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Abstract The gas permeation and separation performance of polycrystalline MFI-type zeolite membranes is strongly dependent on the number and type of intercrystalline pores in its structure. Herein we show that the role of such domains is affected by how a membrane is pretreated before use to remove adsorbed species (e.g. moisture and organics). This ‘pre-treatment’ step appears to be crucial not only to obtain reliable permeation data, but also to improve the membrane separation performance in practical applications. We illustrate this idea by using a collection of tubular nanocomposite MFI-alumina membranes showing different quality for the separation of n-butane/H2 15 mixtures and submitted to different pre-treatment protocols. The influence of each protocol on the final separation performance of the membranes depends on their quality, namely on the density of intercrystalline defects or non-zeolite pores in their structure. Moreover the quality of the support affects the final membrane performance. 10
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1. Introduction The separation performance of polycrystalline zeolite is directly related to the amount of intercrystalline defects they may include. These defects or non-zeolite pores usually consist of mesopores and grain boundaries larger than the zeolite micropores, but can also include pinholes and cracks. The formation of cracks is 30 especially critical in film-like configurations. In this case, the thermal expansion mismatch between the support and the zeolite layer can lead to crack formation during template removal by calcination and further cooling, or to grain boundary opening when operated at elevated 35 temperatures [1-5]. This translates in practice into a low reproducibility, which makes the scale-up of film-like zeolite membranes difficult. In some recent studies, we have shown the potentials of nanocomposite MFI-type zeolite membranes to 40 overcome the above stated thermal limitations [6]. In this concept, the active phase is not made of a film on top of a porous support, but rather embedded into the support pores. Compared to film-like structures, the individual membrane defects, if any, cannot exceed the size of the 45 support pore. Moreover, the active phase is protected by the hard matrix of the support. This limits the formation of long-range stresses and provides higher resistance to thermal shocks. Finally, due to the intimate composite structure at the nanoscale, the thermal behaviour of 50 nanocomposite membranes is different from their film-like counterparts [4,7]. This translates into an improved gas 25 membranes
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separation performance at high temperatures (>400 K). Several techniques have been used for defect characterization in polycrystalline zeolite membranes, 55 including microscopy (e.g. SEM, HRTEM and AFM) [8,9], Hg porosimetry [10] and permporometry [11]. Inspired in this latter technique, we have shown in the past [12] that dynamic desorption of a gas adsorbed beforehand (e.g., water or n-butane) under pressure difference of a 60 non-adsorbing gas (e.g., hydrogen) provides valuable information on the defective structure of a membrane. Single-gas permeance measurements constitute the simplest method for a rapid assessment of the presence of defects in zeolite membranes [13-15]. However, these 65 measurements do not always allow direct a discrimination of intercrystalline domains. The most straightforward and reliable way to characterise large pores is from gas separation. Three different kinds of separations can be used, relying in each case on differences in [1,2]: (1) 70 molecular size (molecular sieving), (2) surface diffusion rate, and (3) adsorption strength. The separation of butane/H2 at low temperature is often used for quality testing as adsorbing/non-adsorbing mixture of gases of different molecular weights [16-19]. In the presence of 75 non-zeolitic crossing pores, H2 will permeate, even if all zeolite pores are occupied by n-butane molecules. Therefore, the low temperature permeate composition can be used as a sensitive indicator of membrane quality. As a matter of fact, any mesoporous defect in the membrane 80 would locally inverse the selectivity (turning to Knudsen mechanism), and reduce the separation factor. Other tests such as molecular sieving-based separations (e.g., N2/SF6) or diffusion-based separations (e.g. n-butane/i-butane) [4] might not be so discriminative, considering that Knudsen-
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defects can either show some separative efficiency (N2/SF6), or be neutral (n-butane/i-butane). The low temperature n-butane/H2 separation is so sensitive that different laboratories have reported different



separation factors on the very same material. This suggests role of adsorbed species in grain boundaries, either blocking [20] or promoting [12] the permeation of the non-adsorbing species (H2 in this case). Looking more
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Table 1. Pre-treatment methods prior to gas separation experiments in MFI-type zeolite membranes Pre-treatment Method



(a) In situ heating



(b) In situ heating under inert gas flow



(c) In situ heating under vacuum



(d) Storage a



Tmax [K] / time [h]



Butane separation



420 / 2



-



n-C4H10/i-C4H10



[21]



673 / 4



-



n-C4H10/H2 H2/i-C4H10 n-C4H10/i-C4H10



[22]



673 / 4



-



n-C4H10/i-C4H10



[23]



753 / 4-8



-



N2/n-C4H10



[24] a



553 / 8



-



n-C4H10/CH4 n-C4H10/i-C4H10



[25] b



673 / 6



N2 flow (20 NmL·min-1)



n-C4H10/H2



[6] c



673 / 6



N2 flow (20 NmL·min-1)



n- C4H10/H2



[13] c



623 / overnight



He flow (100 NmL·min-1)



n-C4H10/H2 H2/i-C4H10 n-C4H10/i-C4H10



[26]



573 / 4



Air flow



n-C4H10/i-C4H10



[27]



753 / 8



He flow (50 NmL·min-1)



n-C4H10/i-C4H10



[28]



573 / overnight



He flow



n-C4H10/i-C4H10



[29]



543-673 / 2



N2 or He flow



n-C4H10/i-C4H10



[30]



500 / 16



He flow



n-C4H10/i-C4H10



[31] a



473 / -



He flow (100 NmL·min-1)



n-C4H10/H2 n-C4H10/i-C4H10



[32]



623 / overnight



He flow (100 NmL·min-1)



n-C4H10/H2 H2/i-C4H10 n-C4H10/i-C4H10



[33]



473 / -



He flow (100 NmL·min-1)



n-C4H10/i-C4H10



[34] a



453 / -



He flow



n-C4H10/i-C4H10



[35] b



373 / 12



Air flow



n-C4H10/i-C4H10



[36] b



373 / 8



He flow (30 NmL·min-1)



H2/i-C4H10 n-C4H10/i-C4H10



[37] d



458 / -



Vacuum



n-C4H10/i-C4H10



[38]



433 / overnight



Vacuum



n-C4H10/i-C4H10



[39]



423 / 16



Vacuum (10-3 mbar)



n-C4H10/i-C4H10



[40]



393 / 16



Vacuum (10-4 mbar)



CH4/i-C4H10 H2/i-C4H10 n-C4H10/i-C4H10



[16] b



373 / -



Storage in oven



H2/i-C4H10



[41]



-



Storage at room T under vacuum



n-C4H10/i-C4H10



[42]



Only ideal selectivities are reported Synthesis without template c Nanocomposite membrane d Treatment with an O3/O 2 mixture (50 ppm) at 473 K for 30 min was also used instead of calcination b
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carefully into this problem, we present here some evidence of the influence of the desorption step applied to MFI 95 membranes synthesised in our laboratory on their further gas separation performance. Indeed, this ‘pre-treatment’ procedure, if any, varies quite a lot in the literature. A comprehensive list of reported protocols for membrane pre-treatment before gas permeance and separation 100 measurements together with some heating conditions is provided in Table 1. In general terms, these pre-treatment protocols can be classified in four main groups: (a) in situ calcination in air, (b) heating in the permeation under an inert gas flow, (c) heating under vacuum, and (d) simply 105 storage at room temperature in an oven or at ambient temperature under vacuum. As can be seen, most pretreatment protocols involve heating the membrane under a He or N2 stream for a given time. However, only few authors have subjected the permeation module to 110 evacuation using vacuum pumping upon heating. This paper is intended to study the influence of the pretreatment protocol (cf. Table 1) on the pure gas permeance and separation factors of MFI-type zeolite membranes.! Moreover, we will explore how this influence depends on 115 membrane quality. Another part of this paper is devoted to study the influence of support quality on the final composite membrane performance, both on the single gas permeance and the gas mixture separation. 120



2. Experimental 2.1. Membrane supports The membranes were prepared on porous asymmetric long tubular supports with 7 mm i.d. and 10 mm o.d. provided by Pall Exekia (Membralox T1-70). These supports consisted of three α-alumina layers (see Fig. 1) with average pore size and thickness decreasing from the outer to the inner side of the tube. Both ends of the 130 supports were enamelled (1 cm at each side) to define a permeation length of 13 cm and an active surface of 0.28 cm2 and to tighten carbon o-rings during gas transport measurements. 125 15-cm



displacement. In this test, the membranes were mounted in dead-end configuration using flat gaskets pressed onto the enamelled tube-ending cross-section, and then immersed 145 in an ethanol bath for at least 24 h to ensure that all the pores were completely filled by the solvent. The bubble test was initiated by introducing dry N2 into the open side of the tubes in dead-end mode, keeping them immersed in ethanol, and measuring the N2 flow rate. 150 The N2 pressure was then increased by 5-min steps to liberate ethanol from smaller pores, leading to an increase of N2 permeance. The pressure at which the first bubble was observed, characterized by the appearance of N2 permeance (see Fig. 2), allowed the determination of the 155 largest through-pore of the support according to Laplace law (Eq. 1) "P =



4# cos($) d



(1)



where d is the largest pore size, γ is the surface tension of the solvent (23 mN.m-1 for ethanol at room temperature), θ 160 is the contact angle (0° for a perfect wetting liquid, the case of ethanol on γ-alumina), and ΔP is the first bubble relative pressure. A further increase of the permeating gas flow with the applied pressure allowed a relative comparison of tubes of 165 similar structure, with regards to the importance of subsequent smaller defects in the support top layer. In this way, the N2 flux at 303 kPa was taken as an indication of support quality as mentioned in a previous paper [6]. Let us underline that this analysis is much more severe than 170 what is needed for the strict commercial applications of this type of tubes. After the tests, the supports were rinsed in distilled water for 30 minutes and dried in an oven overnight (1416 h) at 120°C. The supports were then cooled down to 175 room temperature. Only supports showing a 3 bar flux 
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