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Hexane and toluene oxidation on LaCoO3 and YCoO3 perovskite catalysts 
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Solution combustion technique was applied to prepare perovskite-type LaCoO3 and YCoO3 catalysts supported on 

α-Al2O3. X-ray diffraction and scanning electron microscopy were used for physicochemical and morphological char-

acterisation of fresh and worked catalysts. Sample catalytic activity was studied with respect to complete oxidation of 

hydrocarbons (n-hexane and toluene). It was found that n-hexane is difficult to oxidise as compared to toluene. Reaction 

kinetics tests and experiments on so-called ‘depletive’ oxidation were conducted to establish reaction mechanism. 

Experimental results showed that Eley-Rideal and Mars-van Krevelen mechanisms were unlikely. The methods applied 

indicated that toluene complete oxidation on both catalysts proceeded via Langmuir-Hinshelwood mechanism by 

dissociative adsorption of oxygen, the reacting hydrocarbon and oxygen being adsorbed on different active sites. The 

result proved that lanthanum-containing samples exhibited a higher activity than yttrium catalysts. Different A-posi-

tioned cations of perovskite catalysts are discussed about their effect on structural, morphological, and catalytic properties.  
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INTRODUCTION 

Perovskite-type oxides have been extensively 

studied over the last decades in terms of their appli-

cation as catalysts in reactions of hydrocarbon oxi-

dation. They possess some advantages such as low 

cost, stability at high temperature, and excellent 

catalytic activity [1‒3]. Perovskites have been tested 

as catalysts for CO oxidation, oxidation of methane 

to syngas, oxidation of volatile organic compounds 

and CO + NO reactions [4‒6]. Perovskite type oxides 

have general formula ABO3. The structure is named 

after the naturally occurring mineral perovskite 

(CaTiO3) and is usually described in pseudocubic 

form. This type of structure offers two positions for 

the cations. The cation with a large ionic radius 

(usually rare-earth or alkali-earth metal) occupies A 

site, while a cation with a smaller ionic radius (for 

example 3-d transition metal) occupies B site. The 

number of potentially interesting perovskites in the 

oxidation reactions is very great owing to the 

number of A and B cations that can be accomo-

dated into this structure. Lattice distortion magni-

tude depends on the kind of A cations. In all cobalt-

containing perovskites, the cobalt ion is surrounded 

by weakly distorted oxygen CoO6 octahedra, whereas 

the rare-earth ions are situated in distorted cubo-

octahedra formed of 12 oxygen ions. The coordina-

tion of A cation comprises 12 Ln-O bonds, three of 

them are long bonds, six are medium-length bonds, 

and the rest three are short bonds. Cell volume 

change follows lanthanide contraction. It is well 

established that on decreasing ionic radius of A 

cation the perovskite changes from higher to lower 

symmetry like from cubic to orthorhombic. An 

increasing rotation of the CoO6 octahedra with 

decreasing A ionic radius reduces the Co-O-Co 

bond angles from 180° in ideal cubic perovskite to 

164–146° in almost all LnCoO3. On the other hand, 

the Co-O bond remains almost constant except for 

Ln = La with a broad maximum for lanthanide ionic 

radius about 1.1 Ǻ. The crystal structure of LaCoO3 

is different from all other members of the LnCoO3 

series. At room temperature, LaCoO3 has a rhombo-

hedrally distorted cubic perovskite structure with 

unit cell belonging to the space group R-3c and two 

formulas per unit cell. Replacement of La
3+

 ion of 

smaller ionic radius by La
3+

 induces a chemical 

pressure on the CoO3 array that allows cooperative 

rotations of CoO6 octahedra, which relieve the com-

pressive stress on the Co-O bond. Consequently, the 

Co-O bond length changes a little with ionic size 

[7]. The structure of LnCoO3 perovskites is very 

sensitive to temperature changes. Structural distor-

tion magnitude changes significantly with changes 

in temperature. Evolution of the structure of perov-

skite rare-earth cobaltites versus temperature governs 

their magnetic, catalytic, and transport properties. A 

neutron diffraction study of LaCoO3 versus tempe-

rature [8] has shown that there is no deviation from 

the R-3c symmetry, but the bond lengths exhibit 

significant anomalies. Many synthesis procedures 

have been developed in order to produce perovskite 

mixed oxides of high specific surface area, namely 
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co-precipitation [9], citrate complexation [10], spray 

drying [11], freeze drying [12], flame hydrolysis 

[13], etc. As an alternative to the above-mentioned 

methods, solution combustion synthesis offers 

several attractive advantages such as short time to 

obtain final product, simplicity of laboratory pro-

cedures, high degree of homogeneity of the final 

product of small crystallite size, cheapness due to 

energy saving. Solution combustion synthesis has a 

special advantage of simultaneous synthesis of the 

desired ceramic phase and its adhesion to the sup-

port. In this work, solution combustion technique 

was applied to prepare perovskite-type LaCoO3 and 

YCoO3catalysts supported on α-Al2O3. Catalytic 

activity measurements were performed in the reac-

tions of complete oxidation n-hexane and toluene. 

EXPERIMENTAL 

Sucrose-assisted solution combustion method was 

applied to prepare LaCoO3 and YCoO3 catalysts 

[14,15]. La2O3 (Fluka) or Y2O3 (Merck) and 

Co(NO3)2.6H2O (Merck) were used as initial com-

pounds. Stoichiometric amounts of matching oxide 

and cobalt nitrate were dissolved in distilled water. 

The rare-earth oxides were transformed into nitrate 

form by addition of certain amount of nitric acid. 

According to described method the nitrate solutions 

were further mixed with aqueous solution of sucrose 

at an oxidizing to reducing power ratio of corres-

ponding nitrate and organic fuel of 1:1 [14,15]. The 

solutions were placed on a heating plate until evapo-

ration of the water. After that, a foamy mass was 

formed, which burnt to produce an amorphous 

powder oxide material. As-prepared materials were 

thermally treated at 400 °C for 1 h in air. Then, the 

materials were ground for homogeneity. The final 

synthesis procedure included heat treatment of the 

catalysts in air at 700 °C for 1 h. At this tempera-

ture, the LaCoO3 sample was a single phase, while 

YCoO3 showed some residual Y2O3. Single phase 

YCoO3 was obtained after additional grinding and 

heat treatment at 800 °C for 1 h. After the synthesis, 

a ball milling in a planetary mill for 1 h in isopro-

panol was applied to both perovskite samples. Sphe-

rical pellets of α-Al2O3 (with average diameter of 

0.9 mm and negligible specific surface area) were 

used as support. The carrier was dipped into the 

suspension of perovskite phase and isopropanol. 

After dipping, the catalysts were dried at 100 °C and 

heated at 700 °C for 30 min. As a result, the active 

phase is regularly distributed on the external sphe-

rical surface of the support. Powder X-ray dif-

fraction was used at every stage of perovskite phase 

preparation as well as after deposition on the carrier 

and catalytic tests. Powder diffraction pat-terns were 

taken at room temperature on a Bruker D8 Advance 

diffractometer using CuKα radiation and LynxEye 

detector. Measurement range was 10° to 80° 2θ with 

a step of 0.04° 2θ. XRD data were evaluated by 

means of EVA and TOPAS 4.2 program packages. 

SEM photographs of perovskite catalysts were made 

on a JEOL-JSM-6390 scanning electron microscope. 

The catalytic measurements were carried out in a 

flow type reactor at atmospheric pressure. The test 

conditions (catalyst volume of 1.0 cm
3
, α-alumina 

spherical particles, fraction of 0.9 ± 0.1 mm, reactor 

diameter of 10.0 mm, quartz-glass, GHSV of 30000 

h
–1

) were selected after preliminary experiments by 

applying GHSV from 15000 h
‒1

 to 40000 h
‒1

. The 

measurements were compensated for adiabatic effect 

by keeping the reaction temperature measured at 

inlet and outlet of the catalyst bed within ±1 °C. 

Pressure drop was measured to be below 0.2 m 

water and was not taken into account. Therefore, the 

geometrical characteristics of the catalytic reactor 

permitted to consider it close to isothermal plug flow 

reactor. The inlet concentrations of reactants were 

varied as follows: hexane and toluene 115–715 ppm; 

oxygen 2–21 vol.%; all gas mixtures were balanced 

to 100% with nitrogen (4.0) and no additional water 

vapour was added to the gas mixtures. Experiments 

on so-called ‘depletive’ oxidation [16] were per-

formed under the same conditions as for the kinetics 

tests. The nitrogen used for this experiment was of 

99.99% purity. Gas analysis was carried out by on-

line analysers of CO/CO2/O2 (Maihak) and THC 

(total hydrocarbon content, Horiba). A possible 

formation of organic by-products was monitored by 

model AL7890A GC-MS apparatus. 

RESULTS AND DISCUSSION 

Figures 1 and 2 present XRD powder patterns of 

two catalysts before and after catalytic tests. X-ray 

data on synthesized perovskites show that the active 

material is single phase without impurities. LaCoO3 

and YCoO3perovskites crystallize in rhombohedral 

R-3c space group, and orthorhombic Pnma space 

groups, respectively. The unit cell parameters of 

perovskite phases have values which are close to the 

literature data [ICDD PDF-2 (2009) Card No: 

LaCoO3 – 48-0123, YCoO3 – 75-7970]. Average 

crystallite sizes of as deposited catalysts were deter-

mined by TOPAS 4.2 program and are 63(3) and 

88(4) nm for LaCoO3 and YCoO3, respectively 

(Figs. 1a, 2a). The results can be explained by dif-

ferent synthesis conditions needed to produce single-

M. Markova-Velichkova et al.: Hexane and toluene oxidation on perovskite LaCoO3 and YCoO3 catalysts 



 

76 

phase perovskite materials. Powder XRD patterns of 

the catalysts manifested also diffraction peaks of the 

α-Al2O3 carrier. Rietveld quantification applied to 

the powder diffraction patterns revealed that active 

phase amount was 1.5 and 4.8 (±0.4) mass% for 

LaCoO3 and YCoO3, respectively (Figs. 1b, 2b). 

After catalytic tests a slight narrowing of the dif-

fraction peaks was observed, which can be asso-

ciated with increased crystallite size of the working 

catalysts (Figs. 1c, 2c).  

 

Fig. 1. XRD patterns of: a) initial LaCoO3 perovskite,  

b) LaCoO3 deposited on α-Al2O3, and c) LaCoO3/α-Al2O3 

catalytic tests. 

 

Fig. 2. XRD patterns of: a) initial YCoO3 perovskite,  

b) YCoO3 deposited on α-Al2O3, and c) YCoO3/α-Al2O3 

catalytic tests. 

SEM images of different magnification of as-

prepared catalysts are shown in figure 3. It is seen 

that deposition technique leads to uniform distri-

bution of perovskite phase onto the surface of the 

carrier. Photographs of higher magnification revealed 

catalyst microstructure. Particles of the active phase 

at the surface are about 1‒3 μm in size and many 

pores exist in the interstice among them. The spe-

cific surface area of both samples is about 10‒15 

m
2
/g. A difference in particle morphology is also 

seen. For La sample, the shape of the particles is 

predominantly plate-like, while the Y sample exposes 

aggregates of small grain-like particles. 

 

Fig. 3 SEM images of different magnification of the 

Al2O3-supported perovskite catalysts. 

Results from catalytic activity measurements of 

complete oxidation of toluene and n-hexane are 

displayed in figures 4‒6. Obviously, the activities of 

the two catalyst samples are very different, LaCoO3 

being more active than YFeO3. An explanation for 

the significant difference in catalytic activity bet-

ween LaCoO3 and YCoO3 should be found in struc-

tural peculiarities due to the presence of different A 

cations and their influence on perovskite phase 

stability and catalytic activity. In the present study 

difference between the two perovskite structures 

originates mainly from difference in A cation size, 

being 1.36 Å for La
3+

 and 1.075 Å for Y
3+

 of the 

same coordination. For comparison, the ionic radius 

of O
2−

 is 1.35 Å. Several factors have been proposed 

to evaluate the stability of the perovskite structures 

[17,18]. Based on crystal structure data on LaCoO3 

and YCoO3, calculated tolerance factor, being equal 

to 1 for ideal perovskite structure, is 1.0112 for 

LaCoO3 and 0.9049 for YCoO3. As it can be seen 

the Y-containing perovskite has more deformed 

structure and smaller tolerance factor than the La-

containing counterpart has. This means that the Y-

containing structure is more unstable towards ex-

ternal mechanical, thermal, or chemical influence 

[19]. LaCoO3 structure stability indicates that this 

oxide can easily accommodate certain amount of 

cation and anion defects without structural changes. 

It is well known that this compound can be syn-

thesized with some deviation from stoichiometry 

[20]. Previous studies [21] revealed a clear distinc-

tion in thermal expansion between LaCoO3 and 

YCoO3. The Co-O-Co bond angles in YCoO3 

decrease with temperature above the onset of spin 

transition in contrast to LaCoO3, where the Co-O-Co 

angles constantly increase with temperature. A more 
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active catalytic behaviour of LaCoO3 can be ex-

plained with less deformed (and less deformable) 

crystal structure compared to that of YCoO3. The 

Co-O-Co bond angle of YCoO3 is very small (about 

148°) and practically remains stable up to 600 K, 

followed by a decrease with temperature above the 

onset of spin transition. This leads to a slightly 

larger expansion of the CoO6 octahedra compared to 

lattice expansion. On the other hand, at room tem-

perature the Co-O-Co bond angle in LaCoO3 is 

about 164° and monotonically increases with tem-

perature, which results in a slightly smaller expan-

sion of the CoO6 octahedra with respect to lattice 

expansion [21]. Such a different behaviour has been 

attributed to a higher symmetry of the LaCoO3 

structure compared to YCoO3 (Pbnm) [19]. Cata-

lytic tests showed that sample activity towards tolu-

ene was significantly higher than that with hexane 

(Fig. 4) and further investigation was concentrated 

on toluene combustion.  

 

Fig. 4. Complete oxidation of toluene and hexane in air 

on alumina-supported YCoO3 and LaCoO3: effect of 

reaction temperature on hydrocarbon conversion degree. 

For calculation of kinetics parameters, inlet con-

centrations of both hydrocarbon and oxygen react-

ants were varied. Concentration dependence on con-

version leads to the conclusion that first order kine-

tics should be excluded. An Eley-Rideal mechanism 

should not be considered since the reaction is not 

first order in oxygen. Regarding Mars-van Krevelen 

mechanism (oxi-redox) bulk oxygen from the active 

phase must take part in the reaction. In order to find 

out which mechanism is more probable, experi-

ments on so-called ‘depletive’ oxidation were per-

formed [16]. The latter involve measurements of the 

formation of oxidation products (CO and CO2) when 

oxygen supply to the gas mixture is stopped after 

achieving stationary conditions at a temperature for 

33% conversion. The reason for these experiments 

is to find out whether oxygen from the catalyst 

participates in the oxidation process. Results from 

the ‘depletive’ oxidation are presented in figure 5. 

 

Fig. 5. ‘Depletive’ oxidation at temperatures for 33% 

conversion of toluene. 

Following termination of the oxygen supply to 

the gas feed, formed amount оf CO+CO2 in each 

test was calculated from the area under the transient 

curves. The surface or lattice oxygen, which takes 

part in the reaction, was estimated based on formed 

CO+CO2 quantities during ‘depletive’ oxidation, 

experiment duration being 20 min. Very small 

amounts of surface or lattice oxygen (0.3–0.5 mg, 

below 1.5% of active phase) and the absence of 

phase transformations after the catalytic tests reveal 

that bulk oxygen from the active phase is not 

involved in the reaction, i.e. the Mars-van Krevelen 

mechanism should not be considered likely. Finally, 

power law kinetics (PWL) and four mechanistic 

models (Langmuir-Hinshelwood, bimolecular reac-

tion, surface reaction being the rate-determining step) 

were fitted with the experimental data. Fitting of the 

kinetics parameters was performed applying of an 

integrated computer program for simultaneous solu-

tion of the material balance in isothermal plug flow 

reactor and numerical nonlinear optimization pro-

cedure based on iterative gradient reduction. For 

finding a global minimum, residuals squared sum 

(RSS) between experimental data and model pre-

dictions was minimized upon starting from several 

different initial values of the varying parameters. As 

an additional measure, the absence of trends in the 

RSS distribution was controlled and the square of 

correlation coefficient (R
2
) was calculated. 

Two Langmuir-Hinshelwood models assume that 

the hydrocarbon and the oxygen are adsorbed on 

different sites and oxygen adsorption is non-disso-

ciative (LH-DS-ND) or dissociative (LH-DS-D). 

Other two LH models suppose competitive adsorp-

tion of hydrocarbon and oxygen on one-type sites 

and non-dissociative (LH-OS-ND) or dissociative 

(LH-OS-D) adsorption of oxygen. Kinetics parame-

ters are given in Table 1.  
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Table 1. Reaction rate expressions and kinetics parameters for applied power law and Langmuir-Hinshelwood models 

 
 

Figure 6 displays model consistency as a dif-

ference between standard measurement error of con-

version and RSS.  

 

Fig. 6. Consistency of model prediction with catalytic test 

errors. 

Evidently, four of the models (PWL, LH-DS-ND, 

LH-DS-D, LH-OS-D) are consistent with measure-

ment confidence interval, while LH-OS-ND should 

be considered non-satisfactory. In addition, the latter 

model suggests non-dissociative adsorption of the 

oxygen. With one of the models (LH-DS-ND and 

LaCoO3) the obtained value for ΔH of the oxygen 

adsorption is positive, which has no physical sense 

and is a reason to reject this model. It is obvious that 

a fit that is more adequate was obtained with the 

models which predict dissociative adsorption of 

oxygen. Among considered Langmuir-Hinshelwood 

models, the values for RSS with LH-DS-D are the 

lowest, which can be taken as supplementing infor-

mation to conclude that the hydrocarbons and 

oxygen are adsorbed on different sites and oxygen 

adsorption is dissociative.  

CONCLUSIONS 

Two perovskite-type catalysts (LaCoO3 and 

YCoO3, supported on α-Al2O3 spherical particles) 

were synthesized via sucrose-assisted solution com-

bustion method. Mean crystallite size varied between 

63(3) nm for LaCoO3 and 88(4) nm for YCoO3. 

Catalytic activity measurements with respect to 

complete oxidation of hydrocarbons (n-hexane and 

toluene) showed that aliphatic hydrocarbon was 

found to be difficult to oxidize, while with aromatic 

compound (toluene) a promising activity was ob-

served. LaCoO3 more active catalytic behaviour of 

could be explained by less deformed (and less 
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deformable) crystal structure compared to YCoO3. It 

can be concluded that the reaction of complete 

oxidation of toluene on perovskite-type catalysts 

(LaCoO3 and YCoO3, supported on α-Al2O3) pro-

ceeds via Langmuir-Hinshelwood mechanism with 

dissociative adsorption of oxygen, the reacting 

hydrocarbon and oxygen being adsorbed on dif-

ferent sites. 
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(Резюме) 

Перовскитови LaCoO3 и YCoO3 катализатори бяха синтезирани по метода на изгаряне от разтвор и нанесени 

на α-А12O3 носител. Физикохимично и морфологично охарактеризиране на получените и работили катали-

затори беше извършено с методите рентгенова дифракция и сканиращата електронна микроскопия. Катали-

тичната активност е изследвана по отношение на пълното окисление на въглеводороди (хексан и толуен). 

Установено е, че хексанът се окислява по-трудно в сравнение с толуена. Реакционният механизъм беше 

изследван с кинетични тестове и чрез опити върху така нареченото „деплетивно“ окисление. Получените резул-

тати показват, че механизмите на Eли-Ридиъл и Maрс-ван Кревелен не са вероятни, а най-висока степен на 

предвиждане на опитните резултати се постига при прилагане модела на Лангмюр-Хиншелуд (дисоциативна 

адсорбция на кислород, реагиращите въглеводород и кислород се адсорбират на различни активни центрове). 

От сравнителен анализ е установено, че пробата, съдържаща лантан, притежава по-висока активност, отколкото 

тази, съдържаща итрий. Дискутирана е ролята на различните катиони в А позиция върху структурните, морфо-

логични и каталитични свойства на перовскитовите катализатори. 
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