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ABSTRACT

Mixed matrix membranes (MMMSs) containing meso-microporous silica-(ZIF-8)
spheres (MSS-Z8) were prepared using polysulfone (PSF) Udel® as polymeric matrix,
with loadings varying between 0 and 32 wt.%. The interaction between the filler and the
polymer was studied by scanning electron microscopy and focused ion beam
techniques, observing a good dispersion of the filler and an intimate contact between the
ZIF-8 crystals shell and the polymeric matrix. X-ray diffraction indicated that the
polymeric matrix did not alter the structure of the filler, and suggested the penetration of
PSF chains into the flexible pores of the ZIF-8 crystals of the shell. MSS-Z8 MMMs
were tested for the separation of CO2/CHs and H2/CO2 mixtures at different
temperatures (35-150 °C) and CO2/CHa feed compositions. For all equimolar mixtures,
the selectivity remained almost constant with the filler content while the permeability
increased, the best performance being achieved for 32 wt.% MSS-Z8 MMMs with an
increase of almost 400 % for Hz and 300 % for COz2 in comparison with pure PSF. This
enhancement in permselectivity resulted in Robeson’s 2008 upper bound for H2/CO:z

separation being reached when the temperature was increased up to 120 °C.

Keywords: Mixed matrix membranes, Gas separation, Mesoporous silica sphere, ZIF-8,

Silica-(ZIF-8) core-shell spheres, Polysulfone.



1. INTRODUCTION

Natural gas, a hydrocarbon gas mixture consisting primarily of methane with other
higher hydrocarbons (i.e. ethane, propane, butane), is the primary energy resource in the
world and global consumption is projected to double from 2003 to 2030 [1]. Nowadays,
alternative energy resources such as biogas, a methane rich gas (55-60 %) [2] produced
by the breakdown of organic matter (biomass) in the absence of oxygen, are attracting
considerable attention. Both raw natural gas and biogas require purification treatment to
reduce undesirable impurities such as hydrogen sulfide, nitrogen, water, and carbon
dioxide before the gas can be used as fuel. The typical concentration of the most
common pollutant, COz , is between 5-25 mol%, which needs to be reduced to less than
2% to meet pipeline specifications due to its acidic and corrosive properties[3]. In
addition, rising carbon dioxide emissions in the environment leads to global warming
which constitutes an issue of exceptional concern today. On the other hand, hydrogen
appears to be one of the most promising combustibles for a sustainable future. A
method of hydrogen production is by fermentation using carbohydrate rich substrates,
where carbon dioxide is also a product. Once again, the CO2 must be eliminated to
enrich and purify Hz from the gaseous mixture for any application (e.g. in fuel cells)[4].

One way to reduce CO2 emissions is to capture it from power plants. Various
techniques have been proposed for this purpose including chemical absorption, physical
absorption, pressure swing absorption, temperature swing absorption, cryogenic
distillation and separation via membranes [5, 6]. In the 1980s, absorption techniques
were reported to be the only competitive methods for flue gas treatment [7].

Membrane technology generally provides several advantages over the above-
mentioned conventional separation techniques including low capital cost and ease of

processing. This technology is relatively easy to operate and control. In particular,



membranes constitute a low cost way of separating gases when high purity gas streams
are not needed. Polymer membranes, for instance UOP Separex™ cellulose acetate
membranes, have already been successfully used for natural gas upgrading [8].
However, there appears to be a trade-off between permeability and selectivity for
polymer membranes, where a highly selective membrane tends to have low permeability
and vice versa. This inverse permeability/selectivity behavior was illustrated by
Robeson in 1991 [9], updated in 2008 [10]. In recent years, different strategies such as
the synthesis of new polymers with improved performance, the modification of the
properties of existing polymers, the combination of two polymers in a membrane
(copolymer membranes), or the fabrication of mixed matrix membranes (MMMs) have
been proposed [11]. In the latter strategy, the use of two materials with different gas
separation behaviors offers the possibility of designing an efficient membrane, allowing
the combination of the advantages of both phases: easy processability and low cost of
the polymer with the superior gas separation performance of the nanostructured fillers
[12]. Also, the incorporation of these specific “ingredients” within the polymeric matrix
generally provides enhanced physical, mechanical and thermal properties for use in
aggressive environments and provides a membrane stabilization system against change
in permeability with the temperature [13].
The integration of zeolites into polymeric membranes has attracted much attention, but
the zeolite and polymer often have a poor interaction, producing non-selective void
spaces between the zeolite particles and the polymeric matrix which leads to a decrease

in selectivity [12, 14, 15]. r-addition-mesoperous-MCM-41-spheres-On the other hand

spherical particles of ordered mesoporous silica with high mechanic and thermal

stability, facility of chemical functionalization, high specific surface areas (>500 m?/q),

and well defined bimodal pore size distribution (2.7 nm pores, typical of MCM-41




hexagonal array, and larger mesopores of 15 nm) have been incorporated as filler to

enhance the inorganic filler/polymer interaction and to increase the permeability due to

their mesoporosity. Using these materials, and taking into account that the cross

sectional areas per chain of the most synthetic polymers are around 1 nm? or less, these

polymer chains can penetrate through the mesoporosity, thus—bleeking-enhancing the

contact [14]. However, this fact could block the large pores of the silica and make

making-the inner ones almost inaccessible [15].

Metal-organic frameworks (MOFs) have appeared as a new class of crystalline and
porous materials built from metal ions as connectors and organic bridging ligands as
linkers[16]. MOF-MMMs are promising next-generation membranes for gas separation
[17, 18]. Compared to traditional fillers, the interaction of both phases is easier to
control due to the better affinity of the MOF linkers with the polymer chains.
Furthermore, the size, shape, and chemical functionalities of the MOF cavities can be
easily adjusted by choosing the appropriate linker-metal couples [19].

Among MOFs, ZIF-8 (Zn(2-methylimidazole)z) in particular has been one of the
most extensively studied prototypical ZIF (Zeolitic imidazolate framework) porous
solids, with large pores of 11.6 A connected through small apertures of 3.4 A,
outstanding high thermal stability (up to 400°C) and of a hydrophobic character [20]. In

addition, its flexible nature enables the adsorption of molecules larger than 3.4 A. ZIF-8

was first used as a filler embedded in PDMS (polydimethylsiloxane) membranes for
solvent resistant nanofiltration (SRNF) [21]. Concerning gas separation, ZIF-8 based
MMMs have frequently been prepared with the polyimide Matrimid® for CO2/CHa,
CHa/N2, CO2/CsHs and H2/CsHs separations with loadings up to 80 wt.% [22].;_In the

form of asymmetric membranes, for-the separation of CO2/CH4 and CO2/N2 binary gas

mixtures in-the—form-of-asymmetric-membraneshas_been studied [2]. In addition, the




influence of different sonication powers before membrane casting in—fer CO2/CHa

separation emp

wsing-the use of ZIF-8 nanoparticles (around 60 nm in size) for Hz, CO2, Oz, N2 and
CHa pure gas permeation [24]_have been reported. ZIF-8 has also been added to Ultem®
polymer matrix to prepare mixed matrix dual-layer hollow-fiber composite asymmetric
membranes for CO2/N2 separation [25]. ZIF-8 has also been incorporated into 6FDA-
based polyimides to form MMMs for C3Hs/C3Hs [26, 27], CO2/N2 [28] or CO2/CH4[27]
separation processes and performing surface cross-linking for hydrogen purification
[29]. This MOF material has also been added to PPEES (poly-(1, 4-phenylene ether-
ether-sulfone)) for O2/N2, H2/N2, H2/CHa, CO2/CHa, and C2H4/C2Hs separations [30],
embedded in PIM-1 (polymer of intrinsic microporosity) for Hz/N2, He/N2, O2/Nz and
CO2/CHa4 separations [31] or used alone and/or in combination with zeolites (silicalite-
1) on PSF (polysulfone) for H2/CHs, O2/N2, CO2/N2 and CO2/CHs mixed gas
separations [32]. In PSF, ZIF-8 has contributed to gas permeation by increasing the gas
solubility of CO2 [33]. Finally, ZIF-8/ polybenzimidazole MMMs have recently been
tested for H2/CHa separation up to 230 °C [34, 35].

Despite the wide variety of published studies on MMMSs comprising ZIF-8 as filler,
none of them has explored the use of this particular hydrophobic microporous MOF
phase in combination with a hydrophilic mesoporous structure in the same particle. In
this work, the recently described compound comprising silica-(ZIF-8) core-shell spheres
with tunable ordered meso-microporosity (called MSS-Z8) [36] has been employed as
filler in a PSF polymer matrix for the preparation of MMMs for CO2/CHs and H2/CO2
gas separation. The use of this material facilitates the production of highly
homogeneous MMM s, improving dispersion and interaction with the polymer due to the

fact that micron size particles avoid agglomeration and the spherical shape helps to



reduce the surface contact between filler particles within the polymer [3537, 3738]. In
addition, these capsules enhance the permselectivity properties of pure polysulfone,
since MSS-Z8 MMM selectivity is directly related to the micropore size of the ZIF-8
crystallites, forming the capsule walls, and permeability is increased due to the

mesoporosity of silica sphere cores.

2. EXPERIMENTAL SECTION

2.1. Materials

For the synthesis of silica spheres, cetyltrimethylammonium bromide (CTABr,
>98%), sodium metasilicate (Na2SiOs), and ethylacetate (CHsCOOC:Hs, 99.9%) were
used. Zinc nitrate hexahydrate (ZnNOs-6H20, >98%), 2-methylimidazole (CsHsNz2,
>99%,) and methanol (99.99%) were used for the synthesis of ZIF-8 shells. Polysulfone
(PSF, Mw 35000) and chloroform >99% were used for the MMMs preparation. All this

materials were purchased from Sigma-Aldrich.
2.2.  MSS-Z8 synthesis

MSS-Z8 filler was prepared in accordance with the procedure described in the
literature[36]. For the synthesis of mesoporous silica spheres (MSSs) of ~3 um [3839],
the molar composition used was 1.5Na2SiO3:1CTABr:361H20:7.4CH3COOCzHs. For
this, 3.92 g CTABr and 2 g of Naz2SiOs were dissolved in 70 mL of water. Then, 8 mL
of ethylacetate was added under stirring for 30 s. After that, the solution was kept in a
closed polypropylene flask at room temperature for 5 h, and then maintained at 90 °C
for 50 h. The product obtained was filtered in distilled water and ethanol, and calcined
at 600 °C for 8 h to remove the surfactant and activate the mesoporous structure. To
create the ZIF-8 shell around the MSSs, an “in-situ” seeding process was developed,
mixing 0.2 g of MSSs with a gel with a molar ratio of Zn?*:2-
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methylimidazole:H20=1:70:1238. Details of the process have already been published
for the synthesis of ZIF-8 nanocrystals [3940]. After the seeding process, two steps of
crystal growth were carried out to create a continuous ZIF-8 shell around the MSSs. For
each step, 0.47 g Zn(NOs)2:6H20 was dissolved in 10 mL of MeOH and 10 mL of
water. In addition, 1 g 2-methylimidazole was dissolved in 10 mL of MeOH and 0.14 g
of “in situ” seeded MSSs was added. The two solutions were sonicated for 5 min and
mixed under vigorous stirring, maintaining the agitation for 2 h at room temperature.
The final product was then collected by centrifuging with DI water and MeOH several
times, decanted in MeOH to separate the spheres from non-attached nano-sized ZIF-8

particles and dried overnight.

2.3. Membrane fabrication

MSS-Z8 MMMs were prepared as follows. Firstly, 3.6 g of chloroform and the
amount of MSS-Z8 necessary to obtain the required loading (8-32 wt.%), always in a
proportion of 90/10 wt.% solvent/(MSS-Z8 + polymer), were mixed for 30 min in an
ultrasonic bath. Polysulfone was then added, and the mixture was stirred overnight. The
solution was then sonicated with three intervals of 15 min to ensure a well dispersed
solution, cast on a flat glass plate and then left overnight partially covered to slow down
the natural evaporation of solvent under ambient conditions. Once dried, the films were
placed for 24 h under 1 kPa pressure in a vacuum oven at 120 °C to remove the

remaining solvent.

2.4. Membrane characterization

MMMs were characterized by scanning electron microscopy (SEM) using an
Inspect F scanning electron microscope to evaluate the dispersion of the filler through

the membrane and the contact between the MSS-Z8 and the polymeric phase. Cross



sections were prepared by freeze-fracturing after immersion in liquid N2 and
subsequently coated with 15 nm gold. To verify the good contact between the ZIF-8
shell and the polymer, SEM images using the focused ion beam (FIB) technique were
taken while the membrane was cut by accelerating concentrated gallium ions to a
specific site. To distinguish the Si of the silica core, the Zn of the ZIF-8 shell and the
carbon of the polysulfone, EDX mapping was also carried out.

Differential scanning calorimetry (DSC) measurements were made using Mettler
Toledo DSC822° equipment to calculate the glass transition temperature (Tg) of the
MMM at different filler loadings. Small pieces of dried membranes were transferred to
40 pL aluminum pans and hermetically sealed with aluminum covers. The samples were
scanned from room temperature to 250 °C with a heating rate of 20 °C/min in two
consecutive runs. The reported Tq values were calculated from the middle point of the
slope transition in the second run, taking the average of two samples.

Thermogravimetric analysis (TG) was performed simultaneously on Mettler Toledo
TGA/DTA 1 Start system equipment. Samples (10 mg) placed in 70 pL alumina pans
were heated in an air flow (96 cm3(STP)/min) up to 700 °C at a heating rate of 10
°C/min for calculating the percentage of filler and the thermal stability of the MMMs.

CO:2 adsorption isotherms were measured with Micrometrics ASAP 2020 equipment
at 35 °C using water as a coolant.

Both filler and MMM s with different MSS-Z8 content were characterized by X-ray
diffraction (XRD) at room temperature on a D-Max Rigaku diffractometer with a
copper anode and a graphite monochromator to select the Cu-Kq radiation (A= 1.5418
A).

Attenuated total internal reflection Fourier transform infrared (ATR-FTIR)

spectroscopy of the MMMs was performed on a bruker Vertex 70 FTIR (Billerica, MA)



spectrometer equipped with a deuterated triglycine sulfate (DTGS) detector and a
Golden Gate diamond ATR accessory. Spectra were recorded by averaging 40 scans in
the 4000-600 cm™ wavenumber range at a resolution of 4 cm™. The Fourier transformed
infrared spectroscopy (FTIR) absorption spectra of the powder samples (MSSs, ZIF-8
crystals and MSS-Z8) were acquired at room temperature with an Iraffinity Shimadzu
spectrophotometer. Spectra of the samples corresponded to 30 scans at a resolution of 4
cm™!, using the KBr pellet technique.

2.5.  Permeation measurements

For permeation tests, a 13.8 cm? membrane area was cut from the film and
introduced into a module consisting of two stainless steel pieces and a 316LSS
macroporous disk support with a 20 um nominal pore size. The membrane was gripped
sealed inside with Viton o-rings. The gas permeation equipment is described elsewhere—
in Fig. 1. For equimolar mixtures, 25/25 cm®(STP)/min CO2/CH4 or H2/CO2 stream was
fed at 330 kPa to the retentate side of the membrane using flow-mass controllers, while
the permeate side of the membrane was swept with a 2 cm3(STP)/min mass-flow
controller stream of He (for CO2 mixtures) or Ar (for Hz mixtures) at 125 kPa.
Concentrations of CO2, Hz and CHa4 in the outgoing streams were analysed by an
Agilent 3000A online gas microchromatograph equipped with a thermal conductivity
detector. Permeability was calculated in Barrer (1-107%° cm3(STP)-cm/(cm?s-cmHg))
once the exit stream of the membrane was stabilized, and the separation selectivity was
calculated as the ratio of permeabilities. The membrane module was placed in a UNE
200 oven (Memmert, Schwabach, Germany) to control the temperature of the

experiments.
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Fig. 1. Schematic of gas permeation equipment

The Hz, CO2 and CH4 permeabilities obtained at different temperatures in pure PSF,

16 and 32 wt.% MSS-Z8 MMM s were analyzed with the Arrhenius equation:

-E
P:Poexp( "J Eqg. 1
RT

where P is the permeability of the gas (Barrer), Po is the pre-exponential factor with the
same units as the permeability, R is the universal gas constant (8.314 J/(mol'K)), T is
the absolute temperature (K) and Ep is the apparent activation energy of permeability

(kJ/mol).

3. RESULTS AND DISCUSSION

3.1. Characterization of MSS-Z8/PSF membranes

In our previous article [36], silica—(ZIF-8) core—shell spheres (MSS-Z8) were
synthesized and characterized. The MSS-Z8 depicted an X-ray pattern similar to that of
ZIF-8 crystals and the inner structure formed by the mesoporous silica core was
confirmed by LA-XRD. Consistent with this, nitrogen adsorption-desorption
measurements of the MSS-Z8 showed adsorption of N2 due to both the micropores of

the ZIF-8 shells and the bimodal pore distribution (pores around 2.7 and 10 nm) present
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in the mesoporous silica core spheres. The BET area of MSS-Z8 was 1005+45 m?/g,

with a total volume of 0.64 cm®/g and a microporous volume of 0.31 cm¥/g.

TGA analyses (not shown) were carried out to calculate the real loading of MSS-Z8

in the membrane-{ret-shewn). For that, the percentage of remaining material after being

heated to 700 °C, was-attributed to both the silica core and the ZnO obtained after the

decomposition of the ZIF-8 shells, was used for calculations. TGA loading was in good

agreement with the nominal values shown in Table 1. Regarding the glass transition
temperature (Tg), in general the values of the MMM s were slightly higher than those of
the unfilled PSF membrane but falling within experimental error (see Table 1). This
suggests a good filler-polymer compatibility provided by the shell ZIF-8 crystals, since
silica spheres without ZIF-8 coating showed rigidification of the polymer, with a Tg
increase from 188.5°C for pure PSF to 196 °C for 16wt.% MSS MMM [3537]. It can be
said that Tg was independent of the filler content, as occurred in previous works using
ZIF-8 as filler in polysulfones [30]. Using other kinds of polymers, polyimide [3,28] or
copolyimide [32], the Tg did not appear to change much with the loading of ZIF-8, but
polybenzimidazole(PBI)/ZIF-8 MMMs [4041] had a much higher Tg than the bare
polymer, suggesting a chain rigidification of this polymer.

Fig. 24a-c shows SEM images of cross section views of MSS-Z8 MMMs with
different loadings (8-32 wt.%). The filler is distributed homogeneously within the
polymer and across all the thickness of the membrane (80 + 10 pm), and no
sedimentation is observed. In Fig. 1d2d, the MSS-Z8 core-shell structure is clearly
observed with a homogeneous well-intergrown ZIF-8 shell with a thickness of
approximately 500 nm. In addition, an intimate filler-polymer interaction is indicated by
the SEM images, strong enough to break up the MSS-Z8 into two parts when the

membrane is freeze-fractured after immersion in liquid N2. The inorganic/organic
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hybrid nature of the ZIF-8 shell as well as its hydrophobic character could be the reason

for this strong interaction with the polymer Udel®.

Fig. £2. SEM images of cross-sections of MSS-Z8 MMM s: a) 8 wt.%, b) 12 wt.%, c) 32 wt.%, d) detail
of panel b).

To prove that the interfacial gaps observed between the polymeric phase and the
particulate phase were induced by the mechanical fracturing of the membranes, as
occurred in previous works [22], the MMMs were also characterized by FIB (Fig. 23).
This technique allows cutting the membrane with high precision (up to 5 nm) obtaining
a smooth surface, as previously done with MMMs comprising NHz-MIL-53 and
polyimide Matrimid® [4242]. In addition, unlike SEM, the gold covering did not affect
the image, since it was removed in the first cuttings. Both secondary electron detector
(SE) (Fig. 2:3a, b) and backscattered electrons (BSE) (Fig. 2€3c) were used to create the
images. No interfacial gaps between the spheres and the polymeric phase were observed

with either detector.
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‘ The EDX mapping (Fig. 2a3a, inset) shows that the Zn element coming from the
ZIF-8 shells (green) and the Si element corresponding to the silica cores (blue) were
homogeneously distributed in the polymeric matrix (red part corresponding to C atoms).

‘ The membranes were flexible up to 32 wt.% loading (Fig. 34). Membranes with higher
concentrations of filler were not analyzed, since they became brittle and cracked easily,
as occurred in studies using ZIF-8 [24]. In fact, some studies [2] have shown that MOF-

type filler loadings higher than 30 wt.% may deteriorate the properties of the MMMs.

Fig. 23. SEM images after FIB of cross-section 32 wt.% MMM: a) general image with an inset
corresponding to EDX mapping (Zn green, Si blue and carbon red) ), and individual silica@ZIF-8 sphere
using b) SE and c) BSE detectors.
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Fig. 34. Images of 32 wt.% MMM treated at 120 °C.

X-ray diffraction confirmed that the polymeric matrix did not alter the ZIF-8
structure of the filler (Fig. 45), since the XRD pattern of the MMMs matches the pattern
of the filler and the ZIF-8 signal increases with the filler loading. The first reflection at
7.4° is related to the ZIF-8 pore size and it has been shown that its intensity decreased
when the pore was filled with other molecules, such as caffeine [4243]. The intensity
ratio (r) of the first and the second peak area, at 7.4° and 10.4° respectively, were
calculated for MSS-Z8 and for 32 wt.% MMM, being rwssz=11.6 and rumw=5.3. This

decrease in r when MSS-Z8 particles were embedded into the polymeric matrix can be

explained by the penetration of PSF chains into the pores of the ZIF-8 crystals of the

than static in nature, ZIF-8 exhibits a flexible framework structure [4243, 4344].
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Fig. 45. XRD patterns of PSF, MSS-Z8 and MMMs (8-32 wt.% loading).

The ATR-FTIR spectra of bare PSF, MSS-Z8 filler and 32 wt.% MMM in the 1700-
700 cm™* wavenumber range are shown in Fig. 56. The 32 wt.% MMM sample was
chosen to highlight the possible effect of the filler-polymer interaction. The spectrum of
MSS-Z8 correlates well with the data of ZIF-8 crystals given in the literature [20, 24],
where the C-N adsorption bonds are found in the 1100-1400 cm range. In addition, in
this sample there are broad adsorption peaks characteristic of MSSs at around 1230,
1070 and 800 cm, characteristic of asymmetric (longitudinal optical (LO) and
transversal optical (TO) modes) and symmetric Si-O-Si stretching vibration,
respectively [35]. The PSF membrane spectrum shows several peaks between 900-800
cm assigned to C-H rocking. The peaks in the 1100-1000 cm™ region are assigned to
C-C stretching, the peaks at 1147 cm® and 1324 cm™ to Ar-SO2-Ar symmetric
stretching and the peak at 1235cm™ to Ar-O-Ar stretching vibration [3537]. The 32
wt.% MSS-Z8 MMM spectrum shows the adsorption peaks assigned to MSS-Z8 and
pure PSF, with a slight shift to higher wavenumbers (3 cm™) in the PSF peak assigned

to Ar-O-Ar stretching vibration at 1235cm™. The shift could be due to the hydrogen
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atoms of the double carbon bond of 2-methylimidazole in the ZIF-8 shell which could
interact via hydrogen-bonding with the aryl ether groups of the polymer [3537, 4243],

although it is in the same order as the resolution of the FTIR equipment.

32 wt.% MMM

MSS-Z8 filler

Absorbance (a.u.)

1600 1400 1200 1000 800
Wavenumber (cm'1)

Fig. 56. FTIR spectra of PSF, MSS-Z8, and 32 wt. % MSS-Z8 MMM.

3.2.Gas separation measurements

Permeability measurements for CO2/CHa at different temperatures (35, 60, 90, 120
and 150 °C) and at different MSS-Z8 loadings up to 32 wt.% were carried out. The
MMM of 32 wt.% loading was also tested for a H2/CO2 equimolar mixture at different
temperatures. For 16 wt.% MSS-Z8 MMM, gas mixtures of CO2/CHa4 at different feed

compositions (50:50 mol%, 10:90 mol%, 90:10 mol% and single gas) were also tested.

It is worthy to mention that at loadings higher than 32 wt.% the membranes broke

during the permeation experiments, probably due to the particles agglomeration

phenomenon and low amount of polymer surrounding the spheres.
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3.2.1. Influence of loading

Fig. 6-7 shows CO2 permeability and CO2/CHa4 selectivity of MSS-Z8 MMMs with
different filler loadings, from 0 to 32 wt.%. The measurements were performed with
equimolar CO2/CH4 mixtures at 35 °C and, to assess reproducibility, each percentage of
loading was tested for three different membranes. The error of the measurements was
calculated as the standard deviation percentage [(standard deviation/average) x 100]. All

the results for MMM s exhibited a precision higher than 10 %.

Permeability mm Selectivity
. 32
o 324
£ 28
© 28
< 24 F
8 24 - Q
<
2 20 20 S
= 16 ©
S 16 8
£ 121 1275
a8 g *
4. 4
0 8 12 16 20 32

Filler loading (wt.%)

Fig. 67. Gas separation results for MSS-Z8 MMM s at different loadings (0-32 wt.%) for equimolar
CO,/CH4 mixtures at 35 °C. Error bar corresponds to standard deviations.

The CO:2 adsorption capacity of the filler at 35 °C and 1 atm (1.91 mmol/g,
measured in the laboratory) is much higher than that of pure PSF (0.22 mmol/g [4445]).
In addition to an enhancement in CO2 adsorption when the filler is incorporated, the
mesoporous phase of the silica core with bimodal pore distribution (2.7 and 10 nm) may
favor gas diffusivity. Also, it cannot be ruled out, as indicated by other authors [33], that
ZIF-8 increases the distance between polymer chains creating more polymer free

volume [22]. As expected, CO2 permeability increased with filler loading, leading to an
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increment of 300 % in comparison with bare PSF when 32 wt.% MSS-Z8 were added,
from 6.1+0.2 to 24.4x1.5 Barrer. CO2/CHa selectivity gave a maximum of 33+1.1 at 12
wt.% MMM, although it remained almost constant for the different filler percentages,
being 31+0.6 for the bare polymer. The fact that there was no loss of selectivity at high
MSS-Z8 loadings was due to the good contact between the filler and polymer, as
observed by the SEM images (Fig. 42, Fig. 3), which avoided the generation of small
non-selective voids. On the other hand, the 3.4 A pore of the ZIF-8 shell covering the
mesopores of the silica core should have promoted the transport of CO2 (3.3 A) over
CHa4 (3.8 A) due to the molecular sieving effect. However, in agreement with the
literature [2, 26, 27], the addition of ZIF-8 markedly increased the permeability but not
the selectivity for CO2/CH4 separation.

Comparing the result obtained for 16 wt.% MSS-Z8 MMMs with that reported in
the literature for 16 wt.% ZIF-8 MMM [32], an enhancement in selectivity from 19.8
using ZIF-8 crystals to 31.8 using MSS-Z8 as filler was observed, while the
permeability remained almost constant (12.3 and 12.1 Barrer for MSS-Z8 and ZIF-8,
respectively). The improvement in selectivity could be attributed to a better contact
established between the polymer and the external roughness of the MSS-Z8, composed
of hundreds of crystals creating an interpenetrated network. This behavior has been
observed previously in the literature [3738], where hollow silicalite-1 spheres used as
filler had better contact with the polymer matrix than bare silicalite-1 crystals. In
addition, the use of small crystals may favor their aggregation, forming a grape-like
morphology with non-selective holes between the particles [23, 24]. Comparing with

other PSF-based membranes reported, i. e., 16 wt.% HKUST MMM and 16 wt.%

silicalite-1 MMM [32], both CO2 permeability (8.8 and 9.6 Barrer respectively) and

CO2/CHa selectivity (15.7 and 12.07 respectively) are lower than those values obtained
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with 16 wt.% MSS-Z8 MMM. These comparisons highlight the promising results

obtained by using this new filler, which could be able to exceed the Robeson upper limit

embedded in other polymeric matrix with better performance than PSF by itself. For

example, by using the polymer 6FDA-DAM, which is close to the upper bound 1991,

the MSS-Z8 could be able to reach the upper bound 2008, as occurs when ZIF-90 is

added [46].

3.2.2. Influence of temperature

A high temperature operation in industrial applications would allow: i) a better
performance (as will be shown), and ii) energy cost savings in terms of reduction in
gases temperature from process prior the separation [4547]. To study the stability of the
membrane and the influence of the temperature on the permselectivity properties,

experiments at different temperatures (35-150 °C) with equimolar CO2/CH4 and H2/CO:2

mixtures were carried out. Fig-

of all the gases for pure PSF membrane, and 16 and 32 wt.% MMMs, are given in Table

2, calculated from their respective equimolar mixtures, with R?>0.99 in all gases (Fig.

8)l |

[Comentado [U1]: Ref. 2, comment 11
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Fig. 8. The Arrhenius plots of PSF and 32 wt.% MMM. Continuous lines: Ho/CO, mixture; dotted lines:
CO,/CH4 mixture.

Fig. #9 illustrates the effect of varying the temperature on the selectivity versus
permeability for 32 wt.% MSS-Z8 MMMs and bare polymer. For all the mixtures and

membranes, both CO2 and H: permeabilities showed a typical activated diffusion
behavior and at all the temperatures the 32 wt.% MMM performed better than pure

polymer, showing much higher permeabilities with similar selectivities-(Fig—#).

In the CO2/CH4 mixture for 32 wt.% MSS-Z8 MMMs, an increase of nearly 200 %
for CO2 (from 24.4 Barrer at 35 °C to 73.1 Barrer at 150 °C) was observed. For this
membrane, Hz permeability increased almost 300 % for the Hz/CO2 mixture (from 56.1
to 224.1 Barrer) when the temperature was increased from 35 to 120 °C. This
enhancement in permeability with temperature was due to an increase in diffusivity of
the gas as well as an enhancement in flexibility of the polymer chains. The pronounced
decrease in selectivity for the CO2/CH4 mixture is a combination of the increase of the
free volume of the membrane and a favored diffusion of CH4 versus CO2 with the
temperature (in fact, Er(CH4) > Ep(CO2)). Nevertheless, for the H2/CO2 mixture the
selectivity increased with the temperature, since Ep(Hz) > Ep(CO2). It should be

considered that the gas transport through the membranes entails solution and diffusion;
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accordingly, in both mixtures the selectivity trends could be explained in relation with
the CO:2 solubility declining with temperature. A similar behavior with the temperature
has been observed for 30 wt.% /ZIF-8/PBI [34]. Notice for 32 wt.% MSS-Z8 MMMs
that when the temperature was cooled down again to 35 °C, the CO2/CH4 selectivity
remained constant at 31 but the permeability increased from 24.4 to 28.9 Barrer. This
effect may be due to desorption at high temperatures of some impurities present in the

pores of MSS-Z8.

With the permselectivity enhancement for Hz2/CO:z separation achieved with the
incorporation of 32 wt.% MSS-Z8, the upper-bound line estimated by Robeson in 2008
[10] pointing towards a commercially attractive region was reached when increasing the
temperature until 120 °C (Fig. 79). However, the permeability-selectivity values for

CO2/CH4 are located below 2008 Robeson’s upper bound when increasing the

temperature.
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Fig. 79. Results of 32 wt% MMM (closed symbols) and PSF (open symbols) at different
temperatures for CO,/CH4 and H,/CO, For CO,/CH4 mixture, 35 °C* corresponds to the measure

obtained after the temperature was cooled down again to 35 °C.

3.2.3. Influence of gas composition

The permeation of gases in a mixture may differ from that of a single gas because of
the competition among permeating gases for the sorption sites of the membrane and
between the mobility of gases through the membrane [4648]. In addition, if CO2
permeates through the membrane, the plasticization effect influences the transport
through membranes. Because of all these features, and taking into account that the
compositions of biogas and natural gas are not constant, the performance of MMMs for
CO2/CHg4 separation for different gas compositions was studied. Fig. 8-10 shows the
influence of the CO2 feed partial pressure on the selectivity and the CO2 flow (cm?®
STP/min) for pure PSF and 16 wt% MMM at 35 °C. Notice that in all these
experiments the total pressure at the retentate side was kept at 330 kPa, the permeate
side was kept at 125 kPa, and different CO2/CHs mixtures (90/10, 50/50, 10/90
corresponding to COz2 partial pressures of 297, 165 and 33 kPa, respectively) and single
gas measurements (corresponding to CO2 partial pressure of 330 kPa) were performed.
Selectivity at 100 mol.% CO: corresponded to ideal selectivity and was calculated as
the ratio of single gas permeabilities. For 16 wt.% MMM, the CO2 permeate flow (cm®

STP/min) linearly increases with the CO2 partial pressure in the feed, i. e., with the

amount of CO2 molecules introduced in the system, as expected. In comparison with the

ideal value, the selectivity slightly increased when CO2/CH4 mixed gases were tested.
The highest value was obtained with 50/50 and 90/10 CO2/CH4 mixtures. This suggests
that there was an apparent competitive adsorption of the gases, where at high
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compositions of CO2 the permeability of CH4 decreases as a consequence of the faster
diffusion of the smaller and more strongly adsorbed CO2 gas molecule. For pure PSF,
the highest selectivity value was reached for the 10/90 CO2/CHs mixture, decreasing
with the percentage of COz2 in the feed composition. This may be due to the reduction of
CO: solubility within the membrane since the adsorption sites become saturated, as

occurred in other studies when the CO2 pressure was increased [4445].
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Fig. 108. Effect of CO, partial pressure on selectivity and CO, permeate flow for CO/CH4 mixtures at 35
°C and total pressure 330 kPa. Pure PSF (open symbols) and 16 wt.% MMM (closed symbols)

4. CONCLUSIONS

A new filler that combines micro- and meso-porosity has been used to prepare
MMMs with polysulfone as the matrix, taking advantage of its spherical morphology
and the hydrophobic character of the MOF ZIF-8 shell. This MOF shell made the silica
core more compatible with the polymer, and in consequence these MMMs showed a
good affinity between the polymer and the filler, which were well-dispersed throughout
the thickness of the membrane. The preservation of the filler structure in the matrix was

observed by XRD.
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MSS-Z8 MMM s were tested for CO2/CH4 and H2/CO2 mixed-gas separations. In all
the mixtures, the permeability increased with the filler content, while the selectivity
remained almost constant with just a slight increase. Loadings of 32 wt.% MSS-Z8
provided the best improvement in terms of permselectivity, with an increase in
permeability of almost 400 % for Hz and 300 % for COz in comparison with pure PSF.
This permeability increase was attributed to the mesoporous phase of the silica core
with bimodal pore distribution (2.7 and 10 nm), which may favor gas diffusivity, in
addition to an enhancement of CO2 adsorption with the incorporation of the filler in the
case of COgz transport. Furthermore, no rigidification of the polymer was observed by
DSC, indicating good filler-polymer compatibility. There was no loss of selectivity at
high MSS-Z8 loadings with high levels of permeability, due to the good contact
between filler and polymer, as well as the 3.4 A pore of the ZIF-8 shell which acts as a
molecular sieve.

In pure polymer and MSS-Z8 MMMs, the increase in temperature produced an
improvement in permeability due to an increase in diffusivity of the gas as well as an
enhancement in the motion and flexibility of the polymer chains. Selectivity decreased
with the temperature for the CO2/CH4 mixture, while it increased for the H2/CO:2
mixture.

For the H2/CO2 mixture, Robeson’s 2008 upper bound was reached by combining
two factors: (a) the incorporation of 32 wt.% MSS-Z8 filler, and (b) the increase in
temperature until 120 °C. Finally, the effect of the feed composition for CO2/CH4
mixtures in 16 wt.% MMMs was studied, observing that the selectivity slightly
increased when CO2/CH4 mixed-gases were tested, suggesting an apparent competitive

adsorption of the gases.
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Table 1. TGA loading and Tg of the different MMMs. These measurements are the

average of three different samples.

Nominal loading
TGA loading (wt. %) | Tg (°C)
(wt.%)
0 0 188.5
8 7.7£0.6 190.2+0.6
12 11.6+1.1 188.8+0.7
16 16.1+0.7 189.9+0.0
20 20.3+0.8 189.7+0.5
32 29.7+0.6 189.8+0.2
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Table 2. Apparent activation energies of CO2, CHsand Hz calculated from equimolar

CO2/CH4and Hz2/CO2 mixtures for pure PSF and 16 and 32 wt.% MMMs.

E, (kd/mol)
CO, | CHis | H. | CO;
PSF 121 | 278 | 179 | 96
16 wt.% MMM 11.0 | 257 - -
32 wt.% MMM 104 | 247 | 164 | 102
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