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Abstract:



Hydrogen is considered as a real alternative for improving the current energy scenario in the near future and separation processes are a crucial step for the economy of the process in both centralized and distributed production systems. In this context, Pd-based composite membranes appear as an attractive technology trying to reduce the Pd thickness by modifying the commercial supports, mainly formed by metals to fit properly in conventional industrial devices. In most cases, a final calcination step is required and hence, the metallic support can be oxidized. This work analyzes in detail the properties of intermediate layers generated by in-situ oxidation of tubular PSS supports as a crucial step for the preparation of Pd/PSS membranes. The oxidation temperature determines the modification of original morphology and permeability by increasing the presence of mixed iron-chromium oxides as temperature rises. A compromise solution need to be adopted in order to reduce the average pore mouth size and the external roughness, while maintaining a high permeation capacity. Temperature of 600 °C lets to reduce the average pore size from 3.5 to 2.1 μm or from 4.5 to 2.3 μm in case of using PSS supports with 0.1 or 0.2 μm porous media grades, respectively but maintaining a hydrogen permeation beyond targets of United States of America Department of Energy (US DOE). Lower temperatures provoke an insufficient surface modification, while greater values derive in a drastic reduction of permeability. In these conditions, two composite membranes were prepared by ELP-PP, obtaining 14.7 and 18.0 μm thick palladium layers in case of modifying PSS tubes of 0.1 or 0.2 μm media grades, respectively. In both cases, the composite Pd membranes exhibited a hydrogen perm-selectivity greater than 2000 with permeances ranged from 2.83 to 5.84·10−4 mol m−2 s−1 Pa−0.5 and activation energies of around 13–14 kJ mol−1.
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1. Introduction


Hydrogen is considered as a real alternative to improve the energy scenario currently based on fossil fuels, promoting the use of renewable energies in the near future [1,2]. Ideally, water can be split with help of renewable energies to produce hydrogen, generating a very low environmental impact [3,4,5]. However, diverse studies affirm that a transition period will be need before this ideal situation become profitable, using a wide variety of raw materials for both centralized and distributed hydrogen production systems [6,7,8,9,10]. In this context, new routes from waste materials are being widely studied in the last years, considering both solid matter such as biomass [11], plastics [11], tea [12] or industrial municipal wastes [13] and liquids, in example olive mill wastewater [14]. In most of these cases, hydrogen purification is required for particular applications, i.e., combustion engines, turbines or fuel cell systems and Pd-based membranes are suggested as an attractive technology [15,16,17] to be used as independent separator [18,19] or in a membrane reactor configuration [17,20]. These membranes are usually incorporated onto a substrate to reduce the film thickness and simultaneously maintain a suitable mechanical stability [21,22,23]. Only a few works propose the use of relatively thick unsupported films [24,25]. A wide variety of materials has been suggested for the preparation of supported Pd-based membranes, highlighting the porous metals [23,26] and the ceramic ones [18,27]. The properties of supports have a clear influence on the membrane performance, despite an ideal solution is not adopted. In general, ceramic supports with a smooth surface and narrow pore sizes provide a better surface for the membrane preparation [28,29,30] but the limited mechanical resistance and diverse thermal expansion coefficient to that of palladium jeopardize the membrane lifespan [18]. On the other hand, metallic supports present an exceptional mechanical resistance that ensures good sealing and suitable integration in conventional stainless steel devices [31,32], although the rougher surface with relatively large pore sizes hinders the preparation of a thin and free-defect Pd film [31,33]. The incorporation of an additional intermediate layer is one of the most popular alternatives to overcome these problems [34,35,36] and, additionally, it is able to prevent metal interdiffusion processes that could cause a drastic permeation drop when operating at high temperatures [37]. A wide variety of materials has been proposed to be used as intermediate layers, including silica [38,39], ceria [40,41,42], zirconia [22,33,43,44] and micron-sized nickel and alumina slurries [45], among others [37,46,47,48,49]. In most cases, the calcination of the composite system is required in order to obtain the final structure of these materials [40,43] and, consequently, partial oxidation of the support is also produced. Thus, the generation of metal oxides derived from the calcination step is frequent and its evaluation is very important. In fact, it is also suggested the use these metal oxides themselves as an effective intermediate layer [36,50,51]. Thus, Ma et al. [51] proposed and patented a controlled in-situ oxidation of porous stainless-steel supports (PSS) for fabricating Pd-based composite membranes. They affirmed that temperatures higher than 600 °C generated enough oxides to prevent the undesirable intermetallic diffusion and to act as an effective intermediate barrier. Following this pioneer work, Guazzone et al. [50] calcined PSS supports in stagnant air at 400–500 °C to generate an effective intermediate layer to prevent the diffusion of PSS elements to the palladium layer. Mateos-Pedrero et al. [36] also studied the direct oxidation of supports in air at temperatures in the range 600–800 °C with a heating ramp rate of 2 °C min−1. They ensure that the thickness of this intermediate layer was not enough to facilitate the generation of a thin palladium layer in a comparable grade to other alternatives but its presence had a negative effect on the permeate flow rate. More recently, Iulianelli et al. [52] also oxidized tubular PSS supports prior to incorporate a PdAu thin film by electroless plating. In this case, the support was oxidized for 12 h at a relatively low temperature (500 °C) and additionally modified with pre-activated alumina particles.



Taking into account the importance of PSS support modification by calcination in air on multiple membrane preparation methods and the scarce publications addressing this topic in detail, the present work analyzes both morphology modification and permeation performance of commercial porous stainless steel supports with diverse media grade after calcination in air. The generation of a mixed iron-chromium oxides were produced after dwelling a high temperature for 12 h. The influence of the calcination temperature of tubular 316L PSS supports with two different porous media grades (0.1 μm and 0.2 μm) has been studied in detail, as well as the consequences for the latter in palladium incorporation when using the electroless pore-plating method. All results have been discussed in terms of achieving the DOE technical targets for Pd-based membranes, obtaining relevant information compared to the current state of the art.




2. Materials and Methods


2.1. Membrane Preparation


In this work, symmetric 316L porous stainless steel (PSS) supports were purchased from Mott Metallurgical Corp. (Farmington, CT, USA) with tubular geometry and diverse commercial media grades (0.1 and 0.2 μm). Original tubes presented a total length of 60 cm and outer diameter of 1.29 mm, preparing smaller pieces with 30 mm in length for the entire range of experiments collected here.



The general procedure to prepare the composite PSS-Pd membranes involves four successive steps, as we already published in detail elsewhere [18,23,53,54]: (i) initial cleaning with a sequence of acidic, alkaline and alcohol solutions in ultrasonic; (ii) intermediate layer generation; (iii) activation of the modified support and (iv) final palladium incorporation. This work is mainly focused in the second step, based on the generation of the mixed iron-chromium oxides intermediate layer formed by in-situ oxidation of commercial raw supports in air. Temperatures ranged from 550 to 700 °C were studied with heating and cooling ramp rates of 1.8 °C min−1 and dwelling time of 12 h at desired temperature. After that, the activation of the modified PSS supports was carried out by direct reduction of diluted PdCl2 with hydrazine (0.2 M) in ammonia solution (2 M). Finally, the palladium film was incorporated by Electroless Pore-Plating (ELP-PP) to prepare the H2 perm-selective composite membranes. In the last step, both plating bath (formed by palladium, ammonium, EDTA and water) and hydrazine solution (with a concentration of 0.2 M) were fed from opposite sides of the modified supports in order to force the chemical reaction just into the pores or, at least, in the nearest areas. Finally, the membranes were rinsed with deionized water and dried overnight at 110 °C.




2.2. Membrane Characterization


The membrane characterization includes a detailed study of the surface after each step during the synthesis procedure described before, as well as the permeation properties achieved after each modification.



The morphology of the external surface was analyzed by Scanning Electron Microscopy (Philips XL30 ESEM) equipped with an Energy Dispersive Analytical System (EDAS) for microprobe analysis in order to determine elemental composition. The surface porosity was determined by two different techniques: SEM images segmentation with Digital Micrograph® software (external surface porosity) and mercury porosimetry (real bulk volumetric porosity). Additionally, the roughness of external surface at diverse stages has been also measured with an optical profiler equipped with a 5× focus lens (Zeta-20 Optical Profiler). Finally, the total amount of Fe-Cr mixed oxides generated by oxidation during the formation of the intermediate layer and palladium incorporated by ELP-PP were estimated by gravimetric analysis (electronic balance Kern & Sohn ABS-4 with a precision of 1.0 × 10−4 g).



Furthermore, the permeation behavior of fabricated membranes was also determined in a home-made permeator device described elsewhere [39,53]. In summary, each sample (raw material, modified support or final palladium composite membrane) was placed in a stainless-steel cell, ensuring the correct sealing with graphite O-rings. The feed stream was introduced in the inner side of the membrane, collecting the permeate flux on the external side without any carrier gas. Permeate was collected at ambient pressure, varying the retentate pressure in the range of 0.0–3.0 bar. Permeate fluxes were measured by a volumetric mass flow meter with a minimum detection limit of 1 mL h−1.





3. Results and Discussion


3.1. Support Characterization


As we previously mentioned, commercial supports with two different media grades have been used in the present study: 0.1 and 0.2 μm. This parameter is directly related to the porosity of the material, indicating the particle size for guaranteeing a 95% of rejection by the filter. First, the surface of both samples has been characterized by SEM, collecting the images when using SE detection mode and 650× magnification in Figure 1. As it can be seen in both cases, the surface of the support is formed by 316L stainless steel particles with diverse sizes and geometries, obtaining a wide variety of external pores and a certain irregularity. This fact provokes a relative high surface roughness, Ra = 12.25 ± 2.0 μm, although certainly similar in diverse zones of the external surface. The elemental composition determined from EDAS microprobe analysis evidences values within the range of a typical 316L stainless steel material: 63–64 wt % Fe, 17 wt % Cr, 9 wt % Ni, 2 wt % Mo and 8–9 wt % other elements with a very low content in carbon (<0.03 wt %). No meaningful differences can be observed for samples fabricated with media grades of 0.1 μm and 0.2 μm.


Figure 1. SEM images of PSS supports with diverse commercial media grades: (a) 0.1 μm and (b) 0.2 μm.
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On the other hand, the pore size distribution determined by SEM image segmentation (Figure 2) indicates noticeable differences between both media grades, in spite of obtaining similar average porosities of around 20% (accordingly to the certified value by the manufacturer). PSS support with a media grade of 0.1 μm presents around 80% of external pores within 0–4 μm (average pore diameter 3.5 μm) and maximum pore sizes up to 24 μm. These values increase in case of analyzing the support with a media grade of 0.2 μm, obtaining a wider range between 0 and 6 μm (average pore diameter 4.5 μm) and greater maximum pore sizes, up to 38 μm. Although the average pore size and the media grade are different parameters, it should be noted that in both cases the first one is greater than the specified media grade in more than one magnitude order. Moreover, in spite of PSS supports included in this manuscript are symmetric in radial direction, it could be possible that average pore-mouth in the surface will be significantly greater than bottle-neck in the bulk substrate. In order to determine possible differences between the external surface pore distribution determined by SEM image segmentation and the real volumetric pore size distribution in the bulk material, Figure 3 displays the results obtained after characterization by mercury porosimetry. This technique reveals average pore sizes diameters of around 1.9 and 2.8 μm for PSS supports of grade 0.1 and 0.2 μm, respectively. These values, in spite of being smaller than the previous ones, determined by image segmentation, are still larger than values certified by the manufacturer through the media grade parameter. This fact is a critical issue for the membrane preparation due to the minimum palladium thickness required to obtain a free-defect top coating being proportional to the maximum pore size of the support, as Mardilovich affirms in a previous manuscript [55].


Figure 2. Pore size distribution by SEM image segmentation of PSS supports with diverse commercial media grades: (a) 0.1 μm and (b) 0.2 μm.
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Figure 3. Pore size distribution by mercury porosimetry of PSS supports with diverse commercial grades: 0.1 μm and 0.2 μm.
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Finally, the permeation capacity of the supports for nitrogen and hydrogen pure gases has been also determined and adopted as reference value for evaluating later modifications. Due to the smaller kinetic diameter of hydrogen respect to nitrogen molecule, a greater permeation of the first gas has been achieved in all cases with an ideal perm-selectivity (determined as the ratio of individual hydrogen and nitrogen permeate fluxes [56]) around 2.5. Analyzing in detail the results obtained for each commercial PSS media grade, almost double permeation capacity can be achieved when using a media grade of 0.2 μm instead of 0.1 μm, obtaining hydrogen permeate fluxes of 3.61 and 1.78 mol m−2 s−1, respectively (measured at T = 400 °C and ∆P = 1.0 bar).




3.2. Intermediate Layer Formation by In-Situ Oxidation


As it is previously determined, commercial PSS supports are formed basically by iron, chromium nickel and molybdenum, being prevalent the first two elements. Both iron and chromium are susceptible to be oxidized in a major grade due to their standard reduction potential values (E0 × (Cr3+/Cr0) = −0.740 V, E0 × (Fe2+/Fe0) = −0.440 V, E0 × (Ni2+/Ni0) = −0.250 V and E0 × (Mo3+/Mo0) = −0.200 V). In this manner, the oxides formed by direct calcination of PSS supports in air atmosphere will derive mainly in a mixture of iron and chromium oxides. Both oxides have a Tamman temperature of 780 and 1081 °C, respectively, so they are good candidates to be used as an effective intermediate layer for preventing the metal diffusion of iron (Tamman temperature around 550–560 °C) and palladium (Tamman temperature of 640 °C), which is usually derived in a fatal damage of membranes when operating at high temperatures for long times [57].



Figure 4 shows the SEM images obtained after in-situ oxidation of PSS supports at diverse conditions, mainly varying the temperature of the treatment. No significant differences respect to the original substrates (see micrographs in previous Figure 1) have been obtained for mild conditions (T = 550 °C), independently of considering media grade of 0.1 or 0.2 μm. However, it is possible to appreciate a certain surface modification as the temperature of the process increases (upper than 600 °C) by the generation of oxide particles, decreasing the average pore size and appearing a slight additional roughness around each steel particle of the support. This effect is drastic in case of using the highest oxidation temperature (T = 700 °C), losing most of the original porosity of the support. This behavior seems to be certainly similar in case of using supports with media grade of 0.1 or 0.2 μm.


Figure 4. SEM images of PSS supports after 12 h in-situ oxidation: (a) media grade 0.1 μm, Tox = 550 °C; (b) media grade 0.2 μm, Tox = 550 °C; (c) media grade 0.1 μm, Tox = 600 °C; (d) media grade 0.2 μm, Tox = 600 °C; (e) media grade 0.1 μm, Tox = 650 °C; (f) media grade 0.2 μm, Tox = 650 °C; (g) media grade 0.1 μm, Tox = 700 °C; and (h) grade 0.2 μm, Tox = 700 °C.
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With the aim of analyzing exhaustively the effect of temperature in the formation of Fe-Cr oxides and, consequently, the modification of the original PSS supports, Table 1 collects some important parameters, such as weight variation (∆m/L), external porosity (ε), surface average pore diameter (dp), surface roughness (Ra) and EDAS analysis. A clear relationship between temperature of the treatment and formation of oxides species can be observed, increasing both weight gain and presence of oxygen as the temperature rises. The generation of these oxides derived in a slight reduction of the external roughness, mainly due to different elevation of PSS particles on the surface but a pronounced decrease in both average pore diameter and porosity. In fact, in case of using the highest temperature (T = 700 °C), only some residual porosity around 1.5% can be detected in the external surface. In general, similar values were achieved independently of the media grade considered. Here, it is important to emphasize the evolution of surface composition with the temperature of the oxidation process. The general trend shows a continuous increase in oxygen content, while both iron and chromium decreases due to the increasing generation of oxides as temperature rises. However, it is important to take into account that variation of chromium content depends on both media grade of the support and temperature of the treatment. In fact, the chromium content, determined by EDAS analysis, varies in a major grade for the complete set of experiments when using supports with a media grade of 0.1 μm (from 17.0 wt % of the raw material to 10.6 wt % after treatment at 650 °C) instead of considering a media grade of 0.2 μm (from 16.9 wt % of the raw material to 14.2 wt % after treatment at 650 °C). A particular effect has been obtained for the highest temperature of the in-situ oxidation process, carried out at 700 °C, in which the chromium content decreases up to approximately 1.5 wt %, independently of the support grade. This behavior can be derived from the greater content in iron of PSS supports and the preferential oxidation of chromium, emphasized at severe temperatures of the oxidation process. At these conditions, iron atoms can migrate to the external surface, hiding the chromium ones with very stable oxides. Similar effects have been described by Ma et al. [51], indicating an almost constant ratio between iron and chromium content for moderate temperatures of calcination treatment with air but iron enrichment in case of increasing temperatures. In this work, an important effect of the media grade considered for PSS supports is also evidenced, obtaining a greater variation in chromium when a media grade of 0.1 μm has been studied.



Table 1. Modification after in-situ oxidation of PSS supports with diverse commercial grades.







	
Sample

	
Media Grade (μm)

	
Tox (°C)

	
∆m/L (g/m)

	
ε (%)

	
dp (μm)

	
Ra (μm)

	
Elemental Composition EDAS (wt % )




	
Fe

	
Cr

	
O






	
PSS-01

	
0.1

	
-

	
-

	
21.5

	
3.5

	
11.8

	
63.3

	
17.0

	
0.0




	
PSS-01-550

	
0.1

	
550

	
1.5

	
15.7

	
3.1

	
9.4

	
61.2

	
16.1

	
7.5




	
PSS-01-600

	
0.1

	
600

	
5.8

	
7.3

	
2.1

	
9.0

	
61.0

	
13.5

	
11.4




	
PSS-01-650

	
0.1

	
650

	
7.4

	
5.7

	
1.7

	
8.9

	
59.2

	
10.6

	
19.9




	
PSS-01-700

	
0.1

	
700

	
19.2

	
1.4

	
0.6

	
6.5

	
75.5

	
1.2

	
23.3




	
PSS-02

	
0.2

	
-

	
-

	
19.6

	
4.5

	
12.7

	
63.9

	
16.9

	
0.0




	
PSS-02-550

	
0.2

	
550

	
2.0

	
15.4

	
3.4

	
9.9

	
61.9

	
16.3

	
7.4




	
PSS-02-600

	
0.2

	
600

	
4.4

	
10.6

	
2.3

	
9.2

	
57.6

	
13.3

	
16.1




	
PSS-02-650

	
0.2

	
650

	
6.6

	
6.3

	
2.1

	
8.7

	
56.3

	
14.2

	
17.8




	
PSS-02-700

	
0.2

	
700

	
15.5

	
1.6

	
0.8

	
6.2

	
77.2

	
1.5

	
21.3










In order to complete the characterization of the modified supports, permeation experiments with pure nitrogen and hydrogen at 400 °C and pressure differences ranged from 0.5 to 1.0 bar were carried out (Table 2). In general, an increase of the oxidation temperature provokes a decrease in the permeation capacity of the support. This drop is critical in case of using an oxidation temperature of 700 °C, obtaining negligible permeate fluxes. This fact can be directly related with the modification of original porosity by the generation of mixed iron-chromium oxides. This drop in permeability is greater in the case of using PSS supports with 0.1 μm media grade due to the narrower initial pore sizes with respect to the supports with a media grade of 0.2 μm. Of course, hydrogen permeation is always maintained higher than nitrogen permeation at similar conditions due to differences in kinetic diameters for both molecules. It is also important to note that no noticeable changes in the ideal perm-selectivity arise (always around 2.5–3.0), in spite of mentioned differences in permeability. At this point, it is crucial to determine the optimal conditions for the in-situ oxidation treatment in order to ensure an effective intermediate layer for both surface modification and intermetallic diffusion prevention, while a suitable permeation capacity is ensured. In this context, the US Department of Energy (US DOE) [58] proposed some tentative values for 2015. In this document, a minimum permeation capacity of 1.13 mol m−2 s−1 (T = 400 °C and ∆P = 6.4 bar) is stablished as technical target for introducing dense metallic membranes in the industrial processes for hydrogen production. In this manner, assuming that hydrogen permeation in Pd-based membranes usually follows the Sieverts’ law, a minimum permeation flux of 0.43 mol m−2 s−1 is required for the membranes presented in this work at tested operating conditions (400 °C and 1 bar). Thus, only treatments carried out at temperatures up to 600 °C are suitable to obtain supports that accomplish this permeation target suggested by the US DOE, due to porous support need to overcome these values in order to get a final permeance of the composite Pd membrane achieving this target. Considering both modification of the external surface and permeation properties, 600 °C has been selected as the most appropriate temperature for in-situ oxidation of PSS supports.



Table 2. Permeation properties of modified PSS supports after in-situ oxidation.







	
Sample

	
Media Grade (μm)

	
Tox (°C)

	
∆P (bar)

	
[image: ](mol m−2 s−1)

	
[image: ] (mol m−2 s−1)
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PSS-01

	
0.1

	
-

	
0.5

	
0.30

	
0.79

	
2.7




	
1.0

	
0.72

	
1.78

	
2.5




	
PSS-01-550

	
0.1

	
550

	
0.5

	
0.21

	
0.59

	
2.9




	
1.0

	
0.49

	
1.37

	
2.8




	
PSS-01-600

	
0.1

	
600

	
0.5

	
0.12

	
0.31

	
2.7




	
1.0

	
0.27

	
0.73

	
2.7




	
PSS-01-650

	
0.1

	
650

	
0.5

	
0.09

	
0.25

	
2.7




	
1.0

	
0.21

	
0.57

	
2.7




	
PSS-01-700

	
0.1

	
700

	
0.5

	
-

	
-

	
-




	
1.0

	
-

	
-

	
-




	
PSS-02

	
0.2

	
-

	
0.5

	
0.63

	
1.52

	
2.4




	
1.0

	
1.48

	
3.61

	
2.4




	
PSS-02-550

	
0.2

	
550

	
0.5

	
0.48

	
1.16

	
2.4




	
1.0

	
1.16

	
2.90

	
2.5




	
PSS-02-600

	
0.2

	
600

	
0.5

	
0.33

	
1.02

	
3.1




	
1.0

	
0.82

	
2.36

	
2.9




	
PSS-02-650

	
0.2

	
650

	
0.5

	
0.20

	
0.60

	
3.0




	
1.0

	
0.48

	
1.34

	
2.8




	
PSS-01-700

	
0.2

	
700

	
0.5

	
<1.02 × 10−5

	
<1.02 × 10−5

	
-




	
1.0

	
<1.02 × 10−5

	
<1.02 × 10−5

	
-











3.3. Palladium Composite Membrane Preparation


The modified supports achieved by in-situ oxidation in air atmosphere at 600 °C for 12 h, conditions selected from previous experiments, were used to prepare composite Pd/PSS membranes for hydrogen separation applications. A thin palladium film was incorporated by ELP-PP technique, basically based on chemical reduction of amino-palladium complexes with hydrazine when both solutions are fed from opposite sides of supports, as it is described by the following chemical reaction:


[image: ]



(1)







More details about this technique, including details of bath composition, temperature and duration of the process, can be consulted in our previous publications [18,20,53,54].



The final morphology of membranes prepared accordingly to this procedure when using in-situ oxidized PSS supports with diverse commercial media grades (0.1 and 0.2 μm) is shown in Figure 5. Here, both external surface and cross-section images are collected for each case. As it can be seen, independently of the commercial media grade, an apparent continuous layer of palladium was formed onto the modified supports. This fact, thoroughly discussed in our previous manuscripts [18,53], is mainly caused by the wide variety of pore sizes in the PSS supports, in spite of being modified by in-situ oxidation at high temperature for the generation of a Fe-Cr mixed oxides intermediate layer. In fact, the intermediate layer is really thin (only a few nanometers) and it cannot be easily determined by cross-sectional SEM images. On the other hand, the external Pd layer is certainly homogeneous and continuous, reducing the external porosity up to residual values (ε = 0.0% and ε = 0.3% for supports with media grades 0.1 and 0.2 μm, respectively). Also, the external roughness was smoothed after the incorporation of the Pd film, obtaining values around Ra = 6.1 ± 0.5 μm in both cases. However, some differences can be appreciated for each particular case, specially attending to the film thickness. In this manner, the use of a modified PSS support with a media grade of 0.1 μm leads to obtain an average Pd thickness of 14.7 μm (average value from gravimetric analysis), while the use of a greater media grade for the modified PSS support provokes an increase of the Pd thickness up to 18 μm (also estimated from gravimetric measurements). In this manner, it can be affirmed that it is possible to obtain thinner Pd/PSS composite membranes when using a minor media grade in the PSS support. In this case, the benefits of smaller original pores and greater effects of modification by in-situ oxidation derived on the present values.


Figure 5. SEM images of modified supports (in-situ oxidation at 600 °C for 12 h) after Pd incorporation by ELP-PP: (a) media grade 0.1 μm, external surface; (b) media grade 0.1 μm, cross-section; (c) media grade 0.2 μm, external surface; and (d) media grade 0.2 μm, cross-section.
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Finally, the permeation behavior of these membranes has been also evaluated and presented in Figure 6. Herein, it is important to emphasize that no nitrogen has been detected in the permeate side. Thus, considering the minimum detection limit of the volumetric mass flow meter (1 mL h−1), a hydrogen perm-selectivity greater than 2000 is guaranteed. Moreover, analyzing the hydrogen permeation fluxes in detail, it can be mentioned that both membranes fulfill quite well the requirements of the Sieverts’ law for all operating conditions, obtaining permeances in the range 4.01–5.84 × 10−4 mol m−2 s−1 Pa−0.5 and 2.83–4.04 × 10−4 mol m−2 s−1 Pa−0.5 for membranes Pd/PSS-01 and Pd/PSS-02, respectively. However, these values are lower than the proposed ones by the US DOE, in spite of this value has been not limited by the support modification, as we previously discussed. The diverse permeation capacity of both membranes is mainly caused by differences in the thickness of the palladium layer, which in turn is derived from the variance of surface properties, as we previously discussed. However, similar activation energies of around 13–14 kJ mol−1 are obtained in both cases, within the range of other published works.


Figure 6. Permeation behavior of Pd-composite membranes prepared by ELP-PP over modified PSS supports with media grade 0.1 μm (a) and 0.2 μm (b).
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4. Conclusions


The properties of intermediate layers generated by in-situ oxidation of tubular 316L PSS supports with two different commercial media grades have been studied as crucial parameters for the preparation of composite Pd membranes. The temperature of the oxidation treatment determines the achieved modification of the original morphology and permeability. Thus, the presence of mixed iron-chromium oxides increases as the temperature rises, independently of media grade considered in the PSS support. Low temperatures do not modify in an important grade the original surface of supports, while the highest ones generate too many oxides that close most of the original porosity, decreasing drastically the permeation capacity of the modified supports. Moreover, it has been observed that the elemental composition of modified supports varies in a different way in case of varying the temperature and using diverse media grades for the porous supports. The preferential oxidation of chromium provokes an iron enrichment in case of increasing temperatures, emphasizing this effect when using a PSS support with a media grade of 0.1 μm. In this manner, a compromise solution need to be adopted in order to reduce both average pore mouth size and external roughness but simultaneously maintaining high porosity and hence, permeation capacity to avoid limitation of getting US DOE technical targets before incorporating the hydrogen selective layer. According to the results obtained, the oxidation process at 600 °C accomplished all these requirements: (i) the average pore size is reduced from 3.5 to 2.1 μm or from 4.5 to 2.3 μm in case of using PSS with commercial media grades 0.1 or 0.2 μm, respectively; (ii) but simultaneously, the hydrogen permeation flux stablished by US DOE targets for Pd composite membranes is not limited by the modified support. Taking into account these results, two composite membranes were prepared by ELP-PP, obtaining 14.7 and 18.0 μm thick palladium layers in case of using modified supports with 0.1 and 0.2 μm media grades, respectively. In both cases the membranes exhibited a hydrogen perm-selectivity greater than 2000 with permeances ranged from 2.83 to 5.84·10−4 mol m−2 s−1 Pa−0.5, lower than the values demanded by the US DOE technical targets. The activation energy in both cases was maintained around 13–14 kJ mol−1.
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