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Abstract: In this study, the preparation of polyetherimide (PEI-Ultem1000)/ZIF-11
mixed matrix membranes was studied in various ZIF-11 particle loadings (0, 10, 15, 20,
and 30 wt.%). The newly synthesized ZIF-11 submicron particles with an average
particle size of ~280 nm were integrated in PEI membranes as novel mixed matrix
membranes (MMMs). The effect of ZIF-11 loading was scrutinized for H,, CO,, and CH,
gas separation performances at 35 °C and 4 bar. The incorporation of ZIF-11 submicron
particles improved the gas permeation properties of the MMMs with an increase in ZIF-11
loading. As the ZIF-11 loading increased up to 20 wt.%, the permeability of H, and CO,
increased to four times higher than that of the pure polymer. Moderate increase of CH,
permeability was also recorded. At higher loadings above 20 wt.%, the permeability
decreased for all gases and the CO,/CH,, and H,/CH, selectivities increased consistent
with the ZIF-11 loading.
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INTRODUCTION

The gas separation by membranes is an active and rapidly growing research area. In
membrane-based gas separation processes, components are separated from their mixtures
by differential permeation through membranes. Some technologies (e.g. distillation and
absorption processes) prescribe a phase change in the mixture. The change of this phase
adds a significant energetic disadvantage. On the other hand, gas separation by the
membrane does not necessitate a phase change (1). The gas separation membrane market
has grown significantly and continued progression is expected to escalate in the coming
years as technology improves and applications are multiplied (2). Membrane technology for
gas separation has been carried out in a variety of applications, such as, oxygen, nitrogen
enrichment, hydrogen recovery, and natural gas dehydration (3). However, the
development of polymeric membrane separation technology has been necessitated by a so-
called performance upper bound in the trade-off curve between the gas permeability and
selectivity (4). Permeability and selectivity trade-off for gas pairs were well illustrated in the
so-called Robeson Plots (5). There is tremendous research effort to surpass Robeson trade-
off limit curve by adding creative additives into appropriate polymeric material (6). Addition
of synthetic nanoparticles compatible with polymers, known as mixed matrix membranes
(MMMs), was the one of the approaches to advance membrane separation processes (7,8).
MMMs combine the potential advantages of both inorganic particles and organic polymer
membranes, such as, superior permeability and selectivity of the inorganic particles with
good processability and mechanical properties of the polymer membranes (9). MMMs which
were prepared from different inorganic and organic materials produced superior separation
performance due to the incorporation of synthetic molecular sieves and Metal Organic
Frameworks (MOFs) are a relatively new class of microporous materials, and consist of
transition metals and transition metal oxides connected by organic linkages to create one-,
two- and three-dimensional microporous structures (10). The recent development in the
synthesis of MOFs led to the promising applications as drug delivery carriers, storage
media, adsorbents for separations, and catalysts (11-13). They have large surface area,
affinity towards certain gases and controlled porosity (14). The main advantage of MOFs
over well-known nanoporous materials was the ability to arrange their chemical and
physical properties during synthesis process by changing the combination of metals and
organic linkers (15). Zeolitic imidazolate frameworks (ZIFs) have received world-wide
attention to enhance MMMs' compatibility and permeability (16). Several ZIFs have been
synthesized in the literature and considered as potential candidates for gas separations due
to the diversity in their pore sizes, higher thermal and chemical stability compared to
zeolites and other MOFs (17). Yaghi and co-workers have developed various zeolitic
topologies, such as rhombic dodecahedron (RHO) and sodalite (SOD) topologies (18).
Particularly, several ZIFs have been successfully prepared to be incorporated into mixed
matrix membranes. ZIF-8 type metal organic framework was the most widely used one and
reported due to the enhanced membrane performances (19). Selfert and co-workers
showed that ZIF-11 has exceptional thermal and chemical properties and ZIF-11 has bigger
H2 adsorption energies than that on ZIF-8 (20). Keskin et al. reported that ZIF-11 was
settled above the upper bound because of higher CO, selectivity (>100) and permeability
(104-105 Barrer). Molecular simulation results showed that this high CO, selectivity
resulted from the large differences in diffusion rates of CO, and CH, gases in the ZIFs’ pores
(17).
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ZIF-11 has been obtained through solvothermal synthesis by using diethylformamide (DEF)
as solvent (21). RHO type zeolite structure ZIF-11 has larger cavities of 14.6 A connected
with the pore apertures of 3.0 A. These preferable properties make it suitable for H,
separation (Figure 1) (22). Difficulties in removing DEF from the pores of ZIF-11, Wang et al.
studied a new synthetic method at room temperature by using methanol as solvent and
toluene as the structure template (23).

Figure 1. Crystalline structure of ZIF 11 (RHO) particle (23).

Commercial polyetherimide (PEI-Ultem1000) has several important advantages as an
organic membrane material. As one of them, PEI has high diffusivity selectivity provided by
their rigid backbones and fused ring structures. These properties render them attractive in
polymeric membrane developed for gas separations. PEI's glass transition temperature was
216 °C and high T, temperature allowed the usage of higher pressures and temperatures in
applications without plastic deformation. The studies on gas permeation of the PEI dense
films revealed that PEI exhibited high selectivity for many important gas pairs especially He
and H, separation from other gases (24).

In this work, ZIF-11 particles were synthesized and used as filler, and PEI (Ultem 1000) as
the continuous phase were utilized to prepare MOF-based mixed matrix membranes for
Cco,/CH,, H,/CH,, H,/CO, separation. The separation performance of these MMMS as a
function of ZIF-11 loading in the PEI matrix was systematically investigated. The thermal,
morphological, and gas separation properties of the synthesized membranes have been
investigated using XRD, FTIR, SEM, TGA, DSC, and single gas permeation setup.

Page 185



Safak Boroglu, JOTCSA, 3(2), 183-206. Research article

MATERIALS AND METHODS

Materials

Polyetherimide (Ultem® 1000) was purchased from Sigma Aldrich, Germany. Typical
chemical structure of PEI and some properties were shown in Figure 2 and Table 1. Zinc
acetate dihydrate (C,H,O, Zn.ZHZO, >98%, Sigma-Aldrich, USA) was used as a source of
zinc. Benzimidazole (C,H(N,, BIm, > 98%, Sigma-Aldrich, Germany) was the primary ligand
used. Ammonium hydroxide (NH;, min. 25% aqueous solution) was purchased from
Lachema, Czech Republic and all chemicals were used without further purification. N-
Methyl-2-pyrrolidone (NMP, >99.5%), methanol (for analysis) and toluene (>99.9%) were
purchased from Merck. Single gases used in the permeation experiments were carbon
dioxide (CO,), methane (CH,) and hydrogen (H,) of gas chromatographic grades (purities
>99.8 %) from Linde Gas Company (Linde Gaz, Turkey). The properties of gases are given

OO L]

HaC CHz

Figure 2. The chemical structure of PEI (Ultem 1000).

Table 1. Physical properties of unmodified PEI (Ultem 1000).

Properties Symbol  Value
Molecular weight (kg/kmol) M, 55,000
Glass Transition Temperature Tg 216
(°C)
Density (kg/m?3) d 1270
Melting Point (°C) T, 219
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Table 2. Properties of H,, CH, and CO,.

Gases Critical temperature Critical Volume Kinetic diameters
(K) (cm3/mol) (nm)
H, 33.20 64.9 0.289
CH, 190.6 98.6 0.380
CoO 304.2 91.9 0.330

EXPERIMENTAL PROCEDURE

Preparation of ZIF-11 particles

The recipe for the synthesis of ZIF-11 powder was a modified version of the method
developed by the Wang and Yaghi group (23,25). In the synthesis of ZIF-11 submicron
particles, 4.8 g of BIm (4 mmol) was dissolved in 16.61 g of methanol, followed by the
addition of 20.88 g of toluene (226.6 mmol). 0.14 g of NH; (aq) (4.014 mmol) was added
into the solution at room temperature. 4.4 g of zinc acetate dihydrate (20 mmol) was added
and stirred for 2 h at room temperature to complete the crystallization step. The final
solution had a Zn: BIm : NH, : C,H.,OH : toluene molar composition of 1 : 2 : 2 : 300 : 100.
After 2 hours, the as-synthesized submicron particles were collected by centrifugation and
then washed with anhydrous methanol. After 2nd centrifugation, the particles were re-
suspended in methanol prior to use. By doing this, the particle agglomeration occurring in
the drying process can be avoided, as suggested in a report (26). The yield of ZIF-11 was
about 90% on the basis of the amount of zinc element.

Membrane preparation

Fabrication of PEI Solution: Prior to use, PEI powder were dried overnight at 120 °C under
vacuum and the desired polymer solution (15 wt.%) was prepared by dissolving a certain
amount of PEI in NMP by stirring it for 24 h at room temperature until a clear uniform
viscous solution was obtained.

Membrane Formation: Dense MMMs were prepared using the solution casting method.
ZIF-11 particles were slurried into NMP solvent and sonicated 2 hours to obtain a
homogenous dispersion. Ultrasonication Water Bath, VWR, was operated at 120 W and 40
Hz. After sonication, ZIF-11 particles stirred 1 day to fully disperse the fine powder. ZIF-11
crystals were first “primed” by adding a small amount, approximately 10 wt.% of the total
PEI solution to the ZIF-11 mixture, after which the mixture was further stirred 2 hours and
sonicated for another 30 min. Next, another 10 wt.% of PEI polymer was added into the
solution. The suspension was stirred for 30 min and then bath sonicated for 30 min. After
five additional iterations of stirring and sonication, the mixture was stirred overnight. Then,
a final 30-min sonication period was completed before casting to remove any trapped air
bubbles. After degassing the polymer solution, uniform films were cast on a glass plate by a
film applicator. Mixed-matrix membranes were formed using 0-10-20-30 wt.% suspensions
of ZIF-11 loadings in the polymer solution. The particle loadings of ZIF-11 particles in the
MMMs were calculated based on the following equations (Eqg. 1).
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Weight of particle

Particle loading wt.% =
articie foading Wt-"0 = tyeight of particle = weight of polymer )

% 100 (Eq. 1)

Thermal annealing procedures: Membranes were cast on a glass plate using 400 um film
applicator. Thermal annealing of PEI MMMs membranes was conducted with a vacuum oven
equipped with a temperature controller. Membranes were placed in the oven and heated to
the required temperatures. After casting, the membranes were dried in the vacuum oven at
70 °C at 0.3 atm vacuum for at least 4 days to remove the solvent. Then, the dense films
were formed and peeled off from the plate and placed into the vacuum oven to be further
vacuum dried at 100 °C for 24 h and 120 °C for 24 h to remove any residual solvents. The
membrane thickness was determined using RVS Micrometer. The resultant membranes had
a thickness of 50£10 pym. The PEI and PEI-ZIF-11 mixed matrix membranes with a loading
of 0-10-15-20-30 wt.% ZIF-11 was transparent with good flexibility as shown in Figure 3.

PEI PEI-ZIF-11-15%

Figure 3. Image of PEI and PEI-ZIF-11-15% membranes.

Apparatus

The crystallographic structure of samples was analyzed using a Rigaku D/max-2200 Ultima X-
ray diffractometer with CuKa radiation at a scan rate of 26 = 0.01°/s from 2° to 40°. The
accelerating voltage and applied current were 40 kV and 30 mA, respectively. Powder
diffraction files (PDFs) from the International Centre of Diffraction Data (ICDD) in the Rigaku
software (Rigaku, Japan) were used for qualitative phase analysis.

The number average mean size and size distributions of ZIF-11 particles were analyzed by a
particle size analyzer (BI-90 Plus, Brookhaven Instruments Co.). The ZIF-11 particles were
dispersed in methanol by means of an ultrasonic bath at room temperature and then quickly
analyzed. In the dispersion process, no surfactants were used hence only submicrometer
particles were suspended long enough to let particle size distribution be gathered.

The morphologies of ZIF-11 particles and PEI-ZIF-11 MMMs were analyzed by scanning
electron microscopy. The SEM analyses were performed with a field-emission SEM (FEI-
QUANTA FEG 450) attached with a METEK Energy Dispersive X-ray analyzer of silicon drift
detector type.

Page 188



Safak Boroglu, JOTCSA, 3(2), 183-206. Research article

FTIR spectra of the membranes was acquired on a Bruker Alpha-P ATR between 400 and
4000 cm™. The thermal stability of the ZIF-11 particles and PEI-ZIF-11 mixed matrix
membranes were analyzed by thermogravimetric analysis (Perkin Elmer Pyris1 TGA) under
flowing air from 25 °C to 1000 °C at a constant heating rate of 10 °C/min.

The glass transition temperatures (Tg) of the synthesized products were investigated by a
Linseis DSC PT10 differential scanning calorimeter (DSC). A pre-conditioning procedure of
heating up to 400 °C with 5 °C/min and natural cooling down to 30 °C was applied to all
samples. Then in the second run, preconditioned samples (~10 mg) were heated up to 400
°C with a heating rate of 20 °C/min under N, atmosphere and the glass transition
temperatures of the films were recorded.

The pure gas permeabilities were determined by constant volume and variable pressure
method. Three gases (purity of 99.999%) having various kinetic diameters were used
during this study; H, (2.89 R), CO, (3.30 A) and CH, (3.80 R). All gases were used without
further purification. 316 stainless steel gas permeation cell was custom designed and
constructed for this study. The cell consisted of two parts, a permeate half and a feed half.
The pressure built up was followed by means of vacuum pressure gauge, Leybold CTR 100
Ceravac 10 Torr. The values of change in the permeate pressure were collected on a local
PC. The steady state slope of the downstream pressure vs. time was used to calculate
permeability using the solution-diffusion model. Each test was started after the cell was
pumped overnight. This enabled the evacuation of adsorbed water, gases and solvent. Each
membrane was tested three times for each gas to determine reproducibility and the
averages of three trials were reported along with one standard deviation. In each
experiment, 2 cm? of membranes were cut and the ends were covered by aluminum tape to
limit the gas permeation outside the reserved open area. Both sides of the cell were
evacuated until a constant value of vacuum, approximately 103 atm was achieved. The
retentate and permeate side pressures were equalized before switching to high pressure on
the former side. Then, the feed pressure at retentate side was 4 bar and the testing
temperature was 35 °C for all trials. The gas permeabilities were determined from the rate
of downstream-pressure increase (dp/dt) obtained when permeation reached steady state
according to the following equation (Eq. 2):

_ 27315x10%L  [dp) (Eq. 2)
- 7604T((p,x76)/14.7) | dt

where P is the permeability of the membrane to a gas and its unit is in Barrer (1
Barrer=1x10-19 cm3 (STP)-cm/cm?2s cmHg), V is the volume of the downstream chamber
(cm3) and L is the film thickness (cm). T is the experimental temperature (K), A assigns to
the effective area of the membrane (cm?) and the pressure of the feed gas in the
upstream chamber is given by p, (psia).

The ideal separation factor of a membrane for gas A to gas B was evaluated as follows (Eq.
3):

p
@py = P—4 (Eq. 3)
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RESULTS AND DISCUSSION

Characterizations of ZIF-11 particles

Metal organic framework ZIF-11 was characterized via different methods. Figure 4a shows
X-ray diffraction (XRD) pattern of ZIF-11 crystals by comparing with reported data (inset in
Figure 4a) (27). The ZIF-11 crystals exhibited characteristic peaks (4.40°, 6.21°, 7.60°)
well matched to the simulated ZIF-11 XRD pattern. ZIF-11 crystals with ideal inner
structures had been successfully synthesized and Figure 4b showed the particle size
analysis of ZIF-11 crystals. It was clear that size of the prepared ZIF-11 particles was
mostly between 265 and 330 nm (an average of 280 nm) and ZIF-11 crystals had a narrow
distribution of particle size based on DLS measurements. Figure 4c showed the typical FT-
IR spectrum of ZIF-11 crystals (23). The ZIF-11 crystals showed characteristic absorption
bands at 3088, 3057, 3032 cm! (=C-H stretching of aromatics), and 1611, 1465 cm!
(C-C stretching in the aromatic ring). The bands occurring around 530-400 cm™! were
characteristic of ZnO molecules and were observed clearly in the ZIF-11 spectra (23). The
band at 421 cm! corresponded to Zn-N stretching. Thereby, the above results confirmed
the successful reaction of Zn?* and benzimidazole in ZIF-11 crystals (28).

The thermal stability of the as-prepared ZIF-11 particles was investigated using TGA as
shown in Figure 4d. The TGA curve of ZIF-11 yielded the first weight-loss of 2.8 wt.%
between 130 and 200 °C corresponding to the loss of toluene (b.p.~110 °C) withheld in
the particle cages. ZIF-11 particles were thermally stable up to 465 °C and then
decomposed to form zinc oxide with a sharp weight loss at approximately 70% within the
range of 465-830 °C. The residue at the end of the analysis (24.86 wt.%) was due to the
oxidation of bound Zn metal to ZnO. Figure 4e showed the SEM image of ZIF-11 particles
with a rhombic dodecahedron structure, which was consistent with the predicted one in the
reported literatures (27,29). The average crystal size of ZIF-11 was about 280 nm with a
size range of 0.2-1.5 ym (Figure 2e) as determined from SEM pictures. As seen in the SEM
pictures in Figure 4e, it was observed that few large crystals as well as humerous smaller
particles (~250-350 nm) exist together. In the DLS measurements, the number of average
values were measured and it was highly likely that the larger ones than the reported
particles were probably settled before the measurements were counted and recorded.
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Figure 4. X-Ray diffraction pattern (a), the particle size distribution, (b), FT-IR spectrum (c),
TG curve (d), and SEM image (e) of ZIF-11 crystals.
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Characterizations of PEI-ZIF-11 mixed matrix membranes

Structural and thermal properties

Figure 5 showed the XRD patterns of pure PEI and PEI-ZIF-11 MMMs between 2° and 40° in
order to determine their crystalline structures. The XRD pattern of pure PEI showed a broad
amorphous peak of all the polyimides (30). From the XRD patterns of the MMMs (Figure 5)
we can clearly observe a combination of the crystalline peaks of ZIF-11 and waved curve of
pure PEI membrane. Thus, it was concluded that after the incorporation of MOF into PEI,
ZIF-11 maintained its original structure integrity in the PEI-ZIF-11 MMMs. Pure ZIF-11
showed several sharp peaks (Figure 4a) while the main peak with highest intensity was
around 26 = 4.40°. Matching extremely well with pure ZIF-11 and PEI patterns (31).
Furthermore, the intensity of characteristic peaks of ZIF-11 increased with accumulative
ZIF-11 loading in MMMs. This finding showed that ZIF-11 crystalline structure remained
unaffected after being embedded into the PEI matrix.

PEI-ZIF-11-20%

EI-ZIF-11-20%

PEI-ZIF-11-15%

Intensity (a.u.)

EI-ZIF-11-10%

20 (degree)

Figure 5. XRD patterns of PEI MMMs with different ZIF-11 loadings.

The FTIR spectra of pure PEI and PEI-ZIF-11 MMMs were shown in Figure 6. The FTIR spectra
for the pure PEI membrane exhibited that characteristic absorption bands at 1779 cmt, 1718
cmt (asymmetric and symmetric C=0 stretching vibration), 1240 cm! (Ar-O-Ar aromatic
etheric stretching) and also vibrations at 1232, 777 cm™! are characteristic adsorption peaks
of polyetherimide structure (3,32). The ATR-FTIR spectra of PEI-ZIF-11 MMMs exhibited the
features that was present in both ZIF-11 particles and a PEI film. Partial overlapping of the
bands of the ZIF-11 crystals and PEI was also observed due to analogous chemical bonds
(the presence of benzene rings in PEI and ZIF-11). The band occurring at 419 cm~! was
characteristic of Zn-N stretching and becoming more visible at 10, 15, 20, 30 wt.% loadings
was a supplementary proof for the existence of ZIF-11 particles in the polymer matrix.
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Figure 6. FTIR spectra of PEI-ZIF-11 (0-10-15-20-30 %) mixed matrix membranes.

SEM analysis was performed to investigate the structural morphology of the PEI-ZIF-11
mixed matrix membranes and the adhesion between ZIF-11 and PEI. Figure 7 showed the
cross-section of pure PEI membrane (Figure 7a) and cross-sections of PEI-ZIF-11 MMMs
containing 20 wt.% of ZIF-11 particles (Figure 7b-c-d), respectively. The pure PEI
membrane showed a dense morphology without any visible deformation. Mixed matrix
membrane morphology of dispersed phase strongly influenced the gas transport properties.
Cross-sectional SEM images of the PEI-ZIF-11 MMMs were acquired to probe the dispersion
of particles in the polymer matrix. The SEM images of MMMs showed good dispersion of the
ZIF-11 particles throughout the polymer matrix. Any defect or agglomerates of ZIF-11
particles were not observed in the cross-sectional surfaces of the PEI-ZIF-11 MMM. On the
other hand, the concentric cavities in the MMMs (Figure 7b, ¢ and d) indicated a strong
interfacial interaction between the PEI polymer and the ZIF-11 particles (14). The ZIF-11
crystals were completely enfolded by a polymer film as seen in Figure 7. Comparing MMMs
with pure PEI membrane, a flat and homogenous structure was transformed into a crater-
like structure in homogeneous pattern upon addition of ZIF-11 in the matrix (29).
Formation of the crater-like morphology was due to de-bonding of added particles to
polymeric matrix during freeze fracturing.
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(a) (b)

(c) (d)

Figure 7. Cross-sectional SEM images of (a) PEI, (b-c-d) PEI-ZIF-11-20 wt.%.

TGA analysis was also carried out to determine the thermal degradation of all MMMs as a
function of temperature and to study the effect of ZIF-11 on thermal stability of the
membranes. The TGA curves for PEI-ZIF-11 MMMs were shown in Figure 8. The PEI
membrane exhibited a two-step degradation pattern whereas the PEI-ZIF-11 MMMs
exhibited a three-step degradation pattern. In the curve of the PEI membrane, first weight
loss occurred between 150 and 300 °C, corresponding to the weight loss of the NMP solvent

on the PEI matrix. The major weight loss observed at 567.25 °C was attributed to the
complete decomposition of the polymer.
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For PEI-ZIF-11 MMMs, three peaks associated with three weight loss stages were illustrated
in Figure 8. The first weight loss rate for neat PEI, PEI-ZIF-11 (10 wt.%), PEI-ZIF-11 (15
wt.%), PEI-ZIF-11 (20 wt.%) and PEI-ZIF-11 (30 wt.%) up to 300 °C is 3.28, 6.12, 6.15,
7.32 and 7.27%, respectively (Table 3). Similar to the PEI membrane, the peaks between
152 and 307 °C correspond to some residual solvent in ZIF-11 and the polymer matrix. The
weight loss corresponding to the second peak was attributed to the decomposition of
organic groups into the MMMs matrix. The final weight loss is associated with the structural
decomposition of the ZIF-11 groups to give residual ZnO and carbonaceous species. The
thermal degradation of the ZIF-11 alone started around 465 °C (Figure 4d). The addition of
the ZIF-11 into the polymer matrix slightly decreased the stability of the pure PEI
membranes, possibly due to the fact that the ZIF-11 might have catalyzed the polymer
degradation. The thermal stability of these composites was still preserved mostly up to 460
°C. This high thermal stability was acceptable for PEI-based materials in many applications.

— PH
— PEI-ZIF-11-10%
— PEI-ZIF-11-15%

100

20 4
- —— PEI-ZIF-11-20%
s —— PEI-ZIF-11-30%
w &0
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Figure 8. TGA analysis of PEI-ZIF-11 mixed matrix membranes in air atmosphere.

Page 195



Safak Boroglu, JOTCSA, 3(2), 183-206. Research article

Table 3. TGA and DSC results of PEI-ZIF-11 MMMs.

Membrane Weight loss (%) Residue (%) T, (°C)
200 - 300°C 900°C
PEI 5.28 1.60 210.5
PEI-ZIF-11-10% 6.12 3.66 217.0
PEI-ZIF-11-15% 6.53 5.83 218.5
PEI-ZIF-11-20% 7.32 7.04 219.0
PEI-ZIF-11-30% 7.27 7.99 217.5

The influence of the addition of ZIF-11 particles on the glass transition temperature (Tg) of
PEI-ZIF-11 MMMs, was illustrated in Table 3. There were some changes in the Ty of the
MMMs relative to the pure polymer. The DSC result of neat PEI film indicated its T, value as
210.5 °C. Tg values of MMMs showed that by increasing ZIF-11 loading in the MMMs, their Tg
values increased and shifted from 210.5 °C to 219.0 °C once ZIF-11 loading reached 20
wt.%. By adding more ZIF-11, free volume of the polymer chain reduced due to the
progressively increasing association of polymer chains to the ZIF-11 surface and/or their
entrance into the ZIF-11 pores. These interactions between polymer chains and
incorporated ZIF-11 restricted the movement of the polymer chains and this restriction in
movement resulted in higher T, values of MMMs (33). Clearly, this increased Ty values were
an indication of interactions between ZIF-11 and PEI at a molecular level.

Gas Separation properties

Gas separation properties of pure PEI membrane and PEI-ZIF-11 MMMs with various ZIF-11
loadings were tested to investigate the influences of ZIF-11 on the MMMs. Permeability
measurements for H,, CO, and CH, at various ZIF-11 loadings (0-10-15-20-30 wt.%) into
PEI membrane films were carried out and listed in Table 4. Also, CO,/CH,, H,/CO, and
H,/CH, ideal selectivities were calculated from the single gas permeability results. The
permeance measurements were performed at 35 °C and to assess reproducibility, at each
percentage of loading experiments was repeated at least three times. The error of the
measurements was calculated as the standard deviation percentage [(standard deviation /
average) x 100].

Figure 9 showed the gas separation performance of PEI and PEI-ZIF-11 MMMs incorporating
ZIF-11 particles. The gas separation performance of the pure PEI membrane achieved in
this study was found to be consistent with the values reported in the literature (34). In the
pure PEI membrane, the gas permeation fluxes for H,, CO,, and CH, pure gases were found
to be 6.30, 1.36, and 0.187 Barrer, respectively. The CO,/CH,, H,/CO,, and H,/CH, ideal gas
pair selectivities were found to be 7.27, 4.63, and 33.69, respectively.
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The incorporation of ZIF-11 particles evidently increased the gas permeation of H,, CO,, and
CH, pure gases and CO,/CH,, and H,/CH, ideal gas selectivity of the membranes. It can be
seen from Table 4 that the PEI-ZIF-11 MMMs exhibited higher selectivity and permeability
than the pure PEI membranes. For example, incorporation of 20 wt.% of ZIF-11 to PEI
resulted in ~330% increase in H, permeability, while permeabilities of CH, and CO, were
increased by ~71% and 80%, respectively. The reason for the permeability enhancement on
MMMs was thought to be due to that ZIF-11 particles provided well-aligned channels within
polymer to facilitate the permeation. On the other hand, as stated in the previous sections,
the average pore size of ZIF-11 was approximately 3.0 A which permitted the transport of
gas molecules with smaller kinetic diameter (such as, H2, 2.89 A) and partially block the
large molecules (such as CH,, 3.8 R). ZIF-11 had naturally the most promising pore
dimensions with window cut-offs ranging between 3.08 and 3.10 A, which were ideal for
hydrogen sieving applications. However, sharp size selectivity for gases with a bigger
diameter than the pore size of ZIF-11 was not observed owing to the flexibility of the ZIF-11
framework (19). Thus, flexibility significantly affected the diffusion of large gas molecules in
the narrow pored materials. CO, and CH, were also able to get adsorbed in ZIF-11 because
of aperture flexibility of ZIF-11. On the other hand, the increase in permeability may be due
to both intermitted chain packing in polymer matrix by the dispersed phase in polymer-
phase and also the presence of the porous ZIF-11 (35).

From Figure 9, at the 30 wt.% ZIF-11 loading, the permeability of all gases was also
decreased significantly relative to the 20 wt.% loading, However, the permeability was still
higher than the pristine PEI membrane. The decrease in permeability at the higher loading
values can be interpreted due to high ratio of ZIF-11 which played as barrier across the gas
diffusion path on polymer. A reduction in permeability with the introduction of inorganic
particles to polymer membranes has also been observed by other researchers. Ordonez et
al. reported that the higher percentage of ZIF particles in the MMM reduced the amount of
polymer available area for gas transport. Also, higher ZIF loading was increased the diffusion
path length for the gases as they were constrained to take a more tortuous path around the
ZIF particles, and likely increased the density of the remaining polymer chains thereby
reducing free volume in the membrane (36). Moore et al. also explained this phenomenon
well as Case I or Case V (37). These membranes exhibited some increases in selectivity
while similar decreases in permeability observed, compared to the neat polymer.

Moreover, the above observations may also be attributed to the interaction between ZIF-11
particles and the PEI polymer, which was due to the affinity of the organic linkers in ZIF-11
to the PEI chains and also the coordination of some unsaturated metal ions in MOFs to
carbonyl groups in the PEI chains.

In conclusion, the results were interpreted as no voids or large channels were present in the
polymer and ZIF-11 interface, because such voids and channels would have resulted in a
continuing increase in the permeabilities of H,, CO, and CH, as the ZIF-11 loading increased
to higher values. The results for MMMs also validated by the SEM images that showed no
significant voids at the polymer/filler interface. This change in the trend also put forward as
an indirect evidence that the mixed matrix membranes were defect free and the interaction
between the ZIF-11 particles and the polymer played a role in gas permeation mechanism.
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The experimental results were shown in Robeson's trade-off plot in Figure 10 and Figure 11.
Adding ZIF-11 particles to the polymer matrix resulted in the performances closer to the
Robeson upper bound due to enhancement of H, permeability and selectivity. The pure gas
permeation results of the pristine PEI membrane were just placed below the upper bound,
whereas the gas permeation results of MMMs gathered near the upper bound, particularly
for PEI-ZIF11-30% and PEI-ZIF11-20% MMMs. These results indicated that ZIF-11 had the
vast potential of separating H,/CH, and CO,/CH, mixture due to high H, selectivity of ZIF-11

particles.

Table 4. Gas permeability values (Barrer) of the pure PEI and PEI-ZIF-11 MMMs at 35°C

and 4 bar.
Membrane Permeability (Barrer)
P(H,) P(CH,) P(CO,)
PEI 6.30 £ 0.070 0.187 = 1.36 £ 0.080
0.050

PEI-ZIF-11- 7.38 £ 0.290 0.19 + 0.008 1.54 £ 0.120
10%

PEI-ZIF-11- 20.73 £0.600 0.25 + 0.002 4.63 £ 0.300
15%

PEI-ZIF-11- 27.10 £1.200 0.32 + 0.007 6.95 £ 0.770
20%

PEI-ZIF-11- 8.70 + 0.330 0.048 = 2.73 £ 0.107
30% 0.017

Ideal Selectivity

A (co2/cHa
7.27

8.10

18.52

21.18

56.87

a

H2/C02
4.63

4.79

4.47

3.89

3.18

a H2/CH4

33.69

38.84

82.92

84.68

181.25
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Figure 9. Enhancement of gas transport properties for H,, CH,, and, CO, as a function of
ZIF-11 loading in PEI-ZIF-11 MMMs,

—ik— PEI
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—#— PEI-ZIF-11-15%:
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Figure 10. Comparison of pure and mixed H,/CH, separation performance of PEI-ZIF-
11 MMMs with the upper bound.
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Figure 11. Comparison of pure and mixed CO,/CH, separation performance of PEI-ZIF-11
MMMs with the upper bound.

The influence of MOF particles in MMMs for H,, CO,, and CH, gases separations was studied
by preparing dense and asymmetric PEI membrane filled with various ZIF-11 loading. A
zeolitic imidazolate framework, ZIF-11, was successfully synthesized, characterized, and
evaluated as a potential adsorbent for H,/CH, and CO,/CH, separation. The priming protocol
to prepare the MMMs resulted in a good distribution of fillers in the polymer matrix even
under high loading. The XRD pattern of the MMMs showed that ZIF-11 maintained its
crystallinity through and after the heating processes in the membrane preparation
procedure. FTIR and TGA analysis showed interaction of ZIF-11 samples with PEI polymer.
Both the selectivity and permeability for H,/CH, and CO,/CH, were increased by inclusion of
ZIF-11 particles (up to 20 wt.% loading). At high loading of the ZIF-11 particles, the
selectivity was further increased but the permeability was reduced. The increase in
selectivity interpreted as the absence of voids at the PEI-ZIF-11 interface. This was
confirmed by the SEM image of the membrane cross-section. The incorporation of ZIF-11
particles in the PEI matrix, can lead to an overall improvement in performance of
permeability and selectivity. In the literature, Lunxi et al. studied ZIF-11/PBI composite
membranes and tested gas separation performances of membranes for H, and CO, gases at
room temperature. They obtained H,/CO, ideal selectivity of 5.6 for 16.1 wt. % ZIF-11/PBI
composite membrane (38). Coronas et al. synthesized nano-sized ZIF-11/Matrimid MMMs
and investigated selectivity and permeability of H,/CO, in MMMs. They showed that 25 wt.%
ZIF-11 MMM showed improvement in H,/CO,, with a H,/CO, separation selectivity of 4.4 at
35 °C (22). On the other hand, Lunxi and Coronas did not test the gas separation
performance of membranes for CH, gas. Finally, the selectivity of H,/CH, was achieved
equal to 181.25. The results confirmed that PEI was a suitable candidate for hydrogen
separation membranes.
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Tiirkce 0z ve anahtar kelimeler

POLIETERIMID (PEI)/ZEOLITIK IMIDAZOLAT (ZIF-11) KARISIMI
MATRIS MEMBRANLARIN YAPISAL KARAKTERIZASYONU VE GAZ
GECIRME OZELLIKLERI

Bu c¢alismada, polieterimid (PEI-Ultem1000)/ZIF-11 karnistk matris membranlarinin
hazirlanmasi ve farkli oranlarda ZIF-11 partikllleri (adirlik¢ca % 0, 10, 15, 20, ve 30)
yuklenmesinin etkisi incelenmistir. Ortalama partikil boyutu ~280 nm olarak sentezlenen
ZIF-11 partikdlleri PEI membranina katkisi ile karisik matris membranlar (KMM)
hazirlanmigtir. ZIF-11 ylklemesinin gaz ayirma performansina etkisi H,, CO, ve CH, gazlari
icin 35 °C ve 4 bar basingta incelenmistir. ZIF-11 ylUklemesindeki artis ile KMM'lerin gaz
gecirgenlik Ozellikleri artmistir. %20 ZIF-11 ytklemesinde H, ve CO, gazlarinin gegirgenlik
katkisiz polimere gére dort kat artmistir. CH, gegirgenliginde ise bir miktar artis gézlenmistir.
Adirlikca %20’nin Gzerinde ZIF-11 yiklemesinde, bitln gazlar igin gegirgenlik dederleri
duserken CO,/CH, ve H,/CH, segicilikleri ZIF-11 yiklemesine bagh olarak artmistir.

Anahtar Kelimeler: Karisik matris membranlar, zeolit imidazolat kafesler, polieterimid, gaz

ayirma.
Gonderme: 28 Mayis 2016, Diizeltme: 24 Haziran 2016, Kabul: 28 Haziran 2016.
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