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ARTICLE INFO ABSTRACT

Keywords: Membrane-based CO, separation technology is a promising technology with low operating and energy costs and
Mixed matrix membranes high scalability. This work describes the influence of synthetic silico-metallic mineral particles (SSMMP) and
SSMMPs

SSMMP/ionic liquids (IL) associated with polysulfone (PSF) to produce new mixed matrix membranes (MMM)
for post-combustion technology. SSMMP is the precursor of synthetic talc undergoing no hydrothermal process
resulting in a low-cost, energy-demanding, and CO,-free emission material due to its synthesis process. SSMMP
have many reactive OH groups free on their surface making this material ideal to be compatibilized in a poly-
meric matrix. IL was immobilized in SSMMP to further improve CO, affinity. As far as we know, this is the first
time this material has been used to obtain MMMs. MMMs were prepared with concentrations of 0.5, 1, 2 and 3 wt
% of fillers via melting solution and solvent evaporation. The obtained MMMs were characterized by scanning
electron microscopy (SEM), energy dispersive spectroscopy (EDS) with elemental mapping, thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC) and X-ray diffraction (XRD). Permeability analyses were
carried out at 25 °C and 0.4 MPa. The addition of pristine SSMMP and SSMMP/Im(nBu)Tf,N improved mem-
brane selectivity decreasing the permeability for the majority of tested filler content. When using SSMMP/Im
(nBuw)I to obtain MMM a different behavior was observed decreasing selectivity (except for MMM with 2% (w/
w) of filler) and increasing permeability in all studied concentrations. The best result was obtained for sample
SSMMP/Im(nBu)TfaN (2% w/w) achieving a selectivity of 71.9, four times higher than pristine polysulfone
membrane.

CO,/N; separation
Ionic liquids

1. Introduction

The mitigation of environmental impacts caused by carbon dioxide
(COy) emissions is urgent. The burning of fossil fuels plays an important
role in climate change being imperative to capture and store the CO5 to
avoid the environmental impact this gas is causing in the atmosphere.
Post-combustion CO5 capture technology is a strong ally for this purpose
separating mainly CO5 from Nj. This technology can be adapted to most
existing coal-fired power plants, absorption, adsorption, and membranes
being the most important CO, capture technologies in this system [1-4].

The use of membranes for gas separation is increasing in industry.
Membrane technology offers significant advantages, such as low capital
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investment and minimum energy requirements compared to the
benchmark amine technology. Membrane materials can be broadly
classified into polymeric, inorganic and mixed matrix membranes [5,6].
However, some challenges need to be overcome for this technology to be
fully accepted in the industry, the trade-off phenomenon presented by
Robeson is the most notable [7]. The ideal membrane should present
high selectivity and permeability maximizing the separation. However,
as permeability increases, selectivity decreases and vice versa [7,8]. One
way of surpassing membrane limitations is by adding fillers to a poly-
meric matrix and obtaining new mixed matrix membranes (MMMs).
MMMs combines the properties of a polymeric matrix with gas-selective
inorganic fillers. Different fillers are being studied, including zeolites
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[9-12], silicas [13-16], carbon nanotubes [17-19], metal-organic
frameworks (MOF) [20-23], and mesoporous materials, among others
[24-28]. Kalantari [29] tested natural talc as filler in polysulfone
polymer matrix for CO, removal from natural gas. Results indicate that
increasing the talc content increases gas permeability, and slightly de-
creases selectivity. Furthermore, the thermal properties of the synthe-
sized membranes were improved, due to the filler’s superior thermal
degradation properties [29]. The use of natural talc as filler to obtain
MMNMs is poorly described in literature while no references were found
for the use of synthetic talc and SSMMP.

Natural talc is widely used in industry in a range of applications, both
for material properties improvement and/or to reduce manufacturing
costs. Synthetic talc emerged to overcome natural talc drawbacks, such
as heterogeneity due to the different ores mixture and the difficulty of
achieving small and homogeneous particles, since natural talc is
amorphized after too strong grinding [30-33]. The addition of natural or
synthetic talc and SSMMP to polymeric matrix aims to improve stiffness
and heating resistance [31,34].

Literature describes the use of synthetic talc and SSMMP in
polyurethane-based composites [35,36]. The use of synthetic talc as
filler in water-based polyurethane nanocomposites obtained by in situ
polymerization produced materials with superior thermal properties
[35]. Interaction of hydroxyl groups present in the synthetic talc favors
the interaction filler/polymer improving thermal stability. When Fe304
synthetic talc was used as filler in water-based polyurethane ferromag-
netic composites, improved mechanical properties were obtained [36].
Synthetic talc was also described to improve thermal and mechanical
properties of polypropylene and polyamide 6 [37]. The best result was
obtained for composites synthetic talc-PA6 due to the interaction of filler
polar groups and the polyamide 6.

SSMMP, the precursor of synthetic talc, is obtained at room tem-
perature by the coprecipitation of sodium metasilicate and magnesium
acetate, with an adequate Mg/Si ratio (3/4), undergoing no hydro-
thermal treatment as needed to obtain the synthetic talc [31,38]. It is
precisely in this aspect that the advantage of SSMMP over synthetic talc
resides, the lower energy expenditure for manufacturing the filler. The
search for materials able to capture COy with a low environmental
footprint, low cost and large-scale production capacity is crucial to make
this process feasible. The use of SSMMP as filler has the advantage of the
low environmental impact of their synthesis when compared to zeolites,
and MOFs, besides meeting the requirements to be used as filler to
produce MMMs [39-41]. Another advantage of SSMMP is the presence
of hydroxyl groups capable of creating strong compatibility with poly-
meric matrices by hydrogen bond formation. The amount of hydroxyl
groups is higher in SSMMP than in synthetic talc, SSMMP being an
amorphous material forming no lamellae, while synthetic talc is a
crystalline material [31,34].

It is well known and described in literature [42,43] that adsorbent
materials properties can be improved when modified with ionic liquids
(ILs). ILs have a high affinity for CO5 increasing mass transfer rate. ILs
impregnation in porous structures of solid supports can also improve the
adsorption kinetics through the formation of thin IL films on the inner
walls of the solid support [44]. In mixed matrix membranes, the pres-
ence of ionic liquids usually improves permeability and/or selectivity.

Huang et al. [45] prepared Pebax mixed matrix membranes with
ionic liquid-modified graphene oxide (GO). Results indicate an
improvement of over 90% in COy/N; selectivity and 50% in CO,
permeability for the GO-IL MMMSs compared to the pure Pebax mem-
brane. Furthermore, the incorporation of IL-NH; improved the interfa-
cial interaction and the filler-polymer compatibility.

Polysulfone membranes are well described in literature due to their
good properties, such as thermal and mechanical resistance, high tensile
strength and pressure resistance. It also exhibits significant resistance to
acidic or basic environments, over a significant range of concentrations
and temperatures [46,47]. Numerous studies have been carried out
using polysulfone as a polymeric matrix in MMMs with good results
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[48-52].

In the present work, SSMMP and SSMMP functionalized with IL, Im
(nBw)Tf,N or Im(nBu)I, were used as fillers in the polysulfone polymer
matrix to obtain new MMMs. Obtained membranes were tested in a
CO9/Ny mixture. Pristine polysulfone membrane selectivity and
permeability for the COy/N2 mixture were evaluated and used to
compare with the performances of synthesized MMMs. According to
literature, no previous study was found on MMMs using SSMMP as fillers
indicating that these results can open new perspectives and future
research.

2. Materials and methods
2.1. Materials

Polysulfone (pellets) with an average molar mass of approximately
35,000 was purchased from Sigma Aldrich. Tetrahydrofuran (99% pu-
rity) used as solvent was obtained from Dinamica, Brazil. The CO5 and
Ny, gasses (purity of 99.80% and 99.99%, respectively), were purchased
from White Martins. For SSMMP production, sodium metasilicate pen-
tahydrate was obtained from Dinamica, Brazil, and magnesium acetate
tetrahydrate from Merck (purity of 99.5%). For SSMMP/ionic liquids
production, the reagents sodium iodide and lithium salt of bis(tri-
fluoromethane)sulfonimide [LiTfoN], were purchased from Sigma
Aldrich. All chemicals were used without further purification. 1-(trie-
thoxysilylpropyl)-3-n-butylimidazolium chloride [Im(nBu)-Cl-silane]
was made in GET laboratory.

2.2. Synthesis of SSMMP

SSMMP was obtained following literature procedures at room tem-
perature and adequate Mg/Si ratio [31,33]. The Si source is sodium
metasilicate pentahydrate (NaSiOs3.5(H20)) and Mg source is magne-
sium tetrahydrate (Mg(CH3COO),.4(H50)). Two solutions were pre-
pared. In the first one, the sodium metasilicate pentahydrate was
dissolved in water. In the second one, magnesium acetate tetrahydrate
was solubilized in water and acetic acid. Then solution 2 was added to
solution 1 under constant stirring. The obtained precipitate was washed
in distilled water and centrifuged 3 times to remove sodium acetate, and
dried in an oven at a temperature of 100 °C for 48 h.

2.3. Synthesis of SSMMP/IL

SSMMP/IL were synthesized using procedures described in literature
(W02013093339, [38]). They are obtained by functionalizing the
SSMMP by replacing 5% of the Si source (sodium metasilicate penta-
hydrate) by Im(nBu)-Cl-silane. The Cl~ anion is exchanged by TfoN
anion using LiTf,N, forming Im(nBu)Tf;N, or by I using sodium iodide to
obtaining Im(nBu)I [38]. See Figure S1 for SSMMP/IL structure.

2.4. MMMs preparation

Mixed matrix membranes were prepared following the procedure of
melting solution and solvent evaporation. The polymer matrix and fillers
were dried at 70 °C for 24 h before starting the process. Pristine mem-
brane was prepared by mixing 2 g of polysulfone in 20 mL of THF. The
mixture was kept under constant agitation for 24 h, then poured into a
Petri plate and placed for 48 h in a closed container under an inert at-
mosphere to delay the solvent evaporation and avoid bubbles formation
and moisture. A similar protocol was used to produce the MMMs with
SSMMP and SSMMP/IL (SSMMP/Im(nBu)TfsN and SSMMP/Im(nBu)I).
Initially, fillers are stirred with an adequate amount of THF (10 ml per
gram) for 2 h. Then, the polysulfone is added in the amount necessary to
form the membranes with 0.5%, 1%, 2% and 3% by mass of filler. The
filler/polysulfone solution was stirred for 24 h at room temperature.
After this time, the mixture is sonicated for 10 min in ultrasound to
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efficiently disperse the filler. Subsequently, the solution is poured into a
Petri plate and follows the drying process identical to the pristine
membrane. All membrane thickness values were measured using a
micrometer in different regions of the sample. The thickness values were
found to range from 80 to 120 um.

The produced membranes were identified according to the filler
content and type. The membranes with SSMMP received the label PSF-
SSMMP 0.5wt%, PSF-SSMMP 1wt%, PSF-SSMMP 2wt%, PSF-SSMMP
3wt%. Samples with SSMMP/IL were labeled PSF-SSMMPIm(nBu)Tf,N
0.5wt%, PSF-SSMMP/Im(nBu)TfoN 1wt%, PSF-SSMMP/Im(nBu)TfoN
2wt%, PSF-SSMMP/Im(nBu)Tf;N 3wt% for the anion TfyN. Samples
with SSMMP/IL with the anion I were labeled PSF-SSMMP/Im(nBu)I
0.5wt%, PSF-SSMMP/Im(nBuw) 1wt%, PSF-SSMMP/Im(nBu)l 2wt%,
PSF-SSMMP/Im(nBu)I 3wt%. The pristine membrane was labeled PSF.

2.5. Characterization

2.5.1. BET

SSMMP surface area was calculated using the method developed by
Brunauer-Emmett-Teller (BET). The N5 adsorption and desorption iso-
therms were determined at 77 K, using the Quantachrome NOVA 4200e
equipment. The samples were previously treated for 20 h at 120 °C
under vacuum.

2.5.2. NMR

SSMMP solid-state nuclear magnetic resonance (NMR) experiments
were recorded on a Bruker Avance 400 spectrometer equipped with a 4
mm probe operating at 399.60 MHz for 'H and 79.39 MHz for 2°Si.
Samples were rotated at the magic angle at a frequency of 5 kHz in 4 mm
diameter rotors at room temperature. The 295i MAS-NMR spectra were
obtained by a single pulse sequence with a recycle delay of 10.0 s.

2.5.3. SEM/EDS/Mapping

SSMMP morphology, as well as the evaluation of filler distribution in
the polysulfone polymeric matrix, were carried out by scanning electron
microscopy (SEM) technique. Philips Model XL 30 Microscope, equipped
with EDS and Mapping was used. The EDS and Mapping analyzes were
used to confirm the membrane distribution of the constituent elements.

2.5.4. AFM

AFM analysis was performed in the peak force tapping mode using a
Bruker Dimension Icon PT equipped with TAP150A probe (Bruker,
resonance frequency of 150 kHz and 5 Nm™! spring constant). The
scanned area of the images was 5 pm x 5 pm with a resolution of 512
frames per area.

2.5.5. TGA

TGA analysis was used to verify the influence of SSMMP on the
thermal stability of PSF membranes. MMMs were tested from 25°C to
800°C, with a heating rate of 10°C/min under Ny atmosphere.

2.5.6. DSC

Differential scanning calorimetry was performed to determine the
glass transition temperature (Tg) of the MMMs. TA Instrument Q20
differential scanning calorimeter in the range 0 °C — 250 °C and heating
rate of 10 °C/min under nitrogen atmosphere was used for analysis.

2.5.7. FTIR

FTIR analysis was used to verify the typical bonds of SSMMP and
SSMMP/IL. PerkinElmer Frontier FT-IR spectrometer with wavelengths
from 600 cm ™! to 4000 cm ™! was used.

2.5.8. XRD

MMMs and SSMMP were analyzed by XRD (X-ray Diffraction) to
evaluate the crystallinity when inserting the inorganic filler into the
polymer matrix. The test was performed on a D8 Advance A25 X-ray
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Table 1
Textural properties of SSMMP.

Sample Sper (m* g 1)
SSMMP 300.4
SSMMP/Im(nBu) Tf,N 151.0
SSMMP/Im(nBu)I 156.0

Diffractometer (Bruker).

2.6. Permeability tests

CO; and Nj permeability and selectivity of the membranes were
evaluated using a system consisting of two plates and tests carried out in
triplicate. A cavity of 4 cm in diameter is present between the two plates
where the membrane was inserted. Initially, vacuum is performed on the
membrane and system before feeding the gasses. CO, or N are fed at a
pressure of 4 bar. At the bottom, a pressure transducer computes the
amount of gas passing through the membrane over time (dP/dt).
Permeability was determined from the slope (dP/dt) of the linear
portion of the pressure versus time curve using Eq. (1) [53,54].

273.151V (dP)

Permeability = (€]

76 PAT \dt

Where Permeability is the permeation coefficient in cm®(STP)em/
(ecm?.s.cmHg) [1Barrer = 1 x 1071 cm®(STP)em/(cm?.s.cmHg)], Lis the
membrane thickness (cm), P is the feed pressure; A corresponds to the
membrane area (cm?); V is the permeation cell volume (em®); T is the
experimental temperature (K).

The ideal selectivity was calculated from Eq. (2), dividing CO5 and
Ny permeabilities.

Pcor @

A con, =
: Py,

The solution-diffusion mechanism is widely accepted as the primary
transport mechanism for gas permeation through a dense membrane
[55]. In this mechanism, the gas solubility coefficient (cm3(STP)/(cm®
cmHg)) is calculated using Eq. (3).

S = 5 3)

Where P represents the permeability and D the gas diffusion coeffi-
cient (cm?/s).

The gas diffusion coefficient was determined using the time-lag
method, which is described by Eq. (4) [56].

12

D= —
60

@

Where D is diffusion coefficient (cm?/s), 1 is the membrane thickness
(cm) and 0 is the diffusion time lag (s)determined by the linear portion of
the curve when intercepting the time-axis.

3. Results and discussion
3.1. Characterization of SSMMP and SSMMP/IL

Aiming to investigate the synthesized SSMMP and SSMMP/IL prop-
erties, a series of characterizations were performed. Table 1 presents the
textural properties of pristine SSMMP and SSMMP/ILs.

Specific surface area of SSMMP is 300.4 m?/g, higher when
compared to natural and synthetic tale, 20 m?/g and 125 m?/g,
respectively [38]. For samples SSMMP/IL, a reduction in specific surface
area was evidenced [57]. Similar results were reported in the literature,
as described by Shi and coworkers [58] for supported ionic liquids in
SBA-15 and for Mohamedali and coworkers [44] when immobilizing
[bmim][Ac] on MCM-41 and SBA-15. Solids with higher specific surface
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Fig. 1. SEM image of fillers: (a) SSMMP, (b) SSMMP/Im(nBw)I and (¢) SSMMP/Im(nBu)Tf,N.
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Fig. 2. FTIR spectra of (a) SSMMP, (b) SSMMP/Im(nBu)Tf>N and (c) SSMMP/
Im(mBu)l.

area present a greater number of available active sites resulting in
greater adsorption capacity [59]. Besides, the production of the SSMMP
is substantially simpler, with less energy expenditure than the produc-
tion of synthetic talc, corroborating why SSMMP was chosen as a filler

for MMMs.

Fig. 1 shows SEM images for pristine SSMMP and SSMMP/IL. SSMMP
consists of an agglomerate of granules-type particles with relatively
regular particle sizes. For SSMMP/Im(nBu)TfoN and SSMMP/Im(nBu)l,
images like pristine SSMMP were obtained evidencing that the ILs have
no visible influence on filler morphology.

Fig. 2 shows FTIR spectra for pristine SSMMP and SSMMP/ILs. A
wide band vibration between 3400 and 3500 cm ! is associated with the
OH stretching vibrations of water molecules, while at 1635 cm™! is
associated with their bending vibrations [60,61]. The small band around
3676 cm ™! is attributed to stretching vibration of OH groups involving
Si and/or Mg cations. The band near 1000 cm™! is attributed to Si-O
stretching modes. The band at 655 cm™! corresponds to OH vibration.

Fig. 2((b) and (c)) shows the spectra of SSMMP/Im(nBu)TfoN and
SSMMP/Im(nBu)], respectively. Three new bands are observed at 1560
cm ! attributed to C=C of imidazolium cation, at 1440 cm ! toILs CHy
deformation and at 1140 cm ™! related to Si-C bond of imidazolium side
chain [38].

Figure S2 presents the SSMMP and SSMMP/IL thermal degradation
analysis. The pristine SSMMP presents three thermal decomposition
events. The first one occurs near 110 °C, corresponding to moisture loss.
The second occurs from 110 °C to 800 °C, associated with the loss of
hydroxyl groups bonded to silicon and/or magnesium atoms and present
at the surface of SSMMP [38]. For samples functionalized with ILs, the
first loss event is attributed to moisture and the second to the degra-
dation of imidazolium cation in addition to the loss of hydroxyl groups
present at the surface of SSMMP [38]. SSMMP/Im(nBu)TfoN evidenced
superior thermal stability than SSMMP/Im(nBu)I.

Figure S3 presents the DRX of SSMMP and SSMMP/IL. All samples
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Fig. 3. . MMMs SEM images: (a) bare PSF, (b) PSF-SSMMP 0.5 wt%, (c) PSF-SSMMP 3wt%, (d) PSF-SSMMP/Im(nBu)TfoN 0.5wt%, (e) PSF-SSMMP/Im(nBu)Tf,N 2wt
%, (f) PSF-SSMMP/Im(nBu)TfoN 3wt%, (g) PSF SSMMP/Im(nBuw)I 1wt%, (h) PSF-SSMMP/Im(nBu)I 2wt%, (i) PSF-SSMMP/Im(nBu)I 3wt%.

present an X-ray diffraction pattern with low-intensity and broad
diffraction peaks, confirming the amorphous structure and lower
stacking order and growth in the ab plane [34,38].

29gi NMR spectra (Figure S4) show 2 main signals for SSMMP at
—85.5 and —92.7 ppm corresponding to Q-type Si atoms (with Si-O-Si,
Si-O-Mg and Si-OH bonds), Q1 (around —85.5) and Q2 (around —92,7)
for the most part because of the small TOT entities of the SSMMP [31].
For selective CO, separation from gas streams, the design of materials
with hydroxyl groups can enhance selectivity. Literature describes that
increasing polar groups in sorbent surfaces increase the CO, sorption
capacity and selectivity [62].

3.2. MMM:s characterization

3.2.1. Morphology

MMMs SEM images are shown in Fig. 3. For membranes with bare
SSMMP (Fig. 3b and c), a good dispersion was achieved for samples with
low filler content. When adding 3 wt% of filler, some filler agglomerates
are evidenced indicating a maximum filler content is supported to pro-
duce uniform membranes.

For MMMs using SSMMP/Im(nBu)Tf,N (Fig. 3d, e, and f), even with
higher filler concentration, uniform membranes were obtained with no
agglomerates. Better morphological characteristics for MMMSs using
SSMMP/Im(nBu)Tf2N as filler indicate the importance of the IL in the

filler dispersion into the polymeric matrix. Unlike SSMMP/Im(nBu)
Tf,N, the use of SSMMP/Im(nBu)! (Fig. 3g, h and i) provided a poor
compatibility filler/polysulfone matrix for all filler content. As seen in
SEM images, filler agglomerates can be observed increasing with filler
concentration.

SSMMP/Im(nBu)I sample surface magnification was performed (see
Figure S5). As seen, cavities are visible on the surface and, filled by the
filler, corroborating the poor compatibility of filler/polysulfone. Ac-
cording to research by Yang et al. [63], powdered natural talc is reported
to be non-porous. By similarity, the unitary sheet of SSMMP is
non-porous too. However, the small particle size of SSMMP results in a
high specific surface area [33], which increases its hydrophilicity [30].
This increased hydrophilicity enhances its compatibility with hydro-
philic polymers, unlike PSF, which is a hydrophobic polymer [64,65].
Therefore, adding a hydrophobic anion like TfoN [66] to the SSMMP
structure promotes filler/polymer compatibility. On the other hand, the
I anion gives the filler a hydrophilic character [67,68], which makes
filler/polymer compatibility difficult.

MMMs Cross-sectional images are shown in Figure S6. Compared to
bare PSF (Fig S6a), the MMMs present similar cross-sectional images for
MMMs with low filler content of bare SSMMP (Fig S6b) and SSMMP/Im
(nBwTf,N (Fig S6¢). MMM gradually became more uneven with filler
addition. For PSF-SSMMP/Im(nBu)I 0.5wt% (Fig S6d), some in-
compatibility filler/polymer can be seen, and for PSF-SSMMP,/Im(nBu)I
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Fig. 4. Mapping of MMMs: (a) PSF-SSMMP 3wt%, (b) PSF-SSMMP/Im(nBu)Tf;N 0.5wt%, (c) PSF-SSMMP/Im(nBu)Tf,N 2wt%, (d) PSF-SSMMP/Im(nBu)Tf;N 3wt%,

(e) PSF-SSMMP/Im(nBu)I 2wt%.

3 wt% (Fig S6e), the incompatibility is higher to form two phases in the
membrane. Importantly, the cavities in SSMMP/Im(nBu)!I are present
only on the surface.

3.2.2. EDS/Mapping

As seen in EDS analysis (see Table S1), all samples show carbon,
oxygen and sulfur from PSF matrix. SSMMP-containing samples present
also magnesium and silicon. When Im(nBu)TfoN and Im(nBu)l are
incorporated into MMM, fluorine and iodine are evidenced. For MMMs
with SSMMP/Im(nBu)I, no behavior of proportionality between filler
amount and element concentration is observed, probably due to low
polymer/filler compatibility.

Fig. 4 shows MMMS EDS mapping results. For sample with 3wt% of
SSMMP (Fig. 4a), cluster formation can be identified, like that seen in
Fig. 3c. For samples PSF-SSMMP/Im(nBu)Tf;N (Fig. 4b, ¢ and d), a
uniform filler distribution is observed regardless the filler content
indicating that the Im(nBu)TfoN acts like a compatibilizer agent. PSF-
SSMMP/Im(nBu)I (Fig. 4e) showed a different behavior evidencing
that, unlike TfoN, I present no filler/polymer compatibilizer effect
(compare Fig. 4b,c,d and e).

3.2.3. Thermal stability

MMNMs organic and inorganic phases good compatibility is a funda-
mental requirement for large-scale applications contributing to a more
efficient CO, separation, increasing selectivity, besides contributing to
membrane stability and resistance [27,69]. Fig. 5 shows TGA for bare
PSF membrane and MMMs. Thermogram of bare PSF membrane reveals
a single weight loss occurring at a maximum temperature of 540°C in
agreement with literature [70]. The weight loss is attributed to PSF
backbone thermal decomposition [71]. The residual weight of bare PSF
at 800 °C was 31.9% attributed to the aromatic fraction in the PSF main
chain producing thermally stable carbonaceous constituents during
degradation [72].

For membranes with SSMMP, SSMMP/Im(nBu)Tf,N and SSMMP/Im
(nBuw)l, the thermograms indicate two weight losses, one related to the
PSF degradation around 540 °C and the other at a maximum tempera-
ture of approximately 170°C. Furthermore, we can note that the MMMs
filled with SSMMP are a little bit more stable than the other MMMs (bare
PSF or SSMMP/IL). This may be due to a better crystallinity of the PSF
matrix when filled with SSMMP which improves it, contrary to the ones
filled with SSMMP/IL which are a little bit less stable than PSF. It seems
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Fig. 5. TGA for MMMs samples.

Table 2 Table 3
Tg for MMMs PSF-SSMMP and PSF-SSMMP/IL. Surface roughness parameters of bare PSF membrane and MMMs.
Membranes Tg (°C) Membrane Rq (nm) Ra (nm) Rmax (nm)
PSF 185.17 PSF 6.04 4.32 123.0
PSF- SSMMP 0.5 wt% 185.32 PSF-SSMMP 0.5wt% 1.98 1.32 91.9
PSF- SSMMP 1 wt% 185.93 PSF-SSMMP 3wt% 20.4 16.3 158.0
PSF- SSMMP 2 wt% 185.36 PSF-SSMMP/Im(nBu)Tf;N 2wt% 10.5 7.90 80.0
PSF- SSMMP 3 wt% 186.92 PSF-SSMMP/Im(nBu)Tf;N 3wt% 9.02 4.76 144.0
PSF- SSMMP/Im(nBwTf,N 0.5 wt% 186.83 PSF-SSMMP/Im(nBw)I 1wt% 13.4 9.81 140.0
PSF- SSMMP/Im(nBwTf,N 1 wt% 186.18 PSF-SSMMP/Im(nBw)l 2wt% 14.7 11.3 130.0
PSF- SSMMP/Im(nBu)TfoN 2 wt% 180.39
PSF- SSMMP/Im(nBw)Tf,N 3 wt% 184.59
PSF- SSMMP/Im(nBu)! 0.5 wt% 187.91 compatible with the possible fact that IL act as plasticizing agent in PSF
PSF- SSMMP/Im(nBu)I 1 wt% 183.90 matrix (see a few lines further in the article, on the Tg values).
PSF- SSMMP/Im(nBu)I 2 wt% 184.24
PSF- SSMMP/Im(nBu)! 3 wt% 185.57
3.2.4. DSC
Polysulfone is an amorphous polymer. Table 2 shows filler effect in
Tg of the MMMs.
The Tg of bare PSF membrane was 185.17 °C, close to values re-
‘/K‘ ported in literature [50,73]. MMMs Tg values are very close to bare PSF
PSF membrane showing that the filler introduction has no effect on PSF
chain dynamics [74].
\\/\\\ PSF-SSMMP 0.5 wi% Y [74]

PSF-SSMMP 1 wt%

PSF-SSMMP 2 wi%
T PSF-SSMMP 3 wi%
N B
— /\_\N PSF-SSMMP/m(nBu)l 1 wt%

s ittt —
\_s_/\\_\_ PSF-SSMMP/Im(nBu)l 2 wt%
\,J//\ PSF-SSMMP/Im(nBUTEN 2 wt%

PSF-SSMMP/IM(nBUTEN 3 wi%
—
0 10 20 30 40 50 60
20 (°)

Fig. 6. XRD of obtained MMMs.

For sample PSF-SSMMP/Im(nBu)Tf;N 2wt%, the change in Tg value
was more evident being reduced compared to bare PSF. This result is
probably related to the IL acting as a plasticizing agent in this filler
content providing additional conformational flexibility and improved
polymer/filler compatibility [72,75]. Precisely with this sample, the
best selectivity result was obtained.

3.2.5. XRD

Fig. 6 presents XRD analysis for MMMSs. PSF sample presents a
characteristic peak at 17° The XRD of MMMs PSF-SSMMP are similar to
bare PSF (except for 3%) even SSMMP being amorphous (see Figure S3).
For the sample with 3% of filler, a decrease in peak intensity is observed
which can be related to the formation of the agglomerate.

For samples PSF-SSMMP/IL, a slight decrease in the peak intensity is
observed. The IL/PSF matrix interaction is probably interfering in the
polymer chain organization as described in literature. Estahbanati et al.
[76] described Pebax membranes with ionic liquids. According to their
findings, the increase in IL content decreases the hydrogen bonds
increasing membrane amorphous character. The same behavior was
observed for gel membranes (PVDF-HFP) and [bmim][BF4]. The IL
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Fig. 7. AFM images of MMMs: a) bare PSF, b) PSF-SSMMP 0.5wt%, ¢) PSF-SSMMP 3wt%, d) PSF-SSMMP/Im(nBu)Tf;N 2wt%, e) PSF-SSMMP/Im(nBu)Tf,N 3wt%, f)

PSF-SSMMP/Im(nBu)I 1wt%, g) PSF-SSMMP/Im(nBu)I 2wt%.

addition modified the matrix crystallinity due to the complexation of the
IL cation with the polymeric matrix [77].

3.2.6. AFM

AFM analysis allows a more detailed investigation of the MMMs
surface. Table 3 presents values of mean roughness (Ra), mean square
roughness (Rq) and maximum height roughness (Rmax). Fig. 7 presents
the three-dimensional images of the prepared membranes. The light
areas stand to the highest points and the dark areas to the valleys of the
membranes [78]. Filler addition promotes rearrangements in polymer
matrix structure due to the Van der Waals forces adhesion of the filler
particles/membrane surface [51]. The MMMs presented a higher
roughness than the bare PSF membrane, except in the PSF-SSMMP 0.5wt
% sample, for which the roughness was lower. The punctual light areas
present in the pure polysulfone were transformed into a region exclu-
sively dominated by the light area (see Fig. 7b) indicating the replace-
ment of large peaks by several small peaks in the sample PSF-SSMMP
0.5wt%. Literature describes similar behavior for the incorporation of
graphene oxide in polyethersulfone [79] and clay in PSF [29], with both

Table 4
Permeability and ideal selectivity for MMMs PSF-SSMMP, PSF-SSMMP,/Im(nBu)
Tf,N and PSF-SSMMP/Im(nBu)I.

Membrane Pcoz (barrer)* Pyg (barrer)’ ® coz/na
PSF 4.73 £ 0.34 0.26 + 0.07 18.2
PSF-SSMMP 0.5wWt% 2.82 + 0.05 0.048 + 0.02 59.3
PSF-SSMMP 1wt% 1.96 + 0.15 0.064 =+ 0.00 30.9
PSF-SSMMP 2wt% 2.18 +0.01 0.048 + 0.01 45.3
PSF-SSMMP 3wt% 1.85 + 0.30 0.039 =+ 0.00 47.9
PSF-SSMMP/Im(nBu)Tf,N 0.5wt% 3.10 + 0.50 0.046 + 0.02 67.3
PSF-SSMMP/Im(nBu)Tf,N 1wt% 3.20 + 0.52 0.069 + 0.01 46.7
PSF-SSMMP/Im(nBu)Tf,N 2wt% 4.03 +0.30 0.056 =+ 0.00 71.9
PSF-SSMMP/Im(nBu)Tf,N 3wt% 10.60 + 1.15 0.34 £ 0.05 31.6
PSF-SSMMP/Im(nBu)I 0.5wt% 10.57 + 0.43 1.32 £ 0.08 8.0
PSF-SSMMP/Im(nBu)I 1wt% 16.52 + 1.22 1.30 + 0.08 12.7
PSF-SSMMP/Im(nBu)I 2wt% 9.62 + 0.23 0.39 +0.20 24.3
PSF-SSMMP/Im(nBu)I 3wt% 6.90 £+ 0.38 0.69 + 0.05 10.1

! Temperature of 25 °C and CO, and N, pressure of 4 bar.
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Table 5
Diffusion and solubility coefficients for pristine PSF and SSMMPs based MMMs
at 4 bar and 25 °C.

Membrane Diffusion coefficient for Solubility coefficient for CO,
CO, (x 108 em?/s) (10% cm®(STP)/cm® cmHg)

PSF * 1.17° ~ 26"

PSF 1.48 + 0.05 3.15+0.11

PSF-SSMMP 0.5wt% 0.96 + 0.03 2.92 +0.07

PSF-SSMMP 1wt% 0.71 + 0.07 2.75 £+ 0.04

PSF-SSMMP 2wt% 0.75 £ 0.11 2.90 £0.10

PSF-SSMMP 3wt% 0.62 £+ 0.10 2.94 £+ 0.09

PSF-SSMMP/Im 1.36 + 0.09 2.27 +0.07
(nBu)Tf,N 0.5wt%

PSF-SSMMP/Im 1.35 + 0.06 2.37 £ 0.08
(nBu)Tf,N 1wt%

PSF-SSMMP/Im 1.47 + 0.03 2.73 £ 0.05
(nBuw)Tf,N 2wt%

PSF-SSMMP/Im 3.84 £ 0.05 2.75 £ 0.10
(nBu)Tf,N 3wt%

PSF-SSMMP/Im 4.21 £0.13 2.50 £ 0.12
(nBw)I 0.5wt%

PSF-SSMMP/Im 5.61 +£0.19 2.94 £ 0.12
(mBwI 1wt%

PSF-SSMMP/Im 3.63 £0.16 2.65 £ 0.11
(nBu)I 2wt%

PSF-SSMMP/Im 2.60 + 0.10 2.66 + 0.08

(nBu)I 3wt%

@ Values obtained from the study by Kim et al. (2007), carried out at a pressure
of 4 bar, using the time-lag method.

authors describing the decrease of peaks and valleys resulting in a
smoother surface. For the other samples, the increase in membrane
roughness is possibly linked to low dispersion and to filler accumulation
corroborated by SEM images and XRD analyses (see Fig. 6) (compare
PSF-SSMMP 3wt% (Fig. 3c) with high roughness and the bare PSF
membrane (Fig. 3a). PSF-SSMMP/Im(nBu)l samples also presented a
higher roughness compared to bare PSF (see agglomerates in Figure S5)
corroborating the low compatibility filler/matrix.

3.3. CO2/N, separation performance

Table 4 and Figure S7 present the ideal selectivity and pure gas
permeability results for bare PSF membrane and MMMs.

It is interesting to note that in membranes with SSMMP, the
permeability for CO3 and Ny decreases, being sharper for Np. SSMMP
addition increases selectivity, achieving maximum value of 59.3 when
0.5 wt% of SSMMP is added. For all MMMs, a higher CO5 selectivity was
obtained when compared to the bare PSF membrane of 18.2.

For MMMs with SSMMP/Im(nBu)Tf;N, CO, permeability is not
reduced as pure SSMMP, while N, permeability is kept practically con-
stant compared to pure SSMMP (except at 3 wt%), increasing CO5
selectivity to 71.9. The imidazolium-based ionic liquid containing TfoN
as anion is widely known in literature for showing a strong affinity with
CO». The CO3 high solubility and selectivity in the presence of this IL are
probably due to the presence of fluor and the size of the anion [80-83].
The sample with 3 wt% of filler presented a lower COs selectivity and an
increased permeability probably due to the filler agglomeration as
depicted in SEM images.

For MMMs with SSMMP/Im(nBu)l, for all filler content, increased
gas permeability was observed compared to bare PSF membrane. As
previously seen in SEM images, filler agglomeration was observed even
for low filler content, increasing gas permeation probably by forming
preferential paths and decreasing CO- selectivity. Iodine anion and PSF
membrane are incompatible, resulting in phase separation and defects
formation, decreasing CO3 selectivity.

Figure S8 summarizes the selectivity results for MMMs. When using
SSMMP as filler, selectivity was superior for all filler content compared
to bare PSF membrane, showing a good compatibility filler/matrix. The
OH present in the SSMMP is probably responsible for this compatibility.
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Fig. 8. Diffusion and solubility coefficients of SSMMP and SSMMP/ILs MMMs
at 4 bar and 25 °C.

Similar result was obtained for SSMMP/Im(nBu)TfoN showing that the
TfoN is a good filler/matrix compatibilizer besides having a good affinity
for CO4 corroborated by the high selectivity values when compared to
bare PSF membranes and PSF-SSMMP MMM (see Table 4 and Figure S7).
The iodine anion showed incompatibility with PSF resulting in mem-
branes with low CO5/Nj selectivity (see Table 4 and Figure S8).

To gain further insight into the gas transport mechanism through the
membranes, the diffusion and solubility coefficients for COy were

Table 6
Comparing MMMs from literature and the present work.

Membrane  Filler/ Pressure Permeability Selectivity Ref
Loading (wt (bar) CO,, (barrer) CO,/N,
%)

PSF P-C15A / 4 18.01 18.34 [71]
1wt%

PSF MCM-48 / 4 18.21 23.65 [86]
20wt%

PSF GO/ - 5 - 44.40 [74]

PSF Pyrazole 10 14.43 46.13 [52]
modified
SBA-16 /
30wt%

PEBAX [bmim] 1 104.90 83.9 [85]
[Tf>N]-ZIF-
8 / 15wt%

PSF RHS-AMP / 10 8.46 33.31 [55]
40wt%

PSF SSMMP/ 4 2.82 59.3 This
0.5wt% work

PSF SSMMP/Im 4 4.03 71.9 This
(nBw)Tf,N / work
2wt%

PSF SSMMP/Im 4 9.62 24.3 This
(nBwl / 2wt work

%
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Robeson Upper Bound 2008

PSF

PSF-SSMMP 0.5 wt%

PSF-SSMMP 1 wt%

PSF-SSMMP 2 wt%

PSF-SSMMP 3 wt%
PSF-SSMMP/Im(nBu)Tf,N 0.5 wt%
PSF-SSMMP/Im(nBu)Tf,N 1 wt%
PSF-SSMMP/Im(nBu)Tf,N 2 wt%
PSF-SSMMP/Im(nBu)Tf,N 3 wt%
PSF-SSMMP/Im(nBu)l 0.5 wt%
PSF-SSMMP/Im(nBu)l 1 wt%
PSF-SSMMP/Im(nBu)l 2 wt%
PSF-SSMMP/Im(nBu)l 3 wt%

PSF- MCM-48 20wt% (Kim et al (2006))
PSF - P-C15A 1wt% (Natarajan et al (2021))
PSF - RHS-AMP 40wt% (Waheed et al (2016))
PSF - SBA-16 30wt% (Suhail et al (2021))
PSF - SWNT 10 wt% (Kim et al (2007))
PSF - AZS 0.5wt% (Sasikumar et al (2021))
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Fig. 9. MMMs and Robeson upper bound.

determined. These coefficients can provide a better understanding of the
variations in permeability observed among different MMMs, as pre-
sented in Table 5 and Fig. 8.

The results for permeability and diffusivity were consistent, with
diffusivity being the main contributor to the observed permeability in
the samples. When there was an increase in permeability, the diffusivity
of the sample to CO5 also increased, while a decrease in permeability
was accompanied by a decrease in CO5 diffusivity. Addition of pure
SSMMP resulted in reduced CO; diffusion coefficient, whereas incor-
poration of SSMMP with ionic liquid led to a gradual increase in COy
diffusion coefficient. This may be attributed to the presence of the ionic
liquid, which can enhance diffusion. A similar finding was reported by
Hudiono et al. [84] who observed an increase in permeability by
increasing the charge of ionic liquids in SAPO-34, which resulted from
greater gas diffusivity through the polymeric matrix.

The solubility coefficient, in turn, was less dominant in the transport
mechanism, since the differences found between the samples are within
the experimental error. Apparently, the slight decrease in solubility was
compensated by the increase in CO4 diffusivity.

The diffusion coefficients for nitrogen were not reported for the
membranes, as estimation by the time-lag method introduces significant
errors and biases in this case. These errors are likely due to the low
permeability of the samples for Ny, as the diffusion process occurs very
slowly, making it difficult to accurately measure and estimate the
diffusion coefficients.

Table 6 presents a comparison regarding MMMs COy/N> selectivity
and permeability results obtained in this work and the literature. The
selectivity results when using SSMMP and SSMMP/ Im(nBu)TfoN are
superior compared to the majority of MMMs described in literature,
being inferior only to the MMMs using 15 wt% of ZIF-8 as filler (see
Table 6) [85]. ZIF-8 is more expensive, with a more complicated syn-
thesis when compared to pristine and IL-functionalized SSMMP, which
are low-cost and energy-demand fillers.

Fig. 9 presents the Robeson Upper Bound [7] for CO3/N; separation
with bare PSF membrane, PSF-SSMMP and PSF-SSMMP/IL. MMMs. The
use of SSMMP and SSMMP/IL as fillers considerably increases the sep-
aration properties of PSF. Despite the good selectivity, the low perme-
ability needs still to be improved to surpass the Robeson Upper Bound.

MMMs using SSMMP and SSMMP/Im(nBu)Tf;,N as fillers can be used
for COy separation from post-combustion gasses presenting a high
selectivity. Membranes with SSMMP/Im(nBu)I had an increase in
permeability to CO,, with a drastic reduction in selectivity. Based on the
simulation study presented in literature [87], the combination of the

10

two membranes can offer a good alternative for CO, separation: one
membrane with high selectivity combined with a membrane with high
permeability. Yet, future studies may focus on using a polymer matrix
with greater CO, permeability than polysulfone, such as PEBAX,
Matrimid, among others, and then verify the change in permeability and
selectivity parameters in the Robeson Upper Bound.

4. Conclusion

As far as we know here, we reported for the first time the use of
SSMMP and SSMMP/IL as filler in mixed matrix membranes.
Polysulfone-based membranes were successfully produced, leading to a
uniform filler distribution in an adequate filler concentration. The
presence of hydroxyl groups in the fillers strengthened polymer/filler
interaction. Compared to pristine SSMMP, SSMMP/Im(nBu)TfoN
showed superior interfacial compatibility with PSF, leading to a uniform
charge distribution in the polymer matrix. SSMMP/Im(nBu)I showed
poor compatibility with PSF, corroborated by the presence of particles
agglomerates. The addition of SSMMP to the membrane increases the
selectivity for the CO5/Ny mixture, whereas SSMMP/Im(nBu)TfyN in-
creases both permeability and selectivity, indicating better affinity with
CO,. The membranes have high separation performance, with the best
result obtained with PSF-SSMMP/Im(nBu)Tf2N 2 wt% sample with a
CO2/Nj selectivity of 71.9, an increase of 295% compared to bare PSF.
These results evidenced that the use of SSMMP and SSMMP/IL are
promising for use in post-combustion process due to low-cost reagents
needed for theis synthesis, low energy consumption and easy synthesis,
besides no heating steps nor need for calcination unlike other materials
presented in literature as suitable fillers for MMMs.
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