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Abstract

:

Membrane reactors have demonstrated a large potential for the production of hydrogen via reforming of different feedstocks in comparison with other reactor types. However, the long-term performance and stability of the applied membranes are extremely important for the possible industrial exploitation of these reactors. This study investigates the long-term stability of thin-film Pd-Ag membranes supported on porous Al2O3 supports. The stability of five similarly prepared membranes have been investigated for 2650 h, up to 600 °C and in fluidized bed conditions. Results show the importance and the contribution of the sealing of the membranes at temperatures up to 500 °C. At higher temperatures the membranes surface deformation results in pinhole formation and a consequent decrease in selectivity. Stable operation of the membranes in a fluidized bed is observed up to 450 °C, however, at higher temperatures the scouring action of the particles under fluidization causes significant deformation of the palladium surface resulting in a decreased selectivity.
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1. Introduction


The increasing demand for the reduction of greenhouse gas (GHG) emissions has increased interest in hydrogen as an energy carrier, as it does not have any GHG emissions at the end-user. However, steam reforming of natural gas, the conventional production method for hydrogen, produces significant GHG emissions. In order to reduce these emissions for the production of hydrogen, novel and improved reforming processes are being proposed, such as more active catalyst, new reactor design resulting in higher conversions and improved efficiencies. In addition to these process intensification alternatives, use of sustainable fuel sources is also proposed, such as bio-methanol, bio-ethanol and biogas [1].



Palladium-based membrane technology has shown great potential in improving the reforming efficiency and intensifying the reforming processes [2]. The membranes can either be applied as a downstream separation step for hydrogen or integrated with the catalyst in a membrane reactor, in which hydrogen production and separation are combined in one step. Membrane reactors are mostly studied in two different configurations, viz. (micro) packed bed (PB) and fluidized bed (FB) reactors. The membranes allow for the selective extraction of hydrogen from the reactor, shifting the equilibrium, thereby resulting in a higher conversion at lower temperatures (and consequently higher efficiency). This produces a stream of pure hydrogen directly from the reactor without the need for down-stream separations. Long-term stable production of pure hydrogen is therefore imperative to make the concept of membrane reactors feasible. The performance of a membrane reactor depends largely on the flux of hydrogen extracted and on the purity of the hydrogen produced. The stability of a membrane is here considered as the ability of a membrane to maintain a constant flux of hydrogen, as well as a constant perm-selectivity over time.



The performance of different membranes and membrane reactor configurations has been reported in the literature. Full conversions of the feedstock, as well as a high hydrogen recovery through the membranes with the production of pure hydrogen, have been reported [3]. Unfortunately, very few works have focused on the long-term stability of the system and durability of the membranes, which is an important aspect for the Pd-based membrane reactors to become a viable technology.



The stability of membranes in steam reforming was studied in the work of Uemiya et al. published in 1991 [4]. Hydrogen production with a steam reforming Pd membrane reactor was investigated and a constant permeation for at least 10 h was reported, whereas in previous works a decrease in the permeation was reported because of the formation of carbon on the membrane [5,6,7]. Other works also reported a decrease in the hydrogen permeation, also under non-reactive conditions, i.e., when using either pure hydrogen or hydrogen/nitrogen gas mixtures. Okazaki et al. reported a decrease in the hydrogen permeation above 600 °C due to the strong interaction between the alumina support and the Pd-layer [8]. Fernandez et al. observed a strong interaction also between the TiO2 support of a catalyst and the Pd-membrane [9]. The works of Okazaki and Fernandez clearly indicate that the materials that come into contact with the membrane should be carefully selected.



Since the flux increases with a decrease in the membrane layer thickness, membrane research has focused on producing thinner layers. For self-supported membranes this has resulted in a reduction of mechanical stability. Recent work of Peters et al. has shown that even 200 µm wide channels do not provide sufficient mechanical support to the membrane to withstand the desired high pressure differences; a 12.5 µm palladium-silver layer deformed over time at 550 °C and 6 bar and started to form cracks reducing the perm-selectivity of the membrane [10]. Supported membranes have the advantage of maintaining high mechanical stability for a very thin membrane layer. Metallic and ceramic supported Pd-based membranes have been prepared by various methods yielding a wide range of permeances and perm-selectivities [3].



In Table 1, a summary of membrane reformer tests that reported the duration and results regarding the stability of the membranes is presented. In most of the works published, a decreased perm-selectivity or deterioration of the membrane performance was reported. However, also a wide variety of causes is reported. A quantitative and better understanding of the rates and causes of the membrane instability and decrease in the perm-selectivity and hydrogen flux will help to manufacture better membranes, as well as improving the design of membrane reactors.



This work investigates the stability of Pd-Ag thin-film membranes on ceramic supports for their application in a fluidized bed membrane reactor. The long-term stability of the Pd-Ag membranes was measured for up to 2750 h at 550 °C. These results were used as a reference to study the stability of the membrane sealing, as well as the contribution of the formation of leakages at high temperatures up to 600 °C and under fluidization conditions.




2. Materials and Methods


2.1. Membrane Preparation


The membranes investigated in this study are thin-film palladium/silver membranes prepared by electroless plating on 100 nm asymmetric Al2O3 tubular supports provided by Rauschert Kloster Veilsdorf. Different support dimensions were used, as shown in Figure 1, in particular 10/4 mm and 14/7 mm outer/inner diameter (OD/ID). These supports were used in two different configurations, viz. with both sides open and with one side closed (referred to as “finger-like” supports). The finger-like shape is also porous and covered by the palladium/silver selective layer. Ceramic substrates were activated by immersion into a palladium acetate solution with a subsequent co-deposition of a Pd-Ag layer following the method by Pacheco Tanaka et al. [18]. The palladium concentration was modified according to the dimensions of the supports and the electroless plating process was carried out for 5 h for each membrane. Only membrane 5 (shown in Table 2) had 6 h of deposition. Palladium silver compositions were calculated after analysis of the samples taken from the ELP solution. The results of the characterization carried out by ICP-OES are summarized in Table 2. After the plating step, the metallic layer was annealed at 550 °C for 4 h in a reducing atmosphere (10% H2 and 90% N2).



The membranes were sized and sealed using the Swagelok sealing method developed by Fernandez et al. for 10/7 mm outer/inner diameter (OD/ID) [9] as also applied in other studies ([17,19] for 10/4 and 14/7 mm supports respectively).




2.2. Permeation Modules


Three module configurations were used to study the stability of the membranes (Figure 2), using the same feed and outlet control and analysis systems (one module per time can be used in the permeation setup). The feeding of hydrogen, nitrogen and air (or a mixture of them) was controlled by Bronkhorst mass flow controllers. Membrane module configuration A allows testing of five membranes at once in a single permeation module; this ensured that all the membranes were exposed to exactly the same conditions. The permeate of each of the five membranes can be measured individually. Configuration B is a permeation module where a single membrane was tested. This same module allows for the integration of the membrane in a fluidized bed, as shown in configuration C; the fluidized bed material consisted of Rh/Al2O3 particles with an average particle size of 180 µm. The pressure in the system was controlled using a backpressure regulator. The permeate flow rate from the membrane was measured using a Horiba VP film flow meters. For the hydrogen flux the Horiba VP-4 (1–10 L min−1) was used, whereas for the nitrogen flux the Horiba VP-1 was used (0.2–10 mL min−1). In some cases, the nitrogen flow rate was below 0.2 mL min−1, in which case the flux (for the calculation of the perm-selectivity) was set at 0.2 mL min−1 with the indication that the actual flux is smaller than this value. Each experimental point is an average of three measurements within an error of 1%.




2.3. Long-Term Stability Tests


The stability of five membranes was studied using configuration A. Membranes 1 and 2 prepared on 14/7 (OD/ID) supports were cut in two parts (indicated with 1a, 1b and 2a, 2b respectively) in order to investigate the stability evolution of two equally prepared membranes. Membrane 2a had a finger-like part; this membrane was used to investigate the effect of the membrane sealing on the stability. Membrane 3 was prepared on a 10/4 support, and due to the lower thickness of the support, a lower torque was applied to seal this membrane. The five membranes were in total operated for 2000 h. After 2000 h, membrane 1a and 2a were removed for intermediate characterization, while the other membranes were operated for another 750 h. Membrane number 4 (10/4 OD/ID) was studied as a single membrane at high temperature. The membrane was stabilized at 400 °C for 150 h and operated at 550 °C and 600 °C. Membrane 4b and 5, were both: Finger-like, 10/4 (OD/ID), 265 mm long and sealed with the same torque. These membranes were used to study the influence of the fluidization on the permeation properties. The membranes were integrated into two separate reactors and stabilized at 400 °C for 150 h. After this period, a catalyst bed was introduced into the reactor containing membrane 4b. The minimum fluidization velocity was experimentally determined with the standard pressure-drop method to ensure the fluidization velocity was set at 3 times the minimum fluidization velocity. Both membranes were first kept at 400 °C and after 700 h the temperature was increased to 500 °C. The gas feed was a 50:50 mixture of nitrogen and hydrogen, the nitrogen ensured that the permeation of hydrogen did not decrease the fluidization velocity too much so that the velocity was kept well above the minimum fluidization velocity (although this induced external mass transfer limitations, which are not relevant for this study of membrane stability and are not further discussed in this study). The membrane parts and experimental details are summarized in Table 3.




2.4. Membrane Characterization


After the membranes were tested the systems were cooled down in nitrogen. When at room temperature the nitrogen flux was measured at different pressures and the membranes were removed from the system. The sealing parts were covered with a resin, to distinguish the leakage contribution of the sealing from the leakages from the surface, and subsequently the permeation of nitrogen was again measured (dry permeation). To obtain the pore sizes of the pinholes, capillary flow porometry was used. The membranes were immersed in ethanol and the nitrogen flux as a function of the pressure was measured (wet permeation). With the dry and wet permeation lines, the pore size of the pinholes was estimated using the Young-Laplace equation [20].




2.5. Post Mortem Characterization


After the post characterization, the seals were removed and the membranes were characterized by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS). The XRD analysis was performed at 1.5406 Å, with the Rigaku Miniflex 600. SEM was performed on both a cross-section and the surface of the membranes, using secondary electrons and backscattered electrons, with a Phenom Pro X. The EDS was performed on the same system as the SEM at 15 kV.





3. Results and Discussion


In order to integrate the membranes in the reactors, each membrane was connected to a dense metallic tube using Swagelok and graphite seals. The mechanical stress that can be induced on the membranes by the Swagelok sealing method is found to be limited by the support and could result in failure of the membrane sealing during operation. The 10/4 supports used in this work allow for sealing with a higher torque than used on the 10/7 mm OD/ID membranes presented in the work of Fernandez et al [9]. However, Spallina et al. used also 10/4 supports and reported significant failure of the membranes [17]. For the sealing of the membranes in this work it was found that the torque applied on the 10/4 supports could be increased compared to the 10/7 membranes. The 14/7 mm OD/ID support was found to withstand a sealing torque exceeding 20 Nm. However, at this torque level the membrane showed damage to the thin palladium film, therefore the maximum torque applied in this work was set to 14 Nm. All membranes investigated in this work were leak tested prior to other tests. The quality of the sealing can be considered as a potential contribution to the decrease in perm-selectivity of the membranes. Thus, a reduction in the number of sealing points could improve the stability of the membrane. In this work finger-like membranes were used where the end cap of the membrane is completely covered with the palladium layer. The end cap is made of a porous ceramic part formed during the support production and therefore also contributing to the total surface area of the membrane [21].



3.1. Air Treatment and Initial Conditions


Air treatment is usually performed to stabilize and increase the hydrogen flux [22,23,24]. Roa et al. have shown that the air treatment had more than a cleaning effect on the surface of the membranes and also caused morphological changes of the surface [25]. However, it has been reported that air treatment also increased the nitrogen flux indicating the formation of pinholes. The membranes in this work were heated up to the desired temperatures under nitrogen; at this temperature, the nitrogen permeation was measured followed by an air treatment. The air treatment was performed by flushing a 50:50 air/nitrogen mixture into the system for 2 minutes; for membranes 1a, 1b, 2a, 2b and 3 at 500 °C, and for membranes 4a, 4b and 5 at 400 °C respectively. After the treatment, the nitrogen and hydrogen flux were measured again. The obtained permeation results are reported in Figure 3.



The results show that the nitrogen permeance after the air treatment increases between 400% and 700% at 500 °C, which is significantly more than 10% to 30% at 400 °C. The increase in nitrogen permeance could be the result of a rearrangement of the palladium surface because of oxidation, which may cause defects. The formation and connection of defects through the palladium layer as a result of this rearrangement could subsequently result in the formation of pinholes. The results show that this effect is more pronounced at higher temperatures. This can be related to the higher reaction kinetics of palladium oxidation at higher temperatures, which results in a faster and less structured rearrangement [26]. The air treatment did not show significantly different effects for the finger-like membrane compared to the other membranes, indicating that the graphite ferrules in the sealing are not significantly affected by the air treatment, both at 400 °C and 500 °C. The hydrogen flux increased from 70% up to 110% compared to the case before the air treatment; this is expected and comparable to the increases reported before in the literature [22]. The ideal perm-selectivity ranged, after the air activation, between 7500 and 9000 at 500 °C for these membranes. In Appendix A the ideal perm-selectivity of all the membranes at different times in this study is presented. The results of the permeation test for all the membranes at their initial conditions are shown in Figure 4. The permeation flux of all membranes after activation showed good correspondence with the transmembrane difference of the square root of the hydrogen partial pressure, indicating that the hydrogen flux is only limited by bulk diffusion of hydrogen in the palladium layer. Both parts of membrane 1 and 2 showed almost the same hydrogen permeance, whereas the permeance of membrane number 3 was found to be 1.2 times higher than that of membrane 1 and 2. We can relate this difference to a minor difference in the (thickness of the) selective layer and not to differences in the dimensions of the support, since the pressure exponent showed a good fit with 0.5 for all membranes, indicating no effect of the support. Membrane 4 showed a higher permeance compared to membrane 5, which can be explained by the longer time of the ELP process of membrane 5 which was expected to result in a slightly thicker Pd-Ag layer, lowering the hydrogen permeance.




3.2. Long-Term Stability


Membranes 1a, 1b, 2a, 2b and 3 were studied to compare the different seals and sealing forces. The long-term behaviour of these membranes was investigated at 500 °C, 525 °C and 550 °C using setup configuration A. Both the hydrogen and nitrogen permeances are measured over the tested time, and are shown in Figure 5a,b, respectively. The hydrogen permeance initially increased, however after 200 h it stabilized for membranes 1a, 1b, 2a and 2b. This process was shown to be faster for membrane 3. This initial increase is understood as a period of further annealing of the membrane. The duration of this period is therefore dependent on the initial conditions of the membrane (concentration and phases present on the membrane layer), which is the cause of the difference in stabilization period between the membranes. The initial conditions of the membrane are further investigated during the post mortem characterization. After this initial increase the hydrogen permeance decreased for all the membranes, however, for membrane 3 it decreased more significantly. The hydrogen permeance stabilized after ca. 1000 h. At this point the temperature was increased to 525 °C, and an increase in the hydrogen permeability as a result of the increased temperature is observed. This is followed with a similar initial increase over time as seen at 500 °C followed by a decrease, which then again stabilizes. Once again, for membrane 3 the process is more pronounced and faster. After 2000 h on stream, the system was cooled down and membrane 1a and 2a were removed. After heating up the system, the remaining membranes showed stable hydrogen permeance. Following the stable period, the system was heated further to 550 °C. At this temperature a direct decrease in the hydrogen permeance was measured. After 2750 h the test was stopped in order to analyse the membranes. The effects of the high operating temperature of 550 °C and above are further investigated using membrane 4a.



The increase in nitrogen permeation follows a linear trend over time for all the membranes. However, membrane 3 shows a more pronounced increase in nitrogen permeance. Due to a shutdown of the system (at around 600 hr), membrane 1a made a small jump up in nitrogen permeance. The other membranes seemed to be unaffected by this shutdown. The ideal perm-selectivity ranged after the long-term test from 755 to 3100 at 550 °C for membrane 1b, 2b and 3.



To further compare the long-term behaviour of the membranes both the time derivative of the hydrogen and nitrogen permeance were calculated and compared for each temperature (see Figure 6). In the calculations of the slopes the initial increase was not considered for the hydrogen permeation. The hydrogen permeance has a negative slope as the permeation decreases over time; it is clear that the slopes become more significant at higher temperatures. The decrease in hydrogen permeability is possibly related to surface deformation, of which the rate is increased at higher temperatures [27]. The surface transformations are further investigated in the post characterization.



The slopes of the nitrogen permeance of the tested membranes are relatively small compared to literature. Abu El Hawa reported slopes of 4 × 10−11 down to 5 × 10−12 mol m−2 s−1 Pa−1 h−1 for metallic supported membranes with a 30 µm layer of YSZ [28]. With an increase of the temperature the slope of the nitrogen permeance increases almost for all the membranes. Membrane 2a (finger-like) shows the lowest increase in nitrogen permeation due to the fact that this membrane has only one sealing. To further investigate this, the relative nitrogen permeance was determined by dividing the nitrogen permeance by the initial nitrogen permeance, which is shown in Figure 7. These results show that the relative nitrogen permeance of membrane 2a is half that of membrane 2b (which was originally part of the same membrane, but has now two sealings), also membrane 1a shows that the relative nitrogen permeance is doubled compared to membrane 1b. This indicates that the main contribution of the nitrogen permeance increase over time is related to the sealing. Thus, also the larger increase in nitrogen permeance through membrane 3 can be suspected to be caused by the lower force applied to the sealing. At 525 °C this effect was less pronounced, which could indicate an increased contribution of leakages through pinholes formed on the surface. If the surface contribution increases the effect of the sealings become less pronounced.




3.3. High Temperature Stability


To investigate the membrane stability at temperatures above 550 °C membrane 4a was used, as shown in Figure 8. The hydrogen permeance increases with temperature; at 500 °C this increase is more pronounced due to the stabilization of the Pd-Ag layer; the corresponding nitrogen permeance, as well as the slope of nitrogen permeance are comparable to those observed for membrane 3 at both 500 °C and 550 °C. At 600 °C there is a very large decrease in the hydrogen permeance and a very pronounced increase in nitrogen permeance, which eventually resulted in membrane failure (i.e., ideal perm-selectivity <500). The decrease in hydrogen flux was expected, since at 600 °C there is a strong interaction between the alumina support and the palladium layer [8]. A similar increase in nitrogen permeation was observed after 150 h at 600 °C in single gas conditions for a Pd94.9Ag5.1 membrane by Melendez et al. [29]. The main purpose of the high temperature stability test in this work is to differentiate between different effects that cause the increase in nitrogen permeance, which is further discussed in the post characterization section.




3.4. Fluidization Bed Conditions


In order to study the effect of fluidization on the hydrogen and nitrogen permeation, two similar finger-like membranes, 4b and 5, were integrated into two identical reactors and the nitrogen and hydrogen permeances were measured. Both membranes were activated with an air treatment and were subsequently stabilized at 400 °C. Both membranes showed similar performance and stability, as can be seen from Figure 9a,b showing the hydrogen and nitrogen permeance respectively. Membrane 4b exhibited a somewhat higher initial hydrogen permeance, whereas nitrogen permeance for both membranes was similar. After the stabilization period the systems were cooled, the catalyst bed was introduced into the system of membrane 4b and both systems were heated back up. After heating up, membrane 4b showed a small step increase in the hydrogen permeance, whereas membrane 5 showed a step decrease; the increase in hydrogen permeance of membrane 4b could be explained by a higher average temperature in the system; the temperature profile along membrane 4b in the fluidized bed became more uniform and hence a higher permeation was obtained. The step decrease can be related to a deactivation of the palladium layer during the cool-down cycle, however this behaviour is normally not observed for these membranes when cooled down and heated back up. Nitrogen permeation is also affected by the cool-down and the integration of the catalyst. During fluidization, membrane 4b showed a decrease in the hydrogen permeance during the first 250 h, after which, stable hydrogen permeance was obtained. The nitrogen permeance of membrane 4b decreased under fluidization, in contrast to all other experiments. It is suspected that both effects are the result of catalyst particles covering the membrane surface, covering the pinholes and reducing the surface area available for hydrogen adsorption. Membrane 5 exhibited stable hydrogen and nitrogen permeance over this period. After 850 h the system temperatures were increased to 500 °C. Both membranes showed an increased hydrogen permeance related to this temperature increase. Membrane 5 showed initially a decrease in the hydrogen permeance, which could be attributed to the change in temperature distribution along the membrane. Nevertheless, the temperature along membrane 4b in the fluidized bed was found to be stable and still an increase in the hydrogen permeance was observed. Taking the nitrogen permeance into account, stable operation for membrane 5 was observed, whereas a large increase in nitrogen permeance was observed for membrane 4b. From these results it can be concluded that the membrane and sealing was significantly affected by the presence of the fluidized bed at 500 °C. To investigate whether the extent of the leakages increases gradually with higher operating temperature, or whether there is a strong increase at a certain temperature, membrane 5 was resealed after post characterization, placed in the fluidized bed and then tested again at 450 °C and 500 °C under the same conditions as for membrane 4b before (results are not shown in the figure, since the time scales were shorter). The nitrogen slope at 450 °C was found to be 4.8 × 10−13 mol m−2 s−1 Pa−1 h−1 and at 500 °C 1.5 × 10−11 mol m−2 s−1 Pa−1 h−1. The nitrogen permeation increased with a factor 3 between 400 °C and 450 °C, while it increased with a factor 31 when going from 450 °C to 500 °C. These results suggest a critical change between 450 °C and 500 °C, where the leak rate increases significantly. Post characterization of the membranes was performed in order to understand the main contribution to membrane failure.




3.5. Post Characterization


To better understand the origin of the increase in nitrogen permeance of the tested membranes, capillary flow porometry was used (after closing the sealing parts by using a gas tight resin). The results of the capillary flow porometry are translated to pore sizes using the Young-Laplace equation; the results are shown in Figure 10. The pore distribution for membrane 4a could not be determined due to damage to the membrane while preparing the sample.



The blue part in the bars in Figure 10 shows which part was a result of leakages from the sealing. It is clear from the figure that the contribution of leakages from the sealing was the lowest for finger-like membranes 2a, 4b and 5 with only one sealing, which confirms the results obtained during the long-term stability tests that the sealing contributes partly to the nitrogen permeance and can be decreased by decreasing the number of sealings used. Moreover, it can be seen that the contribution of the sealing to the nitrogen permeance on membrane 3 was significantly higher because of the lower torque applied on the sealing. However, the increase in nitrogen permeation during the long-term stability test could also be related to the formation of large pores, as they show to have a significant contribution to the overall leakage rate as well. In membranes 1a, 1b, 2a and 2b most of the contribution is shown to result from pores with a size smaller than 55 nm. Membrane 4b and 5 show a large contribution of pores larger than 100 nm and pores smaller than 55 nm. The contribution of the large pores was expected for membranes 4b and 5 since minor pinholes were visible on the surface when the membranes were immersed in ethanol before the high temperature tests were carried out.



The different contributions to the nitrogen permeance of membranes 4b and 5 were studied in more detail to investigate whether the finger-like part of the membrane 4b suffered more damage from the fluidization than other parts of the membrane. To this end, the membranes were immersed in increments of 1 cm in ethanol while the permeate side was pressurized with helium from the inside of the membrane. The helium flow rate was measured during the immersion. The pressure difference over the membrane was selected such that the ethanol closed all the pinholes during the test and that no bubbles were observed from the membrane surface.



Figure 11 shows the distribution of the leakage rates along the membrane, where the relative-length 0.0 represents the tip of the finger-like membrane. From these results it can be observed that membrane 5 shows a relatively equal distribution along its length with some parts that show a slightly larger contribution with more pinholes. Peters et al. reported also an almost evenly distribution of the leaks for Pd membranes [30]. Membrane 4b which was in the fluidized bed showed a higher total helium flow rate; however, no significantly higher contribution is obtained from the finger-like part, suggesting that the finger-like part did not suffer more than the other parts in the fluidized bed. For membrane 4b the helium flow rate along the membrane increased with the length of the membrane. It is suspected that this is related to interactions of the catalyst particles and the Pd film in the fluidized bed reactor. An inherent property of a fluidized bed is that bubbles of gas rise through the bed of solid particles, the size of the bubbles grow along the reactor. These bubbles carry particles in their wake inducing a solids circulation [31]. As bubbles rise in the bed, they grow and rise with higher velocity, thereby also increasing the particle velocity. The higher particle velocity results in the increased energy of impact of the collisions of the particles on the membrane. The results suggest that the increase in leakage rate is related to the increase in the mechanical impact of the fluidized bed on the membranes. The temperature plays in this case a detrimental role in when the collisions of the particles become destructive to the membrane.




3.6. Post Mortem Characterization


3.6.1. XRD


To verify whether there is chemical interaction and to investigate the alloying condition, XRD analysis has been used. Samples of the pre-tested membranes were compared with samples of the membranes after the tests. The results of the XRD analysis are presented in Figure 12. The only peaks that are distinguished correspond to either Pd, Ag or the alloy of Pd75Ag25. The pre-testing sample showed for membranes 1, 2 and 4 a split in the peak indicating that the alloy of Pd-Ag is not completely formed yet during the alloying after preparation. The difference in required alloying time is most likely a result of differences in the co-deposition during the ELP. This alloying can explain the increase in the hydrogen permeance during the first 200 hours of membranes 1 and 2 as opposed to membrane 3 in the long-term test [27]. The intensity of the used membrane 1, 2 and 3 are 2 to 3 times larger compared to the fresh membrane samples. The differences in the peak width and intensity indicate a change in morphology. According to the Scherrer Equation (1), the crystal size is inversely proportional to the peak width. In Table 4, the following crystal sizes were obtained for the tested membranes applying the Scherrer equation:


B=KλLcos(θ),



(1)







Membranes 1, 2 and 3 show significant crystal growth with increased time on stream and temperature. The growth of crystals can be related to the growth in grain size. The growth of the grains can be used to explain the reduction in the hydrogen flux for membrane 1, 2 and 3. The diffusion of hydrogen along the grain boundary is ~100 times faster than the diffusion through the lattice [32]. The grain growth reduces the grain boundary density, hence the decrease in hydrogen flux [33]. SEM analysis was performed to confirm the grain growth and further investigate the structural changes.




3.6.2. SEM Analysis


SEM analysis is used to further investigate the changes in the surface of the selective layers and to measure the thickness of the membranes, pre and post testing. Figure 13 shows the evolution of the surface of membrane 1 during the long-term test. Prior to the test, a smooth surface with a very small grain size can be observed. After 2000 h of operation and a temperature up to 525 °C the grain size is increased, which even further increases after 2650 h up to 550 °C. As can be seen, the grain boundary density is decreased and, as mentioned before, this can explain the observed decrease in the hydrogen flux. Besides the formation of larger grains, the membranes showed the formation of small pinholes. The formation of pinholes was relatively pronounced for membrane 3, where some of the black spots appear to be holes between the grain boundaries, as shown in Figure 14A. The sizes of these defects, however, do not directly correspond to the size of the pinholes found by porometry. This would suggest that below the surface there is a narrower pitch between these defects which is measured by the porometry, while the growth and agglomeration of the grains result in the formation of these defects. Figure 14B shows the surface of membrane 4a, where the grains show a wide size distribution and seemed to have grown irregularly. Also from the porometry test it was concluded that the surface of membrane 4a contributes significantly to the nitrogen permeation. Moreover, membranes 1, 2, 3 and 4a showed an increase in crystal growth from the XRD results. Previous works indicated that microstructural changes of the surface result in the formation of void spaces [30,34,35,36]. It can therefore be suspected that the formation and connection of these defects resulted in the formation of pinholes, and at higher temperatures the more irregular surface deformation increases the number of defects formed and thereby the chance of the formation of pinholes. The thickness of the selective layer was also measured on a cross-section of the membranes. The thickness of the selective layer of membranes 1, 2, 3, 4a and membrane 5 before fluidization showed no changed compared to the fresh sample thickness of 4 to 5 microns. Membrane 5 was expected to have a higher thickness, which could also be expected from the permeation results. However, from the cross-section measured this could not be accurately confirmed.



Membrane 4b that was operated in the fluidized bed was divided into 3 sections to inspect the change of the surface along the membrane. In Figure 15 the surface of the membrane is shown for the three sections at two different magnifications, with the flow direction being from the bottom to the top of the images. A clear pattern is visible in the flow direction were towards the top the pattern becomes less spikey and more flat. The pattern looks like overlapping grains, like a fish scale. As mentioned in the discussion of the permeation results, the main increase in nitrogen permeation was found to occur between 450 °C and 500 °C. Helmi et al. [37] showed that no significant surface effects were visible after fluidization at 400 °C. Therefore, it is expected that the main surface deformation took place between 450 °C and 500 °C. It is expected that a combination of operation at the temperatures above 450 °C, and the scouring action of the fluidized particles, results in an increase in surface energy. Since the palladium layer is ductile and the hardness of the palladium decreases with temperature, the increased surface energy could allow ductile deformation of the PdAg layer. EDS analyses, as shown in Figure 16, revealed that the pattern formed on the surface is relatively homogeneous in composition indicating more mechanical interactions than chemical interactions with the catalyst. Beside the pattern, the surface itself also shows many small darker spots. From the EDS results in the dark spots a high presence of Al and O was found. Closer inspection showed that the dark spots where mainly holes. The high concentration of Al and O could be explained due to fines of the catalyst that are stuck in the holes of the surface. The thickness was measured with SEM on 4 different points along the membrane, using Figure 15 as a reference, at point A, Between A and B, Between B and C and at point C. The average thickness is shown to decrease from bottom to top with about 1 µm. This decrease in thickness seems to corroborate with the the leak distribution results that showed a larger leakage contribution towards the top of the membrane as a result of the increased particle velocity. This shows that the configuration and design of a system can significantly affect the stability of the membranes, since the hydrodynamics play an important role in the particle velocities. Possible solutions to avoid the erosion effects observed in this work can be found in protecting the membranes with a porous ceramic layer, as presented in the recent work by Arratibel et al. [38].






4. Conclusions


In this study has the stability of the performance of thin-film PdAg membranes supported on Al2O3 supports over longer times on stream have been investigated, assessing the relative contribution of the sealings and surface defects at different operating temperatures and with or without fluidized catalyst particles. The long-term stability experiments have shown an important contribution of leakages through the sealings, especially at lower operating conditions, where a reduction in the number of sealings resulted in a more stable operation. At temperatures above 500 °C the contribution of leakages from the surface becomes more pronounced and larger than the leakages through the sealings. The leak rates for the different membranes have been reported and can be used as a comparative basis for future works. Post characterization showed that the main leakages originate from small pinholes <55 nm in the surface of the membranes. Small surface defects are formed due to the agglomeration of Pd grains, while the increased grain size decreases the grain boundary density and thus also the hydrogen permeation rate over time. At temperatures above 550 °C a wide distribution of grain sizes on the surface is observed with a high contribution of surface defects. The results of these high-temperature experiments showed that when steam reforming is performed at temperatures above 500 °C a decrease in the perm-selectivity can be expected.



The integration of membranes in a fluidized bed up to 450 °C showed no significant impact on the stability of the palladium membranes. However, between 450 °C and 500 °C the membrane surface is significantly affected and the nitrogen permeance increases rapidly. Post characterization revealed that the bed hydrodynamics play a significant role in the extent of erosion of the membranes in the fluidized bed.



From the observations obtained in this work from both the long-term tests and the tests in the fluidized bed it can be concluded that membrane reactors operated under reforming conditions for hydrogen production require improved membranes in terms of thermal stability. For the integration of the membranes in fluidized bed membrane reactors, the selective layer of PdAg needs to be protected or its mechanical stability needs to be improved, while simultaneously the design of fluidized bed membrane reactors needs to be revisited to further improve the bed hydrodynamics and decrease the scouring action of the particles on the membranes.







Author Contributions


Conceptualization, (N.d.N.) and (F.G.); Methodology, (N.C.A.N.), (J.M.R.), (A.A.P.), (E.F.), (D.A.P.T.), (F.G.); Investigation, (N.d.N.); Writing-Original Draft Preparation, (N.d.N.); Writing-Review & Editing, (all authors); Funding Acquisition, (F.G.)”, please turn to the CRediT taxonomy for the term explanation. Authorship must be limited to those who have contributed substantially to the work reported.




Funding


The presented work is funded within BIONICO. This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking under grant agreement No 671459. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation Programme, Hydrogen Europe and N.ERGHY.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Table]





Table A1. Ideal H2/N2 perm selectivity during the tests for all membranes involved.






Table A1. Ideal H2/N2 perm selectivity during the tests for all membranes involved.





	
Membranes

	
Ideal H2/N2 Perm-Selectivity ∆P 1 bar/Total Time on Tream +- (h)




	
400 °C

	
400 °C

	
400 °C

	
500 °C

	
500 °C

	
500 °C

	
500 °C

	
525 °C

	
525 °C

	
525 °C

	
550 °C

	
550 °C

	
600 °C

	
600 °C






	
1a 14/7 mm (OD/ID)

	
-

	
-

	
-

	
9021 */0

	
10,083 */50

	
10,088 */300

	
8228/1060

	
9727/1060

	
4802/1960

	
-

	
-

	
-

	
-

	
-




	
1b 14/7 mm (OD/ID)

	
-

	
-

	
-

	
7405/0

	
8928/50

	
7402/300

	
4687/1060

	
4521/1060

	
3162/1960

	
3178/2210

	
3263/2210

	
2391/2750

	
-

	
-




	
2a (Finger-like) 14/7 mm (OD/ID)

	
-

	
-

	
-

	
8151/0

	
10,767/50

	
9403/300

	
8344/1060

	
6963/1060

	
4915/1960

	
-

	
-

	
-

	
-

	
-




	
2b 14/7 mm (OD/ID)

	
-

	
-

	
-

	
7197 */0

	
7738 */50

	
7566 */300

	
7219 */1060

	
7654 */1060

	
5305/1960

	
4593/2210

	
4863/2210

	
3107/2750

	
-

	
-




	
3 10/4 mm (OD/ID)

	
-

	
-

	
-

	
9301 */0

	
9547 */50

	
7061/300

	
2114/1060

	
2290/1060

	
1029/1960

	
887/2210

	
933/2210

	
755/2750

	
-

	
-




	
4a 10/7 mm (OD/ID)

	
4125 */0

	
4745 */150

	
-

	
5826 */150

	
6788 */200

	
-

	
-

	
-

	
-

	
-

	
7319 */200

	
5066/480

	
4349/480

	
480/715




	
4b (Finger-like) 10/7 mm (OD/ID)

	
3047/0

	
2498/150

	
2967 **/850

	
4921 **/850

	
2793 **/900

	
248 **/1150

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
5 (Finger-like) 10/7 mm (OD/ID)

	
2746/0

	
2253/150

	
1762/850

	
3586/850

	
3047/900

	
2950/1150

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-








* Nitrogen is out of measurement range, a minimum nitrogen flow of 0.200 ml/min is considered. ** Membrane is in a Fluidized-bed.
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