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Abstract: The catalytically active vanadium-containing system on γ-Al2O3 was studied using a 

wide range of physical and chemical methods depending on the synthesis conditions. It is shown 

that the vanadium-containing system includes several complexes with different thermal stability 

and catalytic activity. Low-active complexes are destroyed with the formation of more active ones 

based on V2O5 oxide as the temperature of heat treatment increases. It can be assumed that the V2O5 

oxide has the decisive role in its catalytic activity. It was concluded that the vanadium-containing 

catalytic system on aluminum oxide, in the studied temperature range, is thermal stable and shows 

high activity not only in the reduction of nitrogen oxides but also in the oxidation of hydrocarbons 

(even of the most difficult ones, such as oxidizable methane). These properties of the system make 

it quite promising in the field of application for purification of exhaust gases of motor transport 

and industrial enterprises from environmentally harmful components as well as for understanding 

the mechanism of the action of catalysts in these processes, which is very important for solving the 

problems of decarbonization and achieving carbon neutrality. 
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1. Introduction 

Environmental protection is one of the most pressing problems. One of the main 

factors that have a negative impact on the environment are the exhaust gases of industrial 

enterprises and vehicles, as a variety of gases enter the atmosphere as a result of their 

functioning. Harmful toxic emissions include unreacted fuel hydrocarbons, CO, NOx, 

sulfur-containing compounds, soot, etc. Catalytic purification can be one of the most ef-

fective and rational ways to neutralize as well as recycle components of harmful emis-

sions, in particular, complete catalytic oxidation of organic substances to carbon dioxide 

and water, sulfur dioxide and reduction of nitrogen oxides. 

Often, catalytic systems of aluminium-cobalt, aluminium-cobalt-magnesium and 

systems using 4 and 5d transition metals of the VIII group are the basis for catalytic 

converters of toxic exhaust gas components from motor vehicles and industrial plants 

[1-22]. As a rule, the latter show the best results, and are the most effective. 

Vanadium containing oxide catalytically active phases were synthesized to replace 

expensive components in neutralizers and to approximate the efficiency of such systems 

to that of systems based on noble metals The choice of vanadium oxides is due to the fact 

that catalytic systems based on vanadium (V) oxide as such [23] and supported on vari-

ous supports with a high specific surface area, for example, oxides of aluminium, silicon, 

titanium, etc., are known [24-30], which can be used as oxidation catalysts, in particular, 
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nitrogen oxides, as well as in the selective purification of exhaust gases from internal 

combustion engines [31-37]. 

The emission of incompletely burned and unreacted hydrocarbons into the atmos-

phere is one of the main and intractable problems in relation to non-stationary consumers 

of hydrocarbon fuel (internal combustion engines of vehicles, mobile power generators, 

heat guns, etc.). This is due to the frequent switching of the engine operation mode, 

causing changes in the conditions of hydrocarbon fuel combustion [38]. 

In this regard, vanadium containing oxide catalytically active phases that exhibit 

activity in red-ox reactions were synthesized as specified above. Physical and chemical 

properties and catalytic activity in the oxidation of saturated hydrocarbons using the 

example of methane, as the most difficult object to be oxidized, were studied by a wide 

range of physicochemical methods. 

2. Results and Discussion 

Powdered samples of the initial compound VOSO4·3H2O and the catalytically active 

phase 10% V/γ-Al2O3 under different temperature conditions were studied using the 

electron paramagnetic resonance (EPR) method. The samples were calcined for 1 h in air 

at varying temperatures. The EPR spectra were recorded at room temperature in air in 

the registration mode: microwave power -2 mW, modulation amplitude 20 gauss, time 

constant 0.1 s, magnetic field 3300 ± 2500 gauss, field sweep time 2.5 min. 

Figure 1 shows EPR spectra of 10% V/γ-Al2O3 catalyst. Table 1 shows the results of 

their processing. The 51V isotope is the only stable isotope with a nucleus spin of 7/2. So 

its EPR signal should have 8 superfine splitting components with slightly different 

g-factors. Thus, the recorded total spectrum was the sum of all signal components. In-

deed, at least eight poorly resolved and strongly broadened hyperfine structure compo-

nents are observed in the EPR spectra of the samples (Figure 1). 

 

Figure 1. EPR spectra of 10% V/γ-Al2O3. 1 - initial catalyst after heating in air for 1 h at tempera-

tures: 2 - 300 °С; 3 - 400 °С; 4 - 500 °С; 5 - 600 °С; 6 - 700 °С; 7 - 800 °С; 8 - 900 °С; 9 - initial VO-

SO4·3H2O. 

The EPR spectra have a large ∆H width (116 - 483 gauss) and a g-factor ≈ 1.97. The 

spectra intensity decreases with increase of the sample calcination temperature. The EPR 

signal is probably related to V4+ ions included in the vanadyl ion of the initial VO-
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SO4·3H2O that undergoes destruction during the interaction of aluminium oxide with the 

vanadyl sulfate sulfo group when supported on the carrier. The resulting free vanadyl 

oxide transforms into diamagnetic vanadium oxide V2O5 upon supporting and drying at 

room temperature. This process increases with increase of the temperature (Table 1). 

Table 1. Results of EPR spectra of vanadium-containing phases at various heating temperatures. 

Sample Intensity, amplitude (a.u.) g-factor ∆Н (gauss) 

Initial 10% V/γ-Al2O3 120 1.99 270 

300 °С 116 1.97 261 

400 °С 24 1.97 116 

500 °С 13 1.97 155 

600 °С 11 1.97 193 

700 °С 6.5 1.97 213 

800 °С 1.3 1.97 213 

900 °С 1.5 1.97 174 

VOSO4 3H2O 2,250 1.97 126 

Since 10% vanadium in terms of metal is present on the carrier, the signal amplitude 

intensity for all supported samples should be increased 10-fold, and it will increase from 

2250 to 9570 for VOSO4·3H2O in terms of metallic vanadium (Table 2). 

Consequently, even a simple impregnation of γ-Al2O3 with an aqueous solution of 

vanadyl sulfate and drying at room temperature results in a decrease in the signal am-

plitude from V4+ ions from 9,570 to 1,200 a.u. or almost 8 times that can be associated with 

the formation of V2O5 diamagnetic phase. 

The elemental composition of powdered samples of catalytically active phase 10% 

V/γAl2O3 and after its calcination was investigated with energy dispersive X-ray fluo-

rescence spectroscopy. The results are shown in Table 2. 

Table 2. Elemental content in 10% V/γAl2O3 calcined in air at different temperatures. 

T (°С) 
Elements (wt%) 

O Al Si S V Total 

25 (initial) 45.07 40.60 0.42 5.19 8.72 100 

300 °С 44.79 41.62 0.11 5.11 8.37 100 

400 °С 45.28 41.30 0.07 4.95 8.40 100 

500 °С 47.23 41.16 0.09 4.04 7.49 100 

600 °С 45.69 44.14 0.10 3.21 6.86 100 

700 °С 37.92 50.99 0.08 0.00 11.01 100 

800 °С 40.42 48.78 0.08 0.00 10.72 100 

As follows from Table 2, an increase in the calcination temperature results in the 

disappearance of sulfur that is associated with the formation of V2O5 vanadium oxide 

from VOSO4·3H2O and decomposition of aluminum sulfate. 

A diffractogram of the 10% V/Al2O3 initial sample dried in air at room temperature 

is shown in Figure 2. There are three main peaks corresponding to V2O5 (4.37; 3.40; 2.87; 

ASTM 9-387) in the background of broad peaks corresponding to alumina. The same 

pattern persists after heating the samples up to 400 °C (Figure 3). 

Diffraction maxima from Al2(SO4)3 (5.86; 3.51-3.52; 2.03; ASTM 30-43) additionally 

appear in the samples heated at temperatures above 400 °С (Figure 4). The diffraction 

maxima from aluminium sulfate disappear at heating temperatures of 700 °С and above, 

and the intensity of the maxima of V2O5 oxide increases (Figure 5). 
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Figure 2. Diffractogram of 10% V/Al2O3 catalyst (initial). 

 

Figure 3. Diffractogram of 10% V/Al2O3 catalyst (400 °C). 

 

Figure 4. Diffractogram of 10% V/Al2O3 catalysts (600 °C). 

 

Figure 5. Diffractogram of 10% V/Al2O3 catalysts (700 °C). 

The narrowing of the diffraction peaks (Figure 5) is associated with a better oxidi-

zation of the sample and, as a consequence, the reduction of the X-ray amorphous com-

ponent. 

The data obtained by scanning electron microscopy also testify to the change in 

surface morphology of the 10% V/Al2O3 system in the transition from 500 to 700 °С (Fig-
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ure 6). Figure 6 shows that the particles have more clearly outlined contours at a heating 

temperature of 700 °С at all magnifications. Proceeding from this fact, it is possible to 

conclude that vanadium oxide phase on aluminum oxide surface is in weakly crystallized 

state up to melting temperature and after melting, when it is cooled down, it has more 

distinct crystalline structure. It should be noted that there is no significant change in 

particle size. 

 

Figure 6. Micrographs of the 10% V/Al2O3 system at different magnifications and heating temper-

atures: (a) - magnification by 300 times, 500 °С; (b) - magnification by 300 times, 700 °С; (c) - mag-

nification by 1,000 times, 500 °С; (d) - magnification by 1,000 times, 700 °С; (e) - magnification by 

3,000 times, 500 °С; (f) - magnification by 1,000 times, 700 °С. 

The specific surface area (S) of samples of aluminium-vanadium phases at different 

temperatures were determined by the BET method by low-temperature nitrogen ad-

sorption (Table 3). It follows from the obtained data that the surface of samples was in the 

region of 172 - 195 m2/g in the temperature range of 25 – 600 °C. Under literature data 

V2O5 melts at 670-690 °C [39-40]. The surface of the catalyst decreased by about 6.5 times 

after the melting of vanadium oxides at 700 °C compared with the surface of sample 

heated at 600°C, from 174 to 27 m2/g. Aluminium oxide surface without vanadium oxide 

changes insignificantly from 195 to 189 m2/g in the same temperature range. 
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Table 3. Specific surface area of samples of aluminum-vanadium phases after calcination in air at 

different temperatures. 

Sample S (m2/g) 

VOSO4·3H2O vanadyl sulfate 23 

10% V/γ-Al2O3 from VOSO4·3H2O, initial 192 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 300 °С, air 184 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 400 °С, air 195 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 500 °С, air 172 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 600 °С, air 174 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 700 °С, air 27 

10% V/γ-Al2O3 from VOSO4·3H2O, 1 h, 800 °С, air 10 

γ-Al2O3 after calcination in air at 600 оС, 1 h 195 

γ-Al2O3 after calcination in air at 700 оС, 1 h 189 

It can be concluded that vanadium is preserved on the aluminium oxide surface 

even after the melting of V2O5 oxide at temperatures above 600 °C. Moreover, its relative 

content increases as a result of the decomposition of aluminum and vanadium sulfates 

(Table 3). 

The 10% V/γ-Al2O3 system was reduced by the temperature-programmed reaction 

TPR-H2 method by varying the preheating temperature in air. TPR-H2 spectra are shown 

in Figure 7, their results are given in Table 4. 

Table 4. Results of the 10% V/γ-Al2O3 system study using TPR-H2. 

Temperature of 

heating in air (°С) 
Total area of peaks (a.u.) 

Temperature of 

the peaks (°С) 

25 14,407,832 640, 670 

300 11,858,380 640, 670 

400 11,382,953 640 

500 11,110,654 650 

600 11,063,026 635 

700 7,920,939 645 

800 8,052,778 645 

As follows from Figure 7 and Table 4 two peaks at 640 and 670 °C are observed in 

the initial sample (25 °C). It can be assumed that they are associated with the interaction 

of hydrogen with oxygen of vanadium oxide and oxygen of vanadyl sulfate. Based on the 

EPR data (Table 1), the more intense peak at 640 °C belongs to vanadium oxide. The rel-

atively high temperatures of the TPR peaks in our case, in contrast to the data [29] for 

vanadium-aluminium catalysts, may be due to the higher vanadium content in our case, 

as well as another initial vanadium compound used to prepare the catalyst. 

The same situation is kept for 300 °C. At the same time, there is a decrease in the 

total area of the peaks (Table 4) due to a decrease in the amount of vanadyl sulfate. 

Starting from 400 °C there is only one peak corresponding to oxygen of vanadium 

oxide in the spectra. It should be noted that the positions of the peaks and their area are 

almost the same in the range of 400 - 600 °C. It indicates the completion of the 10% 

V/γ-Al2O3 catalytic system formation after 300 °С. 
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Figure 7. Reduction of the 10% V/γ-Al2O3 system by TPR-H2 method when varying the preheating 

temperature in air. (a) - 25 °C; (b) - 300 °C; (c) - 400 °C; (d) - 500 °C; (e)- 600 °C; (f) - 700 °C; (g) – 800 

°C. 

The decrease of the peak area at 700 °C and above is associated with the vanadium 

oxide melting (BET method, Table 3). 

Thus, the data obtained in the study of physical and chemical properties of the 10% 

V/γ-Al2O3 system in the process of its preparation enable to describe the processes oc-

curring in this case according to the following scheme: 

 

3VOSO4 + γ-Al2O3 → Al2(SO4)3 + 3VO2 → (impregnation)    (1) 

4VO2 + O2 → 2V2O5 → (drying)        (2) 

Al2(SO4)3 → γ-Al2O3 + 3SO3 → (air calcination)      (3) 
 

Therefore, the thermal decomposition of vanadyl sulfate should not lead to side ef-

fects (formation of additional phases), since this process results in the formation of the 

γ-Al2O3 phase, which is similar to the initial carrier. 

The S-curve data shown in Figure 8 was obtained from testing the activity of a va-

nadium-containing catalyst system. 

The catalyst showed the lowest activity at a heating temperature of 300 °C (Figure 8, 

curve 1). Apparently, the presence of the product of the interaction between the carrier 

and vanadyl sulfate on the surface reduces its catalytic activity. The presence of strong 

interaction of vanadyl sulfate with aluminum oxide of the carrier is evidenced by the EPR 

data (Table 1). The catalyst activity increases (Figure 8, curve 4) and the sample itself 

from dark green at 300 °C (almost black) turns to orange color at 600 °C when the same 
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catalyst is reheated at 600 °C in air during 1 h in order to decompose this complex. It may 

indicate the presence of an inactive complex of vanadyl sulfate with aluminum oxide at 

300 °C, and its destruction as the temperature increases with the formation of a more ac-

tive complex with V2O5. 

 

Figure 8. The relative content of methane in the methane-air mixture after the reaction on the 10% 

V/Al2O3 catalyst at different temperatures: 1 - heating of the catalyst in air for 1 h at 300 °C; 2 - at 

600 °C for 1 h; 3 - at 700 °C for 1 h; 4 - sample additionally heated at 600 °С for 1 h after all meas-

urements. 

As shown above, the specific surface area of the catalyst sharply decreases from 174 

to 27 m2/g, (Table 3). This is due to the melting of vanadium oxide with an increase in the 

heating temperature from 600 to 700°C. The catalyst activity in methane oxidation at 

these temperatures was determined. The data are shown in Figure 8, Curves 2, 3. Activity 

of the catalyst heated at 700 °С is somewhat lower than activity of the catalyst heated at 

600 °С. In spite of the fact that specific surface decreases more than in 6 times in this case, 

catalyst activity decreases not so significantly, and its activity is higher than catalyst ac-

tivity warmed up at 300 °C (Figure 8, Curves 3, 4). 

3. Materials and Methods 

The catalytically active phase was prepared by impregnating the γ-Al2O3 carrier 

with an aqueous solution of vanadyl sulfate followed by heat treatment. Vanadyl sulfate 

was chosen as initial compound due to the possibility to obtain aqueous solutions of high 

concentration and low decomposition temperature (lower than the melting point of va-

nadium (V) oxide). 

The dependence of the catalytic properties of the vanadium-containing phase on the 

preheating temperature in air was evaluated. For this purpose, 10% V/Al2O3 catalysts 

(per metallic vanadium) were prepared on metallic blocks (neutralizer body) from Х15U5 

Fechral. 

The simplest hydrocarbon methane was used to simulate the interaction of the sat-

urated hydrocarbons with the neutralizers. 

Activity tests were performed in a flow-through apparatus at atmospheric pressure 

with chromatographic control of methane concentration in the gas mixture (1% methane 

in argon - air) before and after the catalyst. The ratio of methane to oxygen in the mixture 

before reaction was 1/15 at space velocity of 25,000 h-1. The initial catalyst with a second-

ary carrier from alumina was preliminarily impregnated with an aqueous salt solution of 

VOSO4·3H2O according to its moisture capacity and dried at room temperature. Then the 

catalyst was heated in air at a given temperature for 1 h and placed in a quartz reactor. 

Methane content before and after passage through the catalyst was measured at different 

temperatures of the gas mixture (methane-argon-air) on a gas chromatograph with a 

flame ionization detector. 

Electron paramagnetic resonance (EPR) studies were performed at room tempera-

ture with a JES ME ESR spectrometer, JEOL, in the 3-cm range. 
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A surface analyzer, AccuSorb gas adsorption porosimeter, Micromeritics, was used 

in the BET method for low-temperature nitrogen adsorption. 

Microphotographs were taken with a JSM 6610 LV scanning electron microscope, 

JEOL, at different magnifications. The accelerating voltage was 20 kV, imaging mode was 

SEL. 

The elemental composition was determined using an INCA Energy 450 energy dis-

persive microanalysis system mounted on a JSM 6610 LV scanning electron microscope, 

JEOL. 

X-ray diffractometry was performed on DRON-4M X-ray diffractometer. A tube 

with a cobalt cathode was used. Imaging conditions were tube voltage 30 kV, current 20 

mA; sweep rate 2 °/min. 

Thermo-programmed hydrogen reduction (TPR-H2) of the 10% V/γ-Al2O3 system 

was performed between 25 and 1,100 °С in linear mode with the 5% mixture of hydrogen 

and argon at a temperature change rate of 5 °С/min. The gas flow rate was 30 ml/min. 

Signals were recorded using a thermal conductivity detector on the Crystal 5000 "Chro-

matec" chromatograph. 

4. Conclusions 

As a result of this research it was possible to show that the catalytically active va-

nadium-containing system includes several complexes with different thermal stability 

and catalytic activity. The presence of thermal stable, but inactive spinel complexes with 

aluminium oxide, which are quite easily formed from low-valent s- and d-elements and 

aluminum oxide, was not detected in the system at moderate heating [22, 37]. 

As the temperature of heat treatment increases, the low-active vanadyl sulfate 

complexes decompose with the formation of more active ones based on V2O5 oxide. It can 

be assumed that V2O5 oxide plays the determining role in the catalytic activity of the 

system. 

Thus, the 10% V/Al2O3 system in the studied temperature range is thermal stable 

and exhibits high activity not only in the reduction of nitrogen oxides [31-37] but also in 

the oxidation of hydrocarbons (even the most difficult oxidizable methane). These prop-

erties of the system make it quite promising in the field of application for purification of 

exhaust gases of motor vehicles and industrial enterprises from environmentally harmful 

components as well as for understanding the mechanism of the action of catalysts in 

these processes, which is very important for solving the problems of decarbonization and 

achieving carbon neutrality. 
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