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Abstract

Poly(ionic liquid)s (PIL) have emerged as a class of versatile polyelectrolites,
that can be used to prepare new materials able to achieve superior
performances compared to conventional polymers. The combination of PILs
with ionic liquids (ILs) may serve as a suitable matrix for the preparation of
membranes for gas separation. In this work, mixed matrix membranes (MMMs)
combining a pyrrolidinium-based PIL, an IL and three highly CO,-selective
metal organic frameworks (MOFs) were prepared. The different MOFs (MIL-53,
Cu3(BTC), and ZIF-8) were used as fillers, aiming to maximize the membranes
performance towards the purification of syngas. The influence of different MOFs
and loadings (0, 10, 20 and 30 wt.%) on the thermal and mechanical stabilities
of the membranes and their performance in terms of CO, permeability and
CO,/H; ideal selectivity was assessed. The compatibility between the materials
was confirmed by SEM-EDS and FTIR spectroscopy. The prepared MMMs
revealed to be thermally stable within the temperature range of the syngas
stream, with a loss of mechanical stability upon the MOF incorporation. The
increasing MOF content in the MMMs, resulted in an improvement of both CO;
permeability and CO./H, ideal selectivity. Among the three MOFs studied,
membranes based on ZIF-8 showed the highest permeabilities (up to 97.2
barrer), while membranes based on MIL-53 showed the highest improvement in
selectivity (up to 13.3). Remarkably, all permeation results surpass the upper
bound limit for the CO,/H, separation, showing the membranes potential for the

desired gas separation.
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1. Introduction
The increasing carbon dioxide (COz) concentration in the atmosphere has been
one of the major concerns of the 21% century. Much of these CO, emissions are
due to the burning of fossil fuels, which is one of the main sources of power
generation in many countries. Despite the efforts to reduce CO, emissions and
the continuous search for alternative sources of power generation, the
combustion of fossil fuels will continue to play a major role in this area, because
the energy supplied by renewable sources is still not sufficient to meet the
current energy demands. Therefore, it is imperative to develop new and more
cost-effective solutions concerning the capture and storage (CCS) of CO; [1].

The removal of CO, from pre and post combustion gas streams has been one
of the main goals of the CCS technology. Over the past decades, different
methods for CO, separation from various gas mixture streams have been
investigated, such as chemical and physical absorption, adsorption, cryogenic
distillation and membranes [2]. Nowadays, membrane technology is considered
a very promising alternative to the conventional methods used to
separate/purify gas streams. In the past years, gas separation through
membranes has been deeply studied for the removal of CO, from flue gas
streams (CO2/Ny) [3,4], natural gas/biogas streams (CO2/CH,) [5,6] and fuel gas
or syngas (CO2/Hy) [7,8]. The latter is particularly interesting since it not only
involves the separation of CO, from the gas mixture, but also allows the
purification of H, that can be used as a clean energy source.

However, one of the major challenges concerning membranes for COy/H;
separation is the development of highly permeable and selective materials that

can also combine superior thermal and mechanical stabilities [9].
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Poly(ionic liquid)s (PILs), are a type of polyelectrolites, prepared from
polymerizable ionic liquid monomers. PlLs are considered a new class of
versatile functional materials that combine the chemical tunability and high CO,
selectivity of ionic liquids (ILs) with the intrinsic macromolecular properties of
polymers [10]. lonic liquid-based membranes have already demonstrated the
potential to outperform the conventional materials available for gas separation
membranes, indicating its potential to be used in industrial applications [11-15].

The major advantage of using a PIL instead of an IL is the enhanced
mechanical stability and improved processability, over the corresponding IL
species. Despite the fact that PILs can provide a new platform to design IL-
based materials for CO, separation, the low gas permeability and diffusivity
through the solid polymer matrix achieved with neat PIL membranes led to the
development of PIL/IL composite membranes, which combine the best
functionalities of both materials, resulting in enhanced CO, transport properties
[11,16—-18]. Much attention has been given to the chemical compatibility of both
materials, so that free-standing homogeneous composite membranes could be
prepared and, its performance towards CO, separation maximized [11].

Other strategies can also be used to improve the CO, separation performance
of PIL/IL membranes including the incorporation of nanofillers, such as metal
organic frameworks (MOFs). These compounds are a class of porous organic-
inorganic materials composed by a network of metal ions clusters linked to
organic ligands [9]. The selection of the most proper linker-metal ion pair
enables the tunability of these materials in terms of cavity size, surface area

and chemical nature, in order to achieve specific properties towards the desired
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application [19]. These unique properties distinguish MOFs from other types of
porous fillers, such as zeolites, aerogels and carbon-based materials [20—-22].
Incorporation of porous nanofillers into PIL/IL composite membranes has
been recently studied and their potential towards CO, separation was reported,
with promising results concerning the membranes separation performance. Hao
et al. [23] prepared a series of three-component mixed matrix membranes
(MMMs), consisting of a vinyl-based PIL [vbim][Tf;N], free ILs [Comim][BF4],
[Comim][TfaN] and [Comim][B(CN)4] and ZIF-8 nanoparticles, for CO2/N, and
CO,/CH4 separation. The authors concluded that all membranes exhibited an
increase in CO, permeability, with minimal variations in the gas pair selectivity.
Hudiono and co-workers [24] studied the effect of the zeolite SAPO-34 loading
(up to 40 wt.%) on the CO./N, and CO,/CH4 separation performance using
MMMs, comprising a styrene-based or vynil-based PIL and IL [Comim][Tf,N].
The obtained results showed that the addition of zeolite particles increased the
CO, permeability and selectivity of the MMMs, as long as there was an
adequate amount of IL, to coat the surface of the SAPO-34 particles and
compatibilize them with the polymeric matrix. The authors also observed that
the increase on IL content and fixed SAPO-34 concentration (20 wt.%), resulted
in an overall improvement of gas permeability due to a higher diffusivity through
the polymeric matrix. More recently, in an attempt to determine and optimize the
factors affecting CO,/CHs separation performance in PIL/IL/zeolite MMMs,
Singh et al. [25] produced membranes combining a cross-linked PIL, an IL and
zeolite particles. The authors reported MMMs with CO./CH, separation

performances above the 2008 Robeson upper bound limit [26].
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Bearing in mind the encouraging results mentioned above for PIL/IL/Inorganic
filer MMMs, this work reports the preparation and characterization of a new
group of MMMs, comprising a pyrrolidinium-based PIL,
poly(diallylmethylammonium)bis(trifluoromethylsulfonyl) imide, poly[Pyr11][Tf2N],
an IL comprising the same structural anion, 1-butyl-3-methylpyrrolidinium
bis(trifluoromethylsulfonyl) imide, [Csmpyr][TfoN], with three different MOFs
(MIL-53, Cu3(BTC), and ZIF-8), which have been reported to present high
potential for CO, adsorption [27-29]. Pyrrolidinium-based PlLs have proven to
be a suitable polymeric matrix for CO, separation membranes. Moreover, the
synthetic route used for pyrrolidinium-based PILs is straightforward: A simple
metathesis reaction is performed using a commercially available polyelectrolite,
without need of synthetic and purification steps at the monomer level, as
required for imidazolium-based PlLs [16,17]. It is expected that the
incorporation of highly CO,-selective MOFs into composite membranes with
structurally similar PIL and IL, will induce higher CO, separation performances.
Gas permeation experiments were performed for pure CO, and H; and the
membranes’ separation performance was assessed. Also, membranes
characterization was performed by Fourier Transform Infrared spectroscopy
(FTIR), Scanning Electron Microscopy with Energy Dispersive Spectroscopy
(SEM-EDS), Thermogravimetric Analysis (TGA) and mechanical properties

through puncture tests.
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2. EXPERIMENTAL
2.1.Materials

Poly[Pyr11][Tf2N], previously sinthesized [30], and [Csmpyr][Tf2N], supplied by
lolitec (Germany) with a mass fraction purity of 99%, were used as PIL and IL,
respectively, to prepare the membranes. MIL-53(Al), Cu3(BTC), and ZIF-8 were
synthesized by BASF SE (Germany) and supplied by Sigma Aldrich (Portugal),
as Basolite™ A100, Basolite™ C300 and Basolite™ Z1200, respectively.
Dimethylformamide (DMF) was suplied by Sigma Aldrich (Portugal) and used as
solvent. Carbon dioxide, CO, (high purity grade, 99.998%) and hydrogen, H;
(purity grade > 99.99%) gases were supplied by Praxair (Portugal). Table 1
provides a description of the MOFs characteristics used in this work.

Table 1. Characteristics of MOFs used in this work.

Cavit Particle Porous  BET
Chemical avity . volume surface
MOF diameter size 3 . Refs.
formula A) (um) gcm g area
) (m*g")
MIL-53 CosH12AILO12 9 0.2 0.30 1100- [27,31,32]
1300
Cu3(BTC)2 C4sHsCuzO12 9 10 0.50 1300- [27,32,33]
1800
ZIF-8 CsH10NsZn 11 0.3 0.62 1500- [27,32,34]
1700

2.2.Preparation of PIL-based mixed matrix membranes
PIL/IL composite membrane and PIL/IL/IMOF MMMs with different MOF
concentrations (10, 20 and 30 wt.%) were prepared through the solvent

evaporation method. Initially, 0.6 g of poly[Pyr4][Tf2N] and 0.4 g of
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[Campyr][Tf2N] were dissolved in 8 mL of DMF. The resulting solution was then
magnetically stirred for 8 hours (MIX 15 eco, 2mag). Simultaneously, the
additive solutions were prepared in separate vials, by dissolving 0.1 g (10
wt.%), 0.2 g (20 wt.%) or 0.3 g (30 wt.%) of MOF in 8 mL of DMF. These
solutions were then sonicated in an ultrasound bath for 4 hours and then stirred
for the same period. Afterwards, the solutions were mixed and left stirring
overnight. Finally, membrane solutions were casted in Teflon plates and heated

over a period of 7-8 hours at a constant temperature of 343 K.

2.3.Characterization of membranes
2.3.1. Fourier Transform Infrared spectroscopy (FTIR) analysis
The FTIR analysis was performed in order to confirm the incorporation of both
IL and MOFs in the membranes and also to determine the interactions
established between the materials in the membrane. The FTIR spectra of the
pure PIL, IL, MOFs and the prepared MMMs were acquired using a Perkin
Elmer Spectrum two spectrometer. All spectra were collected using 10 scans,

from 400 to 4000 cm™.

2.3.2. Scanning Electron Microscopy with Energy Dispersive
Spectroscopy (SEM-EDS)

The distribution of the MOF in the PIL/IL matrix, as well as the compatibility

between the MOF, IL and PIL phase in the MMMs were investigated through

Scanning Electron Microscopy equipped with Energy Dispersive Spectroscopy

(SEM-EDS). The SEM-EDS images were acquired using a JEOL 7001F

scanning electron microscope (FEG-SEM, JEOL, USA Inc.) equipped with a
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field emission gun operated at 15 kV. All tested samples were coated with a thin

Pd/Au layer.

2.3.3. Thermogravimetric Analysis (TGA)
The thermal stabilities of the PIL, IL, MOFs, and all prepared MMMs were
evaluated by thermogravimetric analysis (TGA), using a TA Instrument Model
TGA Q50. The pure MOFs, PIL, IL, PIL/IL composite membrane and prepared
MMMs were heated from ambient temperature to 1073 K, at a heating rate of 10
K min™. All the experiments were carried out under a constant nitrogen flow of
40 mL min™. The obtained data was analysed using a Universal Analysis 4.5A

software.

2.3.4. Mechanical Properties
The normalized puncture strength and elongation at break of the MMMs were
evaluated through puncture tests, using a TA XT Plus texture analyser (Stable
Micro Systems, UK). The prepared membranes were punctured through a hole
with a cylindrical probe of 2 mm diameter, at a constant speed rate of 1 mm s™.
For each membrane, at least three replicates were made and the mean value of
the obtained normalized puncture strength and elongation at break was
determined. The puncture strength was calculated according to the following

equation

F
o =K'(1)

where o is the puncture strength (Pa), F is the force exerted by the probe (N)

and A is the probe area (m?). To more accurately compare the experimental
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results, the puncture strength was normalized so the membrane thickness

would not influence the obtained results, according to the equation

(0]
Op = T' (2)
where o, is the normalized puncture strength (MPa mm™) and / is the

membrane thickness (mm).

2.3.5. Pure Gas Permeation experiments
Single gas CO; and H; permeabilities and COy/H, ideal selectivity were
determined using a gas permeation setup described elsewhere [15]. The
system is composed by a stainless steel cell with a feed and permeate
compartments, separated by the membrane. To ensure a constant temperature
during the experiments, the permeation cell was placed in a thermostatic water
bath (Julabo GmBH ED, Germany), where the temperature was set at 303 K. All
experiments started by pressurizing each compartment with CO, or H;, and,
after the pressure was stabilized, a transmembrane driving force of about 0.7
bar was established. The pressure variation over time, in each compartment,
was measured by pressure transducers (Druck PCDR 910, 99166 and 991675,
UK). The pressure monitoring and data acquisition were controlled by an in-
house developed software. The permeability of each pure gas through each

membrane was calculated according to:

1 Pt~ ey _ 1 0t
B Pfeed - Pperm B AP 1

where preed @and pperm are the pressures (bar) in the feed and permeate sides,

respectively, P is the membrane permeability (m? s™'), t is the time (s), and / is
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the membrane thickness (m) [35]. 8 (m™) is dependent of the cell geometry, and

is given by the following equation:

B= A( - ) @
ered Vperm ’

where A is the membrane area (m?) and Vfeeq and Vperm represent the
volumes (m?®) of the feed and permeate compartments, respectively. The pure
gas permeability can be determined by ploting 7/8 In(APy/AP) as a function of
t/l. The ideal selectivity was calculated by dividing the permeability of the more
permeable specie (CO;) by the permeability of the least permeable specie (H>),

according to:

PC02
o = ,(5
€Oy /Hz PHZ ( )

3. RESULTS AND DISCUSSION
3.1.FTIR analysis

The interactions established between materials in the MMMs were studied by
FTIR spectroscopy. MMMs with 30 wt.% MOF loading were analysed, in order
to have a sufficient concentration of MOF for the equipment to clearly detect it.
The FTIR spectra of the PIL/IL composite membrane, MOFs and respective
MMMs are depicted in Figure 1. In the PIL/IL membrane spectrum, the bands
between 3030 cm™ and 2860 cm™ and the band at around 1473 cm™ are
attributed to the CH2 stretching vibrations and CH3 bending vibrations
originating from the methyl units of the cationic backbone, respectively. Bands
at 1347 cm™, 1175 cm™, 1132 cm™ and 1050 cm™ are attributed to the Tf,N

anion [16].
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The obtained IR patterns of the MOFs studied are similar to those found in
literature. For MIL-53, the peaks at 1577 cm™ and 1508 cm™, are characteristic
of carboxylate groups which are coordinated to Al. More specifically, these
peaks are attributed to the asymmetric CO, stretching mode of carboxylic
groups. The peak observed at 1417 cm™ corresponds to the CO, symmetric
stretching vibration [31,36].

For Cus(BTC)y, the region between 1650 cm™ and 1150 cm™ corresponds to
bands associated with carboxylate groups of the BTC ligand. The region below
1150 cm™ is where most vibrational modes of the BTC ligand are detected. The
peak at 1110 cm™ and the peaks at 758 cm™ and 729 cm™ correspond to the in-
plane and out-of-plane C-H bending modes, respectively, all associated with the
aromatic ring of the BTC ligand [37].

The ZIF-8 spectrum shows a small peak at 3000 cm™, possibly due to the C-H
stretching vibrational mode of the methyl group present in the linker. The peak
at 1584 cm™ corresponds to the C=N bond stretch modes, while the peaks at
1447 cm™ and 1383 cm™ correspond to the entire ring stretch. The region
between 1311 cm™ and 995 cm™ is attributed to an in-plane bending of the ring,
while the region between 759 cm™ and 685 cm™ corresponds to the aromatic
sp? C-H bending. The peak observed at 421 cm™ is characteristic of the metal
Zn [34].

The MMMs with 30 wt.% MIL-53 and Cus(BTC),, present peak location shifts
to lower wavenumbers, compared to the PIL/IL membrane spectrum (1672 cm’™
to 1600 cm™ and 1672 cm™” to 1636 cm™, respectively), which probably
corresponds to molecular interactions between the MOF and the PIL/IL. Peak

location shifts to lower wavenumbers usually results from the formation of
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hydrogen bonds between molecules, such as the MOF particles and the PIL/IL.
On the other hand, the spectra of the MMM with 30 wt.% ZIF-8 does not present
any peak location shift, suggesting that no strong chemical interaction occurs
between the components, as also observed in previous works [34]. This may be
due to the chemical nature of ZIF-8, which prevents the MOF from forming

polar/hydrogen bonds with other materials [38,39].
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283 Figure 1. FTIR spectra of the PIL/IL membrane, MOFs and respective MMMs with 10 20 and 30

284  wt% MOF loading.
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286 3.2.SEM-EDS

287  Figure 2 (a-f) shows the obtained cross-section (a, ¢, €) and SEM-EDS images
288 (b, d, f) of the prepared MMMs with 30 wt.% MIL-53 (a, b), Cu3(BTC); (c, d) and
289  ZIF-8 (e, f). SEM-EDS images show the distribution of the MOF particles in the
290 membrane surface, by identifying the metal element present in the MOF: Al in
291  MIL-53 (blue), Cu in Cu3(BTC), (red) and Zn in ZIF-8 (green). It can be seen
292 that dense PIL/IL membranes with an homogeneous MOF dispersion
293  throughout the membrane surface were achieved, indicating a good interaction
294  between the MOF particles and the PIL/IL composite matrix, without significant
295 particles agglomerates or visible deformations. Although only MMMs with 30
296  wt.% MOF loading are presented in Figure 2, a dense morphology with a good
297  MOF dispersion was achieved for all the prepared MMMs. It is important to note
298 that a homogeneous MOF dispersion in the PIL/IL membrane is essential to

299  obtain high gas separation performances, especially in terms of selectivity.

100pm 100pm 100pm

Figure 2. Cross-section (a, c, e) and surface (b, d, f) images of the prepared MMMs with 30 wt% MIL-53 (a,
b), Cu3(BTC)2 (c, d) and ZIF-8 (e, f), respectively. The colors blue, red and green represent the distribution of

the metal present in MIL-53 (Al), Cu3(BTC)2 (Cu) and ZIF-8, respectively.
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3.3.Mechanical Properties

Table 2 shows the mechanical properties of the PIL/IL composite membrane
and MMMs with 10, 20 and 30 wt.% MOF. The normalized puncture strength for
MMMs with 20 and 30 wt.% of Cuz(BTC), and ZIF-8 is lower when compared to
the PIL/IL composite membrane. This can be a result of the lower free volume
available. Due to the presence of inorganic particles, the polymer chains have
lower mobility within the composite membrane, which also explains the
decrease of their elongation/flexibility properties. On top of that, this effect can
also be attributed to randomly distributed filler agglomerates in the MMMs, that
can act as stress concentrators and reduce the strength of the membrane, even
though these agglomerates were not detected in the SEM analysis. This is in
agreement with what has been discussed and reported in previous works [27].

Conversely, increasing the content of MIL-53 in the PIL/IL material promoted
a continuous increase in the puncture strength. This means that the chemical
nature of the MIL-53 is more compatible with the PIL/IL matrix, suggesting that
stronger interactions between MOF particles, PIL and IL may be probably

formed.
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Table 2. Normalized puncture strength and elongation at break of the prepared PIL/IL

composite membrane and MMMs with 10, 20 and 30 wt% MOF loading.

Normalized

MOF MOF loading (%) puncture _s1trength Erlgggezif)n at
(MPa mm™)

- 0 1.03+0.05 20.16+1.16
10 2.23+0.19 9.05+0.20

MIL-53 20 2.30£0.10 6.45+0.17
30 3.24+0.06 3.75+0.47
10 0.93+0.03 6.01+0.78

Cu3(BTC), 20 0.66+0.04 4.05+0.35
30 0.59+0.04 1.79+0.64
10 1.45+0.10 8.57+0.70

ZIF-8 20 0.7310.03 4.51+0.34
30 0.37+0.01 1.85+0.13

3.4. Thermogravimetric analysis
Figure 3 shows the TGA profiles of the prepared PIL/IL composite membrane,
pure MOFs and respective MMMs. The obtained TGA profiles of the MOFs
used in this work are very similar to those reported in the literature [27,32,33]. In
general, the prepared MMMs show a weight loss stage when the temperature is
raised to 473 K, possibly due to evaporation of some residual solvent, except
for MMMs with ZIF-8. All the MMMs show similar behaviour to that of the
composite membrane until around 573 K. The thermal decomposition (T4) of the
PIL/IL membrane starts around 654 K. It has been observed that the Ty
decreases with increasing MOF loading, down to 639 K, 598 K and 615 K for
the MMMs with 30 wt.% loading of MIL-53, Cu3(BTC), and ZIF-8, respectively.

Above this temperatures it is possible to see a continuous weight loss, which



333 consequently results in a complete degradation of the membrane. Similar
334 results for MOF-containing MMMs have been obtained in previous works
335  [40,41].

336 Since syngas streams temperature ranges from 313-523 K [11] and no major
337 weight losses were detected in this range of temperature, the obtained TGA
338  results show that the proposed MMMs may be suitable for application in CO2/H;

339  gas separation.
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Figure 3. TGA profiles of the pure MOFs, PIL/IL composite membrane and MMMs with 10, 20 and 30

wt% MOF loading.
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3.5. Pure gas permeation experiments

The measured single gas permeability and CO,/H; ideal selectivity of the PIL/IL
composite membrane and MMMs, are shown in Figure 4 and Figure 5,
respectively. For a 10 wt.% MOF incorporation, MMMs with Cu3(BTC), and ZIF-
8 show lower CO, permeabilities, compared to the PIL/IL composite membrane
probably due to an increase in tortuosity caused by the low concentration of
MOF particles, as they may restrain the diffusion of gases through the
membrane [42,43]. Nevertheless, with a continuous increase in MOF loading
this obstacle was surpassed, which resulted in increased CO, permeabilities,
surpassing the obtained value for the PIL/IL composite membrane, with the
highest permeability value here obtained for the 30 wt.% loading MMMs.

Unlike many reported results for CO, and H, permeability in membranes
made with more conventional polymers [34,44,45], in this work we observed
that CO, permeability is much higher than that of H,. The H, permeability also
increases with increasing MOF loading, but this increase is not as significant as
it is for CO,. Even though H, has a lower kinetic diameter (2.9 A) compared with
CO; (3.3 A), the condensability, the high ionic content of the PIL and IL, and the
interactions between CO, and the membrane materials, improved the CO,
permeability, since this gas is much more soluble in the membrane, compared
to H,[46,47].

In fact, due to the favoured CO, permeability, a continuous increase in the
CO,/H; ideal selectivity with increasing MOF loading can be observed in Figure
5, surpassing the obtained result for the PIL/IL composite membrane. This
happens probably due to the occurrence of specific interactions between the

CO; and the MOF frameworks, due to the high CO, adsorption capacity of
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these materials. This leads to a preferential CO, adsorption that ensures a
discrimination between the gas molecules, improving the selectivity of these
MMMs [27].

Attention should also be given to the influence of the MOF type. The role of
the MOFs in the membranes separation performances can be differentiated
based on their porous volume, cavity topology and BET surface area (Table 1).
From Figure 4, it can be observed that, overall, the CO, permeability increases
in order MMM/MIL-53<MMM/Cu3(BTC),<MMM/ZIF-8. This trend may be related
to the higher porous volume of ZIF-8 and BET surface area as it can be seen in
Table 1, compared to that of Cus(BTC), [27,32]. This confirms that CO,
permeability is influenced not only by the adsorption properties and solubility
coefficient, but also by the diffusion coefficient, namely the cavity size and the

porous volume of the MOF in the membrane.
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Figure 4. Single-gas CO, permeability of the prepared PIL/IL composite

membrane and MMMs with 10, 20 and 30 wt% MOF loading.
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Figure 5. CO,/H, ideal selectivity of the prepared PIL/IL composite membrane

and MMMs with 10, 20 and 30 wt% MOF loading.

In order to more accurately evaluate the overall MMMs performance, the
upper bound correlation for CO,/H; separation is represented in Figure 6. These
upper bound limits were first studied by Robeson et al. [26], for the H,/CO;
separation based on data obtained from measurements performed at low
temperatures, where the results showed that the permeability of H, was much
higher than that of CO,. Later, different works showed that, depending on the
membrane materials and their interactions with the gas molecules, it is also
possible to obtain a higher CO, permeability compared to H,. This led to the
development of a new by Rowe et al. [48] , from which resulted the upper bound
relation seen in Figure 6. Regarding the CO»/H; separation, it is observed that
not only all results obtained in this work are above the upper bound limit, but
also a clear improvement over the PIL/IL composite membrane was achieved.
These results show that the incorporation of COs-selective MOFs in the
membrane offers clear advantages and can be considered a viable option in

COy/H;, separation.
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A MMM/10% Cu,(BTC),

4. CONCLUSIONS
In this work, poly(ionic liquid)-based mixed matrix membranes (MMMs) were
prepared, with a pyrrolidinium-based PIL and an IL containing the same
structural anion, [Tf2N], serving as a composite matrix. The influence of different
MOF incorporation degrees on the MMMs gas separation performance as well
as on their thermal and mechanical stabilities was evaluated. The obtained
MMMs were also analyzed by SEM-EDS and FTIR spectroscopy, to confirm the
successful incorporation of both IL and MOF particles in the membrane, which
resulted in a homogeneous and defect-free structure. Thermally stable MMMs,
within the temperature range of the syngas stream, were obtained.

According to the results of the pure gas permeation experiments, an
improvement in both CO, permeability and CO,/H, ideal selectivity was
achieved. These results were mainly attributed to the high ionic content of the

PIL/IL composite matrix and the high CO, adsorption properties of the MOFs.
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Also, the membranes permeability was considerably influenced by the intrinsic
characteristics of the incorporated MOFs, namely their porous volume, cavity
topology and BET surface area. Among the three different types of MMMs,
membranes based on MIL-53 showed the highest improvement in ideal
selectivity (up to 13.3), while membranes based on ZIF-8 achieved the highest
results for CO, permeability, up to 97.2 barrer with 30 wt.% loading.

Moreover, the prepared membranes were able to surpass the CO./H, upper
bound limit, due to the simultaneous improvement in permeability and
selectivity. The above mentioned results may be an indicator of the potential of
the prepared membranes for the CO,/H, separation from syngas streams, and
also of the advantage of incorporating CO,-selective MOFs to induce higher
separation performances.

Future work will be focused on gas permeation experiments at experimental
conditions that mimic those of a real syngas stream, in terms of gas
composition, pressure and temperature. Furthermore, the effect of water vapor

in the membranes separation performance will also be assessed.
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