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Summary: Selection of good filler-polymer pair results in improved gas separation performances.
Present study deals with fabrication of Matrimid based hybrid or mixed matrix membranes (MMMs)
by using three weight loadings (10, 20 and 30 wt. %) of 1D rod shaped nanoporous [Pr(BTC)(H,0)s]
metal organic framework (MOF). The fourier transform infrared (FTIR) spectrophotometric analysis
indicated the bonding of lanthanide metal ion with the linker and thus formation of the MOF, and
further revealed that the structure of MOF remained intact after incorporation into the polymer matrix.
Powder X-ray (PXRD) analysis revealed purity and crystallinity of the MOF while the PXRD results
for the MMM s indicated that crystallinity of the MOF remained unaffected after fabrication of the
MMMs. The Scanning electron microscopy (SEM) results gave an indication of the formation of the
MOF in same morphology as it is previously reported. Additionally, nice distribution and well
adherence of the additive particles throughout the polymer matrix was observed while the interfacial
voids were visibly absent. The MOF and the MMMs were thermally stable and crystallinity of MOF
particles remained intact after dispersion into polymer matrix. The Brunauer Emmett Teller (BET)
surface area of the MOF was also obtained that indicated its permanent porosity. The prepared MMMs
were flexible enough to handle for all analysis. These findings led to conclude that a proper polymer-
filler pair was made that produced defect free MMMs. The prepared MMMs can be evaluated in future
for their performance towards separation of different gases after modification of the pore of the filler.
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Introduction

There is an immense increase in worldwide
annual CO, and CH, gas emission due to combustion of
fossil, industrialization and increasing population [1].
The GHGs are the major contributor to global warming
[2, 3]. IPCC predicts that arise in CO concentration level
in the atmosphere is suspected up to 570 ppm until 2100.
This rise may cause rise in the earth surface temperature
by 1.9°C and sea level by 3.8 m. [4, 5]. The carbon
capture utilization and storage (CCUS) can be used to
control this discharge but high cost is linked with the
capture step. Likewise, the undesired impurities for
example hydrogen sulfide and N etc. present within the
natural gas diminish its quality and causes corrosion of

the process units in addition to causing environmental
problems [6, 7]. The large energy deficit associated with
the conventional cryogenic distillation [8], use of
activated carbon (AC), carbon molecular sieves (CMS)
and amine based wet scrubbing [9] has attracted the
scientists towards the energy efficient, environment
friendly and cost effective membrane technology for gas
separation processes [10].

Both the inorganic membranes and polymeric
ones, offer wide spread use in numerous industrial
applications for example microfiltration, water
purification, reverse osmosis (RO), desalinatioin,
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hemodialysis, heavy metal removal, and gas separation
etc. Particularly for gas separation, the selectivity
coefficients and permeance are the key features that
define the aptness and efficiency of membranes for a
specific process [6, 11, 12]. Additionally, the electrical
conductivity, thermal resistance, porosity and swelling
must also be optimized at the same time [13, 14].

Inorganic membranes are characterized by
greater chemical, thermal, and mechanical stability as
well as long-term durability while their textural features
are found to be responsible for improved permeability of
gases in comparison to the polymeric membranes [15].
Contrarily, the brittleness, processability, cost, scale-up
potential and defects of inorganic membranes are known
factors that limit their commercialization [16, 17].

The polymeric membranes offer excellent
stability, ease of operation, improved efficiency and low
energy requirement [6] and thus find enormous
application in the field of separation.

Polysulfone (PSf), PBI, cellulose acetate (CA),
polyethersulfone (PES) and polyimide (Pl) were
immensely studied in the field of gas separation as they
are capable to form defect-free membranes possessing
cross-linking ability and high mechanical strength [18,
19]. Such glassy polymers offer high free volume but the
filler particles get less remarkably adhere to them [20]. In
addition, the harsh conditions of high CO, concentration
and feed pressure cause plasticization effect in these
glassy polymers which results in compromised
selectivity and permeability. Further, the elevated
temperatures result in structure instability and fouling of
these glassy polymers. All the above mentioned aspects
showecase the restricted commercialized use of such thin
membranes for the purpose of CO; separation [21]. The
commercial use of these polymeric membranes for the
separation and/or storage of the CHs; & CO,, can be
realized if such membranes execute a smaller impact on
environment in addition to their cost efficiency while
these should also be well efficient to surpass the
quantified selectivity-permeability trade-off [22-24].
Considering these effects, it can be understood that the
glassy polymer membranes should characteristically
exhibit high selectivity and reduced permeability, as
compared to the rubbery polymeric membranes which
execute a trend entirely opposite to that of the glassy

polymers [25].

Separation efficiency of the conventional
polymer membranes can be upsurge with the addition of
suitable inorganic filler with permanent porosity however
their processing ease and cost should be economic from
their industrialization view point as compared with
fabrication of inorganic membranes [26]. The fabrication
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of such hybrid or mixed matrix membranes (MMMs)
resulted in evolution of the development of the gas
separation processes which thus presented a promising
alternative to the pure polymer membranes [27]. A
combination of the gas separation properties of the
porous filler materials and the best suited mechanical
properties coupled with the economical processability of
the polymer matrix are used to design efficient gas
separation modules [27]. The development of MMMs are
considered to be a sustainable solution to drawbacks of
the conventional separation processes for example
thermal swing adsorption, pressure swing adsorption,
cryogenic distillation, etc. [27].

Polysulfone (PSf) is a widely used glassy
polymer that is chemically and thermally stable
thermoplastic polymer. Where the sulfone aryl and ether
groups constitute the backbone repeat units. PSf is one of
the largely used polymer for the gas separation
applications due to its easy processability, excellent gas
permeability and selectivity performances [28].

Use of PSf is previously reported such as in
zeolite composite membranes [29] while fabrication of
ZIF-8/Matrimid® MMMs offers extra polymer free
volume [30]. Moreover, optimal concentration (30 wt.%)
of ZIF-8 into the glassy Matrimid® polymer is also used
previously [31]. Polyoxometalates (POMs)
encapsulation for formation of their MMMs with PSf is
also reported recently [32].

Novel PSF  composite  ultrafiltration
membranes were fabricated with low concentration of
polydopamine-functionalized graphene oxide particles
that showed high flux as well as fouling resistance [33].

While gas separation efficiencies for O, CO;
and N are also reported to be evaluated using flat MMMs
incorporating 5, 10, and 20 wt. % loadings of MCM-41
and amino functionalized silica. The obtained MMMs
executed improved permeabilities for O; (in the range of
1.2 and 1.7 Barrer) and CO; (in the range of 4.2 & 8.1
Barrer) in comparison with the pristine PSf module (0.8
Barrer). However, the compromised selectivity value
was obtained for the CO,/N; (between 25 & 41 %) and
02/N; (between 6 & 8 %) gas pairs. This decrease was
however insignificant in comparison with the neat
modules (8 & 39 %, correspondingly). Additionally, the
size differences between the CO, and N2 gas molecules
as well as the increased solubility of CO, due to its
condensability have made MCM-41/PSF MMMs to be
comparatively selective for the CO,/N; pair than the
02/N; gas mixture. Introduction of amino groups caused
stronger interactions with the MCM-41-NH,/PSF
MMM s that resulted in improved selectivity for the both
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gas pairs in comparison with the un-functionalized
MCM-41/PSF modules [27].

Ding et al. incorporated KIT-6 silica into PSF
with 0-8 wt.% concentration of additive. PSf matrix
embedded with 2 wt.% of KIT-6 produced MMMs that
were free of voids. Increase of wt.% concentration of
KIT-6 from 0 to 2 in the MMMs caused ~48 % increase
in the CO, permeability while the ideal selectivity of
CO,/CHjs gas pair remained almost unchanged. However,
further increase from 2 wt. % loadings of KIT-6 in to the
PSf matrix resulted in creation of voids in the MMMs that
in turn improved the CO; gas permeability at the cost of
ideal CO,/CH, selectivity. Yet, the controlled KIT-6
loadings proved it to be a potential additive for the PSF
matrix for gas permeation [34].

Kim and Marrand reported increased CO;
permeability (by 275 %) of 40 wt.%-MCM-41/PSf
MMM as compared with bare PSF [35]. Similarly,
Jomekian et al. reported ~193 % boost in CO;
permeability over the bare PSF module upon use of
MCM-48 as a filler for the development of PSf based
MMMs [36].

The MOFs are potential candidates for
applications like gas separation as they hold regular
microporosity and tunable surface chemical properties at
their molecular level [37, 38].

Guo et al. reported fabrication of PSf based
thermally stable MMM s using varying concentration of
NH2-MIL125(Ti) between 10 and 30 wt.%. The MMM
with 30 wt. % concentration executed the highest CO,
permeability (40 barrer) and the 20 wt.% module
executed the maximum CO,/CH, selectivity of 29.5
respectively [39].

Similarly, the silica (MSS)/ZIF-8
composite/PSf MMMs also exhibited better gas
permeability due to their high micro-mesoporosity.
However, increase in concentration of additive even up
to 32 wt% did not cause momentous change in
selectivity [40, 41]. However, Ordofiez et al. reported
improved O,/N, and Hy/CH, separations (8.3 and 118
respectively) due to increased free volume offered in the
ZIF-8/PSf MMM [30]. Moreover, MMM s using PSf as
polymer phase incorporated with the ZIF-8, HKUST-1,
Silicate-1 and the mixture of Silicate-1 and MOF
exhibited enhanced permeability but compromised
selectivity for the CO, and CH, gas pair [42]. Zornoza et
al. reported improvement in the separation factor of the
hybrid membranes obtained by addition of NHx-MIL-
53(Al) as filler into the PSf [43]. Similarly ZIF-8 is
known to increase the porosity of the P-84 membranes in
the resulting MMMs [44].
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Car et al. reported compromised CO»/CH; ideal
selectivities for PSF based MMM s loaded with 10 wt.%
Mn(HCQOO), & Cus(BTC), fillers by the factors of 50 %
and 58 %, in that order [45]. Rodenas et al. described that
embedding of 25 wt.% concentration of NH;-
functionalized MIL-101(Al) in to the PSf matrix can
enhance the CO; gas permeability as well as the CO2/CH.
separation factor in the resulting MMM s by factors of 63
% and 22 %, correspondingly [46]. High performance
glassy polyimides (PI) are previously reported to execute
an 84 % improvement in the ideal selectivity of CO, &
CHjy gas pair with an optimal 15 wt.% concentration of
the MIL-53 [47]. Similarly, a 30 wt.% concentration of
Cuz(BTC); into the Matrimid® led to a 121 % increase
in CO; permeability as compared to the bare Matrimid®
module without affecting the selectivity value [48].

Amine functionalization of mesoporous silica is
previously known to improve permeability as well as
selectivity. Likewise, the  polyethylenimine-
functionalized-MCM-41  executed improved CO;
permeability as well as CO,/CH; pair selectivity in
comparison with the hybrid membranes embedded with
un-functionalized MCM-41filler [49]. Khan et al.
reported aminopropyltrimethoxysilane functionalized
MCM-41 caused the elimination of voids in the PSf
based MMMs while considerably improved CO2/N, and
CO./CHqs selectivity values were observed [40].

Chew et al. described development of PSf
based MMMs using (3-Aminopropyl) triethoxysilane
(APTES) functionalized KIT-6 in different wt.%
loadings (0-4 %). The FESEM images indicated that the
MMM s casted at a decreased NH,KIT-6 concentration of
0-2 wt. % were free of voids. An increment in the CO;
permeability value and the ideal selectivity value for
CO./CH; gas pair was observed upon increasing
concentration of NH,KIT-6 from 0 to 2 wt. % in the PSf
matrix. However, a drop in the ideal selectivity value for
the CO, & CH, gas pair was observed upon further
increment in NH,KIT-6 loading. Chew et al. described,
optimum loading of NH»-KIT-6 for the resulting MMMs
to be 2 wt. % that brought substantial increase in ideal
selectivity (about 47 %) of CO./CH, gas pair [50].
Similarly, the highly stable sulfonated UiO-66 MOFs that
were functionalized with mercaptopropyl
trimethoxysilane were also previously reported for the
development of PSf based MMM s [51].

3 [SrosEUp1lmy]@Matrimid ~ (where  Imr
=imidazolate), 3, [SrosEUo1Im2]@PSF, and
%[ ThCls(bipy)s].2bipy@PSF  (where bipy=bipyridyl)
are evidenced as luminescent MMMs [52].
3w[Ce(Im)3ImH].ImH@PSF, 33<;|:SI'(),9()EU0,1()(|m)z]@PSF,
and 3,[Bag.ssEUoo2(IM)2]@PSF  luminescent MMMs
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were evaluated for the progress of the humidity induced
luminescence intensity quenching [53]. Likewise, Y-
BTC or MOF-76(Y) is known to be exceedingly selective
for H; sorption [54].

The right choice of a microporous lanthanide-
metal organic framework (Ln-MOF) additive for the
fabrication of MMMSs may bring improvement in the
selectivity as well as permeability of the resulting
modules. Considering the fact that the rare earths (RE)
may be employed to obtain materials with tunable
properties [55] the present studies were designed so as to
deal with the synthesis of 1D nanorods of [Pr(1,3,5-
BTC)(H:0)s] [56] using it for the synthesis of
[Pr(BTC)(H.0)s)/Matrimid®5218 based MMMs. The
thermal and morphological properties of the resulting
MMMs were then explored. The prepared MOF
possessed a highly stable frame work and exhibits good
surface area viz. 112.450 m?/g and pore width of 4.093
nm.

The 10, 20 and 30 wt. % concentrations of this
MOF were used for the fabrication of PSf, Matrimid and
CA based MMMs. To the best of our knowledge, this is
the first investigation on use of 1D nanorods of [Pr(1,3,5-
BTC)(H:0)s] MOF as an additive in Matrimid based
MMNMs that can be checked for the selective separation
of different gases in future after proper modification of its
pore.

Experimental
Materials reagents and chemicals

High quality acid resistant, borosilicate Pyrex
glass ware was used for synthesis and further
experimentation. Any chances of impurities that may be
adhered to the glassware used was eliminated by
thorough washing with deionized (DI) water, and then
with acetone. The obstinate inorganic impurities from
glass apparatus were get rid of using lab prepared
chromic acid. Organic impurities (if may be present)
from the sample vials were removed by thorough rinsing
by using acetone, Sample vials were dried in an electric
oven and were then evacuated using vacuum line. The
sample packing was performed in the glove box in an air
free environment.

The local chemical suppliers provided us with
all of the reagents and chemicals that were not further
purified before use. The right selection of a suitable
polymeric matrix is definitely quite significant as it has
been previously discussed. So Matrimid was used as
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polymer matrix for the present study. Its structure is
shown in Fig. 2

Marjan Polymer Industries Pakistan imported
the Matrimid 5218® from Ciba Specialty Chemicals
North America for the present study. The polymers were
dried for 24 hours in a vacuum oven at about 120°C or at
suitable temperature before use. Incorporation of fillers
in it can improve the permeability of resulting MMMs.
Commercial grade acetone was doubly distilled and used
for final rinsing of glass apparatus. 99.9%
Dichloromethane were acquired from the Sigma Aldrich.
Chloroform was obtained from BDH. Distillation of
commercial grade ethanol was performed to obtain
absolute ethanol. Analytical Grade methanol was
purchased from E Merck. 99.9% Pr(NOs)3.6H.0O (trace
metal basis) and Trimesic acid (95% pure) were obtained
from Sigma Aldrich.

Methodology
Procedure for synthesis of MOF

Preparation of [Pr(1,3,5-BTC)(H.0)s] MOF
was performed according to the previously published
procedure however with minor modifications were made
wherever necessary [56]. Accordingly, the aqueous
solution of The metal salt [Pr (NO3)3.6H,Q] solution with
a pH=3-4 was prepared in deionized water while
continuous agitation was carried on during addition of
solvent. The direct precipitation of the pre-reported
[Pr(1,3,5-BTC)(H:0)s] complex having a nano-rod
morphology was followed by adjusting the concentration
of BTC linker and metal salt to be 4:0.5 mmole ratio on
that order was prepared in de-ionized water. BTC
solution was separately prepared in 1:3 ethanol-water
solution to which 0.1 mL of the Pr(NOs); metal salt
solution was added with continuous stirring at room
temperature. The addition with agitation of the metal salt
into the linker immediately produced sufficient amount
of white precipitates of [Pr(1,3,5-BTC)(H20)s]. The
stirring was continued for 10 min. afterwards the
precipitates were centrifuged and collected. A schematic
representation for the synthesis of inorganic filler can be
seen in Fig. 1. The obtained MOF precipitates were
washed a number of times by using water and ethanol (40
mL) followed by air drying and vacuum drying for their
characterization. The perfectly dried MOF powder was
stored under Ar to protect it from air and moisture for its
further use as additive in Matrimid. ATR-FTIR and
Powder X-ray diffraction spectroscopic techniques were
used to check its phase purity.
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Fig. 1: Graphical abstract representing formation of MOF and fabrication of [Pr(BTC)(H,O)]-Matrimid
MMM s through incorporation of inorganic [Pr(BTC)(H,0) ] filler.
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Activation of MOF sample

This perfectly dried MOF was activated by
pre-reported solvent exchange activation procedure by
successive use of absolute ethanol and acetone. This
solvent activation procedure was repeatedly
performed followed by drying under vacuum.
Afterwards the MOF powder was thermally activated
by heating at 70°C for almost 36 hours [56].

Matrimid (a polymer of 3,3',4,4'-benzophenone tetracarboxylic dianhydride and diaminophenylindane

Membranes casting
i) Preparation of pristine polymer membranes

The pristine polymer module was casted by
using solution casting technique. The polymer was
completely dried by heating at about 110°C using
vacuum oven for 24 hours. Its 3.5 % solution was
prepared in chloroform by taking appropriate amount
followed by overnight stirring. The thus obtained
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viscous solution was poured on flat bottom glass petri
plate that was covered by inverted large funnel with
cotton plug to control the evaporation from the
medium.

ii) Preparation and casting of the MMMs

The finally grinded MOFs sample were
embedded into the polymer matrix for three reasons:
(@) in order to avoid their agglomeration, (b) to obtain
a MMM with good additive distribution throughout
the polymer matrix, (c) to assure enough compatibility
between the selected filler phase and that of the
polymer phase.

The compatibility between both phases can
be improved by adopting a precise “priming protocol”.
Generally, polymer was dissolved in a pre-calculated
volume of chloroform that was stirred continuously for
24 hours at room temperature. The 10%, 20% and 30%
suspensions by weight of the activated MOF filler
concentration were separately prepared by using the
equation given below:

wt.of filler
wt.of polymer+wt.of filler

Filler loading (weight %) = [

)

The separate dispersion and stirring of the
prepared MOF was also carried out for almost 24
hours in the same solvent (chloroform). Almost 20 wit.
% of the whole Matrimid polymer solution was
converted to the separately prepared MOF suspension
that was followed each time by stirring as well as
sonication for about 5-10 minutes. A batch mode
addition viz. 20 wt. % of the residual Matrimid
solution in chloroform was carried out into the
separately dispersed and stirred MOF suspension. A
continuous agitation for almost 2 hours was performed
after every batch of Matrimid solution was added that
further followed a 15-20 minutes sonication. This
batch wise addition was followed until it added the all
polymer solution in to the MOF suspension. The
addition of last batch of Matrimid solution into the
stirring suspension of MOF filler was also followed by
sonication for 10-15 minutes so as to avoid the
agglomeration of additive particles in their greater
concentration. The resulting polymer/filler suspension
was cast on to a flat surfaced, 3 inches glass petri plate.
This petri plate was mounted/placed on a possibly
perfect balanced and flat surface at room temperature.
The cast suspension was then covered by using large
inverted funnel. The open end of the funnel was filled
with cotton in order to control the rate of solvent
evaporation. The dried membranes were removed
from petri plate after 48-72 hours, and were subject to
curing at about 140°C at a rate of 20°C/hour increase

]><100
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in temperature. A schematic representation of the
MMM casting can be seen in Fig. 1. The finally
obtained membranes were kept in vacuum desiccator
after appropriate labeling prior to further studies.

Characterization

The confirmation of the preparation of the
Ln-MOF, bare polymer membrane and the well dried
MMMs was carried out thorough appropriate
analytical techniques such as ATR-FTIR and PXRD
spectrophotometry. The MOF and their MMMs were
also investigated for their thermal properties by using
TGA technique. SEM was used to explore the
morphological characteristics of the additive and 10
wt. % MMM [55].

The identification of structural features and
particular functional groups was performed by ATR-
FTIR spectrophotometer. The spectra were recorded at
64 scans/Seconds by using Agilent Cary 630 ATR-
FTIR while at resolution set < 2cm™. The diamond
crystal fitted with ATR-FTIR was best suited for most
of the samples. The scanning range was 4000-400 cm-
L and Agilent Microlab PC software available with the
instrument was used to remove the back ground noise
where ever it was necessary.

ATR-FTIR analysis for MOF sample
required no special sample preparation. The MOF
samples were only grinded to obtain fine powder that
was carefully mounted on ATR-FTIR crystal to obtain
the spectra containing specific identification peaks of
the MOF.

A nicely cut tiny part from MMMs was
obtained for their ATR-FTIR analysis and cautiously
mounted on ATR-FTIR crystal to obtain their spectra
containing specific identification peaks. All X-ray
powder diffraction applications were made by using
the desktop diffractometer, Bruker D2 Phaser in
Bragg-Brentano geometry. The 26 range for the MOF
and MMMs modules was in the range of 5 to 50° with
maximum accuracy viz. = 0.02° observed throughout
the complete measuring range. The advanced 1D
LYNXEYE unique detector used was absolutely
faultless. This technique was used to determine the
crystallinity of the samples. Cu Ko radiations
(A=1.542 A standard ceramic sealed tube at 0.02° S
scan rate) were used.

The grinding of MOF sample was performed
by using small Teflon mortar and pestle. The silicon
wafer slide with a thin smear of MOF spread on it was
then placed in the PXRD instrument to obtain their
diffractograms.
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The PXRD analysis of the MMMs required
no special need of sample preparation. The smaller
length piece from MMMs were cut carefully with
clean and dust free scissors that were used for PXRD
analysis.

The accurate and concurrent measurements
of weight changes were estimated through Thermal
Analyzer SDT Q600 on selected samples in N
environment from room temperature to maximumly at
1000°C while its flow rate was kept to be 20
mL/minute with ramp rate of 10°C/minute.

The completely dried and annealed MOFs
and their MMM s at 120°C were used for their thermal
analysis.

The SEM micrographs of the additive (MOF)
and its selected MMM with 10 wt. % loading were
obtained through FEI Nova 450 NanoSEM on order to
get a comprehension of their surface morphology at
different resolutions. The sputter coating of the
samples with gold particles was performed to make
their surfaces conductive as well as more receptive.
Resultantly, the SEM images with ultrahigh resolution
can be acquired as the surface sensitivity can be
delivered now at various magnifications under ideal
operating conditions and also by using the both high-
and low-voltage. The in-situ plasma cleaner was used
to avoid any risks of hydrocarbon contamination
inside the chamber.

The activated MOF sample was mounted on
sample holder of Scanning Electron Microscope
(SEM). The sample grinding was not performed so
that the obtained morphology of the MOF may not be
disturbed. It was needless to perform sample
preparation for the MMM module. Only a nicely cut
small portion of the MMM was used for obtaining
cross sectional SEM micrograph.

Results and Discussion
Characterization of [Pr(BTC)(H20)s] MOF

The prepared MOF was used as a filler for
fabrication of Matrimid polymer in three different
concentrations. The prepared MMM modules could
offer possible applications for gas separation.

The FTIR spectra of the MOF was in
accordance with previously published FTIR spectra
[57, 58, 59]. The H3BTC ligand was deprotonated as
indicated by absence of stretching vibrations at 2658,
1720 and 1676 cm™* (OCOOH). The lanthanide ion got
associated with the carboxylate functional group as
attributable by the presence of high energy, sharp and
long asymmetric (vas(C-O)) stretch that appeared at
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1547.98 cm™ and the weak asymmetric (va(C-O))
stretch 1604.3 cm™. Moreover, the strong and long
sharp peak that appeared at 1366 & 1428.48 cm™* was
meant for the symmetric (va(C-O)) stretching
frequency of the carboxyl groups. Additionally, these
two sets of above mentioned stretchs might be
described as confirmation for the presence of the
dicarboxylate on the MOF structure. The FTIR spectra
of [Pr(BTC)(H20)s] MOF is provided in the Fig. 3a.

The PXRD pattern of MOF is shown in Fig.
3b. The 20 value viz. 17.1° was assigned to the
maximum intensity diffractogram for this MOF. Yet,
the obtained PXRD data indicated that the other
impurities were absent in the sample of the activated
MOF. Moreover, the narrow but sharp peaks were
appeared for the MOF indicating it to be crystalline in
nature [56]. Praseodymium belongs to light
lanthanides group, possessing high coordination
number. The monoclinic, space group Cc was
attributed to the crystal structure of the samples. Six
water molecules coordinate to the central Pr atom with
their oxygen atoms while 1,3,5-BTC linkers
coordinate through oxygen atoms of their three
different carboxylate groups that result in a tricapped
trigonal prismatic geometry.

The obtained MOF sample was suggested to
be isostructural with the previously known bulk phase
of the [La(1,3,5-BTC)(H20)s] MOF because quite
similar peaks were observed as an evidence. Further,
there was a small shift in the spectra towards the large
angle as Pr®* ion possesses smaller radius due to the
phenomena of lanthanide contraction [60].

The BET surface area measurements were
performed using N2 at 77K. The surface area was
found to be 112.450 m2/g. Pore volume was evaluated
to be 0.126 cm?®/g, and the pore width of 4.093 nm was
calculated using DFT. The obtained surface area was
found to be higher than the previously published
results for isostructural [Ce (BTC)(H20)s] MOF [61].

The as possibly full morphological properties
of the activated [Pr(BTC)(H20)s] MOF were studied
by scanning electron microscopy (SEM) (Fig. 3c).
The formation of 1D nano-rod like architecture of the
MOF without any fantails can be observed (Fig. 3c)
that was additionally found in agreement with the
previously published morphological features of the
same MOF [56, 62]. The act of BTC linker as soft
template actually produced these individual nano-rods
[56]. The varying sized 1D nano-rods of light green
MOF were obtained that were crushed after activation
so that a fine powder could be obtained for
incorporating into the polymer matrix so the present
study did not involve size measurement of these nano-
rods.
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for [Pr(BTC)(H20)s] MOF.
Characterization of MMMs FTIR studies

The neat Matrimid®5218  polymer
membrane’s important and characteristic bands
appeared at 1788 and 1723 cm* that were assigned to
be the symmetric and asymmetric stretch for the C=0
group on that order. For MMMs, the C=0 was
identified by the appearance of symmetric stretch at
1778 and 1780 cm* while the same asymmetric stretch
appeared with minor shifting at 1715 and 1711 and
1717 cm® for 10 wt.% 20 and 30 wt.% MMMs
correspondingly. Characteristic imide group could be
identified A sharp absorption band was noted for pure
Matrimid®5218 membrane at 1361 cm™ for C-N
stretch of five member ring of Matrimid®5218.
MMMs with 10 and 20 and 30 wt.% loading of MOF
showed slight shifting for this absorption band viz.
1357, 1364 and 1358 cm™. The stretching vibrations
of aromatic double bond appeared at 1510-1512 and
1614, 1547 and 1604 cm*. While the imidic group of
Matrimid was shown at 1676 cm™ for pure Matrimid
membrane and for the MMM with 30 wt.% loading of

MOF, while for MMMs embedded with 10 and 20
wt.% concentration of MOF, imidic group was shown
at 1671 and 1612 cm™ (Fig. 4a-4c). Screenshot of 30
wt. % MMM (Fig. 4d) expresses flexible nature of the
MMMs.

Powder XRD studies

The PXRD patterns of the MMM s fabricated
by loading with different weight percentages are
shown in Fig. 5 that illustrated the presence of single
phase entities all through the fabricated MMMSs. The
high intensity diffractogram at 26 value of 16° in the
pristine Matrimid was shown to be weakened in the
resulting MMM s as the primary structure of Matrimid
was disrupted [63]. Different intensities of
diffractograms of the MMMs indicated the
incorporation of different amounts of the additive.
While the addition of inorganic additive in the
Matrimid matrix did not affect their crystallinity after
making a part of the hybrid or MMM.
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TGA studies MMM. The obtained residual values have shown the

The TGA thermograms and DSC for the
MMMs are given in Fig. 6a-6¢. There appeared an 8
% weight loss, for MMM, embedded with 10 wt.%
concentration of the MOF, at almost 220°C due to
solvent molecules loss while a 15.5 % weight loss was
observed due to stability loss of the Matrimid® at
temperature range between 550-670°C. The polymer
was observed to be stable up to 500°C. The first stage
of weight loss in MMM with 20 wt.% concentration of
the MOF was recorded to be 4 % weight at about
260°C due to the solvent removal and a 25 % weight
loss was recorded in the next stage at about 540-
770°C. The polymer was found to be stable at up to
500°C after which decomposition started at 540°C.
For MMM with 30 wt.% loading, again 5 % weight
loss was recorded at about 540-570°C and a 4 %
weight loss was recorded for the next stage at 570-
650°C. A 10 % weight loss was observed at
temperature  800-1000°C. The membrane was
observed to be stable up to 500°C afterwards
decomposition was started that lasted up to 1000°C.

Thermogravimetric analysis was used to
determine percentage loading of MOF particles in
MMMs. The Matrimid is stable at higher temperature.
The polymer and MOF were decomposed at 1000°C
and Pr residue was obtained that was oxidized to
Pr,0s. This residue was used to back calculate the
percent MOF loading in MMMs that was 7.7 for 10
wt.% MMM, 17.9 for 20 wt.% and 25.6 for 30 wt.%

increase in amount of Pr with increased MOF loading.

In DSC graph for 10 wt.% MOF containing
MMM an endothermic peak appeared at almost
550°C, another small endothermic peak appeared at
almost 740°C. The DSC graph for the 20 wt.% MMM
exhibited an exothermic peak at about 580°C, while
for the 30 wt.% MMM an exothermic peak appeared
at 570°C.

SEM studies

The MMM having 10 wt.% concentration of
the MOF was selected to have an insight into its
topological features. The [Pr(BTC)(H20)s] MOF was
observed to be well dispersed within the Matrimid
matrix yet, with slightly heterogeneous distribution
while the SEM images as displayed in Fig. 7a &7b
with two different resolutions reveal both phases to be
distinct throughout. The SEM images of the MMM
incorporating 10 wt.% loading was obtained. While
very slight agglomeration was observed in the film
which indicated that adequate filler-polymer
interactions were still present. However, these
agglomerations can further be avoided if the MOF
crystals are grinded to more fine powder, protected
from moisture exposure, subjected to further dryness
and sonication time is increased. The casted
membrane modules were sufficiently flexible so as to
offer ease of handling. Additionally, better MOF-
polymer interactions were observed due to the hybrid
nature of the MOF.



AsmaR. Tarig et al.,

doi.org/10.52568/001245/JCSP/45.03.2023 213

a
105 4
100 | ——o
1 T /_/_,4——'\/ /'_\—\ -3
95 - kﬁ\\ | /
= Z NG — — \ -2
g | - e
£ 90+
85 ~ .
N
| Ny -0
80 ~~— \\
1 ~
75 r r T T -1
0 200 400 600 800 1000
b Temperature (*C)
110 4
£
z
g

800

400 600
Temperature ("C)

0 200

Temperature ("C)

10 6
1004 ——_ .
T —— -
\ ———\ L,
95 \ \
g \ \\ A
g 90 RN 2
s ' S~
] ‘_‘“"m..,____“ \\
85 RN
Lo
80 - \\ I
75 : : : : 2
0 200 400 600 800 1000

Heat Flow (Wig)

Heat Flow (W/g)

Heat Flow (Wig)

Fig. 6: Thermograms and DSC for 10 a 20 b and 30 ¢ wt.% MMM.




AsmaR. Tarig et al.,

doi.org/10.52568/001245/JCSP/45.03.2023 214

Fig. 7: SEM micrographs of MMM with 10 wt.% loading at 500 nm a and 5 um b resolution

Surface area measurements

The BET surface area measurements were
performed using N at 77K and the surface area was
found to be 112.450 m2/g. Pore volume was evaluated
to be 0.126 cm®/g and the pore width was calculated to
be 4.093 nm. The obtained surface area was found to
be higher than the previously published results for
isostructural [Ce(BTC)(H20)s] MOF [61] that
possessed tunable morphologies [64].

Conclusion

Present study deals with fabrication of
Matrimid®5218 based mixed matrix membranes
(MMMs) by using three weight loadings (10, 20 and
30 wt. %) of nanoporouslD [Pr(BTC)(H2O)s] metal
organic framework (MOF). The FTIR
spectrophotometric analysis indicated the bonding of
lanthanide metal ion with the linker and thus formation
of the MOF, and further revealed that the structure of
MOF remained sustained after incorporation into the
Matrimid matrix. PXRD analysis revealed purity and
crystallinity of the MOF while the PXRD results for
the MMM s indicated that crystallinity of the MOF
remained unaffected after fabrication of the MMMs.
The BET surface area of the MOF was also obtained

that indicated its permanent porosity. The
characterization of the series of novel
[Pr(BTC)(H20)s)/Matrimid-MMMs indicated that

these MMMs might be a suitable choice for evaluation
of their gas permeation performances particularly the
one with higher filler concentration and for the CO,
and CHs gas pair or some other gases after tuning the
filler pore via fabrication with suitable functionality.
The filler used may then become a molecular sieving

material and the differences in molecular sizes of
gases may then will cause selective separation of the
gases from their mixture through these MMMs.
Selection of good filler-polymer pair results in
improved gas separation performances. Their
characterization further indicated these MMMs to be
defect free in nature and thus a good selection of the
polymer-filler pair. The Scanning electron microscopy
(SEM) images gave an indication of the formation of
the MOF in same morphology as it is previously
reported. Additionally, nice distribution and well
adherence of the additive particles throughout the
Matrimid matrix was observed while the interfacial
voids were visibly absent. The MOF and the MMMSs
were thermally stable and crystallinity of MOF
particles remained intact after dispersion into polymer
matrix. The MMM with maximum concentration (30
wt. % concentration) of additive might be ascertained
to be the better amongst the remaining two MMMs and
over the bare Matrimid module too as the said module
contains higher amount of filler. Thus these results
argue upon the encouragement to test the expected
commercial usefulness of the designed MMMs and
these MMMs can be proved as potential candidates in
the field of gas separation after suitable modification
of the filler.
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