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Abstract

:

The most widely used method to measure the transport properties of dense polymeric membranes is the time lag method in a constant volume/pressure increase instrument. Although simple and quick, this method provides only relatively superficial, averaged data of the permeability, diffusivity, and solubility of gas or vapor species in the membrane. The present manuscript discusses a more sophisticated computational method to determine the transport properties on the basis of a fit of the entire permeation curve, including the transient period. The traditional tangent method and the fitting procedure were compared for the transport of six light gases (H2, He, O2, N2, CH4, and CO2) and ethane and ethylene in mixed matrix membranes (MMM) based on Pebax®1657 and the metal–organic framework (MOF) CuII2(S,S)-hismox·5H2O. Deviations of the experimental data from the theoretical curve could be attributed to the particular MOF structure, with cavities of different sizes. The fitting procedure revealed two different effective diffusion coefficients for the same gas in the case of methane and ethylene, due to the unusual void morphology in the MOFs. The method was furthermore applied to mixed gas permeation in an innovative constant-pressure/variable-volume setup with continuous analysis of the permeate composition by an on-line mass-spectrometric residual gas analyzer. This method can provide the diffusion coefficient of individual gas species in a mixture, during mixed gas permeation experiments. Such information was previously inaccessible, and it will greatly enhance insight into the mixed gas transport in polymeric or mixed matrix membranes.
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1. Introduction


Membranes-based separation processes are used in several industrial applications and are emerging in many more [1,2]. They are promising techniques for the treatment of large volumes of gaseous streams required for the CO2 capture from flue gas and bio/natural gas upgrading [3,4]. However, their exploitation is hindered by the trade-off between permeability and selectivity which does not allow the fabrication of membranes with very high productivity and high purity of the final products [1,5,6,7]. To overcome this limit, the concept of mixed matrix membranes (MMMs) has been introduced, where the transport properties of highly engineered microporous materials (e.g., metal–organic frameworks—MOFs) is exploited as a filler in processable and stable polymers [8]. In the last years, several MMM preparation protocols have been reported, from the dispersion of the fillers in the polymer matrix [9,10,11] to their in situ growth on the membrane surface [12,13]. In general, the gas transport properties of the MMMs are measured with the same techniques used for dense membranes, and several models can be used to describe the influence of the filler, such as the Maxwell model, the Higuchi model, the Landauer model, and the effective medium theory [14]. Previous studies have reported that they give similar results [15,16]; the one most commonly used is the Maxwell model due to its simplicity [17,18]. The Maxwell model estimates the effective permeability of a mixed matrix membrane, PMMM, as a function of the gas permeability in both the continuous polymer matrix, Pc, and the dispersed filler, Pd [19]:


   P  M M M   =  P c   |     P d  + 2  P c  − 2  Φ d   (   P c  −  P d   )     P d  + 2  P c  +  Φ d   (   P c  −  P d   )     |   



(1)




where    Φ d    is the volume fraction occupied by the filler. Thus, the Maxwell model predicts an increase of the permeability if Pd > Pc and a decrease if Pd < Pc. The minimum and maximum limits are given by Pd = 0 and Pd ≈ ∞, which correspond to impermeable fillers and empty voids, respectively.



Transport of gases in dense membranes is described by the so-called solution-diffusion model [20,21]. One of the most commonly used techniques for the determination of the permeability of dense membranes is the so-called time lag method [20,21,22], in which a membrane is fixed in a permeation cell with two separate compartments (feed and permeate). After complete evacuation of the membrane for a sufficiently long time, it is suddenly exposed to the gas of interest, from the feed side of the membrane cell, after which the pressure is recorded in the permeate side with constant volume. A typical curve can be divided into three distinct regions (Figure 1): in the penetration region, the gas is absorbed at the feed side of the membrane and it starts diffusing across the thickness of the film, but it does not reach the permeate side; in the transient region, the first gas molecules start desorbing from the membrane at the permeate side, and the rate gradually increases until it becomes constant. These two phases are related to the diffusion coefficient, D. Finally, in the stationary state, which is used to determine the permeability coefficient, P, a constant flux across the membrane takes place. If Fickian diffusion takes place, and the solubility of the gas and its diffusion coefficient in the polymer are both constant, then the diffusion coefficient can be determined from the membrane thickness, l, and the time lag, Θ, which is the intersection of the tangent to the steady-state permeation curve and the horizontal axis (Figure 1), allowing the determination of the diffusion coefficient as follows:


  D =    l 2    6 Θ    



(2)







Knowing P and D, the solubility coefficient, S, can be calculated as:


  S =  P D   



(3)







Different methods have been developed for the determination of the permeability of membranes. The most common method for single gases is the analysis of the pressure increase in a previously evacuated closed permeate chamber after exposure of the membrane to the gas [20,21,22], as described above. Alternatively, the permeate side can also be a different gas instead of a vacuum, as in the original method of Daynes, proposed a century ago [23]. The most important method for gas mixtures is the measurement of the permeate gas flow rate in a system with a cross-flow membrane cell, either directly via a flow meter, or indirectly via the concentration of the gas in a carrier stream, for instance by gas chromatography. In the simplest cases of Fickian diffusion and a constant gas solubility, analytical solutions exist for the description of the permeate pressure or the permeate concentration as a function of time, from the very first exposure of the membrane to the gas until the steady-state permeation. Analysis of the entire curve, including the transient behavior, allows the determination not only of the permeability, but also of the diffusion coefficient and the solubility. This method is much more powerful than the tangent method for analysis of P and D, and any deviation of the points from the fitted model curve based on Fickian diffusion unambiguously indicates non-ideal behavior [24,25,26,27]. For instance, Follain et al. demonstrate how the permeation curve changes in the case of a concentration-dependent diffusion coefficient [28], while Favre et al. calculated the expected effect of an imperfect upstream pressure increase on the permeation transient [29].



Beckman et al. give a concise overview of the different methods to determine the permeability and diffusion coefficients via analysis of the integral, differential or pulse signal for transient permeation [30,31]. The use of functional scales may reveal the deviation of the permeation transient from normal Fickian behavior, for instance in the case of vapor permeation in polyvinyltrimethylsilane (PVTMS) [32]. Although the integral method, i.e., the permeate pressure is reported as a function of time, is by far the most commonly used method to determine the diffusion coefficient [23], the differential method, i.e., the permeate flow rate is reported as a function of time, first proposed by Yasuda and Rosengren [33], offers advantages in some cases. One of the advantages of the differential method is that it can be applied for the analysis of gas mixtures in a cross-flow cell configuration, provided that a suitable continuous gas analyzer is used [34].



The scope of this work is to give a brief overview of the methods for the analysis of the entire permeation curve, and then some examples of the computation of the desired transport parameters. More precisely, we aim to compare the integral method (or time lag method) and the differential method, and to demonstrate how the direct analysis of the entire permeation curve helps to identify and quantify anomalous transport phenomena, for example related to the presence of highly sorbing MOF fillers in a polymeric matrix. We will show one of the first examples of how mass-spectrometric analysis of the permeate gas composition allows the calculation of the diffusion coefficient of each of the individual gas species in a mixture during a mixed-gas permeation experiment.




2. Materials and Methods


2.1. Materials and Membrane Preparation


The poly(ether-amide) multi-block copolymer Pebax®1657 was kindly supplied by Arkema (Italy). The chiral three-dimensional metal–organic framework (MOF), CuII2(S,S)-hismox·5H2O (where hismox = bis[(S)-histidine]oxalyl diamide [35]; Figure 2b) was prepared as described previously [36]. Ethanol was purchased from VWR and used without further purification. All the light gases for the permeation tests (He, H2, CO2, CH4, N2, and O2) were supplied by Sapio (Monza, Italy) at a minimum purity of 99.9995%. C2H4 and C2H6 were supplied by Siad (Bergamo, Italy) at a minimum purity of 99.995%.



The Pebax®1657 was dissolved in a water/ethanol mixture (30/70 wt%) at a concentration of 8 wt% of polymer under reflux (approximately 80 °C). Then, the CuII2(S,S)-hismox·5H2O was added to the polymer solution with a Polymer/MOF weight ratio of 5:2, which corresponds to 22 vol% of MOF. The resulting dispersion was stirred overnight and then cast into a levelled Teflon petri-dish, and left to evaporate at room temperature and atmospheric pressure until the formation of the dense self-standing Pebax®1657/CuII2(S,S)-hismox mixed matrix membrane. The membrane was further dried at 80 °C overnight to guarantee complete evaporation of residual solvent and removal of coordinated water from the MOF. The detailed membrane preparation procedure was described previously [36].




2.2. Gas permeation Tests


Single gas permeation measurements were performed at 25 °C and at feed pressures ranging from 0.1 bar to 1 bar on a constant volume/pressure increase instrument, desigend by Helmholz Zentrum Geesthacht, and constructed by EESR (Geesthacht, Germany).



Mixed gas permeation measurements were performed on a custom-made variable volume/constant pressure instrument in a cross-flow cell with argon as the sweeping gas. The permeate composition is measured continuously by means of a mass-spectrometric residual gas analyzer (HPR-20 QIC Benchtop residual gas analysis system, Hiden Analytical). Measurements were performed at high feed flow rates and relatively high sweep flow rates at a low stage cut, near 1% or lower, and a negligible partial pressure in the permeate, in order to avoid polarization phenomena.



Details of both methods, the instrument specifications, and the calibrations were described previously [34,37].



2.2.1. Data Analysis by the Tangent Method for Both Instruments


The type of permeation curve displayed in Figure 1 can be expressed algebraically by the following equation, derived from Fick’s first and second laws:


   p t  =  p 0  +    (    d p   d t    )   0  t +   R T    V p   V m    A l  p f  S  (    D t    l 2    −  1 6  −  2   π 2      ∑  1 n       (  − 1  )   n     n 2    e x p  (  −   D  n 2   π 2  t    l 2     )   )   



(4)




where pt is the permeate pressure at time t, p0 is the permeate pressure at the starting of the measurement, (dp/dt)0 is the baseline slope, which is related to the eventual presence of micro-defects in the membrane or leaks in the system, R is the universal gas constant, T is the absolute temperature, Vp is the permeate volume, Vm is the molar volume of the penetrant gas in standard conditions, A is the exposed surface area of the membrane, l is the thickness, pf is the feed pressure, S is the solubility coefficient, D is the diffusion coefficient.



Considering that in the stationary state the exponential term tends to zero, the starting permeate pressure is close enough to zero, i.e., p0 = 0, and the use of a defect-free and a leak-proof instrument, i.e., (dp/dt)0 = 0, Equation (4) can be highly simplified:


   p t  =   R T    V p   V m      A  p f  S D  l   (  t −    l 2    6 D    )   



(5)







Thus, assuming the validity of solution-diffusion model, the permeability can be calculated from the slope of the stationary part of the curve in Figure 1 by:


  P =    V P   V m  l   R T A  p f      d p   d t    



(6)







In the case of a membrane with pinhole defects or in the case of minor leaks in the instrument, the two parameters p0 and (dp/dt)0 may not be negligible, and Θ must be calculated from the intersection of the tangent to the stationary state and the tangent to the initial part of the permeation curve, which acts as the baseline. Since the variable volume/constant pressure instrument does not measure the total permeate pressure, but the concentration or the partial pressure of the permeating gas, this signal must first be integrated to obtain the ‘conventional’ time lag curve [34].




2.2.2. Fitting Method for a Constant Volume/Pressure Increase Instrument


The tangent method can be used without restrictions for polymeric films where no anomalous phenomena occur. In other cases, it can still be used, but the result is an ‘effective’ permeability and an ‘effective’ diffusion coefficient. Instead, in the case of, for instance, vapor transport analysis or gas transport in mixed matrix membranes in which highly sorbing fillers are used, a detailed analysis of the transient region by fitting the entire permeation curve may be needed, and this requires the series expansion of the last term in Equation (4), given by Equation (7):


    ∑  1 n       (  − 1  )   n     n 2    e x p  (  −   D  n 2   π 2  t    l 2     )   



(7)







In this work, the series expansion was conducted until the 25th term and the fitting was performed using the least squares method and the solver function of Microsoft Excel for the calculation of the optimized values for p0, (dp/dt)0, S, and D. The permeability is then calculated as the product of D and S. In case of anomalous transport phenomena, the permeation curve can be described as the sum of multiple, m, coexisting permeation phenomena, each having a different pair of Dm and Sm values [38]:


   p t  =  p 0  +    (    d p   d t    )   0  t +   R T    V p   V m    A l  p f    ∑  1 m   S m   (     D m  t    l 2    −  1 6  −  2   π 2      ∑  1 n       (  − 1  )   n     n 2    e x p  (  −    D m   n 2   π 2  t    l 2     )   )   



(8)








2.2.3. Fitting Method for a Variable Volume/Constant Pressure Instrument


The permeate flow rate as a function of time for dense membranes tested by the variable volume/constant pressure instrument must be described in terms of Fickian diffusion in nonporous polymers, and it follows the derivative of Equation (4)


   φ P  =    (    d V   d t    )   0  + A l  p f  S  (   D   l 2    −  2   π 2      ∑  1 n       (  − 1  )   n     n 2     (  −   D  n 2   π 2     l 2     )  e x p  (  −   D  n 2   π 2     l 2     )   )   



(9)




where the term (dV/dt)0 represents the sum of the contributions of the instrumental leak flow, the flow through pinhole defects, and also for this case, the series expansion was conducted until the 25th term in this work. Fitting was performed using the least squares method and the Excel solver function to obtain the optimized values for (dV/dt)0, S, and D. The permeability is calculated as the product of D and S.






3. Results and Discussion


3.1. Single Gas Transport


The Pebax®1657/CuII2(S,S)-hismox mixed matrix membrane had a thickness of 150 µm, which is thick enough to get a time lag of several hundreds of seconds for the slowest gas species, yet not too thick to get a low signal-to-noise ratio. Figure 3 shows an example of the time lag curves for the membrane with Pebax®1657/CuII2(S,S)-hismox mixed matrix membrane in the constant volume/pressure increase instrument, at feed pressures ranging from 0.1 to 1.2 bar. Qualitatively, it is clear that small and rapidly diffusing gases such as He and H2 show a quick increase in the permeate pressure, and a constant permeation rate is reached within some tens of seconds to not more than 100 s.



On the other hand, for the bulkiest gas, CH4, the permeate pressure starts rising after a much longer time, and a constant permeation rate is not reached before about 5000 s. CO2 shows the steepest final slope, which indicates the highest permeability. This means that even if He and H2 are the faster diffusing gases, the much higher solubility of CO2 leads to an overall higher permeability.



The pure gas transport measurements were evaluated quantitatively, both by the tangent method and by the fitting procedure of the entire permeation curve, yielding the permeability, diffusion, and solubility coefficients of the gases at different feed pressures. On the short time scale of the measurements of H2 and especially He, they have a relatively poor signal-to-noise ratio, which makes the tangent method less accurate. In this case, it is a clear advantage to use the entire permeation curve, including the transient region, and not the first and last few percent of the curves to calculate P, D, and S. The complete overview of the results is reported in Appendix A. The general trends of the data are similar, showing the validity of both methods to determine the effective transport parameters, and this justifies the use of the simple tangent method where no anomalous transport takes place. However, comparing single experiments data for data, the values of P, D, and S are in good agreement for H2, He, O2, and CO2, whereas for CH4, the fit results in an approximately 10%–25% higher diffusion coefficient and a correspondingly lower solubility, while the permeability still corresponds well with both methods. To a lesser extent, the same is observed for N2, especially at low pressure. The correlation between the transport properties determined by the two methods is given in Appendix B. Examples of the fitting curves for CO2, CH4, O2, and N2 are reported in Figure 4 and show that the fitting procedure is unable to describe the curve in the transient region for CH4 (Figure 4d). In particular, the CH4 permeation curve seems to have an unusually quickly rising baseline. Similar differences occur between ethylene and ethane permeation (Figure 5). While Equation (4) accurately describes the permeation of C2H6 in the Pebax®1657/CuII2(S,S)-hismox MMMs (Figure 5a), the permeation curve of C2H4 cannot be fitted satisfactorily (Figure 5b). Most remarkably, the C2H4 diffusion appears to be slower than that of C2H6, which is unexpected on the basis of its smaller dimension (   d  e f f ,    C 2   H 4      = 3.57Å and    d  e f f ,    C 2   H 6      = 3.69Å [39]). In addition, C2H4 shows a poor fit, with an unusually steep initial part of the curve, similar to that of CH4 in Figure 4d. Upon a closer look at the curve, the initial part is similar to a normal time lag curve with much shorter time lag (see insert in Figure 5b). This represents a faster diffusion process than that of C2H6, as would be expected on the basis of their relative sizes.



This fast process is then followed by a much slower process to reach the final steady state. In our previous publication, we observed that CuII2(S,S)-hismox has a much higher affinity for propylene than for propane [36], and this seems to be true also for ethylene vs. ethane. This can be ascribed to sterical factors, related to the remarkable internal void structure of CuII2(S,S)-hismox, with wide triangular voids and narrower voids at the extremities of the triangle, but also to chemical factors. As described previously, CuII2(S,S)-hismox possesses specific binding sites of Cu(II) that can link with the ethylene double bond, which is missing in ethane [36]. The simplest phenomenological explanation is this that the MOF behaves as a sort of reservoir for the permeating gas species, and the higher the sorption capacity, the longer time lag. A similar observation was recently made by Esposito et al. [40] for NiII2{NiII4[CuII2(Me3mpba)2]3}·54H2O in Pebax®1657, with unexpectedly long time lags.



The second explanation is that gases with different sizes and different affinity for the internal voids of the MOF, have access to different sorption sites. Indeed, both C2H4 and C2H6 have access to the relatively large central voids of CuII2(S,S)-hismox, and the diffusion of C2H4 is faster than that of C2H6, in agreement with its smaller size. On the other hand, the narrower channels are only accessible to C2H4, and the higher affinity leads to a higher sorption capacity reflected in a higher solubility, but the slower diffusion coefficient in/into these narrower channels and the higher overall sorption capacity result in a much longer time lag and thus a lower effective diffusion coefficient. Indeed, the permeation of C2H4 can be fitted better using Equation (8) and m = 2, i.e., with two diffusion terms. This means that the ethylene permeation can be mathematically described by a two-step process, one faster and one slower process. This is schematically displayed in Figure 5c,d: the lower dotted line in Figure 5c is the fit of the fastest process (the insert in Figure 5b), and the shaded area is the difference between the fit of the fast process and the overall permeation process, and represents the fully decoupled slower diffusion process. Indeed, it is worth noting that the curve in Figure 5d, which is obtained by subtracting the curve of the first fit (dotted black line in Figure 5c) to the complete permeation curve, has also the shape of an ideal time lag curve for a constant volume/pressure increase instrument and can be fitted to yield independent values of P, D, and S. This is in agreement with the fact that the permeation is a result of two distinct phenomena, both driven by the solution-diffusion mechanism. The power of the here presented computational evaluation of the time lag phenomena is that both processes can be fully decoupled, and this allows the determination of P, D, and S for both processes (Table 1), unlike the tangent method, which provides a single effective permeability and diffusivity.




3.2. Mixed Gas Transport


Figure 6 shows the continuous permeation curve of binary mixtures CO2/CH4 and CO2/N2 in the Pebax®1657/CuII2(S,S)-hismox MMM, including the transient region. These two mixtures are of particular interest since they mimic the compositions of biogas and of flue gas, and the full understanding of the mixed gas transport could lead to breakthrough in the development of novel materials for a drastically improved separation process for these mixtures. The curves in Figure 6 are typical examples of the differential method [31] and, in our case, can be fitted with Equation (9). The trend of N2 in the CO2/N2 mixture and of CO2 in both mixtures is described well with Equation (9), but as with the single gas in Figure 4b, the fit of the CH4 signal is poor and strongly underestimates the experimental trend in the early stage. This behavior is analogous to that described above for ethylene. Apparently, the relatively bulky CH4 molecule easily penetrates into the main channels of the MOF where its diffusion is fast, and its diffusion is much slower in the lateral spaces of the MOF, resulting in the superposition of slow transient process over the fast initial transient. This is clearly demonstrated by the successful two-stage fit of the methane permeation curve, giving a much better overlap of the fitted signal with the experimental permeation curve (Figure 6c,d). There is still some deviation from the experimental and the fitted CH4 curve, most likely because the shape of the CH4 curve is affected by other phenomena, such as the competitive sorption by CO2. During the entire transient period of CO2, its concentration in the membrane increases, and this leads to a stronger competition with sorption of CH4. The effective diffusion coefficient for the various methods is plotted as a function of the squared effective diameter in Figure 7. It must be noted that the diffusion coefficient of all gases is much lower than that in neat Pebax®1657 [41]. Instead, the C2H6 diffusion coefficient, the CH4 diffusion coefficient, and the C2H4 diffusion coefficient calculated for the quick first stage are much closer to the trend for neat Pebax®1657 (for CH4) and even above this trend (for C2H4 and C2H6).



According to the Maxwell model (Equation (1)), this means that the permeability of the dispersed filler is indeed higher than that of the continuous polymer phase in these cases, but the process is dominated by the slower term. The unusually slow overall diffusion has been identified in other systems, where it was attributed to ‘immobilizing adsorption’ [42,43] or specific noncovalent interactions [44]. This shows that for a filler to be effective, high sorption capacity alone is not sufficient and may be even counter-productive, if not accompanied by a proportional increase in the diffusion coefficient in the cavities of the adsorbent.





4. Conclusions


This work presents the comparison of the conventional tangent method and a more sophisticated computational method for the determination of the transport parameters P, D, and S in Pebax®1657/CuII2(S,S)-hismox mixed matrix gas separation membranes, using the fit of the entire permeation curve based on the analytical solution of Fick’s law. Both for the integral method (time lag curve) and the differential method (flow rate curve in a cross-flow permeation cell), the fit of the entire permeation curve provides much more information than the tangent method. For He, H2, N2, O2, CO2, and C2H6, an excellent fit of the experimental data with the integral curve, indicates normal transport with a single effective diffusion coefficient. On the other hand, a poor fit of CH4 and C2H4 can be attributed to anomalous transport with multiple diffusion coefficients in the complex internal voids of CuII2(S,S)-hismox, dispersed in the mixed matrix membranes. This behavior is confirmed for the differential method, when fitting the CH4 curve measured during the permeation of a CO2/CH4 mixture with a cross-flow cell. In particular, the fit of the entire permeation curves allows the identification and quantification of a fast diffusion process through the core of the MOF voids and a slower process related to diffusion in the narrower extremities of the triangle-like voids, where only smaller molecules with high affinity, such as CO2 and C2H4, readily adsorb and slowly diffuse. This means that during the conceptualization of a novel filler, both sorption capacity and diffusion coefficient in the filler’s cavities should be considered, because too high sorption capacity could lead to the counter-productive effects of slowing the diffusion of the targeted molecule. This work also confirms the power of the innovative mixed gas permeation setup with continuous analysis of the permeate composition by an on-line mass-spectrometric residual gas analyzer. Even for complex mixed matrix membranes like in the present work, this instrument can provide the diffusion coefficient of individual gas species in a mixture during mixed gas permeation experiments.
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Table A1. Permeability [Barrer], Θ [s], Diffusion coefficient [10−12 m2 s−1] and Solubility [cm3STP cm−3 bar−1] of the Pebax®1657/CuII2(S,S)-hismox·MMM at 25 °C and different feed pressures [mbar] determined by the tangent and the fitting methods (single Time Lag), as well as their % difference.
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0.35
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1.99

	
4.12

	
2064

	
1.82

	
1.70

	
−1.94
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14.6

	
−14.5




	
H2
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7.73
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7.71

	
53.9

	
69.6

	
0.083

	
−0.24

	
−5.06
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−5.28
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0.020
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1000

	
9.15

	
154

	
24.4

	
0.28

	
9.07

	
142

	
26.3

	
0.26

	
−0.87

	
−7.79

	
7.79

	
−7.14
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Figure A1. Plot of the permeability [Barrer], time lag [s], diffusivity [10−12 m2 s−1] and solubility [cm3STP cm-3 bar−1]- determined by the fitting procedure plotted vs. the values obtained via the tangent method for the following gases: CO2 ( [image: Computation 08 00028 i006]), N2 ( [image: Computation 08 00028 i007]), O2 ( [image: Computation 08 00028 i008]), CH4 ( [image: Computation 08 00028 i009]), H2 ( [image: Computation 08 00028 i010]), He ( [image: Computation 08 00028 i011]). 
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Figure 1. Typical output curve of a time lag measurement performed on a constant volume/pressure increase instrument in a regime where the permeate pressure is negligible compared to the feed pressure. 
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Figure 2. (a) Pebax®1657 molecular structure and (b) perspective views of the porous structures of {Cu2[(S,S)-hismox]}·3CO2 determined by single-crystal X-ray diffraction containing CO2 [36]. (c) Building block of {Cu2[(S,S)-hismox]} showing in more detail the coordination of CO2. 
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Figure 3. Example of typical permeation curves for (a) CO2, (b) CH4, (c) O2, (d) N2, (e) H2, and (f) He in Pebax®1657/CuII2(S,S)-hismox in the pressure range 0.1 to 1 bar at 25 °C in the constant volume / pressure increase instrument. 
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Figure 4. Permeation curve in the Pebax®1657/CuII2(S,S)-hismox·MMM (mixed matrix membrane) at 1.2 bar and 25 °C for (a) CO2; (b) CH4; (c) O2; (d) N2; and their fits in dotted black lines using Equation (4). 
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Figure 5. Permeation curve in the Pebax®1657/CuII2(S,S)-hismox MMM at 1 bar for C2H6 (a) and C2H4 (b) and their fits using Equation (4). Alternative two-stage fit of the permeation curve of C2H4 with the first stage (c) and second stage (d) fits using Equation (8). The shaded area denotes the residuals of the fit of the start of the permeation curve and can be fitted as a typical time lag curve in the second stage. 






Figure 5. Permeation curve in the Pebax®1657/CuII2(S,S)-hismox MMM at 1 bar for C2H6 (a) and C2H4 (b) and their fits using Equation (4). Alternative two-stage fit of the permeation curve of C2H4 with the first stage (c) and second stage (d) fits using Equation (8). The shaded area denotes the residuals of the fit of the start of the permeation curve and can be fitted as a typical time lag curve in the second stage.



[image: Computation 08 00028 g005]







[image: Computation 08 00028 g006 550] 





Figure 6. Permeate flow rate in the variable volume/constant pressure instrument for MMMs based on Pebax®1657/CuII2(S,S)-hismox·using (a) the binary mixture CO2/CH4 (35/65 v/v) and (b) the binary mixture CO2/N2 (15/85 v/v) with the N2 signal displayed as the 5-point moving average for noise reduction. Fits are reported in dotted black lines and are calculated on the rough data using Equation (9). (c) Two-step fit CH4 permeation curve. Figure adapted from [36]. 
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Figure 7. Correlation of the effective diffusion coefficient as a function of the molecular diameter of H2, He, N2, O2, CH4, CO2, C2H4, and C2H6 for neat Pebax®1657 (grey triangle,  [image: Computation 08 00028 i001]) and the Pebax®1657/CuII2(S,S)-hismox MMMs calculated via the tangent method (blue triangle,  [image: Computation 08 00028 i002]) and the fitting procedure (filled circle,  [image: Computation 08 00028 i003]). Filled square symbols ( [image: Computation 08 00028 i004]) indicate the slow term, and open square symbols ( [image: Computation 08 00028 i005]) indicate the fast term of the fit with two different effective diffusion coefficients. 






Figure 7. Correlation of the effective diffusion coefficient as a function of the molecular diameter of H2, He, N2, O2, CH4, CO2, C2H4, and C2H6 for neat Pebax®1657 (grey triangle,  [image: Computation 08 00028 i001]) and the Pebax®1657/CuII2(S,S)-hismox MMMs calculated via the tangent method (blue triangle,  [image: Computation 08 00028 i002]) and the fitting procedure (filled circle,  [image: Computation 08 00028 i003]). Filled square symbols ( [image: Computation 08 00028 i004]) indicate the slow term, and open square symbols ( [image: Computation 08 00028 i005]) indicate the fast term of the fit with two different effective diffusion coefficients.
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Table 1. Permeability [Barrer], Diffusion coefficient [10−12 m2 s−1] and Solubility [cm3STP cm−3 bar−1] of the Pebax®1657/CuII2(S,S)-hismox mixed matrix membrane at 25 °C and 1 bar of feed pressure determined by the tangent and the fitting methods (double Time Lag).
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Tangent Method

	
Fitting Method




	
Gas

	
P

	
D

	
S

	
P1

	
P2

	
D1

	
D2

	
S1

	
S2






	
CH4

	
3.79

	
1.95

	
1.46

	
1.66

	
2.11

	
13.5

	
1.19

	
0.09

	
1.32




	
C2H4

	
14.4

	
0.87

	
12.4

	
6.49

	
7.93

	
15.6

	
0.48

	
0.31

	
12.3
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