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Abstract

:

In methane combustion, water tolerance of Pd-based catalysts is quite critical for stable performance, because water is produced in situ and a water-containing feed is used under real conditions. Herein, water-tolerant mesoporous silica-alumina (H-MSA) was prepared by solvent deficient precipitation (SDP) using triethoxy(octyl)silane (TEOOS) and aluminum isopropoxide (AIP). The H-MSA was more tolerant to water than γ-alumina, mesoporous alumina (MA), and mesoporous silica-alumina (MSA) synthesized by using tetraethyl orthosilicate (TEOS), because of the silica present on the external particle surface. Moreover, it exhibited better textural properties, leading to higher dispersion of PdOx. The PdOx catalyst supported on H-MSA was quite durable in repeated temperature-programmed cycles and isothermal tests in the presence of water vapor, compared to the reference PdOx catalysts. The measured stability was attributed to the water tolerance, weak Lewis acidity, and penta-coordinated Al species of the H-MSA support, which was preferentially imparted when TEOOS was added for substitution of 5 mol% AIP for the synthesis of H-MSA. Therefore, the SDP method employed herein is useful in endowing supported PdOx catalysts with the water tolerance necessary for stable methane combustion performance under wet conditions.
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1. Introduction


Since methane, a primary component of natural gas and shale gas, has 21 times higher global warming potential than carbon dioxide, it should be gone off by combustion of the gas mixture exhausted after power generation. Among a number of the reported catalyst systems, Pd is mostly known to be the active metal for catalytic methane combustion under oxygen-rich conditions [1,2,3,4,5,6,7]. From a number of studies on Pd-based catalysts, the recognized big challenges are complete conversion at temperatures of lower than 400 °C and superior catalyst stability under wet conditions. Particularly, the latter issue is stringent because the water produced by methane combustion (CH4 + 2O2 → 2H2O + CO2) and co-feeding water result in catalyst deactivation [8,9,10,11,12,13,14]: the surface of PdO is transformed into Pd(OH)2 by the reaction, PdO + H2O → Pd(OH)2, which is favorable below 450 °C [9,13,14]. This leads to blocking of the active PdOx phase (a mixed state of Pd and PdO) and inhibition of oxygen mobility crucial in the Mars van Krevelen mechanism [8,9,11,12,13,14]. Such deactivation has often been reported in alumina support generally employed for methane combustion [14].



One of the approaches to cope with detrimental effects of water is to provide hydrophobicity to alumina. For instance, Cargnello et al. [15] reported that CeO2-decorated Pd was deposited onto hydrophobic alumina (H-Al2O3) prepared by coating the surface of γ-alumina with triethoxy(octyl)silane (TEOOS), in which the surface of alumina was covered by alkyl chains and hence became hydrophobic. This catalyst showed complete methane conversion at the temperature close to 400 °C in heating cycles. Good water resistance was also demonstrated for Pd on mesostructured Beta zeolite with the optimized hydrophobicity hindering water adsorption [10].



Herein, we have employed a new method different from the coating for the preparation of water-tolerant alumina, which is solvent deficient precipitation (SDP), as described by Woodfield and coworkers [16]. This is a facile, one-pot method and enables the formation of mesopores in the structure of alumina, even after calcination at above 600 °C without use of structure directing agents. Variation in the ratio of water to aluminum alkoxide used in the SDP method affected the rates of hydrolysis and condensation, thereby controlling pore texture of the prepared alumina [17,18]. They also studied the effect of Al substitution by Si, which was performed with addition of tetraethyl orthosilicate (TEOS), on the lattice and coordination environment of mesoporous alumina, and examined improved thermal stability of mesoporous silica-alumina (MSA) because the structure of γ-Al2O3 was not transformed into δ- and θ-Al2O3 at above 1200 °C by addition of 5 wt% Si to alumina [19].



Thus, TEOS is replaced by TEOOS in this work to provide water tolerance to the SDP-derived mesoporous alumina (MA) prepared by using aluminum isopropoxide (Al(OC3H7)3; AIP). The synthesized mesoporous silica-alumina is named H-MSA(x) where H represents water tolerance and x (5, 10, and 20) is the content of TEOOS added for substitution of 5, 10, and 20 mol% AIP, respectively. For comparison, a series of MSA(x) supports are synthesized by using TEOS and AIP, and a commercial γ-Al2O3 (gA) is also used. To examine the water tolerance of H-MSA(x), the wettability test to measure a contact angle is performed and water-exposed samples are characterized by X-ray diffraction (XRD) analysis. After PdOx loading, methane combustion activity is evaluated under wet conditions that are chosen referring to the report of Hong et al. [20]. Activity tests are conducted in temperature-programmed and isothermal modes, indicating that PdOx/H-MSA catalysts are more durable than MSA-supported PdOx analogues. Thus, the effects of alumina substitution by silica are investigated with respect to acidity and aluminum coordination playing important roles in methane combustion.




2. Results


2.1. Characteristics of the Prepared Supports and Supported PdOx Catalysts


First of all, H-MSA(10) and MSA(10) were characterized as a representative of the two series of H-MSA and MSA supports to identify water tolerance, respectively. The as-synthesized (i.e., uncalcined) H-MSA(10) was investigated by Fourier-transform infrared (FT-IR) spectroscopy (Figure S1). The absorption peaks in the spectrum were observed at 2900, 2850, and 2875 cm−1, representing the stretching vibrations of the C–H bond of the octyl group [15,21]. They were not found with the samples gA, MA, and MSA(10), but with water-tolerant γ-Al2O3 (H-gA) prepared by coating the surface of gA with TEOOS. However, the results of thermogravimetric analysis and elemental analysis revealed that there was no residual carbon species in the calcined H-MSA(10), which is possibly due to calcination at 800 °C.



Thus, the calcined samples were immersed in distilled water for 48 h under ambient conditions to evaluate their water tolerance. Figure 1a shows the X-ray diffraction (XRD) patterns of these water-exposed samples compared to the calcined ones. In the patterns of the calcined gA, MA and MSA(10), the reflections corresponding to γ phase of alumina are visible (black curves). However, when these samples were exposed to water, the new reflections appeared at 2θ of 18.8°, 20.4°, 27.6°, 40.6°, and 53.1° (red curves), which is because of partial transformation of γ-Al2O3 into Al(OH)3 (PDF #20-0011). In contrast, the XRD patterns of both the calcined and water-exposed H-MSA(10) were not noticeably different. This indicates that the exposure of H-MSA(10) to water does not lead to phase transformation unlike the other samples, which corroborates the good tolerance of H-MSA(10) to water.



The other water-exposed H-MSA(x) and MSA(x) samples were further characterized by XRD analysis. Similar to H-MSA(10), H-MSA(5) and H-MSA(20) showed good water tolerance, although the peak at 2θ of 18° was slightly visible for the latter (Figure 1b). In contrast, the diffraction peaks corresponding to Al(OH)3 and AlOOH (boehmite) were detected after the water exposure of MSA(5) and MSA(20), respectively (Figure 1c), where the difference is associated with the amount of TEOS added. Therefore, H-MSA(x) is believed to be more tolerant to water than the other prepared supports. Regarding the origin of such a feature, it was noticed that the liquid drops of TEOOS slowly disappeared during the SDP synthesis due to the octyl group, largely different from TEOS showing immediate dissolution. Therefore, the external particle surface of H-MSA(x) would be enriched on with silica, which is discussed later. That is, silica enrichment can contribute to the good water tolerance of H-MSA(x).



Additionally, wettability experiments were conducted to measure a contact angle at the pellet surface. Figure S2 shows that the contact angle with H-MSA(10) is higher at 39.1° than 28.0° with MSA(10), 18.7° with gA, and 0° (spreading) with MA. Therefore, it is obvious that H-MSA(10) is more hydrophobic than the other supports. However, H-MSA(10) is not evaluated to be completely hydrophobic because the contact angle is lower than 90°. This suggests that Pd loading is possible by incipient wetness impregnation with an aqueous solution of 10 wt% 4NH3·Pd(NO3)2.



Furthermore, spectroscopic study was performed to assess the extent of water uptake for a powder sample. Thus, dry powder samples were taken after pretreatment at 500 °C in a N2 flow of 40 cm3 min−1 for 1 h, whereas a flow of 50% H2O in N2 balance (40 cm3 min−1) was supplied at 200 °C for 1 h to expose the powder samples to water vapor. After attenuated total reflectance infrared (ATR-IR) spectra of these samples were collected, the spectrum of dry sample was subtracted from that of water vapor-exposed sample. Figure 2 shows the OH stretching and bending vibrations of the adsorbed H2O in 4000–2700 cm−1 and 1800–1500 cm−1, respectively [22]. As clearly seen, the absorptions are very little for H-MSA(10). In other words, the spectra of dry and water vapor-exposed samples are nearly identical, indicating that the water-uptake capacity of H-MSA(10) is negligible. In sharp contrast, MSA(10), MA, and gA exhibit distinct absorption bands in the two regions, which supports that these samples are capable of water uptake. Therefore, the ATR-IR results confirm the good water tolerance of H-MSA(10), as suggested above.



The textural properties of the support materials were characterized by Brunauer-Emmett-Teller (BET) analysis. The measured results are listed in Table 1 and the adsorption-desorption isotherms of supports are presented in Figure S3. When pore size distribution determined by Barrett-Joyner-Halenda (BJH) analysis was plotted against pore width, enlarged mesopores were developed for the MA support centered at 24.2 nm compared to gA of 7.1 nm (Figure S4). This is a feature of the SDP method [16,17,18,19]. The pore size distribution curve of MA was similarly observed for MSA(x) (Figure 3a). However, the width and height of these curves were reduced with the increase in the amount of TEOS added: 24.1, 19.0, and 11.2 nm for MSA(5), MSA(10), and MSA(20), respectively. This is most likely attributed to the increased rates of hydrolysis and condensation by better mixing of TEOS and AIP. Thus, the specific BET surface area of MSA(x) decreased from 276 m2 g−1 of MSA(5) to 172 m2 g−1 of MSA(20). In contrast, the H-MSA(x) supports exhibited very broad pore size distribution curves of up to 100 nm (Figure 3b) and the specific surface area also increased from 222 m2 g−1 of H-MSA(5) to 310 m2 g−1 of H-MSA(20) with the center of the pore diameter shifted to a lower value of 14.4 nm. These results would be explained by the presumption that the void space is created by the long hydrocarbon chain of TEOOS acting as a possible spacer between primary alumina particles and preferentially existing at the outer particle surface (explained later by surface composition results).



Additionally, the XRD patterns of the calcined H-MSA(x) and MSA(x) show a background hump in the 2θ range of 10° to 25° (Figure 4). The intensity of this hump became higher with the increase in the amount of TEOOS and TEOS added, resulting from more abundance of amorphous silica. Simultaneously, the reflections of γ-Al2O3 became diminished. This may contribute to the change in chemical properties of the alumina surface, aside from the modification of the textural properties discussed above.



CO chemisorption experiments were performed to measure Pd dispersion of the supported PdOx catalysts (Table 2). Note that the actual Pd content was measured at 2 ± 0.1 wt% for all of the catalysts by an inductively coupled plasma optical emission spectrometer (ICP-OES). The mean value of PdOx/H-MSA(x) was 35.6% (corresponding to Pd size of 3.2 nm), which is much higher than the other catalysts, and is in agreement with the very little reflections of PdO in their XRD patterns. This high Pd dispersion is attributed to the well-developed, broad porosity of H-MSA(x) supports. Moreover, H2 temperature-programmed reduction (H2-TPR) experiments were performed. Bulk PdO reduces in H2 at around room temperature, forming Pd hydride species (β-PdHx). The decomposition of this species shows a negative peak. Generally, the intensity and position of this peak depend on the size of supported Pd particles [23,24,25,26]. For instance, the decomposition of β-PdHx occurs at higher temperatures for small Pd particles while higher storage capacity is observed with larger Pd particles. For the calcined PdO/H-MSA(10), a negative peak was found to be smaller (63.1 μmol g−1) at a higher temperature of 105.5 °C than for PdO/gA, PdO/MA, and PdO/MSA(10) (Figure 5). Therefore, H2-TPR results confirm the existence of smaller PdO particles on H-MSA(10).



Owing to broad pore size distributions of H-MSA(x), palladium precursor species can be infiltrated into enlarged mesopores at the impregnation step and then well dispersed inside pores, which may have more effect on the textural properties of H-MSA(x) compared to MSA(x). This implication was considered to be valid because the change in the specific surface areas between the supported PdOx/H-MSA(x) catalysts and H-MSA(x) was smaller than in between of PdOx/MSA(x) and MSA(x). Thus, it can be presumed that sintering of PdOx is inhibited during methane combustion over PdOx/H-MSA(x) under wet conditions.




2.2. Catalytic Performance in Methane Combustion under Wet Conditions


The methane combustion activities of PdOx/H-MSA(10) and PdOx/MSA(10) were first compared through the temperature-programmed test mode in a temperature window of 100 to 600 °C, as presented in Figure 6, where the CH4 conversion of 90% (T90) was marked by vertical dashed lines. Light-off temperatures were similar at around 300 °C for each catalyst. However, the measured T90 was much lower at 385 °C for PdOx/H-MSA(10) compared to PdOx/gA (415 °C), PdOx/MA (430 °C) and PdOx/MSA(10) (435 °C). This difference is associated with PdOx size and/or metal-support interaction. Murata et al. reported the metal-support interaction concerning the particle size effect of Pd/Al2O3 on methane combustion [27]. When using γ-Al2O3 as a support, the catalytic activity decreased with the increase in Pd particle size. This feature was also confirmed in the recent report of Chen et al. [28]. Since the average particle size of Pd in PdOx/H-MSA(10) was estimated to be 3.3 nm, the size of active PdOx is considered to positively affect the methane combustion activity of PdOx/H-MSA(x). Nevertheless, metal-support interaction may not be neglected because the difference in Pd particle size was not large among PdOx/gA, PdOx/MSA(10), and PdOx/H-MSA(10).



To notice activity change resulting from particle sintering and/or change of PdOx phase, isothermal tests were performed at the activity-favorable temperature, that is, 500 °C. According to the report of Hong et al. [20], 5 vol% of water vapor was contained in the feed with gas hourly space velocity (GHSV). The methane combustion performance of each catalyst was declined at different rates with time-on-stream (Figure 7a). The activity drop was much less for PdOx/H-MSA(10) (from 99.8% to 88.6%) than for the others such as PdOx/MSA(10) (from 86.9% to 58.7%), PdOx/MA (from 88.2% to 43.5%), and PdOx/gA (from 72.4% to 34.3%). This suggests that the physical and/or chemical state of PdOx is the most stable in PdOx/H-MSA(10).



Furthermore, the catalytic activities of PdOx/H-MSA(x) and PdOx/MSA(x) obtained under the same conditions were compared. As presented in Figure 7b, the former catalysts exhibited better stability than the latter. Particularly, the superior performance of PdOx/H-MSA(5) was maintained at 500 °C for 24 h with a very small decrease from 99.8% to 97.8% compared to PdOx/H-MSA(10) and PdOx/H-MSA(20). The degrees of activity decay were much higher for PdOx/MSA(x): the difference between the initial and final activities was 22.7%, 28.2%, and 33.3% for PdOx/MSA(5), PdOx/MSA(10) and PdOx/MSA(20), respectively.



We tried comparing the activity of PdOx/H-MSA(5) with the literature data (listed in Table S1). However, it is difficult to make direct comparison because reaction conditions (e.g., CH4 composition, water content, GHSV, and temperature) are not the same in all reports. Under this situation, GHSV was selected as a reaction parameter for activity comparison because methane conversion strongly depends on the feed flow rate. When our results measured at GHSV of 200,000 cm3 g−1 h−1 were compared with the previous results obtained at GHSV of between 180,000 and 240,000 cm3 g−1 h−1, the CH4 conversion (98% at 500 °C) over PdOx/H-MSA(5) is higher than or comparable to those over PdCe (55% at 450 °C) [29], PdCe SCS (50% at 450 °C) [30], Pd/ZrO2(85) (95% at 500 °C) [20], and Pd/ZrO2(700) (85% at 450 °C) [31].



The catalyst stability of PdOx/H-MSA(x) and PdOx/MSA(x) was also examined by repeated runs via the temperature-programmed test, where PdOx/H-MSA(20) and PdOx/MSA(20) were excluded because of showing the worst activity among their series. When compared with the first-cycle activity curves, the light-off temperatures were almost similar and the T90 was shifted to high temperatures with repeated runs (Figure 8). Nevertheless, PdOx/H-MSA(5) and PdOx/H-MSA(10) showed the lowest T90 values (420–430 °C in the second cycle and 440–450 °C in the third cycle), which is in accordance with the isothermal activity results. In the case of PdOx/MSA(5) and PdOx/MSA(10), the T90 was measured to be 470 and 490 °C in the second and third cycles, respectively. In contrast, the shift of T90 for PdOx/MA (to 520 °C in the third cycle) and PdOx/gA (to 530 °C in the third cycle) was much larger, which is also consistent with the significant activity decay observed in the isothermal tests. Therefore, the temperature-programmed test results support the better stability of PdOx/H-MSA(x).



TEM images of the fresh and spent PdOx/H-MSA(5) and PdOx/MSA(5) were shown in Figure 9, where the spent samples were obtained after isothermal test at 500 °C for 24 h under the conditions stated in Figure 7. The average particle size of PdOx in the fresh PdOx/H-MSA(5) and PdOx/MSA(5) was similar at 3.2 and 3.1 nm, respectively. In the spent samples, the average PdOx particle size was maintained at 3.3 nm for PdOx/H-MSA(5), yet the particle growth to 4.7 nm was observed with PdOx/MSA(10). Similarly, the average PdOx particle size of PdOx/H-MSA(10) was negligibly changed after the reaction (fresh: 3.5 nm, spent: 3.8 nm) whereas particle sintering from 3.7 to 4.7 nm was observed for PdOx/MSA(10) (Figure S5). Similarly, the increase in Pd particle size from 3.6 to 4.9 nm was found with PdOx/MA (Figure S5). These results clearly explain the better longevity of PdOx/H-MSA(x) than PdOx/MSA(x). Additionally, metal-support interaction is considered to be stronger for the former catalysts.




2.3. Effect of Alumina Substitution by Silica


The support materials were characterized to discuss the better long-term stability of PdOx/H-MSA(x) catalysts. The support acidity was investigated by pyridine-chemisorbed FT-IR spectroscopy (Figure 10), where Lewis acid site was quantified by area calculation of the band at 1450 cm−1 with the integrated molar extinction coefficient of 2.22 cm μmol−1 [32]. Generally, Pd species become electron deficient by Lewis acidity and thereby result in easy adsorption/desorption of oxygen for methane combustion based on the Mars van Krevelen mechanism [33]. However, the water has strong affinity to Lewis acidity, possibly leading to catalyst deactivation [10].



As listed in Table 1, MSA(x) supports were more Lewis acidic than gA and MA due to addition of tetravalent Si into trivalent Al. However, it was reduced for H-MSA(x): 82.4, 69.7, and 48.1 μmol g−1 for H-MSA(5), H-MSA(10), and H-MSA(20), respectively. When the surface composition was measured by X-ray photoelectron spectroscopy (XPS), the surface Si content increased in the following trend: 1.9 at% for H-MSA(5) < 3.1 at% for H-MSA(10) < 5.7 at% for H-MSA(20). As shown in Figure S6, the similar trend was observed with MSA(x) but the intensity was lower than those of H-MSA(x): 0.9 at% for MSA(5) < 1.4 at% for MSA(10) < 5.1 at% for MSA(20). This corroborates that Si is enriched at the outer surface of H-MSA(x) compared to MSA(x). Other XPS findings are that the peak of aluminosilicate (centered at 102.3 eV) was predominant in H-MSA(5), and that the surface fraction of SiO2 (centered at 103.3 eV) was much higher for H-MSA(10) and H-MSA(20). The former explains that most of Si is linked to Al via oxygen atom, implying reduced Lewis acidity of Al for H-MSA(5). The latter observation also suggests that silica present on the external surface can block Lewis acidic Al sites. Therefore, the reduced Lewis acidity of H-MSA(x) with increasing x is likely to inhibit adsorption of oxygen by competitive H2O adsorption and thereby bring about a little faster catalyst deactivation under wet conditions. On the other hand, the bands at 1544 and 1640 cm−1 representing Brønsted acidity were slightly intense for H-MSA(20) and MSA(20) (Figure 10). Because Brønsted acidity with the H-donating ability can hardly cleave C–H bond in CH4, a low catalytic activity is expected. This matches the lower activities of PdOx/H-MSA(20) and PdOx/MSA(20).



In addition, the environment of Al was studied by solid-state 27Al magic angle spinning nuclear magnetic resonance (MAS NMR) spectroscopy. The obtained spectra shown in Figure S7 were deconvoluted into octahedral AlVI, penta-coordinated AlV and tetrahedral AlIV at ca. 8, 31, and 64 ppm, respectively [19,33,34]. The calculated fractions of these species are presented in Figure 11. The fraction of AlV was lower for MA (6.2%) than for gA (14.1%). In addition, it increased to 17.6% and 12.2% for MSA(5) and MSA(10). A further increase was found with H-MSA(5) (26.4%) and H-MSA(10) (23.9%). Mardkhe et al. [19] reported that the increased concentration of AlV species in mesoporous silica-alumina is attributed to the formation of an interfacial silica-alumina phase in between primary particles in an agglomerate and concluded that such an interfacial phase disrupts the γ-Al2O3 structure and improves thermal stability by retarding the α-Al2O3 formation. Therefore, H-MSA(x) is structurally stable because of the heightened presence of AlV compared to MA and MSA(x).



Additionally, it was reported that the increased concentration of AlV could stabilize active PdOx species and strongly interact with adjacent PdOx on the surface of Pd particles [34]. This suggests that PdOx/H-MSA(5) is capable of showing good and stable methane combustion performance owing to the heightened presence of AlV and water tolerance, which are derived from the SDP method using TEOOS as a silane source.





3. Materials and Methods


3.1. Catalyst Preparation


The supporting MA (mesoporous alumina), MSA(x) (mesoporous silica-alumina), and H-MSA(x) (water-tolerant mesoporous silica-alumina) were prepared by the SDP (solvent deficient precipitation) method. For the synthesis of MA, 10.21 g AIP (aluminum isopropoxide, Sigma Aldrich, Munich, Germany) was mixed with 5.4 g water (equivalent to 6 mole of H2O per AIP) in a mortar with a pestle at room temperature for 20 min. During this course, the mixture was changed from wet powder to liquid form and finally to paste state. The obtained paste was calcined at 800 °C for 5 h in a muffle furnace. The same procedure was used for the preparation of MSA and H-MSA, except the addition of TEOS (tetraethyl orthosillicate, Sigma Aldrich, Munich, Germany) and TEOOS (triethoxy(octyl)silane, Sigma Aldrich, Munich, Germany) for substitution of 5, 10, and 20 mol% AIP, respectively. Additionally, gA (γ-alumina) was purchased from STREM Chemicals. To the prepared supports, Pd of 2 wt% was loaded by incipient wetness impregnation using a solution of 10 wt% 4NH3·Pd(NO3)2 in H2O (Sigma Aldrich, Munich, Germany). Finally, the catalysts were dried at 105 °C for 12 h and calcined 600 °C for 5 h in the muffle furnace. Prior to activity tests, the calcined sample was sieved to between 200 and 300 μm mesh, because this size was examined in preliminary tests to be small enough to prevent internal mass transfer limitation.




3.2. Activity Test for Methane Combustion


Prior to the activity test, the calcined samples were subjected to methane activation using a gas of 20% CH4 in N2 balance (40 cm3 min−1). According to the report of Su et al., nucleated reduction happens when CH4 rather than H2 is used for activation of PdO [35]. In our preliminary studies, PdO on the MA were reduced by CH4 in the temperature range 400–550 °C [36] and the catalyst activated with CH4 at 600 °C showed a better performance than the one pretreated with air. In this work, the methane activation temperature was tuned to 500 °C because a higher fraction of PdO (34.7%) was formed in comparison with methane activation at 600 °C (27.8%), as shown in Figure S8. Thus, methane activation at 500 °C for 30 min was chosen to yield active PdOx species.



A catalyst sample (60 mg) was activated in a quartz fixed bed reactor (outer diameter: 12 mm, inner diameter: 10 mm). After the reactor was cooled to 25 °C, the flow was switched to a reaction gas mixture of 4000 ppm CH4, 12% O2 and 5% H2O in N2 balance at a total flow rate of 200 cm3 min−1 (corresponding to GHSV of 200,000 cm3 gcat−1 h−1). Then, the reactor was heated to 600 °C at a ramping rate of 5 °C min−1, followed by cooling to 25 °C in a flow of reaction gas mixture. This procedure was repeated to examine catalyst stability. Additionally, isothermal tests were conducted at 500 °C with the same gas mixture as above. The concentrations of methane at the inlet (CH4,in) and outlet (CH4,out) were measured using an infrared gas analyzer (Fuji Electric Corp., Tokyo, Japan). Methane conversion was calculated using the following equation: methane conversion (%) = (CH4,in − CH4,out)/CH4,in × 100.




3.3. Characterization


X-ray diffraction analysis was conducted with a Rigaku MiniFlex600 (Rigaku Corp., Tokyo, Japan) using a Cu Kα radiation at 40 kV and 15 mA to identify the crystalline structures of supports and catalysts in 2θ range from 10° to 80° at a scan speed of 10° min−1 with a step of 0.02°.



The specific Brunauer-Emmett-Teller surface areas, total pore volumes and average pore diameters of catalysts (100 mg) were measured at 77 K in a Micromeritics 3Flex (Micromeritics Instrument Corp., Norcross, GA, USA) after samples were degassed at 150 °C for 1 h for removing adsorbed chemicals.



The actual Pd loading was measured with an inductively coupled plasma optical emission spectrometer (ICP-OES) using a Thermo Scientific iCAP 7000 (Thermo Fisher Scientific Corp., Waltham, MA, USA), after a sample dissolved in a mixture of HNO3 and HCl (1:6, v/v) was pretreated in a Milestone Ethos Easy Microwave digestion system. The carbon content was determined by elemental analysis using a Thermo Scientific Flash EA 1112 (Thermo Fisher Scientific Corp., Waltham, MA, USA). Thermogravimetric analysis was conducted in a NETZSCH TG209F1 (Erich NETZSCH GmbH & Co. Holding KG, Selb, Germany). The sample (30 mg) was heated to 900 °C at a rate of 10 °C min−1 in an air flow (100 cm3 min–1).



X-ray photoelectron spectroscopy analysis was conducted using a Thermo Scientific K-alpha plus spectrometer (Thermo Fisher Scientific Corp., Waltham, MA, USA) with a monochromatic Al Kα X-ray source operated at a voltage of 1486.6 eV. All spectra were collected with a step of 0.1 eV and a pass energy of 50 eV using the C 1s binding energy of 284.6 eV for calibration.



To investigate the Pd dispersion and Pd particle size, CO-chemisorption analysis was carried out using a BELCAT-B instrument (MicrotracBEL Corp., Osaka, Japan). Prior to the analysis, the sample (50 mg) was reduced at 350 °C for 1 h at a ramping rate of 5 °C min−1 in 30 cm3 min−1 of 10% H2/Ar and then purged for 30 min in a He flow. After this reduction, the sample was cooled down to 35 °C in He atmosphere and 5% CO/He gas was repeatedly injected as pulse (volume of sample loop: 0.994 cm3) until the sample was saturated. The Pd dispersion and Pd particle size were calculated from CO uptake data, under the assumption that Pd crystallite is spherical and the ratio of adsorbed CO to Pd is 1.



H2 temperature-programmed reduction measurement was performed in a Micromeritics AutoChem 2910 (Micromeritics Instrument Corp., Norcross, GA, USA). After the calcined sample (200 mg) was pretreated at 500 °C for 1 h in He, it was cooled to 50 °C. Then, 10% H2/Ar was fed at a rate of 50 cm3 min−1, followed by heating to 350 °C at a rate of 5 °C min−1.



Fourier-transform infrared spectra were obtained in a Thermo Fisher Scientific Nicolet 6700 (Thermo Fisher Scientific Corp., Waltham, MA, USA) to figure out the presence of C–H stretching in the range 3000–2800 cm−1. Before FT-IR analysis, a KBr (Sigma Aldrich, Munich, Germany) pellet of the mixed powder (KBr 98 mg, sample 2 mg) was prepared, and then that pellet was installed to record the spectra.



Attenuated total reflectance infrared spectra were collected in a Nicolet iS50 (Thermo Fisher Scientific Corp., Waltham, MA, USA) to access the extent of water uptake after thermal pretreatment of a powder sample (50 mg) was conducted in different manners with a tube reactor. All spectra were recorded in the range 4000–400 cm−1 with 32 scans and a resolution of 4 cm−1, where KBr (Sigma Aldrich, Munich, Germany) was used for a background spectrum.



FT-IR spectroscopy with pyridine adsorption was conducted in the same instrument equipped with MCT-A detector for calculation of Lewis and Brønsted acid sites of all supports. The probe molecule was adsorbed inside a Specac HTHP cell (Specac Ltd., Orpington, Kent, England). A sample pellet (30 mg) was pretreated at 300 °C for 1 h under vacuum (10−3 mbar) and the probe molecule pyridine (5 μL) was then directly injected after cooling down to 150 °C. Following the degassing at 150 °C for 30 min, IR spectra were acquired with 32 scans and a resolution of 4 cm−1.



Solid-state 27Al magic angle spinning nuclear magnetic resonance spectra were recorded with an Advance III HD (Bruker Corp., Billerica, MA, USA) using a 4 mm broadband MAS probe. The NMR frequency was 130.3 MHz and the chemical shift was referenced to 1 M AlCl3(aq) as 0.0 ppm. The sample was packed in a 4 mm diameter rotor and spun at 10 kHz. The spectra were acquired by Fourier transform of the free induction decay signals with a single 1.0 μs pulse, resulting in a flip angle of about π/12 and a recycle delay time of 1 s. The measurements were performed with 1024 scans.



For wettability experiments, a sample (ca. 100 mg) was pelletized at 5.0 tons for 1 min using a CrushIR Digital Hydraulic Press (PIKE, Madison, WI, USA). Then, two droplets of water were added onto each pelletized disc followed by measurement of contact angle.





4. Conclusions


For methane combustion, we demonstrated the advantage of water-tolerant mesoporous silica-alumina prepared by the SDP method using TEOOS and AIP as Si and Al sources, respectively. Compared to the other reference supports, the H-MSA(x) exhibited better textural properties, leading to higher dispersion of PdOx, and water tolerance provided by the silica present on the external particle surface. It also contained more penta-coordinated Al species and weak Lewis acidity, contributing to stabilization of active PdOx phase and reduction of water-poisoning effect, respectively. The repeated temperature-programmed cycles and isothermal tests in the presence of water vapor revealed the superior stability of PdOx/H-MSA(5) to the other prepared catalysts: the methane conversion over PdOx/H-MSA(5) showed a very small decrease from 99.8% to 97.8% at 500 °C for 24 h. Consequently, it is believed that the H-MSA would be a suitable support for stable performance of PdOx in methane combustion under exhaust gas conditions.
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Figure 1. XRD patterns of (a) the calcined (black) and water-exposed (red) samples such as H-MSA(10), MSA(10), MA, and gA, (b) the calcined and water-exposed H-MSA(x), (c) the calcined and water-exposed MSA(x). 
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Figure 2. ATR-IR spectra obtained by subtracting the spectrum of dry sample from that of water the vapor-exposed sample. The two regions in 4000–2700 cm−1 and 1800–1500 cm−1 represent the OH stretching and bending vibrations of the adsorbed H2O, respectively. 
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Figure 3. BJH pore size distribution curves of the prepared support materials: (a) MSA(x) and (b) H-MSA(x). 
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Figure 4. XRD patterns of the calcined support materials, (a) H-MSA(x) and (b) MSA(x), along with MA and gA. 
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Figure 5. H2-TPR profiles of the calcined PdO catalysts. 
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Figure 6. Temperature-programmed methane combustion activities of PdOx/H-MSA(10), PdOx/MSA(10), PdOx/MA and PdOx/gA from 100 to 600 °C with 4000 ppm CH4, 12% O2 and 5% H2O in N2 balance (GHSV = 200,000 cm3 gcat−1 h−1). The T90 was marked by vertical dashed lines. 
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Figure 7. Isothermal methane combustion activities at 500 °C for 24 h with 4000 ppm CH4, 12% O2 and 5% H2O in N2 balance (GHSV = 200,000 cm3 gcat−1 h−1) over (a) supported PdOx catalysts (PdOx/H-MSA(10), PdOx/MSA(10), PdOx/MSA and PdOx/gA) and (b) the series of PdOx/H-MSA(x) and PdOx/MSA(x). The value in parenthesis represents the difference between the initial and final activities. 
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Figure 8. Temperature-programmed activities of PdOx/H-MSA(5), PdOx/H-MSA(10), PdOx/MSA(5), PdOx/MSA(10), PdOx/MA and PdOx/gA in the second (a,b) third cycles from 100 to 600 °C with 4000 ppm CH4, 12% O2 and 5% H2O in N2 balance (GHSV = 200,000 cm3 gcat−1 h−1). The T90 was marked by vertical dashed lines. 
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Figure 9. TEM images of (a) the fresh PdOx/H-MSA(5), (b) spent PdOx/H-MSA(5), (c) fresh PdOx/MSA(5), and (d) spent PdOx/MSA(5). The spent samples were obtained after isothermal reaction at 500 °C for 24 h. Insets represent the particle size distribution of PdOx. 
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Figure 10. Pyridine chemisorbed FT-IR spectra of the prepared support materials. B and L stands for Brønsted and Lewis acid sites, respectively. 
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Figure 11. Composition of coordinated Al species (calculated by deconvolution of 27Al MAS NMR spectra in Figure S6) for gA, MA, MSA(5), MSA(10), H-MSA(5), and H-MSA(10). 
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Table 1. Physicochemical properties of the prepared support materials.
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	Sample
	BET Surface Area a

(m2 g−1)
	Pore Volume a

(cm3 g−1)
	Pore Diameter b

(nm)
	Lewis Acidity c

(μmol g−1)





	gA
	192
	0.44
	7.1
	59.4



	MA
	187
	1.37
	24.2
	51.1



	MSA(5)
	276
	1.87
	24.1
	88.1



	MSA(10)
	230
	1.30
	19.0
	94.9



	MSA(20)
	172
	0.58
	11.2
	109.0



	H-MSA(5)
	222
	1.51
	34.0
	82.4



	H-MSA(10)
	304
	1.45
	19.1
	69.7



	H-MSA(20)
	310
	1.12
	14.4
	48.1







a Measured by N2 physisorption at 77 K. b Pore diameter when the incremental pore volume was at maximum in pore size distribution curve. c Calculated by pyridine-chemisorbed FT-IR spectra.
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Table 2. Physicochemical properties of the supported PdOx catalysts.
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	Sample
	BET Surface Area a

(m2 g−1)
	Pore Volume a

(cm3 g−1)
	Pore Diameter b

(nm)
	Pd Dispersion c

(%)





	PdOx/gA
	183
	0.42
	7.5
	29.4 (3.8 nm)



	PdOx/MA
	155
	0.67
	15.5
	18.1 (6.2 nm)



	PdOx/MSA(5)
	201
	0.76
	12.9
	29.8 (3.7 nm)



	PdOx/MSA(10)
	187
	0.78
	13.9
	21.8 (5.1 nm)



	PdOx/MSA(20)
	174
	0.63
	10.0
	17.4 (6.4 nm)



	PdOx/H-MSA(5)
	217
	1.36
	20.4
	35.2 (3.2 nm)



	PdOx/H-MSA(10)
	297
	1.23
	18.9
	34.3 (3.3 nm)



	PdOx/H-MSA(20)
	276
	0.93
	12.9
	37.5 (3.0 nm)







a Measured by N2 physisorption at 77 K. b Pore diameter when the incremental pore volume was at maximum in pore size distribution curve. c Measured by CO chemisorption, where the value in parenthesis indicates the Pd particle size.
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