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The effect of temperature, pressure, and humidity content in the gas separation performance of iongel mem-
branes are crucial parameters that should be assessed to determine the real potential of these materials to be used
in CO3 separation processes. In this work, we present a detailed study on the impact of temperature (303, 323
and 353 K), pressure (2 and 4 bar), gas composition and water vapour content (between 11 and 21% of relative
humidity) on the performance of iongels containing azo-porous organic polymers (azo-POPs), for CO5/N5 and
CO,/CH4 binary gas separations. The iongels combining 80 wt% of the ionic liquid (IL) [Comim][TFSI], 20 wt%
of poly(ethylene glycol) diacrylate (PEGDA) and 0.5 wt% of different azo-POPs were prepared by a solvent-free
UV curing method. At the lower temperature, the pressure increase seems to have a negative impact on the COy
permeability of the prepared mixed matrix iongel membranes (MMIMs). However, the opposite behaviour was
found when the temperature increases. Moreover, the presence of humidity in the feed gas stream affects the gas
separation performance of the studied iongels, since the CO, permeability greatly increases with increasing
humidity in the gas mixture, while the selectivity decreases, for both gas separations under study. In general, the
high pressure and temperature, and the presence of humidity have a significant influence on the separation
performance of the studied iongel membranes, due to induced alterations in their structure and overall stability.

commercially available membranes for gas separation (CO2/Nj) are
polymeric membranes. For instance, Polaris™ (MTR) and PolyActive™

1. Introduction

Throughout the years, membrane processes have established them-
selves as one of the most promising strategies to purify gas streams.
Compared to other processes, such as absorption using aqueous amine
solutions, pressure swing adsorption and cryogenic distillation, the use
of membranes can offer several advantages, namely in terms of energy-
saving, continuous operation mode, low maintenance required and the
inherent simplicity of the process [1,2]. However, despite the attrac-
tiveness of this process, the use of membranes still faces some chal-
lenges, namely in terms of the materials used. Ideally, high membrane
permeance (ratio between permeability and membrane thickness) is
always the target along with an optimal value of selectivity that will
depend on the operating pressure and process design [3]. Although
different membrane materials have been used, all the current
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(Hereon) present CO, permeances of 2200 and 1450 GPU and CO2/Ny
selectivities of 50 and 46, respectively, which can be regarded as target
values in terms of membrane separation performance [4].

The challenging experimental conditions of some of the most com-
mon industrial gas separations, either in terms of temperature, pressure,
or separation performance requirements, may represent a setback in the
development of membrane processes at large scale [3]. Therefore, the
performance of membranes in harsh industrial conditions (e. g. high
pressure and high temperature, see Table 1) should be properly assessed
before the process can be scaled up.

The pressure increase, for example, in natural gas and syngas
streams, might have a significant effect on the membranes’ separation
performance, especially if highly condensable gases such as CO2 and
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Table 1
Typical conditions of the CO»/N, and CO,/CH, industrial gas streams.
Separation Temperature (K) Pressure (bar) References
Flue gas CO2/Ny 308-393 1 [5-8]
Natural Gas CO4/CHy4 298-308 30-50 [8-10]
Biogas CO,/CHy4 298-308 1 [8,11]

heavy hydrocarbons are present in the gas mixture. Highly sorbing gases
can induce swelling of the polymer chains, also known as plasticization,
leading to a significant increase of the fractional free volume and gas
diffusion rate. As a consequence of the higher gas diffusivity, the gas
permeability increases while selectivity usually decreases [12]. On the
other hand, depending on the membrane’s material, elevated tempera-
tures can also have a significant impact on the membranes’ separation
performance, usually by increasing the permeability at the expense of
the gas selectivity [13]. Besides the effect of pressure and temperature,
the presence of water vapour in some gas streams can also influence the
separation performance of membranes. The presence of water molecules
in the gas stream can lead to the formation of water clusters that fill the
membranes’ free volume or promotes a competitive sorption effect with
other gas molecules, decreasing their permeability. The opposite effect
can also be observed if the water vapour molecules are able to change
the membrane’s structure by inducing a plasticization effect [14].

The selection of the most suitable materials to fabricate membranes
for gas separation is the key factor behind a successful separation per-
formance, under harsh conditions. In the last few years, a variety of new
materials have been proposed as alternatives to prepare membranes
with superior gas separation performance. Among them, ionic liquid
(IL)-based membranes have been looked at as one of the most versatile
classes of materials that can be used to achieve high gas separation
performances [15]. These materials take advantage of, not only their
high affinity for specific gases, such as CO,, but a high thermal and
chemical stability [16-18]. In particular, iongel membranes, containing
a high amount of IL and a polymer network to provide the necessary
mechanical support, can take benefit from these intrinsic IL properties,
to achieve high gas permeabilities and selectivities [19-23]. To improve
the separation performance of these iongels, a third component, such as
metal organic frameworks (MOFs), zeolites and silica particles, can also
be added to prepare MMIMs [24]. Over the past years, the development
of MMIMs has shown promising results towards the separation of CO,.
Noble’s group carried out pioneer work regarding mixed matrix mem-
branes with zeolite particles, such as SAPO-34, poly(ionic liquid)-based
membranes and moderate contents of [Comim][TFSI] IL, for CO5/N> and
CO4/CH4 separations [25-28]. Even though the membranes prepared by
the authors do not fall under the definition of iongel considered in this
work, the results showed that there was a clear advantage when
combining a solid filler with an IL, unveiling the potential of using
MMIMs for gas separation. Later on, Matsuyama’s group developed
silica containing iongel membranes, with not only good separation
performances but also remarkable mechanical properties, able to with-
stand up to 28 MPa of compressive stress [29-31]. Moreover, we studied
the influence of different MOFs (MOF-5, Cu(BTC), MIL-53 and ZIF-8)
loadings and ILs ([Comim][BETI] and [C4mpyr][TfaN]) incorporated
in poly([pyr11]1[TFSI]-based membranes for CO, separation. It was clear
that the CO, permeability was significantly improved, however at the
expense of the ideal selectivity [32,33]. Following a similar approach, a
nanoclay (Nanomer®1.34TCN, montmorillonite - MMT) was used to
reinforce poly(ethylene glycol) diacrylate (PEGDA) iongel membranes
in a self-standing form. The additional mechanical resistance provided
by the inorganic particles, at 7.5 wt% loading, allowed for the prepa-
ration of free-standing iongels with 80 wt% [Comim][TFSI] IL and an
increase in permeability and in CO2/N5 and CO2/CHy ideal selectivities,
due to the higher IL content [34].

More recently, azo-porous organic polymers (azo-POPs) have also
attracted much attention regarding their potential towards CO,
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separation applications [35-40]. The use of totally organic fillers such as
azo-POPs combined with ILs, can help to overcome the compatibility
issues between the filler particles and the polymer materials, which is
known for being one of the main challenges regarding the fabrication of
mixed matrix membranes. We recently reported an efficient synthetic
pathway to prepare four different azo-POPs (azo-POP-1, azo-POP-10,
azo-POP-11 and azo-POP-12) to be used as fillers and improve the
CO4 separation performance of PEGDA iongel membranes bearing
[Comim][TFSI] IL [41]. The results obtained in pure gas permeation
experiments showed a considerable improvement on the iongels’
permeability and selectivity upon the incorporation of azo-POP-1 and
azo-POP-11 [41]. However, the performance of MMIMs under condi-
tions similar to those of the most relevant industrial gas streams
(Table 1) is yet to be fully assessed [24]. In this work, we started by
evaluating the influence of different water activities in the pure gas
permeation of the iongel membranes containing the different azo-POPs.
Additionally, we evaluated the CO/N5 and CO5/CH4 separation per-
formance of the previously proposed MMIMs iongels containing
azo-POP-1 and azo-POP-11 under different experimental conditions. To
make a more realistic evaluation, the effect of temperature, pressure, gas
composition and presence of water vapour on the iongels’ performance
was assessed.

2. Experimental
2.1. Materials

Poly(ethylene glycol) diacrylate (PEGDA, M, 575 g mol 1) and 2-hy-
droxy-2-methylpropiophenone (DAROCUR®, 97 wt% pure) were pur-
chased from Sigma-Aldrich (Portugal). Ionic liquid 1-ethyl-3-
methylimidazolium bis(triuoromethylsulfonyl) imide ([Comim][TFSI],
99 wt% pure) was supplied by Iolitec GmbH (Germany). Carbon dioxide,
CO2 (99.998% purity), nitrogen, Ny (99.99% purity), methane, CHy
(99.99% purity) and helium, He (>99% purity) gases were provided by
Praxair (Portugal). Azo-POP-1, azo-POP-10, azo-POP-11 and azo-POP-
12 were synthesized according to a previously described procedure
[41]. The characterization of the different azo-POPs, including the
determination of the BET surface area, porous volume, mean pore size
and CO; adsorption capacity, can be found in our previous work [41].

2.2. Preparation of mixed matrix iongel membranes (MMIMs)

The MMIMs containing azo-POP-1 (designated as PEGDA-80 TFSI-
0.5 POP-1), azo-POP-10 (designated as PEGDA-80 TFSI-0.5 POP-10),
azo-POP-11 (designated as PEGDA-80 TFSI-0.5 POP-11) and azo-POP-
12 (designated as PEGDA-80 TFSI-0.5 POP-12) were tested in this
work [41]. The iongels were prepared by mixing 0.5 wt% (above the
total iongel mass) of the selected azo-POP with 80 wt% of [Comim]
[TFSI] IL and left stirring overnight. Subsequently, 20 wt% of PEGDA
was added and the solution was left stirring for 1 more hour before
adding 3 wt% (relative to PEGDA mass) of DAROCUR® as photo-
initiator. The final solution was placed on top of hydrophilic polyamide
(PA) support (Sartorius™, supplied by Fisher Scientific), with a pore
size of 0.22 pm and then between two Rain-X® coated quartz plate, with
a 100 pm spacer in between. The hydrophilic porous support was sub-
jected to a pre-wetting step before the iongel casting, to minimize pore
filling. The final set was exposed to a UV light using a UVP Cross-linker
CL-3000 (Analytik Jena, Germany), with a wavelength of 365 nm and an
intensity of 1.9 mW cm™2 for 10 min. Before testing, the resulting
membranes were then dried at 333 K to remove the water trapped inside
the polymer support. The temperature and time needed to dry the sup-
port was confirmed by weighing the membrane before immersion in
water and after the drying step, being considered dried when a constant
support weight was obtained. Therefore, it was considered that the
permeability results obtained in this work, from the pure and mixed gas
permeation experiments, correspond to the iongel layer without the
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resistance of the porous support (as it was confirmed when trying to
perform permeation experiments on the support alone and no resistance
to gas transport was observed). This means that, in the present work, it
was not necessary to use the Resistance in Series Model (RSM) as pre-
viously reported [41]. A schematic representation of the fabrication of
the MMIMs can be found in Fig. 1.

2.3. Effect of water activity

The prepared iongels were conditioned at different water activities
(ay). Saturated salt solutions were used to equilibrate the iongel mem-
branes at a defined water activity through the vapour phase, as listed in
Table 2. Specific amounts of different inorganic salts were mixed with
distilled water and the iongels were placed in four different desiccators,
each with a well-defined water activity at 303 K. A thermohygrometer
equipped with a HM42 probe (Vaisala, Finland) was used to confirm the
RH inside each desiccator. The weight and thickness of each sample
were measured every 5 days until these parameters remained constant,
after approximately 3 weeks, meaning that the iongels were equilibrated
at the desired RH before being tested for pure and mixed gas
experiments.

2.4. Gas permeation

2.4.1. Pure gases

Pure gas permeation experiments were carried out for pure CO, Ny
and CHy, to evaluate the influence of the presence of water inside the
iongels structure on their separation performance, according to a pre-
viously described procedure [43]. The iongel membranes were placed
inside a stainless-steel permeation cell divided into two compartments,
specified as feed and permeate. The cell was placed inside a water bath,
with a controlled temperature of 303 K. All permeation experiments
were performed at a transmembrane pressure of 0.7 bar of relative
pressure, and three replicates of each membrane were tested. Two
different replicates of each membrane were tested, and the mean value

(— PEGDA ﬂ /- [szli;]{TFSI] \
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Table 2
Saturated salt water activities, at 303 K [42].
Salt Water activity (ay,)
Lithium chloride, LiCl 0.113
Potassium acetate, CH3COoK 0.216
Sodium bromide, NaBr 0.560
Sodium chloride, NaCl 0.751

and standard error (calculated by dividing the standard deviation of the
samples by the square root of the sample size) were calculated.

The permeability of the pure gas through the iongel membrane
equilibrated at the desired RH was calculated from the acquired pressure
data over time, on both compartments, according to the following
equations:

l]n M :lln(%):pf 1)
ﬂ U’fced - pperm] ﬂ Ap l

Where Apg and Ap (bar) represent the pressure variations, at time zero
and over time, respectively, between the feed and permeate compart-
ments of the cell, P (m?s™1) is the permeability of the iongel membrane
towards a specific gas (where 1 Barrer = 1x107° cm® em em ™2 57!
cran’1 =8.3x10 ¥ m?2shH [44], t is the time (s) and [ is the iongel
layer thickness (m). f m Disa geometric parameter, characteristic of
the geometry of the cell, given by:

1 1
=A 2
ﬂ (ered * Vperm) ( )

Where A is the iongel active membrane area (m?) and Vfeed and Vperm are
the volumes (m®) of the feed and permeate compartments, respectively.
The permeability of the iongel membrane was obtained from the slope

represented by plotting 11—3111 (%“) versus §.

The ideal gas selectivity was calculated by dividing the permeabil-

/— Azo-POPs ﬂ
’t \\("*E
\ 7

Mixed Matrix longel Membrane

Fig. 1. Schematic representation of the preparation of the MMIMs studied in this work.
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ities of the two tested gases (A and B), according to:

P,
3
®a/B Py 3

2.4.2. Binary gas permeation experiments

Binary gas mixture experiments for CO5/Ny and CO2/CH4 mixtures
were performed using an experimental set-up, schematically repre-
sented in Fig. 2, to determine the permeability and real selectivity of the
prepared iongel membranes, under mixed gas conditions. The setup is
composed by a stainless-steel cell, divided in two compartments (feed
and permeate) separated by the membrane to be tested, placed inside an
oven (Venticell MMM, Germany) with a controlled temperature (TC).
The flow rate of each gas (CO3 and N» or CH,4) was controlled by two
mass flow controllers, MFC1 and MFC2 (Alicat Scientific, USA) con-
nected to the gas bottles, which were then mixed, inside the oven, before
entering the feed compartment of the membrane module. The experi-
mental pressure was controlled by a back pressure regulator (BPR).
Helium (He) was used as sweep gas on the permeate compartment
(MFC3) during the experiment, with a flow rate of 5 mL min~! and
pressure around 1 bar. The flow rate of the permeate stream was
measured by a mass flow meter, MFM (Alicat Scientific, USA). The gas
flow rate was obtained directly from the MFM, where only He sweep gas
was detected since the flow rate of the gases passing on the permeate
compartment was too low to be sensed.

Retentate and permeate compositions were analysed using an Agi-
lent gas chromatograph (GC) 7890B (in which He was used as the gas
carrier), equipped with a thermal conductivity detector (TCD) and
maintained at 473 K. For the analysis, an isothermal method was used,
with a PoraPlot U column connected to a Molsieve 5A column, pur-
chased from Soquimica Lda. (Lisbon, Portugal). Each experiment was
carried out until a constant permeate flow and composition were
achieved.

The experiments were carried out at different temperatures, pres-
sures, and gas compositions, as listed in Table 3, to achieve experimental
conditions similar to those of flue gas (CO3/N3) and biogas upgrading
(COy/CHy) streams. Two separate replicates of each membrane were
tested under the stated experimental conditions. More specifically, the
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Table 3
Experimental conditions for the binary gas mixture permeation experiments.

Gas stream Temperature (K) Pressure (bar) Gas composition
CO2/Ny 303, 323 and 353 2 and 4 5-30 vol% CO,
CO,/CHy4 303 2 and 4 10-40 vol% CO,

experiments were conducted according to the following procedure: (i)
Constant pressure and temperature, varying the CO5 composition from
the lowest to the highest; (ii) Increase in pressure and constant tem-
perature, varying the CO composition from the lowest to the highest;
(iii) Increase in temperature and constant pressure, varying the CO5
composition from the lowest to the highest. Different samples were used
for the various experimental conditions of temperature and pressure, to
prevent the effects of previous experimental conditions on the mem-
brane’s performance. The same sample was used when only the gas
composition was changed. The mean value and standard error (calcu-
lated by dividing the standard deviation of the samples by the square
root of the sample size) were calculated.
The permeability of each gas was calculated according to:

F .y
ji= mu/x; i “
Api=p Y —p ¥ (5)
jiil
= 6
v 6)

Where j; is the molar flux of gas i (mol m~2 s 1), F is the gas molar flow
rate (mol s™1), y and yP are the gas molar fractions on the feed and
permeate side, respectively, A is the iongel membrane area (m?), A p
represents the driving force between feed and permeate sides (Pa), pf
and pP are the pressures (Pa) in the feed and permeate sides, respec-
tively, [ is the iongel layer thickness (m) and P is the iongel membrane
permeability towards gas i (mol m~! Pa~!s™1).

2.4.3. Humidified mixed gas permeation experiments
The experimental setup schematically represented in Fig. 3 was used

,N »| MFC1 e By
V1 ‘( © )
el PI
Feed
Permeate T
MFC2 MFc3 |«
V3
v2
co,
Pl |
MFM BPR He
CH,
orN, J
Purge GC-TCD Purge

Fig. 2. Schematic representation of the experimental setup used for the mixed gas permeation experiments (dry conditions): BPR - back pressure regulator; MFC1-
MFC3 - mass flow controllers; MFM - mass flow meter; PI — pressure indicator; TC — temperature controller; V1-V3 — valves.
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Fig. 3. Schematic representation of the experimental setup used for the mixed gas permeation experiments (humidified conditions): BPR — back pressure regulator;
MFC1-MFC4 — mass flow controllers; MFM — mass flow meter; PI — pressure indicator; RH% - relative humidity indicator; TC — temperature controller; V1-V6

- valves.

to evaluate the effect of relative humidity (RH) present in the stream on
the gas separation of the iongels membranes, under mixed gas condi-
tions. To obtain a humidified feed gas stream, a fraction of Ny or CHy
(MFC3) was passed through a water container, using a bypass (V5 and
V6), to obtain the desired relative humidity content (RH = 11 and 21 vol
%) before being mixed with the other components of the gas mixture.
The relative humidity present in the gas stream was confirmed using a
Vaisala thermohygrometer, equipped with a HM42 probe, placed on the
retentate stream, outside of the oven. The membranes to be tested were
properly conditioned at the desired water activity, as described in Sec-
tion 2.3, for a,, = 0.11 and a,, = 0.21, prior to the experiments. All ex-
periments and calculations were carried out following the procedure
described in Section 2.4.2.

3. Results and discussion

In this work, gas permeation experiments were performed using two
different systems, to evaluate different parameters. First, the effect of
water activity in the MMIMs structures was evaluated by single gas
permeation experiments, with dry gases (section 3.1). The objective was
to understand how a specific water activity/water content inside the
membrane can affect its structure and, consequently, its gas transport
properties without the influence of other parameters (humidity of the
gas stream, type of gas mixture, etc.). Due to the short duration of these
experiments (between 1 and 2 h, with CO; being the fastest gas to be
permeated), it was assumed that the water activity inside the membrane
does not change significantly during each test. Due to the material of the
permeation cells used (stainless steel), it was not possible to measure the
weight of the different membranes, since the iongel layer was fragile and
usually cracked when opening the permeation cell.

In the second part (section 3.2), gas mixtures permeation experi-
ments were performed, considering three variables: temperature, pres-
sure, and RH in the gas stream. In this case, besides the water activity
inside the MMIMs (that were also pre-equilibrated), the influence of a
specific relative humidity in the gas stream, as well as temperature and
pressure were evaluated.

3.1. Effect of water activity on pure gas permeation

3.1.1. Gas permeability

Fig. 4 displays the pure CO5 permeability of the neat PEGDA-80 TFSI
and respective MMIMs containing azo-POPs, equilibrated at different
water activities. In this way, this section discusses the impact of the
presence of water content inside the structure of the membranes. The
CO4 permeability greatly increased from a,, = 0 to a,, = 0.21, further
decreasing at higher a,,. Similar to what was observed in our previous
work (a, = 0) [41], the MMIM containing azo-POP-1 presented the
highest CO2 permeability, regardless of the a,, value, while the neat
PEGDA-80 TFSI iongel showed the lowest. This means that the azo-POPs
incorporated in the iongels were able to maintain their performance
even at different water activities inside the iongel structure, still acting
as enhancers of the gas permeability. The neat PEGDA-80 TFSI iongel
presented a CO, permeability of around 62 Barrer for a, = 0, which

500
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100+ @ PEGDA-80 TFSI-POP-11
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w

Fig. 4. CO, permeability obtained for the neat and mixed matrix iongel
membranes as a function of the water activity (ay).
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increased to 320 Barrer at a,, = 0.21 and then decreased down to 207
Barrer at higher values of a,. The CO; permeability of the PEGDA-80
TFSI-0.5 POP-1 increased from 91 Barrer for a,, = 0 up to 479 Barrer
at ay, = 0.21, further decreasing down to 375 Barrer at a,, = 0.76. In fact,
the CO4, diffusion is expected to increase with increasing a,,, which could
be primarily associated with the absorption of water molecules in the
polymer matrix [45]. At low a,, the water molecules are more likely to
interact with the polymer rather than with other water molecules,
behaving as a plasticizing agent, increasing the free volume in the
membrane and, consequently, the gas diffusion. On the other hand,
higher a,, (between 0.57 and 0.76), were found to counter this effect, by
significantly decreasing the CO, permeability [45]. This phenomenon
can be attributed to a reduction in diffusivity when the water molecules
started to aggregate, creating water clusters that occupy the free volume
of the polymer. This hinders the transport of gas species since the water
clusters provide a significant obstruction to gas diffusion [46]. As the a,,
increased, more water molecules are likely to be absorbed leading to the
formation of aggregates, as long as the membrane was able to swell and
accommodate such water clusters [45]. Also, the CO4 solubility is much
higher in the iongel matrix comprising the IL [Comim][TFSI] and
PEGDA than in water (S CO, = 0.76 cm® (STP) cm > atm ™! at 298 K),
which also contributed to the observed decrease in the iongels perme-
ability at higher a,, [47]. Overall, the highest increase in COy perme-
ability was achieved with the MMIMs containing azo-POP-1 and
azo-POP-11, since these were also the most hydrophilic materials, as
shown in our previous work, while the less hydrophilic iongel
(PEGDA-80 TFSI) showed the lowest increase in permeability, when
compared to the results obtained in the dry state (a,, = 0) [41].

Compared to other poly(ethylene glycol)-based membranes (a
polymer structurally similar to PEGDA), that also present a hydrophilic
nature, the results obtained in this work are similar or higher than those
reported in literature [48-51].

Overall, it can be concluded that the presence of water, at low con-
centrations, can benefit the CO, transport of the studied iongel mem-
branes, particularly when azo-POPs are incorporated in the matrix.

3.1.2. Ideal selectivity

Fig. 5 a) and b) displays, respectively, the CO3/N3 and CO2/CH,4 ideal
selectivities of the neat iongel and MMIMs containing azo-POPs, as a
function of the water activity. Similar to what was observed for the CO5
permeability, the ideal selectivities increased with an increase in the a,,
(up to 0.21) for all the studied iongel membranes. The solubility of CO2
in water (3.4 x 10"*mol m 3 Pa™1) is considerably higher than that of
N (6.4 x 107® mol m~2 Pa™') and CH,4 (1.45 x 10™° mol m~2 Pa™!)
[47]. These differences contributed to an increase in the CO2 perme-
ability, which was more significant than for the other less soluble gases
(N3 and CH4) and thus, ideal selectivity increased. It should also be
noted that the azo functional groups can act as selective binding sites for
COs, hence the MMIMs containing azo-POPs presented higher ideal se-
lectivities compared to the neat PEGDA-80 TFSI iongel membrane. On
the other hand, as the a,, increased (from 0.21 to 0.76), there was a
notorious decrease in the ideal selectivity for both gas separations. This
can be attributed to the clustering effect caused by the presence of more
water molecules in the structure that hindered the gas diffusivity. The
presence of a higher water content also decreased the gas solubilities
because the studied gas species are less soluble in water that in the
iongel matrix. Considering that CO2 has the highest solubility coefficient
among all the studied gases, CO, will suffer a higher decrease in solu-
bility, which coupled with the decrease in diffusivity, resulted in the
observed loss of ideal selectivity.

3.2. Binary gas mixture permeation experiments
Taking into account not only the results of the pure gas permeation

experiments previously obtained [41], but also the ones presented in
section 3.1 regarding the effect of the water activity on the iongels pure
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Fig. 5. (a) COy/N; and (b) CO2/CH, ideal selectivities of the neat and mixed
matrix iongel membranes as a function of the water activity (ay,).

gas permeation, the MMIMs containing azo-POP-1 and azo-POP-11 were
selected and evaluated under mixed and humidified gas conditions, for
CO2/N;y and COy/CH4 separations. Regarding CO2/N; separation, the
influence of temperature (303, 323 and 353 K), pressure (2 and 4 bar),
gas composition (5-30 vol% CO3), and RH (11 and 21%) was studied.
Additionally, the influence of pressure (2 and 4 bar), gas composition
(10-40 vol% COy) and relative humidity (11 and 21%) was assessed for
the COy/CH4 separation. The results obtained as a function of the vol%
CO,, temperature, pressure and relative humidity for both separations
can be found in ESI (Tables S1-S12).

The influence of gas composition on the CO3/N3 and CO2/CH4 sep-
aration performance of the neat iongel and MMIMs containing azo-POP-
1 and azo-POP-11 can be perceived from the results presented in
Tables S1-S3 and Tables S4-S6 of ESIL. Overall, the CO5 permeability in
the CO2/N; binary gas mixture is not significantly influenced by the
variation in the feed gas composition between 5 and 15 vol% COa.
However, at 30 vol%, the CO, permeability decreases for all studied
iongel membranes. For the CO,/CH4 separation, the CO, permeability
does not present a significant dependence on the feed gas composition.

3.2.1. Effect of temperature
The influence of temperature on the COy/Ny separation of the
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studied iongel membranes, with a CO, feed composition of 15 vol%, can
be found in Table 4. For all iongel membranes, regardless of the
experimental pressure, the CO, permeability increases with increase in
temperature. At 2 bar, the CO, permeability increases from 115 Barrer at
303 K to 127 Barrer for the PEGDA-80 TFSI iongel membrane, at 353 K,
while the MMIM containing azo-POP-1 presents a CO, permeability
ranging from 144 to 172 Barrer, under the same experimental condi-
tions. These findings are in agreement with what was previously
observed [41], i.e. the MMIMs containing azo-POP-1 had the highest
CO4 permeability, while the neat PEGDA-80TFSI membrane presented
the lowest, confirming that even at higher temperatures, the iongel
containing azo-POP-1 presents a better separation performance. The
same tendency was observed at 4 bar, where the CO, permeability
consecutively increased with increasing temperature. Higher tempera-
tures lead to an increase in the average kinetic energy and, conse-
quently, in the movement of the gas molecules, improving the rate of
diffusion [13,52]. Similar results have also been reported in the litera-
ture [52-54].

The permeation of gases through a dense membrane can be consid-

ered as an activated process, usually following an Arrhenius type
temperature-dependent equation, as follows [55]:
P=P,.cf @
Where P is the permeability (cm3(STP) cm cm ™2 s emHg™ 1), Py is the
pre-exponential factor (cm3(STP) cm cm ™2 57! cmHg’l), E, is the acti-
vation energy (kJ mol™1), R is the ideal gas constant (kJ mol 'K 1) and
T is the temperature (K). To investigate the temperature dependence of
the CO, permeability, the activation energy was calculated, by plotting
In P as a function of 1/T for every composition, and the mean values are
provided in Table 5. It can be seen that the activation energies obtained
for the MMIMs containing azo-POPs were higher than those of the neat
PEGDA-80 TFSI iongel. This means that the MMIMs were more sensitive
to temperature variations, which was probably attributed to the
temperature-dependent intrinsic properties of the azo-functional groups
of the POP structure. In fact, previous studies showed that the separation
performance, particularly for COy/No, achieved with azo-POPs can be
enhanced when the temperature increases [56]. Monte Carlo simula-
tions evidenced that there is an entropic loss of N3 gas molecules upon
binding, which is more relevant as the temperature increases [56]. Even
though the concentration of azo-POP in the iongel membranes is low, it
is possible that this factor also contributes to a higher sensitivity to
temperature from the MMIMs.

The effect of temperature on the CO, permeability presents two
contradictory effects: on one hand, it is known that the CO; solubility
decreases with increasing temperature while, on the other hand, the
diffusivity increases. This means that the CO5 permeability was more
solubility-controlled at low temperatures and diffusion-controlled at
higher temperatures [52,55].

Although the temperature did not have a significant impact on the

Table 4
Effect of temperature and pressure on the CO, permeability and CO5/N3 selec-
tivity of the neat iongel and MMIMs containing azo-POPs, at 15 vol% CO,.

Membrane P CO, Barrer (@ CO3/N3)
1
sampie 2 bar 4 bar
303 K 323 K 353 K 303 K 323 K 353 K
PEGDA-80 115 + 124 + 127 + 116 + 147 + 168 +
TFSI 1(14 2(11 2012 209+ 36 2(6+
+1) +1) +1) 1) +1) 1
PEGDA-80 144 + 158 + 172 + 140 + 168 + 174 +
TFSI-0.5 2 (20 2(19 2Q17 2(15 2 (16 310
POP-1 +1) +1) +1) +1) +1) +1)
PEGDA-80 134 + 146 + 163 + 126 + 154 + 178 +
TFSI-0.5 3(24 2(21 2 (21 213 2(18 209+

POP-11 +1) +1) +1) +1) +1) 1)
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Table 5
Activation energies (E,) obtained for the neat iongel and MMIMs containing azo-
POPs, at different pressures.

Membrane sample E, (kJ mol™!) at 2 bar E, (kJ mol™!) at 4 bar

PEGDA-80 TFSI 1.56 3.70
PEGDA-80 TFSI-0.5 POP-1 2,97 5.76
PEGDA-80 TFSI-0.5 POP-11 3.22 5.76

CO2/Nj selectivity at 2 bar, the MMIMs containing azo-POPs maintained
higher separation factors in comparison with the neat PEGDA-80 TFSI
iongel, due to the affinity of the azo groups towards CO,. Moreover, azo-
POP-11 provided the highest selectivity, in agreement to what was
observed in our previous work [41]. On the other hand, at 4 bar, the
selectivity followed the order a (323 K) > a (303 K) > a (353 K). The
lower selectivity at 303 K might be explained by a decrease in the CO,
permeability, at higher pressure, which was not as pronounced for Ny, as
it will be discussed in the next section.

3.2.2. Effect of pressure

The results regarding the effect of increasing pressure on the sepa-
ration performance of the neat PEGDA-80 TFSI iongel and respective
MMIMs containing azo-POPs are presented in Tables 4 and 6, for the
CO2/N3 (xCO42 = 15 vol%) and COy/CH4 (xCO2 = 40 vol%) binary gas
mixtures, respectively.

At 303 K, the CO4 permeabilities for both binary gas mixtures slightly
decreased as the pressure increased from 2 to 4 bar, except for the
PEGDA-80 TFSI iongel in the CO2/Ny mixture, where the observed
variation is insignificant. The observed decrease in CO, permeability at
an increased pressure and low temperature (303 K), can be explained by
an increase in the competitive sorption between the two gas species in
the mixture. It is known that, in gas mixtures, the transport of one gas
species across the membrane is directly affected by the presence of other
gas components, which is more pronounced for COy due to its lower
content in the gas mixture. This is also the reason why, in general, the
CO2/Nj selectivity decreased at higher pressure, regardless of the tem-
perature (except for a random variation observed for the PEGDA-80 TFSI
at 323 K). In what concerns the CO2/CH4 gas mixture, the increase in
pressure from 2 to 4 bar did not have a significant impact in the gas
selectivity.

Looking at the results obtained for the CO5/N; gas mixture (Table 4),
the CO, permeability obtained at 4 bar and 323 and 353 K increased,
when compared to the values obtained at 303 K. The decrease in
permeability observed at low temperature was counteracted by an in-
crease in temperature and consequently increase in gas diffusion. In all
cases, the CO, permeability as well as both CO2/N3 and CO,/CHy se-
lectivities were considerably higher for the MMIMs containing azo-
POPs, especially for azo-POP-1. For instance, at 15 vol% CO;, the
highest CO5 permeability of 174 Barrer was achieved with the iongel
containing azo-POP-1 at 4 bar and 353 K, along with a CO2/Nj selec-
tivity of 10. Regarding the CO2/CH4 separation, the MMIMs containing
azo-POP-1 also reached the highest CO5 permeability (253 barrer at 2
bar). This was an expected behaviour since this filler presented the
highest porosity (porous volume of 0.57 cm® g™1), surface area (1100
m? g’l) and CO; sorption capacity (2.3 mmol g’l at 273 K) [41].

Table 6
Effect of pressure on the CO, permeability and CO,/CH, selectivity of the neat
iongel and MMIMs containing azo-POPs, at 303 K and 40 vol% CO,.

Membrane sample P CO; Barrer (@« CO5/CHy)

2 bar 4 bar

PEGDA-80 TFSI
PEGDA-80 TFSI-0.5 POP-1
PEGDA-80 TFSI-0.5 POP-11

207 £4@8+1)
253 +4(11+1)
238+2(11+1)

191+2(@7 +£1)
227 £3(10+1)
220+£2(10+1)
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3.2.3. Effect of relative humidity (RH)

Fig. 6 a) and b) and Fig. 7 a) and b) display the effect of the presence
of humidity on the CO,/N5 and CO,/CH4 separations, respectively, for
the selected iongel membranes. It is worth mentioning that the tested
iongel membranes were pre-equilibrated at the desired water activity,
prior to the permeation experiments, as described in section 2.3. The
permeability values obtained at RH of 11 and 21% were compared with
the results obtained for the dry binary gas mixtures, at 15 vol% CO5 for
CO2/N3 and 40 vol% CO; for CO,/CHy. For both separations, the CO4
permeability increased as the RH present in the gas mixture increased,
for all tested iongel membranes. The increase in CO permeability with
increasing humidity was more significant for the PEGDA-80TFSI-0.5
POP-1 membrane, while the neat iongel displayed the lowest increase.
Regarding the COy/N> separation, the CO, permeability obtained for the
neat PEGDA-80TFSI iongel at 21% of RH was, on average, 1.5 times
higher than that obtained under dry conditions. On the other hand, at
21% of RH, the CO5 permeability increased around 2.7 times for the
MMIM containing azo-POP-1 and around 2.3 times for the one con-
taining azo-POP-11, when compared to the dry mixed gas conditions.
This behaviour can be explained by the higher hydrophilicity of the
PEGDA-80TFSI-0.5 POP-1 iongel material [41], which resulted in a
higher swelling of the membrane, meaning that more water-induced
plasticization occurred. Consequently, the gas molecules present in the
mixture could diffuse faster and more indiscriminately across the iongel
membrane. The neat PEGDA-80 TFSI iongel presented a less hydrophilic
character, and even though the CO, permeability also increased, it was
not as significant as it was for the MMIMs containing azo-POPs. On the
other hand, the increase in CO, permeability was not so accentuated for
the COy/CH4 separation, but maintained the same behaviour, with the
PEGDA-80TFSI-0.5 POP-1 membrane reaching the highest CO5 perme-
ability values.

As it can be seen from Fig. 6 b) and Fig. 7 b), the CO2/N> and COy/
CHy4 selectivities, respectively, obtained under humified conditions were
visibly lower than those achieved with the dry binary gas mixtures. As a
result of the hydrophilic character of the studied membranes and
consequent swelling of the materials in the presence of humidity, the
diffusion rate of the gas molecules present in the mixture was enhanced.
Moreover, CO3 is the smallest gas molecule tested in the gas mixture,
which means that it should be least affected by the changes in the
membrane free volume, contrary to what happens with Ny and CHy,
leading to a decrease of selectivity [14]. For both separations, the
PEGDA-80TFSI-0.5 POP-1 membrane, which was the most hydrophilic
membrane and contained the azo-POP with the highest porosity, showed
the most marked decrease in selectivity, when compared to that of the
remaining iongels. For the CO,/Ny separation, the selectivity of the
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PEGDA-80 TFSI-0.5 POP-1 membrane decreased from around 19, under
dry conditions, down to 6 when the RH increased, while for CO5/CHy it
decreased from 12 to 3, on average. On the other hand, the neat iongel
membrane was the least affected by variations on the RH percentage
since its selectivity decreased from 13 to 5 for the CO5/N; separation
and from around 10 to 6 for CO/CHy.

4. Conclusions

When considering the use of membranes for gas separation appli-
cations, the realistic operating conditions (e.g., gas composition, tem-
perature, pressure, water vapour) of the process are a key-factor to
determine the stability, performance and suitability of the chosen ma-
terials. Evaluating the separation performance of membranes under pure
gas conditions with low temperature and pressure can result in an un-
realistic assessment of the true potential of the materials. Bearing this in
mind, the influence of temperature, pressure, and RH on the CO5/N5 and
CO4/CH4 gas separations of MMIMs containing azo-POP-1 and azo-POP-
11 was assessed in this work. First, MMIMs containing four different azo-
POPs were subjected to different saturated salt solutions, revealing that
at lower ay, (up to 0.21) both single CO2 permeabilities and CO2/N5 and
CO2/CHy ideal selectivities were improved. Conversely, higher values of
ay (up to 0.76) resulted in significantly lower single CO, permeability
and ideal selectivities, due to a decrease of gas diffusivity and solubility.
It is expected that, at higher values of water activity, water molecules
start to aggregate, hindering the transport of gas molecules across the
iongel matrix. Additionally, gas molecules are less soluble in water than
in the iongel membrane comprising IL and PEGDA.

From the binary gas mixtures permeation experiments, it was found
that increasing temperature promotes higher CO, permeability, while
the CO2/Nj selectivity was not significantly impacted. It was also
observed that, at low temperature (303 K), the CO, permeability de-
creases with increasing pressure (from 2 to 4 bar), which was not
observed at higher temperatures (323 and 353 K). In the presence of
water in the gas feed stream, the CO» permeability is significantly
increased, due to the water-induced plasticization of the iongel material,
which also led to a considerable decrease in both CO5/N» and CO5/CHy4
selectivities.

Under both dry and humidified gas conditions, the MMIMs con-
taining azo-POP-1 and azo-POP-11 maintained a higher CO, perme-
ability and selectivity, when compared to those of the neat iongel, due
the increased porosity and higher COs affinity attributed to the presence
of azo functional groups in the POP structure.

Overall, it is clear that different experimental conditions can have a
significant impact on the separation performance of the iongel

30
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Fig. 6. Effect of relative humidity on the (a) CO, permeability and (b) CO,/Nj selectivity of the neat iongel and MMIMs containing azo-POPs, at 2 bar, 303 K and 15

vol% CO,.
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membranes and the obtained results can greatly differ from those obtain
with pure gases and low temperatures and pressures. Although the main
goal of this work was achieved (to assess the influence of different
experimental conditions on the separation performance of MMIMs),
further studies should be undertaken to evaluate the long-term stability
of these materials under the relevant experimental conditions.
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