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Abstract
A series of bismuth molybdate catalysts were synthesised at different pH via a hydrothermal method using citric acid. 
The calcined and uncalcined catalysts were tested for the selective oxidation of propene to acrolein under microwave-
electric field heating and conventional heating. Under conventional heating the catalysts synthesised at low pH were 
found to give the best performance, however, under microwave heating the key parameter was the calcination step. 
The dielectric properties were determined using cavity perturbation methods and non-calcined samples were found 
to have a high dielectric loss tangent, a measure of how well a material can convert microwave radiation into heat, 
that was ascribed to residual water and nitrate ions in the catalysts. On calcination the residual water and nitrate was 
removed and the particle size increased leading to low dielectric loss tangents. When heated at low power (10–20 W) 
the microwave-electric field the catalysts gave very high selectivity to acrolein compared to the conventionally heated 
catalysts at isoconversion. This was attributed to the microwave energy selectively heating the catalyst bed, but not the 
reactants, suppressing sequential oxidation and cracking reactions. This study demonstrates the importance of both 
the materials dielectric and catalytic properties in microwave-assisted catalysis which allows high yields to be achieved 
when compared to the same catalysts under conventional heating.

1 Introduction

Microwave-assisted catalysis is becoming increasingly studied for both liquid and gas phase chemical reactions. Previous 
studies have shown that there are several potential advantages of microwave heating compared to conventional heating, 
including the creation of hot spots and microwave plasmas on the catalyst surface and the selective heating of catalysts, 
reactants, or solvents which can give higher reaction rates and improve the activity and/or selectivity of processes [1–4].

Some of these advantages could be useful if microwave-assisted catalysis was applied to selective oxidation reac-
tions. For example, gas phase reactants cannot be heated in the microwave field and the microwave energy is only 
used to heat the catalyst bed. This can be beneficial in improving energy efficiency and reducing sequential gas phase 
reactions, increasing the selectivity of the process studied [5]. However, the formation of hot spots on the catalysts 
can be a disadvantage as these promote high temperatures and over oxidation of the products.
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In this study we have explored the role of the catalysts in microwave-assisted catalysis using propene oxidation 
as a model reaction. There are several possible reaction products including acrolein, acetaldehyde, formaldehyde, 
carboxylic acids and carbon oxides, which makes it an interesting candidate for comparing activity and selectivity 
between microwave and conventional heating.

In this study bismuth molybdate was chosen as the catalyst, with three phases  (Bi2Mo3O12,  Bi2Mo2O9, and  Bi2MoO6) 
known to have good performance for the oxidation/ammoxidation of lower alkenes [6]. This allows the different 
phases to be studied as both catalysts and microwave susceptors to gain information on the importance of these two 
properties of the materials. Early studies on propene selective oxidation found that both pure phase  MoO3 and  Bi2O3 
showed promising activity, but when combined as bismuth molybdate a considerable improvement in performance 
was observed [7, 8]. Many investigations identifying the order of relative activity of bismuth molybdate phases have 
been published over the past few decades. However, there is still debate in the literature about the relative activity of 
these bismuth molybdate phases. Early studies reported that  Bi2Mo2O9 was more active for propene oxidation than 
the other two bismuth molybdate phases [9–11], while other researchers suggested that  Bi2MoO6 [12] or  Bi2Mo3O12 
were more active catalysts [13]. It is generally agreed that bismuth-based catalysts containing vanadium, molybde-
num, bismuth, magnesium and antimony are among the most active catalysts providing redox sites for the reaction, 
and that the reaction proceeds through a Mars van Krevelen type mechanism, where lattice oxygen plays the key 
role in the catalytic activity for propene selective oxidation [14].

In a previous study, we investigated a series of bismuth molybdate vanadate materials with different ratios of 
molybdenum to vanadium that were synthesised using a sol–gel methodology using citric acid [15]. Here we build 
on these initial results by investigating hydrothermal synthesis as a methodology for producing active microwave-
assisted bismuth molybdate catalysts.

2  Experimental section

2.1  Catalyst synthesis

A group of bismuth molybdate materials were prepared using hydrothermal synthesis at different pH. 2.425 g of 
Bi(NO3)3·5H2O, and 0.606 g of  Na2MoO4·2H2O were dissolved into 5 ml of  HNO3 (4 M). A concentrated aqueous solution 
of NaOH (2 M) was added dropwise into the solution until the target pH value was reached. After being stirred for 
2 h, the suspension was transferred into a 100 mL Teflon-lined stainless-steel autoclave to 70% of the total volume. 
The autoclave was heated at 160 °C for 24 h at autogenous pressure and then allowed to cool to room temperature. 
The resulting samples were separated by filtration, washed with 100 ml deionized water and 100 ml absolute alcohol 
several times, and then dried at 110 °C overnight. The samples synthesised at pH 4, 6 and 8 were denoted BiMoOx-4, 
BiMoOx-6 and BiMoOx-8 respectively.

The materials were tested as synthesised and also after calcination in static air at 500 °C with a ramp rate of 
5 °C  min−1. The calcined materials were denoted BiMoOx-4C, BiMoOx-6C and BiMoOx-8C.

3  Catalyst characterisation

3.1  X‑ray diffraction (XRD)

Analysis was carried out using a PANalytical X’pert Pro powder diffractometer with a Cu  Kα1 X-ray radiation 
(λ = 0.154098 nm) source at ambient temperature. Samples were typically scanned in the range of 10–80°  at 40 kV 
and 40 mA. Samples were ground and place into a backfilled sample holder for analysis. Crystal structures were 
assigned using MDI/Jade software using the International Centre for Diffraction Data (ICDD) database from the 
Powder Diffraction File (PDF).
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3.2  Surface area analysis

Nitrogen adsorption isotherms were collected using a Quantachrome Quadrasorb evo surface area analyser at − 196 °C. 
A five point plot was performed using  N2 as the adsorbate gas. Samples were degassed under vacuum at 150 °C for 3 h 
before analysis. Surface areas were calculated using the BET method over the p/p0 range of 0.05–0.3, using QuadraWin 
software.

3.3  X‑ray photoelectric spectroscopy (XPS)

XPS analysis was carried out using a Kratos Axis Ultra-DLD spectrometer, utilizing a micro-focused monochromatic Al 
 Kα X-ray source (hυ = 1486.6 eV) operating at 72 W power. Samples were analysed at pass energies of 40 and 150 eV for 
high-resolution and survey scans, respectively. A C1s reference (284.5 eV) was used to correct the charge effect. Data 
analysis was performed in CasaXPS software using a Shirley-type background and Scofield cross-sections.

3.4  Inductively coupled plasma mass spectrometry (ICP‑MS)

Analysis was carried out using an Agilent 7900 ICP-MS instrument, equipped with a micro-mist nebuliser in organic phase 
mode. Quantification was carried out by comparison with a calibration curve.

3.5  Characterisation of dielectric properties

The cavity perturbation method was used to measure the dielectric parameters using methodology described previously 
[15–19]. Dielectric properties analyses were carried out using a cyl-� cavity [18].  TM010 modes were used to measure 
the dielectric properties of a tube sample placed on the axis. The resonance frequency and Q-factor of the cavity were 
measured with an empty tube, and with samples inserted. The real part and imaginary part of the complex permittivity 
were calculated and used to determine the loss tangent (tan � ) that is used to provide an indication of how the material 
can be penetrated by an electric field and how it dissipates the energy as heat.

3.6  Thermal gravimetric analysis (TGA)

Analysis was caried out using a Seteram TGA/DTA. Samples were placed in a pre weighed crucible and heated from 30 
to 800 °C under an air flow (30 ml  min−1) at a heating rate of 1 °C  min−1.

3.7  Product analysis

Products were collected and analyzed using an online gas chromatograph (Agilent 7680A) equipped with an HP-PlotQ 
(30 m × 0.530 mm) column and a Porapak Q (80–100 Mesh, 1.8 m × 2.0 mm) column for separation of the products, and 
flame ionization detector (FID) and thermal conductivity detector (TCD) for analyzing the products.

3.8  Evaluation of catalytic performance

The catalytic performance of the prepared catalysts was evaluated for the selective oxidation of propene to acrolein at 
atmospheric pressure in a laboratory fixed bed reactor using either conventional or microwave dielectric heating using 
methodology described previously [15].

0.2 g of catalyst was placed in a quartz reactor tube (7 mm internal diameter) held between plugs of quartz wool. 
Propene, nitrogen and oxygen were introduced using mass flow controllers (Bronkhorst) to give a total flow rate of 
50 ml  min−1 (propene:O2:He = 5:10:85). The outlet lines were heated to 140 °C to prevent condensation of the products. 
Products were analysed using online gas chromatography.

For conventional heating experiments (200–500 °C) the reactor was placed in a tube furnace (LPC Elements) and the 
temperature was monitored using a thermocouple at the centre of the catalyst bed.

For experiments carried out using microwave dielectric heating a  TM010 single-mode microwave cavity. A quartz reac-
tor tube was located in the middle of the cavity. The catalyst bed was irradiated with 2.5 GHz microwave radiation with 
a power of 0–30 W through a hole in the side of the cavity perpendicular to the catalyst bed. On the opposite side of the 
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cavity, an infrared camera was mounted to detect the temperature of the catalyst bed when steady state was achieved 
(Figure S1) [15].

Products were collected and analyzed using an online gas chromatograph (Agilent 7680A) equipped with an HP-PlotQ 
(30 m × 0.530 mm) column and a Porapak Q (80–100 Mesh, 1.8 m × 2.0 mm) column for separation of the products, and 
flame ionization detector (FID) and thermal conductivity detector (TCD) for analyzing the products. Conversion and 
selectivity were calculated using the equations below:

Propene conversion (%) = (moles of propene in—moles of propene out)/moles of propene in × 100%.
Product selectivity (%) = moles of specific product/moles of total products × 100%.

4  Results and discussion

4.1  Catalyst characterisation

The bismuth molybdate materials synthesised at different pH (4, 6 and 8) and their calcined counterparts were charac-
terised using a combination of techniques.

The XRD patterns revealed that a low pH solution resulted in the formation of orthorhombic  Bi2MoO6, while higher pH 
gave a mixed phase of orthorhombic  Bi2MoO6 and cubic  Bi4MoO9 structures. This observation is similar to the findings 
of Phuruangrat et al. [20] who synthesized a set of  Bi2MoO6 materials using hydrothermal synthesis and investigated the 
effect of the precursor solution pH on the phases formed, morphologies, and photocatalytic activity. They found that low 
pH (< 7) contributed to the formation of orthorhombic  Bi2MoO6, medium pH (8–10) gave a mixed phase of orthorhombic 
 Bi2MoO6 and cubic  Bi4MoO9 structures and high pH (> 10) led to the formation of cubic  Bi4MoO9.

The average crystallite size was calculated using the Debye–Scherrer equation considering the broadening of the (131) 
reflection of  Bi2MoO6 in the XRD patterns (Fig. 1) and the results are shown in Table 1. The materials showed an increase in 
the crystallite size with an increase in the pH of the reaction mixture. Similar results were also found by Bakiro et al. when 

Fig. 1  XRD patterns of 
bismuth molybdate materials 
hydrothermally synthesized 
at different pH and after 
calcination at 500 °C, together 
with the reference patterns for 
 Bi2MoO6 (PDF#072-1524) and 
 Bi4MoO9 (PDF#012-0149)

Table 1  Crystallite size and 
lattice constants for samples 
synthesised at different pH 
calculated from the (131) 
reflection of  Bi2MoO6 from the 
XRD patterns in Fig. 1

a crystallite size calculated using the (131) reflection of  Bi2MoO6

Material Crystallite 
Size (nm)a

Lattice Parameters

a (Å) b (Å) c (Å) Volume (Å3)

BiMoOx-4 22.6 Orthorhombic  Bi2MoO6 5.54 16.23 5.50 494
BiMoOx-6 33.7 Orthorhombic  Bi2MoO6 5.50 16.34 5.47 492
BiMoOx-8 45.6 Orthorhombic  Bi2MoO6 5.49 16.20 5.48 488

Cubic  Bi4MoO9 5.63 5.63 5.63 179
BiMoOx-4C 25.1 Orthorhombic  Bi2MoO6 5.50 16.20 5.46 488
BiMoOx-6C 36.6 Orthorhombic  Bi2MoO6 5.50 16.29 5.47 491
BiMoOx-8C 46.7 Orthorhombic  Bi2MoO6 5.48 16.20 5.46 487

Cubic  Bi4MoO9 5.63 5.63 5.63 179
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synthesising  BiNbO4 [21]. They reported that high pH is attributed to the increase crystallite size due to agglomeration 
resulting in the preferential formation of β-BiNbO4 at the expense of  α-BiNbO4 at high pH. In Phuruangrat’s studies of 
 Bi2MoO6 synthesis, a similar conclusion was also reported, with acidic conditions favouring the formation of  Bi2MoO6, 
and alkaline conditions leading to larger crystallite sizes of  Bi2MoO6 and the formation of  Bi4MoO9 [20].

BET surface areas were determined by  N2 adsorption and were found to correlate with the particle sizes determined by 
XRD, with calcination leading to a reduction in surface area and an increase in particle size, brought about by sintering. 
The surface bismuth/molybdenum compositions were determined using X-ray photoelectron spectrometery (XPS) and 
the bulk composition of the catalysts was determined by optical emission spectrometry with inductively coupled plasma 
(ICP-MS). The specific surface area of the samples and the Bi/Mo ratios determined by ICP-MS and XPS are summarized 
in Table 2, with XPS spectra provided in the supporting information (Figures S2-S7).

Samples synthesized in higher pH solutions contain a higher amount of Bi, both in the bulk and on the surface. This 
is in line with the XRD results, that showed that large amounts of Bi rich phase  Bi4MoO9 were produced by the higher 
pH precursor solution. A similar result was also reported by Schuh et al. who synthesized a group of bismuth molybdate 
from solutions with different pH using a hydrothermal method [17]. The calcination did not have a significant effect on 
the Bi/Mo ratio of the catalyst in the bulk, but the XPS results revealed that the calcination process increased the bismuth 
content on the catalyst surface. This has been ascribed to a bismuth rich surface layer that has been shown to form on 
the surface of bismuth molybdate materials after calcination [22], but is not considered crucial to the performance as 
the catalysts equilibrate under reaction conditions [22, 23].

When considering potential materials for use as microwave-assisted catalysts using electric field heating, the interac-
tion of materials with microwaves and the heating behaviour of materials by microwave irradiation is strongly dependent 
on their dielectric properties. The complex permittivity of a material is related to the dielectric constant (ε’), the ability of 
a material to hold electric charge, and the dielectric loss factor (ε’’) which is related to how well a material converts energy 
into heat. Commonly these properties are summarised by the loss tangent (tan δ = ε’’/ε’) which is used as an indicator of 
how well a material can be heated in a microwave-electric field. The dielectric properties were measured using a cyl-ε 
cavity operating at 2.5 GHz with  TM010 mode as described previously [15–19] and are shown in Table 3.

The dielectric properties obtained indicate that the non-calcined samples are more likely to reach higher temperatures 
than the calcined samples due to the differences in dielectric loss. This is ascribed to the presence of water of crystal-
linity or other impurities like  NO3

– in the sample structure that can facilitate microwave absorbtion at the very begin-
ning of microwave heating, as the water and  NO3

– usually have larger polarity than bismuth molybdate and are usually 

Table 2  Surface area and 
composition of the bismuth 
molybdate materials 
hydrothermally synthesized at 
different pH

a determined from ICP-MS
b determined from XPS

Material Surface area  (m2  g−1) Bi/Mo bulk  ratioa Bi/Mo 
surface 
 ratiob

BiMoOx-4 16 2.1 2.1
BiMoOx-6 17 2.2 2.4
BiMoOx-8 25 3.2 3.8
BiMoOx-4C 14 2.1 2.4
BiMoOx-6C 14 2.2 2.5
BiMoOx-8C 19 3.3 4.0

Table 3  Dielectric parameters 
for bismuth molybdate 
materials hydrothermally 
synthesized at different pH

Material Dielectric constant ( �′) Dielectric loss ( �′′) Loss tangent (tan δ)

BiMoOx-4 1.0016 0.14135 0.14128
BiMoOx-6 1.0014 0.12841 0.12823
BiMoOx-8 1.0016 0.12691 0.12671
BiMoOx-4C 1.0012 0.05607 0.05600
BiMoOx-6C 1.0013 0.04210 0.04205
BiMoOx-8C 1.0013 0.04194 0.04189
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better at utilizing the microwave energy and become dielectric lossy. Due to the excellent dielectric properties, bismuth 
nitrate salts have been used in microwave synthesis of naphthyridines [24], microwave-assisted synthesis of molecules 
of medicinal interest [25], and to catalyse a unique route to produce 1,4-dihydropyridines [26].

Thermal gravimetric analysis was carried out on the BiMoOx-4 and BiMoOx-4C materials to identify any impurities 
present in the as synthesised material compared to the calcined material (Fig. 2). The non-calcined sample shows a much 
larger weight drop than the calcined sample with two clear weight-loss stages. The first loss at 250–300 °C corresponds 
to the removal of water [27], while the second weight loss from 400 to 500 °C is in the region expected from the decom-
position of bismuth nitrate salts [28].

However, as evidenced by the XRD and surface area measurements, calcination also leads to an increase in crystal-
linity and particle size and a decrease in the surface area. The mechanism of microwave heating for solids is dependent 
on the domain sizes as they align with the oscillating electric field, so the increase in domain size on calcination will also 
impact on how well the materials can be heated.

4.2  Catalyst testing

The catalytic activity of the bismuth molybdate samples for the selective oxidation of propene was tested under both 
conventional and microwave heating. Initially, catalysts were heated in the microwave cavity with power ranging from 
2.5 W to 30 W and the temperature of the catalyst bed was measured remotely using an infrared (IR) camera (Fig. 3). The 
IR camera measurement is not as accurate as the thermocouple inserted into the bed during conventional heating, as it 

Fig. 2  TGA for non-calcined 
and calcined bismuth molyb-
date materials hydrothermally 
synthesised at pH 4

Fig. 3  Temperature of the 
catalyst bed under microwave 
heating in air
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does not account for localised hot spots and can underestimate bed temperature. However, inserting a thermocouple 
will impact on the microwave heating regime within the catalyst bed. All samples could be heated in the microwave 
field to greater than 450 °C and so were good candidates as catalysts for the microwave-assisted oxidation of propene. 
However, the non-calcined samples reached higher temperatures at lower microwave power due to their much higher 
dielectric loss tangents which indicate their ability to convert microwave energy into heat (Table 3).

Although both the water and nitrate ions in the samples will be removed when the temperature reaches a high level 
(300 °C and 450 °C, respectively), their positive effect on improving the temperature in the initial heating stage is still 
very important to assist the bulk catalyst to reach a higher temperature. In the initial heating stage, water and  NO3

– can 
absorb a large amount of microwave energy and transfer heat to the surrounding catalyst which result in a pre-heating 
effect on the catalyst bed. An investigation studying the dielectric properties of heterogeneous catalysts have shown 
that that the dielectric loss is highly temperature dependent [29]. When catalysts were preheated using conventional 
heating the loss tangent was found to increase with increasing temperature [29, 30]. At a higher temperature, the mobil-
ity of charge carriers in the solid solution materials will be higher, which increases the polarization of the materials that 
leads to high dielectric loss [21]. Therefore, pre-heating the catalyst in advance is beneficial for the catalyst to absorb 
more microwave energy.

The performance of the prepared catalysts were also evaluated under conventional heating in a flow of propene, 
oxygen, and nitrogen from 200 °C to 500 °C. The results are shown in Figs. 4 and 5, with the full product selectivity shown 
in Table 4.

Under conventional heating the non-calcined samples showed higher activity and selectivity than the corresponding 
calcined samples. The reduction in performance is attributed to the increase in crystallite size and decrease of the surface 
area of the materials when calcined, leading to less active sites available in the calcined catalysts. According to the ICP 
and XPS results (Table 2) materials synthesized at higher pH contains a larger amount of bismuth, both in the bulk and 
on the surface, and the calcination process increased the bismuth content on the catalyst surface. In the mechanism 
for propene selective oxidation [10], the adsorption of propene is proposed to occur on a molybdenum site, that is 
reduced during acrolein formation, implying the surface Mo concentration is crucial for bismuth molybdate to maintain 
high selectivity to acrolein. The increase in surface bismuth sites makes the catalyst more inclined to produce carbon 
dioxide at higher temperature, which has been reported by previous researchers for propene selective oxidation over 
the bismuth molybdate catalysts [31–33].

The catalyst synthesised at pH 4 (BiMoOx-4) performed best under conventional heating with a maximum acrolein 
selectivity of 82% reached at 300 °C The corresponding calcined sample (BiMoOx-4c) showed the next best performance, 
indicating that under conventional heating the pH, that controls the phase composition, is the most important synthesis 
parameter. For the materials synthesised at pH 6 and pH 8, both the conversion and selectivity to acrolein were found to 
be much lower than the catalysts synthesised at pH 4. For the catalyst synthesised at pH 6 acetaldehyde was the major 
product detected, while the catalysts synthesised at pH 8 gave acetaldehyde at low temperatures, but non-oxygenated 
products were the major product at high conversion. The by-products of the reaction were  CO2 and CO, with very small 

Fig. 4  Propene conversion 
under conventional heating 
(0.2 g of catalyst, propene:o
xygen:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)
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amounts of other  C3 oxygenates, and ethene and hexadiene observed at temperatures above 500 °C (Table 4). The poorer 
performance is attributed to the increase in the formation of the bismuth rich phase  (Bi4MoO9) as the pH increases as 
observed by XRD. This agrees with the early research by Martir and Lunsford that found that over  Bi2O3 catalysts, the major 
reaction product is 1,5-hexadiene, as there is less lattice oxygen available in bismuth oxide than in bismuth molybdate, 
which is crucial for the Mars van Krevelen reaction mechanism [34]. Schuh et al. also reported similar findings for a series 
of bismuth molybdate catalysts prepared at different pH and Bi:Mo ratios with low propene conversion and acrolein 
selectivity over bismuth rich catalysts [35].

The bismuth molybdate catalysts were then tested under the same reaction conditions but using microwave-dielectric 
heating and the results shown in Figs. 6 and 7 and Table 5.

As shown in Fig. 6, all of the hydrothermally synthesized  Bi2MoO6 samples showed activity under microwave heating. 
The trend in the propene conversion at different microwave power is similar to the catalyst bed temperature reached at 
different microwave powers shown in Fig. 3. As the uncalcined samples can reach higher temperatures at lower micro-
wave power, the three uncalcined catalysts give higher conversion than the corresponding calcined catalysts, especially 
at low power. However, there is a clear performance advantage for the catalyst synthesised at pH 4 (BiMoOx-4) over those 
calcined at pH6 and 8 (BiMoOx-6 and BiMoOx-8) indicating that the conversion is not just related to the permittivity of the 
materials, but is also dependent on traditional catalyst properties such as the nature of the active sites. Comparing the 
activity under microwave heating (Fig. 6) with the activity under conventional heating (Fig. 4) and the bed temperature 
at different microwave power (Fig. 3) shows that the behaviour is clearly a combination of the catalytic and dielectric 
properties.

The selectivity to acrolein under microwave heating is shown in Fig. 7. The selectivity to acrolein reaches a maximum 
at 10 W microwave power for all the catalysts, before dropping linearly with power until there is no acrolein produced at 
30 W. Although this drop is more pronounced than in conventional heating, the conversion at maximum selectivity under 
microwave heating is much higher for all the catalysts tested. This confirms that for selective oxidation, the proposed 
advantages over conventional heating of increased selectivity due to limiting secondary reactions, coupled with the 
higher conversions achieved under microwave heating of the catalyst bed gives improved performance.

This is confirmed by a comparison of the acrolein yields under the different heating regimes (Figs. 8 and 9), where the 
maximum yield is higher for all catalysts under microwave heating. To demonstrate this is not simply a heating effect a 
comparison of the best catalyst (BiMoOx-4) under microwave and conventional heating is given in Fig. 10. Under con-
ventional heating the catalyst showed typical behaviour with a drop in selectivity as conversion increases (Figs. 4 and 5) 
leading to a maximum yield of around 25%. However, under microwave heating the higher selectivitiy achieved at high 
conversion give much higher yields (> 50%) than can be achieved under conventional heating.

Product selectivity is critical in catalytic processes as it allows for simpler separation of products, and minimises down-
stream waste. To accurately compare the selectivity of different catalysts it is crucial to compare them at isoconversion 
[36, 37]. The selectivity is dependent on the conversion and for consecutive reactions can be the relative selectivity is 
dependent on the rate of the individual steps. This is particularly true of batch reactions, where an intermediate can 

Fig. 5  Acrolein selectivity 
under conventional heating 
(0.2 g of catalyst, propene:o
xygen:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)



Vol.:(0123456789)

Discover Catalysis            (2025) 2:11  | https://doi.org/10.1007/s44344-025-00014-7 
 Research

Table 4  Selectivity of the 
main products from propene 
oxidation under conventional 
testing

Sample Temperature 
( ◦C)

Selectivity (%)

Acrolein Acetaldehyde COx Higher 
 hydrocarbonsa

Lower 
 hydrocarbonsb

BiMoOx-4 200 65 0 0 0 0

250 76 7 0 0 0

300 89 7 0 0 3

350 81 6 0 6 3

400 46 5 9 23 10

450 42 8 11 13 23

500 31 8 13 3 41

BiMoOx-4C 200 23 0 0 0 0

250 27 7 0 0 0

300 40 7 0 0 3

350 41 5 0 6 3

400 46 5 9 23 10

450 50 8 10 13 23

500 30 7 13 3 41

BiMoOx-6 200 0 0 0 0 0

250 0 0 0 0 0

300 12 13 0 0 2

350 11 19 0 0 3

400 11 33 0 0 4

450 13 36 5 5 26

500 43 2 9 3 45

BiMoOx-6C 200 0 0 0 0 0

250 0 0 0 0 0

300 0 16 0 0 3

350 14 19 0 0 3

400 12 31 0 0 4

450 14 37 4 5 27

500 39 3 8 3 45

BiMoOx-8 200 0 0 0 0 0

250 0 0 0 0 0

300 0 0 0 0 0

350 0 20 0 0 20

400 6 4 0 0 27

450 10 3 10 47 21

500 8 3 5 79 2

BiMoOx-8C 200 0 0 0 0 0

250 0 0 0 0 0

300 0 0 0 0 0

350 0 22 0 0 0

400 0 2 0 0 0

450 5 1 11 10 47

500 11 2 17 5 79

a Higher hydrocarbons include benzene and hexene
b Lower hydrocarbons include  CH4  C2H4 and  C2H6. Small amounts of  C3 oxygenates (include acetone, pro-
panol, isopropanol) were produced in small amounts, too low to be accurately quantified
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be initially formed in high concentrations, but at longer reaction times can further converted to subsequent products, 
reducing the selectivity. To compare catalysts at isoconversion in continuous flow gas phase reactions the flow rate or 
catalyst amounts are adjusted to control the contact time.

In this study, a range of microwave powers and temperatures were used to explore the selectivity at different activities 
to allow a comparison of the two heating regimes under isoconversion. Experiments at isoconversion can be used to 
obtain kinetic data from reactions, although activation energies could not be calculated due to the difficulty in measuring 
the temperature accurately during the microwave assisted reactions. For the microwave-assisted process, the selectivity 
is similar at low conversions, but is much higher at conversions > 40%, giving twice the yield of acrolein at 70% conver-
sion compared to conventional heating. This is attributed to the gas phase products not being heated once they desorb, 
reducing sequential reactions that lead to a loss in selectivity.

5  Conclusions

In this study, bismuth molybdate catalysts were found to be very active for the microwave-assisted selective oxidation 
compared to the same catalysts tested under conventional heating at isoconversion. The catalysts were synthesised 
using a hydrothermal method with citric acid, and the materials were tested before and after calcination for the selective 
oxidation of propene under both conventional and microwave-electric field heating.

Fig. 6  Propene conversion 
under microwave heating 
(0.2 g of catalyst, propene:o
xygen:nitrogen = 1:2:97, flow 
rate = 50 mL min.−1)

Fig. 7  Acrolein selectivity 
under microwave heating 
(0.2 g of catalyst, propene:o
xygen:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)
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Table 5  Selectivity of the 
main products from propene 
oxidation under microwave 
heating

Sample Input 
Power (W)

Selectivity (%)

Lower hydro-
carbons

Acetaldehyde Acrolein Other  C3 
oxygenates

COx Higher 
hydrocar-
bons

BiMoOx-4 2 0 0 0 0 0 0

5 0 6 59 34 0 0

10 8 8 73 10 0 2

15 8 6 55 8 21 1

20 8 6 35 8 42 1

25 13 6 19 2 55 4

30 22 3 3 1 57 14

BiMoOx-4C 2 0 0 0 0 0 0

5 0 6 28 66 0 0

10 0 8 48 28 12 4

15 0 8 37 17 34 4

20 9 8 25 16 39 3

25 23 5 10 4 41 17

30 29 3 0 0 46 22

BiMoOx-6 2 0 0 0 0 0 0

5 0 7 24 68 0 0

10 6 6 46 34 7 2

15 13 6 30 21 19 12

20 16 4 13 10 47 10

25 18 3 1 12 47 18

30 24 4 0 15 35 22

BiMoOx-6C 2 0 0 0 0 0 0

5 0 6 23 71 0 0

10 2 8 39 37 10 4

15 11 9 25 31 19 5

20 34 8 12 20 21 6

25 31 5 2 11 32 19

30 32 3 0 0 39 26

BiMoOx-8 2 0 0 0 0 0 0

5 16 23 0 27 0 34

10 17 6 6 3 0 67

15 19 0 3 1 24 53

20 19 0 1 1 53 26

25 20 0 0 0 48 31

30 27 0 0 1 38 33

BiMoOx-8C 2 0 0 0 0 0 0

5 0 23 18 27 0 32

10 0 6 42 3 0 49

15 11 0 20 1 24 42

20 17 0 3 1 53 26

25 28 0 1 0 48 22

30 39 0 0 1 39 21

a Higher hydrocarbons include benzene and hexene
b Lower hydrocarbons include  CH4  C2H4 and  C2H6
c C3 oxygenates include acetone, propanol, isopropanol
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Fig. 8  Acrolein yield under 
microwave heating (0.2 g 
of catalyst, propene:oxyg
en:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)

Fig. 9  Acrolein yield under 
conventional heating (0.2 g 
of catalyst, propene:oxyg
en:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)

Fig. 10  Acrolein yield over 
BiMoOx-4 at different conver-
sions under microwave heat-
ing and conventional heating 
(0.2 g of catalyst, propene:o
xygen:nitrogen = 1:2:97, flow 
rate = 50 mL  min−1)
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Under conventional heating the synthesis pH of the hydrothermally prepared materials was found to be the most 
important factor, with catalysts prepared at pH 4 being the most active. Calcination at 500 °C did not change the com-
position of catalyst, but increased the crystallite size of the sample, resulting in a decrease in specific surface area and 
a reduced activity.

However, under microwave heating calcination was found to be the most important factor. Catalysts that were not 
calcined were found to have a high dielectric loss tangent, a measure of a materials ability to convert microwave-electric 
field radiation into heat, which was attributed to residual water and nitrate ions in the samples. Calcination led to a 
decrease in the dielectric loss tangent making the samples more difficult to heat. Under microwave heating the catalyst 
synthesised at pH 4 without calcination was the most active and selective and gave acrolein yields double that of the 
catalyst under conventional heating at 70% conversion.

This demonstrates the importance of the synthesis method when preparing catalysts for use in microwave-assisted 
catalysis, to be able to optimise both the active sites and dielectric properties of the materials. The best catalysts were 
found to be very selective to acrolein at high conversions which was attributed to the selective heating of the catalyst 
bed in the microwave field, minimising sequential oxidation reactions and cracking.
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