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Abstract

The new ZIF named UZAR-513 is formed by Zn** and 4(5)-(hydroxymethyl)imidazolate. UZAR-
S$13 has two distinct phases according to SEM and XRD: amorphous spheres and sheet crystals.
UZAR-513 and byproducts, with no N, adsorption, rendered a notable CO, uptake (up to 3.8
mmol g™ at 30 bar and 0 °C), approaching values of known ZIFs. The most promising materials
were included as fillers in mixed matrix membranes based on copolyimide 6FDA-DAM to study
the separation of CO,/CH., CO,/N,, H,/CO, and H,/CH,. The pore blocking hindered the gas
flow of bulky molecules (CH4, N, and CO,). The high CO, adsorption on sheet crystals also
contributed to the decrease in the permeability of CH,, N, and CO,, giving poor selectivities. In
contrast, the MMMs improved both the H,/CH, selectivity (8.9-12.7 vs. 7.2) and permeability
of H, (544-597 vs. 505 Barrer) of the bare 6FDA-DAM membrane. This emphasizes the
potential application of the fillers in the separation by molecular sieving of gas mixtures

without CO,.
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1 Introduction

CO, is the main greenhouse gas and its accumulation in the atmosphere is causing the so-
called global warming phenomenon. The necessity of CO, separation has arisen as a
consequence of the damage caused by emissions from power generation, industrial processes,
de-carbonization and transportation [1]. Carbon capture and storage (CCS) is the principal
approach to reduce CO, levels in the environment [2, 3]. The crucial stage in this process is the
separation of CO, from other gases before it reaches the atmosphere [2]. In addition, CO, is an
impurity present in fuel gases, such as natural gas or biogas, which diminishes the heating
value of fuels and causes corrosion in pipelines [4, 5]. In this context, natural gas and H, are
being explored as alternative energy resources and carriers since they have high heating values
[6]. Natural gas, mainly composed of CH,, is a desirable fuel for transportation [7]. Its
combustion produces the least CO, emissions per energy since CH, is the hydrocarbon with the
highest H/C ratio [7]. Natural gas is considered as a transition fuel while H, technology is
progressing [6]. Promising techniques have been developed to achieve effective CO,
separation in CCS and natural gas purification as well as CH, separation in H, purification. Gas

separation membranes are considered as a less energy-demanding and more efficient



technology than conventional methods [2, 8, 9]. Commercial gas separation through
membrane technology is dominated by polymeric membranes due to their low cost, easy
processability and mechanical stability [3, 10]. However, polymeric membranes present a
trade-off between permeability and selectivity [10]. In mixed matrix membranes (MMMs),
porous particles (fillers) are included in polymers to combine the advantages of both phases,
these being high selectivities and permeation fluxes [8, 10]. While zeolites, mesoporous silica
and carbon molecular sieves have been widely employed as fillers, metal-organic frameworks
(MOFs) and zeolitic imidazolate frameworks (ZIFs) have recently been incorporated into

MMMs [11-13].

MOFs, also known as porous coordination polymers (PCPs), are hybrid porous networks
formed by the coordination of metal ions or clusters and organic ligands resulting in one-, two-
or three-dimensional (1D, 2D or 3D) structures [14]. MOFs feature exceptional surface areas,
high pore volumes, considerable thermal and chemical stability, permanent porosity and
flexibility [10]. Besides, the broad diversity of metals and organic ligands has given rise to a
number of MOFs with different structures and characteristics [15-17]. The size, shape and
chemical surface of the pores, and thus the properties of the MOF, can be tailored by selecting
the appropriate metallic and organic species [15-17]. ZIFs constitute an interesting subfamily of
MOFs. Their framework is composed of divalent metal ions (Zn**, Co™, Cu*, etc.) and
imidazolate-type ligands. The coordination of the metallic and organic components gives
tetrahedral subunits whose arrangement leads to a zeolitic topology, i.e. the M-Im-M angle
(M, metal; Im, imidazolate) in ZIFs and the Si-O-Si angle typically found in zeolites are similar
(145°) [18]. Consequently, ZIFs combine properties of both MOFs and zeolites, such as superior
thermal and chemical stabilities [19, 20], microporosity [20], large surface areas [19, 20],
diversity of frameworks [21], wide range of pore sizes [22], and post-functionalization [21]. All
these properties make ZIFs attractive candidates for gas separation, especially by adsorption

and membrane technologies [22]. In this respect, ZIFs have shown remarkable CO, capacities



[23] and promising separation performances for several binary gas mixtures containing CO,

which are relevant in different industrial processes [19, 23].

In recent years, the interest in crystalline layered materials has been increasing because their
2D character provides them with extraordinary physicochemical properties [24] such as size-
and shape-dependent electronic and optical properties [25], mechanical strength [25], high
surface areas [25], and excellent heat conduction [26]. As a consequence, 2D materials are
employed in a vast range of applications in fields such as sensing [27], catalysis [27], molecular
recognition [28], energy storage [27, 29], (opto)electronics [30] and gas separation [31, 32].
This in turn has provoked the current interest in the preparation of 2D nanostructured MOFs.
Layered MOFs could be of great importance for selective gas adsorption [29, 33, 34] since
lamellar compounds are able to accommodate guest molecules between the layers [35] while
their hybrid nature allows tunable guest-framework interactions [33]. As an example of
enhancement with layered MOFs, Rodenas et al. prepared MMMs with CuBDC (2D structure)
nanosheets as a filler achieving a selectivity between 7.5 and 8 times higher than those of bulk
CuBDC MMMs [29]. Moreover, upon delamination, layered MOFs can give rise to ultrathin

selective membranes [36].

The synthesis and characterization of UZAR-S13 (henceforth referred to as S13_sph&sh), a new
ZIF, is reported here. $13_sph&sh is formed after the reaction at mild temperature of Zn** and
4(5)-(hydroxymethyl)imidazolate (hmIim, see Figure 1) in a 1:3.3 molar ratio giving rise to two
distinct phases related to the shape (spheres and sheets). The hmiIm ligand was selected
because its hydroxyl functional group was thought to influence the capability of interaction
with small gas molecules such as CO, [37]. Spheres and sheets are obtained separately by
modifying the metal:ligand ratio. Sheet-shaped crystals are also achieved when the reaction is
carried out at room temperature maintaining the original metal:linker ratio (S13_sheet_RT).

CO, adsorption studies at low and high pressure were carried out on these samples. The sheet



shape of crystals of S13_sph&sh and S13_sheet RT and their CO, affinity opened up the
possibility of their application in membranes for CO, separation. Thus, MMMs were prepared
using S13_sph&sh and S13_sheet_RT as fillers and copolyimide 6FDA-DAM as the polymeric
matrix. 6FDA (2,2-bis(3,4-carboxyphenyl) hexafluoropropane dianhydride)-based polyimides
have shown excellent properties ranging from mechanical strength, chemical and thermal
stability, and spinnability to high gas permeability and selectivity [38]. Such good gas
permeation properties are produced by the presence of fluorinated side groups (-C(CFs),-) (see
Figure 1b). These bulky and hydrophobic groups can affect the gas solubility in the
membranes, the chain rigidity, the internal rotation of bonds, molecular distances, and the
free volume between the polymer chains [39]. The MMMs obtained were employed in the
separation of CO,/CH,, CO,/N,, H,/CO, and H,/CH, mixtures, typical of natural gas, post-

combustion, pre-combustion and H, purification processes.
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Figure 1. Chemical structure of (a) 4(5)-(hydroxymethyl)imidazole (hmIim-H) and (b) 6FDA-

DAM.

2 Experimental section

2.1 Methods and materials

Anhydrous chloroform (CHCl;, =99 %, Sigma-Aldrich), N,N-dimethylformamide (DMF,
HCON(CHs),, 99.5 %, Scharlau), 4(5)-(hydroxymethyl)imidazole (hmIm-H, C4HgN,0, 97 %,
Aldrich) and zinc acetate dihydrate (Zn(CH5COO),-2H,0, 98 %, Sigma-Aldrich) were used as

received without further purification. 6FDA-DAM (418 000 Da) polymer was purchased from



Akron Polymer Systems, Inc. and prepared using the monomers 6FDA and DAM

(diaminomesitylene).

2.2 Synthesis of S13_sph&sh

In a typical synthesis, 0.1580 g of zinc acetate dihydrate and 0.2354 g of hmIm-H were
dissolved in 8 mL and 10 mL of DMF, respectively (the molar metal:linker ratio was 1:3.3). The
metal solution was poured on the ligand solution and the mixture was stirred for 5 min.
Subsequently, the resulting solution was placed in a stainless steel Teflon™-lined autoclave.
The autoclave was transferred into a conventional oven preheated at 100 °C where it was kept
for 12 h. After cooling to ambient temperature, the product was collected by centrifugation at
10 000 rpm and washed 3 times with fresh DMF. Finally, it was dried for 2 d at room

temperature.

2.3 Synthesis of S13_sphere_1:1, S13_sphere_1:2, S13_sheet and S13_sheet RT

In order to obtain separately the spheres and sheets observed in S13_sph&sh, the metal:ligand
ratio was modified to 1:10, 1:2 and 1:1 achieving S13_sheet, S13_sphere_1:2 and
S13_sphere_1:1, respectively. All these products were prepared and rinsed according to the
procedure used for S13_sph&sh. For the same purpose, the synthesis conditions were
modified decreasing the temperature and augmenting the reaction time, but keeping the
metal:linker ratio from S13_sph&sh, giving S13_sheet_RT. In this case, the hmIim solution was
prepared in a glass vial. Then the metal solution was added. The mixture was stirred for 5 min.
The reaction was carried out under static conditions at room temperature. After 21 d, the
product was recovered by centrifugation at 10 000 rpm, washed 3 times with DMF and dried at
ambient conditions. Yields of these products as well as that of S13_sph&sh are presented in
Table S1. The yields were calculated as an average of at least two syntheses. It is worth

mentioning that a reaction time of 14 d in the synthesis of 1_sheet_RT gave the same kind of



sheets but slightly smaller. Thus we chose 21 d in order not to prolong excessively the reaction

time, believing that the size of the sheets would hardly have changed with longer times.

2.4 Activation of S13_sph&sh, S13_sphere_1:1 and S13_sheet_RT

Samples S13_sph&sh, S13 _sphere_1:1 and S13_sheet_RT were activated by means of a
solvent-exchange process. First, the products were immersed in anhydrous chloroform at
room temperature under stirring. The chloroform was refreshed every 24 h. After 7 d, the
solvent was removed by centrifugation. The solids were rinsed 3 times with fresh chloroform
and dried at ambient conditions. They were then treated under vacuum at 80 °C (140 °C in the
case of $13_sphere_1:1) for 8 h with heating and cooling rates of 1 °C min™, producing

S13 _sph&sh_act, S13_sphere_1:1 act and S13_sheet_RT_act. The elemental analysis
calculated for S13_sph&sh_act (Zn(C4HsN,0),-H,0 = CgH1,N,03Zn), i.e. C, 34.62; H, 4.36; N,
20.18, was in good agreement with the values experimentally found by elemental analysis, i.e.

C, 36.74; H,4.67; N, 19.97.

2.5 MMM preparation

Prior to MMM preparation, 6FDA-DAM in thread form was dried at 100 °C overnight. Samples
S13 _sph&sh and S13_sheet_RT were employed as recovered after chloroform exchange
(before vacuum treatment). The solids were dispersed in anhydrous chloroform in such a way
that the ZIF loading in the polymeric matrix was 10 wt%. The calculated amount of 6FDA-DAM
was then added. The mixture was stirred overnight. The casting solution was subjected to
three cycles of sonication and stirring (the sonication and stirring lasted 15 minutes each in
each cycle). The suspension was cast into a Petri dish at room temperature. The Petri dish was
capped so that the solvent slowly evaporated. Occluded chloroform molecules were readily
removed upon heating at 100 °C for 1 d. The membranes prepared with the pure polymer,

S13_sph&sh and S13_sheet RT had a thickness of 64 + 13 um, 68 + 8 um and 74 + 3 um, as



measured with a Digimatic Micrometer. These values were determined by averaging the

results of the same kind of membranes after 3-4 measurements per membrane.

2.6 Binary gas separation experiments

Permeability tests were carried out to study the separation performance of the MMMs
prepared in this work. The membranes, 3.14 cm?in area, were supported on a 316LSS
macroporous disk inside a stainless steel module and gripped with Viton® O-rings. The
macroporous support had a nominal pore size of 20 um and was purchased from Mottt
Corporation. Experiments were carried out at 35 °C inside an oven to control the temperature.
Equimolar CO,/CH,, H,/CO, and H,/CH,4 and 10/90 vol% CO,/N, gas mixtures were fed into the
module at 3.0 bar through two mass-flow controllers (Alicat Scientific, MC-100CCM-D) with a
total volumetric flow of 50 and 100 cm?*(STP) min™, respectively. The permeate side was swept
at 1.2 bar with a 2 cm?(STP) min™* stream of He (4.5 cm?*(STP) min™ for the pure 6FDA-DAM
membrane) regulated by a mass-flow controller (Alicat Scientific, MC-5CCM-D). The permeate
stream was analyzed by means of an Agilent 3000A online gas microchromatograph equipped
with a thermal conductivity detector (TCD) to determine the concentration of both gas
components. Measurements were taken once the steady state was achieved (at around 1.5 h).
Permeability values were expressed in Barrer units (1 Barrer = 10™ cm?®(STP) cm (cm™ s cmHg’
1) =7.5x 10" m*(STP) m (m?s™* Pa™)). Membrane selectivity, S;;, was calculated as the ratio of

the permeability of the component i over that of the component j.

2.7 Characterization

Fourier transform infrared (FTIR, Shimadzu IRAffinity-1) spectra of bulk samples were recorded
using the KBr disk technique in a wavenumber range of 4000-400 cm™. Attenuated total
reflectance Fourier transform infrared (ATR-FTIR, Bruker Vertex 70 FTIR) spectra of the MMMs
were recorded between 4000 and 600 cm™. The resolution of both FTIR and ATR-FTIR spectra

was 4 cm™. Thermogravimetric analyses (TGA, Mettler Toledo TGA/DSC 1 SF/755) were
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performed with a heating ramp of 5 °C min™ from 25 to 900 °C in air atmosphere. The glass
transition temperature (T,) of the MMMs was determined by differential scanning calorimetry
(DSC, Mettler Toledo DSC822°). The MMM s were scanned in two consecutive runs from 25 to
450 °C using a heating rate of 20 °C min™ in air. The value of T was calculated from the heat
flow curve as the temperature in the inflexion point of the second run in order to remove the
thermal and mechanical history of the samples. Bulk products as well as the MMMs were
characterized by powder X-ray diffractometry (PXRD, D-Max Rigaku and Bruker D8 Advance).
PXRD patterns were gathered at ambient temperature with a copper anode using a graphite
monochromator to select CuKa radiation with A = 1.5418 A. Scanning electron microscopy
(SEM, FEI Inspect F50) studies of the samples were carried out in a voltage range of 2-5 kV. The
samples were coated with platinum under vacuum conditions. For cross-section SEM images of
the MMMs, small pieces of membranes were broken inside a liquid N, bath (freeze-fracturing)
to produce a clean cross sectional surface. Crystal thicknesses were measured by means of the
Imagel [40] software using SEM images. Brunauer-Emmett-Teller (BET) specific surface areas
were determined from N, sorption isotherms at -196 °C (Tristar 3000). CO, adsorption
isotherms at low pressure (Micromeritics ASAP 2020 V1.04H) were collected at 25 °C. Samples
(ca. 150 mg) for CO, (low pressure) and N, sorption were previously degassed at 80 °C for 8 h
with a heating rate of 1 °C min™. High pressure carbon dioxide and hydrogen adsorption
measurements were done in an automatic volumetric apparatus (Quantachrome iSorb HP1) to
perform carbon dioxide isotherm experiments up to 45 bar and hydrogen isotherm
experiments up to 200 bar. The manifold of the apparatus was kept at 36 °C. For the CO,
experiments, a circulator bath set to 0 or 40 °C was employed to ensure a constant adsorption
cell temperature. In the case of hydrogen, the sample cell was kept at 25 °C by means of a
liquid bath. The manifold volume was calibrated with a standard volume, using helium as a
calibrating fluid. To ensure that the apparatus was leak-free, hydrogen leak tests were

executed at 90 and 150 bar for 28 h, the resulting leak rate being below 10 Torr (Torr* s™).



The bulk gas amounts were obtained using the modified Benedict-Webb-Rubin equation of
state [41] and the cell volume was obtained considering the correction described in the
literature [42]. Prior to all the adsorption experiments, the samples were degassed at 150 °C
for 4 h under vacuum. After that, the sample was loaded in the sample holder, and then
evacuated at 150 °C for another 4 h under vacuum. Sample masses ranged between 0.5 and
1.0 g to ensure accurate measurements. Excess adsorption was obtained in both CO, and H,
sorption measurements at high pressure. Elemental analysis (Thermo Flash 1112) was carried

out to reveal the C, H and N composition of the samples.
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3 Results and discussion

3.1 Characterization of S13_sph&sh, S13_sphere_1:1, S13_sphere_1:2, S13_sheet and

S13_sheet RT

The chemical formula of ZIFs is commonly M(Im), (where Im denotes any type of imidazolate
ligand) [43, 44]. The formula of S13_sph&sh, established taking into account the results
obtained in TGA characterization, is Zn(hmlm),-xDMF-yH,0, where typically x=0.15and y =
1.0. In the case of S13_sph&sh_act, elemental analysis and TGA data were used to corroborate
its chemical formula: Zn(hmIm),:zH,0 (normally, z = 0.5). Calculations were carried out using
TGA curves of 4 and 5 samples for S13_sph&sh and S13_sph&sh_act, respectively. The
different values acquired from the thermograms were utilized as an average in order to
achieve an accurate solution. Figure 2 shows the TGA and differential thermogravimetric (DTG)
curves of S13_sph&sh and S13_sph&sh_act. The first weight loss at 25-100 °C in both samples
is due to water release and has a value of 6.2 and 3.6 % (calcd. 6.2 and 3.2 %), respectively. In
S13_sph&sh, a second step of 3.4 % between 100 and 175 °C is found and is attributed to DMF
loss (calcd. 3.8 %). S13_sph&sh_act does not possess such a step. The decomposition of both
samples takes place from ca. 175 °C. FTIR characterization corroborates the presence of a
small amount of DMF molecules in S13_sph&sh (Figure S1). The band placed at 1660 cm™ is
ascribed to the C=0 stretching from DMF [45]. This band disappeared for S13_sph&sh_act.
This confirms that S13_sph&sh_act was successfully activated, as expected from the TGA

results.
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Figure 2. TGA and DTG curves of hmim-H, S13_sph&sh and S13_sph&sh_act.

As shown in the SEM images (and confirmed by PXRD patterns), two phases are well-
differentiated in S13_sph&sh (Figure 3a). The first is composed of spherical particles with a size
ranging between 0.7 and 2.5 um. The second and majority phase contains large layers

composed of sheet blocks with edges of around 1 um (see inset).

In order to obtain both phases separately, different syntheses were carried out varying the
molar metal:ligand ratio. The ratio for S13_sph&sh had a value of 1:3.3. When this was
increased up to 1:2 and 1:1 (S13_sphere_1:2 and S13_sphere_1:1), only spheres were
obtained (Figure 3b and 3c). The size distribution is heterogeneous with particles larger than
spheres of S13_sph&sh (approximately 1.0-5.5 um in diameter). It is worth mentioning that
S13_sphere_1:1is a purer phase than S13_sphere_1:2, as observed by microscopy (and
verified by PXRD), because the latter has a larger number of irregular particles along with the
spheres. On the other hand, diminishing the metal:linker ratio down to 1:10 led to rectangular
sheets with round vertices and submicrometric edges (Figure 3d). Flat particles were also

obtained when the synthesis conditions were adjusted keeping the molar ratio of S13_sph&sh

12



(S13_sheet_RT). The reaction at room temperature for 21 d gives rise to larger sheets (1.0-3.5
pum). After drying at ambient conditions, crystals exposed to the atmosphere were arranged

forming rosettes (Figure 3e) while crystals in contact with the glass dish were arranged with

the larger face parallel to the surface (Figure 3f).

Figure 3. SEM images of (a) S13_sph&sh, (b) S13_sphere_1:2, (c) S13_sphere_1:1, (d)
S13_sheet, (e) crystals of S13_sheet_RT exposed to the atmosphere (rosettes) and (f) in

contact with dish surface.
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Figure 4. PXRD patterns of some products synthesized in this study and that of hmim-H. The

molar metal:ligand ratio of S13_sph&sh is shown between parentheses.

PXRD patterns of the samples prepared in this work are depicted in Figure 4. It was not
possible to solve their crystal structures by single crystal X-ray diffraction as single crystals
were not obtained. PXRD data was not useful either, because of the scarcity of diffraction
peaks and their broad width. As mentioned above, PXRD studies corroborate that S13_sph&sh
possesses two distinct phases: spheres and sheets. The spheres (S13_sphere_1:2 and
S13_sphere_1:1) constitute an amorphous phase whereas the sheets (S13_sheet) define the

crystalline phase. S13_sheet and S13_sph&sh_act maintain the peak positions from

14



S13_sph&sh (see Figure 4), although the relative intensities change, probably due to a shift in
crystal orientation. This is clearly seen in the SEM images of S13_sheet (Figure 3d), where the
flat faces from the crystals are parallel to the sample holder. In the case of S13_sph&sh_act,
the modification in intensity could also be caused by the break of layered blocks during
activation (Figure S2a and b). The SEM appearance of S13_sheet_RT and S13_sheet RT_act
(Figure S2c and d) are similar to those of S13_sheet and S13_sph&sh_act owing to the flat
arrangement of the particles. Finally, Figure 3 and Figure S2 also show the filler particles
(513_sph&sh and S13_sheet_RT) before and after activation with no evidences of appearance

changes.

FTIR spectra of S13_sheet, S13_sphere_1:2, S13_sphere_1:1 and S13_sheet RT are displayed
in addition to that of S13_sph&sh in Figure S1. The S13_sheet and S13_sheet_RT spectra,
corresponding to samples containing crystals with flat morphology, are in good agreement
with that of S13_sph&sh (sheets and spheres). However, S13_sphere_1:2 and S13_sphere_1:1
have broad bands at around 1580-1600 cm™ and between 1438 and 1360 cm™ (rectangles in
Figure S1). According to SEM inspection, the latter samples correspond to spheres. This implies
that the composition of the amorphous phase, i.e. spheres, is different from that of
S13_sph&sh. However, the presence of the amorphous phase in S13_sph&sh is barely
perceptible by FTIR analysis, so that a negligible contribution to the properties of S13_sph&sh

would be expected.

Sorption experiments of CO, and N, at low pressure were performed on S13_sph&sh_act,

S13 _sphere_1:1 act and S13_sheet RT_act (Figures 5a and S3). According to FTIR spectra
(Figure S1), the band typical of DMF was not visible for these products, thus they were well-
activated. Despite the low BET specific surface areas (5-12 m” g*, see Table 1), the CO,
adsorption capacities are relatively significant when compared with values from other ZIFs [46-

50], especially those of S13_sph&sh_act and S13_sheet_RT_act (see Table 1). This is due to the

15



sheet crystals, whose 2D nature favors selective CO, adsorption. S13_sheet RT_act (0.7 mmol
g™) with an uptake similar to that of ZIF-8 almost reached the uptake values of ZIF-97 (1.0
mmol g™) [49] and ZIF-L (0.9 mmol g™') [47]. The latter ZIFs are somewhat similar to UZAR-513
materials because ZIF-97 (3.08-3.65 A in aperture size; 16.5 A in pore diameter) [51] includes in
its framework a ligand similar to hmim (Figure $3) whereas ZIF-L (pore size of 9.4 x 7.0 x 5.3 A%)
nanoflakes possess a 2D structure [52]. On the other hand, ZIF-9 (4.31 A in pore diameter) and
ZIF-11 (14.6 A) do not show N, adsorption because their aperture sizes (2.9 and 3.0 A,
respectively) are smaller than the kinetic diameter of N, (3.64 A) [49], but they exhibit
structural flexibility due to ligand rotation which allows adsorbates to reach the pores (gate-
opening) [53, 54]. The UZAR-S13 type materials adsorb CO, but not N,. It is supposed that
these materials have a pore aperture between the kinetic diameters of CO, (3.3 A) and N, in
such a way that N, molecules cannot reach the pores because they are too large whilst CO, fits
the pore aperture and is able to enter the pores. Another hypothesis is that the UZAR-S13
materials have a pore aperture below the kinetic diameter of CO, and their flexible structure
allows the hmim ligands to rotate upon CO, adsorption, thus CO, molecules entering the
pores, as occurs in ZIF-9 and ZIF-11. The CO, adsorption would be enabled in both cases. The
ZIFs summarized in Table 1, except ZIF-9 and ZIF-11, show significant BET surface areas
because their pore apertures or dimensions exceed the size of the N, molecule or, when the
pore apertures are slightly lower, because of the mentioned gate-opening effect [53, 54] upon
N, sorption. The lower CO, capacity of S13_sphere_1:1_act arose from its amorphous
character, rendering more disordered and less accessible pores. This provoked less CO,
sorption on S13_sph&sh_act, constituted by spheres and sheets, compared to that of
S13_sheet_RT_act, formed only by sheets. Therefore, the amorphous contribution to

S13_sph&sh, not noticed by the FTIR studies, was evidenced by CO, adsorption.
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Table 1. CO, adsorption capacities for selected ZIFs

MOF BET surface Capacity P T Reference
area (mmolg™?) (wt%) (bar) (°C)
(m”g™)
ZIF-9 (blm) 4 2.7 - 1 0 [54, 55]
ZIF-11 (blm) - 2.05 - 1.1 0 [53]
ZIF-25 (dmlm) 1110 1.1 - 1 25  [49]
ZIF-71 (dclm) 652 0.6 - 1 25  [49]
ZIF-93 (almIm) 864 1.6 - 1 25  [49]
ZIF-96 (cyamIm) 960 2.1 - 1 25  [49]
ZIF-97 (hymIm) 564 1.0 - 1 25  [49]
ZIF-L (mIm) 161 0.9 - 1 25  [47]
nZIF-8 1268 - 35.0 30 25  [50]
ZIF-8 1450 0.7 - 1 25 [46]
1070 ca. 5.9 - 30 25  [48]
S13_sphere_1:1_act 5 0.2 0.8 1 25  This work
S13_sph&sh_act 12 0.6 2.5 1 25 - This work
1.9 8.4 30 0
2.2 9.6 40 40
S13_sheet RT act 8 0.7 3.4 1 25  This work
3.8 16.6 30 0
3.1 134 40 40

® Value taken from the CO, isotherms of the corresponding reference.
blm, benzimidazole; dmim: 4,5-dimethylimidazole; dcim: 4,5-dichloroimidazole; almim: 4-
methylimidazole-5-carbaldehyde; cyamIm: 4-aminoimidazole-5-carbonitrile; hymim: 4-

hydroxymethyl-5-methylimidazole; mim: 2-methylimidazole.

H, physisorption measurements were performed on S13_sph&sh_act (Figure S4). H, sorption
resulted in an uptake of 0.12 wt% at 180 bar, indicating a poor interaction with H, molecules.
S13_sph&sh_actand S13_sheet_RT_act, the more promising materials, were tested for CO,
sorption at high pressure and two distinct temperatures (0 and 40 °C) (Figure 5b). High
pressure isotherms were in good agreement with those obtained at subatmospheric pressures.
Most of the CO, molecules were adsorbed below 10 bar; above this pressure, the

corresponding uptakes were less significant for both temperatures and products.

As we have reported earlier for carbon-based materials [56], mesoporous materials [57], and

even ZIFs [53], CO, adsorption at high pressures is a very useful technique given that (1) it
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enables characterization of narrow porosity (i.e. pores of sizes around 3 A, which correspond
to the narrower cavities found in ZIF-11) and (2) the isotherms are measured up to relative
fugacities close to unity [56] at both temperatures (0 and 40 °C), which allows the whole range
of porosity to be covered. One interesting feature is that a steep increase in the adsorption
capacity is observed for both samples at 0 °C and pressures above 25 bar, which may be
ascribed to CO, condensation in intercrystalline (or interlamellar) spaces, as we have reported
previously [53]. This phenomenon is not observed for sample S13_sheet_RT_act at 40 °C.
Adsorption and desorption branches nearly overlap for all the samples except for
S13_sph&sh_act at 40 °C, which shows a noticeable hysteresis cycle from 43 to 10 bar. This
hysteresis cannot be related to capillary condensation since this would only occur in the
highest pressure region [53, 56]. It could be due to a strong interaction between the CO,
molecule and the adsorbent or to a change in size or morphology of the pores at high

pressures, trapping the CO, in its structure.

As seen in table $2, CO, capacities (up to 3.8 mmol g* at 30 bar and 0 °C in the case of
S13_sheet RT act), even if significant, are below the values for other MOFs. For instance,
HKUST-1, containing open metal sites that could enhance CO, adsorption [58], adsorbs three
times the value of S13_sheet_RT_act. When compared to nZIF-8 and ZIF-8 (Table 1),
S13_sph&sh_act and S13_sheet_RT_act exhibit between a third and a half, respectively, of CO,
capacity despite the fact that their BET areas are around 90-160 times smaller. This underlines
the great potential of the 2D crystals of ZIFs S13_sph&sh_act and S13_sheet_RT_act as CO,
adsorbents. As in the case of CO, adsorption at low pressure, uptakes for S13_sheet_RT_act
are higher than those of S13_sph&sh_act. This highlights the effect of the amorphous spheres

in S13_sph&sh.
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3.2 MMM characterization and performance

Following the promising CO, adsorption results achieved with S13_sph&sh and S13_sheet_RT,
both products were embedded in 6FDA-DAM for MMM fabrication. A ZIF loading of 10 wt%
was chosen (even though 20 wt% loading membranes were prepared and tested out of range

gas separation performance). The membranes were characterized by SEM, ATR-FTIR and PXRD.

SEM images of the cross section of the MMM s prepared in this work show the ZIF-polymer
interaction and the filler distribution in the polymeric matrix (Figure 6). Both S13_sph&sh and
S13_sheet RT are uniformly distributed all over the cross section of the MMMs. Particles of
S13 sph&sh and S13_sheet RT are located in the cavities delimited by the polymeric nerves.
Besides, crystals of S13_sheet RT seem to be preferentially oriented parallel to the MMM

surface. The insets shown in Figure 6 reveal a good ZIF-polymeric matrix interaction for both

S13 sph&sh and S13_sheet RT.

Figure 6. Cross-section SEM images of the MMMs prepared with (a) S13_sph&sh and (b)

S13_sheet_RT as fillers.

The ATR-FTIR characterization (Figure S5) shows no difference between the spectra from the
bare membrane and the two MMMs. Only bands related to 6FDA-DAM are seen. This is due to

the low ZIF loading of the MMMs (10 wt%).
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The thermogram of the neat 6FDA-DAM membrane show a weight loss of 2.8 % below 75 °C,
attributed to the removal of water molecules adsorbed from the atmosphere (Figure S6). The
small decreasing trend (0.6 %) from 75 °C to degradation (around 380 °C) corresponds to
chloroform release. This low percentage indicates that the neat membrane was successfully
activated. The weight loss of 0.8 and 1.5 % between 25-125 °C for S13_sph&sh/6FDA-DAM and
S13_sheet_RT/6FDA-DAM MMM:s is probably due to chloroform and water removal. These
insignificant values confirm the success in activating the MMMs. The step at 125-285 °C for
both membranes (1.2 and 1.4 %, respectively) is ascribed to the filler presence. The
decomposition of the MMMs takes place above 380 °C, as that of the bare polymer. DSC
experiments were carried out to determine the T, of the distinct membranes (Table 2). The
bare 6FDA-DAM shows a T, within the reported values for the same polymer (Table S3). As
seen, the T, rises from 384.1 °C for the pure polymer to 400.2 and 399.9 °C for
S13_sph&sh/6FDA-DAM and S13_sheet_RT/6FDA-DAM, respectively. As expected, the glass
transition temperatures for S13_sph&sh and S13_sheet_RT are similar because both fillers
share the same nature. The increase in T, (about 16 °C) was caused by the rigidification of the
polymer, i.e. the movement of the polymer chains surrounding the filler particles was
restricted because of chemical interactions between both components [59, 60]. The calculated

T, could show the effect of the corresponding decomposed fillers.

Table 2. Glass transition temperatures and d-spacings (calculated by Bragg’s law) for the

membranes prepared in this work

Membrane T, (°C)  d-spacing (A)

Bare 6FDA-DAM 384.1 7.0
S13_sph&sh/6FDA-DAM 400.2 6.3
$13_sheet RT/6FDA-DAM  399.9 6.4

X-ray diffractometry revealed amorphous and broad bands centred at the 26 values of 13.6°

and 13.8° for the S13_sph&sh/6FDA-DAM and S13_sheet_RT/6FDA-DAM MMM, respectively
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(Figure S7). The displacement of the amorphous band from the bare 6FDA-DAM (26 = 12.7°)
towards higher 26 angles involves a decrease in the d-spacing (7.0 A vs. 6.3 and 6.4 A, see
Table 2). Because of the similarity of the fillers, the corresponding d-spacings barely differ. The
d-spacing is related to the interchain distance [61], giving an indication of the packing density
of the polymer chains [59]. Thus, lower d-spacings imply a strong filler-polymer interaction
which would reduce the distance between the polymeric chains [62]. However, the lower d-
spacing could hamper the diffusion of small molecules through the membranes, producing
lower permeabilities [59, 61]. The d-spacing for the pure 6FDA-DAM membrane is somewhat
higher than the values found in the literature (Table S3). The reflection at 26 = 14.4° of the
S13 sheet RT/6FDA-DAM membrane is related to the strong peak at 26 = 14.1° from the filler,
corroborating the preservation of its crystallinity. In addition, some parallel preferential
orientation of the filler sheets to the membrane itself may provoke the disappearance of
certain minor intensities, as observed for other MMMs with lamellar fillers [63]. In the case of
the S13_sph&sh/6FDA-DAM membrane, a weak signal at 20 = 8.6° is ascribed to S13_sph&sh
(26 = 8.7°). The filler-polymer interaction caused changes in the crystal lattice of S13_sph&sh

and S13_sheet_RT, producing these shifts in the peak positions to lower or higher angles.

As mentioned in the Experimental section, the activation of the UZAR-S13 materials was
carried out by a solvent-exchange process for 7 d with anhydrous chloroform and a
subsequent vacuum treatment at 80 °C for 8 h. Nonetheless, the activation of the MMMs was
performed at 100 °C for 1 d without vacuum. In order to confirm that the fillers supported the
conditions used in the activation of the membranes, a sample of S13_sph&sh was soaked in
anhydrous chloroform for 7 d and was then treated at 100 °C for 1 d (513_sph&sh_100°C). The
PXRD pattern, FTIR spectrum and SEM images of S13_sph&sh_100°C are shown in Figure S8,
Figure S9 and Figure S2 (e and f), respectively. The FTIR spectrum agrees with that of
S13_sph&sh_act and the particle morphologies of both samples were similar. The higher
difference was found by PXRD. S13_sph&sh_act and S13_sph&sh_100°C share the same
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structure, but the peaks of S13_sph&sh_100°C are broader and less defined. Thus, the

activation of the MMMs might have damaged slightly the structure of the fillers.

Given the affinity of the fillers towards CO,, the S13_sph&sh/6FDA-DAM and
S13_sheet_RT/6FDA-DAM MMMs were applied to separate several CO, containing mixtures
typical of post-combustion, pre-combustion and natural gas purification processes: CO,/N,,
CO,/H, and CO,/CHy,, respectively. The 6FDA-DAM polymer is highly permeable, especially

towards CO,. This could affect significantly the permeation results [64].

The distinct sorption studies carried out (described above) could help to understand the gas
separation results. Four facts are concluded from the H,, CO, and N, sorption. (1) N, molecules
are unable to enter into the pores of S13_sph&sh and S13_sheet_RT because the kinetic
diameter of N, is bigger than the pore aperture of the fillers. (2) The interactions between H,
molecules and the pore walls of S13_sph&sh and S13_sheet RT are weak. (3) The pores of the
2D crystals in both fillers have a noticeable affinity towards CO,. (4) As S13_sheet_RT does not

contain amorphous spherical particles, its CO, uptake is higher.

Permeability and selectivity data are depicted in Figure 7 and Table S4. The permeabilities of
H,, CH, and N, for the bare 6FDA-DAM match well with those reported in the literature [59,
65], although the permeability of CO, (1237-1289 Barrer) is around twofold in comparison with
the value obtained by Zornoza et al. (mixed gas permeability, 604-681 Barrer) [65] and 1.5-fold
with respect to that reported by Qiu et al. (single gas permeability, 842 Barrer) [59]. In
contrast, the results presented by Boroglu and Yumru [61] and Kim et al. [66] (CO, single gas
permeabilities of 20.6 and 299 Barrer, respectively) are much lower than the values obtained

here.
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S13_sph&sh/6FDA-DAM and S13_sheet RT/6FDA-DAM. Error bars indicate the standard

deviation of at least two membranes.

Figure 7 shows that the permeabilities of CO,, N, and CH, decreased as compared to that of
the neat polymer for the three gas pairs whereas only the permeability of H, increased (see
also Table S4). These reductions (for all the gases except H,) suggest that the MMMs are

defect-free without interface voids, indicating a good polymer-filler contact, as observed by
SEM (Figure 6). Interface voids would cause a large increase in permeability for all the gases

and non-selective flows [67, 68].

There are five main explanations for the decrease in permeability. (1) As stated above, 6FDA-
DAM is highly permeable to gases, especially to CO,, so that the use of less permeable fillers
would lead to lower gas permeabilities through the MMMs. (2) A higher tortuosity due to the
filler presence in the polymeric matrix disturbs the gas diffusion, increasing the pathlength
through the MMM s [69]. (3) Rigidification limits the mobility of the polymer chains around the

filler particles (at the polymer-filler interface) in comparison to that of the pure polymer [68].
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Rigidification only affects a very thin coating of polymer surrounding the filler particles so that
permeability does not decrease significantly [68] (the thickness of the rigidified polymer region
near the porous particles of zeolite 4A and carbon molecular sieves dispersed in different
polymeric matrices have been assumed to be between 2.5 and 20 % of the particle size) [70-
73]. This phenomenon also provokes an increase in the gas separation performance because
the lower mobility of the polymer chains improves the diffusivity selectivity [68]. (4) Pore
blocking by the polymer chains may narrow the pore size of the fillers. Polymer chains are able
to fill the pores in various degrees depending on the pore size, restricting the gas passing
through the membranes [61, 68]. Even small pores (a few A in pore diameter) could be
affected by this phenomenon, as observed by Li et al. [70]. They prepared MMMs with
polyethersulfone (PES) as the polymer matrix and zeolite 3A, 4A and 5A as fillers to separate
an 0,/N, mixture (the kinetic diameter of O, is 3.5 A). It was found that the blocking narrowed
the pore of zeolite 5A (4.5 A) down to ca. 4 A, improving the separation performance [70]. The
blocking effect was also demonstrated for zeolite 3A (3 A) and 4A (3.8 A); their pores were
partially blocked by the PES chains, resulting in a higher resistance to the O, transport [70].
Pore blocking is generally accompanied by rigidification (in agreement with the T, values
shown above) and its effect on selectivity depends on the original pore size of the fillers [68].
(5) The clogged sieve occurs when pores are totally blocked by strongly adsorbed molecules
(e.g. gas penetrant or solvent coming from the membrane preparation) [74]. The selectivity

barely differs although permeability decreases for all the penetrants.

The reduction in the permeability of CO, in these gas mixtures ranges between 33 and 50 % for
both MMMs. The corresponding values for N, and CH, are found within 40-50 % and 10-25 %,
respectively. These high percentages suggest pore blocking rather than rigidification. The pore
blocking is thought to have narrowed the pore size of both fillers in the MMMs below the
kinetic dimeter of CO, in such a way that the flow of CO,, CH, and N, molecules was impeded
by a molecular sieving effect and only H, was capable of diffusing faster.
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As observed in Table S4, the permeabilities of CO,, N, and CH, through S13_sph&sh/6FDA-
DAM are greater than those through S13_sheet_RT/6FDA-DAM while the value for H, is
smaller in the case of S13_sph&sh/6FDA-DAM. The amorphous component of $13_sph&sh
contributes disordered pores which would hamper the gas flux through S13_sph&sh/6FDA-
DAM. Thus a lower permeability of all the gases would be expected through the
S13_sph&sh/6FDA-DAM membrane. Also, a higher permeability of CO, for
S13_sheet_RT/6FDA-DAM than that of S13_sph&sh/6FDA-DAM would be expected because of
the higher affinity of S13_sheet_RT (having only sheet crystals and not the amorphous
spheres). It is thought that the strong CO, adsorption on the pore walls of S13_sheet RT and
the CO,-CO, interactions could hinder the flux through the S13_sheet RT/6FDA-DAM MMM,
obtaining a lower value of permeability in comparison to that of S13_sph&sh/6FDA-DAM
which is filled with less CO, adsorbent particles (spheres and sheets). This phenomenon also
affects the gas flow of the bulkier CH, and N, molecules, so that the corresponding
permeabilities are lower for the S13_sheet_RT/6FDA-DAM membrane. In fact, the
permeability of N, was reduced by 42 and 50 % for S13_sph&sh/6FDA-DAM and
S13_sheet_RT/6FDA-DAM, whereas that of CH, fell by 10 and 25 %, respectively, confirming
the CO, adsorption effect also on the N, and CH, fluxes through S13_sheet RT/6FDA-DAM.
The orientation in the MMM of the sheet crystals of S13_sheet_ RT, parallel to the surface
(Figure 6b), increases the barrier effect towards CO,, N, and CH, due to the higher tortuosity.
The flow of H, is less affected by the CO, adsorption phenomenon due to its smaller kinetic
diameter. Because of this and the fact that S13_sheet_RT/6FDA-DAM does not contain

amorphous particles, the H, molecules pass faster through this MMM.

As mentioned above, the 6FDA-DAM polymer is known for its high capacity to promote a high
permeability of CO, with moderate selectivity [64]. In fact, it is more permeable to CO, than to
H,, as can be seen in Figure 7, giving an inverse H,/CO, selectivity. Regarding the CO,/H,
mixture (Figure 7 and Table S4), a decrease in the selectivity is observed compared to that of
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the pure polymer. This is as expected since the permeability of CO, is lower while the
permeability of H, increases for both MMM s. Considering the other gas mixtures (Figure 7 and
Table S4), while the CO,/N, selectivity for the MMM s slightly exceeds that of the bare polymer,
the CO,/CH, selectivity falls. As the CH, molecule is bigger than the N, molecule, a greater
limitation on the flux of CH, would be expected, enhancing the CO,/CH, selectivity. The
inclusion of particles of S13_sph&sh and S13_sheet_RT in the polymeric matrix may lead to an
improvement in the solubility of the more condensable gas (-162 and -196 °C for CH, and N,)
and thus a larger permeability of CH, than expected. This is due to the morphology changes at
the polymer-filler interface which facilitate the solution of the more condensable gases in the
MMM [69]. It is worth noting that the improvement in solubility is more significant for

S13_sheet_RT since this filler is more crystalline.

The MMM s act as molecular sieves for the H,/CH, mixture, separating both gas components by
size exclusion (Figure 7 and Table S4), as seen with narrow porosity fillers such as titanosilicate
JFD-L1 [63] and exfoliated zeolite Nu-6(2) [75] in analogous 6FDA-based copolyimides. The H,
molecules are able to enter the filler pores and permeate through them whereas the CH,
molecules are too large to enter the pores and remain at the retentate side. The permeabilities
of H, and CH, are thus higher-and lower, respectively, through the MMMs than those through
the bare 6FDA-DAM. The permeability of both gases is smaller for S13_sph&sh/6FDA-DAM
because the amorphous character of S13_sph&sh hinders the gas flow through its pores, as
mentioned above. In consequence, the MMM s increase the H,/CH, selectivity (Figure 7), and
the selectivity of S13_sph&sh/6FDA-DAM is higher. This is because the flow of CH, decreases
by 39 and 5 % while that of H, increases by 8 and 18 % for S13_sph&sh/6FDA-DAM and

S13 sheet_RT/6FDA-DAM, respectively. The presence of the amorphous spherical particles in
the filler of S13_sph&sh/6FDA-DAM constitutes a greater hurdle to the CH, molecules,
counteracting the lower increase in the flux of H,. The selectivity is increased 1.8-fold by
S13_sph&sh/6FDA-DAM (12.7) and 1.2-fold by S13_sheet_RT/6FDA-DAM (8.9) compared to
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the neat membrane (7.2). These results suggest that S13_sph&sh is a potential candidate for
incorporation into MMMs for H,/CH, separation while S13_sheet_RT could be embedded into

a different polymeric matrix to promote the separation of H, from CO, by a barrier effect.

4 Conclusions

The synthesis of a new ZIF based on hydroxymethylimidazolate, UZAR-S13 (S13_sph&sh), is
reported. In the UZAR-S13 skeleton, Zn** ions act as nodes while hmim linkers are the struts
that connect nodes through coordination bonds. Morphology and X-ray diffractometry studies
revealed that UZAR-S13 contains two distinct phases: amorphous spheres and crystalline
sheets. Increasing or diminishing the metal:ligand ratio led respectively to obtaining spheres or
sheets only. Flat particles were also obtained when the reaction time and temperature
changed. Thus, the reaction parameters had a direct influence on the morphology and
presence of amorphous phases, demonstrating that small experimental adjustments could
result in the desired product. In spite of their low BET specific surface areas, several UZAR-S13-
type materials presented good CO, uptakes at low pressures, approaching the uptakes of ZIFs
with BET areas about 50 times higher, and notable values at high pressures. Both products
were included as fillers in MMMs, where their sheet-shaped crystals could provide benefits in
gas separation performance. Four distinct separations were studied (CO,/N,, CO,/CH,4, CO,/H,
and H,/CH,). The results for the mixtures containing CO, demonstrated that the 2D crystals of
S13_sph&sh and S13 sheet RT established strong interactions with the CO, molecules,
hampering the flow of CO,, N, and CH, through the MMMis. This barrier effect was increased
by the arrangement of the crystals parallel to the membrane surface, as demonstrated by
PXRD and SEM characterization. The decrease in permeability of CO,, N, and CH, through
S13_sph&sh/6FDA-DAM and S13_sheet_RT/6FDA-DAM was also due to pore blocking by the
polymeric chains which narrowed the pore size of both fillers, the smallest H, molecule being

less affected. Neither UZAR-S13 nor S13_sheet_RT improved the performance of the bare
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6FDA-DAM membrane for CO, containing mixtures. For the H,/CH, pair, the fillers provoked an
increase in the selectivity by a molecular sieving effect with a greater improvement for

513 sph&sh/6FDA-DAM. The amorphous spherical particles of S13_sph&sh restricted the flux
of CH, to a higher degree, counteracting the lower increase in the flow of H, in comparison to
that of S13_sheet_RT/6FDA-DAM. UZAR-S13 materials are capable of distinguishing molecules
with different kinetic diameters and show strong interaction with CO, molecules, allowing

their use in membrane-based gas separations.
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Highlights
e UZAR-S13is a new ZIF with spherical and 2D particles.

e UZAR-S13 type materials showed good CO, uptakes, approaching values of known ZIFs.
e Pore blocking was observed for the 6FDA-DAM MMMis in separation of gas mixtures.
e 2D crystals in MMMs caused a barrier effect to gases due to a strong CO, affinity.

e The H,/CH, selectivity was improved by molecular sieving.
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