not show traces of phenol, and only one phase is 

observed, the polymer is dried under vacuum at 50ºC 

for 24 hours. 

 

2.1.3. Preparation of the Dip-Coating Solution 

The Novolac polymer previously synthetized is 

dissolved in n-methylpyrrolidone (NMP).  Next, 
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formaldehyde, ethylenediamine, aluminum 

acetylacetonate are added in different quantities. After 

each addition, the solution is stirrer during 30 min at 

2000 rpm. 

 

2.1.4. Preparation of the Support 

The support chosen is asymmetric porous alumina 

tubes with an average pore size of 100nm. They come 

in a length of 1.5m and 10 or 14 mm of diameter, and 

they are subsequently cut in smaller portions with 6.5 

to 20 cm long. Dense hollow alumina tubes are cut in 

similar dimensions and used to cap one of the ends. 

To seal the top and bottom, their edges are polished 

and smoothed and afterwards they are sealed with glass 

paste and put in an oven for 10 min at 900 ºC with a 

heating rate of 1.5ºC/min to bake the glass. 

 

2.1.5. Preparation of the CMSM 

For the preparation of supported CMSM four steps 

were involved: support’s dip-coating, drying,  

carbonization and humidification treatment. For the 

dip-coating to occur exist some variables that need to 

be control. Being the velocity of introduction of the 

support inside the solution set at 10 mm/s; and upwards 

velocity set at 5 mm/s. The waiting time is also 

important, and it must be set, at least, for periods of 20s. 

The impregnation of the solution was assisted by 

applying vacuum from inside the tube. After each dip-

coating, the membranes were stored in a rotating oven 

at 30ºC under an inert atmosphere for 24h, to obtain a 

nice homogeneous surface. After the dip-coating step, 

the membranes are carbonized to obtain the final 

carbon pore structure. The carbonization is carried out 

inside a tubular oven with an inert atmosphere 

(nitrogen) at a flowing rate of 1000 ml/min at 500ºC for 

at least 3h. After the second carbonization, the 

membranes are stored inside a climatized chamber, 

where the temperature and relative humidity are set at 

20ºC and placed at either 60% or 90%, for a minimum 

of 2 weeks before being tested. 

 

2.1.6. Gas Permeation Experiments 

The main equipment is a tubular reactor that has 

capacity to test up to 4 membranes at a time, using 

single gas measures. The temperature was kept constant 

by using an oven with three independent heating zones. 

The permeation test conditions were the same for all the 

membranes and were done at three different 

temperatures (20, 70 and 150ºC) and also different 

pressures (1, 2, 4 and 6 bar). Since each membrane has 

a different gas permeation behavior at different 

pressure and temperature conditions, different 

flowmeters had to been used 

 

2.2. Carbon Molecular Sieving Membranes 

 

2.2.1. Materials 

For the synthesis of the PIL, 

poly(diallyldimethylammonium) chloride solution 

(with and average molecular weight of 400,000–

500,000 and 20wt% in H2O) as well as the lithium 

bis(trifluoromethylsulfonyl)imide (Li[NTf2], 99%) 

were purchased from Sigma-Aldrich and Iolitec, 

respectively. The ILs used, namely, 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide, 

[C2mim][NTf2], as well as, 1-butyl-1-

methylpyrrolidinium 

bis(trifluoromethylsulfonyl)imide ([pyr14][NTf2]) were 

purchased from Iolitec with a mass fraction purity of 

99%. For the carbonized ILs, 1-butyl-3-

methylimidazolium chloride, [C4mim]Cl, 1-ethyl-1-

methylpyrrolidinium bromide, [C2mpyr]Br and 1-

ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide, [C2mim][NTf2], 

were also supplied by Iolitec with a mass fraction purity 

of 99%. The gases required for measurements, carbon 

dioxide (CO2) and nitrogen (N2) were both supplied by 

Air Liquide and have a purity of 99.99%. 

 

2.2.2. Synthesis of IL-based Carbon Materials 

Sodium tartrate was mixed in distilled water with 

each one of the ILs: [C4mim]Cl, [C2mpyr]Br and 

[C2mim][NTf2] in a molar ratio proportion of IL : 

Na[Tar] = 0.5, until a homogeneous solution is 

obtained. To remove the solvent, the mixture was 

heated at 80 ºC. The IL doped salt was inserted into the 

ceramic crucible which is placed in an oven for the 

carbonization step. The oven temperature was set to 

reach 800ºC, increasing 5ºC per minute under a 

nitrogen atmosphere with a flow of 2L/h, until it 

reaches 800ºC, at which it remains for 1 hour. After the 

stipulated time the heating is switched off, and the 

mixture is allowed to cool down to room temperature. 

At the end, a dark color solid is obtained, and it is 

washed with 1 M HCl solution and deionized water and 

dried at 100 °C under vacuum for 1 h. This protocol 

followed the experimental procedure described by Zhu 

et al. [10]. The 3 IL-based carbon materials (ILc) were 

grounded and sieved so that a uniform particle size of 

200 mesh (75 μm) was obtained. 

 

2.2.3. Synthesis of PIL 

The PIL used to prepare membranes was 

synthesized through an ionic exchange reaction. For 

this purpose, the commercial polymer 

poly(diallyldimethylammonium)chloride was used, as 

well as the lithium bis(trifluoromethylsulfonyl)imide. 

To obtain approximately 20g of PIL, 40g (0.049 mol) 

of the aqueous poly(diallyl dimethylammonium) 

chloride solution was placed in a flask and mix with 20 

ml of distilled water. In another identical flask, 15g 

(0.052 mol) of Li[NTf2] were dissolved in 20mL of 

distilled water. Both solutions were stirred until an 

homogeneous. It should be noted that an additional 5% 

of the salt was added to ensure equimolar anion 

exchange. Then, the aqueous poly(diallyl 

dimethylammonium) chloride solution is transferred to 

a larger glass vessel (500-1000mL), where the 

remaining distilled water is added (160mL) with 

continuous stirring, the Li[NTf2] solution is added  in 
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one go. The reaction occurs instantly but the stirring 

continues for another 5 min. The obtained powder is 

washed, filtered with plenty of distilled water in order 

to ensure the removal of NaCl and finally it is dried 

inside an oven at 45ºC for at least two days. 

 

2.2.4. Preparation of PIL-IL MMM 

 Initially, each component, PIL, IL and the ILc are 

weighted, in their respective proportions, into a vial 

where a 20 wt.% solution using acetone as solvent is 

prepared. The solution is stirred magnetically until 

homogeneous, generally for about 2 hours. Finally, the 

solution is deposited in a petri dish and acetone could 

slowly evaporate for 24h-48h, until a free-standing 

membrane is obtained 

 

2.2.5. Gas Permeation Experiments 

The 3 most used methods to measure gas 

permeation through a membrane are the differential 

method, sorption method and integral method (namely, 

time-lag) [11]. The latter method was first proposed in 

1920 by Daynes [12] and is the one of the most used 

due to its simplicity, and it is the only one that can 

obtain permeability, diffusivity and indirectly the 

solubility of the membrane, all in one measure [13].  

 The working pressure of the described apparatus is 

also necessary to be measured and for that there are one 

manometer in each tank: S-10 WIKA, 600kPA ±0.05% 

on the feed side and a high precision sensor MKS e-

Baratron, ref. 628C, 13.33 kPa, 0.001% on the 

permeate side. Since the membrane is initially in 

vacuum, it is necessary to use a rotatory high vacuum 

pump (BOC Edwards, RV3) to guarantee vacuum 

conditions and to evacuate the gases after the 

permeation measurements.  

 

3. Results and discussion 

 

This chapter aims to discuss the various 

components that can affect the gas separation 

performance results. It considers all the information 

previously presented and ends with the conclusion of 

which experimental variables need to be further 

explored for an optimal increase in both permeability 

and selectivity. 

 

3.1. Carbon Molecular Sieving Membranes 

 

3.1.1. Polymer Precursor 

One of the changes that deserves to be studied 

concerns the polymer used as a precursor in the 

carbonized membrane. More specifically, the reflux 

time and its influence on the polymer molecular weight. 

Regarding the 14 previously measured membranes, 

all of them present the same composition of 

manufactured polymer (71% of formaldehyde to 

phenol ratio and 2.2% of formaldehyde to oxalic acid 

ratio), being the only variation in the reflux/reaction 

time, leading to different molecular weights and 

polydispersity indexes. The polymeric characteristics 

are presented in Table 1. 
 

Table 1 - Characteristics of the Novolac polymer used 

in the 14 membranes analyzed. 

Code Reflux 

Time (h) 

Molecular 

weight 

Polydispersity 

index 

1.2 3 2231 1.6 

1.3 3 2298 1.7 

2.2 7 3866 2.1 

3.1 10 3982 2.2 

3.2 10 3373 2.0 

 

There is a clear trend between molecular weight and 

reflux time, leading to the conclusion that a high reflux 

time causes a high molecular weight. This can be 

explained by the longer extension of the reaction 

carried out in high reflux time. It should be noted that 

the polydispersity index is always around 2, showing 

that the polymer chains do not greatly vary in each 

reaction. 
 

3.1.2. Dip-coating solutions 

The polymer precursors previously described were 

used in the preparation of dip-coating solutions. These 

are composed by the synthesized Novolac polymer 

precursor, formaldehyde, ethylenediamine, aluminum 

acetylacetonate and NMP. 

In addition, the solutions used in the fabrication of 

the 14 membranes, later analyzed, also vary among 

themselves, since each solution has different amounts 

of each component. A summary of the composition of 

each solution, with the percentages of addition in 

relation to Novolac polymer, is presented in Table 2.  
 

Table 2 - Composition of the dip-coating solutions 

(Polymer used, percentage of added formaldehyde 

(Form), ethylenediamine (Ethyl), aluminum 

acetylacetonate (Alum) and NMP in relation to 

Novolac polymer (Nov)) of the 14 analyzed 

membranes. 

Solution 

Code 

Polymer 

Code 

% 

Form/

Nov 

% 

Ethyl/

Nov 

% 

Alum/

Nov 

% 

NMP/

Nov 

3 3.1 8 2 3 277 

6 1.3 8 10 3 277 

7 2.2 8 2 3 277 

8 3.2 8 2 8 277 

12 1.3 8 0 3 277 

13 1.2 8 0 0 277 

15 2.2 8 0 0 277 
 

It can be seen that there are solutions (6 and 12) with 

the same concentration of precursors, but different 

concentrations of ethylenediamine and aluminum 

acetylacetonate. The reverse also happens, solutions (3 

and 7) contain the same concentration of 

ethylenediamine and aluminum acetylacetonate, but 

different concentrations of the polymer used. 

 



 

5 

 

3.1.3. Membranes testing results 

The goal of this section is to analyze the gas 

permeation data and to conclude about the predominant 

gas transport mechanism of each membrane. The 

objective was to link this information with the presence 

of each component to infer the effect respectively in the 

membrane’s final gas separation performance. The 

membrane’s relevant compositions and characteristics 

are presented in Table 3. 

 

Table 3 – Membrane’s (Mem Code) composition, 

Dip-coating solution used (Sol Code), (Polymer used 

(Poly Code), ethylenediamine (Ethyl), aluminum 

acetylacetonate (Alum)) and molecular weight (in the 

hundreds). 

Mem 

Code 

Sol 

Code 

Poly 

Code 

Ethyl 

(g) 

Alum 

(g) 
MW  

108 15 2.2 0 0 3900 

111 7 2.2 0.6 0.8 3900 

112 12 1.3 0 0.8 2300 

113 13 1.2 0 0 2200 

118 6 1.3 3 0.8 2300 

121 
7 (60-

90%) 
2.2 0.6 0.8 3900 

123 
3 

(60%) 
3.1 0.6 0.8 4000 

127 8 & 3 3.2.1 0.6 
2.4 & 

0.8 
3700 

128 3 W.C. 3.1 0.6 0.8 4000 

129 3 3.1 0.6 0.8 4000 

131 8 3.2 0.6 2.4 3400 

132 3 3.1 0.6 0.8 4000 

135 3 & 8 3.1.2 0.6 
0.8 & 

2.4 
3700 

 

Please note that the amount of Novolac polymer 

used in each solution was kept constant, as well as the 

formaldehyde and NMP percentages in the dip-coating 

solutions, respectively 8% and 277%. The 

carbonization temperature was also the same, 500ºC. It 

was assumed a constant average value of 12 μm for the 

thickness for each membrane. All the membranes have 

two layers polymer with carbonization step between 

them, except number 128. All the tested membranes 

were placed inside a climate chamber, where the 

relative humidity was set for 90%, except membrane 

121, which was tested at 60% and 90% humidity, and 

that 123 only was tested for 60% humidity. 

 

3.1.4. Gas permeability tests 

Single gas permeation results were obtained at three 

different temperatures (20ºC, 70ºC and 150ºC) and four 

different pressures (1, 2, 4 and 6 bar). It is noteworthy 

that sometimes the gas flow, particularly for N2 at 20ºC, 

falled under the detection limit of the flow meter.  In 

these cases, a limiting value of  0,2 ml/min, which is 

the lowest measurable flow in the setup, was 

considered.  

The CO2 separation performance of the 14 

membranes can be appreciated in Figure 1, where the  

permselectivity of all studied membranes versus the 

CO2 permeability is presented. Although these 

membranes perform better at 70ºC and 1 bar of feed 

pressure, the whole pressure range was represented to 

better understand its effect. It is now important to 

understand how each experimental parameter of 

membrane preparation influences the gas permeation 

and permselectivity. Since in order to only verify the 

influence of each experimental parameter, the other 

variables must remain constant, only certain 

membranes can be compared for each experimental 

parameter analysis. 

 

 

Figure 1 - CO2/N2 permselectivity as a function of CO2 permeability, for the 14 membranes used in this analysis 

at 70ºC and 1,2,4 and 6 bar. Pressure effect, for each membrane, is represented by squares and highlighted with a 

red circle.

1 

bar 
6 

bar 
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3.1.4.1. Reflux time effect 

From Figure 1, it is possible to conclude that while 

the permeability decreased, selectivity increased for the 

pairs 111 vs 132 and 111 vs 129. These results were 

expected since it is known that for high molecular 

weight polymers, a decrease in the pore sizes is 

attained, thus leading to a decrease in gas permeability. 

However, for the pair 113 vs 108, the increase in 

molecular weight has a favorable impact in both 

permeability and selectivity. This was somehow not 

expected once after carbonization the membrane with 

higher molecular weight should present smaller pores. 

Table 4 summarizes these results.  

 

Table 4 – Influence of the polymer molecular weight 

(MW) on the membrane permeability (Perm.) and 

permselectivity(Sel.)  

for the gas pair CO2/N2. 

Code 113 108 111 132 111 129 

MW 2200 3900 3900 4000 3900 4000 

Perm. + - - 

Sel. + + ≈ 

 

3.1.4.2. Ethylenediamine effect 

Ethylenediamine makes the pores more polar, 

which results in higher number of water molecules 

adsorbed, which downsizes the pore. Only membranes 

112 vs 118 will be here compared. As expected, the 

selectivity increases with the addition of 

ethylenediamine, but, surprisingly, also does the 

permeability. Membrane 118 is that responsible for the 

best results achieved. Thus, this is a very promising 

parameter, that needs to be further tested. These results 

are summarized in Table 5. 

 

Table 5 – Influence of increasing the amount of 

ethylenediamine on the membrane permeability and 

permselectivity for the pair of gas CO2/N2. 

Code 112 118 

Ethylenediamine (g) 0 3 

Permeability + 

Selectivity + 

 

3.1.4.3. Aluminum acetylacetonate effect  

The addition of aluminum acetylacetonate should 

lead to an increase in gas permeability, because there is 

a rearrangement in the interplanar structure of the 

membrane. To ascertain the effect of aluminum 

acetylacetonate in the CO2 separation performance 

three sets of membranes were analyzed: 113 vs 112, 

127 vs 131 and 132 vs 135. From Figure 1, it can be 

concluded that, not only does the permeability 

decrease, but also there is an increase in selectivity for 

two (113 vs 112 and 127 vs 131) of the three pairs 

studied. This may be due to ability of aluminum 

acetylacetonate to engage in hydrogen bonds, making 

the presence of this additive even more important than 

ethylenediamine. 

Table 6 summarizes the conclusions for each set of 

membranes. 

 

Table 6 – Influence of increasing the amount of 

aluminum acetonate (Alum. Acetyl.) on the membrane 

permeability and permselectivity for the pair of gas 

CO2/N2. 

Code 113 112 127 131 132 135 

Alum. 

Acetyl. 

0 0.8 2.4-

0.8 

2.4 0.8 0.8-

2.4 

Permeability - - - 

Selectivity + + - 

 

3.1.4.4. Ethylenediamine and aluminum 

acetylacetonate effect  

In this section, the combined effect of the addition 

of ethylenediamine and aluminum acetylacetonate on 

gas separation and permselectivity is analyzed.  For this 

purpose, membranes 108 and 121 were considered. 

Aluminum acetylacetonate addition is expected to 

decrease the gas permeability and increase selectivity, 

whereas the addition of ethylenediamine increases both 

gas permeability and selectivity. Thus, it can be 

concluded that the combined use of these two additives 

lead to negligible changes in gas separation and 

permselectivity, as seen in Table 7. 

 

Table 7 – Influence of adding aluminum 

acetylacetonate (Alum. Acetyl.) and ethylenediamine 

(Ethyl) on the membrane permeability and 

permselectivity for the pair of gas CO2/N2. 

Code 108 121 

Ethyl (g) 0 0.6 

Alum. Acetyl. (g) 0 0.8 

Permeability ≈ 

Selectivity - 

 
3.1.4.5. Humidity Effect 

Water should block the membrane pores and thus 

limiting the molecular sieving mechanism. To evaluate 

this effect two sets of membranes, 123 vs 129 and 121 

at two humidity percentages, will be evaluated. Most of 

the tests were carried out at 90% of water saturation, 

although two membranes were also tested at 60%. The 

expected effect is confirmed by the decrease in 

permeability observed in both sets of membranes 

analyzed. This pore blocking favors the transport by 

adsorption/diffusion, since when the pores are blocked 

(at 90% humidity) they have smaller dimensions than 

the N2 molecules, thus increasing the selectivity. The 

highest selectivity value is reached at the temperature 

of 70ºC, since at 150ºC water allegedly starts to desorb, 

allowing for CO2 but more important N2 to pass, 

lowering the selectivity. Table 8 summarizes the effect 

of the humidity on gas permeation and permselectivity. 
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Table 8 - Influence of different percentage of humidity 

on the membrane permeability and permselectivity for 

the pair of gas CO2/N2.   

Code 123 129 121 121 

% Humidity 60 90 60 90 

Permeability - - 

Selectivity + + 

 

3.1.4.6. Carbonization Effect  

The higher the carbonization temperature, the 

smaller the pore size.  In this sub-section the effect of 

no carbonization between layers (only at the end of two 

dip-coatings) and carbonization after each dip-coating 

was evaluated. In the second case, the pore size will be 

relatively small preventing a significant permeability 

values, and indirectly causing the selectivity to 

increase. For this purpose, only one group of members 

will be analyzed, 128 vs 129. The summary of the 

conclusions can be found in Table 9. 

 

Table 9 - Influence, of different carbonization layers, 

on the membrane permeability and permselectivity for 

the pair of gas CO2/N2.   

Code 128 129 

Carbonization Only on the 2nd 

layer 

On both layers 

Permeability - 

Selectivity + 

 

3.2. Mixed-matrix membranes 

The CO2 and N2 permeation measurements of the 

17 MMMs that were stable and without defects were 

carried out in the time-lag apparatus. In order to 

identify the membranes, the following code was used: 

60 PIL - 40 (used IL) - x (percentage of ILc) (used ILc), 

for example 60 PIL - 40 [C2mim][NTf2] - 0.9 

[C4mim]Cl. 

 

3.2.1. Membrane testing results 

The gas permeation measurements were done at 

20ºC and a pressure difference of 1bar, for single gas 

feed. The results that will be presented correspond to an 

average of at least three concordant measurements. 

The analysis of the gas permeation results can be 

done from several points of view: one can compare the 

effects of adding a component in different percentages 

on the membrane or compare the addition of one ILc to 

the detriment of another by keeping the percentage of 

ILc constant.  In a first approach, the comparison of the 

effect of each IL at varying the percentages was carried 

out.  

Only the gas permeation results will be here shown, 

once the diffusivity and solubility follow the same 

trend. Thus, Figure 2 shows the permeability results for 

membranes composed by PIL - IL - [C4mim]Cl. 

Figure 2 shows that the behavior of CO2 gas 

permeability is identical to N2, so the addition of ILc 

affects the behavior of the two gases in the same way. 

 

 
Figure 2 - Gas permeabilities through 60PIL-40IL-

[C4mim]Cl membranes. The data regarding PIL-

40[C2mim][NTf2] and PIL-40[Pyr14][NTf2] were taken 

from Teodoro et al. [14] and Tomé et al. [15]. 

Then another expected difference is the fact that 

MMM with different ILs behave differently. While the 

PIL - [C2mim][NTf2] membranes only undergo a 

significant change from the 1% addition, those of the 

PIL - [Pyr14][NTf2] with only 0.5% have a 44% 

increase in permeability for both gases. Finally, it can 

be observed that regardless of the IL used, the 

permeabilities tend to decrease with the ILc. 

Figure 3 shows the gas permeability results for 

membranes composed of PIL - IL - [C2mpyr]Br. 

 
  Figure 3 - Gas permeabilities through 60PIL-40IL-

[C2mpyr]Br membranes. The data regarding PIL-40 

[C2mim][NTf2] and PIL-40[Pyr14][NTf2] were taken 

from Teodoro et al. [14] and Tomé et al. [15]. 
 

The behavior of CO2 permeability is different from 

the previously described. However, the similarity of 

behavior between CO2 and N2 gases is notorious. The 

exception is  the membrane PIL-40[Pyr14][NTf2]- 

2[C2pyr]Br, for which both gases permeability 

increases exponentially,  82% for CO2  and 120% for 

N2. This can be justified by the fact that this membrane 

is the only one composed by non-homogeneous ILc, 

that is to say with dimensions greater than 75μm, 

leading to a possible rearrangement of different porous 

channels in the membrane matrix. Moreover, the rest of 

the MMM presented have a identical behavior to that 

described above, where for MMM with 

[C2mim][NTf2] - IL the permeability decreases with 

the increase of ILc and for MMM with [Pyr14][NTf2] - 

IL to 1% loading of ILc there is an increase of 36% for 

CO2 and 122% for N2. 
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Figure 4 presents the gas permeability results for 

PIL - IL - [C2mim][NTf2].  
 

 

 

Figure 4 - Gas permeabilities through 60PIL-40IL-

[C2mim][NTf2] membranes. The data regarding PIL-

40[C2mim][NTf2] and PIL-40[Pyr14][NTf2] were taken 

from Teodoro et al. [14] and Tomé et al. [15]. 
 

The analysis of Figure 4 is a slightly more complex 

since it is composed of more membranes. This is due to 

the fact that the yield of the ILc – [C2mim][NTf2] 

synthesis is higher than the others enabling the 

preparation of a larger number of membranes. Similar 

to the other analysis, the permeability of CO2 and N2 

follow a similarity in behavior, i.e. when the 

permeability of CO2 increases, that of N2 also increases. 

The behavior of membranes with [C2mim][NTf2]  is 

quite random, not following a trend depending on the 

increase in ILc. However, the permeability for the 2 

gases tends to decrease, with the increase of ILc. 

Regarding membranes composed of IL - [Pyr14][NTf2]  

they present exactly the same behavior as shown in 

Figure 2, where for 0.5% of ILc the gas permeability 

value is maximum, with an increase of 33% for CO2 

permeability relative to the composite membrane. 

The permselectivity of all MMM is presented in 

Figure 5. 

 

 

 
Figure 5 - CO2/N2 permselectivity for the 17 MMM 

used in this analysis. The data regarding PIL-

40[C2mim][NTf2] and PIL-40[Pyr14][NTf2] were taken 

from Teodoro et al. [14] and Tomé et al. [15]. 

From Figure 5 it is possible to see that the 

permselectivity has not undergone any particular 

change with the addition of ILc, all values being very 

similar to those of PIL-IL membranes, regardless of the 

amount of ILc added. The only exception is the case of 

PIL-40[Pyr14][NTf2]- 1 and 2[C2mpyr]Br membranes 

which present a significant decrease of approximately 

40% and 20% in the permselectivity. 

Similarly to the analysis carried out for CMSM, 

Figure 6 contains the results of the MMM studied in 

this work and evaluates their performance using the 

Robeson plot.  

To facilitate the analysis, Figure 6 was divided in 

two, depending on the IL used. In the case of 

[Pyr14][NTf2], it is possible to verify a direct increase in 

the gas permeability for all the membranes, regardless 

of the addition of ILc. This result in itself is quite 

promising. Regarding membranes composed of 

[C2mim][NTf2], it cannot be said that the obtained 

results are as promising as in the previous case, but it is 

clear that the results for 60PIL - 40[C2mim][NTf2] - 

1[C4mim]Cl approach the Robeson limit. For both 

cases, it is still necessary to prepare membranes with 

higher percentage of ILc, in order to definitively 

conclude about its contribution to the performance of 

the membrane. 

 

3.3. CMSM vs MMM results 

In order to summarize all the results obtained in this 

work for the CO2/N2 separation with CMSM and 

MMM, as well as to compare with those already 

existing in the literature, Figure 7 was created. 

However, it should be kept in mind that these two 

membranes are very different and are in different stages 

of development: while CMSM allow the use of higher 

temperatures and pressures, close to those used in 

industrial conditions, MMM are still in an earlier stage 

of development. 

It is possible to combine the results obtained for 

CMSM measured at 20ºC and 1 bar, which serve as a 

direct comparison with the results obtained for MMM, 

since they were also measured under the same 

conditions. It is possible to conclude that, in general, 

under the same experimental conditions, the results of 

MMM are superior to those presented by CMSM, in 

terms of selectivity. However, these results are slightly 

lower than those already published in the literature. 

Also, to be mentioned that there are some CMSM that 

have a good CO2 permeability performance, one of 

which surpassing the Robeson plot boundary. As such, 

the fabrication of both membranes needs to be 

optimized, since it has not yet been possible to 

consistently overcome the Robeson limit in both the 

approaches. 

 

4. Conclusions 
 

This work is divided into two parts, each focusing 

on a different type of membrane for the separation of 

carbon dioxide and nitrogen.  
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Figure 6 - CO2/N2 permselectivity as a function of CO2 permeability, for the 17 membranes used in this analysis 

at 20ºC and 1 bar.  

 

In the first part, the study was centered on CMSM, 

carbon molecular sieving membranes, more 

specifically in the polymer synthesis and carbonization, 

preparation and measurement of permeabilities of 14 

membranes. As mentioned before, these results were 

provided by the Technical University of Eindhoven. All 

tests were carried out at four pressures (1,2,4 and 6 bar) 

and at three different temperatures (20, 70 and 150ºC). 

Of all membranes, the one that stood out the most was 

number 118 for its promising results, as well as 123. 

The first CMSM is composed by a polymer (71% of 

formaldehyde to phenol ratio and 2.2% of 

formaldehyde to oxalic acid ratio, with 3 hours reflux 

time obtaining a 2300 molecular weight) used in the 

solution (% Form/Nov of 8, % Ethyl/Nov of 10, % 

Alum/Nov of 3 and % NMP/Nov of 277).  

 
Figure 7 - CO2/N2 permselectivity as a function of CO2 permeability. The 2008 Robeson plot and literature data 

(carbon [16-18] and IL [19-24] membranes) were used. Data was measured at 20ºC and feed pressure of 1 bar. 

This high performance is due to the fact that 

ethylenediamine induces a negative charge to the 

structure of the membrane because of its nitrogen lone 

electron pair. To conclude, CMSM yields good results 

in what concerns the separation of CO2 from N2 

because CO2 permeates the membrane not only through 

the smaller pores but also through the adsorption 

mechanism. Nevertheless, these membranes have not 

yet reached industrialization  due to a significant 

decrease in performance when exposed to humidity 

and/or oxygen.  

The second part of this thesis focused on the 

development of MMM, namely, composite membranes 

of ionic liquid polymer with ionic liquid and the 

addition of porous carbon made of ionic liquid doped 

with alkali organic salt. The polymer used is composed 

of poly[pyr11][NTf2], the ionic liquids were 

[C2mim][NTf2] and [Pyr14][NTf2]. Regarding salt and 
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IL for the manufacture of porous carbons, the choice 

was to use sodium tartrate and the following three ionic 

liquids [C4mim]Cl, [C2mPyr]Br and [C2mim][NTf2]. 

All 17 membranes measured were prepared by the 

solvent casting method. In this work, the membrane 

that stands out the most for the improvement in its 

permeability was 60 PIL - 40 [Pyr14][NTf2] - 2 

[C2mpyr]Br, since it presented an increase for gas 

permeability of 82% for CO2  and 120% for N2, in 

relation to the membrane without ILc. 

It is here shown that membranes are a very 

promising technology when it comes to gas separation. 

However, some drawbacks prevent this technology 

from being implemented on a large scale, specifically 

in what concerns the application studied, the CO2 

separation from flue gas. Its low partial pressure as well 

as the high flux to be treated make the use of 

membranes very difficult since the driving force is 

substantially low.  
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