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Abstract 

This work presents mixed gas separation performance through PIL–IL membranes bearing 

pyrrolidinium-based PILs with [NTf2]– and [C(CN)3]– anions and different weight percentages of 

the corresponding ILs using a ternary mixture of H2, CO2 and N2 and different feed pressures 

ranging from 1 to 4 bar and temperatures from 20 to 80 °C. COSMO-RS was successfully used to 

understand the separation behavior of the PIL–IL composites for the H2+CO2+N2 mixture. The 

effect of temperature between 20ºC and 80 ºC and feed pressure between 1 bar and 4 bar was also 

studied and is here discussed. The increased of the mixed H2, CO2 and N2 permeabilities with 

increasing temperature was shown to be due to dominant role of gas solubility at low temperature, 

and diffusivity at high temperature. The small pronounced differences between mixed and ideal 

CO2/H2 permselectivities through the prepared PIL–IL composites indicated that membrane 

separation efficiency can be maintained, despite the competition effect between gases in mixed 

gas experiments. Depending on the operating conditions, the best mixed separation performance 

was obtained for PIL C(CN)3–60 [C2mim][C(CN)3], with a CO2 permeability of 324.7 Barrer and 

a CO2/H2 permselectivity of 11.4. The great potential of the studied PIL–IL membranes for 

biohydrogen separation is here clearly evidenced, since they revealed mixed CO2/H2 separation 

performances above the Robeson upper bound even at the highest temperature and feed pressure 

tested.

Keywords: Poly(ionic liquid)s; Ionic Liquids; PIL–IL composites; Mixed CO2/H2 separation; 

COSMO-RS analysis.
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1. Introduction

Despite the enormous potential of  hydrogen (H2) as an energy solution, the fact that it is not a 

primary fuel source, since it needs to be produced or isolated prior to use [1], greatly hinders its 

full potential. In recent years, the promising and renewable characteristics of H2 led to development 

of several biological routes to production. Biohydrogen (bioH2) production is catalyzed by 

microorganisms in an aqueous environment, close to ambient temperature (30–35 ºC) and 

atmospheric pressure conditions. This makes bioH2 production less energy intensive and more 

environmentally friendly compared to conventional thermochemical and electrolysis H2 

production systems [2, 3]. Additionally, biological H2 production can use several waste materials, 

facilitating waste recycling [4]. Biological systems for H2 production can be divided in two main 

categories: light-dependent (direct or indirect biophotolysis and photo fermentation) and -

independent (dark fermentation) methods [4-7]. Despite its low hydrogen yields and production 

rates, the non-requirement of light energy and high rate of cell growth make dark or anaerobic 

fermentation, a promising cost-effective bioH2 production method[4]. However, to get an enriched 

H2 stream for efficient energy production, the elimination of other gases, mainly CO2, N2 and other 

impurities (H2O and H2S) is an important issue that needs to be solved [8]. 

Ionic liquids (ILs) have been shown to be a successful platform to design novel task-specific 

materials for gas separation due to their intrinsic properties such as negligible vapor pressure and 

tunable nature [9]. The simplest approach to use ILs as gas separation membranes is through 

supported ionic liquid membrane (SILM), in which IL is immobilized into the pores of an inert 

porous support [10]. In what concerns the use of IL–based membranes for gas separation, single 

gas permeability and ideal selectivity data are fundamental to determine the most suitable ILs for 

a specific gas separation. However, the gas permeation properties of one gas may be altered by the 
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presence of other gases in a gas mixture, eventually leading to different limitations phenomena as 

competitive sorption, penetrant induced plasticization or concentration polarization [11-13]. In this 

context, several works have been evaluated the performance of IL–based membranes for the 

separation of gas mixtures [14-20]. For instance, mixed gas selectivities for two different gas pairs 

(CO2/CH4 and CO2/N2) through [C2mim][BF4], [C2mim][DCA] and [C2mim][CF3SO3]-based 

SILMs were reported by Scovazzo et al.[16], and it was observed that they are similar to the ideal 

gas selectivities. The reported SILMs did not reduce their separation ability even under CO2 partial 

pressure of 2 bar. On the other hand, Zarca et al.[15] studied both single and mixed gas permeation 

through the [C6mim][Cl]-based SILM for CO2, H2, CO and N2 and found that the mixed gas 

permeabilities decreased compared to the single gas permeabilities. Chen et al.[17] also reported 

the single and mixed H2, N2 and CO2 permeation through PVDF–[C2mim][B(CN)4] composites at 

35ºC and 2 bar of feed pressure. In this work, the slight reduction in mixed CO2 permeability and 

CO2/N2 and CO2/H2 selectivities compared to the single gas experiments was attributed to the 

competitive sorption in mixed gas separation systems [17]. More recently, Noble et al. 

demonstrated that IL-based epoxy-amine ion gel membranes can maintain or even increase their 

CO2/CH4 [19] and CO2/N2 [20] selectivities under humidified mixed gas streams. 

Poly(ionic liquid)s (PILs) and their derived composite materials incorporating ionic liquids 

(PIL–IL) are a highly promising strategy to design membranes with improved CO2 separation 

ability [9, 21-23]. However, only a small number of studies concerning mixed gas separation 

performance through PIL–based membranes have been published to date. Recently, Nikolaeva et 

al.[24] reported the performance of PIL-based thin-film composite membranes containing the 

same anion ([NTf2]–) and three different polycations, namely poly(vinylbenzyl(2-

hydroxyethyl)dimethylammonium (poly([VBHEDMA]+)), poly(vinylbenzyltrimethylammonium) 
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(poly([VBTMA]+)) and poly(vinylbenzylmethylpyrrolidinium) (poly([VBMP]+)) under mixed gas 

permeation conditions. The authors found that humidified feed gas enhanced membrane flux. The 

poly[VBHEDMA]-based membranes showed the highest mixed CO2/N2 selectivity, but also 

exhibited the lowest CO2 permeance, due to the high affinity of CO2 molecules for this specific 

polycation [24].

The present study steps forward in the evaluation of the mixed gas separation performance 

through the most promising PIL–IL composites comprising pyrrolidinium-based PILs with [NTf2]– 

and [C(CN)3]– anions and different weight percentages of the corresponding ILs, previously 

studied by us [23, 25, 26] under single gas permeation conditions. A specific multicomponent gas 

mixture of H2, CO2 and N2 was selected  as a simulated biohydrogen-containing mixture [27], and 

gas permeation measurements were performed at temperatures ranging from 20 to 80°C and 

different feed pressures (1–4 bar). All the PIL–IL membranes were characterized in terms of their 

mechanical properties to analyze the blending effect of IL. A computational approach based on 

COSMO-RS method was also applied to further understand the obtained experimental mixed gas 

permeation results.

2. Experimental Section

2.1 Materials

Poly(diallyldimethylammonium) chloride solution (average Mw 400,000 – 500,000, 20 wt% in 

water), acetone (99.8%), and acetonitrile (99.8%) were purchased from Sigma-Aldrich. Lithium 

bis(trifluoromethylsulfonyl)imide (LiNTf2, 99 wt% pure) and sodium tricyanomethanide 

(NaC(CN)3, 98 wt% pure) were provided by IoLiTec GmbH (Heilbronn, Germany). 
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Poly([Pyr11][C(CN)3]) and poly([Pyr11][NTf2]) PILs were synthesized by anion metathesis 

reactions from the commercially available precursor, poly([Pyr11][Cl]), according to previously 

established procedures [23, 28]. The ionic liquids, 1-ethyl-3-methylimidazolium 

tricyanomethanide ([C2mim][C(CN)3], >98 wt% pure), 1-ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C2mim][NTf2], >99 wt% pure), 1-butyl-1-

methylpyrrolidinium bis(trifluoromethylsulfonyl)imide ([C4mpyr][NTf2], >99 wt% pure) were 

provided by IoLiTec GmbH. Carbon dioxide (CO2), nitrogen (N2), hydrogen (H2) and helium (He) 

were used with no further purification.

2.2 Preparation of PIL–IL Membranes

Free-standing membranes composed of the synthesized PILs and specific quantities of ILs 

having similar anions were prepared by solvent casting. The detailed description of the preparation 

of similar PIL–IL membranes can be found elsewhere [25]. The composition and experimental 

conditions of the casting procedure used to prepare the PIL–IL composites are listed in Table 1. 

All the obtained membranes were dried in a vacuum oven at 318 K until a constant weight was 

achieved and their thicknesses (86–122 μm) were measured using a digital micrometer (Mitutoyo, 

model MDE-25PJ, Kanagawa, Japan). Average thickness was calculated from six measurements 

taken at different locations of each PIL–IL membrane and used in the gas permeation properties 

calculations. 
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Table 1. Composition and experimental conditions of the casting procedure used to prepare the 
PIL–IL composite membranes.

PIL–IL membrane Polymer (PIL) Ionic Liquid (IL) wt% 
of IL Solvent T (K) Evaporation 

time (days)

PIL C(CN)3–40 [C2mim][C(CN)3] 40

PIL C(CN)3–60 [C2mim][C(CN)3]

Poly([Pyr11][C(CN)3]) 

N

C
NN

N

 [C2mim][C(CN)3] 

C
NN

N

60

Acetonitrile 298 3

PIL NTf2–40 [C4mpyr][NTf2] 40

PIL NTf2–60 [C4mpyr][NTf2]

Poly([Pyr11][NTf2]) 

N

S
O

O
F3C S

O

O
CF3N

 [C4mpyr][NTf2] 

S
O

O
F3C S

O

O
CF3N

60

Acetone 298 2

PIL NTf2–40 [C2mim][NTf2]

Poly([Pyr11][NTf2]) 

N

S
O

O
F3C S

O

O
CF3N

 [C2mim][NTf2] 

S
O

O
F3C S

O

O
CF3N

40 Acetone 298 2

2.3 Mechanical Properties

Puncture tests were performed using a TA XT Plus texture analyzer (Stable Micro Systems, 

UK) to evaluate the stress and elongation upon puncture of the studied PIL–IL composites. The 

membranes were punctured through a hole (diameter of 10 mm) with a cylindrical probe of 2 mm 

of diameter, at a constant speed rate of 1 mm s−1. At least, four replicates for each membrane were 
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performed and thus, the reported puncture stress and elongation upon puncture values are average 

results. The standard deviation was also determined for all the reported values.

The puncture stress was calculated according to the following equation:

    (1)𝜎 =
𝐹
𝐴

where σ is the puncture stress (Pa), F is the maximum force exerted by the probe (N) and A is the 

cross-sectional probe area (m2). In order to obtain a better comparison of the experimental results 

without the influence of membrane thickness, the puncture stress values were normalized as 

follows: 

         (2)𝜎𝑛 =
𝜎
𝓁

where σn is the normalized puncture stress (MPa mm−1) and  is the membrane thickness (mm).𝓁

The elongation upon puncture was also calculated as follows [29]: 

Elongation upon puncture (%) =               (3) [ 𝑟2 + 𝑑2 ― 𝑟
𝑟 ] × 100

where  is the radius of the film exposed in the cylindrical hole of the sample holder (mm) and  𝑟 𝑑

is the displacement of the probe from the point of contact to the point of puncture (mm).

2.4 Mixed Gas Permeation Set-up

Mixed gas permeation properties through the prepared PIL–IL membranes were determined 

using an experimental set-up (Figure 1) detailed elsewhere [30]. The composition of permeate and 

retentate streams was real-time analyzed by gas chromatography (Tracera GC-2010) equipped 

with a Barrier Ionization Discharge (BID) detector of ppb quantity level [30]. The effective 

membrane area was 15.6 cm2 and the experiments were carried out at different temperatures (20, 

35, 50, 65 and 80 ºC) and at feed pressures ranging from 1 to 4 bar, with a ternary mixture of 57.1 
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vol% H2, 40 vol% CO2 and 2.9 vol% N2. This mixture composition was chosen as an example to 

simulate a hydrogen-containing gas mixture produced by a biological process [27]. All the other 

operational parameters were kept constant: feed gas flow rate at 70 cm3 (STP) min-1 and sweep 

gas (helium) flow rate at 20 cm3 (STP) min-1. The chosen flowrate conditions were established to 

guarantee that no significant concentration polarization phenomena occur in the permeate side of 

the membrane by setting a low stage cut (< 0.5 %), which is defined as the ratio of transmembrane 

gas flow to the feed flowrate[31]. Constant steady-state values of retentate and permeate flux and 

composition were reached in less than 2h. During this period the concentration of permeate side 

was analyzed every nine minutes and the retentate at least five times. Once constant steady-state 

is reached, the gas permeability for each measurement was assessed using at least the last three 

injections, whose relative standard deviation for peak area was less than 2.1%, showing high 

repeatability for the gas chromatographic method used.

The experimental permeabilities of each gas were determined according to Eq. (4):

     (4)

where  is the total permeate flux through the membrane,  is the experimental 𝑄𝑝𝑒𝑟𝑚,𝑇 𝑥𝑝𝑒𝑟𝑚,𝑖

concentration of component i in the permeate side of the membrane (vol%),  is the membrane 𝑙

thickness,  is the effective membrane area and  is the difference in the partial pressure of the 𝐴 ∆𝑃

gas between both sides of the membrane. All the mixed gas permeation data reported in the results 

and discussion section are average values obtained from at least three experimental runs.

The mixed gas selectivity was defined as the ratio of permeability values as follows (Eq. (5)):

    (5)𝛼𝑖/𝑗 =
𝑃𝑖

𝑃𝑗

𝑃 =
𝑄𝑝𝑒𝑟𝑚,𝑇·𝑥𝑝𝑒𝑟𝑚,𝑖 ∙ 𝑙

𝐴·∆𝑃 =
𝑄𝑝𝑒𝑟𝑚,𝑇·𝑥𝑝𝑒𝑟𝑚,𝑖 ∙ 𝑙

𝐴·(𝑝𝑓𝑒𝑒𝑑·𝑥𝑓𝑒𝑒𝑑,𝑖 ― 𝑝𝑝𝑒𝑟𝑚·𝑥𝑝𝑒𝑟𝑚,𝑖)
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Figure 1. Mixed gas permeation set-up. MFC, flow controller; C, check valve; 2V, 2-way valve; 

3V, 3-way valve; TT, thermocouple; PI, pressure transducer; NV, Needle valve; GC-BID, gas 

analyzer. Adapted from ref. [30].

2.5 COSMO-RS Analysis

A computational approach based on COSMO-RS was applied to further understand the obtained 

experimental mixed gas permeation results through the PIL–IL composites. First, geometries of 

N2, H2, CO2 and ILs were optimized at BP86/TZVP computational level, using solvent effect 

through COSMO method using Turbomole 7.0 software. After that, COSMOtherm program was 

used to compute the solubility of the different gases at the studied temperature conditions. The 

diffusion coefficient in ILs was estimated using a modified Wilke-Chang correlation for ILs [32].

Finally, the ideal permeability of a gas through a membrane can be calculated as the product of the 

diffusivity and the sorption equilibrium parameter (Henry’s constant) as follows:

     (6)    𝑃𝑖 = 𝐷𝑖·𝐾𝐻
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where  is the permeability of the component i,  is the diffusion coefficient of the gas in the 𝑃𝑖 𝐷𝑖

pure IL and  is the Henry’s constant of the gas in the corresponding IL. The Henry’s constant 𝐾𝐻

was defined in this work according to Eq. (7): 

    (7)𝐾𝐻(𝑏𝑎𝑟 ―1) =
𝑥𝑖

𝑝𝑖

where  is the partial pressure and  is the mole fraction of component i.𝑝𝑖 𝑥𝑖

3. Results and Discussion 

3.1 Mechanical Properties

The PIL–IL membranes were characterized in terms of their mechanical properties to analyze 

not only the effect of the amount of IL, but also the influence of the different IL structures. The 

normalized puncture stress (mPa mm-1) as well as the elongation upon puncture (%) of the studied 

PIL–IL membranes are shown in Figure 2 and listed in Table S1 of Supporting Information. As 

expected, both puncture stress and elongation upon puncture decrease with increasing the amount 

of IL in the composite, within the same structural family of IL. This behavior was also reported in 

literature by several authors and has been attributed to the plasticizing effect of IL, which reduces 

the membranes mechanical resistance [17, 33-37]. 

From Figure 2, it can be seen that the PIL NTf2–40 [C2mim][NTf2] membrane revealed the 

highest puncture stress, while the PIL NTf2–40 [C4mpyr][NTf2] composite showed the highest 

elongation upon puncture, which clearly reveals the influence of having both PIL and IL 

components with similar cation structure (pyrrolidinium-based cation) or having different cations 

in both PIL and IL structures. In fact, the presence of [C2mim]+ cation in the IL makes the 

corresponding PIL–IL membrane more rigid compared to [C4mpyr]+ cation, that promotes an 
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increase of the elongation properties of the membrane. This behavior can be probably attributed to 

the to the chemical compatibility between the [C4mpyr]+ cation and the pyrrolidinium polycation 

([Pyr11]+) or to a superior plasticizing effect of [C4mpyr][NTf2] compared to [C2mim][NTf2] IL. 

To evaluate the effect of anion’s chemical structure, the composites containing 40 wt% of IL were 

used. It was observed that the membranes comprising the [NTf2]– anion present the highest 

mechanical properties compared to those including the [C(CN)3]– anion (Figure 2), meaning that 

the presence of [NTf2]– anion also promotes an increase of the elongation properties of the 

membrane. In fact, the following order can be established for the normalized puncture stress: PIL 

NTf2–40 [C2mim][NTf2] > PIL NTf2–40 [C4mpyr][NTf2] > PIL C(CN)3–40 [C2mim][C(CN)3] and 

for the elongation upon puncture: PIL NTf2–40 [C4mpyr][NTf2] > PIL NTf2–40 [C2mim][NTf2] > 

PIL C(CN)3–40 [C2mim][C(CN)3].  However, for the PIL–IL composites containing 60 wt% of 

IL, the reverse order is obtained for both the normalized puncture stress and elongation upon 

puncture: PIL C(CN)3–60 [C2mim][C(CN)3] > PIL NTf2–60 [C4mpyr][NTf2]. This reverse 

behavior might be due to the combined effect of both the anion and the different IL cation. 

It should also be noted that although the membranes mechanical resistance decreased with 

increasing IL content in polymer matrix, all the prepared PIL–IL composite membranes showed 

adequate mechanical stability to be tested in the mixed gas permeation apparatus at the different 

feed pressures.
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Figure 2. Normalized puncture stress (mPa mm-1) and elongation upon puncture (%) of the studied 

PIL–IL membranes.

3.2 Mixed Gas Experiments 

3.2.1 Temperature Effect

The effect of temperature on mixed gas permeabilities through the studied PIL–IL composite 

membranes (Table 1) is plotted in Figure 3a) and listed in Table S2 of the Supporting Information. 

The measurements were performed at five different temperatures (20, 35, 50, 65 and 80 ºC) and at 

a total feed pressure of 1 bar for the CO2+H2+N2 gas mixture. These specific temperatures were 

selected considering the diverse dark fermentative H2 production temperature conditions reported 

in literature, depending on the microorganism used: ambient (15–27 °C), mesophilic (30–45 °C), 

thermophilic (50–60 °C) and extremely thermophilic (>60 °C) [38]. The operating temperature is 
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a key factor during fermentative process, since it can modify not only the substrate microbial use 

and the specific growth rate but also the bioH2 production and metabolic product formation [38]. 

From Figure 3a), it can be observed that mixed CO2, H2 and N2 permeabilities increase with 

increasing of temperature from 20 to 80 ºC. Although the H2 composition (57.1 vol%) in the ternary 

mixture was higher than that of CO2 (40 vol%) and N2 (2.9 vol%), the same trend of gas 

permeabilities (PCO2 > PH2 > PN2) was obtained for all the composites. This is in agreement to what 

was observed in our previous study for single gas permeabilities through similar PIL–IL 

membranes [25]. Moreover, enhanced mixed CO2, H2 and N2 permeabilities were obtained by 

incorporating high amounts of IL into the membrane (Figure 3a) and Table S2). 

In order to explore the temperature dependence of the mixed gas permeability, the experimental 

data was correlated using an Arrhenius type equation as follows (Eq. (8)):

       (8)𝑃 = 𝑃0𝑒 ―
𝐸𝑃
𝑅𝑇

where  is the pre-exponential factor (cm3(STP) cm cm-2 s-1 cmHg-1), EP is the activation energy 𝑃0

of permeation (kJ mol-1), T is the temperature (K) and R is the ideal gas constant (kJ mol-1 K-

1). The EP values were determined for each gas from the slopes of the (P) vs 1000/T curves and 𝑙𝑛

are summarized in Table 2.
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Figure 3. Experimental mixed a) CO2 (green), H2 (blue) and N2 (orange) permeabilities and b) gas 

permselectivities as a function of temperature at total feed pressure of 1 bar, through the PIL–IL 

membranes studied in this work.
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Table 2. Activation energy, EP, (kJ mol-1) of gas permeation through the studied PIL–IL 

membranes at total pfeed = 1bar, according to Eq. (8).

EP (kJ mol-1)
Membrane sample

CO2 H2 N2

PIL C(CN)3 – 40 [C2mim][C(CN)3] 12.4 23.6 24.5

PIL C(CN)3 – 60 [C2mim][C(CN)3] 7.5 20.1 18.0

PIL NTf2 – 40 [C4mpyr][NTf2] 12.3 21.4 21.8

PIL NTf2 – 60 [C4mpyr][NTf2] 9.6 18.0 18.6

PIL NTf2 – 40 [C2mim][NTf2] 9.8 20.7 21.4

The obtained correlation coefficients (R2 > 0.991) for all cases, indicate the validity of the 

Arrhenius type dependence with temperature. The activation energy values of gas permeation 

through the PIL–IL composites can be ordered as follows: CO2 < H2 < N2, except for the case of 

PIL C(CN)3–60 [C2mim][C(CN)3], in which the activation energy of N2 is higher compared to that 

of H2. Despite this exception, the order of permeation activation energies is in agreement to what 

has been reported in the literature for other polymeric membranes [31, 39-41]. For both PIL 

structures, the permeation activation energy values decrease with increasing IL content, meaning 

that PIL– 40 IL membranes are more sensitive to changes in temperature compared to membranes 

with higher amounts of IL incorporated. Overall, the high values for the activation energy of 

permeation for all gases show that permeability is strongly dependent on temperature. 

The effect of temperature on mixed gas selectivities was also calculated and is shown in Figure 

3b) and listed in Table S2 of the Supporting Information. In the temperature range from 20 to 80 

ºC, the mixed CO2/H2 permselectivities decreased with increasing temperature, while mixed H2/N2 

permselectivity remained approximately constant. Particularly, at bioH2 production conditions 
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(T=35 ºC and total pfeed=1 bar), the PIL C(CN)3–60 [C2mim][C(CN)3] membrane presents the 

highest mixed CO2/H2 permselectivity (11.4), while PIL NTf2–40 [C4mpyr][NTf2] shows the 

lowest mixed CO2/H2 permselectivity (5.0) among all composites. Comparing these results with 

those of the ideal permselectivities previously reported by us [25], slightly higher CO2/H2 

permselectivities were obtained for similar membranes (αCO2/H2 PIL C(CN)3–60 [C2mim][C(CN)3] 

= 12.5 and αCO2/H2 PIL NTf2–40 [C4mpyr][NTf2] = 4.8) under single gas permeation conditions. 

However, the gas permeability and CO2/H2 permselectivity behaviors with temperature were 

similar to those observed for pure gases [25]. In sum, the reduction of mixed CO2/H2 

permselectivities at high temperatures suggests that the most favorable performances are achieved 

at low temperatures.

To better understand the temperature effect on mixed gas permeabilities of the studied PIL–IL 

membranes, the COSMO-RS method was used. Figure S1 of the Supporting Information shows 

that the experimental permeabilities of pure gases (Pi
Pure) through similar PIL–40 IL membranes 

previously reported [25] present a linear relationship with the experimental mixed gas 

permeabilities for the CO2+H2+N2 mixture (Pi
Mixture) measured in this work, at 1 bar of total feed 

pressure. This indicates that the permeability of these gases through PIL–IL composites behaves 

nearly ideal for the studied gas mixture. Thus, a theoretical model based on the properties of the 

pure gaseous solute + IL binary systems may be useful to understand the separation behavior of 

the prepared PIL–IL membranes. This can be seen in Figure S2 of the Supporting Information, 

where it is shown that the gas–IL isotherms calculated using COSMO-RS in the studied range of 

temperature and pressure comply the Henry’s law. Figure 4 shows that, in fact, the experimental 

CO2, H2 and N2 mixed gas permeability values through PIL–40 IL composites are generally well 

predicted by Eq. (6), in terms of Henry’s equilibrium constant (KH) and gas diffusivity coefficient 
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in IL (Di), both estimated from COSMO-RS calculations (see Table S3 of the Supporting 

Information). As exception, the calculated PCO2 values for the membrane containing the 

[C2mim][C(CN)3] IL strongly deviate from the general trend, but it is known that COSMO-RS 

method overestimates the CO2 solubility in this IL [42]. Removing [C2mim][C(CN)3] from our 

analysis, the mixed experimental versus calculated permeability values through the membranes 

containing [C2mim][NTf2] and [C4mpyr][NTf2] ILs present a linear relationship with R2 > 0.96, 

slope close to 1 (0.9) and intercept close to 0 (1.2 Barrer). The mean absolute error for permeability 

predictions is relatively low (16.3 Barrer). 

Figure 4. Mixed experimental vs calculated (Eq. (6)) CO2, H2 and N2 permeabilities through PIL–

40 IL membranes, at the different studied temperatures and 1 bar of feed pressure.

In Figure 5, an analysis of the KH and Di, for each gas, calculated with COSMO-RS and used in 

Eq. (6) to obtain pure gas permeability shown in Figure 4, is presented. It can be concluded that 

the higher permeability of CO2 in comparison to that of H2 and N2 is mainly due to the higher KH 

values, i.e. the higher solubility of CO2 in IL. On the other hand, the PH2 and PN2 values seem to 
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be determined by both the gas solubility (higher for N2) and the diffusivity (higher for H2), in good 

agreement with literature [43]. It can also be observed that the general effect of increasing the 

permeability with increasing temperature is ascribable to the increasing of diffusivity contribution. 

The high temperature leads to high Di values, due to the lower viscosity of IL [42], and implies 

low gas solubility, except in the case of H2, which presents an “inverse” temperature effect, in 

good agreement with experimental evidences [44]. Attending to Figure 5a, at low temperatures, 

the CO2 solubility determines its permeability behavior through the composite, whereas, at 80 ºC, 

CO2 permeability is controlled by the diffusivity. However, in any case, the changes on both KH 

and Di values, due to the IL nature and operating temperature, do not affect the CO2 permeability 

order. 
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Figure 5. Henry’s equilibrium constant (KH) (filled symbols) and gas diffusivity coefficient in IL 

(Di) (white symbols) from COSMO-RS calculations used in Eq. (6). () [C2mim][NTf2]; () 

[C2mim][C(CN)3]; () [C4mpyr][NTf2]).

Regarding the effect of IL, the COSMO-RS excess enthalpy, entropy and Gibbs free energy of 

gas-solvent are presented in Figure 6. The thermodynamics of CO2+IL binary mixture is governed 

by the exothermic enthalpy (Figure 6a), mainly determined by the establishment of attractive van 

der Waals interactions (Figure 6b). The favorable entropic contribution plays a major role in the 

case of H2+IL mixture (Figure 6a), explaining the observed “inverse” temperature effect of H2 
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solubility in IL. Interesting, COSMO-RS predicts that the solubility of N2 in IL can be decreased 

by promoting unfavorable electrostatic (misfit: MF) intermolecular solute-solvent interactions. 

Figure 6. a) Calculated excess properties (enthalpy, entropy and Gibbs free energy) and b) 

intermolecular interaction contributions [electrostatic, HE (MF); hydrogen-bond, HE (HB); and van 

der Waals, HE (vdW)] to the excess enthalpy of equimolar mixtures of gas solute and IL computed 

by COSMO-RS at 20 ºC.

The current computational COSMO-RS analysis proved to be a very helpful tool to understand 

the performance of the PIL–IL membranes to separate CO2 from H2 and N2 in a multicomponent 

gas mixture. The selection of new ILs with promising absorbent characteristics through the 

screening new cations and anions using COSMO-RS is a promising line of research to optimize 

the membrane gas separation behavior.
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3.2.2 Feed Pressure Effect

The mixed CO2, H2 and N2 permeabilities and respective permselectivities were also evaluated 

as a function of total feed pressure (Figures 7a) and b) and Table S4 of the Supporting Information). 

The experiments were performed at T=35 °C and at pfeed=1–4 bar. It should be noted that the 

operating feed pressure effect on mixed gas permeability cannot be analyzed by the computational 

approach based on COSMO-RS method, since Eq. (6) does not depend on pressure. 

From Figure 7a), it can be observed that mixed N2 permeability slightly decreases with 

increasing total feed pressure for all the studied PIL–IL membranes. As for mixed CO2 and H2 

permeabilities, both remained approximately constant with increasing feed pressure, for the 

membranes containing up to 40 wt% of IL. However, for PIL NTf2–60 [C4mpyr][NTf2] membrane, 

mixed CO2 and H2 permeabilities decreased by around 20% and 16%, respectively, with increasing 

feed pressure, while for the membrane containing 60 wt% of  [C2mim][C(CN)3] IL, the reduction 

was approximately 13% (PCO2) and 4% (PH2).
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Figure 7. Experimental mixed gas a) permeabilities and b) permselectivities as a function of total 

feed pressure at T=35 ºC, through the PIL–IL membranes studied in this work.

A parameter that influences the mixed gas separation performance of a polymeric membrane is 

competitive sorption, which is related to the intrinsic material properties. In multicomponent gas 

mixtures, the transport behavior of one gas specie through the membrane is affected by the 

presence of other gas components, and thus it deviates from that of the pure gas. The competitive 

sorption effect between gas species can be an explanation for the reduction of gas permeability  
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with increasing feed pressure, which is more pronounced in the case of N2, probably due to its low 

content in the mixture (only 2.9 vol%). Moreover, the slight decrease of CO2 permeability with 

increasing total feed pressure was specifically observed in the case of membranes containing the 

highest amount of IL (60 wt%), and more pronounced in the PIL NTf2–60 [C4mpyr][NTf2] 

membrane. This behavior has been observed when CO2 facilitated transport occurs, at low feed 

pressures, as reported by Shimoyama et al.[14] for SILMs containing the [NTf2]– anion in the 

separation of CO2 from a CO2+N2 binary mixture, due to specific interactions of CO2 and IL’ 

anions comprising fluorine atoms, such as the case of [NTf2]–anion.

Figure 7b) displays the experimental mixed gas permselectivities as a function of total feed 

pressure at T=35 ºC through the studied PIL–IL membranes. It can be observed that the mixed 

H2/N2 permselectivities increase with increasing feed pressure. This is probably linked to the 

mixed gas permeabilities behavior, where the mixed gas permeability for N2 decreases with feed 

pressure, while that of H2 remains approximately constant. In what concerns the mixed CO2/H2 

permselectivities, they remain approximately constant with increasing total pfeed for all the studied 

composites. This can also be related to the mixed gas permeability behavior of both gases, which 

remain approximately constant for feed pressures between 1 and 4 bar. The PIL–IL composite 

membranes containing 60 wt% of IL are the only exception, in which the mixed CO2/H2 

permselectivities slightly decrease with increasing feed pressure, for instance from 11.5 at pfeed=1 

bar to 10.3 at pfeed=4 bar, in the case of PIL C(CN)3–60 IL C(CN)3. 

Overall, the studied PIL–IL membranes under mixed gas conditions for CO2/H2 separation did 

not lose their separation efficiency up to p=4 bar, since no significant changes in both mixed gas 

permeabilities and CO2/H2 selectivities were observed with increasing feed pressure.                                                                                              
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3.3 Separation Performance

3.3.1 Mixed CO2/H2 separation performance

The mixed CO2/H2 separation performances of the tested PIL–IL membranes are depicted in 

Figure 8, where the CO2/H2 permselectivity is plotted against the permeability of the more 

permeable gas specie (CO2). The upper bound developed by Rowe et al. [45] for the CO2/H2 gas 

pair at 300 K is also represented in Figure 8. This upper bound was used to evaluate the 

performance of the studied PIL–IL membranes at the different temperature and total feed pressure 

conditions (20 < T (ºC) < 80; 1 < pfeed (bar) < 4). 

All membranes showed mixed CO2/H2 separation performances above the upper bound in the 

whole range of temperatures and pressures studied in this work. From Figure 8, it can be also 

clearly seen that mixed CO2/H2 separation performances of all the PIL–IL membranes are highly 

affected by the increase in temperature from 20 to 80 ºC. As previously observed, the mixed CO2 

permeabilities through all studied membranes increase with increasing temperature, while their 

mixed CO2/H2 permselectivities decrease with increasing of temperature. However, a good balance 

between these two parameters was obtained at biohydrogen production temperature conditions (≈ 

35 ºC) in all cases. 

In the case of the PIL–IL composites with less amount of IL incorporated (40 wt%), the effect 

of feed pressure on mixed gas permeabilities and CO2/H2 permselectivity is almost nonexistent, 

meaning that the mentioned membranes maintain their separation efficiency at the highest feed 

pressure tested (pfeed=4 bar) and biohydrogen temperature conditions (T=35 ºC). Regarding the 

membranes prepared with 60 wt% of IL, the slightly decreasing of both mixed CO2 permeability 

and CO2/H2 permselectivity with increasing total feed pressure is evidenced in Figure 7. 

Nevertheless, the PIL C(CN)3–60 IL C(CN)3 composite membrane presents the best mixed CO2/H2 
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separation performances even at the highest temperature (T=80 ºC) or feed pressure (pfeed=4 bar) 

conditions.

Figure 8. Mixed CO2/H2 separation performance of the PIL–IL membranes studied. The 

experimental error is within the data points. Data are plotted on a log–log scale and the upper 

bound at 300 K was adapted from Rowe et al. [45]. Pressure effect on CO2/H2 separation 

performance is represented by squares and highlighted with red circles while temperature effect is 

represented by circles.

3.3.2 Comparison with Single Gas Experiments

The mixed gas permeabilities as well as CO2/H2 permselectivities were compared to those 

previously reported by us for pure gases [25] through similar PIL–IL composite membranes (Table 

3). In multicomponent gas mixture tests, the competitive sorption effect between CO2, H2 and N2 

led to a significant reduction of both CO2 and H2 permeabilities compared to those obtained in 

single gas experiments, as it can be seen from Table 3. This behavior is in agreement to what has 
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been reported in literature for other similar gas mixtures [17, 40, 46, 47]. Concerning the CO2/H2 

permselectivities, the PIL C(CN)3–60 IL C(CN)3 membrane shows slightly lower mixed 

permselectivity (11.4) compared to that obtained in single gas experiments (12.2). However, the 

remaining composites revealed slightly higher mixed permselectivities compared to the reported 

ideal CO2/H2 permselectivities, whereas in some cases this difference is not very pronounced, 

leading to the conclusion that their separation efficiency can be maintained despite the competition 

effect between gases in mixed gas experiments. 

 Table 3. Mixed and single CO2 and H2 permeabilities (Pa) as well as mixed and ideal CO2/H2 

permselectivities (α) of the studied PIL–IL membranes at T=35 ºC and pfeed=1 bar.b

 a Barrer (1 Barrer = 10−10 cm(STP)3·cm·cm−2·s−1·cm·Hg−1). 
 b The listed uncertainties represent the standard deviations (σ) based on three experiments.
c The single gas experiments were performed using a time-lag equipment and were taken from Gouveia et al.[25]

4. Conclusions

The mixed gas separation performance through PIL–IL membranes bearing pyrrolidinium-

based PILs with [NTf2]– and [C(CN)3]– anions and different weight percentages of the 

corresponding ILs was measured in this study. Multicomponent gas mixture tests were performed 

Mixed Gas Experiments Single Gas Experimentsc

Membrane sample
PCO2 ± σ 
(Barrer)

PH2 ± σ  
(Barrer)

α 
CO2/H2

PCO2 ± σ 
(Barrer)

PH2 ± σ  
(Barrer)

α 
CO2/H2

PIL C(CN)3 - 40 [C2mim][C(CN)3] 129.7 ± 1.4 15.7 ± 0.02 8.2 209 ± 0.9 25.9 ± 0.1 8.1 

PIL C(CN)3 - 60 [C2mim][C(CN)3] 324.7 ± 4.2 28.3 ± 0.03 11.4 505 ± 0.3 41.3 ± 0.8 12.2 

PIL NTf2 - 40 [C2mim][NTf2] 201.6 ± 1.0 29.0 ± 0.09 6.9 287 ± 2.4 43.9 ± 0.1 6.5 

PIL NTf2 - 40 [C4mpyr][NTf2] 118.9 ± 0.4 23.6 ± 0.03 5.0 164 ± 1.6 34.2 ± 0.3 4.8 

PIL NTf2 - 60 [C4mpyr][NTf2] 254.2 ± 1.2 38.3 ± 0.05 6.6 288 ± 1.6 45.8 ± 0.1 6.3
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using a ternary mixture of H2, CO2 and N2 and different feed pressures ranging from 1 to 4 bar and 

temperatures from 20 to 80°C. The mechanical properties of the selected PIL–IL membranes were 

assessed using puncture tests and all PIL–IL composites showed sufficient mechanical stability to 

be tested in the mixed gas permeation equipment at the different feed pressures, although their 

mechanical resistance under puncture tests decrease with increasing IL content in polymer matrix. 

A computational approach based on COSMO-RS method was applied to further understand the 

experimental mixed gas permeation results. Overall, COSMO-RS predictions revealed that the 

higher permeability of CO2 compared to H2 and N2 is mainly due to the higher solubility of CO2 

in the IL, while H2 and N2 permeabilities seem to be determined by both gas solubility (higher for 

N2) and diffusivity (higher for H2) effects. From multicomponent gas mixture tests, the membranes 

showed mixed CO2/H2 separation performances above the upper bound, in the whole range of 

temperatures and pressures tested. Also, no significant changes in both mixed gas permeabilities 

and CO2/H2 permselectivities were observed with increasing feed pressure, meaning that the 

prepared composites did not lose their separation efficiency up to p=4 bar. The competitive 

sorption effect between CO2 and H2 in mixed gas experiments led to a significant reduction in gas 

permeabilities compared to single gas measurements. However, CO2/H2 permselectivities 

remained practically unchanged, meaning that the separation efficiency of the studied membranes 

can be maintained. The PIL C(CN)3–60 IL C(CN)3 membrane revealed the best mixed CO2/H2 

separation performance, even at the highest temperature (T=80 ºC) or feed pressure (pfeed=4 bar) 

conditions. 
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  Supporting Information

 Normalized puncture stress and elongation upon puncture of the prepared PIL–IL membranes. 

Mixed-gas permeabilities and permselectivities of the studied PIL–IL membranes at different 

temperature and pressure conditions. Predicted gas permeability values and gas–IL isotherms 

calculated by COSMO-RS. 
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Highlights

 Mixed gas separation performance of poly(ionic liquid)–ionic liquid membranes were 

explored.

 A COSMO-RS approach was applied to analyze the mixed separation behavior of the 

composites.

 Membrane separation efficiency can be maintained despite the competition effect between 

gases.

 All membranes revealed mixed CO2/H2 separation performances above the Robeson upper 

bound.
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