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Abstract 

The major obstacles in gas separation by mixed-matrix composite membranes (MMCMs) are poor dispersion and poor affinity between polymers and fillers. The present study demonstrates that these challenges can be overcome appropriately by utilizing a series of synthesized MMCMs. MMCMs were prepared with UV-curable polyurethane acrylate and UiO-66 as selective layer and polyester/polysulfone (PS/PSF) as support layer. The physical properties of prepared MMCMs were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM) and Fourier transform infrared spectroscopy (FTIR). Microscopic analysis by FESEM revealed that desirable nanoscale dispersion of UiO-66, suitable distribution across the membrane thickness as well as strong interface were achieved by using UiO-66 at moderate loadings. The permeability of pure CO2 and N2 gases were determined using constant volume/variable pressure method at 25°C and 6 bar. The results demonstrated that the permeability of aforementioned gases as well as the ideal selectivity in CO2/N2 increased by increasing the amount of MOFs loading. The results demonstrated that this membrane could be a promising candidate for practical CO2 separation. 

1. Introduction

Development of cost-effective and environment-friendly separation processes to remove carbon dioxide (CO2) emission from flue or fuel gas has attracted the attention of researchers in academia and industry [1–3]. Membrane separation is worth noticing as an energy-efficient and economical technique for gas separation applications [4], because of their outstanding features such as reduced energy consumption, low capital investment, stability at high pressures, simple operations, easy scalability, simple processing and suitable mechanical strength. However, conventional polymeric membranes are limited by a trade-off between permeability and selectivity, so that a polymer with high permeability presents low selectivity and vice versa. There have been extensive efforts during the last several years to surpass this inherent trade-off between permeability and selectivity as follows: 1) synthesizing new polymeric membranes, 2) mixing different polymers to produce polymer blend membranes, 3) using block copolymers containing different blocks in polymer backbone, and 4) developing mixed matrix membranes (MMMs) with inorganic fillers [2].
Generally, MMMs are composed of a continuous polymer phase as matrix and a dispersed inorganic phase as filler. These composite materials provide remarkable separation properties along with facile processing and reasonable mechanical properties respect to neat polymers. Among various fillers used to fabricate MMMs, metal-organic frameworks (MOFs), a new class of highly crystalline and nanoporous materials, are considered as a promising candidate for fabricating new MMMs because of their outstanding features such as high specific surface area, high porosity, tunable pore walls, affinity for specific gases, and flexible chemical composition [2,5,6]. 

The major issue in fabricating MMMs is improper interfacial adhesion between polymer matrices and fillers, which introduces defects and nonselective interfacial voids leading to deterioration of the membrane performance. Therefore, to address the above issues, UiO-66 was chosen as filler because of their extraordinary water stability (more than one year), high thermal stability (up to 500°C), good chemical resistance toward polar and organic solvents [3,7,8]. Acrylated polyurethane (APU) was chosen as polymer matrix because of its high permeability and selectivity for polar gasses like CO2 over non-polar gases. APU is actually polyurethane molecule which is end capped with vinyl monomers making APU as crosslinkable polymers using free radical polymerization, which may be activated with UV light. APU is often diluted using reactive diluents like acrylate monomers to improve the processability while the reactive diluents take part in the final cross-linked structure [9,10]. Therefore, the mixture is often composed of two basic components including reactive APU oligomers and reactive acrylate diluents, a mixture abbreviated hereafter with APUA, which is activated by few amounts of photoinitiators.
2. Experimental

2.1. Materials

Poly(ethylene glycol) (PEG) with molecular weight of 1000 g/mol was obtained from Merck, and dehydrated under vacuum at 80°C for 24 h before use. 2-hydroxyethyl methacrylate (HEMA) was obtained from Sigma-Aldrich, and kept dry with a 4A molecular sieve before use for one week. Extra-pure grade of toluene diisocyanate (TDI), dibutyltin dilaurate (DBTDL), benzophenone, dimethylformamide (DMF), N-methyldiethanolamine (MDEA), terephthalic acid, chloroform, and zirconium (IV) chloride (ZrCl4) were obtained from Merck and Sigma–Aldrich, and used without further purification. Microporous polysulfone support (thickness ~140 μm, reinforced with a polyester non-woven support with a molecular weight cut-off (MWCO) of 500 kDa) was provided by Sharif membrane technology center (SMTC). Nitrogen (N2) and carbon dioxide (CO2) were purchased from Roham Gas Co. (Tehran, Iran) with purities higher than 99.8%.
2.2. Synthesis of UiO-66 and acrylate polyurethane (APU)
UiO-66 was synthesized according to the procedure reported in previous studies [2,7,11,12]. APU-1000 was synthesized by PEG: TDI: HEMA with mole ratio of 1:2:2 according to the two-step polymerization method described in previous study [9,10,13]. 
2.3. Preparation of mixed-matrix composite membranes (MMCMs)
Measured amount of UiO-66 nanoparticles was dispersed in HEMA through stirring vigorously for 12 h to obtain a homogenous mixture. Desirable amount of as-synthesized APU-1000 was dissolved in HEMA and stirred vigorously at slightly above ambient temperature. The polymer and UiO-66 nanoparticles solutions were mixed in different ratios to control the UiO-66/polymer weight percentage and stirred for overnight. Then benzophenone as photoinitiator (2 wt %) and MDEA as accelerator (2 wt %) were added to the above mentioned mixture and the stirring continued for 3 h. Finally, the homogenous mixture was degassed under vacuum for 12 h to remove air bubbles before it was cast on a flat-sheet microporous polysulfone support using a metal knife with a controlled gap setting. The cast membrane is irradiated from top surface with a 1000 W-UV (365 nm) lamp for specific time. The composition of reaction mixture for preparing different MMCMs is given in Table 1. 

Table 1. Chemical composition and morphological data of synthesized MMCMs.
	Sample code
	UiO-66 loading (%)
	R
	DPS

	APUA
	0
	1.27
	0.56

	MMCM-1
	3
	1.36
	0.58

	MMCM-2
	6
	1.45
	0.59

	MMCM-3
	10
	1.49
	0.60

	MMCM-4
	12
	1.60
	0.62

	MMCM-5
	15
	1.46
	0.59


2.4. Characterization
Fourier transform infrared (FTIR) and Attenuated Total Reflectance (FTIR-ATR) spectra (Spectrum 100-FT-IR Spectrometer, Perkin-Elmer) were used to characterize the synthesized UiO-66 and the prepared MMCMs. X-ray diffraction (XRD) (X-pertPhilips, pw 3040/60) analysis was used to evaluate the crystallinity of synthesized UiO-66 and the prepared MMCMs. The scanning electron microscopy studies of the samples were conducted by using a FESEM–MIRA3 TESCAN microscope. 

2.5. Gas permeation measurement
A standard constant volume/variable pressure apparatus was used to determine the pure gas permeability at the feed pressure of 6 bar and room temperature. The permeability coefficient (P) at steady state was determined using the following equation [2,14]: 
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                             (1)
where P is the gas permeability expressed in barrer (1 barrer = 10-10 cm3 (STP) cm cm-2 s-1 cmHg-1), V is the calibrated volume of the downstream reservoir (cm3), L is the membrane thickness (cm), A is the effective membrane area (cm2), Pf is the upstream pressure (cmHg), P0 is the pressure at standard state and equal to 76 cmHg, T is the operating temperature (K), T0 is the temperature at standard state and equal to 273.15 K, and dp/dt is the steady-state permeate-side pressure increase (cmHg/s). The ideal selectivity (α) for a gas pair is simply obtained by dividing the pure gas permeability as [15]: 
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3. Results and discussion
3.1.1. FTIR-ATR analysis 

The UiO-66 characterized by nitrogen adsorption/desorption, XRD, TGA, FESEM, and FTIR were described in previous studies [7,11,12]. To investigate the possible interactions between UiO-66 nanoparticles and APUA matrix, the FTIR-ATR spectrum of pure APUA is compared with that of MMCMs containing different amount of UiO-66 nanoparticles in Fig. 1. As can be seen from Fig. 1a, there are several characteristic peaks in FTIR-ATR spectra of different MMCMs. The strong and broad peak at 3200-3500 cm-1 is related to the different -NH groups in urethane unit [9,10]. The peaks appearing around 2850-2950 cm-1 are corresponding to C-H stretching vibration of APUA matrix, whereas the strong peaks at 1116 cm-1 and 1105 cm-1 are attributed to the stretching vibration of C-O in urethane unit and C-O-C in polyol groups, respectively [9,10,13].

The characteristic absorption peak appeared around 1690-1750 cm-1 is assigned to the stretching vibration of carbonyl groups (C=O) in urethane unit, which provide the most useful information about micro-phase separation, so have the worth to be investigated. As can be found from Fig. 1b, the carbonyl stretching vibration of APUA matrix is shifted to lower frequencies by increasing the amount of UiO-66 nanoparticles. This red shift could be due to formation of hydrogen bond between urethane groups of APUA and functional groups of UiO-66 nanoparticles, which are similar to the results reported in other studies [2,16].
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Fig. 1. FTIR-ATR spectra of different MMCMs containing UiO-66.

The degree of phase separation (DPS) between hard and soft segments is unique morphological characteristic parameter which can dominate the final gas separation performance of MMCMs; therefore the DPS in different MMCMs were calculated using the following equation and the results were summarized in Table 1 [13]: 
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where R is the carbonyl hydrogen bonding index which can be calculated as follows [13]: 
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where A is the intensity of the characteristic absorbance, which was obtained from the spectral region of carbonyl groups that deconvoluted to two Gaussian peaks by Origin software. As can be found from Table 1, the DPS between hard and soft segments increased by increasing the amount of MOFs loading, which could be due to disruption of the hydrogen bond between the urethane –NH groups with ether groups of polyol. The decrease in DPS at higher UiO-66 loading can be attributed to the agglomeration of MOF nanoparticles at these compositions, which prevents the hydrogen bonds formation between polar groups of UiO-66 nanoparticles and ether groups of polyol. 
3.1.2. XRD analysis 

As can be seen from Fig. 2, pure APUA membrane exhibits a broad peak at the range of 17-25° that could be attributed to amorphous APUA groups present in the membrane matrix, presence of small crystalline structure or diffraction distribution from crystalline regions as described well in literature [9,10,13]. In the XRD patterns of MMCMs containing UiO-66 nanoparticles, the position of this broad peak does not show obvious change, while its intensity decreases by increasing the amount of UiO-66 loading. Because, presence of UiO-66 nanoparticles into APUA matrix prevents the formation of crystalline region due to disturbing the regularity of the nearby chains and results in the increase of micro-phase separation as well as decrease the overall crystallinity of MMCMs. 

Compared with pure APUA membrane, in the XRD patterns of MMCMs three new peaks are appeared at around 6.94, 8.06 and 24.77° (see Fig. 2). Additionally, the intensity of these peaks increases by increasing the amount of MOF loading, which indicates the presence of UiO-66 nanoparticles in the APUA matrix. This result denotes that the incorporation of MOF in the APUA matrix does not affect the crystalline structure of this MOF. Additionally, compared with pure UiO-66, the position of these characteristic peaks transferred to the lower degree (higher d-spacing), which could be due to the penetration of APU chins into the pores of porous UiO-66 because of good interaction between two phases [17]. 
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Fig. 2. XRD patterns of different MMCMs containing UiO-66.

3.1.3. FESEM images 

In order to investigate the membrane morphology, MOFs dispersion and interfacial interaction at matrix-MOF interface, cross-sectional micrographs of MMCMs were also analyzed using FESEM, and the results are shown in Figs. 3 and 4. From FESEM micrographs (Fig. 3), it is obvious that the composite membrane is made of a porous layer with macro- and micro-porous sponge like and finger like structures, serving only as a mechanical support for the selective layer, and a dense selective layer of APUA with no porosity which is a characteristic for a composite membrane [18]. 
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Fig. 3. The low magnification FESEM images of the whole cross-section of APUA and MMCM-5.

Good interfacial adhesion between the top selective layer and the bottom porous layer can be observed in Fig. 3, which might be due to the formation of hydrogen bonds between APU chains and sulfone groups in the polysulfone support layer and the adhesive nature of APU polymer result to firmly adhere top layer on porous layer. This phenomenon obviously increases the selectivity of CO2 due to improve the interfacial interaction between two layers.

It can be seen in Fig. 3 that the cross section morphology of neat APUA membrane is very smooth without any defects, which is characteristic of a dense APUA membrane. The cross sectional images of MMCMs containing UiO-66 (Fig. 4) show that MOF is homogeneously dispersed without significant aggregation or phase segregation in APUA matrix. The good dispersion of UiO-66 nanoparticles at low to moderate loading in APUA matrix is attributed to the strong interaction between UiO-66 nanoparticles and APUA chains. At high loading (MMCM-5 containing 15 wt% UiO-66), several UiO-66 nanoparticles stick to each other and form big clusters. Although, in MMCM-5 some UiO-66 nanoparticles aggregate to each other and form big clusters, the "sieve in a cage" morphology not still was observed in this condition [14].
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Fig. 4. FESEM images of the cross-section of MMCMs containing UiO-66 at different magnifications.

3.2. Gel content 

As the APUAs are being cross-linked by UV light, their gel content measured by Soxhlet extraction is also investigated. The gel content is calculated according to the following equation [9,10,13]:

[image: image14.png]%Gel = X 100
.



              (5)
where m0 is the initial sample weight and mt is the mass of extracted samples after drying in oven. Three tests are repeated for each sample and average values were depicted in Fig. 5. It can be found that the gel content of mixed-matrix composite membranes containing UiO-66 nanoparticles decreases slowly with the extension of MOFs loading, which might be due to the incomplete curing process caused by shield effect of these nanoparticles [19].
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Fig. 5. The gel content of MMCMs containing different amount of UiO-66. 

3.3. Gas permeation properties 

The permeability of pure N2 and CO2 gases through MMCMs synthesized in this study was measured at room temperature and upstream pressure of 6 bar. All of the prepared membranes were tested three times to check reproducibility and reliability of the results. Fig. 6 shows that the permeability of all gases increases with increasing the UiO-66 loading which could be due to four main reasons: (1) increase of free volume of MMCMs by disruption of the APUA chain packing, (2) formation of interfacial space between APUA matrix and UiO-66 nanoparticles, (3) introducing extra channels for gas permeation orginated from the porous structure of UiO-66 nanoparticles, and (4) increase of the micro-phase separation between the hard and soft segments by incorporation of UiO-66 nanoparticles into APUA matrix (see Table 1). 
From Fig. 6, it can be also found that the ideal CO2/N2 selectivity increases with increasing the UiO-66 loading, except MMCM-5, which is attributed to the formation of a defect-free interface between two phases due to interaction between APUA matrix and UiO-66 nanoparticles. In the case of MMCM-5, the permeability of all gases significantly increases, while the ideal CO2/N2 selectivity decreases compared to the other MMCMs containing UiO-66 nanoparticles. This observation can be a consequence of the agglomeration occurred at the high loading (15%) of UiO-66 nanoparticles into APUA matrix, as corroborated by FESEM images of MMCM-5 (see Fig. 11). These agglomerated clusters of UiO-66 nanoparticles can form microvoids within the agglomerated particles and APUA matrix which act as non-selective diffusion channels for the gas molecules resulting in lower selectivity of CO2 against N2 [2,16].

In this case the gas molecules preferred to diffuse through these non-selective microvoids instead of MOFs pores due to their bigger size. The dominant gas permeation mechanism through these microvoids would be Knudsen diffusion, which permeates N2 molecule faster than CO2 molecule due to its lower molecular weight. Therefore, the increase in permeability of N2 would be more than CO2 resulting in lower CO2/N2 selectivity [20].
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Fig. 6. Gas permeability and CO2/N2 selectivity of the MMCMs containing UiO-66. 

4. Conclusion 

In summary, mixed-matrix composite membranes (MMCMs) based on UV-curable acrylate polyurethane and UiO-66 nanoparticles as selective layer and polyester/polysulfone (PS/PSF) as support layer were prepared for the first time. The structure of prepared MMCMs was characterized with FTIR-ATR, XRD and FESEM analyses. The results obtained from FTIR-ATR analyses indicated that the micro-phase separation of hard and soft segments increased by increasing the amount of UiO-66 loading. Experimental gas permeation results showed that the permeability of both gases increased with increasing the UiO-66 loading which could be due to the increase of free volume of MMCMs by disruption of the APUA chain packing, introduced extra channels for gas permeation and increased the micro-phase separation between the hard and soft segments. Additionally, the ideal CO2/N2 selectivity increased with increasing the UiO-66 loading, which was attributed to the formation of a defect-free interface between two phases due to interaction between APUA matrix and UiO-66 nanoparticles. 
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