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ARTICLE INFO ABSTRACT

Keywords: The development of more efficient materials is a crucial step in the development of gas separation membranes. In

Iongel this work, we combine ionic liquids (ILs) and porous organic polymers (POPs) for the first time to fabricate a new

Porous organic polymers type of mixed matrix iongel membranes, which are entirely composed of organic materials. The new azo-POPs

I(;);mselgl];ﬁison reported in this work were specifically designed due to their “CO,-philic” feature to be incorporated in iongel
materials. The membranes, comprising 80 wt% of [Comim][TFSI] IL and 20 wt% of poly(ethylene glycol) dia-
crylate (PEGDA) network, were prepared using a solvent-free UV curing method. The unique properties of azo-
POPs within the iongel material resulted in the fabrication of dense and defect-free membranes with improved
gas separation performances, in terms of both CO» permeability (62.3-90.6 barrer) and, CO2/CH4 (9.9-12.0),
CO2/Hj (6.0-12.1) and CO2/N3 (16.8-53.1) ideal selectivities, with the latter revealing to be highly dependent
on the morphological properties of the azo-POPs. Furthermore, iongel characterization in terms of morphology,
chemical structure and thermal properties, confirmed the potential of the novel mixed matrix iongels for CO2
separation processes.

1. Introduction more efficient materials is a crucial step in the development of advanced

membranes, capable of combining high permeability and selectivity for

The growing interest in understanding the full potential of mem-
branes has led this class of materials to be considered a promising
technology in processes such as the removal of CO; from flue gas streams
(CO2/Ny), natural gas/biogas upgrading (CO2/CH4) and hydrogen pu-
rification (CO2/Hy) [1-5]. Despite their unquestionable advantages, the
use of membranes for the separation of industrial gas streams at a large
scale still needs to overcome some challenges in order to become a
competitive technology. In this context, the search and development of

specific gases with good thermal/chemical resistance, suitable me-
chanical properties, and long-term stability [6].

Among the different materials studied throughout the years, ionic
liquids (ILs) have established themselves as one of the most versatile
class of materials. The easy design and functionalization and the
remarkable gas solubility of ILs have been essential features in the
growth of IL-based membranes, either through the preparation of sup-
ported ionic liquid membranes (SILMs) [7-10], combination of ILs with
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poly(ionic liquids) (PILs) [11-13] or through the development of ion-
gels, also called ionogels, ion gels or ionic liquid gel membranes
[14-17]. Iongels are soft solid materials composed of a dispersed IL
phase, which is usually the predominant component, and a solid
continuous phase to form a three-dimensional structure, preserving the
main properties of ILs and enabling the preparation of membranes with
high IL content (> 60 wt%) [18].

One simple and efficient way to prepare iongels is by single-pot UV-
initiated polymerization of a polymer network in the presence of the
desired IL. In a previous work, we demonstrated a fast and simple
methodology to prepare cross-linked iongel membranes, based on poly
(ethylene glycol) diacrylate (PEGDA) and imidazolium-based ILs with
different anions, namely [TFSI]", [FSI]", [C(CN)3]™ and [B(CN)4]™ [19].
Self-standing iongel membranes were prepared containing up to 90 wt%
IL and the influence of the IL content and anion structure on the thermal
and mechanical stability, as well as on the CO3 solubility of the iongels,
was studied. Finally, looking at the overall performance of the prepared
iongels, it was possible to conclude that, although the cyano-based
iongels presented higher CO, loading capacities, the iongels contain-
ing the [Comim][TFSI] IL showed the best compromise between CO5
solubility and thermal/mechanical properties [19]. The conclusions
drawn from this motivated us to further improve the performance of
these materials through the incorporation of a third component. In the
context of iongels, works related with the study of the incorporation of
porous materials in an iongel composed predominantly of ILs are just in
infancy [20-24].

Metal Organic Frameworks (MOFs), zeolites and graphene oxide
(GO), are among the available and known materials, that can be used as
a third porous component in the so-called mixed matrix membranes
(MMMs) [25-27]. Recently, new synthetic routes are following the
development of versatile and all-organic materials such as porous
organic polymers (POPs).

POPs are a class of porous materials known for their high surface
area, tuneable chemical functionalities and outstanding physicochem-
ical stability, that have been used in several applications, such as
catalysis [28-30], optoelectronics [31-33], chemical sensors [34-36],
gas adsorption [37-39] and gas separation [40]. However, the use of
POPs in gas separation membranes, particularly in membranes based on
ILs, is yet to be explored.

In particular, azo-linked POPs, containing azo functional groups
(R-N=N-R’), have shown large potential towards CO; capture for
several reasons: the “COs-philic” nature of these materials arising from
the Lewis acid-base interactions between CO; and azo groups leads to
high CO, uptake capacity/selectivity, up to 5.36 mmol g~* for ALP-1
[41]; they are composed of light elements (usually H, B, N, C and O)
and are lightweight materials, therefore their gravimetric CO, capture
capacities tend to be high and their BET surface areas are comparable to
other porous materials, ranging from 400 to 1235 m? g~! [41,42].
Depending on the synthetic route, and due to their easy functionaliza-
tion, it is possible to design azo-POP structures and tailor their proper-
ties towards a specific separation [42]. Moreover, azo-POPs have a
higher stability due to the nature of their covalent bonds, when
compared to MOFs, which are linked through coordination bonds [42].

Structurally different azo-POPs and their potential towards CO,
capture has been assessed throughout the recent years. For instance, Lu
et al. [43] reported a facile synthesis of two different azo-linked POFs
(azo-POF-1 and azo-POF-2) with moderate BET surface areas (up to 712
m? g™1), but good CO, uptakes (up to 131 mg g~ at 273 K) were ob-
tained. Interestingly, the authors discovered that the highest CO5/Ny
selectivity was achieved for the azo-POF with the largest average pore
width. This shows that different porosity parameters should also be
considered when analysing the affinity of these materials towards spe-
cific gases [43]. A simple and efficient preparation method was also
reported by Yang and co-workers [44], where azo-functionalized
microporous organic polymers (azo-MOPs) were synthesized at room
temperature with yields over 95%. The resultant azo-MOPs, with a BET
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surface area around 706 m? g1, showed good thermal stabilities and
high adsorption capacity for CO, (up to 134.8 mg g~ 1), once again
unveiling the potential of these materials for gas separation applications
[44]. More recently, He et al. [45] highlighted the CO,-philic properties
of azo-POPs, by preparing mixed matrix membranes based on low mo-
lecular weight polyethylene glycol (PEG) 400 and Pebax®1657 with
azo-POPs. PEG 400 and azo-POPs were combined through hydrogen
bonding to effectively separate CO, from Nj, by enhancing the CO,
permeability, from 94 barrer achieved by the unfilled Pebax®1657
membrane to 392 barrer, at 1 bar and 30 °C for the membrane with 1 mg
mL~! azo-POP [45].

Bearing in mind the potential shown by azo-POPs and the easy
preparation of iongels, this work aims at providing a new approach
regarding the preparation of mixed matrix membranes, by a solvent-free
method, where it is possible to combine a high amount of IL (80 wt%)
with an entirely organic filler, specifically designed for CO; separation.
This work focuses on three main objectives: (i) the use of an efficient
synthetic pathway to prepare four different azo-POPs; (ii) the fabrication
and characterization of new UV cross-linked iongel membranes
combining a polymer network (poly(ethylene glycol) diacrylate,
PEGDA), 80 wt% [Comim][TFSI] IL and four structurally different azo-
POPs, using a straightforward solvent-free method; and (iii) under-
stand how the azo-POP structures and their functional azo groups can
impact CO4 separation, which had only been explored through adsorp-
tion experiments or molecular simulation studies, so far. Besides the
improvement in the separation performance of the iongels containing
azo-POPs, it is expected that a high compatibility between all the ma-
terials can be achieved, due to the organic nature of the azo-POPs, which
is a common challenge in the use of inorganic or organic-inorganic filler
materials.

The novel mixed matrix iongel membranes were characterized in
terms of gas transport properties, through pure gas permeation experi-
ments (CO3, N3, CH4 and Hy) and the influence of the azo-POP structure
in the separation performance was assessed. The morphology, chemical
structure and thermal stability of these materials were also investigated
through several characterization techniques.

It is worth mentioning that we describe here the synthesis of three
new azo-POPs, as well as their characterization in terms of structural
properties. Furthermore, to the best of our knowledge, this is the first
time that azo-POPs are used as porous fillers in mixed matrix iongel
membranes for CO; separation.

2. Experimental
2.1. Materials

para-nitrofluorobenzene, para-nitrochlorobenzene, sodium hydride
(60% in mineral oil), para-phenylenediamine, benzidine, 4,4"-diamino-
p-terphenyl and dimethylsulfoxide (CoHgOS) were purchased from En-
ergy Chemical. Co (China), and used without further purification, unless
otherwise noted. The tetra(p-nitrophenyl)methane (TNPM) and N,N’,N”,
N"-tetra(p-nitrophenyl)phenyldiamine (TNPPDA), N,N’,N”,N"”-tetra(p-
nitrophenyl)bisphenyldiamine (TNPBPDA), N,N’,N”,N”-tetra(p-nitro-
phenyD)trisphenyldiamine (TNPTPDA) were synthesized using modified
literature methods [46-49]. Poly(ethylene glycol) diacrylate (PEGDA,
Mn 575 g mol ') and 2-hydroxy-2-methylpropiophenone (DAROCUR™,
97 wt% pure) were purchased by Sigma-Aldrich (Portugal). Ionic Liquid
1-ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)  imide
([Comim][TFSI], 99 wt% pure) was supplied by Iolitec GmbH (Ger-
many). Carbon dioxide, CO; (99.998% purity), nitrogen, N3 (99.99%
purity), methane, CH4 (99.99% purity) and hydrogen, Hy (>99.99%
purity) gases were supplied by Praxair (Portugal).
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2.2. Preparation and characterization of azo-linked porous organic
polymers (azo-POPs)

The detailed description of the synthesis of azo-POP monomers can
be found in Electronic Supplementary Information (ESI). The synthesis
of azo-POPs was carried out using a time-efficient synthetic method
reported by Huang et al. [46], via NaBH4-mediated coupling on
four-folded monomers containing nitro groups. The synthesis and
characterization of azo-POP-1 has already been reported [46]. In the
present study, three other monomers (monomer 2, monomer 3 and
monomer 4, schematically represented in Fig. 1) containing tetra-nitro
groups were prepared by n-arylation of diamines with p-nitrobenzene,
in order to synthesize the three new azo-POPs. To obtain the desired
azo-POPs, also represented in Fig. 1, a solution of 1 mmol tetranitro
monomer in 10 mL of DMF was gradually mixed with a solution of 20
mmol NaBHy4 and the resulting mixture was stirred for 1 h at 85 °C.
Afterwards, the prepared solution was poured into 100 mL of water and
the obtained solid particles were filtered and washed with water and
ethanol (3x100 mL). Azo-POP-1, azo-POP-10, azo-POP-11 and
azo-POP-12 were obtained as yellow to red solids, with yields over 90%,
which structures were confirmed by '3C CP/MS Nuclear Magnetic
Resonance (NMR), Fourier Transform Infrared spectroscopy (FTIR) and
elemental analysis.

2.3. Adsorption isotherms and morphological characterization of azo-
POPs

The morphological characterization of all azo-POPs was performed
according to standard procedures. The porous volume and Brunauer-
Emmet-Teller (BET) surface area, in the range of P/Py = 0.0-1.0, were
determined by Ny adsorption/desorption measurements at 77K, using
Accelerated Surface Area and Porosimetry System (ASAP 2010). All
powdered samples were degassed before each sorption equilibrium
experiment, under vacuum at 120 °C for 24h. This ensures that any
moisture or contaminants adsorbed on the materials’ surface are
removed before the experiments.

Carbon dioxide adsorption-desorption experiments were carried out
at 273 and 298 K, using a BELSORP-MAX II (BEL Inc., Japan). The azo-
POP samples were degassed at 100 °C for 12 h, under vacuum before
analysis.
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2.4. Preparation of mixed matrix iongel membranes

Bearing in mind our previous results on PEGDA/IL iongels [19], the
azo-POP iongel membranes studied in this work were prepared con-
taining 80 wt% IL to maximize their CO, loading capacity. Moreover, a
low concentration of azo-POP (0.5 wt%) was chosen to make an initial
study of the influence of these solid particles on the iongels perfor-
mances and avoid the need for solvents to disperse the solid particles in
the mixture during their preparation.

The mixed matrix iongel membranes were prepared by UV-initiated
free radical polymerization. Initially, 80 wt% of IL was mixed with 0.5
wt% (above the total iongel solution) of azo-POP. The obtained solutions
were sonicated for 1 h and magnetically stirred overnight to ensure a
good dispersion of the solid particles. Afterwards, 20 wt% of PEGDA and
around 3 wt% (relative to PEGDA) of DAROCUR™ as photo initiator
were added, and the solutions were left stirring until they were
completely homogeneous. The resulting mixtures were casted between
two Rain-X™ coated quartz plates, with a 120 pm spacer in between and
exposed to a UV light using a UVC-5 UV Curing Conveyor System with
800 mW cm ™2, at a wavelength of 365 nm. The distance from sample to
lamp was 1 cm and the belt speed was set at 1 m min~!. The resulting
iongels were peeled off from the plates and characterized. Fig. 2 shows a
schematic illustration of the preparation of mixed matrix iongels con-
taining azo-POP.

Composite membranes were prepared to carry out the gas perme-
ation experiments without compromising the mechanical integrity of
the iongels. The iongel was supported on a pre-wetted porous polyamide
(PA) filter (Sartorius™, supplied by Fisher Scientific) with a pore size of
0.22 pm. The support was immersed in deionized water before the so-
lution was casted on top of it, in order to minimize the pore filling from
the iongel solution to the porous support. The chosen hydrophilic PA
support was found to be compatible with the iongel solution, assuring a
good adhesion between the two layers.

2.5. Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy images of the surface and cross sec-
tion of the prepared self-standing iongels and composite membranes

(iongel supported onto porous polyamide filter) were acquired using an
analytical JEOL 7001F scanning electron microscope (FEG-SEM),

&

NO,

a a

Azo-POP-12 3

Fig. 1. Synthesis of the different azo-POPs from the corresponding monomers. Condition a corresponds to: NaBH4, DMF, 0.5h at 85 °C.
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Fig. 2. Schematic illustration of the preparation of mixed matrix iongel membranes containing azo-POP.

equipped with a field emission gun operated at 15 kV. All samples were
coated with a thin Pd/Au layer to induce charge under the electron
beam.

2.6. Fourier Transform Infrared spectroscopy analysis (FTIR)

FTIR analysis was performed for all the iongel membranes and azo-
POPs to confirm their chemical structure, as well as to determine if
there are any interactions being established between the materials used.
The FTIR spectra were acquired in a PerkinElmer Spectrum two spec-
trometer. The spectra were collected using 10 scans, from 4000 to 400

cm~ L, with a resolution of 4 cm ™.

2.7. Contact angle measurements

The contact angle of all the prepared iongel membranes was
measured to evaluate their hydrophilic/hydrophobic nature. A drop of
distilled water was manually deposited on the surface of each membrane
sample, and three replicates were performed to obtain the mean contact
angle. For each replicate, 10 frames were acquired, with an interval of 1
s between each, and all images were processed by CAM100 (KSV) soft-
ware, where the water drop was fitted to mathematical functions.

2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out using a TA Instrument
model TGA Q50. Iongel membranes and azo-POPs samples of around 10
mg were heated from room temperature to 600 °C, at a constant heating
rate of 10 °C min~!, under a nitrogen flow of 40 mL min?, to prevent
thermo oxidative degradation of the samples. The obtained data was
analysed using a Universal Analysis 4.5A software to determine the
onset temperature, (Tons), defined as the temperature at which the
baseline slope changes and degradation temperature, (Tg,.), defined as
the temperature at 50% weight loss.

2.9. Mechanical properties

The mechanical properties of the prepared composite membranes
(iongel supported onto porous polyamide filter) were evaluated through
tensile tests, using a TMS-Pro texture analyser, where the samples were
stretched until their rupture. All samples were prepared with 1.5 x 6 cm
and thickness of around 200 pm. Each sample was placed between two
testing clamps and the testing speed was set at 1 mm s}, until the
rupture of the sample. For each sample, at least four replicates were
performed and the mean values of the tension at break, deformation at
break and Young’s modulus were determined.

2.10. Single gas permeation experiments

Gas permeation experiments were carried out for pure CO2, No, CHy
and Hp, at 0.7 bar and 30 °C, using an experimental setup, fully
described elsewhere [8]. The system is composed by a stainless-steel cell
with two similar compartments, designated as feed and permeate,
separated by the membrane. The detailed procedure to carry out a gas
permeation experiment can be found in our previous work [8]. The
permeability of a pure gas through the membrane was calculated from
the obtained pressure data over time, on both compartments, according
to the following equations [50].

1 eed — Pperm 1 A t
L [pred = Py :_m(ﬂ) —pl )
ﬂ [P feed — pperm} ﬁ Ap l
where pfeeq and pperm are the pressures (bar) in the feed and permeate
compartments, respectively, P is the membrane permeability (m?s !,
where 1 Barrer = 1x107 % cm® em cm’z.s’l.cmHg’1 =8.3x10 ¥ m?s7!
[50]), t is the time (s) and 1 is the membrane thickness (m). §§ m Visa
geometric parameter, characteristic of the geometry of the cell, given by:
1 1
p-t ( + ) @
V/eed Vpe'rm

where A is the membrane area (m?) and Vfeeq and Vper, are the volumes
(m®) of the feed and permeate compartments, respectively. The gas

permeability is obtained from the slope represented by ploting /1—}ln (%")

versus 4.

The ideal gas selectivity was calculated by dividing the permeabil-
ities of the two different gases (A and B), according to the following
equation:

aun =t &)

It should be noted that, in this work, the permeability data obtained
from Eq. (1), as well as the thickness considered for these calculations,
are related to the global permeability of the membrane, considering the
polymeric support and the iongel layer.

To understand the contribution of the iongel layer alone to the gas
transport of the membrane, the iongel permeability was calculated using
the resistance in series model (RSM) [51,52]. According to the RSM, the
gas transport on a layered membrane and the electric current flow in the
serial connection to conductors are equivalent since the different layers
of a composite membrane can be described in terms of their resistance to
gas transport. The resistance (R) to the gas flow is proportional to the
thickness (1) and inversely proportional to the permeability (P) and
surface area (S), and the total resistance is equal to the sum of resistances
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originating from each layer.
The resistance of a specific layer can be calculated using the
following equations:

l

k=55 “)
R,=R; +R, %)
I I; I, ©)

PS P.STP.S

The permeability of the double layer composite membrane is

described by the following equation:
(l; + I;).P;. P,

P+ ) @

Consequently, by knowing the gas permeability of the composite
membrane and pre-wetted support layer (s) obtained from Equation (1),
as well as the respective thickness of each of these layers, it is possible to
predict the permeability of the iongel layer (i). In this work, even though
porous supports were used in the preparation of the membranes, it was
observed that, due to the pre-wetting step, they offered resistance to the
gas transport, which did not occur when the supports were dry. For that
reason, gas permeation measurements for all gases were also performed
on the pre-wetted support to determine the permeability, Ps, of this
layer.

For the gases studied in this work, the permeability of the double
layer structure can be described by the following equations:

co, (i +1,).P{%.pCo:

peor= T s 8
T (PO + (PEL) ®

(l; +1,).PY> PY

PV = s 9

ST ) - (PR ©

e _ {1+ 1).PE" P

) + (P av
X Hy pH,

pin_ (L +1).P P! an

(P + (P )

where Pfoz, P:V 2 PiCH" and P?z are the COq, N, CH4 and H; permeability
of the iongel layer, and PS%2, PNz, PCHs and P2 are the CO2, Np, CHyg and
Hj permeability of the support layer, respectively.

The ideal selectivity of each gas pair can be calculated, for the
composite membrane or for each layer, by dividing the correspondent
permeability of the more permeable species (CO2) by the permeability of
the least permeable species (N3, CHy4, and Hj), according to the previ-
ously described equation (3).

3. Results and discussion
3.1. Az0-POPs characterization and N2 adsorption isotherms

In this work, four different azo-POPs were synthesized according to
Fig. 1, azo-POP-1 and the new porous polymers azo-POP-10, azo-POP-11
and azo-POP-12. The structures of azo-POPs were evidenced by their
solid-state 1°C CP/MS NMR (see Fi g. S3, ESI), which showed the com-
mon chemical shifts in the range of 100-160 ppm for sp2 carbons and
characteristic broad peak of -C-N—N- bond at 152 ppm. In the case of
azo-POP-1, the peak around 65 ppm indicates the presence of a qua-
ternary carbon. The exact ratio between the masses of C and N for azo-
POPs was determined by elemental analysis (see Table S1, ESI), and the
obtained data showed that C/N ratio of all the azo-POPs samples is well
consistent with theoretical values [43,53].

Looking at the Ny sorption isotherms of the prepared azo-POP-10,
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azo-POP-11 and azo-POP-12 shown in Fig. 3, the rapid uptake at low
pressure (0-0.1 bar) indicates the presence of permanent micropores.
The apparent hysteresis between adsorption and desorption suggests
that the prepared azo-POPs are networks enclosing both meso and mi-
cropores, which are assigned to the pore network effects [54,55]. The
same behaviour had already been observed for azo-POP-1 in a previous
work [46]. The BET surface area and porous volume obtained for the
prepared azo-POPs are displayed in Table 1. The BET surface areas were
calculated as 1100 m? g’1 (azo-POP-1), 439 m? g’1 (azo-POP-10), 478
m?g! (azo-POP-11) and 298 m? g~! (azo-POP-12), while the porous
volumes were obtained between 0.57 cm3g? for azo-POP-1 to 0.29
em®g! for azo-POP-12. These BET SA are generally higher than those
reported for azo-POP-7, azo-POP-13 and azo-POP-14 and within the
range of values obtained for azo-POP-2 and azo-POP-3 [56,57]. More-
over, it was found that azo-POP-1 presented the most narrow pores (2.8
nm, average), while azo-POP-12 encloses the biggest pores in its struc-
ture (around 7.8 nm), compared to the other azo-POPs studied.

3.2. Single gas CO, adsorption isotherms

Fig. 4 illustrates the single gas CO, adsorption isotherms obtained at
273 and 298 K, for synthesized azo-POP-1, azo-POP-10, azo-POP-11 and
azo-POP-12. All sorption isotherms are type I, according to the IUPAC
classification, which is characteristic of microporous materials [58].
Except for azo-POP-1 at 298 K, where a small hysteresis can be observed,
no hysteresis were found for the remaining isotherm curves, showing a
completely reversible behavior and possible full regeneration of the
materials after the sorption experiments. The smooth
adsorption-desorption cycles show that the interactions between the
azo-POPs and CO, molecules are weak enough to regenerate the mate-
rials. This finding is of great importance for cyclic adsorption gas sep-
arations processes, where the adsorbent material should be able to fully
regenerate to prevent residual adsorbed gas onto the material.

The adsorption capacities obtained at 273 K, were 2.3 mmol g~* for
azo-POP-1, 1.51 mmol g~ ! for azo-POP-10, 0.66 mmol g~ for azo-POP-
11 and 1.55 mmol g ! for azo-POP-12, which decrease at 298 K to 1.95
mmol g™}, 0.82 mmol g1, 0.37 mmol g~ and 0.91 mmol g, respec-
tively. As expected, the adsorption capacity decreases with increasing
temperature since this is an exothermic process. The adsorption capacity
obtained for the synthesized azo-POPs are lower than the values ob-
tained for other azo-POPs previously reported in the literature, having
similar structures [53,59]. However, their performance as fillers in
membranes for gas separation was not assessed.

800
| Azo-POP-1
700 | <
| —4— Azo-POP-10
6004 —*— Azo-POP-11 \/"';W
. {1 —%—Azo-POP-12 .
F'ltm 500 s e et OO .
E 400 -
P |
- 300
3
s 4
=}
~ 200 ]
=z 4
100 -
0 -
T * T ® T * T * T A
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 3. N, sorption isotherms of the prepared azo-POPs.
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Table 1
Morphological characterization of the azo-POPs studied in this work.

Azo-POP BET surface area (m> Porous volume (cm® Mean Pore size
g g (nm)
Azo-POP- 1100 0.57 2.8
1
Azo-POP- 439 0.35 3.4
10
Azo-POP- 478 0.34 3.6
11
Azo-POP- 298 0.29 7.8
12

3.3. Membrane preparation and characterization

As illustrated in Fig. 2 and described in the experimental section, the
mixed matrix iongel membranes were prepared by UV-
photopolymerization of PEGDA in the presence of 80 wt% of IL and
0.5 wt% of azo-POP. We selected this PEGDA/IL formulation based on
our previous work. The powdery azo-POPs were easily dispersed in the
liquid PEGDA/IL mixture before photopolymerization without the need
of additional organic solvent.

3.3.1. Scanning Electron Microscopy

As a typical example, Fig. 5a and b shows the SEM images of the
surface and fractured cross-section of the self-standing iongel membrane
containing the azo-POP-11. A non-porous and defect free membrane
morphology was obtained, since no deformations, agglomerations or
phase separation were detected. Such morphology indicates not only a
good miscibility between the different components, but also a good
dispersion of the azo-POP particles in the iongel membrane. It should be
noted that the reliefs seen in the cross-section image are probably due to
the plastic deformation caused by liquid nitrogen during the fracturing
process. The same type of morphology was found for all the iongel
membranes prepared in this work. Fig. 5c and d shows the SEM images
of the respective composite membrane, composed by the PEGDA-80
TFSI-0.5 POP-11 iongel and the porous polyamide support. Similarly,
the iongel layer of the composite membrane also presents a dense and
defect-free surface, while in the cross-section image it is possible to
distinguish the support (top) from the iongel layer (bottom).

3.3.2. Fourier Transform Infrared spectroscopy
The chemical structure of the azo-POPs and prepared iongel
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membranes were confirmed by FTIR spectroscopy, as shown in Fig. S4
(ESI) and Fig. 6, respectively.

The presence of the azo group in azo-POP-1, azo-POP-10, azo-POP-
11 and azo-POP-12 (Fig. S4, ESI) was confirmed by the absorption
peaks at 1480 and 1410 cm™}, corresponding to the N=N stretching
vibrations. The peaks observed at 1270 and 1305 cm ™~ are attributed to
the C-N stretching vibrations of the aromatic compounds present in the
azo-POP structures [46].

In Fig. 6, the presence of PEGDA in the iongel can be confirmed by
the peaks at 1730 cm ™ ?, arising from the C=0 symmetric stretching and
the bands at around 2878 and 2940 cm’l, attributed to the C-H
stretching. Moreover, the absence of visible peaks at 1619 cm ' and
1635 cm ™! (C=C asymmetric and symmetric stretching, respectively),
attributed to the presence of terminal acrylate groups from PEGDA,
confirms the occurrence of the polymerization reaction [19]. The peak
at 1460 cm ™! and the bands at 3120 and 3160 cm ™! are assigned to the
CHj3 bending vibrations and CHj stretching vibrations, respectively,
originated from the imidazolium-based cation of the IL. On the other
hand, the bands at 1049 cm™}, 1132 cm ™!, 1178 cm™! and 1343 cm™!
are typical of the TFSI anion [19]. The characteristic peaks of azo-POPs,
described above, were not detected in the iongels spectra, due to the low
azo-POP content in the iongel or possible overlapping of peaks.

3.3.3. Contact angle measurements

The water contact angle of each iongel membrane sample was
measured, and the respective mean values and corresponding errors are
displayed in Fig. 7. The PEGDA-80 TFSI iongel presents the highest
water contact angle at 61.9°, and this value decreases upon the incor-
poration of different azo-POPs, down to 42.5° for PEGDA-80 TFSI-0.5
POP-1, suggesting that the addition of azo-POPs accentuates the hy-
drophilic character of these materials. For the different iongels con-
taining azo-POPs, the water contact angles are similar, probably because
the azo-POP structures are also similar between them and thus, the POPs
used do not have a major impact in this parameter.

3.3.4. Thermogravimetric analysis

Fig. 8 presents the TGA profiles of the prepared iongel membranes.
The mixed matrix iongels containing the different azo-POPs present a
similar behaviour when compared to that of the PEGDA-80 TFSI iongel.
Until around 200 °C, only trapped moisture is removed. Considering that
PEGDA has a lower thermal stability compared to the neat [Comim]
[TFSI] IL, the PEGDA-TFSI iongel exhibits Topser and Tge. values between
those of the neat materials. After the incorporation of the different azo-
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Fig. 4. CO, adsorption isotherms in azo-POP-1, azo-POP-10, azo-POP-11 and azo-POP-12, at 273 and 298 K. Closed and open symbols denote adsorption and

desorption data, respectively.



A.R. Nabais et al.

30 ym

SE MAG: 1000 x HV: 20.0 kV

70 pm
SE MAG: 500 x_HV: 20.0 kV

Journal of Membrane Science 660 (2022) 120841

/

30 pm

SE MAG: 1000 x HV: 20.0 kV

Fig. 5. SEM images of the surface (a,c) and cross section (b,d) of the self-standing (a,b) and composite (c,d) iongel membranes composed by PEGDA-80 TFSI-0.5

POP-11.
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Fig. 6. FTIR spectra of the PEGDA-80 TFSI iongel and the different mixed
matrix iongel membranes containing different azo-POPs.

POPs, both Tynser and Tge, presented in Table S2 (ESI), decreased from
388 °C for the PEGDA-80 TFSI to 337 °C for the PEGDA-80 TFSI-0.5
POP-1 iongel. Above these temperatures there is a continuous weight
loss, which results in the total degradation of the iongels. The decrease
observed after the incorporation of azo-POPs is attributed to a lower
thermal stability of these materials, compared to PEGDA or the IL. The
Tonset Of azo-POP-1, azo-POP-10, azo-POP-11 and azo-POP-12 were
detected at 241, 285, 310 and 290 °C, respectively, as observed in
Fig. S5 (ESI) [46]. Nonetheless, the TGA results here presented confirm
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Fig. 7. Water contact angles obtained for the PEGDA-80 TFSI iongel and the
mixed matrix iongel membranes containing different azo-POPs.

that the proposed mixed matrix iongel membranes containing azo-POPs
possess a suitable thermal stability within the typical temperature range
of the CO2/N3, CO2/CHy and COy/H; streams, with weight losses <3 wt
% up to 200 °C.

3.3.5. Mechanical properties
Table 2 shows the tension at break, deformation at break and
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Fig. 8. Thermogravimetric profiles of the PEGDA-80 TFSI iongel and the mixed
matrix iongel membranes containing different azo-POPs.

Young’s modulus obtained for all composite iongel membranes, in
which the iongel is supported on top of a porous polyamide filter. The
self-standing mixed matrix iongel membranes were too mechanically
fragile to be tested since, they broke easily when placed between the
testing clamps of the equipment. Thus, only the porous polyamide
support and the respective composite iongel membranes, were tested.
The results concerning the tension at break and Young’s Modulus show
that the polymeric support alone can withstand a higher stress before
breaking and has a higher resistance to elastic deformation, compared to
the composite iongel membranes. The pre-wetting step and the casting
of the iongel solution on the polyamide support surface may decrease
the stiffness of this layer, by acting as a plasticizer that reduces the
entanglement and bonding between molecular chains, resulting in the
variations of the mechanical parameters observed in Table 2 [60,61]. It
was also observed that, as the tension increased, the iongel layer began
to crack while the support was stretched, finally resulting in its rupture.
This happens because the iongel layer is mechanically weaker when
compared to the polyamide support. Small cracks in the iongel started to
be observed during the plastic deformation region of the samples.
Looking at the data obtained for the composite iongel membranes, it is
possible to perceive that the composition of the azo-POP iongel layer has
no significant impact in the mechanical parameters determined from
these experiments, since the main contribution to the membrane’s
strength is made by the support layer. This explains the use of a support

Table 2

Tension at break, deformation at break and Young’s modulus of the polymeric
PA support and the different mixed matrix iongel membranes prepared in this
work.
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layer to provide mechanical resistance for the mixed matrix iongel
membranes containing azo-POPs during the gas permeation tests. Even
though the iongel layers started to crack at a lower tension, they did not
detach from the polyamide support, showing a good adhesion between
the two materials and also the successful preparation of these composite
membranes.

3.3.6. Pure gas permeation experiments

Pure gas permeation experiments were carried out for CO9, No, CHy
and Hp, to study the influence of the incorporation of different azo-POPs
on the permeability and selectivity of mixed matrix iongel membranes.
It is important to emphasize once again that, to the best of our knowl-
edge, this is the first time that a class of POPs is incorporated in iongel
membranes for gas separation.

The gas transport in mixed matrix iongel membranes follows the
same mechanism of other dense membranes, where the permeability is a
combined effect of the gas diffusivity and solubility (P—S x D) and the
incorporation of porous materials has a direct influence on these pa-
rameters. For nonpolar gases, such as CHy, N2 and Hj, the solubility
depends primarily on the properties of the gas molecules, while for CO5
this coefficient is more dependent on the membrane material and its
interactions with the gas molecules. Moreover, the presence of specific
functional groups can help increase the solubility coefficient. On the
other hand, the diffusivity is primarily governed by the gas molecule size
and the free volume in the membrane structure. The porosity induced by
the incorporation of porous materials, such as azo-POPs, can restrict or
facilitate the diffusion of gas molecules, depending on their size.

Table S3 (ESI) presents the global CO, permeabilities and the COy/
Ny, CO,/CHy4 and CO2/H; ideal selectivities of the prepared composite
membranes, considering the iongel deposited on top of the polyamide
support. To better understand the separation performance of the mixed
matrix iongel layer, Table 3 presents the CO, permeabilities and the
CO2/Nj, CO2/CH4 and CO/H; ideal selectivities of the iongel layers,
calculated according to Equation (8) and Equation (3), respectively, and
the following discussion will be focused on these results.

From Table 3, it can be seen that the CO, permeability is favoured by
the incorporation of azo-POP in the iongel, even at such a low concen-
tration (0.5 wt%), since these membranes were able to outperform the
one composed by only PEGDA and 80 wt% of IL. This improvement in
CO, permeability results from the incorporation of an extra porous
network provided by the azo-POPs, the physical nature of their pores
and the azo functional groups present in their structures, as previously
revealed by both theoretical and experimental studies [45,53,59]. It has
been demonstrated that porous frameworks with nitrogen-rich func-
tionalities provide “COq-philic” properties to the membrane and high
CO, uptake capacity. These features are believed to arise from enhanced
COq-framework interactions through strong dipole-quadrupole in-
teractions. Azo groups can act as a Lewis basic site, while the carbon
atom in CO3 acts as an acid, originating dipole/quadrupole interactions
between the two sites, thus resulting in a higher affinity of the azo-POP

Table 3
CO, permeability and CO,/Nj3, CO2/CH,4 and CO2/H, ideal selectivities of the
mixed matrix iongel layers containing different azo-POPs.

Sample Tension at break ~ Deformation at Young’s Modulus Iongel layer P; COy o; (COo/ o; (COo/ o; (COo/
(MPa) break (%) (MPa) (barrer) Ny) CHy) Hy)
Porous PA support  21.1 + 0.3 19.6 + 0.4 5.8 +0.1 PEGDA-80 TFSI 62.3 +1.6 16.8 + 10.2 + 0.2 6.20 +
PEGDA-80 TFSI 12.1 + 0.9 16.5 + 0.9 3.1+0.2 0.5 0.5
PEGDA-80 TFSI- 13.3+1.3 16.7 £ 1.7 3.3+0.3 PEGDA-80 TFSI-0.5 90.6 + 2.7 27.8 + 10.5 + 0.2 12.1 +
0.5 POP-1 POP-1 0.4 0.8
PEGDA-80 TFSI- 12.2 + 0.6 24.6 + 0.9 2.5+0.1 PEGDA-80 TFSI-0.5 79.0 £ 2.0 19.0 + 11.5 + 0.3 11.4 +
0.5 POP-10 POP-10 1.0 0.6
PEGDA-80 TFSI- 13.5+ 1.6 16.7 + 0.3 3.4+0.2 PEGDA-80 TFSI-0.5 79.8 £ 2.8 40.5 + 12.0 £ 0.2 11.0 £
0.5 POP-11 POP-11 2.1 0.2
PEGDA-80 TFSI- 13.1+1.5 19.6 + 2.0 2.9 +0.3 PEGDA-80 TFSI-0.5 68.0 £ 1.5 53.1 + 9.9 £0.2 12.1 +
0.5 POP-12 POP-12 29 0.5
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pore surface for CO, [44]. It is also interesting to see that, for the mixed
matrix iongel membranes, the COy permeability is higher when the
contact angle is lower (Fig. 7), as the solubility of CO5 in more hydro-
philic materials is generally higher than in less hydrophilic/hydrophobic
ones.

The highest CO, permeability was achieved for the iongel membrane
with azo-POP-1 (90.6 barrer), while the lowest was obtained for the one
with azo-POP-12 (68.0 barrer). These CO, permeability values follow a
trend similar to that of the BET surface area (1100 m? g%, and 298 m?
g7}, respectively) and porous volume (0.57 cm® g7! and 0.29 cm® g2,
respectively) parameters obtained for these materials (Table 1). More-
over, stronger COo-framework interactions are expected in azo-POPs
having more narrow pores, due to a higher number of interactions be-
tween the adsorbed CO, molecules and the pore walls [41]. Addition-
ally, from the CO adsorption experiments, it is also possible to conclude
that the higher CO, permeability of the iongel containing azo-POP-1 is
favoured by the higher adsorption capacity of this material. Therefore,
the narrower pores of azo-POP-1 combined with its higher surface area
and CO;, uptake capacity leads to the highest CO5 permeability. Looking
at the CO, uptakes obtained for the studied azo-POPs, it is possible to
conclude that the CO, permeabilities of the respective iongels do not
follow the same trend. This indicates that the gas transport across the
iongel is primarily governed by the porosity parameters of the organic
fillers, rather than their intrinsic CO3 adsorption capacity.

Regarding the ideal selectivities obtained for the prepared mixed
matrix iongel membranes, the CO2/CH4 and CO»/Hj; separations show
similar results, which are considerably lower than the ones obtained for
the CO2/Nj separation. It is known that CH4 is a more soluble gas,
compared to Ny and that Hy has the smallest gas molecules (2.9 i\),
among all studied gases. A higher solubility of CH4 and diffusivity of Hy
gas molecules, compared to Ng, promotes their permeability, which may
lead to a lower selectivity. Nonetheless, for all gas pairs considered, the
selectivities of the azo-POP-containing iongels are higher than those
obtained for the neat PEGDA-80 TFSI iongel. The iongel containing azo-
POP-12 shows the highest COy/N> selectivity, originating from its low
BET surface area, which leads to a low Ny uptake. Even though azo-POP
particles induce a higher porosity in the iongels structure, facilitating
the diffusion of the gas molecules, their high affinity towards CO,
overcomes this effect, increasing the separation efficiency. The higher
CO9/Nj selectivities in the mixed matrix iongel membranes are a direct
consequence of the presence of the azo groups in the POPs structures.
The differences in the affinity of azo functional groups towards Ny and
CO,, are the key factor for the improved selectivity. Patel and co-workers
showed, though Monte Carlo simulations, that the binding affinity of the
azo groups towards N (9.0 kJ mol 1) is considerably lower than for CO,
(17.0 kJ mol™Y) [53]. These findings unveil the possibility of designing
highly-selective azo-POPs to be used as fillers in membranes for gas
separations.

In order to better understand the overall separation performance of
the prepared mixed matrix iongel membranes containing azo-POPs, the
experimental data obtained from this work were plotted against the
well-known upper bound limits for CO2/N3 (Fig. 9 a), CO2/CHy (Fig. 9 b)
and COy/H; (Fig. 9 c) separations, at 30 °C, where the ideal selectivity
for each separation is represented as a function of the CO, permeability
[62]. It is worth mentioning that the first upper bound limits developed
based on experimental data for the Hy/CO5 separation, at low temper-
atures, considered that the permeability of Hy was much higher than
that of CO, [63]. However, it is known that depending on the materials
and their interactions with the gas molecules, it is also possible to ach-
ieve a higher permeability for CO, compared to Hj, as we show in this
work, which led to the development of a new upper bound limit for
CO9/H;y [62]. The available data reported for other three-component
membranes, containing high IL content (> 60 wt%) and other third
component solid materials, such as silica nanoparticles [16,64,65], ze-
olites [23], and MOFs [20], at higher concentrations (between 8 and 15
wt%), is also plotted against the upper bound limits, in order to provide
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Fig. 9. (a) COy/Na, (b) CO5/CHy, (c) CO»/H; ideal selectivities of the prepared
mixed matrix iongel membranes containing different azo-POPs as a function of
CO,, permeabilities. Literature data are also illustrated for comparison purposes.

a general idea of the performance of the novel mixed matrix iongel
membranes containing azo-POPs proposed herein.

Looking at Fig. 9 a), the experimental results of this work come closer
to the CO2/Ny upper bound limit, after the incorporation of the different
azo-POPs, with the mixed matrix iongel membranes based on azo-POP-
11 and azo-POP-12 showing the best results. It is also possible to
conclude that overall, the CO, permeabilities obtained with third
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component solid materials, such as silica nanoparticles [16,64,65], ze-
olites [23] and MOFs [20] are higher, compared to those obtained in this
work with azo-POPs. However, the CO,/N, ideal selectivities are
generally higher, bringing the experimental results closer to the CO2/Ny
upper bound limit than those reported in the literature. In contrast, for
the CO,/CH4 separation, depicted in Fig. 9 b), the relation between
permeability and selectivity found in the mixed matrix iongel mem-
branes containing azo-POPs is not as promising as it is for the other
membranes with higher filler concentrations, mainly due to lower ideal
selectivity. Interestingly, the exact opposite behaviour was observed for
CO4/H; separation (Fig. 9 c¢), where even the unfilled iongel composed
of only PEGDA and IL exhibited a remarkable performance, and all
experimental points were able to overcome the respective upper bound
limit.

It is also worth noting that the azo-POP concentration used in the
mixed matrix iongel membranes (0.5 wt%) is considerably low when
compared to the literature data available for iongels containing silica
[16,64,65], zeolites [23] and MOFs [20] (between 8 and 15 wt%).
Therefore, we can expect that an increase in the azo-POP loading will
probably improve the iongels’ permeabilities [11,66,67].

4. Conclusions

Mixed matrix iongel membranes, which are entirely composed of
organic materials (PEGDA, 80 wt% [Comim][TFSI] IL and four different
azo-POPs) were successfully prepared, for the first time, by a fast and
simple solvent-free UV polymerization process. The SEM analysis
demonstrated that dense and defect-free mixed matrix iongel mem-
branes with a good dispersion of azo-POP particles were obtained. All
the iongel membranes presented high thermal stabilities (>330 °C).
Furthermore, the pure gas permeation experiments showed that with
only 0.5 wt% of azo-POP, it was possibly to improve both CO4 perme-
ability (from 62.3 to 90.6 barrer) and CO,/Nsy, CO2/CH4 and CO,/Hy
ideal selectivities, mainly due to the “CO,-philic” nature of azo-POPs. In
fact, it was found that the azo-POP structure had a significant influence
on the COy/N; ideal selectivity, since the “Ng-phobicity” of these ma-
terials is strictly dependent on porosity parameters. Remarkably, all the
prepared iongels were able to surpass the CO2/Hs upper bound limit.

Overall, the results of this work clearly indicate that the incorpora-
tion of different azo-POPs in iongels with high IL content is a promising
strategy that should be taken into consideration regarding the design of
membrane materials with improved CO, separation properties. More-
over, besides the separation performance, it is also worth highlighting
the straightforward and solvent-free method used in the preparation of
these mixed matrix iongel membranes, as well as the novelty in the
combination of the different organic materials.

Future work will be focused on evaluating the gas separation per-
formance of these mixed matrix iongel membranes at experimental
conditions that mimic those of industrial gas streams, in terms of
composition, temperature, pressure and water vapour content.
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