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Abstract 

Oxidative dehydrogenation of hydrocarbons (ODH) converts propane and/or ethane into 

propylene and/or ethylene, which are important compounds in the chemical industry. Unlike 

steam cracking, ODH offers high theoretical conversion to olefins and lower energy 

consumption. The ODH reaction of propane to propylene was studied using VOX/Al2O3 

catalysts prepared by wet impregnation. The reaction conditions were widely varied, with 

temperatures ranging from 300 ºC to 550 ºC, the C3/O2 ratio from 1.6 to 3.3 and the 

vanadium content from 1 to 11 wt%. It was observed that these parameters are key 

experimental variables that influence the performance of the catalysts in ODH. Catalysts 

with intermediate vanadium loading exhibit an optimal amount of acidic sites due to the 

presence of monomeric and polymeric VOX species, resulting in high selectivity towards 

propylene. Temperature programmed oxidation analyses showed that coke deposition is 

proportional to the degree of VOX polymerization. 

 

Keywords: ODH, propane, propylene, VOX/Al2O3, deactivation 
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1. Introduction 

The term "light olefins" includes mainly ethylene and propylene. Both olefins are widely 

used for the production of plastics, fibers and many other chemical products such as 

oxygenated compounds (ethylene glycol, acetaldehyde, acetone, propylene oxide, etc.) and 

intermediate products (ethylbenzene, propionaldehyde, etc.). These derived materials find 

applications in a variety of industries, such as textiles, automotive, packaging, and 

construction [1, 2]. 

Currently the leading technology for the production of olefins is steam cracking (SC). This is 

a complex process that produces a wide range of products and is versatile in terms of the 

feedstock used, ranging from light hydrocarbons such as ethane, propane and butane, to 

naphtha and distilled fuel oil. However, the recent shift in raw material feedstock to shale 

gas, which contains a large amount of ethane, has led to lower propylene yields in these 

processes, creating a growing gap between propylene supply and demand. To reduce this 

gap, there is increasing industrial interest in producing propylene from propane [3]. 

However, this demand cannot be met by the traditional SC process due to the low 

propylene/ethylene ratio obtained. To address this issue, several alternatives have been 

proposed, but these must be economically viable and comparable to current SC units in 

terms of production capacities. Additionally, it is important to note that the SC process is the 

most energy-intensive process in the chemical industry. Worldwide it consumes 

approximately 8% of the sector's total primary energy use, excluding the energy required for 

final products manufacturing [4]. Furthermore, it is essential to highlight the significant CO2 

emissions that this process generates worldwide [4]. Reducing these emissions is a crucial 

aspect from an environmental point of view. 

The current alkane conversion technology, based on the dehydrogenation process, has 

several disadvantages, such as high endothermicity, unfavorable equilibrium shift and 
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difficult control of cracking side reactions at high temperatures, which contribute to the rapid 

coking of the catalyst [5-7]. Therefore, the alternative conversion route consisting in the 

oxidative dehydrogenation (ODH) process becomes promising.  

The oxidative dehydrogenation of propane (ODHP) in the presence of molecular O2, as an 

oxidizing agent, promotes reactions at low temperatures and is exothermic without 

thermodynamic limitations [8]. A major challenge in the commercial development of ODHP 

is improving propylene yields, as significant oxygenated by-products are formed. The 

primary cause of the selectivity limitation arises from the conversion-selectivity relationship; 

an increase in conversion results in a decrease in propylene selectivity [9, 10]. Specifically, 

in the oxidative dehydrogenation of propane to propylene, selectivity to propylene at higher 

propane conversion is limited by the adsorption of propylene on the acidic sites of the 

catalyst and its subsequent combustion to carbon oxides [11]. Different catalysts have 

already been studied in ODHP, including those containing V, Mo, Cr, Pt and Ga supported 

on zeolites, TiO2, SiO2 and Al2O3 [12-14]. 

VOX-supported catalysts are among the most promising because they demonstrate good 

on-stream stability and high selectivity [15]. However, the structure of supported VOX-based 

catalysts is very complex, and the structure-performance relationship of VOX-based 

catalysts has been the subject of many studies for propane dehydrogenation reaction [13] 

and ODHP [9]. For ODHP, the polymeric or crystalline species favor the deep oxidation 

process of propylene into CO2. The most widely accepted hypothesis regarding the process 

involved in the ODH reaction is the Mars van Krevelen (MvK) mechanism, in which the 

catalyst undergoes a cycle of reduction and oxidation, while the reactants are 

simultaneously converted into the products [9, 16]. However, the reaction mechanism 

depends strongly on the catalyst composition. On VOX/Al2O3, it was proposed that, for the 

ODH of ethane, a combined mechanism is involved, where ethane is produced by 
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dehydrogenation through MvK mechanism. In that case the activity strongly depends on the 

ability of V to change its oxidation state, but the oxidation is governed by a Langmuir-

Hinshelwood (LH) mechanism involving one single active site and the competitive 

adsorption of the reactants. The challenge in this reaction is to develop catalysts that are 

not only active at relatively low temperature and resistant to deactivation, but also capable 

of preventing the undesirable oxidation reaction of propylene to COX products.  

While the role of the nature of the VOX species was still unclear, it was recently 

demonstrated for non-oxidative propane dehydrogenation, that VOX aggregates in the form 

of low-polyvanadate presented better activity and stability than isolated VOX species and 

highly polymerized species as V2O5. Various VOX species were obtained by varying the V 

loading in hexagonal mesoporous SiO2 (HMS) [17]. However, the HMS support does not 

exhibit acidity, and facilitates the metal dispersion due to its specific structure, both of which 

help limiting the deactivation. This raises the question: are the same low-polymerized VOX 

species the most active and stable when the reaction is performed in the presence of 

oxygen and when a classical alumina support is used?  

To address this question, one of the objectives of this work was to investigate the influence 

of the physicochemical properties of VOX catalysts on their catalytic performance in ODHP, 

using a classical γ-Al2O3 support, by varying the kind of VOX species following the strategy 

used in [17], i.e., by varying the V content in a wide range (from 1 to 11 wt.%). For this 

purpose, catalysts were prepared by the wet impregnation method in aqueous medium of 

vanadium precursors using γ-Al2O3 as support. Several analytical techniques (ICP-OES, 

N2-physisorption, XRD, TPR, Raman spectroscopy, SEM, XPS and TPD-Py) were used to 

study the distribution and arrangement of vanadium species on the γ-Al2O3 support. 

Besides the characterization of the catalytic materials, their activity and selectivity for the 

ODHP reaction were evaluated under different conditions: several propane/dioxygen ratios 
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in the feed and reaction temperatures. Temperature programmed oxidation (TPO) was 

performed to characterize the carbon deposit after catalytic test.  

 

2. Experimental 

2.1. Catalyst preparation 

Five vanadium samples supported on γ-Al2O3 were prepared using the wet impregnation 

method. NH4VO3 (CAS number 7803-55-6, Merck ACS reagent, ≥ 99.0%) in aqueous 

medium (50 ml) was utilized to achieve a final vanadium content within the range of 1.0% to 

11.0% by weight. 5 g of γ-Al2O3 support (Cyanamid Ketjen CK-300, pore volume of 0.5 cm3 

g−1, specific surface Sg of 180 m2 g−1, and a particle size range of 35–80 mesh) was 

previously calcined at 450 ºC. Finally, the mixture was stirred at a temperature ranging from 

55-60 ºC for 2 h. The resulting solid product was subsequently dried in an oven during 12 h 

at 120 ºC, followed by calcination in air using a heating rate of 5 ºC min-1 from room 

temperature to 500 ºC and maintained at this temperature for 4 h. Samples were sieved to 

35-80 mesh particle diameters. The impregnated samples were identified as V(x)/Al, with 

"x" being the expected weight content of vanadium. 

 

2.2. Catalytic test 

The evaluation of the catalytic activity in the oxidative dehydrogenation of propane (C3) was 

performed at ambient atmospheric pressure using a quartz tube reactor (ID = 4 mm) 

equipped with a fixed bed and 100 mg of catalyst confined between quartz wool (without 

diluents), generating a catalytic bed of 8 mm high. Samples were heated from room 

temperature to reaction temperature (300 ºC, 350 °C, 400 ºC, 450 °C or 550 °C) under air 

flow (30 ml min-1, 10 ºC min-1 ramp). Temperature control was maintained using a K-type 

thermocouple positioned between the furnace and the reactor, at the height of the catalytic 
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bed. The C3/O2 ratio was varied from 1.6 to 3.3 (10, 15 and 20 cm3 min-1 C3 flow, keeping 

constant the O2 flow at 6 cm3 min-1) and 24 cm3 min-1 N2 flow (total flow: 40, 45 or 50 cm3 

min-1). The products were analyzed using a Shimadzu GC-2014 with a TCD detector and 

Carbosieve adsorbent S-II 80-100 mesh (Supelco) column for CO and CO2 analysis, and 

Thermo Scientific Trace 1300 GC with FID detector and ZB-1 capillary column for C1–C4 

hydrocarbons. To make the two chromatographic analyzes compatible, an internal standard 

(cyclohexane) was added, which eluted completely separated from the other compounds. 

Additionally, experiments were carried out with lone γ-Al2O3 under the same reaction 

conditions. 

 

Turn-over frequency (TOF in s-1), conversion (conv%) and propylene selectivity (Seli %) 

were determined using Equations (1-3): 
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c : percentage (%) of vanadium in surface of the catalyst given by XPS, except for V(1)/Al, 

where c is the real V content determined by ICP. 

in

HC
w

83 : mass of the propane at reactor inlet (g). 

out

HC
w

83 : mass of propane in the outlet of the reactor (g). 

i
w

: mass of the product (i) in the outlet of the reactor (g). 

 

2.3. Catalysts characterization  

The V content of the catalysts was determined by ICP-OES after digestion in an acid 

solution. The equipment used was Perkin Elmer Optima 2100 DV. 

A Micromeritics ASAP 2020 instrument was used to perform N2 adsorption-desorption 

measurements. For analysis, 300 mg of samples were degassed at 200 °C for 8 h. BET 

surface areas were obtained using the Brunauer-Emmett-Teller (BET) and the pore volume 

and diameter determination using Barrett-Joyner-Halenda (BJH) method. 

X-ray diffraction (XRD) analyzes were conducted at room temperature on a Panalytical 

diffractometer. The monochromatic Cu Kα radiation (λ = 1.54 Å) was used. The 

diffractograms were recorded in the 2θ range from 5 to 80° with a step of 0.05º.  

Laser Raman spectroscopy (LRS) analyzes were performed at room temperature with a 

HORIBA Jobin Yvon Labram HR 800 UV Raman confocal microscope equipped with a 

Peltier-cooled CCD detector. The excitation wavelength of 532 nm is produced by an 

external laser diode (Oxxius). The spectrometer is attached to a confocal microscope 

equipped with an Olympus 100x planar objective (N.A. 0.90). LabSpec 5 software allows 

acquisition and processing of results. 

A benchtop scanning electron microscope (SEM) Phenom-World PROX operating at 15 kV 

equipped with an energy dispersive X-ray spectrometer (EDS) was used for the 
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morphological characterization and for elemental analysis/mapping. The powder material 

was dispersed and fixed onto a SEM pin stub with a double-sided graphite tape. A charge-

reduction sample holder for non-conductive samples was employed in all SEM 

characterizations. 

Pyridine temperature-programmed desorption (TPD-Py) profiles were measured using an 

FID detector. Pyridine was adsorbed on 200 mg of samples at room temperature; the 

physisorbed pyridine was removed at 110 °C for 1 h under a nitrogen flow (40 cm3 min-1). 

The temperature was then varied from 110 °C to 650 °C. Calibrated pulses of pyridine were 

used to determine the amount desorbed from the catalysts [18]. 

The X-ray photoelectron spectroscopy (XPS) measurements were recorded using a Kratos 

Axis Ultra DLD equipment with a monochromatic Al X-ray source (1486.6 eV, 10 mA, 15 

kV). The spectra were obtained with a pass energy of 20 eV on an analysis area of 300 

μm×700 μm. The spectral region corresponding to V 2p core levels was recorded for each 

sample. Data were acquired with 0.1 eV steps. The calibration of the spectra was 

performed with the Al 2p line (74.4 eV) of γ-Al2O3 support. The data treatment was 

performed with the Casa XPS program.  

The temperature-programmed reduction (TPR) experiments were carried out in a 

AutoChem 2920 equipment by heating 150 mg of sample, at heating rate of 10°C min-1, 

from 30 to 800 °C, under 30 cm3 min-1 flow of a 5%H2/N2 mixture, after a pretreatment 

under air (1 h, 500 °C).  

The carbon deposits on the surface of the catalyst were analyzed by means of temperature-

programmed oxidation (TPO). 25 mg of the coked catalyst was placed in a quartz glass 

reactor. The carbon was then burned by an oxidizing stream (60 cm3 min-1 flow of 5%O2/N2 

mixture). The temperature of the cell ramped from 30 to 700 ºC at a constant rate of 10 ºC 
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min-1. Exhaust gases were fed to a methanizer where CO2 and CO were converted to CH4 

with a Ni catalyst in presence of H2. The resulting CH4 stream was detected by a FID.  

 

3. Results and discussion 

3.1. Characterization 

Table 1 presents the vanadium content ascertained via ICP-OES analysis, and the textural 

properties measured by N2 physisorption for prepared samples after calcination. 

 

Table 1: Vanadium loading (measured by ICP analysis), BET surface area, pore size (Dp), 

and pore volume (Vp) of the catalysts. 

Catalyst Vanadium loading, wt% BET surface area, m2 g-1
 Dp, Å Vp, cm3 g-1

 

V(0)/Al 0 180 77.4 0.47 

V(1)/Al 1.2 178 77.7 0.48 

V(3)/Al 3.0 161 79.2 0.43 

V(6)/Al 5.4 156 74.3 0.40 

V(9)/Al 8.8 143 77.9 0.37 

V(11)/Al 10.4 137 78.1 0.36 

 

The specific surface area and total pore volume of V(x)/Al catalysts decrease progressively 

with increasing V loading. This phenomenon can be attributed, in part, to the inherently low 

surface area of VOx, where its contribution to the overall surface area becomes more 

significant as the V content increases [14,15,19]. Additionally, the clogging of the γ-Al2O3 

pores by VOx species may contribute to this reduction. It's worth noting that even when 

accounting for the presence of V2O5 and removing the contribution of VOx (by considering it 

proportional to the V content) from the BET surface area, the resulting value does not 
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match that of the bare support (e.g., 170 m2 g-1 for V(11)/Al instead of 180 m2 g-1 for lone γ-

Al2O3). The pore diameter was obtained from the adsorption branch and the values for all 

catalysts are similar to the support. 

Figure 1 shows the diffraction patterns of both the γ-Al2O3 support and the supported 

vanadium oxide catalysts. For catalysts with V loadings up to 6 wt%, the diffraction patterns 

closely resemble those of the support, with no discernible reflection associated with any 

other phase than γ-Al2O3. This observation suggests that in these catalysts, vanadium 

species are well-dispersed on the alumina support. However, for catalysts containing V 

loadings of 9 and 11 wt%, distinct and sharp V2O5 reflections become evident (15.3°, 20.2°, 

21.7°, 26.1°, 31.0°, 34.2°, 51.3° and 72.5°) [20,21].  

 

 

Figure 1: XRD pattern of V(x)/Al catalysts after calcination. 
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The Raman spectroscopy is a technique that is versatile and powerful for vanadium oxide 

characterization. The Raman spectra of the series of catalyst given on Figure 2 indicate that 

the V(9)/Al and V(11)/Al samples show the characteristic vibration bands of the bridging of 

V-O-V bonds of the V2O5 structure (102, 145, 196, 284, 305, 405, 480, 528, 701 and 993 

cm-1) [22,23]. On the spectrum of the V(6)/Al sample, some vibration bands of the V2O5 

structure (the most intense) at 144 and 993 cm-1 are also visible. On this sample, Raman 

vibration bands are also observed at 245, 319, 594 and 944 cm-1 that would correspond to 

metavanadate (VO3)n 2D species, according to the literature [24,25]. An additional band is 

slightly visible around 828 cm-1 that may be attributed to [VO4]
3- species, while another one 

at 180 cm-1 cannot be assigned.  

 

 

Figure 2: Raman spectra of V(x)/Al catalysts after calcination. 
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On the Raman spectra of the V(1)/Al and V(3)/Al samples, only a low intensity band is 

observed at 935 cm-1, attributed to the presence of V-O-Al bonds [23], which could 

correspond to well-dispersed vanadium species, in line with the XRD results. For these two 

samples, the vibration bands corresponding to the V2O5 or (VO3)n structures are not visible. 

These spectra are different from those obtained by Al-Ghamdi and de Lasa when varying 

the V content from 5 to 10 wt.% on the alumina support. They observed V2O5 species only 

for the highest loading of 10%, due to a better dispersion of vanadium species at the 

support surface [26]. This difference could be due to the different preparation method, 

which was performed in their case in the presence of oxalic acid at pH 2 that may favour 

the dispersion. 

 

 

Figure 3: Raman spectra of micrometric particles visible under an optical microscope on 

V(6)/Al, V(9)/Al, V(11)/Al catalysts after calcination. 
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Under an optical microscope (100x magnification), used for micro-Raman spectroscopy, the 

V(6)/Al, V(9)/Al and V(11)/Al are in the form of micrometric particles, with various shapes 

and sizes. These micrometric particles, which take the form of platelets, are not visible on 

the V(1)/Al and V(3)/Al samples. The micro-Raman analysis of the microparticles allowed 

identifying only vibration bands corresponding to the V2O5 structure (Figure 3). For V(9)/Al 

and V(11)/Al depending on the microparticles analyzed, only the intensity of the bands 

varied, always corresponding to V2O5 species. For the V(6)/Al sample, Raman spectra 

registered in other parts are different from that presented in Figure 3, and similar to that 

presented in Figure 2, with peaks attributed to the V2O5 structure and others to 

metavanadate (VO3)n species. In conclusion, it can be inferred that the number of V2O5 

vanadium-rich platelets increases with the increase in vanadium content. 

Samples with the lowest and highest vanadium content on the support (V(1)/Al and 

V(11)/Al) and a catalyst with intermediate loading (V(6)/Al) were also characterized by 

SEM. On the V(1)/Al catalyst, elemental analyzes were carried out in five different surface 

points, evidencing quite homogeneous mass concentrations, giving an average of about 

53% for oxygen, 46% for aluminum and 1% for vanadium (the latter concentration varying 

between 0.54 and 1.20%), which correspond to a molar ratio between vanadium and 

aluminum, V/Al, of 0.011, similar to the actual ratio measured by ICP (c.a. 0.012). It can be 

seen in Figure 4(a) that, according to the elemental images, the vanadium distribution is 

homogeneous over the whole catalyst surface for V(1)/Al catalyst. 

The same analysis was carried out on the V(11)/Al catalyst on eight different surface points, 

evidencing average mass concentrations of 39.4% for oxygen, 33.4% for aluminum and 

27.2% for vanadium, with a molar ratio V/Al of 0.43, much higher than the one determined 

from ICP (around 0.116), due to the fact that probably multilayers or crystallites of 

vanadium oxide are deposited at the surface of the alumina support. It should be noted that 
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unlike the V(1)/Al catalyst, here the vanadium concentrations at the points analyzed varied 

significantly, from 3.5% to 71.5%. It can be seen in the elemental image (Figure 4(b)) that 

there are clearly places where vanadium is more concentrated and other places where its 

presence is practically null. 

 

 

Figure 4: Analysis by SEM: (a) Elemental map of O, Al and V on the catalyst surface of the 

V(1)/Al sample. (b) Elemental map of O, Al and V on the surface of the V(11)/Al catalyst. (c) 

Combined elementary map of O, Al and V for V(1)/Al, V(6)/Al and V(11)/Al catalysts. 
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As an example, Figure 4(c) compares the combined element maps for the three catalysts 

V(1)/Al, V(6)/Al and V(11)/Al. For all samples, the signal of aluminum (in pink) is 

considerably stronger, covering systematically the signal of oxygen and vanadium. In the 

V(1)/Al catalyst, distinguishing the signal of vanadium from the background is difficult 

because of its low concentration. In the case of the V(6)/Al catalyst, the aluminum signal is 

still the most visible but the color is lighter than in the V(1)/Al sample, which may be due to 

the presence of more vanadium in these areas. In addition, a small vanadium-rich crystallite 

is clearly identified in Figure 4(c), which probably corresponds to the V2O5 platelets 

identified by micro-Raman. The distribution of the elements is less homogeneous compared 

to that of V(1)/Al, the mass concentrations being in this case: oxygen 54.8%, aluminum 

41.9 % and vanadium 3.3%, lower than the one determined by ICP (5.4%) (V/Al molar ratio 

= 0.042 compared to c.a. 0.057 determined by ICP). This difference could be explained by 

the presence of a few vanadium-rich particles leading to a certain degree of heterogeneity. 

In V(11)/Al catalyst, a large number of vanadium-rich particles is seen, that may correspond 

to V2O5 crystals according to Raman and XRD analyses. These vanadium species seem to 

be not in interaction with alumina, facilitating their clear identification.   

Figure 5 shows the total acidity determined by TPD of pyridine and the strength distribution 

of acid sites, classified according to the desorption temperature into: weak (T < 300 °C), 

moderate (300 < T < 500 °C) and strong (T > 500 °C) [27]. 

The acidity of vanadium catalysts arises from two sources: the exposed alumina surface 

and the formation of a vanadate compound layer on the support material [28]. Two types of 

acid sites may also be present: Lewis acid sites (LAS), the only sites probed by pyridine 

adsorption on the bare alumina support, and Bronsted acid sites (BAS). VOx species 

provide both types of acidity, with LAS and BAS, and consequently the addition of VOx 

species will increase the acidity [24-26]. 
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Figure 5: Total acidity and strength distribution of acidic sites (weak, moderate and strong) 

of the V(x)/Al catalysts determined by TPD-Py. 

 

In the V loading range of 0–6 wt%, there is a noticeable increase in the total acidity as the 

concentration of VOX species rises (as shown in Figure 5). This trend aligns with findings 

reported in the literature [24-26]. However, at higher V loadings (specifically 9 and 11 wt% 

V), there is a decrease in total acidity, these two catalysts being less acidic than the V(6)/Al 

sample. This decrease in total acidity can likely be attributed to the formation of bulk V2O5, 

which is known to exhibit lower acidity compared to the VOX vanadate species [27, 28]. By 

the other hand, with an increase in vanadium loading, there is a shift in the distribution of 

acid sites. This results in a reduction in the proportion of weak acid sites. Conversely, a 

greater abundance of strong acid sites becomes evident at higher vanadium loadings. 
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V(6)/Al is the catalyst with the highest proportion of moderate acid site. It should be 

mentioned that BAS, due to hydroxylated VOX species, would probably disappear after the 

pretreatments [23], especially those at high temperature performed before the catalytic test. 

The oxidation state of the surface VOX species of the catalysts was assessed by XPS 

spectroscopy. The results are shown in Figure 6 for V(3)/Al, V(6)/Al, V(9)/Al and V(11)/Al 

catalysts. V(1)/Al is not shown because the V 2p3/2 signal intensity was too low.  

 

 

Figure 6: V 2p3/2 signal of V(3)/Al, V(6)/Al, V(9)/Al and V(11)/Al catalysts obtained by XPS 

spectroscopy. 

 

Deconvolution of the V 2p3/2 peak revealed a single peak at binding energy between 517.40 

and 517.45 eV, which is slightly lower than the reference value for V2O5 at 517.89 eV, as 

characterized under the same conditions. It can therefore be inferred that only V5+ species 
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are present on the surface, regardless the vanadium loading. This is consistent with the 

results of the other characterization techniques, which is expected since the catalysts were 

calcined after impregnation synthesis. This is also in accordance with the results of Shan et 

al. [29] demonstrating that after calcination all the vanadium species were in the form of 

V5+, V4+ entities being absent in all their VOX/Al2O3 catalysts. 

Results of XPS analysis, notably the obtained V/Al molar ratio compared with the V/Al ratio 

determined by ICP, are gathered for all catalysts in Table 2.  

 

Table 2: XPS analysis of V(x)/Al catalysts, with V/Al molar ratios determined by XPS and 

ICP. 

Catalysts B.E V2p3/2,
 eV FWHMa

 V/Al, mol/mol V/Al, mol/mol (ICP) 

V(1)/Al n.d. n.d. n.d. 0.012 

V(3)/Al 517.51 2.6 0.036 0.031 

V(6)/Al 517.36 2.7 0.046 0.057 

V(9)/Al 517.44 1.9 0.068 0.096 

V(11)/Al 517.17 2.4 0.107 0.116 

a FWHM: Full width at half maximum  

 

Except for V(3)/Al, the V/Al ratios determined by XPS are slightly lower than the values 

obtained by ICP. This variation is clearly related to the distribution of vanadium species with 

differing structures and crystallite sizes on the catalyst surface.  

The reducibility of vanadium species is thought to influence catalytic performance, given 

that the ODH reaction follows a Mars-van-Krevelen redox cycle [16]. Therefore, the 

reducibility of the supported VOX species was investigated through TPR experiments. The 

TPR profiles are shown in Figure 7 and the results are summarized in Table 3. 
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Figure 7: Temperature programmed reduction profile of the V(x)/Al catalysts. 

 

As shown in Figure 7, the TPR profiles for the V(x)/Al catalysts demonstrate a dependence 

between the reduction behavior of the vanadium species and the vanadium loading. There 

is a clear increase in both the amount of H2 consumed and the reduction temperature as 

the vanadium content in the catalyst increases. H2/V ratios of 0.45, 0.60, 0.75, 0.75 and 

0.80 were obtained for the V(1)/Al, V(3)/Al, V(6)/Al, V(9)/Al and V(11)/Al catalysts, 

respectively. These results indicate a direct relationship between surface VOX density and 

reducibility. Higher reducibility was observed for catalysts with higher VOX densities. 

The V(1)/Al and V(3)/Al catalysts exhibit a single reduction peak centered at 550 °C and 

480 °C, respectively, which can be attributed to the reduction of highly dispersed V5+ oxide 

species [30]. Notably, this reduction peak occurs at a higher temperature for V(1)/Al 
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compared to V(3)/Al and V(6)/Al catalysts. Based on the results of previous studies, this 

higher reduction temperature is attributed to the presence of ultra-highly dispersed 

vanadium oxide species on the surface of V(1)/Al catalyst [21, 31], with a strong interaction 

between V5+ and the γ-Al2O3 support. 

 

Table 3: TPR results of V(x)/Al catalysts. 

Catalyst Tred, ºC TM1, °C TM2, °C H2/V AOS 

V(1)/Al 400 550 - 0.45 4.1 

V(3)/Al 425 480 - 0.60 3.8 

V(6)/Al 420 475 525 0.75 3.5 

V(9)/Al 425 500 525 0.75 3.5 

V(11)/Al 430 525 560 0.80 3.4 

Tred = Temperature where the reduction starts, TMi (i = 1 or 2 for first and second peak, 

respectively) = Temperature at the maximum reduction; H2 consumption expressed as H2/V 

molar ratio; average oxidation state (AOS) after reduction calculated from the H2 

consumption (H2/V molar ratio): AOS = 5-x with x = 2 H2/V considering the following 

reduction reaction V5+ + x/2 H2  V(5-x)+ + x H+. 

 
On the basis of the H2/V values presented in Table 3, it is evident that in the case of 

V(1)/Al, there is a minimal proportion of reducible VOX species. For this catalyst, the 

average oxidation state calculated from the H2/V value, starting from V5+, is higher than 4.0, 

showing that for this sample the reduction of V5+ is not complete. The reduction of the other 

catalysts starts at higher temperatures, and the AOS value is lower than 4, indicating that 

the reduction of V5+ toward a lower oxidation state may be complete. For V(6)/Al, V(9)/Al 

and V(11)/Al, there are two reduction peaks: a first peak at TM1 between 475 and 525 °C 

and a second reduction peak TM2 appearing as a shoulder around 525-560 °C. Among all 
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the catalysts, except V(1)/Al, which is hardly reducible, the V(6)/Al sample begins to reduce 

at the lowest temperature, with TM1 being minimal. Furthermore, Table 3 shows that the 

H2/V ratio values for the V(6)/Al, V(9)/Al and V(11)/Al catalysts are higher than those for the 

V(1)/Al and V(3)/Al catalysts. This suggests a direct correlation between surface VOX 

density and reducibility. Catalysts with greater VOX densities show a higher degree of 

reducibility, as evidenced by the decrease in average oxidation state (AOS) value with 

increasing the vanadium loading. This indicates that polymeric or crystalline vanadium 

species may undergo more extensive reduction compared to isolated vanadium species 

[32]. 

 

3.2. Catalytic performance 

An extensive investigation was conducted on the oxidative dehydrogenation of propane 

reaction using V(x)/Al catalysts which were precalcined in air at 500 °C for 4 h as described 

in the catalyst preparation section. Various parameters such as reaction temperature, 

vanadium loading on the alumina support, and propane/oxygen ratio in the feed were 

studied. During the whole reaction time (240 min), the main products identified were 

propylene, CO, CO2, and H2O. The oxidative dehydrogenation reaction progressed 

sequentially, forming COX species through consecutive oxidations of propylene. 

Additionally, minor amounts of ethylene, ethane, and methane were observed, named 

further as cracking products. 

 

3.2.1. Effect of reaction temperature and vanadium loading on the catalytic activity 

The turn-over frequency (TOF) is a measure of specific activity, calculated as the moles of 

propane converted per mole of vanadium (based on the XPS results) and per unit of time 

using Equation (1). 
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Table 4 presents the TOF results obtained during the ODH reaction for V(x)/Al catalysts 

with varying amounts of vanadium (1, 3, 6, 9 and 11 wt% of V) within the temperature range 

of 300 < T(°C) < 550. Each experiment used a new catalyst, and the total reaction time was 

240 minutes at each temperature. 

 

Table 4: Turn-over frequency (TOF) (x103 s-1) at 10 min reaction time. Reaction conditions: 

catalyst mass = 100 mg, propane flow rate = 15 cm3 min-1, C3/O2 ratio = 2.5. 

Temperature, ºC V(1)/Al V(3)/Al V(6)/Al V(9)/Al V(11)/Al 

300 0.76 0.25 0.33 0.22 0.15 

350 3.05 1.34 2.05 1.88 1.20 

450 5.54 2.90 3.99 3.90 2.52 

550 8.10 3.32 4.08 3.99 2.51 

 

As shown in Table 4, both temperature and vanadium content have a significant effect on 

the TOF values. While the TOF increases with temperature whatever the catalyst, the 

V(1)/Al sample is the most active catalyst whatever the temperature. Except for the reaction 

temperature of 300 °C for which the TOF values for V(3)/Al and V(9)/Al can be considered 

as similar, for higher temperatures, the TOF values decrease in the following ranking: 

V(1)>V(6)>V(9)>V(3)>V(11), the catalyst with the highest V loading being the less active. 

This phenomenon is probably due to the agglomeration of V species and the formation of 

polymerized species (V2O5), as evidenced by XRD and Raman analyses (Figures 1 and 2). 

It was demonstrated by TPR that the reducibility increases with the V loading, but it does 

not lead to an increase in the activity, showing that the type of VOX species probably plays 

a determining role in catalytic performance, instead of the redox properties.  
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Figure 8 provides valuable insights into the variations in propylene selectivity at different 

reaction temperatures across all V(x)/Al catalysts. 

 

 

Figure 8: Selectivity to propylene as a function of reaction time for different temperatures 

for each V(x)/Al catalyst during ODHP reaction. Reaction conditions: catalyst mass = 100 

mg, propane flow rate = 15 cm3 min-1, C3/O2 ratio = 2.5. 

 

A clear trend emerges as propylene selectivity decreases with increasing reaction 

temperature, resulting in higher formation of carbon oxides and cracking products. 

Regarding propylene selectivity as a function of vanadium loading, a clear pattern is 

observed, with optimal selectivity achieved using the V(6)/Al catalyst.  

Figure 9 shows the relationship between propylene selectivity and TOF at 10 min reaction 

time.  
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Figure 9: Selectivity to propylene as function of TOF at 10 min reaction time for different 

temperatures for each V(x)/Al catalyst during ODHP reaction. Reaction conditions: catalyst 

mass = 100 mg, propane flow rate = 15 cm3 min-1, C3/O2 ratio = 2.5. 

 

The data highlight that the maximum propylene selectivity values are attained at 300 ºC, but 

at this low temperature, the TOF remains relatively low, about 0.7 s-1. Significant propylene 

selectivity values are noted at 350 ºC, a relatively low temperature in an industrial setting. 

At this temperature, the optimum selectivity of 68% is attained for a vanadium loading of 6 

wt%, leading to a TOF = 2.05 s-1 at 10 min reaction time. 

Therefore, the best performance in the ODH reaction is determined not only by the amount 

of active sites in the catalysts, but also by the type of VOX species. Y. Gambo et al. [33] 

emphasized the critical role of the active sites of the catalyst in the catalytic stabilization of 

intermediates and the direction of the reaction toward the desired product. 
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The selectivities for various products during the ODHP reaction at 350 °C (considered as 

the most optimal temperature, Figure 9) are depicted in Figure 10 for each V(x)/Al sample. 

 

 

Figure 10: Selectivities to propylene, COX and cracking products during the ODHP after 

240 min reaction time. Reaction conditions: catalyst mass = 100 mg, T = 350 ºC, propane 

flow rate = 15 cm3 min-1, C3/O2 ratio = 2.5, time on stream = 240 min. 

 

It can be seen that the V(0)/Al sample, that does not contain vanadium, is the catalyst that 

presents the lowest selectivity to propylene, due to the highest selectivity to COx, the main 

by-product, and cracking products. Consequently, the alumina support favors the formation 

of undesired products. It has been proposed that the differences in selectivity to 

dehydrogenation reactions could be controlled, apart from the acid–base character [34, 35], 

by the type of V species and the distance between the active sites [24]. When V is added 
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on the alumina support, the selectivity to propylene increases up to 6 wt.% of V, the V(6)/Al 

catalyst exhibits then a minimum selectivity for COX and cracking products. This property is 

attributed to the presence in this catalyst of monomeric and polymeric VOx entities [24, 34, 

36], along with a limited amount of V2O5 crystalline species. The increase of the coverage 

of alumina by vanadium species may decrease the support role in the formation of COx and 

cracking products when VOx species are well-dispersed or low-polymerized to cover the 

alumina. For the catalysts with high vanadium loadings (V(9) and V(11)/Al samples), the 

lower propylene selectivity is due to the increase of the amount of crystalline 3D V2O5 

species on the surface, not in interaction with alumina, as seen on the SEM images, 

liberating the accessibility to the alumina support.  

 

3.2.2 Deactivation process 

As observed in the results presented previously, during the 240 min reaction time, the 

selectivity towards propylene decreases. An investigation was conducted to identify the 

source of this deactivation using experimental techniques such as temperature 

programmed oxidation (TPO). Coke formation was observed even in the presence of 

molecular oxygen in the reaction medium, because the reaction temperature used for 

ODHP was lower than that needed to burn all the coke, that is, greater than 600 ºC [37].  

The TPO results presented in the Figure 11(A) show an increase in coke deposition with 

both the reaction temperature and the vanadium loading on the catalyst. This suggests that 

there is a deposition of carbon on the surface of the VOX sites, effectively covering them, 

preventing propane adsorption and, consequently, contributing to the deactivation of the 

catalyst. The experimental results emphasize the significant influence of the VOX species 

structure, especially the charge of V, on coke formation. No direct correlation was observed 

between total catalyst acidity and carbon deposition, however, the characterization results 
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showed that the structure of the vanadium species in the catalyst influenced its acidity. As 

the surface density of vanadium and the size of the VOX species increase, the probability of 

interactions between different adsorbed propylene molecules also increases, resulting in 

higher carbon deposition [38].  

 

Figure 11: (A) Coke deposited (wt%) as a function of vanadium loading (wt%) obtained at 

different ODHP reaction temperatures after 240 min reaction time (propane flow rate = 15 

cm3 min-1, C3/O2 ratio = 2.5). (B) TPO profiles post ODHP reaction at 350 ºC. 

 

Figure 11(B) shows the TPO profiles where it can be seen that there is a variation in the 

maximum coke combustion temperature, probably due to the presence of different coke 

species [39]. The profile of the V(0)/Al catalyst shows a peak at a maximum temperature of 

about 500 ºC. In contrast, the V(1)/Al catalyst’s profile exhibits a first peak at a lower 
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temperature of about 400 ºC. As the vanadium content increases, a single massif, which 

can be decomposed into two peaks, is observed at a maximum temperature centered 

between 420-500 ºC. The literature emphasizes that coke deposited near the VOX sites 

undergoes easier oxidation compared to coke deposited on the support [29, 40]. On the 

other hand, in Figure 11(B) it can be observed that as the vanadium content rises, there is a 

significant increase in the peak intensity centered at higher temperatures. This 

phenomenon could be attributed to the migration of carbonaceous species from the VOX 

sites towards the support. 

To better characterize the species present on the catalyst surface, two samples, V(1)/Al 

and V(11)/Al, were analyzed after catalytic test with C3/O2 ratio of 2.5 at 350°C. For the 

V(1)/Al sample, only bands characteristics of carbon were clearly observed in some isolated 

areas. In the other parts, the Raman signal was masked due to strong luminescence, likely 

caused by the presence of organic species provided by reactant and products on the 

sample surface. On the V(11)/Al sample, some microparticles corresponding to V2O5, 

similar to those observed on the fresh sample but in lower amounts, were detected. In other 

parts of the same sample, two types of Raman spectra were observed, one corresponding 

to pure carbon, and another one indicating the presence of both carbon and hydrated V2O5 

species, likely resulting from water formation along with COx species during the propane 

ODH reaction. 

 

3.2.3. Effect of the C3/O2 ratio 

To optimize propylene selectivity, it is critical to minimize reactions that lead to the 

formation of carbon oxide compounds, a process often facilitated by the presence of 

oxygen in the reaction environment. With this in mind, an investigation was conducted to 

evaluate the effect of varying propane-to-oxygen ratios on the performance of the V(6)/Al 
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catalyst, previously identified as exhibiting the most favorable behavior in ODHP. Various 

propane-to-oxygen ratios (1.6, 2.5 and 3.3) in the reactor feed were studied.  

Figure 12 shows the evolution of conversion and selectivity to propylene and COX over time 

with different propane-to-oxygen ratios, and gives the values of coke deposited as wt% C 

after 240 min reaction time.  

 

 

Figure 12: Effect of propane-to-oxygen molar ratio on the performances of the V(6)/Al 

catalyst obtained during ODHP: Conversion (%), Selectivity to propylene (%) and Selectivity 

to COx (%) as a function time (together with the value of coke deposited at the end of the 

reaction, wt%C). Reaction conditions: catalyst mass = 100 mg, T = 350 °C, propane flow 

rate = 10, 15 and 20 cm3 min-1, C3/O2 ratio = 1.6, 2.5 and 3.3. 
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In particular, there is a noticeable decrease in propane conversion as the propane-to-

oxygen ratio increases. At the same time, there is a maximum in selectivity toward 

propylene for the propane-to-oxygen ratio equal to 2.5. This result reflects two distinct 

trends: at higher C3/O2 ratios, where less oxygen is available in the reaction medium, 

propylene selectivity decreases at the expense of coke formation. Conversely, at lower 

ratios, propylene selectivity decreases primarily due to deep oxidation processes leading to 

the production of COX compounds and low coke deposition. The data clearly show that the 

most favorable catalyst behavior (high propylene selectivity with intermediate carbon 

formation) is achieved by maintaining a propane-to-oxygen ratio of 2.5. 

 

4. Conclusions 

The effect of vanadium loading on the properties of VOx/Al2O3 catalysts was evaluated in a 

wide range of contents, from 1 to 11 wt.% for the oxidative dehydrogenation reaction. It was 

demonstrated that the most active V species were those that were well dispersed at the 

alumina surface, with a strong interaction of the support, leading to V-O-Al species. 

However, the alumina surface presents Lewis acid sites, which are detrimental to the 

selectivity to propylene, favoring the formation of undesirable products, mainly COx species. 

The increase of the V loading increases the acidity of the catalysts, with a positive effect on 

the selectivity due to the coverage of the acidic sites of the alumina support. Higher 

vanadium loadings induce also formation of polymerized vanadium species that were 

observed at V loadings higher than 6 wt.%. V2O5 crystallites, that are majority at high 

vanadium loading (V(9) and V(11)/Al catalysts) were clearly seen by SEM where they 

appeared as separated from the alumina support. As a result, the selectivity to propylene 

increases with the V content up to 6 wt.%, due to the coverage of alumina by V species, 

and then decreases a little due to the formation of the 3D large V2O5-rich crystallites. The 
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reducibility of the V5+ species, which is the most important for high V loading when V2O5 

crystallites have been identified, seems to not play a key-role in the reaction, highly 

dispersed V5+ species in strong interaction with the support identified in majority on the 

V(x)/Al catalysts with low V contents being more accessible and more active for propane 

ODH. The elucidated structure-property relationship serves as a guide for the preparation of 

supported VOX catalysts suitable for ODHP: well-dispersed V species must be favored up 

to high V contents by using appropriate preparation method to cover the alumina and avoid 

the formation of 3D V2O5 crystallites. 

On the other hand, the reaction temperature and the C3/O2 ratio are two important 

experimental variables that influence the behavior of the catalysts in oxidative 

dehydrogenation of propane, which is related to the fact that the studied reaction occurs in 

successive stages. 

It was observed that the deactivation of the catalysts is due to the accumulation of coke. 

According to the TPO results, it can be concluded that the amount of coke deposition is 

related to the vanadium loading on the catalyst and therefore to the degree of 

polymerization of the VOX species. The higher the degree of polymerization of the VOX 

species, the greater the deposition of coke on the catalyst surface. On the other hand, the 

presence of multiple peaks in the TPO profiles can be related to the different sites of coke 

deposit according to the V content of the catalysts. In addition, the variation in the maximum 

combustion temperature of coke is probably due to the presence of carbon of different 

nature, a property influenced by the different types of surface vanadium species present in 

each catalyst studied. 
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