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Abstract 

The majority of commercial membrane units for large-scale natural gas sweetening are based on 

cellulose acetate (CA). However, the low selectivity and risk for and plasticisation affect 

adversely the performance of CA-based systems. Herein, we present a new class of CA-derived 

poly(ionic liquid) (PIL) as a thin film composite (TFC) membrane for CO2 separations. CA is 

modified with pyrrolidinium cations through alkylation of butyl chloride, substituting the 

hydroxyl group in the polymer backbone, and further anion exchange to 

bis(trifluoromethylsulfonyl)imide, P[CA][Tf2N]. The synthesised PIL material properties are 

extensively studied. The CO2 separation performances of the newly synthesised materials is 

evaluated by gravimetric gas sorption experiments, single gas time-lag experiments on thick 

membranes, and mixed-gas separation experiments on TFC membranes. The results are 

compared to the parent material (CA) as well as a reference PIL (poly(diallyldimethyl 

ammonium) bis(trifluoromethylsulfonyl)imide (P[DADMA][Tf2N])). The ideal CO2/N2 sorption 

selectivity of P[CA][Tf2N] is constant up to 10 bar. The single gas transport measurements in 

P[CA][Tf2N] reveal improved ideal CO2 selectivity for the CO2/N2 gas pair and increased CO2 

permeability for the CO2/CH4 gas pair compared to the reference PIL. Mixed-gas permeation 

tests demonstrated that P[CA][Tf2N]-based membranes with a 5 µm thick selective layer has a 

two-fold higher CO2 flux compared to conventional CA. These results present CA modification 

into PILs as a successful approach promoting the higher permeate flows and improved process 

stability in a wide range of concentrations and pressures of CO2/N2 and CO2/CH4 gas mixtures. 
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1. Introduction 

Cellulose is an almost inexhaustible bio-based polymeric raw material [1]. Being a linear homopolymer 

with D-glucose monomers, cellulose exhibits a broad chemical processability that enables the 

development of new functional materials. Cellulose acetate esters (CA) are the most widely used type of 

functionalized cellulose. CA is made by reacting the free hydroxyl groups in cellulose with acetic acid or 

acetic anhydride in the presence of sulphuric acid, followed by the hydrolysis of acetyl groups [2]. CA 

materials range from cellulose triacetate to materials with different degree of acetylation, defined by the 

degree of substitution (DS). Importantly, the conversion of cellulose to CA alters the physicochemical 

properties, improving its solubility in organic solvents and facilitating its processing as an ordinary 

thermoplastic material. Being a biodegradable, low cost and widely available polymer, CA is widely used 

in a variety of commercial applications, including films, moulded goods, and fabrics [3]. CA was one of 

the first materials implemented in membrane technology on a large scale, and has since been used in 

water purification, medical applications, and gas separation [4].  

 

Scheme 1 Pathways to modify cellulose acetate-based membranes 

Currently, CA is an industrial standard for the removal of CO2 from natural gas, and along with other 

commercially available membranes, such as polyimides, dominates the market of CO2 separations [5]. 

Even though newly emerged polymers (e.g. thermally rearranged polymers, polymers of intrinsic 

microporosity and fixed-site-carrier polymers) outperform CA separation performance [6], the interest in 

developing CA-based membranes persists due to its availability and proven characteristics. Prior research 

provides ample examples of CA-based materials overcoming existing limitations, such as loss of 

selectivity under aggressive feed conditions. Scheme 1 Pathways to modify cellulose acetate-based 

membranes 

 outlines several CA-based materials: (i) mixed matrix membranes (MMM) comprised of 0.1 wt% 

functionalized multi-walled carbon nanotubes, nanoporous layered silicate AMH-3 embedded into CA 

matrix, and blend membranes with PEG; (ii) covalently functionalized CA membranes, for example, with 

adamantine groups; and (iii) cross-linked CA membranes using vinyltrimethoxysilane [7–11]. Additional 

interest for cellulose chemistry focuses on cellulose solubility and reactivity in ionic liquids (ILs) and 

their role as a process medium for the CA phase inversion in membrane production [12,13]. 
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In recent years, ionic liquids have demonstrated promising candidates for gas separation purposes [14–

16]. Task-specific ILs have been investigated in bulk, supported in porous membranes (SILMs) and 

blended with membrane polymers to improve gas separation properties [17]. However, the combination 

of ILs and cellulose derivatives for gas separation purposes has remained virtually unexplored. Pioneering 

works on the CA doped with imidazolium based ILs [1-ethyl-3-methylimidazolium][BF4] and [1-ethyl-3-

methylimidazolium][DCA] [18], ether- or alkyl-functionalized pyridinium based ILs [EnPy][Tf2N] and 

[CnPy][Tf2N] indicate that CA composite membranes with ILs show high selectivies and permeability in 

gas separation technologies [19], however the ILs are very prone to leaching and cannot provide a stable 

separation performance. 

Polymers constituted by IL monomers, or simply poly(ionic liquids) (PILs), combine the physicochemical 

affinity towards CO2, featured by ILs, with the robust mechanical properties inherent to polymers [20,21]. 

PILs have been evaluated not only as neat materials, but also blended with ILs into composite materials. 

In these blends, PILs prevent the system phase separation and ILs leaching under pressure, while 

maintaining the overall performance, as strong ionic interactions are created between the free ILs and the 

ionic side chains of the PIL backbone [22]. Accordingly, the preparation of a CA-based PILs membrane 

offers the opportunity to make an affordable, stable membrane with unique separation properties. 

The combination of cellulose/PILs-like materials can provide a variety of interesting materials [23,24], 

however their function in application has yet to be determined especially including the gas separation. 

The latter is surprising, as in gas separation PILs provide additional advantages like improved CO2 

permeabilities and selectivity stability in humidified streams. The functionalization of polymers with 

ionic moieties may lead to favourable synergies for CO2 separation, as observed for polybenzimidazoles 

in terms of permselectivity [25]. Additionally, the positive influence of water vapour on the gas 

permeability of PIL membranes has been reported recently [26]. Under humid conditions, both, the CO2 

and CH4 permeabilities increased with no negative impact on selectivity.  

In present paper the gas separation benefits of functionalizing CA with ionic functionalities are studied. 

The synthesis and characterization of CA-derived PIL-like polymers is described by covalent grafting of 

pyrrolidinium moieties to the free hydroxyl groups of commercially available CA, followed by anion 

metathesis. Gas sorption and permeability to single gases of the new polymer (P[CA][Tf2N]) were 

assessed and compared to the parent material and a reference PIL, poly(diallyldimethylammonium Tf2N) 

(P[DADMA][Tf2N]). Thin film composite (TFC) membranes were prepared from studied materials and 

their separation performance was examined in a series of experiments with a range of concentrations and 

pressures of CO2/N2 and CO2/CH4 gas mixtures. 

 

2. Experimental 

1.1. Materials 

Cellulose acetate (39.7 wt% acetyl content,  ̅     kDa), poly(diallyldimethyl ammonium) chloride (20 

wt% in water,  ̅          kDa), N-methylpyrrolidine (> 99 %), and triethylamine (99 %)  were 

purchased from Sigma-Aldrich. The CA powder was dried under vacuum at 100 °C for 48 h to remove 
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adsorbed moisture before use. 4-Chlorobutyryl chloride (98 %) was purchased from Acros Organics. 

Dichloromethane (99.5 %) was purchased from Scharlab. Bis(trifluoromethylsulfonyl)imide lithium salt 

(LiTf2N) was purchased from IoLiTec. p-Xylylenediamine (XDA,  > 98%) cross-linker was purchased 

from Fluka. N-methylpyrrolidinone (NMP, Acros, 99 %), tetrahydrofurane (THF, Acros, 99.5 %), acetone 

(Merck, 99.8 %), ethanol (EtOH, Fisher Scientific, 99.5 %), isopropanol (IPA, VWR, 99.5 %), methanol 

(Acros, 99.8 %), and ethyl acetate (VWR, 99.9 %) were used as solvents without further purification. 

Matrimid® 9725 was kindly provided by Huntsman (Switzerland). The non-woven 

polypropylene/polyethylene (PP/PE) fabric Novatexx® 2483 was supplied by Freudenberg (Germany). 

1.2. Polymer synthesis 

Synthesis of poly(diallyldimethyl ammonium) bis(trifluoromethylsulfonyl)imide 

(P[DADMA][Tf2N]).  

Poly(diallyldimethyl ammonium) chloride (0.88 mol, 709 g) was diluted with water (709 g) and added to 

the solution of LiTf2N (0.98 mol, 373 g, 75 % in water) in 142 g of water. The mixture was stirred during 

48 hours. After filtration, washing and drying, a white solid was obtained (295 g, 74 % yield). 

Synthesis of CA-based pyrrolidinium derivatized poly(ionic liquid) (P[CA][Tf2N]).  

Dried CA (121.9 mmol, 30 g) was dispersed in dry dichloromethane (350 mL), and triethylamine (231.6 

mmol, 32.3 mL) was added. The mixture was vigorously stirred until complete dissolution of the 

polymer. The solution was then cooled to 0 °C and 4-chlorobutyryl chloride (182.9 mmol, 20.9 mL) was 

introduced dropwise. The reaction mixture was stirred at ambient temperature for 24 h, subsequently 

centrifuged to remove the salt, and finally concentrated in the rotary evaporator. The product was 

dissolved in acetone and precipitated in aqueous ethanol solution (EtOH:H2O, 4:1, 450 mL) to remove 

salts and excess reagents. The intermediate product, namely P-CA. was filtrated and dried under reduced 

pressure, yielding 29.7 g (50 %) of a white powder.
  

To the CA-P solution (20.3 mmol, 13 g) in DMF (150 mL) at 80 °C, N-methylpyrrolidinium (61.0 mmol, 

6.5 mL) was added dropwise. After being stirred for 3 days, the corresponding PIL (P[CA][Cl]) was 

precipitated and washed with ethyl acetate. For the anion exchange, the precursor P[CA][Cl] was 

dissolved in water and a solution of LiTf2N salt (20.3 mmol, 5.8 g) was added dropwise and stirred for 24 

h. The final product (P[CA][Tf2N]) was collected by filtration in the form of white solid. The obtained 

product was washed with deionised water until the test with AgNO3 was negative and no halide anions 

could be identified, filtered and dried until constant weight (yield 12 g, 82 %). An overview of this 

chemical synthesis route is reported in Scheme 2 Post-synthetic conversion of CA into P[CA][Tf2N] through 

IL sites incorporation and subsequent anion metathesis. 

. 



5 
 

 

 

Scheme 2 Post-synthetic conversion of CA into P[CA][Tf2N] through IL sites incorporation and subsequent 

anion metathesis. 

1.3. Material characterisation  

The FTIR spectra of the polymers were recorded with an ATR-FTIR Jasco 4100 spectrometer (4000-400 

cm
-1

, 4 cm
-1

 resolution, and the total number of 16 scans). The NMR spectra were measured on a Bruker 

Avance III 500 MHz (
1
H) NMR spectrometer using deuterated dimethylsulfoxide (DMSO-d6) as solvent. 

Thermo-gravimetric analyses (TGA) were performed using a Q500 TG-DTA analyser (TA Instruments) 

between 25 and 700 °C, under air atmosphere and a heating rate of 10 °C·min
-1

. Differential scanning 

calorimetry (DSC) analyses were performed on Pyris Diamond DSC (Perkin-Elmer) from ambient 

temperature to 230 °C. The glass transition temperature (Tg) was obtained as the inflection point of the 

heat flow step (2
nd

 heat), recorded at a scan rate of 20 °C·min
-1

. The melting point and the enthalpy for 

indium (mp 156.6 °C, ΔHm 28.5 J·g
-1

) was used for the temperature and the heat capacity calibration.  

Sorption analysis. N2 and CO2 sorption isotherms were obtained at 20 °C using a gravimetric analyser 

(Hiden Isochema IGA-003). The chosen experimental pressure range was 0-5 bar for P[DADMA][Tf2N] 

and 0-10 bar for CA and P[CA][Tf2N]. Powdery samples were degassed under vacuum at a temperature 

of 70 °C (CA, P[DADMA][Tf2N]) and 20 °C (P[CA][Tf2N]) before the measurements. The time required 

to obtain each experimental value equalled 120 min for CA and 360 min for PIL-based samples. 

1.4. Membrane preparation 

Thick dense films.  

The neat polymeric membranes were prepared by a solution casting method reported previously [27]. The 

casting solution contained 8 wt% of polymer in acetone. After homogenisation and de-gassing, the 

polymer solution (2 mL) was cast onto a polyester film firmly fixed to the stainless steel frame (50 mm) 

in a controlled environment at 25 ± 1 ºC and 20 ± 1 % relative humidity (RH). The polymeric film was 

left to dry for ca. 72 h. The dry membranes were removed from the frame and peeled of the support. The 

membranes were additionally dried in the vacuum chamber for 3 h prior the measurements. 

Thin film composites.  

Polymeric supports were prepared by a phase inversion method from commercially available polyimide 

(PI) according to the method described previously [28–30]. The casting solution was prepared in the 
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mixture of solvents 62.25/20.75/2.00 wt % of NMP/THF/H2O with 15 wt % Matrimid® 9725. After 

homogenisation and de-gassing, the polymer solution was cast on a non-woven material (Novatexx® 

2483, Freudenberg, Germany). When the preliminary evaporation of the solvent (30 s) was completed, 

the support with a polymer layer was transferred into the water bath to realize the polymer precipitation. 

Additionally, the supports were cross-linked in 0.63 wt% XDA solution in methanol for 3 days to ensure 

their stability in various solvents as described elsewhere [31].  

The PIL-based TFC membranes were prepared using the solution casting method. Coating solutions were 

prepared by dispersion of the active polymer in acetone to acquire a final concentration of 4 wt%. The 

mixture was placed on the stirring plate and allowed to homogenise at a temperature of 25 °C. The 

solutions were subsequently filtered through 0.45 µm PE membrane filter, and allowed to degas overnight 

to avoid formation of defects. The supports were firmly fixed inside membrane casting frames to prevent 

the spillage of the PIL solution. Everything required for the solvent-casting procedure was placed in an 

airtight container with a controlled flow of nitrogen. This allowed for a degree of control, hence enabling 

the desired solvent evaporation rate and formation of the defect-free selective barrier. Sufficient amount 

of  the casting solution was distributed on the surface of the support (50 mm) and left to solidify for at 

least 24 h [32]. 

1.5. Membrane performance evaluation 

Time-lag measurements.  

Single gas time-lag experiments were performed on a fixed volume / pressure increase instrument 

constructed by Elektro & Elektronik Service Reuter (Geesthacht, Germany) on circular samples with an 

effective area of 11.3 cm
2
 or 2.14 cm

2
. The feed gas was set at 1 bar for all the gases, and measurements 

at lower pressures (i.e. 0.8 bar, 0.6 bar, 0.4 bar, 0.2 bar, and 0.1 bar) were performed only for CO2 in 

order to analyse the pressure dependence. The permeate pressure was measured up to 13.3 mbar with a 

resolution of 0.0001 mbar. The gases were always tested in the following order: H2, He, O2, N2, CH4 and 

CO2, and the effective degassing was guaranteed by a turbo molecular pump. Permeabilities (Pi) are 

reported in Barrer (1 Barrer = 10
−10
cm

3
(STP)cmcm

−2
s

−1
cm Hg

−1
), and the diffusion coefficient was 

calculated from the so-called permeation time lag, Θ (s). The ratio of the permeability over the diffusion 

coefficient gives the gas solubility coefficient in its approximate form. A more detailed description of the 

method can be found elsewhere [33].  

Scanning electron microscopy.  

The morphology of TFC membranes was studied using a Hitachi N-3400 scanning electron microscope 

(SEM) applying an acceleration voltage of 15 kV. Samples for SEM analysis were prepared using a 

fracturing method from dry quick-frozen membrane segments and were sputtered with gold.  

Separation performance of TFC membranes.  

Mixed-gas permeation tests were performed on a high-throughput gas separation (HTGS) membrane 

system (HTML, Belgium) implying constant-volume variable-pressure methodology previously described 

elsewhere [34]. The active membrane area was 1.54 cm
2
. System separation parameters were calculated 

based on mixed gas selectivity and permeability values. Feed gas composition was varied between 
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CO2/N2 and CO2/CH4 mixtures where the CO2 partial pressure was regulated by volumetric content (15 – 

85 vol%) at 5 bar feed pressure and by applying varied feed pressure (2 – 8 bar) with equimolar gas 

mixtures (50/50) at 26 °C. The feed gas flow rate was monitored by mass flow controllers (MFC, 

Bronkhorst) The driving force through the membrane was maintained constant using a vacuum pump 

(Pfeiffer Dua 2.5) at 4 mbar on the permeate side. 

The feed and permeate gas composition were analysed by gas chromatography on a device from CGC, 

Interscience. The ratios between mole fractions of gas components downstream (   and   ) and upstream 

(   and   ) comprised the formula for calculating the separation factor of the membrane,    ⁄
 : 

   ⁄
  

    ⁄

    ⁄
 (1) 

where indexes (n) i and j correspond to single gases CO2 and N2, respectively. Since the upstream 

pressure considerably exceeds the downstream pressure (vacuum) and no coupling effect between CO2 

and N2 was observed then the intrinsic permeability selectivity approaches the separation factor [35]: 

   ⁄
     ⁄  (2) 

   ⁄  is referred to as mixed-gas selectivity further on in the text. 

The permeance    (GPU) was calculated based on the rate of the pressure increase       obtained when 

the system has reached the steady state conditions as follows: 

   
  

   

    

            
 
  

  
  (3) 

where   is a membrane permeation area (cm
2
),   is a permeation volume downstream of the membrane 

(cm
3
),   is the operating temperature of the separation unit (K), pf and pp are the absolute pressure of the 

gas in the feed and permeate, respectively (cmHg),    is the molar volume of gas (mol·L
-1

),   is the gas 

constant (L·cmHg·K
-1

·mol
-1

). pp is considered negligible in the vacuum conditions. 

3. Results and discussion 

1.6. Synthesis and characterization of PILs 

The functionalisation of CA yielded P[CA][Tf2N] with an overall yield of 41 %. The reaction of the free 

hydroxyl groups of CA with 4-chlorobutytyl chloride was facilitated by the solubility of CA in organic 

solvents, which enables the formation of a homogeneous solution. P[DADMA][Tf2N] yielded 74 % of 

product in the form of white solid. Its contamination with chloride anions was controlled by ionic 

chromatography under 400 ppm. 

 displays 
1
H NMR spectra of CA, P[CA][Tf2N] and P[DADMA][Tf2N] in DMSO-d6. CA and its 

derivative spectra show two main sets of peaks for CA: the polymer backbone represented by the protons 

linked to O-linked methylene groups in the range of 5.5-3.2 ppm, and the signal of the acetyl groups in 

the range of 2.2-1.8 ppm [36]. The incorporation of pyrrolidinium moiety is proven by the new and 

isolated peak that arises at 2.99 ppm, which corresponds to the methyl group of the pyrrolidinium moiety. 

This signal was not coupled with any other signal of the two dimensional COSY spectrum. Additional 
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peaks at 3.8-3.5 ppm (assigned to protons close to the charged nitrogen atom) and 2.4 ppm (assigned to 

protons further to the charged nitrogen atom) correspond to the new pending group. 

 

 

Figure 1 1H NMR (500 MHz, DMSO-d6) spectra of CA, P[CA][Tf2N], and P[DADMA][Tf2N]. 

 

 

 

 

The FTIR spectra () confirm the disappearance of the free hydroxyl groups of CA (characteristic broad 

stretching band at 3486 cm
-1

) upon reaction with chlorobutyryl chloride. Also absence of the asymmetric 

stretching of the carbonyl group of the acetate groups (C=O) at 1736 cm
-1

, and 1216 cm
-1

 (C-O) and 1027 

cm
-1

 (C-O) confirmed this hypothesis. The successful acylation of CA to give CA-P was observed by the 

disappearance of the O-H, proving that the remaining hydroxyl groups of CA have reacted in the post-

functionalization reaction with 4-chlorobutyryl chloride. The contribution of the new carbonyl bond 

should overlap with the rest of the carbonyl moieties. There are new small peaks at 780 cm
-1

 and 725 cm
-1

 

and a small peak at 643 cm
-1

, that could correspond to the stretching of C-Cl bond that should 

theoretically raise around 830 < 600 cm
-1

. Once the N-alkylation and the anion exchange reactions are 

carried out in P[CA][Tf2N], the typical peaks corresponding to the [Tf2N]
-
 anion can be observed at 1327, 

1242, 1198, 1138 and 1057 cm
-1

, showing that the anion-exchange occurred correctly. Also, the FTIR 

spectra of P[DADMA][Tf2N] is provided, where the same peaks that correspond to the anion are 

observed.  
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Figure 2 FTIR spectra of CA, P[CA][Tf2N] and P[DADMA][Tf2N]. 

 

 

 

 

 top depicts the differential thermo-gravimetric (DTG) curves of neat CA, P[CA][Tf2N] and 

P[DADMA][Tf2N]. The latter shows the highest thermal stability, followed by CA. The incorporation of 

ionic groups in the CA structure lowers the maximum degradation temperature of CA from 341 °C to 288 

°C, respectively. Supposedly, the ionic groups disrupt the CA packing, lowering the energy requirement 

to break the intra-polymer bonding and rendering the chains more labile. The higher flexibility of the 

polymer chains, as witnessed by the lower Tg ( bottom), confirmed the reduction of intra-chain and inter-

chain bonding upon functionalisation of CA. Furthermore, the presence of ionic groups may also have a 

catalytic effect on the backbone degradation. The same effect has been observed for CA/ILs blends 

[37,38]. The incorporation of the ionic moiety via a three-carbon atom alkyl chain linker not only 

decreases the thermal stability of CA, but also has a major impact on the polymer chain packing and 

mobility, as observed by DSC analysis. 
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Figure 3 DTG (top) and DSC (bottom) curves (second heat run) of CA, P[CA][Tf2N] and P[DADMA][Tf2N] 

under air atmosphere recorded at 10 °C min-1. 

 

 

 

 

 

 

The DSC curves of the polymers ( bottom) show glass transition temperatures (Tg) of CA and 

P[CA][Tf2N] at 190 °C and 123 °C, respectively. This proves that the substitution of polar hydroxyl 

groups by ionic pending groups increases the mobility of the polymer segments, having a plasticizing 

effect. The backbone of P[DADMA][Tf2N] is intrinsically more flexible, and thus this polymer has a 

lower Tg. 

 

1.7. Sorption behaviour 
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Figure 4 CO2 (a) and N2 (b) sorption isotherms in polymers at 20 °C. Open and filled symbols denote 

absorption and desorption runs, respectively. The black curves represent the simulates results based on the 

simple dual mode sorption model. (c) CO2/N2 Ideal sorption selectivity derived from single gas sorption 

experiments. 

 

 

 

 

 

 

 shows the CO2 and N2 sorption isotherms of P[CA][Tf2N], CA, and P[DADMA][Tf2N]. The CA sample 

has the highest CO2 and N2 sorption capacity among the investigated samples, while the CO2 

concentration in P[CA][Tf2N] is twice as low compared to CA. However, the decrease in CO2 solubility 

is partly compensated by a higher CO2/N2 solubility selectivity (by about 11.7 % at 1 bar, Table 1) due to 

the even lower N2 sorption capacity. 

The CO2 sorption isotherms are strongly non-linear in the low pressure region (0 – 3 bar) and becomes 

roughly linear for higher pressures suggesting the dual-mode sorption mechanism ( a). To describe the 

sorption behaviour of single gases (CO2, N2), experimental sorption isotherms were analysed and fitted to 

the dual-mode sorption model (DMM) using the non-linear regression. The sorption capacity of the 

polymer depends on the interaction between the polymer and the penetrant gas, and is the result of two 
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contributions: the non-specific (CD) sorption and the Langmuir adsorption in the polymer fractional free 

volume (FFV) (CH), and equals (1) [39,40]: 

              
   

    
 (4) 

or may be transformed to describe the gas solubility, as follows (2): 

  
 

 
      

  

    
 (5) 

where   is the total gas concentration of penetrant in polymer (cm
3
(STP)cm

-3
),    and    are the 

concentration of penetrant in the polymer matrix and micro-voids, respectively (cm
3
(STP)cm

-3
),    is the 

Henry’s law constant (cm
3
(STP)cm

-3
·bar

-1
),   is the gas pressure (bar),   

  is the Langmuir saturation 

constant (cm
3
(STP)·cm

-3
),   (bar

-1
) is the Langmuir affinity constant, and   is the solubility of single gas 

in the polymer (cm
3
(STP)cm

-3
·bar

-1
). 

This dual-mode behaviour was most pronounced in cellulose derived samples, even though the reference 

P[DADMA][Tf2N] sample exhibited a significant contribution to the non-specific sorption in FFV (1.19 

cm
3
(STP) cm

-3 
at 1 bar and 20 

°
C), confirmed elsewhere [41]. The non-specific adsorption of nitrogen 

was much weaker at low pressures or even negligible for P[DADMA][Tf2N]. Similarly for N2 in 

P[DADMA][Tf2N],   
  and b are equal to zero because the experimental sorption isotherm is a straight 

line. Hence, these coefficients cannot be determined from Eq. (5). This case describes the situation when 

the total sorption is weak and the pressure is low (the equilibrium concentration changes linearly with 

pressure). However, in the case of P[DADMA][Tf2N] the N2 adsorption in FFV may be considered 

negligible or non-existent. This stems from the FFV in P[DADMA][Tf2N] being much lower than that in 

CA and P[CA][Tf2N] due to lower Tg, as outlined in the section 3.1. Additionally, this reduction in FFV is 

confirmed by the lowest Langmuir adsorption of CO2 in P[DADMA][Tf2N]. In summary, the total 

sorption capacity of N2 follows the trend  CA > P[CA][Tf2N] > P[DADMA][Tf2N] because both the non-

specific sorption capacity and the Langmuir adsorption of N2 decrease in this order. 

For cellulose derived samples, the Langmuir adsorption dominates the total CO2 sorption capacity ( a). At 

1 bar, the CH/C ratio is equal to 81.2 % for CA and 74.3 % P[CA][Tf2N] while being only  ~50 % for 

sample P[DADMA][Tf2N]. The CO2 and N2 adsorption in the FFV affects positively the CO2/N2 

solubility selectivity of P[CA][Tf2N]. Table 1 contains CDCO2/CDN2 ratios at 1 bar, characterising the PIL 

matrix separation properties as rather weak in the case of CA (16.8) and moderate in the case of PILs 

(from 24.2 for P[CA][Tf2N] to 37.3 for P[DADMA][Tf2N]). A negligible (in the case of 

P[DADMA][Tf2N]) or very small (cellulose derived samples) Langmuir adsorption of N2 results in higher 

CHCO2/CHN2 ratios (118-121) ( b). Based on this results, P[CA][Tf2N] exhibits intermediate CO2 solubility 

selectivity in the lower pressure region exceeding the CA and P[DADMA][Tf2N] values at higher 

pressures ( c). Compared to the latter, this new material has still over two times better CO2 solubility and, 

in relation to the neat CA, CO2/N2 solubility selectivity that is closer to other PILs. 
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Table 1 Dual-mode model parameters and separation properties obtained at 20 °C 

Sample CA P[CA][Tf2N] P[DADMA][Tf2N]  

Form powder powder powder 

Particle diameter (dv0.5), µm 147 331 51 

CO2 

20 °C 

kD
b, [cm3(STP) cm-3·bar-1] 

C’H, [cm3(STP) cm-3] 

b, [bar-1] 

Aver. relative error, [%] 

Sa, [cm3(STP) cm-3·bar-1] 

1.85 

21.15 

0.61 

4.7 

9.86 

1.21 

21.07 

0.20 

3.3 

4.71 

1.12 

5.31 

0.29 

1.1 

2.31 

N2 

20 °C 

kD, [cm3(STP) cm-3·bar-1] 

C’H, [cm3(STP) cm-3] 

b, [bar-1] 

Aver. relative error, [%] 

Sa, [cm3(STP) cm-3·bar-1] 

0.11 

0.21 

0.46 

2.3 

0.18 

0.05 

0.05 

1.47 

2.5 

0.08 

0.03 

0 

0 

6.7 

0.03 

 SCO2/SN2
a 56.0 59.2 77.1 

 CDCO2/CDN2
a 16.8 24.2 37.3 

 CHCO2/CHN2
a 121.2 118.0 ∞ 

a at 1 bar. 
b as all experimental data points lay in the non-linear sorption region the accuracy in the determination of kD may be compromised 

 

 

 

1.8. Time-lag experiments 

 reports the CO2 sorption isotherm in thick dense membranes at very low pressure (below 1 bar), derived 

from time-lag measurements assuming solution-diffusion model. The sorption capacity follows the trend 

P[DADMA][Tf2N] < CA < P[CA][Tf2N] showing that the newly synthetized PIL has the highest sorption 

capacity at very low pressure. This demonstrates the stronger interactions between the CO2 and specific 

interaction sites in the polymer matrix of P[CA][Tf2N] with respect to the reference polymers. However, 

at higher pressure or in presence of humidity, a complexation shell can be formed on the specific 

interaction sites, and by that, changing the overall sorption properties, and resulting in a different sorption 

behaviour (). 

 

Figure 5 CO2 sorption in thick dense membranes at pressures below 1 bar and at 25 °C. Filled and empty 

markers indicate experimental and calculated values, respectively. Dotted curves fit the dual-mode sorption 

model. 

 

 

 

 

 

The gas transport through the dense membranes prepared by CA, P[CA][Tf2N] and P[DADMA][Tf2N] 

obeys the solution-diffusion mechanism. Table 2 Pure gas permeability (Px, Barrer) and perm-selectivity (Px/ 
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PN2), diffusion (Dx, 10-12 m2 s-1) and diffusion selectivity (Dx/DN2), solubility (Sx, cm3(STP) cm-3·bar-1) and 

solubility selectivity (Sx/SN2) coefficients from time-lag measurements on CA, P[CA][Tf2N] and P[DADMA]Tf2N] 

dense membranes measured at 1 bar and 25°C. 

Membrane 
PHe 
(PHe/PN2) 

PH2 
(PH2/PN2) 

PO2 (PO2/PN2) 
PCO2 

(PCO2/PN2) 
PN2 

PCH4 
(PCH4/PN2) 

CA 12.5 (35.8) 10.6 (30.3) 1.6 (4.7) 13.8 (39.5) 0.3 0.7 (2.1) 

P[CA][Tf2N] 14.1 (42.3) 8.7 (26.1) 1.2 (3.6) 8.9 (26.8) 0.3 0.4 (1.2) 

P[DADMA][Tf2N]  11.1 (30.0) 6.6 (17.7) 1.0 (2.7) 6.8 (18.4) 0.4 0.3 (0.9) 

 
DHe 
(DHe/DN2) 

DH2 
(DH2/DN2) 

DO2 

(DO2/DN2) 
DCO2 

(DCO2/DN2) 
DN2 

DCH4 

(DCH4/DN2) 

CA 727 (138) 266 (50.6) 12.4 (2.36) 2.6 (0.5) 5.3 2.5 (0.47) 

P[CA][Tf2N] 963 (313) 409 (133) 6.0 (1.97) 1.2 (0.4) 3.1 0.8 (0.27) 

P[DADMA][Tf2N]  501 (68.3) 76.4 (10.4) 10.3 (1.41) 2.0 (0.27) 7.3 1.9 (0.26) 

 
SHe 

(SHe/SN2) 
SH2 
(SH2/SN2) 

SO2 (SO2/SN2) 
SCO2 

(SCO2/SN2) 
SN2 

SCH4 
(SCH4/SN2) 

CA 0.01 (0.26) 0.03 (0.60) 0.1 (2.0) 3.94 (79.3) 0.05 0.22 (4.3) 

P[CA][Tf2N] 0.01 (0.13) 0.02 (0.20) 0.15 (1.85) 5.44 (66.8) 0.08 0.35 (4.3) 

P[DADMA][Tf2N]  0.02 (0.44) 0.06 (1.7) 0.07 (1.91) 2.57 (67.8) 0.04 0.13 (3.53) 

 reports the permeability (P), diffusion (D) and solubility (S) coefficients as well as the respective ideal 

selectivities with respect to nitrogen (Px/PN2; Dx/DN2; Sx/SN2). CO2 has a lower permeability in the two 

PILs than in the neat CA and follows the trend P[DADMA][Tf2N] < P[CA][Tf2N] < CA. The CO2/N2 

selectivity follows the same trend. The permeability properties of the PILs are closer to the properties of 

typical glassy polymers. This is visible in the CO2/He selectivity, since He permeates more than CO2 in 

the PIL-based membranes, showing a clear reverse selectivity, while in CA membrane, CO2 is more 

permeable than He, similar to typical rubbery polymers where the transport is “solubility controlled”. 

Even if no mechanical tests were performed in dry and humid condition, the effect of the humidity on the 

physical state of the PILs-based membranes was obvious during the sample handling. After a time-lag 

measurement performed in high vacuum conditions the membranes were very brittle, while they become 

easier to handle after some minutes of exposure to air. Hence, the humidity absorbed by the PIL matrix 

plasticises the polymer. This can drastically affect the permeability properties of the membrane upon the 

exposure to humid gases in comparison to the experiments performed under vacuum conditions. 

Table 2 Pure gas permeability (Px, Barrer) and perm-selectivity (Px/ PN2), diffusion (Dx, 10-12 m2 s-1) and 

diffusion selectivity (Dx/DN2), solubility (Sx, cm3(STP) cm-3·bar-1) and solubility selectivity (Sx/SN2) coefficients 

from time-lag measurements on CA, P[CA][Tf2N] and P[DADMA]Tf2N] dense membranes measured at 1 bar 

and 25°C. 
Membrane PHe (PHe/PN2) PH2 (PH2/PN2) PO2 (PO2/PN2) PCO2 (PCO2/PN2) PN2 PCH4 (PCH4/PN2) 

CA 12.5 (35.8) 10.6 (30.3) 1.6 (4.7) 13.8 (39.5) 0.3 0.7 (2.1) 

P[CA][Tf2N] 14.1 (42.3) 8.7 (26.1) 1.2 (3.6) 8.9 (26.8) 0.3 0.4 (1.2) 

P[DADMA][Tf2N]  11.1 (30.0) 6.6 (17.7) 1.0 (2.7) 6.8 (18.4) 0.4 0.3 (0.9) 

 DHe (DHe/DN2) DH2 (DH2/DN2) DO2 (DO2/DN2) DCO2 (DCO2/DN2) DN2 DCH4 (DCH4/DN2) 

CA 727 (138) 266 (50.6) 12.4 (2.36) 2.6 (0.5) 5.3 2.5 (0.47) 

P[CA][Tf2N] 963 (313) 409 (133) 6.0 (1.97) 1.2 (0.4) 3.1 0.8 (0.27) 

P[DADMA][Tf2N]  501 (68.3) 76.4 (10.4) 10.3 (1.41) 2.0 (0.27) 7.3 1.9 (0.26) 

 SHe (SHe/SN2) SH2 (SH2/SN2) SO2 (SO2/SN2) SCO2 (SCO2/SN2) SN2 SCH4 (SCH4/SN2) 

CA 0.01 (0.26) 0.03 (0.60) 0.1 (2.0) 3.94 (79.3) 0.05 0.22 (4.3) 

P[CA][Tf2N] 0.01 (0.13) 0.02 (0.20) 0.15 (1.85) 5.44 (66.8) 0.08 0.35 (4.3) 

P[DADMA][Tf2N]  0.02 (0.44) 0.06 (1.7) 0.07 (1.91) 2.57 (67.8) 0.04 0.13 (3.53) 
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Figure 6 PILs position on the CO2/N2 (top) and CO2/CH4 (bottom) Robeson's plots. The ideal separation 

performance of reported membrane materials is presented for comparison and is freely available from 

Membrane Society of Australasia [42]. 

 
 
 

 

 

The Robeson plot compares the separation performance of investigated materials and data available for 

CO2/N2 ( top) and CO2/CH4 ( bottom) gas pairs [42]. The PIL-based membranes are positioned among the 

central part of the plot typical for CA and CA-based materials. P[CA][Tf2N] appears to combine the 

performance characteristics of CA and P[DADMA][Tf2N]. 

1.9. Thin film composite membranes preparation 

The porous nanofiltration supports used for membrane preparation increase simultaneously the gas 

permeance/flux and mechanical stability. Additionally the thin-film composite (TFC) morphology of the 

prepared membranes enhances the speed and the quality of separation performance evaluation. The 

feasibility of industrial application of prepared PILs is also determined by their capability to form a thin 

selective layer on top of the support.  

 confirms the successful preparation of TFC membranes. The defect-free selective layer can be 

distinguished from the support. The approximate thickness of the selective PIL layers deposited on the 

surface was estimated from the SEM images (), enabling the estimation of the permeability coefficients 

from the measured permeances.  

In the case of CA-based TFC on the PI support ( a), the selective polymer clearly delaminated from the 

support, with a total thickness of 6.2 µm. This suggests poor adhesion of CA to the support and its 

detachment after casting or upon fracture of the samples for SEM analysis. For the P[CA][Tf2N] and 

P[DADMA][Tf2N] samples ( b, c), the separation at the interface between the PIL layer and the support is 
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barely distinguishable, indicating the excellent adhesion between the two materials. The average 

thickness of the selective layer was 5.3 µm and 1.5 µm for P[CA][Tf2N] and P[DADMA][Tf2N], 

respectively. The structures of the PIL/ support-based membranes is similar in multiple identically 

prepared samples, confirming the high degree of reproducibility. 

 

 

Figure 7 Cross-sectional SEM images depict the composite layered morphology of the membranes: (a) CA, (b) 

P[CA][Tf2N] and (c) P[DADMA][Tf2N]. The SL parameter determines the average thickness of the selective 

layer in µm. 

1.10.  

1.10.  

1.10.  

1.10.  

1.10. Mixed-gas separation 

 depicts how the CO2 partial pressure in the CO2/N2 mixture affects the separation behaviour of the 

membranes. In general, CO2 permeance   
   

  increases in the order CA < P[CA][Tf2N] < 

P[DADMA][Tf2N]. This order is opposite to the permeability trend shown in section 1.8.  
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The discrepancy between the dense and the TFC membranes is attributable to a higher amount of residual 

humidity in the mixed gas setup where the TFC membranes were tested. In the mixed gas setup, the 

remainder of humidity may swell or plasticize the membrane. This increases the apparent permeability of 

the polymer. In the mixed-gas setup, the membranes are tested with the permeate side at 4 mbar, whereas 

in the time-lag setup the membranes are tested at a much lower initial permeate pressure, namely 0.0001 

mbar. Under these conditions the membranes are completely degassed and the ionic forces present in the 

P[CA][Tf2N] make the material stiffer, decreasing the permeability. 

In all cases     
  decreases with increasing CO2 partial pressure, in agreement with the sorption 

experiments (DMS model) at pressures sufficiently low to avoid plasticisation. The main difference is that 

selectivity decreases, when the partial pressure of CO2 is increased by a change in the feed composition ( 

left), whereas selectivity increases when it is increased by a change in the absolute pressure at constant 

composition ( right). This is the result of a delicate balance between a positive coupling effect of CO2 and 

N2 in terms of diffusion, and a negative effect on CO2 and N2 in terms of sorption.  

 

Figure 8 Increase of  CO2 partial pressure at 26 °C by (left) varying composition from 15 to 85 vol.% CO2 at 

constant pressure of 5 bar, (right) changing the total pressure from 2 to 8 bar at a constant feed composition of 

50/50 CO2/N2. 

 

 

 

 

The later phenomenon is confirmed by the gas pair CO2/CH4 permeation experiments in P[CA][Tf2N] (), 

which exhibits a more pronounced decrease in CO2 permeance and in CO2/CH4 selectivity upon changing 

CO2/CH4 ratio and a stronger increase in CO2/CH4 selectivity upon the increase of the total pressure. 

Thus, all effects described for CO2/N2 are even stronger for CO2/CH4 due to both higher solubility and 

lower diffusivity of larger CH4 molecules compared to N2. 
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Figure 9 Role of CO2 partial pressure in the P[CA][Tf2N] performance at 26 °C : (left) 15 – 85 vol.% CO2 at 5 

bar feed pressure, (right) 50/50 CO2/X feed mixture at 2 – 8 bar. 

 

 

 

 

4. Conclusions 

A new cellulose derived PIL was synthesized and characterized for CO2 separation purposes. The 

material features several advantages: (i) the synthesis begins with the post-functionalization of a 

renewable, cheap and well-known industrial raw material without the need of controlled polymerization 

reactions; (ii) the ionic groups are covalently grafted to the polymer matrix, thus preventing them from 

leaching, as may occur with ILs and their blends. The incorporation of the ionic moieties in the polymer 

structure has led to a significant improvement (3-fold) in absolute CO2 permeability values in comparison 

with neat CA under the investigated mixed gas conditions at the expense of a small decrease in 

selectivity. Additionally, the new material shows more stable CO2/N2 and CO2/CH4 selectivity values 

with increasing CO2 content and pressure in the feed mixture, offering advantages if the membranes have 

to work under unstable conditions.  
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Highlights 

 A new class of CA-derived poly(ionic liquid) (PIL) in the form of the thin film composite (TFC) 

membrane was capable to separate CO2. 

 This membranes demonstrated a two-fold higher CO2 flux compared to conventional CA in the 

mixed-gas permeation tests. 

 The successful implementation of this membrane promotes higher permeate flows and improved 

process stability in a wide range of concentrations and pressures of CO2/N2 and CO2/CH4 gas 

mixtures. 

 




