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ARTICLE INFO ABSTRACT

Editor: Gaohong He In this work, we report a series of Matrimid®9725 based mixed matrix membranes (MMMSs) containing 10 wt%
and 20 wt% of highly microporous hypercrosslinked triptycene PIMs (HCP-PIMs) fillers. The latter were used
either in their pristine hydrocarbon form, or functionalized with nitro, amino, or sulfonic groups. Single gas time-
lag measurements show that the combination of the lowly permeable polymeric matrix and the highly porous
fillers leads to an enhancement of gas selectivity (up to 29 % for CO2/CH,) and, depending on the filler, to an up
to twofold increased permeability for CO2. The selectivity increase seems influenced by the nature of the
functional groups, while the permeability by the filler’s high surface areas. Specifically, an enhancement of the
permeability is observed across all MMMs, with the best results achieved with the hydrocarbon and the nitro
functionalized HPC fillers (PIM-Trip-H and PIM-Trip-NOs), which show an up to twofold increment of the
permeability compared to the pure Matrimid, accompanied by a further improvement of the selectivity for gas
pairs such as CO2/CH4 and Oy/N,. Thermal studies show that permeability increases upon heating for all MMMs,
while the selectivity decreases for gas pairs involving condensable gases such as CO». For instance, from 25 °C to
45 °C the permeability of CH4 increases up to about 300 % and that of CO, only between 25 % and 50 %. Finally,
the entropic and energetic contributions to diffusion selectivity are analyzed, providing insight into the varying
influences of diffusivity and selectivity for different gases.
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prevent repeating the same separations several times before reaching
the desired gas purity [10]. Because of these advantages, the membranes

1. Introduction

Global warming is a persistent concern in modern society due to the
significant threats it poses to the planet and all living species. Both
academia and industry are tackling the crucial issue of separating and
sequestering greenhouse gases that are evidently contributing to it, such
as CO, and CHy, with relative success [1-3]. In this context, membrane
technology offers several advantages over other gas separation tech-
niques (e.g., cryogenic distillation, absorption, pressure swing adsorp-
tion) [4-7], due to their higher energy efficiency, typically owed to the
lower pressures and temperatures they operate, lower running costs and
maintenance, because of the high gas flux of gas that can be treated at
once [8,9], and their relatively high gas selectivity. This is crucial to
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field is constantly expanding, and lately is especially focusing on the
efficient separation and purification of gas mixtures that may come from
natural sources [11,12], industrial production [13,14] and waste re-
sources [15,16].

The performance of a gas separation membrane is evaluated by
measuring the permeability of a gas a (P, typically reported in Barrer,
where 1 Barrer = 1 cmgp cm cm ™2 571 cmHg’l), against its selectivity
over a less permeable one b (&g p = Po/Pp). A well-known trade-off exists
between these two parameters, which states that if for a specific gas
permeability increases its selectivity over another one decreases, and
vice versa. A practical assessment of this trade-off was for the first time
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Fig. 1. Synthesis and functionalization of hypercrosslinked triptycene polymers.

proposed by Robeson in 1991, when he organized the best performing
membranes for gas separation according to their permselectivity data
and arranged them in double logarithmic plots [17]. He then selected
commercially important gas pairs and for each plot he drew upper
bounds, stating that materials that surpassed these empirical lines
possess state-of-the-art performance. He then updated his own work in
2008 [18], when he introduced more polymers that systematically
exceeded the previous limits. Since then, newer potential upper bounds
were proposed by other researchers, such as Pinnau and co-workers who
in 2015 set new limits for Oy/Ny, Hy/Ny and Hy/CH4 [19], and
McKeown et al. who in 2019 established new boundaries for CO, based
gas pairs (COy/CH4 and CO2/Ny) [20].

Commercial gas separation materials, including Matrimid®, Pebax®,
and polysulfones, are typically preferred by the industry due to a com-
bination of their cost vs performance [21-24]. However, they demon-
strate low to moderate permeability and selectivity, which push
researchers to search for more efficient systems. A recent solution
designed to improve the poor performance of these commercial poly-
mers, which are notoriously challenging to enhance and adjust for
specific applications [25,26], involves the creation of more permeable
mixed matrix membranes (MMMs). They are composite materials where
a soluble polymer is blended with porous additives, which typically aims
to enhance the overall permselectivity without increasing too much
their costs, for instance by avoiding large amounts of the additive
(10-20 wt%). A multitude of innovative and high-performing MMMs are
regularly reported [27-29], frequently starting from commercially
available polymers such as Matrimid®, which is probably the most
commonly used polyimide (PI) for gas separation. This pristine polymer
is a low-permeability/high-selectivity PI with Pcoz ~ 10.8 Barrer and
Pcus ~ 0.35 Barrer, with CO5/CH4 and CO5/N5 selectivities of 35 and
31, respectively [30]. Considering the poor permeability of neat Matri-
mid®, that hinders its use for the treatment of large-scale CO5 capture
processes such as from flue gas, it seems logical attempting to enhance
its permeability using porous fillers, while maintaining decent selec-
tivity [31,32]. This is crucial to ensure that large volumes of gases can be
treated at once (high flux), enabling the separation process to maximize
throughput without sacrificing selectivity (and thus purity).

Polymers of intrinsic microporosity (PIMs) form a class of porous
material that has been successfully employed in various fields, such as
catalysis [33], electrochemistry [34], and water purification [35].
However, they are best known for their exceptional performance as gas
separation membrane materials [20,36,37]. Not only are they promising
candidates for advancing the field when used as processable polymers,
but they have also been shown to be highly effective as amorphous fillers
for MMMs [38]. It would be particularly intriguing to combine the
amorphous and insoluble PIMs, functionalized with basic or acidic
substituents, with the similar amorphous structure of polyimides [39],

to alter the polymer matrix’s affinity for various gases following a like-
dissolves-like principle. This approach could be used to fine-tune the
permeability and selectivity for specific gas pairs, simultaneously
improving both permeability and selectivity of Matrimid®.

In a recent study, we demonstrated that incorporating amino groups
into hypercrosslinked PIMs enhances their affinity for CO,, which is
quite a common feature in carbon capture materials [40]. In the same
work we found out that groups such as sulfonic and nitro also have a
significant impact on the overall gas separation performance when uti-
lized as insoluble powders. In this study, we employed all these func-
tionalized PIMs to produce novel MMMs in combination with the
commercial Matrimid® as the soluble matrix, anticipating that a similar
trend would be found when used as fillers in membranes, designed for
separating various commercially important gas pairs.

2. Materials and methods

Commercially available reagents, polymers and gases were used
without further purification, and gases for permeation tests (Hz, He, Oo,
No, CH4 and CO3) were supplied by Sapio at a minimum purity of
99.9995.

2.1. Synthesis and functionalization of the hypercrosslinked polymers of
intrinsic microporosity (HCP-PIMs)

The synthesis and functionalization of the triptycene PIMs were
carried out following our previously reported procedure, [40] where all
the relevant characterization that assessed the correct presence of the
added functional groups will be found (this includes 13C SSNMR, FT-IR,
thermal analysis and titration of the sulfonic groups, that showed values
between 2 and 3 sulfonic groups per repeat units). More in detail, after
synthesis and post-polymerization functionalization, all the insoluble
polymers were thoroughly washed under reflux with a series of solvents,
sequentially starting from ethanol, chloroform, THF, acetone, and
methanol. All polymers were finally dried in a vacuum oven at 100 °C
for 20 h. The synthesis started from the formation of the initial
hydrocarbon-based polymer PIM-Trip-H, made via a Friedel-Craft
polymerization of the commercial triptycene. This was subsequently
nitrated with concentrated nitric acid to obtain PIM-Trip-NOs. The
amino polymer PIM-Trip-NH; was synthesized via the reduction of the
nitro material using sodium dithionite in methanol and water. Finally,
the direct sulfonation of PIM-Trip-H with concentrated sulfuric acid at
60 °C afforded the last polymer, PIM-Trip-SOsH (Fig. 1).

2.2. Membrane preparation

Prior to use, Matrimid®9725 and the HCP-PIMs were treated for at
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least one night at 80 °C in a vacuum oven before the solution prepara-
tion. The pure Matrimid®9725 membrane and the MMMs containing 10
wt% or 20 wt% of the HCP-PIMs in Matrimid® were prepared casting
the films from chloroform, all starting from a 3 wt/vol% solution. The
neat 3 wt% Matrimid® solutions were left to stir overnight, filtered and
cast by slow evaporation. For the MMMs, a controlled amount of the
HCP-PIMs was added to the solution to produce the 10 wt% or 20 wt%
HCP-PIM loaded suspensions. The Matrimid®9725/HCP-PIMs slurry
was sonicated for 2 h using a sonication bath and then left to stir
overnight. The day after they were sonicated again for 9 h before being
cast into an 8 cm Teflon petri dish, from where the solvent was slowly
allowed to evaporate at a temperature of 35 °C and ambient pressure for
3-5 days. The mixed matrix membranes are noted as: Matrimid®9725/
Trip-A_B, where A is the name of the functional group on the PIM and B
is the wt% of filler. For Instance, a membrane having 20 wt% of the PIM-
Trip-H is reported as: Matrimid®9725/Trip -H_20.

2.3. Gas transport properties

Single gas permeation measurements were performed on circular
membranes with a minimum exposed area of 2.14 cm? in the tempera-
ture range from 25 °C to 45 °C and at a feed pressure of 1 bar by a fixed
volume/pressure increase instrument designed by HZG and constructed
by EESR (Geesthacht, Germany). To obtain the complete desorption of
all previously adsorbed gases and humidity, the measurement protocol
involved that prior to each measurement the membrane sample was
evacuated in the testing cell by a turbo-molecular pump for at least 4 h,
and then, between two consecutive measurements, the membranes were
evacuated for a time equal to at least 10 times the time lag of the pre-
vious gas. The time lag method was used for the determination of the
permeability (P), diffusion (D), and solubility coefficients (S), following
the increase of the permeate pressure p; as a function of time t, imme-
diately after the membrane was exposed to the gas as for (1).

dp RT Dxt 1
Pt:Po-i-(EO><t+VP><Vm><A><l><pf><S>< 2 6
2 (-1 Dxn?xnm?xt
_ﬂ_zzl: = exp(— B 6

where py and (dp/dt)y are the starting pressure and baseline slope,
respectively, and should be negligible. R is the universal gas constant, T
the absolute temperature, V,, the permeate volume, Vi, the molar vol-
ume of the gas, A is the membrane area [ its thickness and py the feed
pressure. The permeability coefficient (P) was calculated from permeate
pressure increase rate dp/dt in the pseudo steady-state, where Eq. 1
reduces to (2):
Ve x Vpxl dp
_ ap 2
RTxAxp,  dt 2
The diffusion coefficient (D) is inversely proportional to time lag (®)
and was calculated from (3):
lZ
®= b 3
According to the solution-diffusion model, the solubility coefficient
(S) was calculated from (4):

S=P/D Q)
3. Results and discussion

3.1. Synthesis and characterization of the polymers

The hypercrosslinked polymers reported in this paper are all based
on the triptycene core, which has been previously employed in several
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Fig. 2. Comparison of (a) permeability, (b) effective diffusivity and (c) effec-
tive solubility coefficients for CO, at 25 °C in the neat-Matrimid®9725 (orange
series), Matrimid®9725/Trip-H MMMs (green series), Matrimid®9725/Trip-
NO, MMMs (red series), Matrimid®9725/Trip-SOsH MMMs (blue series),
Matrimid®9725/Trip-NH; MMMs (magenta series), as function of the different
concentrations of the fillers (10 wt% pale colour and 20 wt% bright colour).

works to create high-performing PIMs, both in soluble and networked
(insoluble) forms. This core structure is particularly interesting as its
trigonal “propeller-like” shape prevents the polymer chains from effi-
ciently packing in the solid state, resulting in a high internal free volume
(IFV) [41-43]. A further advantage of this core is the easy functionali-
zation of its backbone, as the aromatic moieties are prone to promote
electrophilic substitution, which allows for the introduction of sub-
stituents of different natures able to tune the selectivity of the polymeric
structure for several gases [44]. All the polymers were obtained as
highly porous networks, which facilitated their purification through
simple washing of the obtained powder with different solvents, followed
by vacuum filtration. The textural properties were evaluated through
isothermal nitrogen adsorption at 77 K, and the surface areas calculated
using BET theory finding the trend PIM-Trip-H (1880 m?g™!) > PIM-
Trip-SOsH (1145 m?g™1) > PIM-Trip-NO, (975 m?g~!) > PIM-Trip-
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Fig. 3. Robeson diagrams for the (a) CO,/CH4 and (b) O2/Ny, gas pairs with the upper bounds represented by blue lines for 1991, and red lines for 2008. The gas
permeabilities are reported for neat Matrimid®9725 in yellow circles e, for Matrimid®9725/Trip-H in green (circle @ 10 wt% and triangle Ao 20 wt%), for
Matrimid®9725/Trip-NO, in red (circle @ 10 wt% and triangle Ao 20 wt%), for Matrimid®9725/Trip-NH, in pink (circle @ 10 wt% and triangle o 20 wt%), for

Matrimid®9725/Trip-SO3H in blue (circle @ 10 wt% and triangle A 20 wt%).

NH, (610 ng’l). CO,y, CH4 and Ny adsorption measurements at
different temperatures (273 and 298 K) were also performed, proving
that these hypercrosslinked polymers are quite selective for CO over Ny
and CHy4, as reported in our previous paper [40], with the best CO5
uptakes shown by the sulfonated polymer, and the best IAST selectivities
for CO, over Ny or CHy displayed by the nitro and aminated ones. It is
worth noting that, despite the hydrocarbon polymer displayed the
highest BET surface area, the functionalized polymers exhibited both
higher CO5 adsorption and better selectivity, thus demonstrating the
significant influence that substituents have on these materials. Post-
polymerization modifications showed the expected reduction of
porosity, but the extent varied by functional group. Polymers with nitro
or sulfonic groups retained substantial porosity, while aminated poly-
mers (PIM-NHy) showed greater loss due to likely hydrogen bonding
between chains. This suggests that amines more significantly reduce
internal free volume by promoting polymer chain interactions beyond
simple pore-filling and enhanced hydrogen bonding [45,46].

3.2. Membrane preparation and characterization

The successful formation of defect free self-standing mixed matrix
membranes required a long sonication time (> 10 h in a sonication bath)
to allow for the best possible dispersion of the HCP-PIM particles in the
polymer solution. Previous attempts with lower sonication time, (i.e., 3
and 6 h), always led to the formation of non-uniform membranes with
visible aggregation of HCP-PIMs. Long sonication times, instead,
permitted the preparation of homogeneous dispersions by breaking
large clusters before casting. To ensure that extended sonication times
did not affect the chemical structures of either the polymer matrix or the
fillers, we conducted stability tests, by analyzing the Matrimid by 'H
NMR and the Trip-SOsH filler by isothermal CO5 adsorption at 273 K
before and after sonication. We specifically selected the latter test for the
filler, as we deemed the sulfonic acid groups to be the most likely to be
affected by prolonged sonication. The results confirmed that both
components remained chemically unchanged. Figure SI 1 reports SEM
images of the produced membranes showing their homogeneity and
good filler dispersion. Optical photographs confirm homogeneity also at
macroscopic scale as well as their flexibility.

3.3. Single gas transport properties

In general, for the prepared MMMs we noticed that the addition of
HCP-PIMs leads to an increase in the CO5 permeability compared to neat
Matrimid®, especially at higher filler concentration (Fig. 2a). The in-
crease in permeability is generally attributed to a combination of
changes in solubility and diffusivity. In our case, however, the diffusivity
coefficient shows only a modest enhancement, observed exclusively for
the MMM containing 10 wt% sulfonated filler (Fig. 2b), when compared
to the neat Matrimid. However, more than the effective diffusion coef-
ficient, the boost of the apparent CO2 solubility coefficient (Fig. 2c)
seems playing the main role in these systems in all the produced MMMs,
as the addition of the HCP-PIMs shows a reduction of the effective
diffusion coefficients (Figure SI 2), while the CO solubility increases.
This effect is likely due to the combination of two separate factors: i) the
increased overall COs affinity, due to noncovalent interactions, leads an
“immobilizing effect” and ii) the presence of additional free volume acts
as a “buffer” and slows down the diffusion. Similar effects have been
observed in other MMMs [47] where the low diffusion coefficient may
be attributed to so-called “immobilizing sorption” [48,49], and in
Amine-PIM-1, where the immobilizing sorption is due to a reversible
reaction of CO with the amino groups of the PIM, forming the corre-
sponding carbamic acid [50].

The fillers also have a strong impact on the general gas selectivity,
and this can be attributed to the nature of the functional groups, as
possible to assess from the Robeson plots (Fig. 3 and Figure SI 1). As
already displayed in Fig. 2, the MMMs with Trip-H and Trip-SOsH show
the strongest increase in permeability, but the latter shows a higher
CO2/CH4 and O3/N; selectivity, while selectivity of the samples with
Trip-H remains equal or decreases slightly. For the same gas pairs, the
permeability of Trip-NO; also increases but somewhat less significantly,
while its selectivity shows the strongest increase of the entire set. Thus,
despite a relatively lower permeability enhancement, compared to other
functionalized HCP-PIMs, the introduction of the nitro groups leads to a
higher increase in selectivity, which might be due to the filler peculiar
adsorption mechanism that fits in between physisorption and chemi-
sorption [40], as also seen in nitrate MOFs [51]. Surprisingly, the ami-
nated version of the HCP-PIM shows hardly any changes or even slightly
reduced performance compared to the other fillers, although the pres-
ence of the nucleophilic site was expected to induce a higher affinity for
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Matrimid®9725/Trip-SOsH_20 (blue series) Numerical data associated to this figure are reported in the SI.

COs. The lower performance could be attributed to two key factors: i)
the decrease of the filler’s porosity, as the introduction of the -NHj re-
duces the fractional free volume (FFV) available for gas sorption and
diffusion [40], and ii) the presence of the amino groups induces strong
interactions with carbon dioxide, which in turn increase the solubility of
CO4 and simultaneously hinders its diffusion [50,52]. Indeed, the Trip-
NH: filler exhibits a marked increase in CO, affinity (Fig. 2c). While this
enhancement is accompanied by only a modest decrease in effective
diffusivity for the Trip-H, Trip-NO,, and Trip-SOsH (at 20 wt%), the
incorporation of Trip-NHj leads to a more pronounced reduction in the
diffusion coefficient, similar to the effect previously observed with
Amine-PIM-1 [50]. However, with exception of Trip-SOsH, which shows
an enhancement of the effective diffusion coefficient at 20 wt%, all other
fillers produce a general reduction of the effective diffusivity (Fig. 2b).
The effect is strongest for CO9, which may be due to its higher affinity for
Trip-NHj. The fact that also nonpolar, non-condensable gases (Figure SI
3, Figure SI 6) show similar behavior, suggests that the filler simply
provides a higher fractional free volume, which takes longer to be
saturated by the permeating gas. This is somewhat counter-intuitive, but
it actually leads to the increase of the time lag, thus reducing the

effective diffusion coefficient, even in cases where the permeability is
hardly affected [47].

In general, the Matrimid®9725/Trip-NO, series moves the perfor-
mance towards the upper-right side of the Robeson upper bound (Fig. 3
and Figure SI 1), which is ideal as it shows the best trade-off between
increase in permeability and selectivity for many gas pairs, for both
effective solubility (e.g., CO2/CHy4, CO2/Ny) or effective diffusivity (e.g.,
02/Njy, Hy/Ny) driven separations. As discussed above, this combination
reaches the highest selectivity among all fillers, albeit at somewhat
lower permeabilty, but this may be an advantage for those applications
where the final purity of the separated gas is more important than the
total flow rate. A further advantage of this filler compared to others lies
in its synthesis, as it requires one less synthetic step than PIM-Trip-NHy
(the reduction), making the PIM-Trip-NO, a potentially better candidate
for scale-up. The trends for CO5/Ny (Figure SI 1b) are similar to those of
CO4/CH4 but the latter shows a slightly better selectivity at 20 wt% of
the filler. Remarkably the Hy/N; gas pair (Figure SI 1a) exhibits a strong
drop in selectivity upon increasing the filler content from 10 wt% to 20
wt%, mostly as a result of a stronger increase in N, permeability over Hy.
This also suggests an increase in the fractional free volume, which
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Table 1

Activation energy of Permeation (Ep, kcal mol 1), of Diffusion (Eq, kcal mol ™)
and Heat of Sorption (Hj, kcal mol ™) for the neat Matrimid and the mixed
matrix membranes prepared with 20 wt% of the HCP-PIMs.

Gas Matrimid®  + Trip- Trip- + Trip- + Trip-
H_20 NO,_20 NH,_20 SO3H_20
Ny 5.06 6.92 6.29 5.99 1.96
0, 3.20 3.34 3.27 2.23 1.75
E CO, 1.98 1.65 1.31 0.92 0.83
P CHy; 4.83 7.14 6.63 6.19 4.07
Hy 3.84 2.93 2.43 3.51 1.54
He 4.00 3.12 2.58 1.50 1.90
N, 7.46 8.41 8.48 7.46 7.22
E, 0, 6.35 7.91 7.60 6.20 6.49
CO, 6.81 7.06 7.78 6.69 6.64
CH; 7.96 10.22 10.74 9.38 9.36
Ny -2.41 —1.49 -2.19 —1.47 —5.26
I (O -3.16 —4.58 —4.33 -3.97 —4.74
*  CO, -—4.83 —5.41 —6.47 -5.77 —5.81
CH,; -3.14 —-3.08 -4.11 -3.19 -5.28

enhances the permeability for all gases at the expense of the high orig-
inal size-selectivity shown by the matrix polymer. Overall, the Trip-NO5
filler seems to reach the best compromise due to enhanced affinity and
diffusivity, while the Trip-H is the most effective in increasing perme-
ability due to its high porosity, the highest of this family of fillers.

When compared to already reported high-performing Matrimid-
based MMMs [27-29], the herein discussed MMMSs show limited
enhancement of the gas transport properties. However, due to their
amorphous organic nature, they can be solution-processed to form the
membrane/selective layer in thin film composite and do not require the
additional thermal annealing process at high temperature that is a
standard procedure when inorganic/crystalline filler are introduced in
polymer matrix. This is a crucial aspect for the possible exploitation and
scaling up of the membranes since the high temperature annealing
process increases the energetic costs of the membrane production and
limits the supports that can be used in the preparation of thin film
composites.

3.4. Temperature dependence

Permeability measurements at temperatures ranging from 25 °C to
45 °C were conducted on MMMs prepared with 20 wt% filler loading.
Measurements at higher temperatures were not performed since the
MMMs were not stable over 50 °C probably due to defects at the inter-
face between the polymer matrix and the filler, due to their different
coefficient of thermal expansion. These measurements reveal that the
permeability improves with the increase of the temperature for all gases
(Ha, He, O3, Ny, CH4 and CO3), with a somewhat steeper trend for the
least permeable gases with larger molecular dimensions [53] such as Ny
and CH4 (Fig. 4, and Table SI 1 and Table SI 2). This enhancement in
permeability with the temperature was particularly evident for CH4 and
can be mostly attributed to a very steep increase of the effective diffu-
sion coefficient (Figure SI 3c to Figure SI 7c). This, in turn, is due to the
larger effective diameter of CH4. Teplyakov and Meares [53] discussed
that the diffusion coefficient decreases exponentially with the square of
the effective gas diameter. This can be easily understood, considering
that the cross-sectional area of a molecule determines its “friction” with
the polymer matrix. On the other hand, CO, showed a much less sig-
nificant change of the permeability vs. temperature (Fig. 4), despite
having a similar effective diameter as Ny [53].

The selectivity shows the opposite trend, with a reduction as a
function of the temperature for the gas pairs CO2/N3, CO2/CHg4, O2/Ny
and CO,/H; (Figure SI 4f to Figure SI -8f), with the strongest decrease in
selectivity for the COy/CH4 gas pair. All trends in permeability, diffu-
sivity and solubility as a function of temperature follow typical Arrhe-
nius behavior (Fig. 4 and Figure SI 4 to Figure SI 8) defined by the
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following equations (Eq. 5-7):

—E,

P = Pyexp (_Rif) (5)
—E

D = Doexp (R—;> (6)
—H,

= soexp< RT) %

Where Py, Dy and Sy are the pre-exponential factors, E, is the acti-
vation energy of permeation, E; the activation energy of diffusion, and
H; the heat of sorption. The parameters fitted with the Arrhenius
equations are listed in Table 1. The steeper trend in P and D for CH4 and
the weaker trend for CO originates from a higher activation energy for
permeation for the larger gas molecules and a lower sorption enthalpy
for COo.

The time lag of He and Hs is too close to the instrumental limit to
measure the diffusion coefficient (and indirectly) the solubility of these
gases accurately. Therefore, the values of Ep and Hg could not be
determined for these gases, but only E,. Upon closer examination of the
temperature-dependence data, we found that the variation in the
diffusion coefficient closely follows the trend in permeability (Figure SI
3b to Figure SI 7b). The increase in effective diffusivity can be attributed
to greater polymer chain mobility and improved gas molecule move-
ment at higher temperatures. This leads to a reduced size-selectivity for
most of the gas pairs (Figure SI 3c to Figure SI 7c). At the same time the
solubility coefficients (Figure SI 3e to Figure SI 7e) and the solubility
selectivity of most gas pairs (Figure SI 3f to Figure SI 7f) decrease with
increasing temperature, and this can be directly correlated to the
negative value of Hg in Eq. 7 (Table 1). As a result, the overall perm-
selectivity declines with rising temperature for most gas pairs, due to
reductions in both diffusion- and solubility-based selectivity (Figure SI 4
to Figure SI 8). The drop in solubility and selectivity is particularly
pronounced when the highly condensable CO; is involved, as it has the
most negative value of Hg among all gases. A fit of the data with the
Arrhenius equations permits the extrapolation of the permeability and
selectivity at higher or lower temperature with a reasonable level of
confidence. Especially for CO2/CH4 separation, lower temperatures lead
to a significantly higher selectivity, suggesting the potential use of these
mixed matrix membranes in sub-ambient conditions [54].

The activation energy of permeation (E,) of these membranes is
within the same range as various other membrane forming polymers
[55], particularly the high performing polypyrrolones [56]. In general,
the addition of the fillers produces a reduction of E,, for CO, compared
with neat Matrimid and, at the same time, it results in an increase of E,
for the other gas species, thus leading to a general improved selectivity.
However, this trend is not observed for the MMMs based on Trip-SOsH,
since they show a lower Ej, for all the gases, and this is correlated with a
similar (or slightly lower) selectivity than the neat polymer. The addi-
tion of the fillers also produces an increment of the absolute values of the
heat of sorption (Hs) for all MMMs, suggesting a higher membrane-gas
affinity. In fact, Hy reflects on both this interaction and the tempera-
ture dependence of the solubility trend displayed in Fig. 2d.

The high activation energies of diffusion (Eq) for all gases suggests a
high energy barrier of the gas diffusion that can be associated with
improved diffusion selectivity, especially considering gases with
particularly large values of Eq, such as CH4. The addition of fillers in-
creases Eq compared to the neat Matrimid. While the values relative to
O, fall within the range of polypyrrolones (5-8 kcal mol™') [56], and
those relative to CH4 are even higher than in the highly size-selective
PIM-BTrip (8.78 kcal mol’l) [57]1. This is an indication that diffusion
plays a major role in the separation properties of such membranes. A
deeper insight comes from the transition theory of diffusion, since the
diffusion selectivity can be deconvoluted in two terms, one related to the
energy needed to open motion-enabled zones of diffusion (the energetic
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Table 2
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Contribution of the energetic selectivity and the entropic selectivity to the diffusion selectivity for the neat Matrimid®9725, Matrimid®9725/Trip-H_20, Matri-
mid®9725/Trip-NO,_20, Matrimid®9725/Trip-NH,_20 and Matrimid®9725/Trip-SO3H_20 membranes.

Gas (A) Matrimid® + Trip-H_20 + Trip-NO,_20 + Trip-NH,_20 + Trip- SOsH_20
Diffusion selectivity 0Oy 3.08 3.02 4.01 4.34 2.24
(A/N3) CO, 0.78 0.76 0.75 0.77 0.49
CH4 0.22 0.18 0.19 0.22 0.16
) . 0, 6.48 2.32 4.40 8.43 3.45
Energetic selectivity o, 3.02 0.84 3.27 3.68 2.69
(A/N2) CH,4 0.43 0.05 0.02 0.04 0.03
. . 0, 0.53 1.44 1.01 0.57 0.72
Entropic selectivity o, 0.26 0.08 0.23 0.21 0.18
(A/N2) CH,4 0.48 3.42 8.25 5.19 5.25

term), and another related to the thermodynamics of the process and the
changes in the degrees of freedom of the gases during the diffusion.

According to the transition theory of diffusion, the diffusion selec-
tivity between two gases a and b (D,/Dp) can be defined as:

D, 2 ASg(ap) AEq(qp)
D, 22 P\ "R exp RT ®

entropic selectivity energetic selectivity

where 1, and 4 are the average diffusive jumps for gas a and b; ASy(qp) is
the difference in the activation entropy of diffusion that defines the
entropic selectivity; and AEyp) is the difference in the activation en-
ergies of diffusion, which influences the energetic selectivity. The values
of 14 and 4 are generally unknown for a membrane, especially for mixed
matrix membranes, but the ratio 12/A# can be approximated as d?/dZ,
where d is the effective diameter of the penetrant gas. Analysis of the
transport in terms of Eq. 8 provides fundamental understanding of the
permselective properties of polymeric or mixed matrix membranes [58].

Although there are some outliers, the general trend indicates that the
addition of HCP-PIMs enhances the diffusion selectivity for the O2/Ny
gas pair (Table 2), while it does not virtually influence the CO5/Nj.
Indeed, the effective gas diameters of COz and Ny, defined by Teplyakov
and Meares [53] on the basis of a calibration with a range of noble gas
molecules are remarkably similar and size-selectivity is usually very
small for this gas pair. Moreover, the addition of the fillers decreases the
energetic selectivity factor (Table 2), probably since preferential path-
ways for diffusion are provided by the highly porous fillers in the
polymer/HCP-PIM mixed matrix membranes. At the same time, the
entropic contribution on the Oy/N> diffusion selectivity can be mathe-
matically considered as “medium” since it is close to 1. This means that
both molecules experience similar changes in the degree of freedom
when diffusing into the membrane.

4. Conclusions

In this work, we have shown the improvement of the performance of
the low free volume glassy polyimide Matrimid®9725, via the prepa-
ration of mixed matrix membranes incorporating high free volume
hypercrosslinked PIMs as fillers. Defect-free membranes can be obtained
only with excellent dispersion of the fillers in the solution, which is
facilitated by long sonication time of the dispersion of the two compo-
nents before casting the film. The gas transport properties resulted
heavily influenced by structural properties of the fillers and, while the
permeability increases with increasing porosity, the selectivity seems
more influenced by the different functional groups attached to the HCP-
PIMs. Remarkably, the Trip-NO filler proved to be very interesting in
terms of performance, since it leads to an increase in both permeability
and selectivity and also from the synthesis point of view, as it can be
easily prepared by nitration of the hydrocarbon and requires one less
step compared to the -NHj; version. This is particularly significant, as the
aminated version was expected to perform better due to the amino
groups’ enhanced affinity for mildly acidic gases like CO5. Overall, Trip-

NO,, offers the best balance between improved solubility, due to higher
affinity, and enhanced diffusivity resulting from its intrinsic porosity,
while requiring fewer steps for its synthesis. Instead, Trip-H, which
displays the highest porosity among these fillers, is most effective in
increasing permeability.

Finally, by applying the Arrhenius equation, the permeability and
selectivity data can be readily extrapolated with a reasonable level of
confidence to both higher and/or lower temperature, suggesting stron-
ger separation performance at sub-ambient conditions, and making
these materials particularly promising for applications such as for car-
bon capture, biogas upgrading and flue gas purification. Overall, we
believe that the HCP-PIMs discussed here, and especially the HCP-PIM-
based MMMs, have potential applications in a variety of membrane-
based separation processes.
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