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Abstract:

 A series of bismuth molybdate catalysts with relatively high surface area was prepared via mild hydrothermal synthesis. Variation of the pH value and Bi/Mo ratio during the synthesis allowed tuning of the crystalline Bi-Mo oxide phases, as determined by X-ray diffraction (XRD) and Raman spectroscopy. The pH value during synthesis had a strong influence on the catalytic performance. Synthesis using a Bi/Mo ratio of 1/1 at pH ≥ 6 resulted in γ-Bi2MoO6, which exhibited a better catalytic performance than phase mixtures obtained at lower pH values. However, a significantly lower catalytic activity was observed at pH = 9 due to the low specific surface area. γ-Bi2MoO6 synthesized with Bi/Mo = 1/1 at pH = 6 and 7 exhibited relatively high surface areas and the best catalytic performance. All samples prepared with Bi/Mo = 1/1, except samples synthesized at pH = 1 and 9, showed better catalytic performance than samples synthesized with Bi/Mo = 2/3 at pH = 4 and 9 and γ-Bi2MoO6 synthesized by co-precipitation at pH = 7. At temperatures above 440 °C, the catalytic activity of the hydrothermally synthesized bismuth molybdates started to decrease due to sintering and loss of surface area. These results support that a combination of the required bismuth molybdate phase and a high specific surface area is crucial for a good performance in the selective oxidation of propylene.
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1. Introduction

Since the development of bismuth molybdate catalysts for the oxidation and ammoxidation of propylene to acrolein or acrylonitrile by Sohio in 1959 [1,2], these mixed oxides have received strong attention and their catalytic properties have been studied in considerable detail [3,4,5,6,7,8,9,10,11,12]. Addition of further elements such as iron, cobalt or vanadium increased the acrolein and acrylonitrile yields and stabilized the catalyst during the reaction. Nevertheless, the surface layer of these multicomponent catalysts consists of mixed oxides based on Bi and Mo, and these two metals seem to form the key active sites [13]. The rate-determining step is the abstraction of hydrogen from propylene on bismuth or bismuth connected to molybdyl groups [14]. The addition of other transition metals and main group metals helps to increase the specific surface area of the catalyst [15], the extent of lattice oxygen participation [15,16] and the electronic conductivity [17]. α-Bi2Mo3O12, β-Bi2Mo2O9 and γ-Bi2MoO6 are the bismuth molybdate phases of significance for the selective oxidation of propylene to acrolein. Despite of intensive research there is still a debate in literature about the relative activity of these bismuth molybdate phases and the influence of the preparation route. Thus, the search for new synthesis approaches remains a key issue.

Carson et al. [18] stated that the catalytic activity for propylene oxidation decreases in the following order: α > γ > β. On the other hand, γ-Bi2MoO6 was found to be the most active phase by Krenzke et al. [19] and Monnier et al. [20]. Brazdil et al. [21] even reported β-Bi2Mo2O9 to be more active than the other two bismuth molybdate phases. We recently used flame spray pyrolysis for synthesis [22] and observed that the catalytic activity decreased in the following order: β > γ > α. Furthermore, Snyder and Hill [23] claimed that the stability of the different bismuth molybdate phases, in particular β-Bi2Mo2O9, depended on the temperature at which they were calcined.

The most common method to prepare bismuth molybdate catalysts is co-precipitation [9,10,18,19,24,25,26], but also solid-state routes [27], sol-gel synthesis [28], and spray drying of aqueous solutions [11,29] have been used. All of these methods require heating or calcination at temperatures >400 °C to yield crystalline materials, which may result in a decrease of the catalytic performance of the resulting phase due to bismuth enrichment of the catalyst surface [30]. Recently, γ-Bi2MoO6 with relatively high surface area (14 m2/g) and good catalytic performance was reported using mesoporous carbon templates [31].

Alternatively, bismuth molybdates can be prepared by hydrothermal synthesis [32,33,34,35,36,37,38], which is a typical soft chemistry (“chimie douce”) method and provides convenient access to advanced materials of high purity, controlled morphology, high crystallinity and good reproducibility [39]. α-Bi2Mo3O12 (monoclinic, defective fluorite structure) and γ-Bi2MoO6 (orthorhombic, layered Aurivillius-type structure) have been successfully synthesized by a one-step synthesis under hydrothermal conditions applying different precursors and various synthesis conditions [32,33,36,40,41]. For the preparation of metastable, monoclinic β-Bi2Mo2O9 the precursors were applied in the ratio Bi/Mo = 1/1 leading to a phase mixture which had to be further calcined at 560 °C to obtain crystalline β-bismuth molybdate [33,36]. The crystal growth and the formation of the various bismuth molybdate phases under hydrothermal conditions was studied in situ by time-resolved energy dispersive X-ray diffraction (EDXRD) and X-ray absorption spectroscopy (XAS) [33] and by combined EDXRD/XAS/Raman techniques [38]. Kongmark et al. [38] reported that [MoO4]2− entities are required for the formation of γ-Bi2MoO6, demonstrating the importance of the pH value in the initial solution for the formation of the desired phase. Li et al. [36] successfully synthesized α- and γ-bismuth molybdate from bismuth nitrate and ammonium heptamolybdate with relatively high specific surface area (38–57 m2/g) compared to other unsupported bismuth molybdate catalysts (1–4 m2/g) [9,10,29,42] by variation of the pH between 1 and 9. Hydrothermally synthesized bismuth molybdates were mostly applied in photocatalysis under visible light irradiation [36,40,43], where, especially, γ-Bi2MoO6 is attractive due to its layered structure.

Although the controlled preparation of unsupported bismuth molybdate catalysts exposing a high surface area under mild conditions seems very attractive for the selective oxidation of olefins, hydrothermally prepared ones have hardly been applied in oxidation reactions. Hydrothermal synthesis as a preparation route for selective oxidation catalysts has been reported for example for iron molybdates [44], La2−xSrxCuO4 [45], wolframite type MMoWOx (with M = Ni and Co) [46] and more complex mixed oxides based on molybdenum and vanadium [47,48,49]. We have recently shown that hydrothermally synthesized bismuth molybdates were active catalysts for the oxidation of propylene to acrolein [50] and found that the use of nitric acid led to an improved catalytic performance. To further explore catalysts with higher surface area and altered structure, we have systematically studied the performance of hydrothermally synthesized bismuth molybdates. They were prepared under mild hydrothermal conditions by variation of the pH value, which should alter the structure of bismuth molybdates as reported by Li et al. [36] To understand the role of the composition and the surface area on the catalytic activity, the resulting product phases, the ratio of bismuth to molybdenum in the bulk and on the surface, as well as the specific surface area have been characterized and correlated to the performance in the selective oxidation of propylene to acrolein. This knowledge may in the future be applied to more complex systems, such as multicomponent molybdenum oxides.



2. Results and Discussion


2.1. Characterization of the Samples Synthesized with Bi/Mo = 1/1

The X-ray diffraction (XRD) patterns and Raman spectra of the samples synthesized with Bi/Mo = 1/1 revealed a strong influence of the pH value on the structure under hydrothermal conditions (Figure 1). At high pH values (pH ≥ 6) γ-Bi2MoO6 was formed, which is indicated by the reflections at 2θ = 28.3°, 32.6°, 33.1°, 36.1°, 46.7°, 47.2° in the XRD patterns (Figure 1a; JCPDS card No. 77-1246). The corresponding Raman spectra showed bands at 848 cm−1 and 807 cm−1 as well as at 719 cm−1, which were ascribed to γ-Bi2MoO6 [36,51]. Analysis of the bismuth and molybdenum concentration of the products by ICP-OES led to a Bi/Mo bulk ratio of 1.8–2.1 for pH = 6–9 (Table 1) suggesting that molybdenum partly remained in solution in the form of MoO42− [38,52], which was washed away during filtration, and, thus, did not precipitate at high pH values.

Figure 1. XRD patterns (a) and Raman spectra (b) of the samples with Bi/Mo = 1/1 at different pH values. The following symbols are used for the different phases: α-Bi2Mo3O12 (▲), γ-Bi2MoO6 (●), MoO3∙2H2O (♦), Bi2O3 (*) and Bi26Mo10O69 (#).
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Table 1. Characterization of the samples prepared by hydrothermal synthesis with different Bi/Mo ratios and at various pH values by X-ray diffraction measurements and Raman spectroscopy, as well as nitrogen physisorption measurements (BET), ICP-OES and XPS (main phases in bold letters).



	
Sample

	
Phases According to XRD

	
Phases According to Raman

	
Surface Area (BET) [m2/g]

	
Bi/Mo Ratio Bulk a

	
Bi/Mo Ratio Surface b






	
Initial ratio Bi/Mo = 2/1




	
Bi2Mo1_pH7

	
γ-Bi2MoO6

	
-

	
13

	
-

	
-




	
Bi2Mo1_pH8

	
γ-Bi2MoO6

	
-

	
7

	
-

	
-




	
Initial ratio Bi/Mo = 1/1




	
Bi1Mo1_pH1

	
α-Bi2Mo3O12, Mo4O11, Bi2O3

	
α-Bi2Mo3O12

	
3

	
1.0

	
-




	
Bi1Mo1_pH4

	
γ-Bi2MoO6, α-Bi2Mo3O12, Bi2O3, Bi26Mo10O69

	
α-Bi2Mo3O12, γ-Bi2MoO6, β-Bi2O3

	
18

	
0.9

	
1.1




	
Bi1Mo1_pH5

	
γ-Bi2MoO6, MoO3∙2H2O

	
γ-Bi2MoO6, Mo7O246− or MoO3(H2O)2

	
32

	
1.1

	
1.1




	
Bi1Mo1_pH6

	
γ-Bi2MoO6

	
γ-Bi2MoO6

	
26

	
1.8

	
1.7




	
Bi1Mo1_pH7

	
γ-Bi2MoO6

	
γ-Bi2MoO6

	
17

	
1.8

	
1.8




	
Bi1Mo1_pH8

	
γ-Bi2MoO6

	
γ-Bi2MoO6

	
10

	
1.9

	
2.5




	
Bi1Mo1_pH9

	
γ-Bi2MoO6

	
γ-Bi2MoO6

	
4

	
2.1

	




	
Initial ratio Bi/Mo = 2/3




	
Bi2Mo3_pH1

	
α-Bi2Mo3O12, H0.68(NH4)2 Mo14.16O4.34∙6.92H2O

	
α-Bi2Mo3O12

	
5

	
-

	
-




	
Bi2Mo3_pH4

	
γ-Bi2MoO6, MoO3∙2H2O, Bi5O7NO3

	
γ-Bi2MoO6, Mo7O246− or MoO3(H2O)2, NO3−

	
17

	
-

	
-




	
Bi2Mo3_pH9

	
γ-Bi2MoO6

	
γ-Bi2MoO6

	
5

	
-

	
-






a The calculated error accounts to around 10%. b Average of two XPS measurements at different spots.








In weakly acidic or basic aqueous solutions bismuth nitrate is “hydrolyzed” resulting in the formation of BiO+ [53]. These bismuthyl subunits react with (MoO4)2− and precipitate as γ-Bi2MoO6 [36,54]. X-ray absorption measurements at the Mo K-edge of the samples synthesized at pH = 6 and pH = 9 confirmed that the products contained only octahedral Mo (γ-Bi2MoO6; see Figure S1). In addition to γ-Bi2MoO6, a molybdenum oxide phase was formed at pH = 5 indicated by the reflections at 2θ = 26.9° and 27.5°, which could be assigned to MoO3∙2H2O (JCPDS No. 39-363), and by the Raman band at 947 cm−1 assigned to the presence of Mo7O246−. At pH = 3–6 Mo7O246− [38,55] and Mo2O72− are the stable polymolybdate species in aqueous solution depending on the temperature [52], which agrees well with the Raman spectra of the solid phase. Bi1Mo1_pH5 exhibited a Bi/Mo bulk ratio of 1.1, which corresponds to the applied ratio and resulted in the largest surface area (32 m2/g, Table 1) among the different bismuth molybdates. In contrast to Li et al. [36], γ-Bi2MoO6, and not α-Bi2Mo3O12, was the most prominent phase as detected by X-ray diffraction (main reflection at 27.9°) or Raman spectroscopy (main band at 904 cm−1) for the sample synthesized at pH = 5. The formation of the α-phase was observed at pH ≤ 4 and minor contributions from other phases were detected in addition to α- and γ-bismuth molybdate. Further decrease of the pH to 1 led to the disappearance of γ-Bi2MoO6 in the product and α-Bi2Mo3O12 was the main phase observed by XRD (Figure 1a). In addition to the reflections at 2θ = 14.1°, 18.1°, 25.9°, 27.9° and 29.2°, which were assigned to α-Bi2Mo3O12 (JCPDS No. 21-103), two reflections at 22.7° and 26.5° were observed. The reflection at 22.7° could be assigned to Mo4O11 (JCPDS No. 86-1269), but assignment of the reflection at 26.5° was not possible. The corresponding Raman spectra (Figure 1b) showed the characteristic bands of α-Bi2Mo3O12 (928, 904, 861, 843 and 817 cm−1). For all samples synthesized with a Bi/Mo ratio 1/1, β-Bi2Mo2O9 was not detected, neither by X-ray diffraction (27.8°), nor by Raman spectroscopy (884 cm−1), which agrees with literature [33,36] where calcination at 560 °C was required to form the β-phase. The samples synthesized at pH = 1–5 contained bismuth and molybdenum in the ratio 1/1 in the bulk (Table 1), corresponding to the applied ratio in the synthesis.

In addition to the characterization of the phase composition and the resulting Bi/Mo ratio in the bulk, the specific surface area and the Bi/Mo ratio on the surface of the products were determined (see Table 1). The XPS spectra showed one doublet for Bi 4f7/2 at 159.4 eV and one for Mo 3d5/2 at 232.7 eV (for representative spectra see Figure S2), which revealed an oxidation state of +3 for bismuth [56] and +6 for molybdenum [57]. The surface composition of the catalysts was calculated using the atom concentrations of both elements, which were determined from the peak area of the spectra. At pH = 4–7, the Bi/Mo ratio on the surface was not the same as the ratio in the bulk (Bi/Mo ≈ 1 for pH = 4 and 5, Bi/Mo ≈ 2 for pH = 6 and 7), whereas at pH = 8 a surface enrichment of bismuth (Bi/Mo = 2.5) was observed by XPS. High Bi/Mo surface ratios were also reported in the literature for γ-Bi2MoO6 prepared by different methods (spray drying: 2.4 [29], co-precipitation: 2.6 [10,58]), but the existence of surface Bi2O3 could neither be confirmed in literature nor in the present work. The sample synthesized at pH = 5 featured the highest specific surface area (32 m2/g), whereas with increasing and decreasing pH value the surface area of the resulting product was reduced (Table 1) to 4 m2/g and 3 m2/g for pH = 9 and pH = 1, respectively. The product composition did not seem to be a determining factor for the specific surface area, as the two samples with the highest surface area showed different phases resulting in a different Bi/Mo ratio in the bulk and on the surface (Bi/Mo =1.1 for pH = 5 with 32 m2/g and Bi/Mo =1.8 for pH = 6 with 26 m2/g).



2.2. Variation of the Bi/Mo Ratio

To elucidate the influence of the applied Bi/Mo ratio on the phases, the amount of molybdenum was increased to Bi/Mo = 2/3. Despite of the higher initial Mo content, even at pH = 9 only γ-Bi2MoO6 with a high crystallinity was formed as evidenced by X-ray diffraction (Figure 2a) and Raman spectroscopy (Figure 2b). This indicated that also at low Bi/Mo ratio (i.e., with an excess of molybdenum) bismuth-rich γ-Bi2MoO6 was formed at high pH values. The specific surface areas of the two samples synthesized at pH = 9 (Bi1Mo1_pH9 and Bi2Mo3_pH9) were similar (4 m2/g and 5 m2/g).

Figure 2. XRD patterns (a) and Raman spectra (b) of the samples with Bi/Mo = 2/3 at different pH values. The following symbols are used for the different phases: α-Bi2Mo3O12 (▲), γ-Bi2MoO6 (●), H0.68(NH4)2Mo14.16O4.34∙6.92H2O (*) and Bi5O7NO3 (♦).
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Decreasing the pH to 4 led to the same phase composition as in sample Bi1Mo1_pH4 (γ-Bi2MoO6 and MoO3∙2H2O), but additionally a nitrate-containing phase was found as indicated by the Raman band at 1047 cm−1 (Figure 2b). The reflections in the X-ray diffraction pattern (Figure 2a) at 27.6°, 30.7° and 45.7° could be assigned to Bi5O7NO3 (JCPDS No. 51-525). Further decrease of the pH to 1 did not result in the formation of pure α-Bi2Mo3O12, but an ammonium containing molybdenum oxide phase was additionally formed (see Figure 2 and Table 1).

The applied pH value and, thus, the resulting (poly)molybdate anions in the aqueous solution seem to have a stronger impact on the resulting phase than the applied Bi/Mo ratio. For all three samples synthesized with Bi/Mo = 2/3 the surface area determined by nitrogen physisorption was almost identical to the samples synthesized with Bi/Mo = 1/1 at the same pH value (Table 1).

Using an excess of bismuth and applying the initial ratio Bi/Mo = 2/1 at pH = 7 and pH = 8 led to the formation of highly crystalline γ-Bi2MoO6 (see XRD patterns in Figure S3). This is in agreement with Li et al. [36] and Zhang et al. [40], who also reported that hydrothermal synthesis with Bi/Mo = 2/1 always resulted in γ-Bi2MoO6 independent of the pH value (pH = 1–13).





2.3. Catalytic Performance in Propylene Oxidation to Acrolein

The samples synthesized with Bi/Mo = 1/1 were tested in propylene oxidation at 320 °C–520 °C to study the influence of the preparation parameters, i.e., the pH value and the corresponding structural properties on the catalytic performance of the hydrothermally synthesized bismuth molybdates. Figure 3 depicts the acrolein selectivity as a function of the propylene conversion at different flows (50, 80 and 120 NmL/min) leading to different catalyst contact times and, therefore, to a different propylene conversion and/or acrolein selectivity. At 320 °C (Figure 3a), the sample synthesized at pH = 6 showed the highest propylene conversion (19% and 31% propylene conversion, 74% and 73% acrolein selectivity for 120 NmL/min and 50 NmL/min, respectively), followed by the samples synthesized at pH = 7 (Xpropylene = 27% and Sacrolein = 67% for 50 NmL/min) and pH = 8 (Xpropylene = 25% and Sacrolein = 59% for 50 NmL/min).

Figure 3. Catalytic performance of samples prepared with Bi/Mo = 1/1 at 320 °C (a); 360 °C (b) and 400 °C (c). The samples were dried in air at room temperature, crushed, sieved and pre-treated in the reactor in synthetic air at 300 °C. Reaction conditions: 500 mg catalyst; C3H6/O2/N2 = 5/25/70; 50, 80 and 120 NmL/min.
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Although the surface area of the sample synthesized at pH = 5 was higher, it converted less propylene (Xpropylene = 10%–21%). Both the samples prepared at pH = 5 and also at pH = 4, which performed even worse (8%–16% conversion of propylene), contained minor amounts of other phases additionally to γ-Bi2MoO6. This indicates that the samples which contained only γ-Bi2MoO6 were more active than the other samples. However, the sample synthesized at pH = 9, which also only contained crystalline γ-Bi2MoO6 but with lower specific surface area, reached propylene conversions of only 2%–4% at acrolein selectivities of 69%–49%. The sample synthesized at pH = 1, exhibiting a small surface area (3 m2/g), was also nearly inactive, since the propylene conversion remained around 3% for 120–50 NmL/min total flow, while the acrolein selectivity strongly decreased from 80% to 38% with increasing flow.

The major by-products were CO2 (selectivities around 10%–20%), acetaldehyde (7%–8%) and CO (1%–5%). Ethylene and hexadiene were only detected in very small amounts for the sample Bi1Mo1_pH9 at temperatures above 440 °C.

At 360 °C, the differences in activity between the various samples were less pronounced, but the samples synthesized at pH = 6 and pH = 7 still showed the best catalytic performance (propylene conversion of 40%–56% and 37%–54%, respectively) followed by the sample at pH = 8, which was slightly less selective (acrolein selectivity of 72%–80% compared to 78%–84%; see Figure 3b). All the samples featured significantly higher surface areas than in a previous study, where (i) the precursors were only dissolved in water; (ii) the precursor solutions were not prepared separately; and (iii) the pH was not adjusted by addition of acid or ammonia [50]. In line with previous studies, the use of nitric acid was beneficial and adjusting the pH by ammonia seemed to lead to a rather high surface area.

In Figure 4 the propylene conversion as well as the acrolein yield at 360 °C was correlated to the pH values during hydrothermal synthesis. Propylene conversion and acrolein yield showed volcano-like curves with respect to pH with a maximum at pH = 6. Interestingly, there was a steep increase in conversion from pH = 5 to pH = 6, although the specific surface area was higher at pH = 5. In addition, the samples at pH = 6 and pH = 7 featured a significantly higher Bi/Mo ratio of approximately 2 compared to the sample prepared at pH = 5, both in the bulk and on the surface (Table 1). Comparison of Table 1 and Figure 4 evidenced that a combination of the right bismuth molybdate phase (γ-Bi2MoO6) and a high surface area seemed to be important for high propylene conversion. It has been shown that oxygen diffusion through the lattice is most effective for γ-Bi2MoO6 compared to the other bismuth molybdate phases [59]. Thus, it may be rewarding in the future to also correlate the catalytic activity in relation to the nature of lattice oxygen.

Figure 4. Correlation of the pH value in the initial solution, the Bi/Mo ratio determined in the bulk (ICP) and on the surface (XPS), and the catalytic performance at 360 °C using a flow of 50 NmL/min with a composition of C3H6/O2/N2 = 5/25/70 and 500 mg of catalyst.
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The sample synthesized at pH = 8 with a lower surface area (10 m2/g) and bismuth excess on the surface led to slightly lower acrolein selectivity at 360 °C (Figure 3b). Propylene conversion of the bismuth molybdates prepared at pH = 1 and pH = 9 did not exceed 6% at this temperature. The catalyst synthesized at pH = 9 with Bi/Mo = 2/3 composed of γ-Bi2MoO6 gave similar activity and selectivity as Bi1Mo1_pH9 at 320 °C and 360 °C (see Figure 3; Xpropylene < 5% and Xpropylene < 10%, respectively) in the oxidation of propylene to acrolein. Both samples synthesized at pH = 9 exhibited lower catalytic performance than the sample prepared by conventional co-precipitation CP_Bi2Mo1_450 consisting also of γ-Bi2MoO6 with a surface area of 6 m2/g (this sample has been further characterized in Reference [50]). Bi2Mo3_pH4 showed a phase composition similar to Bi1Mo1_pH5 but with an additional nitrate phase and lower surface area (cf. Table 1) resulting in lower catalytic performance at 320 °C and 360 °C than the sample synthesized at pH = 4 with Bi/Mo = 1/1 (Figure 3). In general, the samples synthesized at pH = 4–8 with an initial Bi/Mo ratio of 1/1 yielded relatively high propylene conversion, along with a high selectivity for acrolein compared to the co-precipitated sample using Bi/Mo = 2/1 (compare Figure 3a,b with Figure 5).

Figure 5. Comparison of the catalytic performance of the samples prepared at pH = 4 and pH = 9 with Bi/Mo = 1/1 and 2/3 and a reference sample synthesized by co-precipitation with Bi/Mo = 2/1 at 320 °C (a) and 360 °C (b). Reaction conditions: 500 mg catalyst; C3H6/O2/N2 = 5/25/70; 50, 80 and 120 NmL/min.



[image: Catalysts 05 01554 g005 1024]







Bi1Mo1_pH9 showed low propylene conversion also at 400 °C (5%–9%) with acrolein selectivity below 50% and CO2 selectivity of around 50% (Figure 3c), whereas the catalytic performance of the sample synthesized at pH = 1 increased strongly to propylene conversions of 22%–35% and acrolein selectivities of 74%–79%. For all the other samples the catalytic performance in propylene oxidation was only slightly increased when the temperature changed from 360 °C to 400 °C. The three samples synthesized at pH = 6–8 still exhibited the highest propylene conversion (35%–58%) of the tested samples with acrolein selectivities up to 92%. The sample synthesized at pH = 8, which was slightly less selective at 360 °C, gave the same acrolein selectivity as the samples synthesized at pH = 6–7 at 400 °C (Figure 3c). Further increase of the process temperatures to more than 400 °C did not result in an improvement of the catalytic activity. The corresponding full data set of propylene conversion and acrolein selectivities between 320 °C to 520 °C for the samples synthesized at pH = 5 (highest surface area) and pH = 6 (highest activity) as representative examples are given in the Supporting Information (Figure S4). An increase in temperature from 320 °C to 400 °C resulted in a better catalytic performance, whereas the activity at 440 °C was very similar to the one at 400 °C. At temperatures higher than 440 °C, the catalytic activity started to decrease and at 520 °C propylene conversion was similar to the values at 320 °C but with higher acrolein selectivities. The decrease in activity at temperatures higher than 440 °C was probably caused by a decrease in surface area for all samples. After application in propylene oxidation at 320 °C–520 °C the surface area of all used samples was ≤1 m2/g, whereas after 8 h of calcination at 360 °C the samples synthesized at pH = 5 and pH = 6 still exhibited surface areas of 15 m2/g and 16 m2/g, respectively. The decrease in surface area already started at 360 °C, but the decrease was more significant between 400 °C and 440 °C when catalyst deactivation started.

Figure 6 shows the X-ray diffraction patterns of the samples after their application in the selective oxidation of propylene at 320 °C–520 °C. The phase composition of the samples synthesized at pH = 6–9 (γ-Bi2MoO6) did not change during the catalytic activity tests, but the hydrothermally prepared materials synthesized at pH = 1–5 were all composed of a mixture of α-Bi2Mo3O12 and γ-Bi2MoO6 after use. This indicates that the reduced surface area, and not the phase transformation, was the reason for the decreasing propylene conversion at temperatures above 440 °C. As already concluded earlier, a combination of the desired phase and a high surface area seemed to be crucial for propylene oxidation.

Figure 6. XRD patterns of the samples synthesized with Bi/Mo = 1/1 at different pH values after application in catalytic oxidation of propylene at temperatures up to 520 °C. The following symbols are used for marking the reflections of the different phases: α-Bi2Mo3O12 (▲) and γ-Bi2MoO6 (●).
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Jung et al. [60] tested the influence of the pH value during co-precipitation of γ-Bi2MoO6 (initial ratio Bi/Mo = 2/1) on the oxidative dehydrogenation of n-butylene and discovered that the sample synthesized at pH = 3 showed both the highest butylene conversion and 1,3-butadiene yield due to a high oxygen mobility of this sample. According to the group of Keulks [8,20], re-oxidation of the catalyst is the rate-determining step in propylene oxidation at temperatures below 400 °C, whereas abstraction of an α-hydrogen atom to form an allylic intermediate is the rate determining step at higher temperatures (>400 °C), in agreement with theory [14]. Recently, it was further reported that the reaction order in oxygen was zero at 340 °C and 400 °C for Bi2Mo3O12 catalysts, i.e., the reaction rate for acrolein formation, was independent of the partial pressure of oxygen, indicating that the transition temperature where re-oxidation of the catalyst becomes the rate determining step was lower than 340 °C [61,62]. The hydrothermally synthesized samples at pH = 4–8 exhibited high propylene conversion and also relatively high acrolein selectivities already at 360 °C. Therefore, oxygen mobility is not considered to be the decisive factor for the varying catalytic performance of the different samples depicted in Figure 3. The oxygen concentration used for the catalytic activity tests in this study was relatively high (C3H6/O2 = 1/5) to guarantee a complete re-oxidation of the bismuth molybdate catalysts and to minimize the effect of decreasing oxygen partial pressure if the reaction order was not zero.

Aleshina et al. [42] prepared bismuth molybdates by co-precipitation with a Bi/Mo ratio of 2 at pH values between 0 and 7 and with surface areas of 1–3 m2/g and tested them in propylene oxidation in the presence of steam. They detected Bi2O3 in the sample prepared at pH = 7 and claimed that with increasing pH value molybdenum dissolved and remained in solution leading to a bismuth rich product (mixture of Bi2O3 and γ-Bi2MoO6), which showed lower propylene conversion (73% compared to 86%) and very low acrolein selectivity compared to the sample containing only γ-Bi2MoO6. In contrast, Bi2O3 was not detected in the present work. The samples synthesized at pH = 8 and 9 contained mainly γ-Bi2MoO6 and also the formation of hexadiene during propylene conversion was hardly observed, although, in the literature, it was reported that hexadiene was formed in the presence of Bi2O3 [63,64]. Thus, the reason for the low activity of Bi1Mo1_pH9 and the lower selectivity of Bi1Mo1_pH8 may not be contamination of the product with bismuth oxide but, rather, the lower surface areas compared to the samples synthesized at pH = 6 and 7.




3. Experimental Section


3.1. Catalyst Preparation

The bismuth molybdate materials were synthesized by hydrothermal synthesis similar to the procedure reported by Li et al. [36]. All chemicals were analytical grade and used without further purification.

In a typical synthesis, 10 mmol Bi(NO3)3∙5H2O and stoichiometric amounts of (NH4)6Mo7O24∙4H2O were dissolved in 20 mL 2.0 M nitric acid solution and 20 mL deionized water, respectively (for Bi/Mo = 1/1). The two solutions were mixed under vigorous stirring and the pH of the resulting mixture was adjusted to the desired value with an aqueous solution of 25 vol. % ammonia. For all samples addition of ammonia solution was necessary due to the low initial pH value. After stirring for 30 min the resulting solutions were heated to 180 °C in sealed 250 mL autoclaves (Berghof, Eningen, Germany) with Teflon inlays and kept in an oven for 24 h. Next, the solid product was separated by filtration at room temperature, and washed with 100 mL deionized water, 40 mL ethanol and finally 40 mL acetone. The resulting powder was dried at room temperature and ambient pressure. The samples are denoted as BixMoy_pH with Bi/Mo = x/y.

For comparison co-precipitation was used to synthesize a reference sample with Bi/Mo = 2/1 according to Carrazán et al. [65] using (NH4)6Mo7O24∙4H2O dissolved in NH4OH and Bi(NO3)3∙5H2O dissolved in HNO3 at pH = 7. The resulting solid material was calcined at 450 °C to yield the γ-phase, and was referred to as CP_Bi2Mo1_450. This sample has been further studied and characterized in Reference [50].



3.2. Catalyst Characterization

X-ray diffraction (XRD) measurements were recorded using a Bruker D8 Advance powder diffractometer (Karlsruhe, Germany) in the range 2θ = 8°–80° (step size 0.016°) with Cu Kα radiation (Ni filter, 45 mA, 35 kV) on rotating sample holders. Raman spectra were recorded with a Horiba Jobin Yvon spectrometer (LabRam, Palaiseau, France) attached to an Olympus microscope (BX 40, Hamburg, Germany) using a 632.8 nm laser in the range 100–1100 cm−1 without pre-treatment of the sample on an object slide.

The specific surface area (SSA) was measured by nitrogen adsorption at its boiling point (Belsorp II mini, BEL Japan Inc., Osaka, Japan) using multipoint BET theory in the p/p0 = 0.05–0.3 range.

Surface analysis by X-ray photoelectron spectroscopy (XPS) was performed with a K-Alpha spectrometer (ThermoFisher Scientific, Braunschweig, Germany) using a micro focused Al Kα X-ray source (400 μm spot size). Data acquisition and processing using Thermo Avantage software (Braunschweig, Germany) is described elsewhere [66]. Charge compensation during analysis was achieved using electrons of 8 eV energy and low energy argon ions to prevent any localized charging. Spectra were fitted with one or more Voigt profiles (binding energy uncertainty: ±0.2 eV) [12,67]. Scofield sensitivity factors were applied for quantification [68]. Charging was corrected by shifting to the binding energy of C 1s (C–C, C–H) at 285.0 eV. The energy scale was calibrated by means of the well-known photoelectron peaks of metallic Cu, Ag and Au.

The bulk composition of the catalysts was determined by optical emission spectrometry with inductively coupled plasma (ICP-OES, Agilent 720/725-ES, Waldbronn, Germany). The plasma was created by a 40 MHz high-frequency generator and argon was applied as the plasma gas. For ICP-OES each sample was dissolved in 6 mL concentrated HNO3, 2 mL concentrated HCl and 0.5 mL H2O2 in a microwave (at 600 W for 45 min).

X-ray absorption spectroscopy (XAS) was performed at beamline BM01B at the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The samples were diluted with boron nitride and pressed to pellets for ex situ measurement in transmission mode at the Mo K edge (20.0 keV). XAS data were processed using the IFFEFIT software package (Chicago, IL, USA) [69].



3.3. Catalytic Tests

The catalytic performance was tested in a continuous flow fixed bed reactor, a U-shaped quartz reactor with 4 mm inner diameter. The catalyst powders were pressed into pellets, crushed and sieved to 150–300 μm particles, and 500 mg of sample were loaded in the reactor and stabilized with quartz wool. The quartz reactor was connected to a commercial test unit (ChimneyLab Europe, Hadsten, Denmark) with calibrated mass flow controllers (Brooks, Hatfield, PA, USA) and placed in an oven (Watlow, St. Louis, MO, USA) [70]. A thermocouple was placed inside the reactor just touching the catalyst bed to measure the reaction temperature and a pressure transducer placed upstream of the reactor measured the actual reaction pressure. The catalysts were pre-oxidized in dry air at 300 °C and activity tests were performed using a gas composition of C3H6/O2/N2 = 5/25/70 and flows of 50, 80, 120 NmL/min. The gas analysis was performed with a dual channel GC-MS (Thermo Fischer, Brauschweig, Germany) with a TCD detector for quantifying N2, O2, CO and CO2 and a FID detector parallel to the MS for identification and quantification of saturated and unsaturated light hydrocarbons and oxygenated by-products. Before calculating the conversion of propylene and the selectivity for acrolein, the measured concentrations were corrected for expansion of the gas due to combustion using the nitrogen signal as internal standard.




4. Conclusions

In the present study different bismuth molybdate catalysts were synthesized using hydrothermal synthesis. The applied Bi/Mo ratio and the pH value had a strong influence on crystalline phases, specific surface area, bulk and surface composition and, thus, the catalytic performance. With increasing pH values from 1 to 9, the amount of more active γ-Bi2MoO6 compared to α-Bi2Mo3O12 increased resulting in a higher catalytic activity.

The samples synthesized at pH = 4–7 exhibited relatively large surface areas (>20 m2/g) compared to unsupported bismuth molybdates reported in literature. The higher surface area was beneficial for the catalytic activity in the selective oxidation of propylene under the applied conditions. The bismuth molybdates synthesized at pH = 6–7, which contained only γ-Bi2MoO6 and which exhibited high specific surface areas, yielded the highest propylene conversion at high acrolein selectivities. They were more active than samples with higher surface areas prepared at pH = 5, which also contained impurities of other phases. Very high (pH ≥ 9) or low (pH ≤ 1) pH values during synthesis led to catalysts with low catalytic activity and low specific surface area. This demonstrated that surface area is an important, but not the only, factor influencing activity, in agreement with literature.

Increasing the process temperature from 320 °C to 400 °C resulted in higher propylene conversion, while the catalysts deactivated at temperatures above 440 °C probably due to sintering and decreased specific surface area. Hence, especially at higher operating temperatures, stabilization of the surface area remains a key issue. Incorporation of further elements like Co, Fe or V, which are also included in industrial multicomponent bismuth molybdates, via hydrothermal synthesis could be beneficial for the stability of the prepared catalysts, as well as for the overall catalytic performance.
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