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Abstract 

VTEC™ PI-1388 and 20 wt% (Al) NH2-MIL-53/VTEC™ PI-1388 mixed-matrix membranes 

(MMMs) with different thicknesses were tested for gas permeation of H2 and CO2 from 5 to 30 

bar and from 35 to 300 °C.  50/50 H2/CO2 mixtures were also tested at 30 bar and 250 °C with 

stage cuts that ranged from 0.05 to 1.  Gas permeation data show that the affinity of (Al) NH2-

MIL-53 for VTEC™ PI-1388 is strong enough to perform gas separations under these conditions.  

At 30 bar and at temperatures above 200 °C, the performance of the MMMs for H2/CO2 

separation improved significantly with increasing temperature.  Specifically, the H2 permeability 

of the MMM at 300 °C increased by 70% with respect to that of VTEC™ PI-1388 (VTEC™ PI-

1388: H2 = 85 Barrer, H2/CO2 = 4.0; MMM: H2 = 144 Barrer, H2/CO2 = 5.8).  Gas mixture 

separations using VTEC™ PI-1388 and the MMM depended on the stage cut and reached a 

maximum H2/CO2 separation of 7.2 for VTEC™ PI-1388 and 7.5 for the MMM at a stage cut of 

0.05. 
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1. INTRODUCTION 

The majority of the world’s energy supply currently comes from fossil fuels, including 

oil, coal, and natural gas, with the United States, China, and India responsible for 70% of the 

total world’s consumption [1].  The projected demand for energy will increase by as much as 

56% by 2040, where fossil fuels are expected to continue to provide much of the energy used 

worldwide or until new sources of energy replace them [2].  The utilization of fossil fuels 

ensures a long term energy supply at a low cost either as fuel for the generation of electricity in 

coal plants or as feedstock for the generation of hydrogen from the gasification of coal followed 

by the water-gas shift reaction (WGSR) in which carbon dioxide is produced along with 

hydrogen (Equation 1).  The WGSR is an important reaction not only for the production of fuels 

but also for the Haber-Bosch process in the production of ammonia from hydrogen and nitrogen 

(Equation 2) [3, 4], which is carried out using the hydrogen produced in the WGSR.   

 

CO + H2O      CO2 + H2  
29 8H∆ = -41.2 kJ mol-1  (1) 

 

N2 + 3H2        2NH3  
29 8H∆ = -91.8 kJ mol-1  (2) 

 

The use of these natural resources, however, has been detrimental to the environment and 

has been implicated in climate change from the excessive emission of greenhouse gases (i.e., 

carbon dioxide) as a result of the lack of an efficient technology to separate and capture these 

gases.  Research to address this problem has been focused on the fabrication of new inorganic 

and polymer-based membrane materials for the purification of hydrogen from carbon dioxide in 

the WGSR [5-9].  The equilibrium of the reaction (Equation 1) can be shifted to the product side 

by the simultaneous removal of H2 from the mixture, which forces the reaction to generate more 
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H2.  A membrane capable of efficiently separating H2 from CO2 in situ at low cost is more 

advantageous than other separation methods (e.g., amine-based CO2 separation) because it 

requires less energy to operate.  The WGSR proceeds at temperatures above 200 °C in the 

presence of a catalyst [10, 11], and the current demands for in situ H2 separation require a PH2 > 

7 bar with a feed pressure of up to 27 bar [12].  Therefore, testing the performance and 

mechanical stability of membranes under such pressure and temperature conditions is a 

requirement for the screening of membranes for this application.  

Previous work with carbon molecular sieve (CMS) membrane reactors demonstrated that 

it is possible to obtain high purity H2 from the WGSR when a membrane is used to separate H2 

in situ [13, 14].  Other inorganic membranes [6], like Pd [15-18], Pd-alloy [19, 20], silica [21, 

22], and zeolite membranes [23], were also tested successfully, but they face challenges to be 

commercially viable [24].  Thermally and chemically stable polymer-based membranes and their 

mixed-matrix membranes (MMMs) offer low cost and highly selective membranes that can 

readily be scaled up for commercialization using well documented techniques (e.g., hollow fiber 

[25-27], spiral [28], coated porous supports [10]).  It is anticipated that the performance of these 

membranes will increase with increasing temperatures as has been previously shown for polymer 

membranes at high temperatures [29].  Moreover, the testing of membranes under industrially 

relevant conditions of pressure, temperature, and feed composition is of vital importance since it 

ultimately uncovers the limitations and demonstrates the performance of the membranes under 

real world conditions [30].  This is even more important for MMMs because these types of 

membranes require strong additive/polymer interfaces to minimize incompatibility and potential 

mechanical failure at high pressures and high temperatures.  The use of hybrid materials in 

MMMs that introduce organic and inorganic components, such as metal organic frameworks 
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(MOFs) [31-38] and metal organic polyhedra (MOPs) [39-41], is promising.  These membranes 

typically exhibit strong additive/polymer interfaces and high loadings.  Herein, we report the 

preparation and testing of VTEC™ PI-1388 and (Al) NH2-MIL-53/VTEC™ MMMs at pressures 

up to 30 bar and at temperatures up to 300 °C with pure H2 and CO2 and with H2/CO2 mixtures 

at stage cuts ranging from 0.05 to 1 to minimize concentration polarization.  VTEC™ PI-1388 

(referred to as VTEC™ in this work) is a commercially available polyimide with a structure 

similar to Kapton.  The (Al) NH2-MIL-53 MOF (referred to as NH2-MIL-53 in this work) 

(Figure 1) [42-45] was used as the additive due to its high thermal stability to 400 °C, stability in 

water, and high ideal H2/CO2 selectivity of 27 [46].  Previously, this MOF was also used in the 

fabrication of MMMs with polysulfone (PSf) [47], a polymer with low Tg (170 – 185 °C).  

Improved CO2/CH4 selectivity at 25 wt% MOF loading and pressures up to 12 bar was reported.  

These results suggest that (Al) NH2-MIL-53 might be a good additive for VTEC™-based MMMs 

for high temperature and high pressure H2/CO2 separations. 

 

2. EXPERIMENTAL 

2.1 Materials 

 VTEC™ polyamic acid (20 wt% in N,N-dimethylacetamide, DMAc) was purchased from 

RBI Inc. and used as received.  Mylar® (polyethylene terephthalate) A92 (25 µm) sheets were 

purchased from Active Industries.  Molecular sieves type 4A were purchased from Aldrich, 

washed with deionized water, and activated at 400 °C for 1 d.  HPLC grade DMAc (99.8%), 

N,N- dimethylformamide (DMF, 99.8%), and acetone (99.8%) were purchased from Fisher 

Scientific and dried over activated 4A molecular sieves.  Aluminum nitrate hexahydrate 

Al(NO3)3·6H2O, 2-aminobenzene-1,4-dicarboxylic acid (abdc), HPLC grade water, 
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dichloromethane, and methanol were purchased from Sigma Aldrich and used as received.  For 

gas permeation experiments, H2 and CO2 (>99.99%) and their 50/50 mixtures were purchased 

from Airgas. 

 

 

2.2 Instrumentation and methods 

X-ray diffraction (XRD) patterns were acquired using a Rigaku Ultima IV diffractometer 

with Cu Kα (0.154 nm) X-ray radiation. XRD patterns were acquired from 3° to 45° (2Ө) at 

1°/min.  Attenuated total reflectance-infrared (ATR-FTIR) spectra were recorded with a Nicolet 

360 FTIR spectrometer at room temperature in the range of 400-4000 cm-1 using a Thermo 

Scientific ATR attachment equipped with a diamond crystal.  Thermogravimetric analyses 

(TGA) from 70 °C to 1000 °C were carried out using a Perkin Elmer Pyris-1 TGA with a heating 

rate of 10 °C/min under a N2 atmosphere using a platinum pan.  Scanning electron microscopy 

(SEM) images were acquired using a LEO Gemini 1500 series microscope and a Zeiss Supra-40 

FEI-SEM, both operated at 10 keV.  Prior to imaging membrane cross-sections, freeze-fractured 

membranes were mounted on carbon tape and coated with Au/Pd using a Denton Vacuum Desk 

II sputter coater.  Measurement of glass transition (Tg) temperatures was performed using a TA-

Q400 TMA thermomechanical analyzer operated in dynamic TMA mode from 10 °C to 350 °C 

with temperature increments of 2 °C/min and a modulation force of +/- 0.025 N at 0.50 Hz.  The 

sample was kept in a N2 atmosphere purged at 50 mL/min to minimize sample oxidation.  Tg 

measurements were obtained from the second heating/cooling cycle.  High pressure, high 

temperature gas sorption isotherms were obtained using a high pressure volumetric analyzer 

HPVA-100 (Micromeritics) and a custom-built high pressure, high temperature gas sorption 
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apparatus [29, 39].  For these experiments, 0.4 g of MOF or 1.0 g of membrane was loaded in a 5 

cm3 cell.  Gas sorption equilibration times varied from 10 min for the MOF to 20 min for the 

membranes.  Before each sorption experiment at a given temperature, the materials were 

degassed under vacuum at 300 °C for 1 d.  The obtained isotherms were corrected with blanks 

for each gas acquired under the same conditions.  Nitrogen sorption of the MOF at 77 K was 

performed using a Quantachrome Autosorb-1 gas adsorption apparatus.  For gas sorption 

experiments at 77 K, the MOF was degassed under vacuum at 300 °C for 1 d to remove residual 

guest molecules from the pores. 

Gas permeation measurements and gas composition analyses were carried out using a 

custom-built high pressure, high temperature permeameter [29] equipped with a calibrated SRI-

3610 gas chromatograph (GC) with a thermal conductivity detector.  GC calibration curves were 

generated for H2, CO2, and their mixtures using N2 and He as carrier gases for H2 and CO2, 

respectively, due to limitations in thermal conductivities.  In order to analyze the composition of 

the permeate of low flux membranes, the sampling loop of the GC was kept under vacuum and 

connected to a manifold equipped with a pressure transducer and metering valves.  With this set 

up, pure permeate samples at pressures between 50 and 760 Torr were introduced into the 

sampling loop of the GC in order to increase the response of the detector.  Since the carrier gas 

had to be changed for each analyte, the pressure of the permeate gas in the sampling loop was 

kept constant between analyses to ensure the same amount of sample was introduced when the 

permeate was analyzed for either H2 or CO2.  The flat membrane permeation cell (Figure S1) 

was designed to accommodate the membrane between two pieces of high temperature aluminum 

tape (433L HD rated to 316 °C, 3M™) and 3 graphite gaskets (Grafoil®, 0.5 mm thick, Lamons) 

compressed between the flat surfaces of two MDC SS-316 Conflat™ style flanges [29].  This 
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configuration leaves a distance of 0.5 mm between the membrane and the flange to increase flow 

across the surface of the membrane to minimize concentration polarization during gas mixture 

experiments.  The stainless steel flange for the downstream side incorporates a 1.0 inch stainless 

steel porous support (1000-.1.000-.125-2-A, Mott Corporation) to support the membrane.  A 

stream of N2 at 1 bar and at the experiment temperature circulates in the space between the 

graphite gasket and the copper gasket removing leaked feed gas from the high pressure side.  The 

use of a copper gasket is a safety feature to retain the gases in the cell should the graphite gasket 

fail.  To remove the retentate, four 1/8” holes were drilled at the perimeter of the feed side flange 

above the membrane forcing the feed gas to sweep the retentate from the center to the edges of 

the membrane.  The holes ended in a manifold on top of the flange that is connected to a pressure 

regulator and mass flow controllers.  With this configuration, the stage cut of the membrane was 

controlled for the optimal separation of gas mixtures. 

The stage cut (θ) (Figure 2, Equation 3) was varied from 0.05 to 1.0 (5% to 100% 

recovery) to determine the minimum retentate flow to maintain a constant gas mixture feed 

composition to maximize H2/CO2 selectivity and to minimize CO2 concentration polarization at 

the surface of the membrane.  The typical stage cut ranges from 0.01 to 1, covering most of the 

retentate purge rates, QR, for a given flow rate across the membrane, QP, and feed rate, QF.  It 

should be noted that the optimal stage cut is determined experimentally and corresponds to the 

maximum recovery of the gas of interest with a particular permeate purity.  A compromise 

between purity and recovery has to be made in order to achieve the target separation. 

With these considerations, the flow rate J (moles/sec) at a given differential 

transmembrane pressure, ∆p, was measured experimentally, and the permeability, P, or 
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permeance, P/L, for a component was calculated using Equation 4, where A is the exposed area 

of the membrane with thickness L.   

     � =  
��

��� ��

    (3) 

� =  
	
∆�



     (4) 

The determination of P was performed following the solubility-diffusivity model using 

the last 60% of the pressure-time curve data in the steady state region.  Ideal selectivities (αi/j) 

were calculated from the ratio of the permeabilities (P, Barrers) of the gases Pi/Pj.  For all pure 

and mixed gas permeability measurements, a minimum of 2 membranes from separately cast 

films were tested.  The permeability of each gas through a given membrane was measured at 

least 4 times.  The average of the last 3 values exhibited a precision better than 95%, as 

determined by the percent standard deviation, which reflects the error of the permeability 

measurement system.  Measuring the reproducibility of permeability results is especially 

important for mixed-matrix membranes owing to the unavoidable imperfect dispersion of the 

additive in the polymer matrix and can provide insight into the robustness of the membrane 

preparation and testing methodology.  In a typical experiment, a 5.0 cm2 membrane piece (Figure 

S2) was mounted in a stainless steel cell that exposed one side of the membrane to a pressurized 

feed of 5, 15, or 30 bar and the other side to an evacuated line.  The entire system was evacuated 

for at least 6 h at the experimental temperatures of 35, 100, 200, 250, and 300 °C before a leak 

rate test was performed for 0.5 h for each downstream volume (70 cm3 and 350 cm3).  

Permeability experiments with single gases at 35 °C lasted for 2 h for thin (<20 µm) VTEC™ 

membranes and for up to 20 h for the thicker (84 µm) MMMs due to the low CO2 flux.  At 

higher temperatures, the experiments lasted for 1 h for the VTEC™ membranes and 2 h for the 

MMMs.  At 35 °C, degassing times between H2 runs lasted for 2 h for the VTEC™ and MMMs 
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and up to 5 h for CO2 with the MMMs.  At higher temperatures, the degassing times between 

runs were reduced to 2 h.  This protocol was repeated for each pressure increment.  Permeability 

experiments with a 50/50 H2/CO2 mixture at 15 and 30 bar and at 250 °C followed the same 

protocol, but the duration of the experiment was increased up to 4 h with a downstream 

evacuation after 1 h to ensure the permeate composition corresponded to the steady state since 

the partial pressure of each gas in the mixture was reduced to half of the total pressure.  

 

 

2.3 Synthesis of NH2-MIL-53 crystals 

Crystals of NH2-MIL-53 were synthesized by modifying reported procedures [44, 48, 

49].  In a 1000 mL round bottom flask, 15 g (83 mmol) of aminoterephthalic acid and 29 g (77 

mmol) of aluminum nitrate nonahydrate were dissolved in 600 mL of deionized (DI) water.  The 

solution was then refluxed for 15 h, cooled to room temperature, centrifuged, and the supernatant 

decanted.  Then, 600 mL of DI water was added to the yellow paste and refluxed for 6 h, cooled 

to room temperature, stirred for 15 h, centrifuged, and the supernatant decanted.  The yellow 

paste was then washed with 200 mL of DMF, centrifuged, and the supernatant decanted.  The 

material was then refluxed for 5 h in 500 mL of DMF in a 1000 mL round bottom flask, cooled 

to room temperature, stirred for 15 h, centrifuged, and the supernatant decanted.  The pale 

yellow/white paste was then washed with acetone (2 x 200 mL), filtered, and dried in a vacuum 

oven at 80 °C for 1 d, at 150 °C for 1 d, at 300 °C for 1 d, cooled to room temperature in the 

vacuum oven, and stored in a desiccator under nitrogen.  A pale yellow powder (3.9 g) was 

recovered. 
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2.4 Fabrication of mixed-matrix membranes (MMMs) 

For the separation of H2 from CO2 at WGSR conditions, polymer membranes with high 

thermal stability, high flux, and high selectivity are required.  VTEC™ is thermally stable to 500 

°C [50, 51] and has a good H2/CO2 separation of 5.4 up to 300 °C and 3.0 MPa [29].  These 

properties suggest that VTEC™ membranes may be promising for H2/CO2 separations under 

WGSR conditions, provided that they retain or improve their separation properties.  In a previous 

work that tested NH2-MIL-53/PSf MMMs for CO2/CH4 separations [47], it was found that 

MMMs with NH2-MIL-53 loadings above 25 wt% suffered from defects that reduced their 

separation performance.  Considering PSf has a lower Tg (170-185 °C) than VTEC™  (Tg = 275 

°C), it is predicted that, with the more rigid VTEC™  chains, the amount of NH2-MIL-53 that can 

be loaded before defects form would be 25 wt% or less.  Therefore, for this study, MMMs with 

20 wt% NH2-MIL-53 loadings were prepared to avoid the potential formation of interfacial 

defects.  Flat membranes of VTEC™ were prepared by diluting the VTEC™ polyamic acid dope 

to 12 wt% with DMAc and stirring at room temperature for 15 h.  The 20 wt% NH2-MIL-

53/VTEC™ MMMs were prepared by dispersing the NH2-MIL-53 crystals in DMAc (5.4 wt% 

solids in DMAc) with stirring for 1 h, bath sonicating for 3 h, stirring for 1 h, and bath sonicating 

for 1 h.  Then, the 12 wt% VTEC™/DMAc dope was added to prepare a 20 wt% NH2-MIL-

53/VTEC™ mixture that was bath sonicated for 1 h and stirred for 1 d at room temperature.  The 

solutions (VTEC™ and MMM) were cast onto a Mylar® sheet at room temperature using an 
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automatic film applicator (Sheen 1133N) with a calibrated doctor blade.  The membranes, still on 

the supported Mylar® sheet, were transferred to a nitrogen-purged chamber to dry for 5 h at 80 

°C.  Since high temperatures and long periods of time are required to induce imidization of the 

polyamic acid, the membranes were removed from the Mylar® sheet and dried on a glass 

substrate in a custom-built high temperature programmable vacuum oven at 80 °C for 1 d, at 150 

°C for 1 d, at 300 °C for 1 d, cooled to room temperature, and stored in a desiccator purged with 

N2.  The resulting membranes had thicknesses ranging from 10.2 to 20.0 µm for VTEC™ and 

from 48.8 to 84.6 µm for the MMMs.  This variation in thickness was intentionally introduced to 

ensure the permeabilities of the membranes were independent of leaks or defects that might 

result at high pressures and high temperatures. 

 

3. RESULTS AND DISCUSSION 

3.1 NH2-MIL-53 crystals 

 SEM images show that the as-synthesized crystals do not have a well-defined 

morphology (Figure 3a), whereas the activated NH2-MIL-53 crystals are more rod-like with a 

length of <1.0 µm and a width of <200 nm (Figure 3b).  This morphology was obtained after 

activating the as-synthesized crystals by refluxing in DMF and drying at 300 °C for 1 d. 

NH2-MIL-53 crystals were reported to conform to different space groups (monoclinic or 

orthorhombic) depending on the absence or presence of guest molecules in the pores of the MOF 

due to the flexibility of the framework [48].  This property leads to three possible conformations 

that can be distinguished from XRD data (Figure 4a-c): the large, narrow, and closed pore forms.  

The large pore form is obtained when solvent (DMF) remains in the pores (Figure 4a), whereas 

the narrow pore form with a pore aperture of 0.6 x 1.7 nm [42, 52] (Figure 4b) is obtained when 
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water remains in the pores.  Complete removal of guest molecules (DMF and water) yields the 

closed pore form of the MOF (Figure 4c), [42, 43, 52].  In this work, the activation (refluxing in 

DMF and drying in vacuum at 300 °C) of the NH2-MIL-53 crystals yielded the narrow pore form 

as verified by XRD (Figure 4d).  Although the closed pore form is desired for H2 separations, the 

pore aperture and space group of the MOF in the membrane may be set by interactions of the 

framework with the polymer, by the casting solvent, and by the drying conditions during the 

fabrication of the MMM that prevent the MOF from existing in the closed pore form, as 

previously described for MIL-53/Matrimid® MMMs [53]. Therefore, obtaining the MOF in its 

closed pore form before the preparation of the MMMs does not necessarily result in the retention 

of this conformation in the MMM.  The results of these interactions can be observed in the XRD 

pattern of the 20 wt% NH2-MIL-53/VTEC™ MMM (Figure 4f) where an intense peak at 2θ = 

15.6° replaced the main peak of the NH2-MIL-53 crystals at 2θ = 13.3° (Figure 4d).  Since 

VTEC™ is not soluble after imidization at temperatures above 250 °C, a 20 wt% NH2-MIL-

53/PSf MMM was prepared from CHCl3 and dried at 150 °C in order to reproduce the changes in 

the XRD pattern of the MOF in the MMM and to ensure that the polyamic acid form of VTEC™ 

did not degrade the MOF during the fabrication process.  The results show that both MMMs 

(from VTEC™ and PSf) have the same XRD pattern (Figure 4f,g), suggesting that the change in 

XRD patterns between the MOF (Figure 4b) and the MMMs (Figure 4f,g) may arise from 

MOF/polymer interactions, as was previously described by Rodenas, et al. [35].  This 

observation is further supported by the XRD pattern of the MOF (Figure 4h) recovered after 

dissolving the PSf MMM in CHCl3 and drying the MOF at 300 °C in vacuum.  The XRD pattern 

of the recovered MOF was identical to that of the starting material, the MOF in the narrow pore 

form (Figure 4b).  To further test the chemical stability of the MOF, the material was dispersed 
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in concentrated acetic acid by stirring and bath sonication followed by drying at 300 °C in 

vacuum.  The XRD pattern of the MOF after this process (Figure 4i) was identical to that of the 

starting material (Figure 4b), indicating the MOF is stable in VTEC™ polyamic acid.  The XRD 

pattern of NH2-MIL-53 after exposure to high pressure (up to 70 bar) and high temperature (up 

to 300 °C) gas adsorption experiments was also obtained (Figure 4e) to verify the stability of the 

MOF under these conditions, which resemble the testing conditions of the MMMs.  The obtained 

XRD pattern of this material was also identical to the XRD pattern of the starting material, 

confirming that the narrow pore form of NH2-MIL-53 is highly stable. 

 ATR-FTIR spectra of NH2-MIL-53/VTEC™ MMMs, shown in Figure 5a-d, indicate the 

MOF and the pendant amino group in the linker are stable to 300 °C and that the amine 

functionality is preserved before (70 and 150 °C, Figure 5c,d) and after (300 °C, Figure 5b) the 

imidization of the polyamic acid of VTEC™.  The bands at 3400 cm-1 and 3500 cm-1 correspond 

to the NH2 stretching mode of the NH2-MIL-53 linker [54] and are present only in the spectra of 

the MMMs and pure NH2-MIL-53 MOF.  Another important band, located at 450 cm-1 and 

corresponding to the O-Al vibration [55, 56], is also present in the MMM and the MOF spectra.  

TGA of the activated NH2-MIL-53 (Figure S3a) shows the material loses 12 wt% at 

temperatures up to 140 °C that can be attributed to the evacuation of water from the pores since 

the MOF is in the narrow pore form.  Above this temperature, NH2-MIL-53 is stable to 400 °C 

without further change in weight.  The remaining white powder at temperatures from 600 to 

1000 °C could be attributed to the formation of aluminum oxide.  

The nitrogen sorption isotherm for NH2-MIL-53 crystals at 77 K (Figure S4) shows the 

material exhibits the gate opening effect at P/P0 = 0.16, which results in a continuous N2 uptake 

up to P/P0 = 1.0.  The isotherm exhibits hysteresis upon desorption, which could be an indication 
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of N2 condensation in the pores.  Although the MOF is in the narrow pore form, and potentially 

in the closed pore form after degassing at 300 °C for the sorption experiments, the walls of the 

MOF allow the diffusion of N2 (kinetic diameter = 0.364 nm) into the pores to a maximum 

capacity of 13 mmol/g.  A similar isotherm with equivalent N2 sorption capacity was achieved 

after multiple sorption/desorption cycles when the MOF was activated at 130 °C for 3 h, 

implying that guest molecules were removed from the pores of the MOF only after multiple 

cycles [44].  For the NH2-MIL-53 used in this work, the high degassing temperature removed the 

guest molecules from the pores of the MOF more efficiently, which resulted in a high N2 

sorption capacity. 

 High pressure and high temperature H2 and CO2 sorption isotherms (Figure 6a) show that 

NH2-MIL-53 has a limited sorption capacity of 2.7 mmol/g for CO2 at 35 °C and 40 bar when 

compared to other materials like activated carbon that has a CO2 sorption capacity of 8 mmol/g 

under identical conditions.  The CO2 isotherms at 35 °C and 100 °C show a rapid saturation of 

the pores at pressures <10 bar, presumably due to the affinity of the amines for CO2.  At 200 °C 

and 300 °C, the CO2 sorption capacity at 40 bar is further reduced to 1 mmol/g and 0.5 mmol/g, 

respectively, with the isotherms showing a transition from rapid gas uptake to a slower uptake.  

No significant H2 sorption in NH2-MIL-53 was observed from the isotherms in the range of 35 

°C to 300 °C and at pressures up to 70 bar, as seen in Figure 6a.  

 

3.2 NH2-MIL-53/ VTEC™ mixed-matrix membranes (MMMs) 

Optical images of imidized VTEC™ and 20 wt% NH2-MIL-53/VTEC™ membranes dried 

at 300 °C in vacuum for 1 d (Figure 7a,d) show that the membranes have a uniform 

yellow/orange color, are flexible, and can be cast into large area films free of gross defects.  
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SEM images of the membrane cross-sections show a smooth and defect-free morphology for the 

VTEC™ membrane (Figure 7b,c), whereas the MMM exhibits a larger topography also free of 

large defects (Figure 7e,f).  The MMM’s cross-section also shows no significant particle 

aggregation and no gross MOF/polymer interfacial defects, even at high magnifications, 

suggesting good affinity of the polymer for the MOF.  The morphologies shown in Figures 7e,f 

have also been observed for other MOF/polymer MMMs (e.g., MOF-5/Matrimid® 5218 [31], 

MIL-53/Matrimid® 5218 [53], ZIF-8/PBI [57], ZIF-8/Matrimid® 5218 [58]) and have been 

attributed to plastic deformation of the polymer matrix during the freeze fracture process that 

results from the strong interaction of the polymer with the MOF [31].  In the case of 20 wt% 

NH2-MIL-53/VTEC™ MMMs, the plastic deformation is not as prominent as it is for MOF-

5/Matrimid® 5218 MMMs, suggesting a softer MOF/polymer interaction.  Figure 7f also shows 

that the morphology and size of the NH2-MIL-53 crystals embedded in the polymer are similar to 

the MOF crystals shown in Figure 3b, supporting the conclusion based on XRD (Figure 4) that 

the NH2-MIL-53 crystals in the MMM are not degraded during the membrane manufacturing 

process. 

ATR-FTIR spectra of VTEC™ (Figure 5e-g) and the 20 wt% NH2-MIL-53/ VTEC™ 

MMMs (Figure 5b-d) indicate that the membranes are stable to 300 °C.  The degree of 

imidization of the polyamic acid during the drying of the membranes at different temperatures is 

related to changes in the 1725 cm-1 band that is characteristic of the C=O vibration of the imide 

[59].  Visual inspection of the ATR-FTIR spectra of the VTEC™ membrane and the MMMs 

show 1725 cm-1 to 1542 cm-1 (amide, C-NH) and 1725 cm-1 to 1662 cm-1 (CONH) band ratios 

increasing with increasing temperature, indicating that imidization of the polyamic acid is 

achieved.  
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Thermogravimetric analyses of VTEC™ and the MMM shown in Figure S3b,c indicate 

that the membranes are stable up to 500 °C, and no loss of mass is observed in this range.  It can 

also be concluded that, up to this temperature, no residual solvent is released from the 

membranes, which indicates that the drying protocol (vide supra) is effective.  Above 500 °C, the 

membranes start to decompose rapidly, leaving a carbon film at the end of the thermal cycle at 

1000 °C. 

 High pressure and high temperature CO2 adsorption in VTEC™ membranes from 35 °C to 

300 °C and up to 50 bar (Figure 6b) show a decrease in sorption capacity with increasing 

temperature.  The isotherms at temperatures below 200 °C follow the dual mode Henry-

Langmuir sorption model that describes gas sorption in glassy polymers [60], whereas at higher 

temperatures close to the Tg of the polymer, the isotherms exhibit a reduced Langmuir sorption 

capacity due to the reduction of microvoids in the polymer [61-64].  Comparing the CO2 sorption 

capacities of VTEC™ at 35 °C and 100 °C to other polyimides, like Matrimid® 5218, it can be 

seen that the CO2 isotherms of Matrimid® 5218 at 35 °C and 70 °C [39] have almost twice the 

sorption capacities of VTEC™ (Figure 6b).  This difference in CO2 sorption capacities may 

explain the highest ideal H2/CO2 selectivity of VTEC™ of 5.3 over Matrimid® 5218’s H2/CO2 

selectivity of 2.7 [31].  Hydrogen sorption in the MOF, VTEC™, and MMMs was not detectable 

in the range of temperatures used in this work (Figure 6).  Since the total gas sorption capacity in 

MMMs results from the contributions of the additive and the polymer [65], the isotherms of the 

MMMs should reflect both components if the pores of the MOF are free of solvent molecules 

and accessible to gas molecules.  In the case of the 20 wt% NH2-MIL-53/VTEC™ MMM, the 

CO2 sorption isotherms exhibit shapes that combine the shapes of the MOF and VTEC™ 

isotherms (Figure 6c).  By calculating the CO2 sorption contribution of the neat MOF and of the 
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polymer in the MMM from their respective isotherms at 35 °C and 40 bar (Figure 6a,b), it can be 

seen that the 20 wt% MOF present in the MMM contributes with 0.6 mmol of adsorbed CO2 and 

the polymer contributes with 1.2 mmol of adsorbed CO2 adding to a total of 1.8 mmol of 

adsorbed CO2 in the MMM, which is similar to the value in the CO2 isotherm of the MMM (1.9 

mmol) also measured at 35 °C and 40 bar (Figure 6c).  These results confirm that the pores of the 

MOF in the MMM are accessible to gas molecules and that the pressure required to access the 

pores is <10 bar.  From Figure 6a, it can be seen that the amount (2.5 mmol) of CO2 adsorbed in 

the narrow pore form of the NH2-MIL-53 at 35 °C and 30 bar is about 37% of that adsorbed in 

the open pore form (6.7 mmol/g) [66].  The difference in magnitude can be attributed to 

differences in pore volume between the two forms, where the narrow pore form may exhibit 

smaller pore volume than the open pore form [42]. 

 Thermomechanical analysis of the membranes obtained from the second temperature 

cycle (Figure 8) show that both VTEC™ and the 20 wt% NH2-MIL-53/VTEC™ MMM have a Tg 

between 270 °C (storage modulus and dimension change, Figure 8a,b) and 292 °C (tan δ, Figure 

8c).  The invariability of the Tg of the MMMs in the presence of the MOF, and the limited plastic 

deformation at the additive/polymer interface, shown in Figure 7e,f, suggest that, at 20 wt% 

loading, the amount of MOF in the MMM is not enough to significantly increase the Tg of the 

polymer.  In addition, no crosslinking of the polymer by the MOF through the amine moiety in 

the linker takes place since the IR band corresponding to the amine is still present for the MMM 

(Figure 5a,b).   

 

3.3 Gas permeation 

3.3.1 Single gas 
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 Pure H2 and CO2 permeability and H2/CO2 ideal gas selectivities of VTEC™ and 20 wt% 

NH2-MIL-53/VTEC™ membranes at 5, 15, and 30 bar and from 35 °C to 300 °C, shown in 

Figure 9, correspond to the averages of 2 membranes for each system, the polymer and the 

MMM.  The thicknesses of the tested membranes were 10.2 µm and 12.6 µm for VTEC™ and 

48.8 µm and 84.6 µm for the MMMs.  The small variation in H2 and CO2 permeability and 

H2/CO2 selectivity between VTEC™ membranes or between MMMs with different thicknesses 

(Figure 9 and Tables 1, T1, and T2) indicate that the measured permeability is free from 

interference from leaks or defects that may arise from high pressure and high temperature.  Since 

dewetting of the MOF particles and the formation of small, isolated defects are potential 

problems for MMMs at high pressures and high temperatures, the testing of membranes with 

different thicknesses helps to determine whether the membranes are undergoing mechanical 

changes during the permeation experiments.  If membranes of different thicknesses show similar 

permeabilities, then it can be concluded that the membranes are free from defects and that the 

MOF/polymer interface is strong enough to prevent dewetting of the MOF.  The testing of 

MMMs under these conditions is important since MMMs require strong additive/polymer 

interfaces to remain mechanically stable and to retain their separation properties.  The 

permeability data for each VTEC™ membrane (Table T1) and for each 20 wt% NH2-MIL-

53/VTEC™ membrane (Table T2) tested show that, regardless of the membrane thickness, the 

gas separation properties remain similar within each type of membrane, with little variation from 

membrane to membrane at temperatures up to 250 °C.  At temperatures higher than the Tg of the 

polymer (Tg = 275 °C), the MMMs tend to exhibit larger variations in gas permeation but not in 

H2/CO2 selectivity (Table T2), indicating the potential formation of defects at the MOF/polymer 

interface.  At 300 °C, the MMM with the largest thickness (84.6 µm) exhibited a 62% higher H2 
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permeability (H2 = 177 Barrer at 300 °C and 30 bar) than the membrane with the smaller 

thickness (48.8 µm) (H2 = 109 Barrer at 300 °C and 30 bar), signaling the potential formation of 

defects.  Figure 9c,d also shows that the membranes (VTEC™ and MMM) exhibit a non-linear 

increase in H2 and CO2 permeability with increasing temperature that is mostly independent of 

the pressure even at temperatures above the Tg of the polymer.  Remarkably, the observed 

permeabilities of H2 and CO2 at 5, 15, and 30 bar at a given temperature have little variation 

between measurements (Figure 9, Table 1).  Ideal selectivities, however, exhibit a small increase 

with increasing pressure probably due to compaction of the membranes (Figure 9a,b).  Higher 

pressures induce a tighter packing of the polymer chains, making the membrane more selective 

to H2.  A comparison of the H2 permeability at 30 bar and 300 °C for the MMM to that of the 

pure polymer is shown in Table 1.  The permeability for the MMM (144 Barrer) is 70% larger 

than the permeability for the polymer (85 Barrer), indicating that the presence of the MOF in the 

MMM improves the polymer’s performance.  The increased H2 permeability of the MMM 

suggests that the NH2-MIL-53 may be diluting the polymer and also increasing the diffusivity of 

the gases in the membrane by incorporating uniform diffusional channels since the pores of the 

MOF are accessible to gas molecules according to the results obtained from gas adsorption 

(Figure 6a,c).  A similar improvement for the ideal selectivities of the MMMs versus the 

polymer is evident in Figure 9a,b.  The data show that the MMM suffers a small decrease in 

H2/CO2 ideal selectivity at 30 bar from 7.0 (35 °C) to 5.8 (300 °C), but remains above Knudsen 

selectivity (4.7).  The ideal H2/CO2 selectivity for the pure polymer decreases from 6.0 (35 °C) to 

4.0 (300 °C), making the MMM 45% more selective at 300 °C than the pure polymer.  The 

results suggest that the MOF imparts mechanical stability to the MMM at temperatures above the 

polymer’s Tg by restricting chain mobility.  The performance of the membranes under the 
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conditions of pressure and temperature used in this work suggest that the VTEC™ membranes 

and corresponding MMMs have the potential to perform gas separations at high pressure and 

high temperature due to the affinity of the polymer for the MOF as well as to the thermal and 

chemical stability of the materials used in the preparation of the MMMs. 

 

3.3.2 Gas mixture 

 Although pure gas permeation data help to understand the separation properties of 

membranes as well as their limitations, the separation of gas mixtures under industrially relevant 

conditions presents a more realistic scenario to uncover the potential challenges (e.g., membrane 

plasticization, concentration polarization, poisoning of sorption sites by impurities in the feed, 

chemical stability, etc.) that MMMs may need to overcome to be commercially viable.  VTEC™ 

(20.0 µm) and 20 wt% NH2-MIL-53/ VTEC™ (50.6 µm) membranes were tested at 250 °C and 

30 bar with 50/50 H2/CO2 mixtures to mimic real world conditions in order to reveal the 

improved properties and potential weaknesses of the MMMs for applications that may require 

high pressure and high temperature conditions, such as the water-gas shift reaction.  The data in 

Table 2 show that the selectivity of the VTEC™ and the 20 wt% NH2-MIL-53/VTEC™ 

membranes to the 50:50 H2/CO2 mixture (Figure 10) with a stage cut of 1 differ mainly due to 

the strong CO2 concentration polarization on the surface of the VTEC™ membrane.  This 

resulted in a decrease in the H2/CO2 selectivity to 2.9 from an ideal selectivity of 8.1.  In 

contrast, the MMM suffered less CO2 concentration polarization and retained a H2/CO2 

selectivity of 4.4, albeit lower than the ideal selectivity of 8.3 observed under the same 

conditions (Table 1).  Concentration polarization is an unavoidable consequence of the 

separation of two species from a mixture that can be minimized by the removal of the retentate.  
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To remove the retentate, the feed is supplied at the surface of the membrane at a controlled rate 

to force the retentate out of the cell thereby exposing the membrane to a constant feed 

composition.  To facilitate the removal of the retentate, the original test cell was modified [29] to 

force the feed to sweep the retentate out of the cell by reducing the volume between the 

membrane and the flange.  This configuration proved to be effective in recovering the selectivity 

of the membranes, but at the expense of reduced recovery.  In the case of the VTEC™ membrane 

and the MMM, when the stage cut was systematically reduced from 1 to 0.05 to reduce 

concentration polarization, the H2/CO2 selectivity of the membranes increased nonlinearly until 

reaching a maximum at θ = 0.05, where the selectivities (VTEC™ = 7.2, MMM = 7.5, Table 2) 

were close to their respective ideal selectivities (VTEC™ = 8.1, MMM = 8.3, Table 1).  The 

results confirm that the VTEC™ membrane and the MMM were stable to high pressure and high 

temperature conditions.  Our results also show that relatively low permeable membranes may not 

be immune to concentration polarization effects when tested for gas mixture separations and that 

selectivity values may need to include stage cut values for their evaluation.   

 To compare the performance of the MMM tested in this work, the selectivity and 

permeability data of VTEC™ and the MMM were plotted in a log-log plot (Figure 11).  The 

results show that at 35 °C the performance of VTEC™ and the MMM lies below the Robeson’s 

upper bound [67] (not shown).  Figure 11 also shows that the performance of the membranes 

improves when tested at temperatures higher than 35 °C with pure gases and gas mixtures, as is 

shown by the increase in both permeability and selectivity.  The improved performance of 

VTEC™ and the MMM with the increasing testing temperature is consistent with a model that 

predicts the upper bound for H2/CO2 separations at high temperatures [68, 69].  Interestingly, the 

MMM outperformed the polymer with increased ideal and gas mixture H2/CO2 selectivity at all 
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temperatures even those above the Tg of the polymer.  These results show that the VTEC™ and 

NH2-MIL-53/VTEC™ membranes have the potential to be used in high temperature and high 

pressure H2/CO2 separations (e.g., WGSR) since they exhibit improved selectivity as well as 

mechanical stability at pressures up to 30 bar and at temperatures up to 300 °C [12].   

 Since no other MOF-based MMMs have been tested at conditions similar to the high 

pressures and high temperatures used in this work [36, 37], we have compared our NH2-MIL-

53/VTEC™ MMM results with those of other polymer membranes for the H2/CO2 separation.  

PBI, one of the most studied polymers, has a H2/CO2 mixture separation that ranges from 20 at 

200 °C to 3 at 300 °C.  Unfortunately, this polymer has low H2 permeability (11 Barrer at 300 

°C), which limits its industrial application [70].  Other high Tg polymers include Matrimid® and 

6FDA derivatives, but they exhibit low H2/CO2 selectivities between 1 and 4 that are also not 

appealing for industrial applications [71].  Their MMMs also do not exhibit improved H2/CO2 

separations and have not been tested with H2/CO2 mixtures at the conditions used in this work 

[71].  Compared to pure 6FDA polymers, diamine cross-linked 6FDAs also have improved 

H2/CO2 separations, but at temperatures less than 150 °C due to the instability of the amide bond.  

At temperatures greater than 150 °C, the selectivity reverts to that of the non-cross-linked 

polymer [72, 73].  For example, upon cross-linking, the H2/CO2 mixture separation for 6FDA-

durene membranes and ZIF-71/6FDA-durene MMMs both increased at 35 °C, from 0.1 (6FDA-

durene, H2 = 86 Barrer) to 22 (6FDA-durene cross-linked with tris-(2-aminoethyl)amine or 

TAEA, H2 = 287 Barrer) and to 51 (10 wt% ZIF-71/6FDA-durene cross-linked with TAEA, H2 = 

267 Barrer) [74].  However, due to the low thermal stability of the amide bond formed during 

cross-linking, the MMM could not be tested at higher temperatures. 
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 A comparison of the H2/CO2 separation properties of the MMMs in this work with the 

properties of inorganic membranes under similar conditions shows that the MMMs compete 

favorably with some of the inorganic counterparts, with some exceptions.  In a recent review that 

compares MOF membranes with molecular sieve membranes [75], H2/CO2 separations 

performed with several zeolite membranes showed that these membranes have not yet achieved 

the required robustness for industrial applications.  Owing to the difficulty in preparing defect-

free zeolite membranes on porous supports, chemical vapor deposition (CVD) and catalytic 

cracking deposition (CCD) of silanes have been used to plug large intercrystalline defects and to 

reduce the pore size to increase selectivity.  MFI membranes subjected to post-synthesis CCD 

exhibited improved H2/CO2 separation properties at 450 °C and 1.5 bar from 5 to 19 and, in 

some cases, up to 100 at the expense of reducing gas permeance by an order of magnitude.  The 

limitations for the industrial application of zeolite membranes subjected to CVD or CCD, 

however, are the expensive equipment, the difficulty in scaling up the fabrication process, and 

the pore densification that makes uncertain the long term stability of the membranes [75].  Other 

zeolite membranes, like ZSM-5, were also tested at temperatures of up to 400 °C and 3.9 bar 

with dry and wet H2/CO2 mixtures but showed low H2/CO2 selectivities of 3.5 [75].  In another 

study, sulfur-doped sodalite membranes showed thermal stability to 300 °C and ideal H2/CO2 

selectivities of 5.9.  Despite the small pore size (0.29 nm) [76], the membranes did not increase 

significantly their separation properties when compared to VTEC™ or PBI membranes.  Silica 

membranes also exhibited good H2/CO2 separation factors when doped with 17-33% Nb or 

Pd/Co, achieving separation factors from 10 to 1500 [77], but the poor hydrothermal stability of 

the silica membranes is still a limitation for their large scale application.  MOF membranes also 

show a wide range of H2/CO2 selectivities, from 6.5 to 13.6 for ZIF-7 (200 °C), 3.3 to 15.5 for 
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ZIF-8 (25 °C), 7.3 to 20 for ZIF-90 (200 °C), and 25 for ZIF-95 (325 °C) [77, 78], but these 

membranes are still under development and face the same challenges as zeolite membranes for 

their implementation in industrial gas separations.  Therefore, it can be seen that MOF-based 

MMMs present an alternative to inorganic or MOF membranes for industrial gas separations 

since, according to the results presented in this work, the MOF/polymer interface could be strong 

enough to retain the mechanical properties of the polymer and to prevent the formation of defects 

in the membrane at high pressures and high temperatures. 

 

 

4. CONCLUSIONS 

By testing membranes of different thicknesses with pure gases and gas mixtures, this 

work demonstrates the applicability of MMMs for gas separations at pressures up to 30 bar and 

at temperatures up to 300 °C.  Thermomechanical analysis and gas separation data provided 

evidence of the mechanical stability of the MOF/polymer interface under these conditions.  By 

observing identical Tg values for the polymer and the MMM, and by measuring similar 

permeabilities and selectivities between the membranes of different thicknesses, it was 

demonstrated that the gas separation properties of the membranes are free of interference from 

leaks or defects that could have arisen during permeation experiments at high pressure and high 

temperature.  The data also show that a stable MOF/polymer interface existed for the separation 

of gas mixtures at high pressure and high temperature with an improved performance.  These 

properties, complemented with gas adsorption data of the MMMs, suggest that the MOF 

increases gas diffusion in the membranes at the loading of 20 wt% and that the polymer is the 

continuous phase that performs most of the separation.  It can then be concluded that to 
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overcome the polymer’s gas separation properties, a higher MOF loading may be required that 

would shift the separation properties of the MMM from the polymer’s to the MOF’s.  This work 

also shows that the membrane stage cut may have a large impact on the separation properties of 

relatively low permeable membranes to gas mixtures, an experimental parameter that may need 

to be addressed in future gas mixture separations. 
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FIGURES AND TABLES 

   

 

Figure 1. Structure of NH2-MIL-53 in the narrow pore form calculated using Diamond 4 [45] and 

the crystallographic data in [42]: a) unit cell viewed in the c direction showing the available 

volume in the pore (yellow sphere) and b) supercell showing the 0.6 x 1.7 nm channels in the c 

direction. 
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Figure 2. Representation of stage cut (θ) to reduce concentration polarization: QR = retentate 

purge rate, QP = flow rate across the membrane, QF = feed rate = QP + QR. 
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Figure 3. SEM images of NH2-MIL-53 crystals: as-synthesized (a) and activated (b). 
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Figure 4. NH2-MIL-53 theoretical (red) XRD patterns calculated using Diamond 4 [45] and the 

crystallographic data in [42, 52]: a) large pore, b) narrow pore, c) closed pore; NH2-MIL-53 

experimental (black) XRD patterns: d) NH2-MIL-53, e) NH2-MIL-53 after HPVA, f) 20 wt% 

NH2-MIL-53/VTEC™ MMM, g) 20 wt% NH2-MIL-53/polysulfone, h) NH2-MIL-53 recovered 

from 20 wt% NH2-MIL-53/polysulfone MMM, i) NH2-MIL-53 after dispersion in acetic acid 

and drying at 300 °C. 
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Figure 5. ATR-FTIR spectra of activated narrow pore NH2-MIL-53 (a), 20 wt% NH2-MIL-

53/VTEC™ MMM at 300 °C (b), 150 °C (c), 70 °C (d), and VTEC™ at 300 °C (e), 150 °C (f), 

and 70 °C (g).  
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Figure 6. Gas sorption isotherms of CO2 (solid symbols) and H2 (open symbols) at high pressure 

and high temperature in NH2-MIL-53 (a), VTEC™ (b), and 20 wt% NH2-MIL-53/VTEC™ 

MMMs (c).  (●, ○) = 35 °C, (♦, ◊) = 100 °C, (▲, ∆) = 200 °C, (■, □) = 300 °C).  CO2 sorption 

isotherms in Matrimid® 5218 (dotted lines) at 35 °C (●) and 70 °C (♦) [39] are shown for 

comparison in (b). 
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Figure 7. Optical and SEM images of a VTEC™ membrane and a 20 wt% NH2-MIL-53/VTEC™ 

MMM.  VTEC™: a) optical image, b) and c) cross-sections at low and high magnification, 

respectively.  20 wt% NH2-MIL-53/VTEC™ MMM: d) optical image, e) and f) cross-sections at 

low and high magnification, respectively. 
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Figure 8. Dynamic TMA of VTEC™ (left) and a 20 wt% NH2-MIL-53/VTEC™ MMM (right) 

showing storage modulus (a), dimension change (b), and tan δ (c) variations with temperature 

increments. 
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Figure 9. Ideal gas selectivity and permeability (H2 solid, CO2 open symbols) dependence on 

pressure and temperature for VTEC™ (a, c) and for 20 wt% NH2-MIL-53/VTEC™ MMMs (b, d).  

(■, □) = 5 bar, (▲, ∆) = 15 bar, (●, ○) = 30 bar. 
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Figure 10. H2/CO2 selectivity from a 1:1 H2/CO2 mixture for a 20 wt% NH2-MIL-53/VTEC™ 

MMM (●) and a VTEC™ (■) membrane.  Membranes were tested at 30 bar and 250 °C.  
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Figure 11. Log-log plot showing the performance of VTEC™ and 20 wt% NH2-MIL-53/VTEC™ 

membranes at 30 bar and from 35 °C to 300 °C with pure gases (■ = VTEC™, ● = MMM) and 

with a 1:1 H2/CO2 mixture at θ = 0.05 and 250 °C (∆ = VTEC™, ◊ = MMM). 
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Table 1. Pure gas permeability (Barrer) and ideal selectivity (average of 2 membranes) for 

VTEC™ and 20 wt% NH2-MIL-53/VTEC™ MMMs from 35 °C to 300 °C at 5, 15, and 30 bar.  

Temperature Pressure 
VTEC™  

(Thicknesses: 10.2 and 12.6 µm) 
  

20 wt% NH2-MIL-53/VTEC™  

(Thicknesses: 48.8 and 84.6 µm) 

(°C) (bar) H2 CO2 H2/CO2   H2 CO2 H2/CO2 

35 

5 5.0 ± 0.7 1.0 ± 0.1 5.0 ± 0.1   5.4 ± 0.1 1.0 ± 0.1 5.4 ± 0.1 

15 4.7 ± 0.4 0.8 ± 0.1 5.8 ± 0.5  5.3 ± 0.2 0.8 ± 0.1 6.5 ± 0.1 

30 4.5 ± 0.3 0.7 ± 0.1 6.0 ± 0.7   5.1 ± 0.3 0.7 ± 0.1 7.0 ± 0.1 

100 

5 13.9 ± 0.3 2.5 ± 0.3 5.5 ± 0.5  15 ± 1 2.9 ± 0.1 5.2 ± 0.3 

15 13.3 ± 0.7 2.3 ± 0.3 5.8 ± 0.5  15 ± 1 2.6 ± 0.1 5.7 ± 0.4 

30 12.6 ± 0.4 2.0 ± 0.2 6.3 ± 0.4   15 ± 1 2.3 ± 0.1 6.5 ± 0.4 

200 

5 42.7 ± 0.2 7.4 ± 0.8 5.8 ± 0.6   47 ± 6 7.5 ± 0.4 6.3 ± 0.5 

15 42.8 ± 0.1 6.7 ± 0.4 6.4 ± 0.4  48 ± 5 7.0 ± 0.5 6.9 ± 0.3 

30 42.8 ± 0.6 6.5 ± 0.6 6.6 ± 0.5   48 ± 6 6.3 ± 0.8 7.6 ± 0.1 

250 

5 67 ± 3 9.2 ± 0.9 7.3 ± 0.5   91 ± 3 11.8 ± 0.6 7.7 ± 0.1 

15 69 ± 3 9.0 ± 0.9 7.7 ± 0.5  91 ± 3 11.3 ± 0.7 8.1 ± 0.2 

30 71 ± 3 8.7 ± 0.9 8.1 ± 0.5   91 ± 4 11.0 ± 0.7 8.3 ± 0.2 

300 

5 86 ± 6 21.7 ± 0.9 4.0 ± 0.1  157 ± 61 27 ± 8 5.7 ± 0.5 

15 82 ± 8 21.4 ± 0.1 3.8 ± 0.4  149 ± 56 26 ± 6 5.7 ± 0.9 

30 85 ± 4 21.2 ± 0.1 4.0 ± 0.2   144 ± 48 25 ± 7 5.8 ± 0.4 
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Table 2. H2/CO2 gas mixture separations of VTEC™ and 20 wt% NH2-MIL-53/VTEC™ 

membranes with a 50/50 H2/CO2 feed at 250 °C and 30 bar at stage cuts from 0.05 to 1.  

Stage cut H2/CO2 selectivity 

(θ) 
VTEC™

 

(Thickness: 20.0 µm) 

20 wt% NH2-MIL-53/ VTEC™ 

(Thickness: 50.6 µm) 

0.05 7.2 7.5 

0.2 5.1 5.9 

0.4 3.8 5.1 

0.6 3.1 4.9 

1.0 2.9 4.4 
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