
 
 

 
 

Julián Segura Rodríguez 
 
 
 
 

 

Membranes with amine-free carboxylate ionic liquid additives for 

efficient CO2 separation 

 

MASTER’S DEGREE THESIS 

 

Supervised by Dr. Alberto Puga 

 

MASTER’S DEGREE IN NANOSCIENCE, MATERIALS AND PROCESSES 

 

 

 

 

 

 

 

TARRAGONA 

 

2021 

 

  



Membranes with amine-free carboxylate ionic liquid additives for efficient CO2 separation Julián Segura Rodríguez  

 

1 
 

Membranes with amine-free carboxylate ionic liquid additives for efficient CO2 

separation 
 

Julián Segura Rodriguez 

Master Program in Nanoscience, Materials and Processes, 2020-2021 

e-mail: julian.segura@estudiants.urv.cat 

 
Supervisor: Alberto Puga. 

Department of Chemical Engineering. Universitat Rovira i Virgili Campus 

Sescelades, c/. Marcel·lí Domingo, s/n Tarragona, 43007, Spain. 

 

Abstract: Carbon capture and utilization is currently considered one of the most interesting strategies 
to reduce CO2 as it involves its transformation into fuels and chemicals, reducing the extraction of 
fossil carbon, thus preserving resources. Among the technologies used to capture CO2 in post-
combustion processes, membranes stand out due to their low cost, high energy efficiency, and 
simplicity to adapt into different modules. Amine-based additives have been used to increase the 
solubility and the efficiency to separate CO2 using the membranes. However, these kinds of additives 
demand high energy for the regeneration step due to their high CO2 affinity. Ionic liquids (IL) have 
been listed as potential substitute additives since they have lower volatility, are non-flammable, are 
more thermally stable and easier to recycle preserving their efficacy in capturing selectively CO2 and 
can be designed to require lower regeneration energy. In this work, tetrabutylphosphonium acetate 
hydrate ([P4 4 4 4][AcO]·H2O) is used as an ionic liquid additive to impregnate the pores of a polymeric 
polysulfone (PSf) membrane and increase the CO2 solubility and selectivity. Impregnated and non-
impregnated membranes are characterized by Scanning Electron Microscope (SEM) and infrared 
spectroscopy (FTIR). The ionic liquid was prepared by acid-base neutralization reaction and 
characterized by 1H NMR.  The solubility and permeability of impregnated membranes were tested 
from pure CO2 gas in a steel module setup. Furthermore, performance was compared to a commercial 
amine-based competitor CO2 sorbent (PEI). 
 

Introduction

Production models have radically changed since 

the industrial revolution in the late eighteenth 

century and as a consequence, energy 

consumption and production have continuously 

increased. This change also implied an increase in 

the use of fossil fuels and directly related to this, an 

increase in greenhouse gas emissions. Among the 

emissions caused by human action, atmospheric 

CO2 levels have dramatically risen over the last 

decades to the present times reaching a tipping 

point where it is crucial to reduce its concentration 

in the atmosphere, which contributes to 60% of 

global warming due to greenhouse effects1–3.  

Several strategies can be adopted to reduce CO2 

emissions. The most ambitious options in this 

context involve avoiding or minimising CO2 

emissions (using renewable electricity as major 

primary energy source), promoting renewable 

carbon (biofuels), or developing more efficient and 

less polluting fossil carbon technologies (combined 

cycle power plants, improving energy efficiency, 

etc.). However, decarbonisation of human 

activities is a challenging task and transition from 

the current scenario will require long 

implementation times, large investment efforts, 

and extensive research. In the meantime, fossil 

fuels use will continue to play a significant (yet 
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declining) role. Therefore, carbon capture and 

utilization (CCU) is the most attractive method to 

complement the strategies mentioned above and 

counterbalance CO2 emissions during transition to 

a cleaner energy model.  

Carbon Capture and Utilization involves the 

conversion of CO2 into fuels and chemicals. It is a 

truly circular carbon economy strategy. Therefore, 

it is carbon neutral and would reduce the 

exploitation of fossil carbon, preserving resources 

and reducing at the same time CO2 emissions4. 

Regarding CO2 capture, a number of technologies 

are known, namely aqueous amine absorption, 

aqueous alkaline absorption, solid carbonate 

looping, physically adsorbent solids, or amine-

impregnated sorbent solids5,6. These sorption-

desorption methods often present some 

drawbacks, especially high energy consumption for 

regeneration and limited stability, resulting in high 

cost of the recovered CO2
5–7. 

Membrane-based methods are very attractive for 

gas separation and capture in post-combustion 

processes. As compared to the widely used 

absorption and adsorption methods, which require 

large industrial infrastructures and high energy 

costs, membrane technologies are simple to 

implement, scalable, compact, portable, energy-

efficient, and cost-effective. In short, membranes 

are versatile and can be readily adapted to a large 

variety of modules and setups8–10.  

Previous work by our group demonstrated the 

efficacy of polysulfone (PSf) membranes for CO2 

capture11. In this study, Nogalska et al. reported 

the preparation of PSf membranes by casting 

solutions in different solvents and found that 

membranes obtained from 1-methyl-2-pyrrolidone 

(or N-methyl-2-pyrrolidone, NMP) solutions 

exhibited an appropriate morphology with large 

surface area due to the presence of asymmetric 

finger-like pores. These pores can be filled with 

additives to increase the solubility, permeability, 

and selectivity of CO2
9,12. 

Amine-based membranes are attracting significant 

attention due to their high affinity with CO2, which 

enables a facilitated transport mechanism. This 

results in good carbon dioxide permeability, and 

high carbon dioxide/nitrogen selectivity. The 

current membrane technologies for CO2 capture 

use additives based on different amines such as 

monoethanolamine (MEA), diethanolamine (DEA) 

or polyethylenimine (PEI). However, for CO2 

capture and utilization purposes, amine-based 

membranes still require a strong driving force for 

permeation given the high energy required for CO2 

desporption5,7,13,14.  

Recently, Ionic liquids (ILs) have been proposed as 

an alternative to amine-based additives because of 

their many advantages for the capture and 

subsequent desorption of CO2 in post-combustion 

processes15,16. First, ILs can be designed for lower 

regeneration energy by adjusting the acid-base 

properties of their constituent ions17. Moreover, 

they cause minimal volatility issues due to their 

negligible vapor pressure. Furthermore, ILs are 

non-flammable and more thermally stable5. The 

result of these properties is the avoidance of 

contamination in the gas streams because of the 

absence of additive losses during the sorption and 

regeneration process, making regeneration a 

simpler process. Either increasing the temperature 

or decreasing the pressure, the carbon captured 

can be safely regenerated16.Thus, ionic liquid-

based additives are very attractive for post-

combustion applications where the gas streams 

are usually under harsh conditions.  

Cations and anions can be combined creating many 

different ionic liquid compounds depending on 

their structures. Symmetry, size, presence of 

functional groups, chain length or branching are 

some examples of structural parameters which can 

be modified. All of these changes can strongly 

affect their physical and chemical properties, and 

thus, their interaction with CO2. Carbon dioxide can 

be absorbed physically and/or chemically16,18–20. 



Membranes with amine-free carboxylate ionic liquid additives for efficient CO2 separation Julián Segura Rodríguez  

 

3 
 

Due to the strong interaction between CO2 and 

amines, many authors functionalized ILs with these 

groups, achieving high CO2 solubilities. However, 

these functionalized ionic liquids still have some of 

the drawbacks of aqueous amine sorbents 

mentioned above. These amine functionalized 

compounds have high enthalpies of absorption and 

high regeneration temperatures increasing the 

energy required in the regeneration step21,22. 

Remarkable solubility of CO2 in carboxylate, chiefly 

acetate, ionic liquids was reported by several 

research groups23–25. Kirchner et al. demonstrated 

the strong acid-base interaction between the 

acetate anion and CO2
26. Moreover, Luebke et al27 

simulated the interaction between [P4 4 4 4][AcO] 

and CO2 and demonstrated the strong nonphysical 

interaction of the acetate anion with CO2. 

Furthermore, acetate compounds may be 

accepted in the industry since they are 

environmentally friendly and affordable 2.  

The cation of the IL has also a key role in the CO2 

capture since increasing the cation alkyl side chain 

length increases CO2 solubility. However, if the 

alkyl chain is too large, the molar equivalence 

between the IL and CO2 decrease, and thus, 

solubility also decreases5.  

Phosphonium-based ILs are generally more 

thermally stable than ammonium counterparts. 

Pena et al. studied the thermostability of 

tetrabutylphosphonium acetate ([P4 4 4 4][AcO]), 

observing a decomposition temperature of 317ºC1.  

A similar ammonium IL (triethylbutylammonium 

acetate) showed an equivalent onset of thermal 

degradation at 171 ºC28.  Moreover, Pena and co-

workers demonstrated the chemical interaction 

between [P4 4 4 4][AcO] and CO2 and considered it as 

a promising solution for CO2 capture2. Wang et al 29 

simulated the CO2/N2 selectivity of this ionic liquid 

and demonstrated a high theoretical adsorption 

selectivity for CO2. 

It is interesting to note that chemical absorption is 

enhanced by the hydrated IL ([P4 4 4 4][AcO]·H2O) 

due to the favorable formation of bicarbonate as a 

product in a reversible process, resulting in a 

maximum theoretical capacity of 

1 mol(CO2)/mol(IL)30 (Figure 1). In summary, 

[P4 4 4 4][AcO]·H2O is selected herein as an additive 

for CO2 separation membranes, since it is 

composed of an anion that has strong interaction 

with CO2, and a cation with long enough alkyl 

chains for suitable CO2 capture and preventing 

crystallisation, but not as long to decrease the 

solubility. 

In this work, a porous polysulfone (PSf) membrane 

is developed as an appropriate support material for 

CO2 capture. Furthermore, PSf membranes are 

impregnated with [P4 4 4 4][AcO]·H2O to increase the 

CO2 permeability and selectivity (Figure 1)30. The 

solubility, selectivity, and permeability of IL-

membranes are studied and compared with the 

current commercial additives based on amines. It 

is expected to reach a similar CO2 capture capacity 

but with lower energy requirement in the 

regeneration step since ILs have a lower enthalpy 

of CO2 absorption5,31,32. 

 

 

Figure 1. Reversible ionic liquid-CO2 chemical absorption reaction involving [P4 4 4 4][AcO]·H2O and resulting in the formation of 
bicarbonate as the captured species.
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Experimental section 

Materials 
Polysulfone (PSf, MW 35000 Da) in a transparent 

pellet form, tetrabutylphosphonium hydroxide 

solution (40% wt. in H2O) and polyethylenimine 

branched (PEI) were purchased from Sigma-

Aldrich. N-methyl-2-pyrrolidone (NMP), N,N-

dimethylformamide (DMF), and acetic acid were 

purchased from Scharlab. Methanol (99% purity) 

was purchased from Merck. High-purity CO2 (> 

99.995%) was obtained from Carburos Metálicos. 

Membrane preparation 
Membranes were prepared in ambient conditions 

by phase inversion precipitation using polysulfone 

as polymer and either NMP or DMF as solvents. 

According to a previous work by our group 

reporting the preparation of PSf membranes 

having asymmetric finger-like pores, 20% PSf/NMP 

and 20% PSf/DMF (w/w) solution were prepared11.  

These solutions were stirred for 48 hours in 

ambient conditions and then sonicated for 2 hours 

before membrane preparation, to remove any 

dissolved or trapped air.  

The resulting homogeneous solutions were cast 

over a rectangular glass with a casting knife having 

a 250 µm gap. After casting, and rapidly, the glass 

was immersed in the coagulation bath (deionised 

water), which dissolves the organic solvent and 

causes the formation of a flat sheet of polysulfone 

membrane on the glass. Polysulfone membrane is 

left for 15 minutes in the coagulation bath and then 

rinsed with water to remove the excess solvent. 

Membranes were left overnight in air to dry. The 

morphology of the membranes depends mainly on 

the speed of precipitation and on the organic 

solvents, among other precipitation conditions. 

Synthesis of Ionic Liquid 
Tetrabutylphosphonium acetate ([P4 4 4 4][AcO]) 

preparation was based on an acid-base 

neutralization method. Acetic acid was weighted 

and dissolved in deionised water (3.5 g, 58 

mmol). Then, an equimolar amount of 

tetrabutylphosphonium hydroxide, as previously 

calculated, ( 40 mL, 40% w/w, 58 mmol) was 

added until the final molar equivalence point (pH = 

8.99). The pH was measured in real time using a 

Metrohm pH meter. The total final volume of the 

solution was 200 mL. The solution was stirred for 

24 hours under ambient conditions. 

Water was evaporated until a molar ratio of 1:1 

(H2O/IL) in order to increase the CO2 sorption 

capacity and maintain a reasonable viscosity of the 

sorbent. The removal of water was performed 

using a rotatory evaporator at 60ºC (bath 

temperature) and under low pressure around 20 

mbar. 

The final water content was measured by Karl-

Fischer analysis and was adjusted to  1 

mol(H2O)/1 mol(IL). 

The colourless viscous IL hydrate was stored under 

N2 atmosphere and moisture to avoid the 

absorption of CO2 from air. 

Membrane impregnation 
[P4 4 4 4][AcO]·H2O  and its commercial amine-based 

competitor (PEI) were diluted in methanol to 

reduce their viscosity and facilitate their 

impregnation. 20 mL of each solution were 

prepared, in the case of IL was 33,3% concentrated 

and for PEI it was only 3,6%). The PEI solution was 

diluted in order to have only 20% of content of PEI 

respect the IL, which was 100%, and hence, have 

two comparable impregnated membranes with a 

similar theoretical sorption capacity 

(≈1.5 mmol(CO2)/g(liquid sorbent)33. 

Polysulfone membranes prepared from NMP 

solutions   were cut with a circular shape of 16 cm2 

of area and were impregnated with 

[P4 4 4 4][AcO]·H2O or PEI under vacuum conditions 

to help the liquid fill the pores of the membrane. 

Membranes were immersed in the methanolic 

solutions (containing either ionic liquid or amine 

sorbent) and under vacuum conditions at room 

temperature. The vacuum was left until the 

membrane stopped bubbling (approx. 1 minute) 

and then was left under N2 atmosphere for 30 min 

to avoid the absorption of CO2 from air. 
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After this time, membranes were removed from 

the solution and dried at 60ºC on Petri dishes 

inside an oven until a constant weight. The amount 

of additive impregnated in the membrane was 

determined gravimetrically by weighting the 

membranes before and after impregnations. Table 

1 shows the average values of the impregnation 

weights.  

Table 1. Additive weights of impregnated membranes. 

Additive Initial 
weight 
(g)  

Final 
weight 
(g) 

Impregnated 
additive (g) 

Impregnated 
additive (%) 

IL 0,145 0,2209 0,0759 ± 
0,006 

52,3 % 

PEI 0,229 0,244 0,0117 ± 
0,003 

5,1 % 

 

Then, the resulting PSF-IL and PSF-PEI membranes 

were stored in a desiccator under anhydrous 

conditions until further use. 

Characterization methods 
Environmental Scanning Electron Microscope 

(ESEM) was used to study the morphology, 

thickness, and porosity of polysulfone membranes. 

A sample of the membrane was cut and immersed 

into liquid nitrogen and fractured. Cross-section 

micrographs were taken and were analysed by 

ImageJ software. Impregnated membranes were 

analysed by Field Emission Scanning Electron 

Microscope (FESEM). Furthermore, impregnated 

membranes were examined by Energy-Dispersive 

X-ray spectroscopy (EDX) to study the composition 

and distribution of the additives. 

The porosity of membranes was calculated using 

the following equation: 

 = (1 −
𝑃𝑚

𝑃𝑃𝑆𝑓
)     (1) 

where  is the porosity coefficient and was 

expressed in percentage, Pm is the overall density 

of the membrane (also considering the pore 

volume), determined by cutting a piece of 

membrane (1 cm2) and dividing its weight by its 

volume, as calculated by considering uniform 

thickness (determined by ESEM) and PPSf is the 

density of bulk polysulfone [g/cm3]. 

Attenuated Total Reflectance Fourier-Transform 

Infrared (ATR-FTIR) spectra were recorded on a 

Jasco FT/IR instrument and processed using the 

Spectra Manager™ Suite Spectroscopy Software by 

Jasco Corporation. This was done to confirm the 

chemical composition of the membranes. The 

spectra were collected in the wavelength range of 

400-4000 cm-1 in the absorbance mode. 

The structure of the ionic liquid was confirmed 

after synthesis by 1H NMR spectroscopy on a 

Varian Gemini 400 spectrometer (400 MHz) using 

dimethyl sulfoxide-d6 (dmso-d6) in a sealed 

capillary tube as an external standard.  

Solubility and permeability tests  
Solubility tests were performed using a stainless-

steel module which contains 0.150 g of material 

(PSf, PSf-IL, or PSf-PEI membranes). Fig. 2 shows a 

schematic representation of the set-up used for 

solubility tests. Before experiments, the internal air 

from module and channels was removed by 

applying vacuum. Then, when the pressure was 

near zero around (0,3 bar) , the three-way valve (3) 

was turned over and pure CO2 was introduced into 

the system. When the pressure reached 2 bar 

(equal to the CO2 line, as adjusted by a pressure 

regulator), the valve was closed. The solubility was 

studied by measurements of pressure decay by 

using a digital UPS-HSR USB Pressure Sensor (Stork 

Solutions).  

 

Figure 2. Experimental CO2 solubility set-up. 1) Pressure 
sensor 2) CO2 gas bottle 3) Valve 4) Steel module containing 
membrane 5) Vacuum system. 

The solubility was calculated following the same 

procedure as a described in a previous study by our 

group11 according to the following equation: 
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𝑛 =
(𝑝𝑖− 𝑝𝑓)·𝑉

𝑅·𝑇
      (2) 

Where n is the adsorbed moles of CO2, pi is the 

maximum pressure value before decaying and pf is 

the final pressure where it was stabilized [Pa], V is 

the total volume of the system [m3], R is the gas 

constant (8,314 [J/K/mol]) and T is temperature 

[K]. Total volume was estimated introducing a 

known quantity of gas into the module at a defined 

pressure (> 1 bar), closing the valve, and opening 

another valve that connects to a volumetric syringe 

that was filled with the internal gas until pressure 

equilibration and reading the filled volume on the 

syringe.  

The solubility coefficient (SCO2) was expressed 

according to the following equation (3). 

𝑆𝐶𝑂2 =
𝑉𝐶𝑂2𝑚(𝑆𝑇𝑃)

𝑉𝑚· 𝑃𝑒𝑠𝑡𝑎𝑏𝑙𝑖𝑠ℎ𝑒𝑑
     (3) 

where VCO2m (STP) is the volume of CO2 

corresponding to nCO2 at standard conditions [m3], 

Vm is the material total volume [m3], also 

considering the free space from the pores, and 

Pestablished is the pressure at equilibrium conditions 

[atm]. 

The solubility coefficient was expressed in 

[m3(STP)/m3 PSf atm] units.  

Gas permeation tests were measured using the 

same stainless-steel module but with different set-

up. For these experiments, instead of using 

cropped material, circular membranes with a 

diameter around 4,6 cm were used. Fig. 3 shows a 

schematic representation of the set-up. Now, the 

membranes under study were placed at the centre 

of the module between the feed and permeate 

compartments, leaning on a circular pierced steel 

support to avoid damage to the membrane due to 

pressure gradient. Sealing was ensured using an 

appropriate rubber O-ring. Pure CO2 was 

introduced continuously in the system. The 

increase of pressure in the permeate side of the 

module was measured using the pressure sensor 

(5). 

The experiments were performed for 2 hours while 

keeping the pressure of CO2 in the feed at 2 bars. 

Pressure was recorded versus time. The slope of 

the curve will define the permeability of the 

materials. Permeability coefficients were 

calculated from the slopes of the curves of the 

increase of pressure in the permeability tests 

described above. Coefficients were expressed in 

mol/(cm2·kPa·s) where mol are CO2 mols calculated 

from the difference of pressure between minutes 

5 and 25, cm2 is the area of the membrane, kPa is 

the pressure in minute 5 and s is the time between 

these two points. 

 

Figure 3. Experimental CO2 permeability set-up. 1) CO2 gas 
bottle 2) Valve 3) Steel module containing membrane 4) 
Membrane 5) Pressure sensor. 

Results and discussion  

Membrane preparation 
The relationship between the membrane material 

and the composition of the coagulation bath 

determines the velocity of membrane formation, 

and hence, morphology. The aim is to get 

asymmetric finger-like pores in PSf membranes 

and then fill the pores with the additive and 

increase their sorption capacity. The thickness has 

also a key role in this study since the permeability 

will depend on the ease of gas going through the 

membrane. Figure 4 shows a cross-section image 

taken by ESEM from the polysulfone membranes 

made with NMP and DMF.  

In Figure 4a, asymmetric voids can be observed 

through the membrane prepared from an NMP 

solution. Furthermore, on the top side of the 

membrane, the pores reach the surface. For the 

impregnation step, this characteristic of the 

membrane morphology is key because this side of 

the membrane will readily provide access for the 

ionic liquid (or other liquid sorbent) to go inside the 

pores. Figure 4b shows the cross-section image 
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from the membrane made with polymer dissolved 

in DMF. In this case, symmetric sponge-like pores 

can be observed.  

Even though having similar porosity (Table 2), 

membranes made with DMF seem less attractive 

because these types of pores make the membrane 

less accessible for the viscous ionic liquid since the 

size average of the diameter of porous is around 1 

µm while the channels of the finger-like membrane 

are around 10 µm. Regarding the thickness, 

membranes made with NMP are slightly thicker 

than membranes made with DMF (Table 2). 

Moreover, the finger-like morphology of the 

channels in the membrane prepared from NMP is 

expected to enable a more facile diffusion of gas 

across the membranes. Filling these finger-like 

pores with a sorbent liquid selective to CO2 should 

facilitate its transport. For these reasons, 

membranes for impregnation and further studies 

were prepared from solutions in NMP. 

 

Figure 4. ESEM micrographs of the cross-sections of , a) PSf 
membrane from 20% solution in NMP, b) PSf membrane from 
20% solution in DMF. 

Synthesis of Ionic Liquid 
After the synthesis of tetrabutylphosphonium 

acetate, its structure was confirmed by 1H NMR 

spectroscopy. The spectrum in Figure 6 shows the 

value of the integration of each peak. Also, it 

helped to determine the molar ratio of water in the 

as-prepared IL, which was adjusted later to 1 

equivalent of water, and checked by Karl-Fischer 

titration.   

Table 2. Porosity and thickness of resulting PSf membranes. 

Membrane 
solvent 

Porosity,  Thickness 

NMP 75,3 % 192,5 m 

DMF 78,8 % 165 m 

 

Membrane impregnation 
Figure 5 shows a FESEM micrograph of IL-

impregnated polysulfone (PSf-IL) made from NMP 

solution. The conductive character of the ionic 

liquid made possible the use of FESEM and reach 

this magnitude of resolution. In this micrograph, 

symmetric sponge-like micropores (≈ 1 μm) can be 

observed in addition to the larger finger-like 

channels (up to 20 μm wide) of the membrane. 

After the impregnation with ionic liquid the 

morphology of the membrane does not change. 

Table 3. Loading of IL or PEI in the impregnated membranes. 

Membrane Loading 
(wt% as IL or 
PEI vs. PSf) 
by 
gravimetry 

Atomic 
ratio 
(P/S or 
N/S) by 
FESEM-
EDX 

Loading 
(wt% as 
IL or PEI 
vs. PSf) 
by 
FESEM-
EDX 

PSf-IL 52,5 0,39 ± 
0,04 

30 ± 3 

PSf-PEI 5,1 1,7 ± 
0,2 

16 ± 2 
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Figure 5. FESEM micrograph of polysulfone membrane made 
from NMP solution and then impregnated with 
tetrabutylphosphonium acetate (PEI-IL). 

 

 

Figure 6. 1H NMR spectrum of [P4 4 4 4][AcO]·H2O (dmso-d6 
external standard, 400 MHz, 25 °C). 

Elemental analysis by EDX spectroscopy integrated 

in the FESEM indicates the presence of the 

additives in the membranes. Figure 7 shows the 

EDX spectra for the three studied membranes. The 

first spectrum (a) is from polysulfone without 

additives where it can be observed two 

predominant peaks due to carbon and oxygen and 

a smaller one due to sulphur. The second spectrum 

corresponds to polysulfone membrane 

impregnated with [P4 4 4 4][AcO]·H2O (PSf-IL). A new 

peak due to phosphorus is clearly observed, 

indicating the presence of the ionic liquid in the 

membrane. The last spectrum corresponds to 

polysulfone membrane impregnated with 

polyethylenimine (PSf-PEI). The nitrogen peak 

should be observed, but the amine loading is lower 

(Table 3) the impregnation step in order to have 

similar CO2 solubility results than for ionic liquid 

membranes. The higher PEI loading value in 

FESEM-EDX could be due to an error because of the 

weakness of the signal of N, this value could be 

overestimated. 

 

Figure 7. FESEM-EDX spectra from: a) Polysulfone (PSf) 
membrane, b) Polysulfone membrane impregnated with IL 
(PSf-IL), c) Polysulfone membrane impregnated with PEI (PSf-
PEI). 

Infrared spectra also confirm the impregnation of 

IL in the membrane comparing the spectrum from 

impregnated polysulfone membrane with the 

spectrum from IL (supplementary data S1). The 

clearest peak that confirms the presence of IL in 

the polysulfone is at 1384 cm-1 (carboxylate 

symmetric stretching) and the peak observed at 

908 cm-1 that can be from P-C stretching. The peak 

around 2900 cm-1 also corresponds to ionic liquid. 

Solubility and permeability tests 
Figure 8 shows the decrease of pressure in the 

different membranes. To be easily compared, the 

initial pressure from all measurements is adjusted 

to 1 barg, and the rest of values are relative to this 

adjustment. As it can be seen in the graph, the 

solubility of impregnated membranes is higher 

than membranes without additive since the 

decrease of pressure is more notable. It should be 

noted that a higher quantity of ionic liquid than its 

commercial amine-based competitor was loaded 

on the membrane to equalise the theoretical CO2 

capacity of both sorbents (≈1.5 mmol(CO2)/g(liquid 

sorbent)).  
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Figure 8. Decrease of pressure of membranes listed in 
solubility tests. 

Solubility from polysulfone and impregnated 

membranes is expressed in Table 4. IL-

impregnated membranes show almost five times 

more solubility capacity than polysulfone 

membranes.  

Table 4. Solubility of resulting membranes. 

Material n CO2 [mmol] S [m3 STP/m3 atm] 

Polysulfone 0,06 ± 0,02 1,59 ± 0,14 

PSf-IL 0,21 ± 0,07 7,88 ± 0,38 

PSf-PEI 0,29 7,11 

 

Unmodified polysulfone membranes present 

higher CO2 permeability than impregnated 

membranes as shown in Figure 9 and in Table 5. In 

this graph, an increase of pressure versus time can 

be observed, as recorded for experiment 

performed as detailed in Figure 3. In this way, it is 

more difficult for CO2 to go through the 

impregnated membranes than through 

unmodified membranes. This is not surprising, and 

we hypothesize that since there is a viscous liquid 

covering the channels and pores, there is less space 

for CO2 to diffuse. 

Table 5. Permeability of resulting membranes. 

Material Permeability 
(mol/(cm2 kPa s) 

Polysulfone 7,87 · 10-11 

PSf-IL 1,90 · 10-11 

PSf-PEI 1,84 · 10-11 

 

Amine-based membranes show marginally higher 

permeability than ionic liquid-based membranes. 

This could be due to the smaller amount of additive 

in this kind of supporting material since there is five 

times less additive than in the IL-based membranes 

and hence, there is less viscous liquid obstructing 

the channels. Considering this, the permeability of 

the ionic liquid-based membranes is remarkably 

similar to that of the amine counterpart. 

 

 

Figure 9. Increase of pressure of membranes listed in 
permeability tests. 

Conclusions 
An amine-free and a commercial amine (ionic 

liquid and PEI) were impregnated successfully in 

polysulfone membranes by simply applying 

vacuum and covering the membranes with the 

additive in less than 30 minutes. Polysulfone 

dissolved in NMP has been suitable for membrane 

preparation by coagulation in water due to the 

asymmetric finger-like pores observed in their 

cross-sections. Solubility and permeability abilities 

from these materials have been successfully 

studied with a self-made stainless-steel module. 

CO2 solubility tests show that impregnated 

membranes have almost five times higher CO2 

adsorption abilities than unmodified polysulfone 

membranes. However, it has been demonstrated 

that the presence of these additives does not 

improve the permeability capacity of polysulfone. 

Despite the high cost of ionic liquids, it has been 

shown that these carboxylic based additives could 

be a competitor for currently used amine-based 

additives overcoming some drawbacks such as the 

poor stability and for future works it could be 

useful the study of the energy requirements in the 

regeneration step. 
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Supplementary data 
 

Figure 10. FTIR spectra for polysulfone (PSf) and ionic liquid impregnated polysulfone membranes (PSf-IL). 
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