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Introduction

As the effects of climate change become noticeable faster than

The hydrophilic nature trade-off of supported ionic
liguid membranes on CO,/CH,4 separation
performancet
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Miquel, ©2° Patricia Gorgojo, & 2% Maria-Chiara Ferrari @ and Maria Pérez-
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Biomethane has been highlighted as an energy transition carrier in the quest for a resilient bioeconomy.
Advances in its production process are accompanied by the need for new efficient separation methods
for purification and carbon capture. However, biogas is fully saturated with water, jeopardising the
expected performance of proposed novel materials. In this work, imidazolium-based Supported Liquid
Membranes (SLM) with different hydrophilicity levels were proven to separate mixed CO,/CH,4
successfully. IL-based SLMs were assessed in terms of stability, transport kinetics, and phase equilibria.
Gas diffusion in dry and humid environments was estimated using the time-resolved FTIR-ATR
spectroscopy technique. Henry's law constants of CO, and CH4; and molecular interactions were
estimated using the quantum chemical COnductor like Screening MOdel for Real Solvents (COSMO-RS)
method. The SLM stability diagram is proposed to represent the effect of the gas water content on the
total filled pores as a function of the components’ physicochemical properties, support morphology, and
operational pressure gradient. Diffusion coefficients of CO, in the hydrophilic SLMs are substantially
altered under wet environments. However, it has been shown that gas solubility mainly dominates the
gas separation. The SLM's water sorption increases this effect by further rejecting methane. While the
membrane hydrophilicity improves the gas selectivity, its stability diminishes in humid gas processing.
The trade-off between the separation performance using highly hydrophilic solvents and the SLM
module stability under real and variable conditions of pressure and humidity constrains the technology
feasibility. Therefore, its study must be considered in the development and application of SLMs in
sustainable biofuel production routes.

growing demand for energy. To withstand the incoming
global scenarios, communities and international organisations
urge decarbonisation actions, pressing governments to

our reaction capability, innovation challenges are required
beyond adaptation strategies. Facing it compels us to mitigate
the current carbon emissions without compromising the ever-
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strengthen their policies toward net-zero targets. Among the
proposed approaches, transitioning towards a bioeconomy has
been advocated as a crucial course for accomplishing the UN's
Sustainable Development Goals (SDG).! Broadly portrayed as
the production and conversion of renewable biological
resources, bioeconomy includes boosting biomass valorisation,
adopting bio-based food, animal feed, and products, and
replacing fossil fuels with bioenergy alternatives. Specifically,
biogas production by anaerobic digestion of organic feedstocks
has shown the potential to cut an important share of global
Greenhouse Gas (GHG) emissions as a renewable substitute for
natural gas.”> In this line, biomethane refined from biogas is
projected to reach 111 billion cubic meters by 2040 only in the
European area, i.e., the UE, Norway, Switzerland, and the UK.}

Along with this paradigm change towards bioeconomy, there
is a rising interest in more efficient biofuel purification
methods, where membrane technology has a starring role.

This journal is © The Royal Society of Chemistry 2025
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Carbon dioxide, hydrogen sulphide, ammonia, oxygen,
nitrogen, and even solid particles are by-products of the
anaerobic digestion of biomass, which reduces the fuel quality.
Due to the high CO, content (30-50%), biogas production needs
to employ separation methods such as water scrubbing, cryo-
genic separation, adsorption, or absorption for its purification.*
The need for high energy consumption methods compromises
the real effectiveness of the biogas GHG saving. To replace those
processes, membrane gas separation has been widely studied in
the last decades, presenting major advantages: low energy
requirement, selectivity, and simple process design and scale-
up. Yet, the purpose of this process is not only to enrich the
biofuel quality but also to avert GHG emissions. To prevent CO,
from being released into the atmosphere, carbon capture
methods need to be incorporated into industrial activity.
Carbon capture has mainly been carried out by chemical
absorption using amine-based technologies, processes known
for their solvent toxicity and environmental issues. Alterna-
tively, Ionic Liquids (IL) have been proposed as a promising
carbon capture media in absorption processes due to their
relatively low toxicity, non-flammability, and negligible vapour
pressure.® Such properties lead to an improvement in operation
safety and health. Membrane technology can take advantage of
novel absorption media by confining such solvents within the
inner structure of a thin porous layer in the form of a Supported
Liquid Membrane (SLM).® Here, the semipermeable barrier is
the retained solvent rather than the solid matrix, allowing for
tuning of the membrane properties for the target application.
The process combines the gas absorption and desorption
operations into a single stage, attaining a sustainable separa-
tion by requiring no solvent regeneration or extra heat input.
This hybrid approach offers high selectivity while bringing the
solvent requirement to a minimum. In this context, IL-based
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Fig. 1 Schematics of the SLM separation principle. A porous support
(grey structure) is impregnated with an extraction solvent (light blue) to
divide two phases under a transmembrane partial pressure gradient to
promote gas transport. Solution-diffusion mechanism throughout an
SLM: (a) the gas is absorbed by the solvent from the feed matrix to
reach the vapour-liquid equilibrium; (b) then, the gas is diffused across
the solvent that fills the support pores; (c) lastly, the gas is desorbed to
the receiving stream.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

SLMs have been studied to separate carbon dioxide in
mixtures with methane, nitrogen, hydrogen, or hydrogen
sulphide and as a gas-liquid contactor for CO, absorption with
aqueous monoethanolamine.”?® Separation in SLMs is driven by
the gas partial pressure gradient following a solution-diffusion
mechanism, depicted in Fig. 1, as in the case of polymeric
membranes. However, the molecular interaction in the gas-
liquid system supported into the pores of the membrane may be
more convoluted since additional diffusional effects, chemical
complexation, and solvent-solute/solvent-support affinities are
involved.

Nevertheless, despite its promising features, SLM technology
is hindered by its stability, i.e., the support capacity to retain the
solvent within the polymer structure over time. Although several
configurations and preparation methods have been attempted
to improve membrane stability, this issue narrows the lifespan
and overall performance of the membrane.® In an SLM, capillary
forces hold the solvent within the membrane pores.* Hence, its
stability depends on the solvent-support affinity and the
transmembrane pressure, which might be substantially altered
under operational conditions. Gas streams in industrial
processes frequently present traces of other compounds that
affect the expected membrane performance. Moreover, biogas is
fully saturated with water, requiring extra purification steps.
According to the membrane nature, moist gas impacts its
separation performance differently. Water vapour increases or
decreases gas permeabilities due to swelling in rubbery poly-
mers or competitive sorption in glassy polymers, respectively.™
It has also been demonstrated that humidity directly impacts
the CO, flux in molten-salt membranes.'>** Likewise, ILs are
prone to water sorption according to their hydrophilicity. In
SLMs, both gas permeability and selectivity are determined by
their diffusivity and solubility, which depend at a molecular
level on the physicochemical properties and composition of the
liquid mixture. However, no systematic studies have been re-
ported to assess the impacts of this phenomenon.

In this work, we address the lack of understanding of the
relationship between the stability and viability of IL-based SLMs
as gas separation materials by evaluating the gas separation
process from a kinetic and thermodynamic standpoint. We
prepared SLMs with three imidazolium-based ILs with different
degrees of hydrophobicity and performed mixed CO,/CH,
separations. To consider realistic operational conditions, e.g.,
a wet stream of biomethane mixture, we estimated dry and wet
effective gas diffusion coefficients using the time-resolved
Fourier Transform Infrared-Attenuated Total Reflectance
(FTIR-ATR) spectroscopy technique. Examples of applications of
this method range from the determination of multicomponent
transport through Nafion® 117 in artificial photosynthesis
devices™ to the identification of the CO, complexation transport
in amine-based membranes® to methanol sorption kinetics
characterisation in polybenzimidazole membranes.'® Further-
more, gas solubility in complex systems, such as ILs or [IL +
H,0], can be estimated from ab initio quantum chemical
methods. Among them, the COnductor-like Screening MOdel
for Real Solvents (COSMO-RS) is a fast tool for calculating
thermochemical properties and molecular interactions.”” The
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method has successfully been applied for the vapour-liquid
equilibria estimation of CO, and CH, in ILs in a wide range of
temperatures and pressures,'® as well as for CO,/N, selectivity
inference of IL-based SLMs from computed Henry's Law
constants."

The aspiration of a complete energy transition requires the
broadening of technological alternatives for the development of
renewable fuel platforms. As such, supported IL membranes are
promising candidates for low-energy CO, separations, with
minimal solvent requirements and safe and reliable operating
conditions. This work contributes to the development of SLMs
based on ILs by evaluating their performance in a working
environment, which will help to mature the technology towards
sustainable large-scale gas separation applications.

Experimental section

Materials and chemicals

1-Ethyl-3-methylimidazolium methyl-sulfate ([C,min][MeSO,],
=98.0%) purchased from Sigma-Aldrich. 1-Butyl-3-
methylimidazolium tetrafluoroborate ([C,min][BF,], >98%)
and 1-butyl-3-methylimidazolium hexafluorophosphate
([C4ymin][PFs], >98%) were purchased from Acros Organics.
Durapore® hydrophobic PVDF membrane (0.22 pm pore size,
75% porosity, and 125 pm thickness) was purchased from
Merck. Carbon dioxide (CO,, 99.8%), methane (CH,4, 99.9995%),
and helium (He, 99.999%) were acquired from BOC. The
chemical structures of ILs are depicted in Table 1.

was

Supported liquid membrane preparation and material
characterisation

Prior to membrane preparation, ILs were vacuum-dried at 70 °C
for 1 hour. Vacuum filtration of 1 ml of the dry IL was carried

Table 1 Chemical structure of the ionic liquids used in this work

Ionic liquid Cation Anion
N 0
0—S—0
. _ N
[C,min][MeSO,] 222.26 g mol [ > /8
Ne
\
|
F—B—F
[C4smin][BE,] 226.02 g mol " ¢
N
NI
N+
N
F. '|: F
NAT
[C,min][PF,] 284.18 ¢ mol " N E7NE
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out on the commercial PVDF membrane support until complete
penetration using a sintered glass filter. The remaining solvent
on the surface was gently wiped out with tissue paper. As
prepared, SLMs were immediately tested for gas permeation to
avoid moisture absorption. Water content (wt,/g g ') in the ILs
was measured by Karl Fischer titration using a Metrohm 899
coulometer in dry conditions. Likewise, the water content was
measured in the IL sample in wet conditions, i.e., after being
exposed to a relative humidity (%RH) of 100% for 1 hour in
a closed ambient at room temperature. Dry and wet IL density
(p/mol m™?) and viscosity (n/mPa s) were measured using an
Anton Paar DMA 4500 M densimeter with a Lovis 2000 ME
micro viscometer. IL surface tension (y/mN m™ ') and contact
angle (6/°) over the membrane porous support were measured
using a Biolin Scientific Theta Lite optical tensiometer at room
temperature in dry and wet conditions. Pore sizes (dpore/m) of
the commercial PVDF support prior to impregnation were
measured by capillary flow porometry using an IB-FT Porolux™
1000 porometer using Porefil® (19.00 mN m™ ) as the wetting
liquid. Pore size distribution was determined from the gas flow
per cent, assuming a log-normal distribution. SLM stability was
assessed by determining the transmembrane pressure (Ap/Pa)
needed to empty the support pores according to the Young-
Laplace equation (eqn (1)).
_ 4ycost

ap= TLERE 1)
pore

Gas permeability

Mixed CO,/CH, (25 : 25/sccm : sccm) permeability was tested in
a custom-made setup at a constant absolute pressure of 3.01
(£0.07) bar and 1.16 (+0.11) bar for the feed and permeate
sides, respectively. The system is composed of a mixer gas
circuit with mass flow controllers for the feed gases and
permeate sweep gas (He at 10 sccm), a crossflow membrane cell
with an effective membrane area of 1.33 cm?, and an in-line
permeate autosampler. The membrane cell is kept inside
a ventilated oven at a controlled temperature. After 1 hour of
equilibration, permeate stream composition was determined by
gas chromatography (Agilent 490 Micro GC with a 10 m PPU HI
column) as the average of four runs. Sampling was repeated
each hour over 3 hours to ensure stability. SLMs were prepared
and tested in duplicate. The gas i flux (Ji/mol s™" m™?) is
expressed according to eqn (2) as a function of its permeability
(Pymol m Pa s™' m™?), partial pressure gradient (Ap;/Pa), and
SLM thickness (L/m). Gas flow rate (gy/mol s'), i.e., flux times
membrane total area (4/m?) as J-4, is calculated from the
system's mass balance.

Ap; (2)

Gas permeability, in Barrer units, and CO,/CH, selectivity
(a5/-) are calculated according to eqn (3) and (4), respectively.

gi-L

P = -3.348 x 1016 3)

(pfeed 7p}>ermeate> A
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Oéiyj = F]
FTIR ATR spectroscopy

Experiments were performed using a Bruker Vertex 70V FTIR
vacuum spectrometer coupled with an ATR cell and gas
humidifier circuit, following the procedure described by Ferrari
et al?*® The setup keeps the gas stream under controlled
conditions: pressure: 2.00 (+0.07) bar, temperature: 25.0 and
40.0 (£0.4) °C, and relative humidity: dry gas (from source
cylinder) and 20.0 (£2.5)% RH. The ATR cell, depicted in Fig. 2,
is composed of a high refractive index crystal of zinc selenide
(ZnSe), an electrical heating resistance, and a gap for the
continuous crossflow of the gas penetrant. A membrane sample
of 5 cm? is mounted over the ART crystal and kept pressurised to
enable the gas penetrant sorption and later diffusion. The IR
beam is reflected along the crystal surfaces, generating

Gas penetrant stream

Gasket

Membrane/

sample

? IR path
ART crystal

Fig. 2 Schematic of FTIR-ATR cell and evanescent

phenomenon.

wave
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evanescent waves absorbed by the membrane material, result-
ing in the IR spectrum detected by the instrument.

By recording the shifts in the IR spectra over time, the
method allows for compound quantification and the identifi-
cation of chemical interactions. Normal mode vibrations of
water, carbon dioxide, and methane, as well as the Infrared
spectrums of the pure gases® and this work SLMs components,
are illustrated in Fig. 3. A rapid scan measurement was
employed to generate a spectrum as the average of 2 scans with
a resolution of 1.29 c¢cm™'. The configuration provides
a measurement down to every 0.9 seconds over 1 hour of
sampling.

Time-resolved Fickian model of diffusion

Experimental FTIR-ATR measurements were used to estimate
the gas diffusion coefficient (D/m” s™') from the time-resolved
Fickian model.>* The change of the gas concentration (C/mol
m %) within the SLM over time (¢/s) is described assuming
a mass transport governed by Fick's diffusion with constant
diffusion coefficient, displayed in eqn (5):

C=Cy 0O<z<L t=0
2
i¢_0C)Cc=Cq z=L =0 5)
ot dz2 aC
— =0 z=0 t=0
dz

The boundary conditions are set based on the initial (C,) and
equilibrated (Ceq) concentrations along the membrane thick-
ness, Le., in the z-axis direction from the top surface to the
bottom. The analytical solution to eqn (5) is given in eqn (6),
which defines the Fickian concentration profile.

As the gas penetrant is entering the SLM only in one direc-
tion (z-axis), the measured ATR absorbance (4/a.u.) can be

a) - - - | <,3 . s d)
Symmetric Bending ¥ Anti-symmetric
stretch stretch CO;
7, (not IR active) 7, 667 cm-! 75 2340 cm”? uas
. 4
=} =
b) : @ ﬂ
i (D— /|
. (8] | \ p L]
: _‘Z; f’) H,O \\\ _,,bwf NER NS
Symmetric ~ Symmetric Anti-symmetric Anti-symmetric 2 ;
stretch bending stretch bending [C,min][PFel "
5 15 1 -1 2 -1
#,2917 cm™ B, 1534 cm” ¥, 3019 cm #, 1310 cm (C.min][BF] “~'/\MJJ
Q) |
Py ~ X 4 7 [C,min][MeSO,]
: - 3 ‘ PVFD ALK,
Symmetric Bending Anti-symmetric T T T T T y
stretch strateh 3500 3000 2500 2000 1500 1000 500
7, 3652 cm-! 7, 1595 cm-! 73 3756 cm! Wavenumber, cm™

Fig. 3 Vibrational normal modes at their approximate wavenumbers of: (a) carbon dioxide; (b) methane; (c) water; (d) IR spectrum of pure

gases,? ILs, and support (PVDF membrane) used in this work.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 13518-13531 | 13521


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00917k

Open Access Article. Published on 25 March 2025. Downloaded on 5/15/2025 9:30:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

View Article Online

Paper

C=G A E)
Ca— G mlt|m—1°P

expressed by eqn (7) as a function of gas concentration at the
bottom of the membrane, the molar extinction coefficient (¢/m?>
mol "), and the evanescent wave coefficient (y/m™").>

L
A= J eC exp(—2yz)dz (7)
0

Here, v is the reciprocal of the IR beam depth of penetration (d,/
m), which is determined according to eqn (8) from the ATR
crystal refractive index (narr/-), membrane refractive index
(nsLm/-), as well as the beam angle of incidence (fgr/°) and
wavelength (/m).>*

1 2TTnaTR \/(sin 0ART)2 - (’7SLM/”1ART)2
P

With eqn (6) and (7), it is possible to express the analytical
solution by normalising the absorbance (4/-) as a function of the
initial (4,) and equilibrated (A4.q) absorbances as per eqn (9).
The auxiliary functions g, (eqn (10)) and £, (eqn (11)) are defined
for the sake of simplicity.

_D(2n4—£21) T l) cos ((Zn —2¢—L1 )TCZ>:| (6)

Phase equilibria computation

Based on quantum chemistry and dielectric continuum models
in combination with statistical thermodynamics, the COSMO-
RS method uses the charge density (¢/e nm™>) on the molec-
ular surface to predict chemical potentials (u/k] mol ') of
components within a mixture. The sum of the ¢ probability
distribution is called the “o-profile” of the molecule: p;(o),
depicted in Fig. 4 for the components modelled in this work.
Charge densities in the regions below —0.82 e nm™~> and above
0.82 e nm ™~ correspond to the molecule hydrogen bond donor
(HBD) and hydrogen bond acceptor (HBA) capacities, respec-
tively, while the charges within them to the non-polar section.
This overall property is used to compute the solute chemical
potential within a solvent media (s), uf, according to eqn (14),
where u® is a combinatorial contribution parameter calculated
by the method and us(o) the g-potential, which comprises the
mixture affinities in terms of the total interaction energy (elec-
trostatic, hydrogen bonding, and van der Waals interactions) on
the surface segments of two molecules in contact.

W=+ [pilo)uo)da (14)
qo A4 8y | exp(ga) [faexp(2vL) + (-1)"(27)] ©)

Aeq = Ao [l —exp(=2vL)] 1= 2n+ 1) (47> +1,°)

2

g = —-D(2n+1)"m*t (10) From the pure solute chemical potential, uf"¢, and uf is
4L possible to estimate its activity coefficient (yf/mol mol™") at
(2n+ ) a given mixture concentration as a function of the gas constant
fo= HT (11) (R K" mol™") and temperature (7/K), as per eqn (15). Gas

The effective gas diffusion coefficient was fitted to the
experimental normalised absorbance using the objective func-
tion defined in eqn (12) by minimising the root mean square
deviation (RMSD). It is calculated based on the deviation (¢;)
between the experimental and calculated absorbance, eqn (13),
and the number of experimental data points (N) of each [gas -
SLM] system. Data fitting was carried out using a MatLab® script
developed for this work.

. MT—.
min, |~ zj:éj (12)
b= AP — A (13

13522 | J Mater. Chem. A, 2025, 13, 13518-13531

solubility (S/mol m—> bar ') is determined from the vapour-
liquid equilibria, eqn (16), by the Henry-law coefficient (H}/
bar) and solvent density. The method estimates H; from the
chemical potential at infinite dilution () and the pure gas
compound vapour pressure (pi%/bar) according to eqn (17).

RTIn(y{) = i — uf™* (15)
Si= 1= (16)

,u,sw _ Mpure
;= B (17)

Likewise, the method is capable of estimating further prop-
erties such as the excess free energy (Gf/k] mol '), excess
enthalpy (H}/kJ] mol™"), and excess entropy (—7S}/k] mol™") of

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00917k

Open Access Article. Published on 25 March 2025. Downloaded on 5/15/2025 9:30:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

5, e:nm?

View Article Online

Journal of Materials Chemistry A

CO,
CH, —[BF,I
— [C4min]*
—H,0 —[MeSO,]

Fig. 4 o-Profiles, molecular geometries, and surface charge densities of the compounds used in this work.

the mixture, as well as the enthalpy interactions contributions:
electrostatics or misfit (MF), hydrogen bonding (HB), and van
der Waals forces (vdW), according to eqn (18) and (19),
respectively.

G" = H® — Ts® (18)

H® = H¥[MF] + H*[HB] + H*[vdW] (19)

Molecular calculations were performed assuming the IL
cation—-anion pair as a pure component using the COSMOtherm
software, version C30, release 18.0.2, at the parametrisation of
BP_TZVP_18.

Results and discussion
Mixed CO,/CH, separation

The performance of membranes for the separation of carbon
dioxide from methane varies widely in terms of permeability
and selectivity. The trade-off between these parameters in
binary systems is described by the pure and mixed gas upper
bounds.>*?® 1t is possible to find polymeric membranes with
CO,/CH, selectivity within a window of 3-10 at CO, perme-
abilities of 1000-10000 Barrer under ideal conditions, ie.,
single gas testing. Other novel materials, such as Polymers of
Intrinsic Microporosity (PIM), can remarkably push the sepa-
ration performance further.” However, such results proved to
be lesser under practical conditions, i.e., mixed gas testing. In
such cases, membranes exhibit lower permeabilities of 10-1000
Barrer without reaching the expected boost in the separation in
line with the upper bounds, whereas standard commercial
membranes display a higher selectivity of 10-50 at even lower
fluxes.>® The 2018 upper bound was built using experimental
data of mixed gas separation systems employing polymeric
membranes based on, among others, PIMs and polyimides.
These materials display a separation performance far exceeding
the commercial membranes, e.g., Matrimid®. The approach
allows for taking into account penetrant-induced plasticisation
and competitive gas sorption effects that are not considered in
the ideal selectivity estimation nor considered in the other

This journal is © The Royal Society of Chemistry 2025

upper bounds. In this line, IL-based SLMs are a competing
alternative to polymeric membranes, demonstrating the same
behaviour. Permeability and selectivity measurements of mixed
CO,/CH, separation with the IL-based SLMs studied in this
work are presented in Fig. 5, with a performance close to the
2018 mixed-gas upper bound. No solvent leaching or stability
issues were observed during the experiments at the trans-
membrane pressure of 1.86 (+0.14) bar. At 25 °C, the [C,min]
[MeSO,]-SLM displays a CO, permeability of 188.2 (+3.6) Barrer
and CO,/CH, selectivity of 25.1 (+0.6). However, at 40 °C, its
performance is moved up to 209.0 (£10.5) Barrer while selec-
tivity is not significantly changed (23.7 (£1.7)). Following the
upper bound, the same trend is observed for [C,min][BF,]-SLM,
with a CO, permeability of 358.8 (+20.9) Barrer and 436.3
(£22.2) Barrer at 25 °C and 40 °C, respectively, with selectivities
of 23.5 (£1.5) and 21.2 (£0.4). Similarly, [C,min][BF,]-based

100 ~
° °
I<f
°
o
= 4 ®
o
O
2 104
=
8
2 °
[0
n © [C,min][MeSO,]-SLM Q)%
[C,min][PFgl-SLM (S
@ [C,min][BF,J-SLM
& [C,min][BF,J-SLM_
[C,min][PFgl-SLM,,
& Other IL-SLM,;,
1 T T T
1 10 100 1000 10000

CO, Permeability, Barrer

Fig. 5 Robeson plot of the experimental results (round markers) for
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SLMs found in the literature show a worse performance, where
the CO,/CH, selectivity is as low as 9. [C;min][PF4]-SLM exhibits
an intermediate CO, permeability of 253.0 (£16.8) Barrer and
308.4 (£29.1) Barrer at 25 °C and 40 °C, respectively. Conversely,
it shows a lower CO,/CH, selectivity of 15.5 (£0.1) and 14.6
(£1.1), meaning no significant difference within the tested
temperatures. Again, others [C,min][PF¢]-based SLMs reported
in the literature at temperatures from room to 40 °C show
different performance. Discrepancies between this work IL-
SLMs and similar ones found in the literature can be attrib-
uted to the differences in support morphology and the opera-
tional conditions, e.g., temperature, and preparation, as well as
single or mixed gas measurement. Generally, membrane
porosity determines the solvent/support ratio, hence the effec-
tive diffusivity, while the support matrix might contribute to the
total absorbed gas, thus determining effective solubility.
Furthermore, composite membranes, another kind of
membrane, have been proposed using the IL as a filler into the
polymer matrix to exploit the enhanced mass transfer of
solvents without falling on stability issues.** Nevertheless, this
approach differs from SLMs since the polymer has a predomi-
nant role in the separation.

On the one hand, the similar non-polar nature of both gases
suggests poor affinity with the ions of the ILs. However, the
results show a proportional relationship between selectivity and
IL hydrophilicity. Solvent-water affinity is given by the alkyl
chain length of the imidazolium-cation as well as the IL anion
component, decreasing as [MeSO,]” > [BF,]” > [PFq] .* These
trends can also be observed in the molecule o-profile (Fig. 4) as
the charge density peak intensity is reduced in the non-polar
region or shifts toward the HBA region for cation and anion,
respectively. On the other hand, CO, permeability increases
with the temperature while the selectivity slightly decreases.
This behaviour was also observed for CO,/CH, separation using
an IL-SLM constituted of benzimidazolium-1-acetate.*® There,
density functional theory calculations revealed higher favour-
able complexation energies of CO,, with both anion and cation
increasing its absorption. Altogether, this behaviour suggests
separation is mainly achieved by rejecting the CH, by the SLM
barrier rather than promoting CO, transport. The capacity of
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methane to interact with the solvent is far more deficient than
the possible interactions of the oxygen atoms in the carbon
dioxide that increase its sorption.

SLM stability diagram

Ensuring the lifespan of modules is required in order to reduce
the costs and environmental impact of the membrane tech-
nology. The stability of SLMs is commonly described by their
performance drop over time or gravimetric measurements
before/after use. A real-time non-destructive monitoring meth-
odology has recently been proposed for liquid separation with
SLMs.** However, no predictive modelling of this phenomenon
has been developed.

To access the effect of the operational conditions in the
biomethane purification using IL-based SLMs, ie., a water-
saturated stream at variable pressure, the impact of water
absorption on the physicochemical properties of the solvent
was measured. Density, viscosity, surface tension, and contact
angle were measured for the dry and wet IL. Results are listed in
Table 2. After treating the IL in a closed environment at room
temperature and 100% RH, the water content in the solvents
shows a massive increase of 35 times for [C,min][MeSO,4], 18
times for [C,min][BF,], and 8 times for [C,min][PF¢]. This
increase agrees with the expected hydrophilicity of the solvents.
Only [C,min][MeSO,] shows a density change from dry to wet
conditions at 25 °C, with a reduction of 8%. Although water
sorption is shown to induce only a minor reduction in the IL
density, it has a significant impact on key properties for
membrane performance and stability. In liquids, molecular
diffusion is inversely proportional to the mixture viscosity. All
three ILs viscosities decrease by about 30% and 20% at 25 °C
and 40 °C, respectively, suggesting higher overall flux at a high
temperature and wet conditions. Furthermore, the magnitude
of the change in the IL surface tension and IL/PVDF support
contact angle follows the increase in water content. Humidity
reduces the cohesive forces within the liquid molecules and
intensifies the solid-liquid interfacial energy. As evidenced,
solvent properties change in a wet environment, meaning that
the SLM stability strongly relies on the processing conditions
and will vary with them.

Table2 Physical properties of the ionic liquids used in this work. Dry: vacuum dried at 70 °C for 1 hour; Wet: sample left open in a closed ambient

at room temperature and 100% RH for 1 hour

Water content” Density” Viscosity” Surface tension” Contact angle
wt/g g plg ml* n/mPa s y/mNm* b g
Ionic liquid/condition RT 25 °C 40 °C 25 °C 40 °C RT RT
[C,min][MeSO,] Dry 2.962 x 10°* 1.28022 1.26993 97.13 46.69 53.2 (£0.3) 27.3 (£0.4)
Wet 1.076 x 10> 1.17947 1.26917 67.22 37.76 42.0 (£0.1) 54.3 (£0.5)
[C4min][BF,] Dry 3.016 x 107* 1.21217 1.20141 100.61 47.61 47.1 (£0.2) 22.0 (£0.1)
Wet 5.623 x 10° 1.19893 1.18825 71.22 37.74 37.4 (+£0.2) 32.3 (+£0.1)
[C4min][PF] Dry 3.617 x 107* 1.36356 1.35093 287.6 124.3 43.1 (£0.3) 31.2 (£0.3)
Wet 3.230 x 103 1.36508 1.36508 208.1 95.25 43.6 (+£0.1) 30.0 (+£0.3)

“ standard uncertainty: u(wt,) =1 x 1077 gg ™", u(p) =5 x 10 °gml ™", and u(n) = 1 x 102> mPa s. ” Measured at room temperature (RT). Standard

deviation (+std) measured over 5 seconds of reading.
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In this work, we propose to assess SLM stability as the
material capacity to remain fully impregnated, defined as the
total filled pores (porespyeq/%) in the Membrane Stability
diagram. At the liquid-solid interphase, solvent-support
attractive forces can be estimated from the surface tension and
contact angle in a pore of a given diameter. Support pore size
can be expressed by the log-normal distribution, ie.,
In(dpore) ~ N (e, 8). The cumulative distribution function (CDF)
of the log-normal distribution corresponds to eqn (20), where
the log-normal pore size mean («) and variance (8%) are calcu-
lated from the pore size mean (upore) and variance (ffporez),
according to eqn (21) and (22), respectively.

1 d ore )
CDF(, y=05-erfe { _ %} (20)
2
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Taking eqn (1) and (20), it is possible to define the SLM
stability diagram as per eqn (23), which determines the total
filled pores of a solvent-support pair as a function of the
transmembrane pressure.

Ap':"Lpore2

47 cos 6+ \V4 ruporez + aporez

2
2-In (1 + ”‘“—2>
Mpore

Poregjeq = 0.5-erfc (23)

The pore size distribution of the support used in this work
and calculated IL-based SLM stability diagrams are shown in
Fig. 6. Porometry measurement of the PVDF membrane support
shows an average pore size of 0.462 (+£0.095) um. According to
the CDF fitting, the smallest pore size is 0.216 um, agreeing with
the supplier specification of 0.22 um. In the PVDF support, IL-
based SLM stability diagrams are proportional to the solvent
hydrophilicity. Dry IL-based SLMs stability diagrams follow the
trend: [C,min][MeSO,] > [C,min][BF,] > [C;min][PF,], where the
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(a) Measured pore size (dpore) distribution of and fitted log-normal cumulative distribution function (CDF) (egn (20)) for a Durapore PVDF

membrane (nominal pore size: 0.22 um); (b) to (d) IL/PVDF-SLM stability diagrams (eqn (23)) at room temperature expressed as a function of the
total filled pores after applying a transmembrane pressure. Shaded areas correspond to the error propagation of the experimental standard

deviation of contact angle and surface tension measurements.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. A, 2025, 13, 13518-13531 | 13525


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta00917k

Open Access Article. Published on 25 March 2025. Downloaded on 5/15/2025 9:30:23 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

maximum pressure gradients, ie., the Ap at which the curve
drops from 100%, are 2.56 (+£0.14) bar, 2.36 (+£0.03) bar, and
2.00 (£0.10) bar, respectively. However, as the IL absorbs water,
the curves are displaced due to a decline of the solvent-support
affinity, reducing the pressure gradient tolerance. Moisture
absorption alters the capillary forces responsible for retaining
the solvent. This effect is more visible for the hydrophilic
solvents [C,min][MeSO,] and [C,min][BF,], where the max Ap
drops to 1.33 (+0.24) bar and 1.71 (+0.04) bar, respectively. No
significant stability reduction is observed for the less hydro-
philic [C;min][PF,]. Change in the stability diagram is inversely
proportional to the change of the surface tension and contact
angle, appearing in the v cos(f) factor in eqn (23), and pore
distribution; hence, higher surface tension plus lower contact
angle and pore sizes are desired to favour an SLM capable of
operating under an increased pressure gradient to promote the
permeate gas flow. However, smaller pores reduce the total
solvent in the SLM, hence the expected flux. Conversely, a high
porosity led to higher support tortuosity, diminishing the
effective diffusion of the gas. The SLM selectivity will remain
unaffected if the gas solubility and diffusion coefficient have no
significant dependency on the system's operational pressure
range. Inversely, operating gas separation at higher tempera-
tures might reduce the solvent surface tension and, therefore,
the total filled pores, declining the selectivity. In actual appli-
cations, complex feed gas-SLM interactions might arise.
Changes in the interfacial properties due to the composition of
the gas and liquid mixtures, pressure, and temperature affect
not only the fluid mobility but also the interfacial mass trans-
fer.* Therefore, capillary energies of the [gas mixture + solvent
mixture + support] should be further investigated to determine
their impact on the process scale-up and long-term stability of
SLM modules.

Gas diffusion coefficient

In situ FTIR-ATR spectroscopy was used for the first time to
measure the effective gas diffusion in SLMs. ATR absorbance
was analysed for the anti-symmetric stretch of CO,, corre-
sponding to the wavenumber of 2340.1 cm™ ' (Fig. 3a). No
absorbance attributed to the presence of methane has been
observed in the IL-based SLMs studied in the work. This
suggests a gas absorbance below the technique limit of detec-
tion due to the poor CH, solubility in the ILs. The refractive
index and angle of incidence of the ART crystal are nagr = 2.49
and f,rt = 45°, respectively. No experimental values of refrac-
tive index for liquid membranes were found in the literature.
The refractive index of imidazolium-based ILs ranges from 1.36
to 1.67.** Likewise, refractive index values within 1.44-1.46 have
been reported for pure PVDF polymer.**** Hence, for this work,
the IL-based SLM refractive index was estimated as a fixed value
of ngpm = 1.5, giving an IR evanescent wave d, of 0.74 um. The
experimental absorption data dependency on the gas mass
transport can be illustrated in the theoretical solution of eqn
(9), as D = f(4,/t), plotted in Fig. 7. Given the inputs of the
membrane, ATR crystal element, and IR beam wavelength, the
codomain surface represents a unique solution for the gas
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Fig. 7 Example of the function codomain of the time-resolved ATR
Fickian diffusion model: eqn (9) expressed as D = f(A,t), with A € (0, 1).
The surface was calculated for CO, absorption in an IL-based SLM at
2340.1 cm™! (anti-symmetric stretch), showing iso-surface lines of
constant gas diffusion coefficient values. Experimental data on gas
absorption of the IL-based SLM is fitted to the surface to obtain the
effective diffusion coefficient.

diffusion coefficient in the SLM that can describe the experi-
mental dataset under the Fickian diffusion regime.

The fitted effective diffusion coefficients of carbon dioxide in
the studied IL-based SLMs present a mean magnitude of 9.3 x
10~ m? s~ ! with an average RMSD of 2.6%. Results depicted in
Fig. 8 show no general trend regarding temperature or gas
humidity. Overall, [C;min][BF,]-SLM shows an CO, diffusion
greater than [C,min][MeSO,]-SLM, corresponding to their
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Fig. 8 Estimated CO, diffusion coefficients in IL-based SLMs (bars
read to the left) and fitting RSMD (diamond read to the right) at dry gas
(from source cylinder) and wet (20.0 (+£2.5)% RH) stream conditions.
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permeability trend. However, CO, diffusion is overall lower in
[C,min][MeSO,]-SLM and [C,min][BF,]-SLM than the diffusion
coefficients in [C,min][PF¢]-SLM. Both [C,min][MeSO,]-SLM
and [C,min][BF,-SLM are importantly affected by the
humidity of the carbon dioxide stream. Although all three ILs
are composed of an imidazolium-cation, their anion counter-
part contributes to the CO,-solvent interactions at different
levels. Further discussion of this effect on the basis of computed
excess energy analysis is given later.

The permeability of CO, in supported IL membranes has
also been modelled using a Fickian model that considers the
contribution of Langmuir sorption as in glassy polymer
membranes.*® The presence of such Langmuir sites in
membranes increases the total gas adsorbed by the material but
limits the penetrant mobility compared to the Henry's Laws
sites. Observed gas diffusion can also be explained by a facili-
tated transport regime or CO,-IL complexation. Literature
reports evidence of possible carbene formation of the imida-
zolium cation under CO, presence.”””** The carboxylation reac-
tion, depicted in Fig. 9a, is preceded by a cation deprotonation
by the anion itself. The complex is further stabilised by
a dimerisation sustained by the strong interactions of the
carboxylate and imidazolium cations. Similar interactions are
formed by hydrogen bonding between the acidified anion (H-
[anion]) and another plain anion to maintain the electro-
neutrality of the mixture. However, fluoroacids, such as fluo-
roboric acid (HBF,) and hexafluorophosphoric acid (HPF), are
unstable species and do not exist as pure components.*
Therefore, only methoxysulfonic acid (CH,0,S) is likely to be
formed and promote the imidazolium complexation within the
IL-based SLM, as Fig. 9b depicts. These strong interactions,
expected to be involved within the [C,min][MeSO,]-SLM, satu-
rate the liquid phase interactional capacity and generate further
polar species within the mixture. This effect controls the CO,
permeability, as the decomplexation stage will limit the overall
mass transfer rate yet increases selectivity as the physical
sorption of non-polar methane will be diminished.

The support effect in the solute transport can be estimated
from a pore morphology view. Effective diffusion throughout
a porous path in membranes is commonly corrected by the
porosity (¢/%) and tortuosity (t/-). Assuming the pore geometry
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Fig. 9
methoxysulfonic acid stabilisation by hydrogen bonding interactions (3).
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of the polymeric membrane support resembles interstices
between closed-packed spheres, the correction factor can be
expressed as per eqn (24).*° The nominal porosity of the PVDF
support used in this work has a value of 75%, meaning
a correction factor of 0.36. Literature reports CO, diffusion
coefficients values of 5.8 x 107" m* s™' at 314 K in pure
[Comin][MeSO,], 2.7 x 107 m? s at 313.15 K in pure [C,min]
[BF4], and 2.9 x 10~ m”® s~ " at 298 K in pure [C;min][PF].***
By taking the support effect into account, values of 2.1 x 10~
9.9 x 107!, and 1.0 x 107*° m” s~ * would be expected for the
CO, diffusion coefficient in the [C,min][MeSO,]-SLM, [C,min]
[BF,]-SLM, and [C,min][PF¢]-SLM, respectively. This correction
provides values of the diffusion coefficient closer to the values
obtained for the IL-based SLMs under their respective condi-
tions. This denotes the importance of the support inner struc-
ture for comparing the performance between similar SLMs for

gas separation.
Deff _ & . ( & )2
T 2—c¢

Dco,.1L

(24)

Gas solubility

Studied SLMs are composed of three-fourths of solvent, whereas
gas solubility in PVDF polymer is negligible compared to the IL.
Moreover, gas solubility in neat PVDF polymer has shown
a preference for CO, absorption over methane, with an esti-
mated CO,/CH, selectivity of 4.5 at low pressure.** Polymer
support selectivity is less than half of the observed in this work
for IL-based SLMs (Fig. 5). Therefore, it is reasonable to assume
that SLM's capacity to absorb the gases is controlled mainly by
the vapour-liquid equilibria, with just a minor contribution of
the solid support to the permeability or selectivity.

The gas solubility in SLMs has been estimated from the
phase equilibria of gases in ILs using the COSMO-RS method.
Computed Henry's law constant of gases in pure and wet (at the
water contents listed in Table 2) ILs are displayed in Fig. 10.
Results show significantly higher solubilities for CO,, i.e., lower
H"values, than CH, in all three IL-based SLMs. Henry's law
constants of both gases in the ILs are proportional to temper-
ature. However, CO, has been shown to be more sensitive to this
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(a) Imidazolium-2-carboxylate formation (1) and dimerisation stabilisation with an imidazolium-cation (2); (b) methyl sulfate ion —
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Fig. 10 Henry's law constants of CO, and CH, in the dry ILs (filled
markers) and wet ILs at the water contents listed in Table 2 (empty
markers), computed using the COSMO-RS method.

effect. Conversely, the presence of water in the liquid mixture
impacts them differently. While CO, solubilities in the wet ILs
remain almost unaffected, CH, solubility is significantly
decreased. At 25 °C, the aqueous solubility of carbon dioxide,
2.9 g17, is several magnitude orders greater than the solubility
of methane, 22.15 mg 17".% Then, a decline of the methane
solubility is expected proportionally to the mixture water
content. Nonetheless, notorious is the case of [C,min][BF,],
with a largest Hy; -value increase despite its lesser change in
water content, from dry to wet conditions, than [C,min]
[MeSO,]. Results suggest that complex interactions between the
IL's ions and water are in play, promoting the rejection of
methane. Similar behaviour has been reported for blend
membranes composed of poly(vinyl alcohol) and [C,min][DCA],
where the IL is completely mixed into the polymer casting
solution.”® Commonly, water sorption by polymeric membranes
leads to material swelling, which might increase CO, perme-
ability due to the greater polymer-free volume.”” However,
moisture can have a detrimental effect on glassy membranes
with high separation performance, such as PIMs. The polymer
functional groups responsible for the CO, solubility become
saturated in the presence of water, lowering their interactional
capacity. This effect can be reduced by increasing the material
hydrophobicity, as it has been shown for highly fluorinated
PIMs.®

Furthermore, mixture interactions can also be identified as
the solute-solvent affinity from the activity coefficient at infinite
dilution. Computed v{*“-values are displayed in Fig. 11. Water-
IL affinities decrease (y{’“-value increase) as [C,min][MeSO,] <
[C4min][BF,] < [C,min][PF¢], corresponding to the solvent
hydrophilicity, where favourable attractive interactions are
observed only for [C,min][MeSO4]. All three studied
imidazolium-based ILs show favourable interactions (y{'*-
value <1) for CO, while unfavourable interactions (y-value >1)
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Fig.11 Activity coefficients at infinite dilution of the water and gases in
the ILs used in this work and gases in aqueous solution, computed
using the COSMO-RS method.

for CH,4. Again, [C,min][BF,] exhibits less affinity with both
gases in comparison to the other two ILs. Gas activity coeffi-
cients are two orders of magnitude higher in water than in ILs,
with slightly bigger repulsive interactions for CO,. However,
aqueous solutions of carbon dioxide led to carbonic acid
formation, aiding the total amount of dissolved gas, which is
not considered in calculations.

Both solubility and molecule affinity are a reflection of
particular interactional energies within the system. Thermody-
namic interactions determine the total deviation from an ideal
mixture, quantified by the excess energies and their contribu-
tions. The COSMO-RS method has been shown to be capable of
successfully estimating the molar excess enthalpies of complex
mixtures, such as those containing ILs.*® Excess energies for the
systems [gas + IL], [H,O +IL], and [gas + H,O] computed at 25 °C
and 40 °C using COSMO-RS are displayed in Fig. 12. The [CO, +
IL] systems show favourable excess energies (negative G* and
HY), meaning a spontaneous exothermic dissolution process,
while [CH, + IL] systems show repulsive energies (positive G*
and H). No relevant changes are observed in the trend of excess
energies or contributions with the temperature. Overall, the
affinity of ILs for CO, is mainly due to van der Waals forces. Due
to the shorter alkyl chain of [C,min][MeSO,], better interstitial
accommodation of the molecules raises favourable electrostatic
interactions, contributing to improving its affinity for both CO,
and CH, (Fig. 12a). In the case of [C,min][BF,], all interactions
were shown to be repulsive despite a minor contribution of van
der Waals forces to the methane dissolution (Fig. 12b), agreeing
with the observed high selectivity and Henry's law constants.
Likewise, electrostatic repulsion of [C,;min][PFs] is observed for
both gases (Fig. 12c). This interaction is shown to be respon-
sible for the methane rejection, yet a favourable entropic effect
is present. The lesser favourable interactions for CO, in [C,min]
[PF¢], in addition to its higher energy disorder given by the
methane, explain its lower performance as SLM. All studied ILs

This journal is © The Royal Society of Chemistry 2025
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Fig. 12 Excess free energy (GF), excess entropy (—TSF), and excess enthalpy (HF) plus its interactional contributions: electrostatic or misfit (MF),
hydrogen bonding (HB), and van der Waals forces (vdW), for the binary systems composed of [gas + IL] and [H,O + IL]: (a) [Comin][MeSQ4], (b)
[Camin][BF4l, (c) [Camin][PFgl; and the binary systems composed of (d) [gas + H,Ol. Energies were computed using the COSMO-RS method at

a solute molar fraction of xgas = 0.001 mol mol ™.

show repulsive hydrogen bonding interaction with water, which
increases along with their hydrophobicity. However, the water
affinity of [C,min][MeSO,] is attributed to electrostatic interac-
tions that favour the minimisation of the total energy of the
mixture. The observed positive excess entropy in the [H,O + IL]
systems, i.e., a negative —TS" value, is a product of an enthalpy-
entropy compensation effect: higher repulsive molecular inter-
actions promote a “higher disorder” within the mixture, and
vice versa. Lastly, both [gas + H,O] systems show a massive
unfavourable deviation from the ideal solution (Fig. 12d). CO,
and CH, in water have a positive excess free energy and
enthalpy, along with negative excess entropy (positive —TS"
values). Only favourable van der Waals forces contributions are
observed for methane in water, which is in line with the smaller
activity coefficient of CH, than of CO,.

On the whole, computed solubilities and excess energies
analysis of binary mixtures support the observed performance
in mixed CO,/CH, separation with IL-based SLMs. As discussed
above, the outcomes of predicted properties are in line with the
notion that gas solubility differences dominate gas separation.
The studied ILs show a poor affinity for carbon dioxide yet
stronger repulsive interactions with methane. The observed

This journal is © The Royal Society of Chemistry 2025

thermodynamic equilibria limit the CO, permeability and drive
the selectivity, a trend potentiated by the presence of water in
the mixture.

Conclusion

With performance comparable to polymeric membranes, the
studied SLMs formed by a PVDF porous support ILs, [C,min]
[MeSO,4], [Cymin][BF,], and [C,min][PF], show potential for gas
separation applications. This piece of work discusses their
suitability and trade-off between the SLM nature and capacity
for biomethane purification and carbon capture. Higher SLM
hydrophilicity offers an improvement in selectivity but
decreases the membrane stability in humid gas processing.
[C,min][MeSO,4]-SLM and [C,min][BF,]-SLM exhibit good
transmembrane pressure resistance in dry conditions; however,
their stabilities under wet conditions are reduced by 48% and
28%, respectively. Conversely, the hydrophobic [C,min][PF¢]-
SLM displays less resistance to the pressure but no significant
stability changes with the humidity of the gas. The SLM stability
diagrams provide a detailed material representation by delim-
iting the process boundaries and variable operation windows,
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enabling the behaviour prediction of membrane modules in
large-scale applications.

Membrane performance is also affected by the water sorp-
tion from the wet gas stream. A humid environment reduces the
solvent viscosity, promoting molecule mobility. However, its
effect on gas diffusion and solubility depends on further
interactions that arise within the mixture. Dissolved water in IL
acts by reducing methane absorption capacity with a minor
effect on CO, solubility. Despite the better CH, solubility in
pure [C,min][MeSO,], its complexation ability with CO,
increases the polarity of the mixture even further, improving the
methane rejection and, hence, the selectivity. Pure [C,min][BF,]
exhibits lower CO, and CH, solubilities yet a better CO, diffu-
sional effect that favours the separation performance. However,
it is highly affected by water presence, decreasing carbon
dioxide diffusion and methane solubility, meaning a lower CO,
permeability with better selectivity. Although [C,min][PF]
shows the best CO, diffusional effect, it has strong repulsive
interactions with CO, and a favourable entropic effect for
methane dissolution. In consequence, it displays a lower sepa-
ration performance in comparison to the other two IL-based
SLMs. Yet gas diffusion and solubility in [Cymin][PF] are less
affected by water sorption, offering a more reliable operation.

This work is an example of the “tailoring” capability of ILs,
which is widely advocated in the field. The cation-anion pair
and solvent-support can be aligned towards a desired property
for the target process. However, as evidenced by this work, they
are constrained by the trade-off between the effectiveness and
feasibility of their use in real applications. Material develop-
ment in this context will effectively enhance sustainable sepa-
ration methods to promote the establishment of a sustainable
bioeconomy.
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