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Abstract

:

Iron-manganese mixed metal oxide catalysts with a range of Fe:Mn ratios were synthesised by co-precipitation using sodium carbonate and evaluated for total propane oxidation. The Fe0.50Mn0.50Ox catalyst was the most active, and this was due to increased surface area along with the formation of a Mn2O3 phase that was not present in the other catalysts. The effect of the precipitating agent was evaluated with the Fe0.50Mn0.50Ox catalyst, investigating preparation using (NH4)2CO3, K2CO3, NH4OH, KOH, and NaOH. In almost all cases, the activity of propane oxidation was increased compared to the Na2CO3-prepared catalyst, with the hydroxide-precipitated catalysts generally being more active than the carbonates. The NH4OH catalyst was the best performing and this was thought to be due to the formation of a highly active mixed defect spinel structure. Results demonstrate that highly active mixed metal oxide total oxidation catalysts can be prepared using abundant elements, and the choice of precipitating agent is important to maximise the activity.
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1. Introduction


Volatile organic compounds (VOCs) are a form of atmospheric pollutants emitted from both environmental and man-made sources. They are often potent greenhouse gasses with global warming potentials greater than carbon dioxide and contribute to climate change [1]. VOCs have been found to directly damage human health, with aromatic compounds being highly carcinogenic and linked to cases of leukaemia [2]. Atmospheric VOCs also readily react with NOx leading to the formation of low-level ozone and smog [3,4]. This is particularly prevalent in urban environments where the ozone is a large contributor to air pollution, one of the leading causes of preventable death globally [5]. These negative consequences have led to efforts to reduce VOC concentrations in the atmosphere, with regulations introduced to limit emissions. The Gothenburg Protocol and China’s 13th five-year plan are all significant legislation that included targets of reducing the release of VOCs [6,7,8].



A number of methods have been developed with the aim of reducing the emissions of VOCs, with adsorption, absorption, catalytic oxidation, and thermal oxidation all receiving extensive research. Catalytic oxidation is a technology that has received increased interest due to its benefits over other techniques. Unlike thermal oxidation, it is highly selective towards non-toxic products, while also proceeding at a much lower operating temperature [9]. Catalytic oxidation is also a destructive technique, unlike adsorption and absorption, converting the VOC to a more benign compound than simply immobilising it. A further benefit of catalytic oxidation is the ability to treat low concentrations and complex VOC streams containing multiple compounds [10].



Propane total oxidation to CO2 and H2O has received significant research interest in the context of VOC emission control. Propane is highly stable when compared to other VOCs, making it challenging to fully oxidise; this makes it an effective model for determining catalytic performance [11]. Atmospheric concentrations of propane have also risen in recent years due to an increase in the use of liquified petroleum gas (LPG) as a fuel, of which propane is a major constituent [12].



Metal oxide and mixed metal oxide catalysts have seen a recent increase in research into their application as VOC oxidation catalysts, due to the high costs of precursor materials used for preparing supported noble metal catalysts [13]. Manganese oxide catalysts have been identified as particularly active materials for a wide range of VOC oxidation reactions, including propane, hexane, toluene, naphthalene, ethanol, and ethyl acetate [14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36]. The performance has been found to be highly dependent on surface area and manganese oxidation state, making the material-preparation method particularly important [8,23]. Manganese-containing mixed metal oxides have also been studied, with the addition of a second element often making the catalyst more active than the single-metal parent oxides. Ceria-manganese mixed metal oxides have been investigated for a number of VOC oxidation reactions, with manganese-rich materials often found to be the most active [37,38,39,40]. Phase segregation of the oxides, manganese oxidation state, and the number of oxygen vacancies are influential over the catalytic activity. Copper-manganese mixed metal oxides have also been evaluated as oxidation catalysts, with the mixed oxides found to be more active than the parent oxides for the oxidation of naphthalene, benzene, and CO [41,42,43,44].



Iron is an element with low cost and high abundance, and it exhibits a range of different stable oxides. While metallic iron has been used in large-scale applications such as ammonia synthesis and Fischer–Tropsch reactions [45], there have been limited investigations into iron oxide for its ability to oxidise VOCs. Iron oxides have been tested with mixed success for VOCs including ethanol, propane, toluene, and naphthalene [31,46,47,48]. Iron has shown more promise as part of a mixed metal oxide with iron-cobalt oxides showing increased performance over cobalt oxide for several oxidation reactions [49,50,51]. Iron-manganese mixed metal oxides have been investigated as a VOC oxidation catalyst. Solid solutions have been reported to form with the incorporation of iron into the manganese lattice leading to the formation of a greater number of surface defect sites [52,53], which has been used to explain increased performance for the oxidation of toluene, ethanol, and ethyl acetate [46,53].



This work investigates the effect of the Fe:Mn ratio on mixed metal oxide catalyst performance for the total oxidation of propane. Catalysts were initially prepared by co-precipitation with Na2CO3 as the precipitating agent. Catalysts were characterised using Brunauer–Emmett–Teller (BET) surface area, X-ray diffraction (XRD), temperature programmed reduction (TPR), scanning electron microscopy (SEM), and X-ray photoelectron spectroscopy (XPS). The nature of the precipitating agent was also investigated to study how it affects catalyst characteristics and consequently activity.




2. Results and Discussion


2.1. Performance of Sodium Carbonate Coprecipitated Catalysts


A range of iron-manganese mixed metal oxide catalysts was synthesised, along with the parent iron and manganese oxides, with differing Fe:Mn ratios and tested for their propane total oxidation activity (Figure 1a). Negligible propane conversion was seen when a blank reactor tube was used (6% at 600 °C), showing that homogeneous gas phase reactions were not responsible for any appreciable activity. All samples showed high selectivity to CO2 (>99%) indicating that total oxidation of the propane occurred at all temperatures. The manganese oxide catalyst obtained complete conversion of propane at 500 °C while the FeOx was the least active material tested. As the concentration of iron in the manganese oxide sample increased, the catalytic performance also increased. The activity was at a maximum for Fe0.50Mn0.50Ox, which produced complete conversion by 350 °C. As the sample then became increasingly manganese-rich, the performance started to decline. This is demonstrated in Figure 1b which shows the T50 values decrease as iron is added to the manganese oxide until a minimum was reached at 252 °C for the Fe0.50Mn0.50Ox catalyst. The following trend for catalyst activity was identified:




Fe0.50Mn0.50Ox > Fe0.20Mn0.80Ox~Fe0.80Mn0.20Ox > Fe0.10Mn0.90Ox~Fe0.90Mn0.10Ox > Fe0.01Mn0.99Ox > MnOx > Fe0.99Mn0.01Ox > FeOx









The activity data shows that even a small addition of iron to the manganese oxide catalysts led to a large improvement in the activity of propane oxidation. As the base iron oxide sample performed significantly worse than all other catalysts tested, there is a synergy between the two metals, changing the characteristics of the newly formed mixed metal oxide to produce a catalyst considerably more active for propane oxidation. It is also interesting to note that the addition of a small amount of manganese to the iron oxide also significantly promoted activity, indicating the importance of the synergistic combination.




2.2. Characterisation of Sodium Carbonate Coprecipitated Catalysts


Powder XRD analysis of the calcined catalysts is presented in Figure 2 and Table 1. The diffraction pattern for the manganese oxide sample suggests a mixture of manganese oxide phases present. Peaks at 29°, 39°, and 57° all indicate MnO2 phases, while peaks at 33°, 37°, 44°, and 52° are assigned to Mn2O3. The iron oxide had eight major peaks at around 24°, 33°, 35°, 40°, 49°, 54°, 62°, and 64° corresponding to the (012), (104), (110), (113), (024), (116), (214), and (300) lattice planes of Fe2O3. It is clear from the diffraction patterns that even a small addition of iron to the manganese oxide led to large changes in the bulk structure of the materials. Additional peaks were now present in the manganese-rich catalysts corresponding to Fe2O3 suggesting some phase separation of the manganese oxide and iron oxide. Fe0.50Mn0.50Ox also contained both manganese oxide and iron oxide, as phase separated Fe2O3 and Mn2O3. This can help explain the greater performance of this catalyst as previous research has shown Mn2O3 to be more active for VOC oxidation than MnO2 [30]. As the materials became iron-rich, there were only Fe2O3 phases present with no peaks arising from manganese oxides. This, along with the slight shift to a higher angle of these peaks, suggests the incorporation of the manganese into the iron oxide lattice.



Information on the crystallite size of both the FeOx and MnOx phases, derived from X-ray line broadening by application of the Scherrer equation, is presented in Table 1. The crystallite size for the manganese oxide decreased when iron was added. For the iron oxide, the addition of manganese to the system led to a large increase in iron oxide crystallite size. Previous studies into mixed metal oxides have suggested that a decrease in crystallite size is due to the incorporation of one species into the lattice of the other [39,54]. This could be the case for our catalysts, with the iron incorporated into the manganese oxide lattice.



The catalyst surface areas were measured using the BET method (Table 1). The manganese oxide had the lowest surface area of the materials studied with iron oxide having the highest. As iron was added to the manganese oxide, there was a large increase in surface area. The manganese-rich samples all have similar surface areas. Fe0.50Mn0.50Ox has the highest surface area of the mixed metal oxides, while as the samples become more iron-rich, the surface area decreased.



Temperature-programmed reduction profiles (Figure 3) for the manganese oxide catalyst had two peaks at around 310 °C and 410 °C corresponding to the reduction of MnO2 to Mn2O3 and Mn2O3 to MnO, respectively [55]. The iron oxide sample also had two peaks at around 420 °C corresponding to the reduction of Fe2O3 to Fe3O4 and a broad peak from around 500 °C to 700 °C assigned to Fe3O4 to FeO [56,57]. The Fe0.01Mn0.99Ox sample also contained two peaks assigned to the same reduction steps as manganese oxide. The first peak for the Fe0.01Mn0.99Ox sample was at a lower temperature than the manganese oxide, suggesting that small amounts of iron lead to easier reducibility. Fe0.10Mn0.90Ox and Fe0.20Mn0.80Ox contain four peaks, with the peaks at 300 °C and 420 °C corresponding to manganese oxide, while the peaks at 470 °C and between 600 and 700 °C related to the reduction of iron oxide species. For the Fe0.10Mn0.90Ox catalyst the 420 °C manganese oxide peak and 470 °C iron oxide peak overlap, giving the appearance of a shoulder. The peaks corresponding to the Fe2O3 to Fe3O4 reduction shifted to a higher temperature, suggesting that the iron oxide became more difficult to reduce. The intensity of the iron oxide peaks also increased, reflecting the increased iron content in the material. The Fe0.50Mn0.50Ox also has four peaks corresponding to the manganese oxide and iron oxide reductions previously assigned. The intensity of the manganese peaks decreased in magnitude, while the iron oxide peaks were larger, again corresponding to the changes in metal concentrations. The iron-rich samples all have a broad peak between 500–700 °C corresponding to the Fe3O4 to FeO reduction. They also have an additional peak at a lower temperature, which could correspond to the Fe2O3 to Fe3O4 reduction. There are significant differences in the temperature at which this peak occurred, suggesting large changes in the redox properties of the iron-rich samples. The manganese-rich samples appear to be a combination of reduction profiles of both the parent oxides, while the iron-rich samples appear different to both the manganese oxide and iron oxide. This suggests distinct areas of both manganese oxide and iron oxide present in the manganese-rich catalysts, while manganese was incorporated into the iron lattice for the iron-rich samples, agreeing with the XRD data.



Images of the catalysts were obtained using scanning electron microscopy (Figure S1). Iron oxide forms a spherical sponge-like morphology, which was maintained across the iron-rich samples. This could suggest some level of manganese incorporation as no areas of stacked plate-like morphology indicative of manganese oxide were identified. For the Fe0.50Mn0.50Ox and manganese-rich samples, the morphology mostly resembled the stacked plate-like structure of manganese oxide. There were areas of spherical sponge-like particles present, suggesting that full incorporation had not occurred, and some phase separation was evident. EDX was run in conjunction with SEM imaging with elemental maps constructed (Figures S2 and S3). These maps show high levels of mixing between the metals suggesting that, for the most part, there was the incorporation of the metals, and the areas of phase separation were not widespread. The EDX also showed very large amounts of sodium present despite significant washing occurring during the material synthesis. This has been seen in previous studies of mixed metal oxide catalysts and has been shown to have a negative effect on the activity of propane oxidation.



X-ray photoelectron spectroscopy was performed on the samples, with elemental surface concentrations presented in Table 2. There is good agreement between the theoretical Fe:Mn ratios and the relative surface concentrations of each component. The XPS also agrees with the EDX in showing large amounts of sodium present in the catalysts, with surface concentrations being particularly high for iron-rich catalysts.



The analysis of the Fe 2p XPS spectra (Figure 4) shows peaks for all iron-containing samples at 710.6 eV and 724.4 eV, characteristic of Fe3+ containing oxides, and supported by the presence of Fe3+ specific satellite structure at ca. 719 eV [58,59]. This suggests the presence of Fe2O3, in agreement with both XRD and TPR analysis. As the iron content decreased, a shift of 0.6 eV towards lower binding energy was noted. We attribute this to increased electron density from the manganese which can act as an electron donor [60].



Analysis of Mn spectra can be rather difficult, especially if multiple states are present [61], herein the Mn 2p3/2 peak binding energy varies between 641.2 eV (low concentrations) and 641.8 eV (high concentrations of Mn and bulk oxide), and the values are consistent with MnO2 and MnOOH [61].



The multiplet splitting of the Mn 3s peak has been used to help elucidate the manganese oxidation state (Figure 5) [62]. Not every manganese-containing catalyst had this feature, due to the concentration of the Mn present and the relative sensitivity of these orbitals to the photoemission process, only where the manganese content was 50% or more could this measurement be reliably made. The splitting values can be seen in Table 3. All samples except the Fe0.50Mn0.50Ox had a splitting of 5.4 eV or lower, indicative of manganese in a 4+ oxidation state and MnO2 being present, agreeing with the XRD analysis. However, the Mn 2p spectra (Figure S4) also show an increase in the asymmetry to the lower binding energy side of Mn 2p3/2, suggesting a possible increase in the amount of Mn 3+ present as the Fe content is increased. This is consistent with the magnitude of the 3s splitting increasing with increasing amounts of Fe suggesting the presence of multiple manganese oxidation states, and hence a greater number of defect sites. Increased defect site concentration has been shown to be beneficial for propane oxidation and may explain the activity trends. The splitting of 5.4 eV for the Fe0.50Mn0.50Ox instead identifies Mn2O3 and can help explain why this is the most active catalyst. This is because manganese oxide present as Mn2O3 has been found to be more active than MnO2 for a number of VOC oxidation reactions.



With the elemental analysis showing large concentrations of sodium remaining in the catalyst, even after washing, alternative precipitating agents were investigated. Previous work has identified that sodium was an inhibitor for propane total oxidation, so reducing the concentration present or removing it all together should lead to catalysts with greater activity [39]. As the Fe0.50Mn0.50Ox catalyst was the most active Fe:Mn ratio, it was selected for further investigation. The precipitation agents investigated were potassium carbonate, ammonium carbonate, sodium hydroxide, potassium hydroxide, and ammonium hydroxide.




2.3. Influence of Precipitation Agent


The activities for propane total oxidation for catalysts with varying precipitating agents are shown in Figure 6. All catalysts showed very high activity and selectivity for CO2. All catalysts, except for the K2CO3-prepared catalyst, had greater performance than the sodium carbonate-prepared catalyst, with close to 100% conversion achieved by 300 °C. The most active catalyst was precipitated using NH4OH, having a T50 of 210 °C, roughly 20 °C lower than the next best catalyst. The choice of anion used as the precipitating agent appears to influence catalyst activity, as all of the hydroxide-derived catalysts were more active for propane oxidation than the equivalent carbonate species. The cation also plays a role in catalyst performance, with the ammonium-based materials being more active than the equivalent sodium ones, which in turn, were more active than the potassium-based catalysts. It is worth noting that the sodium hydroxide-prepared catalyst was the second most active suggesting that sodium-containing precursors should not necessarily be ruled out for producing active catalysts. The performance trends for the catalysts tested are as follows:




NH4OH > NaOH > (NH4)2CO3 > KOH > Na2CO3 > K2CO3









The catalysts produced here are highly active for propane oxidation. This work aimed to produce high-performing catalysts while using cheaper and more sustainable elements. In previous works, we have investigated the mixed metal oxides of ceria-zirconia and ceria-manganese, allowing direct comparison between these catalysts [39,63]. Figure 7 shows the T50s of the best-performing catalysts from each study. It is clearly demonstrated that the iron-manganese catalysts are more active than both mixed metal oxide catalysts of ceria-zirconia and ceria-manganese. The T50 of 210 °C is 70 °C lower than that for the best-performing Ce-Mn catalyst, demonstrating the significant impact the addition of iron has on manganese oxide catalysts compared to ceria. The T50 is also 145 °C lower than that of the most active ceria-zirconia catalyst investigated. A further catalyst that is generally considered highly active for propane oxidation is cobalt oxide (Co3O4). Previous works in the literature identified that T50s were often between 200 °C and 230 °C [64,65,66,67,68], which are comparable to the Fe0.50Mn0.50Ox catalyst when NH4OH was used as the precipitating agent. Cobalt is a scarcer resource than both iron and manganese, making the similar performance of the iron-manganese catalyst of great interest [69].



Powder X-ray diffraction was used to analyse the phases present (Figure 8). The diffraction patterns produced were very similar for the carbonate and hydroxide precursors, respectively. The carbonate catalysts all had peaks at 24°, 33°, 35°, 40°, 49°, and 54°, indicating the presence of Fe2O3 phases, while the hydroxide precursor materials had peaks at 30°, 36°, 43°, 57°, and 62° suggesting the iron existed as Fe3O4 and a mixed iron-manganese species (FeMnO3) [56]. The hydroxide samples were more active than the analogous carbonate sample, suggesting that the species formed are more active for propane oxidation than Fe2O3. Work that looked into the supported iron oxide nanoparticles for the deep oxidation of toluene has suggested that Fe3O4 is more active than Fe2O3 [70]. However, as not every hydroxide-made catalyst is more active than every carbonate sample, this is not the only factor influencing the performance. Peaks for manganese-containing phases were also present in the diffraction patterns for the Na2CO3 and K2CO3 precipitated catalysts, corresponding to Mn2O3.



Iron oxide crystallite sizes are shown in Table 4. Large differences in the crystallite size were observed depending on whether a hydroxide or carbonate precipitating agent was used. The catalysts made with carbonate had significantly larger crystallites compared to the hydroxides. There is a correlation between crystallite size and activity, the K2CO3 catalyst, which has the largest crystallite size at 443 Å, is the least active, while the NH4OH and NaOH are the most active and have the smallest crystallite size.



Table 4 also shows the BET surface areas for the range of catalysts. Generally, the carbonate-precipitated catalysts had a lower surface area than the analogous hydroxide-precipitated catalyst. For both the carbonate and hydroxide samples there was little difference between the surface areas for the sodium and potassium precipitating agents. The ammonium-based precursors both had much higher surface areas than the other precipitating agents and could be a factor to help explain the greater activity of these catalysts. The increased surface area of the mixed metal oxide catalysts, when compared to the parent oxides, suggests that they do not exist as a simple mixture of the individual component oxides and that a more complex, mixed phase has formed. This has been used as evidence in previous works for the formation of solid solutions or spinel phases [46,71,72].



The reduction profiles show large differences between hydroxide- and carbonate-precipitated catalysts (Figure 9). Catalysts prepared using carbonate precipitating agents had four regions of reduction features. The peaks at around 300 °C and 450 °C correspond to the reduction of manganese species, suggesting the presence of both MnO2 and Mn2O3. The peaks at around 380 °C and the broad peak between 500–650 °C relate to the reduction of iron oxide, suggesting the presence of Fe2O3, confirming results from XRD. There were slight shifts in the temperature of these peaks, suggesting subtle differences in the reducibility of these materials. The peaks relating to manganese reduction for the (NH4)2CO3 catalyst are at a lower temperature than for the other carbonate-derived catalysts, indicating easier reducibility of the manganese species. This could help explain the increased catalytic activity for this catalyst, as the lability of oxygen species increased.



The profiles for the hydroxide catalysts are all very similar, with three peaks at 310 °C, 460 °C, and 575 °C. These profiles are no longer a combination of the reduction profiles of the parent iron and manganese oxides, suggesting structural changes in the catalysts. The temperature of the peak corresponds well with the formation of a mixed defect spinel structure of FeMnO3 [73,74]. The low-temperature peak corresponds to the reduction of FeMnO3 to an (Fe, Mn)3O4 mixed spinel phase, with the peak at 460 °C assigned to a further reduction to an iron-manganese mixed phase, manganowustite. The high-temperature peak relates to the reduction of manganowustite to metallic iron. This can help explain the high activity of the hydroxide catalysts as materials with spinel-like structures have often been found to be highly active for VOC oxidation reactions [75,76,77,78,79,80]. This agrees with the XRD scattering pattern for this material which also suggested the formation of a mixed iron-manganese structure.



SEM images of the catalysts are shown in Figure S5. The choice of precipitating agent does not appear to have a significant impact on catalyst morphology, with a spherical sponge morphology seen throughout. No plate-like structures were identified, suggesting the bulk structure for these samples was similar to iron oxide. EDX analysis (Figure S6) was performed in conjunction with the SEM to provide an understanding of the elemental composition of the catalysts. Sodium was still present for the sodium hydroxide precipitated catalyst, however, in lower concentrations than for Na2CO3. This could help explain the improved performance of the hydroxide catalyst, as excessive sodium is detrimental to activity. Elemental maps also show good levels of mixing of the iron and manganese species.



Surface species concentration, determined by XPS, suggests large differences in the amount of potassium and sodium present at the surface between the hydroxide and carbonate precipitated catalysts. Much lower concentrations of both potassium and sodium were found at the surface for the hydroxide catalysts than for the carbonate ones (Table S1). With surface sodium being shown to inhibit propane oxidation for other mixed metal oxides, this could explain improved performance for the hydroxide catalysts. This finding could be extended to the presence of potassium as well.



The Fe 2p XPS spectra (Figure 10) show three peaks for all samples. These three peaks again indicate that Fe is present is in a 3+ oxidation state, indicative of the iron oxide existing as Fe2O3. The width of the peak centred at 710.7 eV exhibits a small degree of asymmetry to the lower binding energy side for the hydroxide-precipitated catalysts than for those prepared using carbonates. Previous studies have suggested that this shows the presence of Fe2+ alongside Fe3+ with the iron being in a mixture of oxidation states and agrees with the TPR analysis performed on these samples, which suggested the formation of a mixed spinel structure. Here, iron would be present in both the 2+ and 3+ states.





3. Experimental


3.1. Catalyst Preparation


Iron-manganese mixed metal oxides with a range of Fe:Mn ratios were synthesised by co-precipitation using an auto-titration method (Metrohm Titrando, Runcorn, UK). The Fe:Mn ratios studied were 100:0, 99:1, 90:10, 80:20, 50:50, 20:80, 10:90, 1:99, 0:100. Appropriate volumes of Fe(NO3)3. 9H2O (Sigma-Aldrich, Gillingham, UK, 99%, 0.25 M) and Mn(NO3)2. 4H2O (Sigma-Aldrich, Gillingham, UK, 99%, 0.25 M) solutions were pre-mixed and precipitated using Na2CO3 solution (anhydrous, Sigma-Aldrich, Gillingham, UK, 1 M). The pH was kept constant at pH 9 and metal salt solutions were dosed at 3 mL min−1. The mixture was left to age at 60 °C for 2 h with the solid recovered by filtration and washed using 1 L of hot water. The sample was dried at 110 °C for 16 h before calcination under flowing air at 500 °C for 3 h.



Fe0.50Mn0.50Ox catalysts were prepared using the method described above, except a range of precipitating agents were used. These were 1 M solutions of K2CO3 (Sigma-Aldrich, Gillingham, UK), (NH4)2CO3 (Sigma-Aldrich, Gillingham, UK), NaOH (Sigma-Aldrich, Gillingham, UK), KOH (Sigma-Aldrich, Gillingham, UK), and NH4OH (Sigma-Aldrich, Gillingham, UK) used to precipitate the catalyst precursors, which were then recovered, dried, and calcined using the same procedures described above.




3.2. Catalyst Testing


The catalyst activity was evaluated using a gas-phase fixed bed microreactor. A constant volume of catalyst sample was fixed between quartz wool plugs in a 6 mm o.d. stainless steel reactor tube which was heated using a tube furnace (Carbolite Gero, Hope Valley, UK). Propane oxidation was investigated using a mixture of 5000 ppm propane in the air using a flow of 50 mL min−1 giving a gas hourly space velocity of 45,000 h−1. Catalyst performance was studied between 200 and 600 °C at 50 °C intervals, with temperature controlled using a K-type thermocouple placed just above the catalyst bed. Gas analysis was performed using gas chromatography (Agilent 7090B, Stockport, UK) fitted with a thermal conductivity detector (TCD) and flame ionization detector (FID). A methanizer was used to monitor concentrations of CO2, CO, and propane. The separation of gases was enabled by a Haysep Q (80–100 mesh, 1.8 m × 3.2 mm) and MolSieve 13× (80–100 mesh, 2 m × 3.2 mm) column. The activity was allowed to stabilise at each temperature with analysis repeated until three consistent data sets were obtained, confirming that a steady state was achieved.




3.3. Catalyst Characterisation


Powder X-ray diffraction was undertaken using a Panalytical X’Pert diffractometer (Malvern Panalytical, Malvern, UK) using a copper X-ray source operating at 40 kV and 40 mA. Identification of catalyst phases was performed by comparing experimental patterns to the ICDD database.



The surface area analysis was performed using a Quantachrome Quadrasorb Evo Analyser (Quantachrome, Hook, UK). Samples were outgassed under vacuum at 250 °C for 16 h before nitrogen adsorption isotherms at −196 °C were measured. The Braunauer–Emmett–Teller (BET) theory was used to calculate sample surface area.



Temperature programmed reduction (TPR) was conducted on a Quantachrome ChemBET (Quantachrome, Hook, UK) apparatus. A total of 50 mg of sample was analysed and pre-treated under a flow of helium at 120 °C for an hour, before the reduction profile was obtained using a 10% H2/Ar gas flow, increasing the temperature from ambient to 800 °C at 10 °C min−1.



Scanning electron microscopy (SEM) and electron dispersive X-ray spectroscopy (EDX) were performed on a Tescan MAIA3 FEG-SEM microscope (Tescan, Cambridge, UK) and Oxford Instruments X-ray MaxN 80 detector (Oxford Instruments, Abingdon, UK).



X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific K-Alpha+ spectrometer (Thermo Fisher Scientific, East Grinstead, UK) operating at 72 W using Al Kα monochromator. High-resolution and survey scans were performed at pass energies of 40 eV and 150 eV, and step sizes of 0.1 eV and 1 eV, respectively. Spectra were calibrated against the 248.8 eV C (1s) peak. The analysis was performed employing CasaXPS software (v2.3.24) removing the Shirley background and using Schofield sensitivity factors and an energy dependence of −0.6.





4. Conclusions


Iron-manganese mixed metal oxide catalysts were prepared using coprecipitation and assessed for the total oxidation of propane. All catalysts investigated were active for this reaction with the Fe0.50Mn0.50Ox catalyst being the most active Fe:Mn ratio. This was assigned to some phase separation between the iron oxide and manganese oxide phases and the presence of Mn2O3. All other catalysts contained MnO2, which has previously been found to be less active. The Fe0.50Mn0.50Ox catalyst also had the highest surface area, and there was a relationship between increasing surface area and activity.



High surface concentrations of sodium, a known catalyst inhibitor, led to investigations into the use of other precipitating agents for catalyst synthesis. The most active Fe0.50Mn0.50Ox catalyst was prepared by precipitation with NH4OH. It was exceptionally active for propane oxidation, exhibiting a T50 value of 210 °C, making it comparable in performance to some of the most active catalysts in the literature. Generally, it was found that hydroxide-based precipitating agents produced better-performing catalysts than those made using carbonate. High activity is thought to be due to the formation of a highly active mixed spinel structure.
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Figure 1. (a) Propane conversion as a function of temperature for iron-manganese mixed metal oxide catalysts. (b) Molar ratio Fe/(Fe+Mn) dependence of T50 for propane oxidation. Reaction conditions: 5000 ppm propane in air, Gas Hourly Space Velocity (GHSV) = 45,000 h−1, Temperature range = 200–600 °C. 
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Figure 2. Powder XRD patterns of iron-manganese mixed metal oxide catalysts. ▪—MnO2, ◦—Mn2O3, ▫—Fe2O3. 
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Figure 3. H2 temperature programmed reduction (TPR) profiles of iron-manganese mixed metal oxide catalysts. Analysis conditions: 30 mL min−1 10% H2/Ar, Temperature range 50–800 °C, 10 °C min−1 ramp rate. 
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Figure 4. Fe 2p XPS spectra for the iron-manganese mixed metal oxide catalysts. 
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Figure 5. Mn 3s XPS spectra for iron-manganese mixed metal oxide catalysts. 
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Figure 6. Propane conversion as a function of temperature of Fe0.50Mn0.50Ox catalysts synthesised using different precipitating agents. Reaction conditions: 5000 ppm propane in air, Gas Hourly Space Velocity (GHSV) = 45,000 h−1, Temperature = 200–600 °C. 
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Figure 7. Comparison of the T50s of the most active catalyst Fe0.50Mn0.50Ox catalyst with other mixed metal oxide catalysts from the literature for the total oxidation of propane. Reaction conditions: 5000 ppm propane in air, Gas Hourly Space Velocity (GHSV) = 45,000 h−1, Temperature = 200–600 °C. 
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Figure 8. Powder X-ray diffraction patterns of Fe0.50Mn0.50Ox catalysts prepared using different precipitating agents. ◦—Mn2O3, ▫—Fe2O3, ◊—Fe3O4, ⁺—FeMnO3. 
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Figure 9. H2 TPR profiles of the Fe0.50Mn0.50Ox samples. Analysis conditions: 30 mL min−1 10% H2/Ar, Temperature range 50–800 °C, 10 °C min−1 ramp rate. 
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Figure 10. Fe 2p XPS spectra of the Fe0.50Mn0.50Ox catalysts. 
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Table 1. Physiochemical properties extracted from XRD and Brunauer–Emmett–Teller (BET) surface area of the iron-manganese mixed metal oxide catalysts.
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Catalyst

	
Phases Present

	
Crystallite Size (Å)

	
Surface Area (m2 g−1)




	
Fe2O3

	
Mn2O3






	
FeOx

	
Fe2O3

	
190

	
-

	
62




	
Fe0.99Mn0.01Ox

	
Fe2O3

	
387

	
-

	
23




	
Fe0.90Mn0.10Ox

	
Fe2O3

	
322

	
-

	
25




	
Fe0.80Mn0.20Ox

	
Fe2O3

	
280

	
-

	
31




	
Fe0.50Mn0.5Ox

	
Fe2O3, Mn2O3

	
291

	
143

	
42




	
Fe0.20Mn0.80Ox

	
Fe2O3, MnO2, Mn2O3

	
366

	
188

	
33




	
Fe0.10Mn0.90Ox

	
Fe2O3, MnO2, Mn2O3

	
225

	
160

	
31




	
Fe0.01Mn0.99Ox

	
MnO2, Mn2O3

	

	
317

	
35




	
MnOx

	
MnO2, Mn2O3

	

	
361

	
18
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Table 2. Elemental surface concentrations of the iron-manganese mixed metal oxides derived from XPS.
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	Catalyst
	Relative Surface Fe Concentration (%)
	Relative Surface Mn Concentration (%)
	Surface Na Concentration (Atomic %)





	FeOx
	100
	0
	3.4



	Fe0.99Mn0.01Ox
	97.9
	2.1
	12.4



	Fe0.90Mn0.10Ox
	84.8
	15.2
	7.4



	Fe0.80Mn0.20Ox
	71.2
	28.8
	10.8



	Fe0.50Mn0.50Ox
	49.6
	50.4
	4.9



	Fe0.20Mn0.80Ox
	36.0
	64.0
	1.8



	Fe0.10Mn0.90Ox
	21.1
	78.9
	1.9



	Fe0.01Mn0.99Ox
	13.5
	86.5
	1.2



	MnOx
	0
	100
	6.7
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Table 3. Chemical properties of the surface iron and manganese species determined from XPS.






Table 3. Chemical properties of the surface iron and manganese species determined from XPS.





	Catalyst
	Surface Oxidation State of Fe
	Magnitude of Mn 3s Peak Splitting (eV)
	Surface Oxidation State of Mn





	Fe0.99Mn0.01Ox
	3+
	-
	-



	Fe0.90Mn0.10Ox
	3+
	-
	-



	Fe0.80Mn0.20Ox
	3+
	-
	-



	Fe0.50Mn0.50Ox
	3+
	5.4
	3+



	Fe0.20Mn0.80Ox
	3+
	5.1
	4+



	Fe0.10Mn0.90Ox
	3+
	4.9
	4+



	Fe0.01Mn0.99Ox
	3+
	4.8
	4+



	MnOx
	-
	4.8
	4+
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Table 4. Physical properties of the Fe0.50Mn0.50Ox catalysts prepared using different precipitating agents.






Table 4. Physical properties of the Fe0.50Mn0.50Ox catalysts prepared using different precipitating agents.





	Catalyst
	FeOx Crystallite Size (Å)
	MnOx Crystallite Size (Å)
	BET Surface Area (m2g−1)





	Na2CO3
	291
	143
	42



	K2CO3
	443
	136
	49



	(NH4)2CO3
	274
	-
	88



	NaOH
	88
	-
	63



	KOH
	100
	-
	68



	NH4OH
	91
	240
	98
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