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Abstract
The perovskite type materials with transition metals are getting more attention especially as catalysts in total oxidation 
reaction. This work explores the B metal effect on the catalytic activity of LaBO3 structured perovskites in total oxidation 
of toluene. The perovskite type oxides were obtained by Pechini method and characterized by X-ray diffraction, nitrogen 
adsorption/desorption isotherms, thermogravimetric analysis and differential scanning calorimetry, temperature-programmed 
reduction (H2-TPR), Raman spectroscopy, Fourier transform infrared spectroscopy and particle size analysis. The results 
showed that LaFeO3 catalyst contained a single orthorhombic LaFeO3 phase, while LaMnO3 contained LaMn2O5 species 
besides cubic LaMnO3 phase. Both catalysts show very narrow distributions and average values of 55.59 μm and 51.43 μm 
for LaMnO3 and LaFeO3, respectively. With regard to the H2-TPR profile for the LaMnO3, Mn4+ to Mn3+ reduction and 
Mn3+ to Mn2+ reduction. Consequently, the redox performance of ABO3 perovskites was found as mainly driven by the 
B-site transition-metal element character. According to the catalytic tests, the LaMnO3 catalyst was more active for toluene 
oxidation than LaFeO3 and achieved the lowest light-off temperatures. An excellent agreement between the experimental 
data and the proposed one-dimensional pseudo-homogeneous model was achieved and corresponding kinetic parameters 
(estimated rate constants, k, activation energies, EA, and frequency factors, Ar) were estimated. Lower activation energy was 
estimated for LaMnO3 catalyst (84 kJ mol−1 vs. 99 kJ mol−1 for LaFeO3) confirming that LaMnO3 catalyst was more active 
for toluene oxidation under reaction conditions presented in this paper.
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Introduction

Attention to environmental pollutants due to its destructive 
effects on human health has grown significantly in recent 
years (Ensafi and Karimi-Maleh 2010; Karimi-Maleh et al. 
2019).Pollution due to volatile organic compounds (VOCs) 
is becoming an increasingly serious problem worldwide 
since VOCs are a group of carbon comprising compounds 
that disappear at room temperature are described as carci-
nogenic, mutagenic and teratogenic to humankind (Liu et al. 
2013; Pham and Lee 2015). VOCs are commonly present 
in both indoor and outdoor atmospheres since originating 
from natural emissions and anthropogenic sources such as 
motor vehicle exhausts and solvent usage. They also appear 
in biogas as a result of the anaerobic digestion of organic 
waste (Papurello et al. 2012). As a result of strict regula-
tions related to VOC emissions, VOC removal from flue 
gas streams is a relevant research area. Toluene is a typical 
aromatic VOC (Wu et al. 2016) and the main approaches 
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utilized in toluene removal from waste gases consist of 
adsorption, thermal incineration and catalytic oxidation (Liu 
et al. 2013).

Catalytic oxidation process is considered as an effective, 
economic and environmentally agreeable way of overcom-
ing air pollution (Liu et al. 2013, 2017). Due to the com-
plex molecular structure of VOCs, high temperatures above 
673 K are required for their thermal incineration, but in the 
presence of a suitable catalyst the operating temperature can 
be significantly lower (Kim et al. 2017). The optimization 
of the desired catalytic material is a tough issue because of 
the great variety of VOCs and the VOC-containing mix-
tures complexity. Besides favouring low ignition tempera-
tures, highly selective catalysts yielding with complete VOC 
breakdown to CO2 and H2O are desired. Also, long lifetime 
and thermal stability are expected as a characteristic of a 
good catalyst (Sihaib et al. 2017).

Noble metal-based catalysts, including Pd and/or Pt espe-
cially, have been intensively utilised in case of VOCs cata-
lytic oxidation (Abdelouahab-Reddam et al. 2015; Huang 
et al. 2015). Nevertheless, these catalysts are known for 
being expensive as well as sensitive to the poisoning. As 
a result, transition-metal oxides are accepted as promising 
alternatives in terms of poisoning and cost advantages (Chen 
et al. 2014; Wang et al. 2017).

Perovskite type materials are famous for having flexible 
composition, superior thermal and hydrothermal stability, 
excellent redox properties and affordability in comparison 
with noble metal catalysts. Perovskite chemical formula 
ABO3 allows modifying cations in either A- and/or B- posi-
tion (Ding et al. 2017). In a classic structure, a lanthanide 
or alkaline-earth cation can be employed as A cation, while 
B cation which controls the catalytic activity is transition-
metal element (Zhang et al. 2016; Li et al. 2017). Though 
perovskites are very well-known for their cubic structure, 
some other structures like rhombohedral and orthorhombic 
are probable synthesis outcomes. In cubic structure, coor-
dination numbers of oxygen anions are 12 and 6 for A and 
B cation, respectively. (Zhang et al. 2016). A and O arrange 
a cubic nearby packing and B is exhibited in the octahedral 
voids in this structure. In order to obtain a perovskite crystal 
structure, the tolerance factor t which can be calculated from 
Eq. 1 below should meet the criteria including 0.8 < t < 1.0, 
rA > 0.090 nm, rB > 0.051 nm (Tanaka and Misono 2001).

Perovskites and mesoporous perovskites are employed 
in the toluene catalytic oxidation (Wang et  al. 2016; 
Zonouz et al. 2016; Sihaib et al. 2017). Wang et al. pro-
duced LaMnO3 nano-catalysts for toluene oxidation and 
these catalysts were found to yield an activation energy 
(EA) of 54.3 kJ mol−1 similar to catalysts containing noble 
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metal (Wang et al. 2016). Sihaib et al. (Sihaib et al. 2017) 
investigated the activity of four manganese-based oxides 
including a LaMnO3 prepared by sol–gel method; a Mn2O3 
prepared by rapid method and octahedral molecular sieve 
(OMS-2) by two different preparation methods such as solid-
state method (OMSs) and hydrothermal method (OMSh). 
As a result, the catalyst performance followed the order: 
OMSs > OMSh > Mn2O3 > LaMnO3. A comparison of these 
catalysts revealed that OMSS were more active even at low 
temperature starting to convert toluene at about 443 K, 
while in the case of Pd/Al2O3 conversion started at about 
463 K (Sihaib et al. 2017). Zonouz et. al. (Zonouz et al. 
2016) studied La1−xCexMn1−yCuyO3 as potential catalysts for 
toluene oxidation. According to hybrid artificial neural net-
work-genetic algorithm method modelling and optimization 
results, the optimum composition of La1−xCexMn1−yCuyO3 
was found at x = 0.30, y = 0.52 and calcination temperature 
of 898 K. The optimum conversion was obtained 513 K as 
92.16% (Zonouz et al. 2016).

Though Mn-based perovskites are extensively investi-
gated, iron-based perovskites are not often used in VOCs 
oxidation. On the other hands, some studies have been con-
ducted concerning the application of mesoporous materi-
als as good supports or templates for perovskite catalysts 
providing an increase in the specific surface area. Gao et. al. 
(2013) evaluated mesoporous LaFeO3 catalysts for complete 
oxidation of CO and toluene. High catalytic activity obtained 
was attributed to the large surface area, high adsorbed oxy-
gen concentration and low-temperature reducibility.

In this work, catalytic properties of two perovskite cata-
lysts (LaFeO3 and LaMnO3) in the catalytic oxidation of 
toluene were investigated and compared. In our previous 
research, Mn and Fe proved to be effective components of a 
mixed metal oxide such as MnFeOx (Duplančić et al. 2017). 
Therefore, utilization of Mn and Fe as potential B cations in 
the perovskites was evaluated in this study.

Matherislas and methods

Materials

Lanthanum (III) nitrate hexahydrate (%99, ABCR), iron (III) 
nitrate nonahydrate (≥ 99.95%, Sigma-Aldrich), manganese 
(II) nitrate hexahydrate (For analysis, Acros) and citric acid 
monohydrate (Carlo Erba) were used in catalyst preparation 
step. All aqueous solutions were prepared with deionized 
water.

Catalyst preparation

The catalysts were prepared via Pechini (citrate) technique 
(Ghiasi and Malekzadeh 2014). Briefly, La(NO3)3·6H2O, 
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Fe(NO3)3·9H2O, Mn(NO3)2·3H2O and citric acid monohy-
drate were used as precursors. All chemicals were of analyti-
cal grade. At first, calculated amounts of metal nitrate and 
citric acid were mixed until dissolved. Then, the homogene-
ous solution was evaporated at 338 K overnight. The swelled 
material was crushed in an agate mortar and put in a vacuum 
oven which was set to 353 K and 7000 Pa. The material 
was crushed every hour and maintained in the vacuum oven 
overnight. The oven was set to 373 K and 7000 Pa for a day. 
Finally, the solid obtained was calcinated at 1023 K with 
10 K min−1 for 5 h under dry air in a quartz tubular reactor.

Catalyst characterization

Morphology of the catalysts was obtained from scanning 
electron microscope (SEM-Zeiss Auriga). XRD patterns 
of the catalysts were obtained with a Bruker D8 Advance 
XRD with CuKα radiation between 10° and 120° 2θ in a 
step scan mode with 0.02° steps and 0.6 s counting time. 
FT-IR spectra were recorded between 4000 and 700 cm−1 
at a resolution of 4 cm−1 using PerkinElmer Spectrum One 
at room temperature. Textural parameters of the catalysts 
were determined by nitrogen adsorption/desorption iso-
therms on a TriStar II 3020 (micromeritics). Degasification 
of the samples was accomplished by first keeping them at 
363 K for 1 h and then at 523 K for 4 h, at least, under 
nitrogen flow. Brunauer–Emmett–Teller (BET) method 
was used to calculate surface area in the relative pressure 
(P/P0) range of 0.05–0.30 and Barrett–Joyner–Halenda 
(BJH) method was applied to the desorption isotherm to 
measure pore average size and volume. Temperature-pro-
grammed reduction (H2-TPR) spectra were analysed on an 
AutoChem HP 2950 (Micromeritics) equipped with a ther-
mal conductivity detector (TCD). About 90 mg of catalyst 
was used for each run. Prior to H2-TPR, the sample was 
oxidized by treating it with 50 NmL min−1 of 10 vol% O2/
He, heated up from ambient temperature to 773 K, using 
a ramp of 10 K min−1 and with a hold of 30 min at that 
temperature. After the hold time, a flow of 50 NmL min−1 
helium was used to flush the sample and it was cooled 
down to 308 K with a ramp of 10 K min−1. Then, the 
sample was treated with 12 vol% H2/Ar at a flow of 50 
NmL min−1 in the temperature range from 308 to 1273 K, 
with a heating ramp of 5 K min−1 and a final hold time of 
30 min. Thermogravimetric analysis with differential scan-
ning calorimetry (TGA–DSC) of the samples was carried 
out on a Sensys Evo TG-DSC thermal analyser (Setaram). 
Fresh catalyst samples of 15–30 mg were heated up from 
ambient temperature to 1073 K, with a heating rate of 
10 K min−1, with a flow of 50 NmL min−1 of synthetic 
air. The same procedure was repeated but using an inert 
gas (i.e. argon) instead of synthetic air to elucidate the 
effect of temperature. Particle size distribution and average 

particle size of the catalysts were determined using a Mas-
tersizer 2000 laser scattering unit using a LED type blue-
lighted laser (466 nm beam wavelength) coupled with a 
Hydro 2000G dispersion unit (Malvern Instruments) with 
water as the dispersant agent.

Catalytic activity evaluation

Catalytic oxidation of toluene as a model VOC pollutant 
was carried out in an integral up-flow fixed-bed reactor 
operated in the temperature range of 373–573 K, at dif-
ferent space times and at atmospheric pressure. Scheme 
of the experimental system can be found elsewhere 
(Duplančić et al. 2018, 2020). The space times were stud-
ied by varying the total flow rate of the reaction mixture 
(23–138 cm3 min−1) at the fixed catalyst mass (0.05 g). 
Toluene oxidation was performed at a constant inlet tolu-
ene concentration in the reaction mixture (210 ppm tolu-
ene in nitrogen) and at a constant ratio of toluene/nitrogen 
and oxidant (air). The gas flow rates were regulated using 
two mass flow controllers (Brooks). The reactor tem-
perature was regulated using a thermo-controller (TC208 
Series) connected to a K-type thermocouple placed inside 
the reactor and using the heaters around the reactor. The 
reactor effluent was analysed by on-line gas chromato-
graph (Shimadzu GC-2014) equipped with a Carbowax 
20 M column and with a flame ionization detector (FID). 
The activity of perovskites for toluene oxidation was 
evaluated by conversion of toluene at steady-state reac-
tion conditions.

Fixed‑bed reactor modelling

In order to describe the reactor steady-state behaviour 
under isothermal conditions and to compare activities of 
the prepared perovskite catalysts simple pseudo-homoge-
neous one-dimensional (1D) model of the fixed-bed reac-
tor which neglects inter- and intra-phase diffusion was 
applied (Duplančić et al. 2018). Additional assumptions 
were considered, such as flat radial velocity profiles (plug 
flow of the fluid phase) and constant catalyst activity. Due 
to the large excess of oxidant, the toluene oxidation was 
described with first-order kinetic model. The correspond-
ing model equations and numerical methods used for 
their solution may be found elsewhere (Sihaib et al. 2017; 
Duplančić et al. 2018).
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Results and discussion

Physico–chemical properties of the prepared 
perovskites

XRD results

The crystal structure of the catalysts was analyzed via 
XRD analysis and results are given in Fig. 1. The pres-
ence of a single LaFeO3 perovskite phase (orthorhombic; 
Pbnm space group, ICDD PDF #74-2203) was evident 
from the presence of diffraction peaks characteristic for 
this phase. Most prominent diffraction peaks are assigned 
to crystallographic planes as follows: 22.61°2θ (002) and 
(110), 32.17°2θ (112) and (220), 39.7°2θ (002) and (200), 
46.16°2θ (004) and (220), 57.41°2θ (204) and (312), 
67.3°2θ (040) and (224). No additional peaks revealing 
the presence of a second phase were apparent. On the other 
hands, LaMnO3 catalyst showed LaMnO3 cubic phase 
( Pm3mspace group, ICDD PDF #72-0840) and monoclinic 
LaMn2O5 (P21/c, ICDD PDF #52-1095). Most prominent 
diffraction peaks of LaMnO3 at 22.29, 31.12 and 32.31°2θ 
are assigned to (101), (002) and (200) planes, while most 
prominent diffraction peaks of LaMn2O5 at 28.24, 29.8, 
35.05, 40.64, 46.15 and 57.85°2θ are assigned to (121), 
(211), (112), (212), (141) and (332) crystallographic 
planes. The RMn2O5 (R = rare-earth metal like La) fam-
ily is attractive as having two different oxidation states 
for Mn, which are located at distinct oxygen atmospheres 
(Muñoz et  al. 2005). Although the same preparation 

procedures applied, LaFeO3 sample showed purity and 
far better crystallinity in comparison with LaMnO3 sam-
ple. The remark on crystallinity is based on the compari-
son of diffraction maxima intensities and the appearance 
of amorphous hump on which peaks in sample LaMnO3 
are superimposed on. As can be seen the peak intensi-
ties in pattern of LaFeO3 sample are 10 times larger than 
LaMnO3 sample peak intensities. Such great difference 
for the samples analyzed under the same conditions makes 
claim on better crystallinity of sample LaFeO3 plausible 
although no comparisons should be made without the 
addition of standards. Most of peaks in sample LaMnO3 
seem broad but which could be the consequence of small 
crystallite size but peaks are overlapped and inappropriate 
for Scherrer analysis.

Textural properties of the catalysts

Adsorption–desorption isotherms of N2 at 77 K are shown 
in Fig. 2a. It can be seen that both curves correspond to type 
H3 hysteresis loops, which can be associated with non-rigid 
aggregates of plate-like particles with a macroporous pore 
network (Thommes et al. 2015). The metal type in B-posi-
tion of the perovskite did not affect the total volume of N2 
adsorbed, which was quite similar for LaFeO3 and LaMnO3. 
On the other hands, the greatest contribution to pore volume 
can be attributed to the macroporous zone (> 50 nm) for 
both materials (Fig. 2b). Table 1 lists main textural proper-
ties of the materials. While LaMnO3 catalyst showed a BET 
surface area of 3.72 m2/g, LaFeO3 catalyst had 4.45 m2/g. 
As expected, very small BET surface areas were obtained, 

Fig. 1   XRD data for (a) LaFeO3 
and (b) LaMnO3 catalysts

(a)

(b)
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which is common for perovskite materials. Thus, additional 
effort should be made to develop nanostructured perovskite 
oxides and to increase the number of active sites per unit of 
their geometric area.

SEM results

The SEM micrographs of the catalysts are shown in Fig. 3. 
Two prepared samples exhibit the entirely different mor-
phologies. The LaFeO3 sample is consisted of particles of 
different sizes, from a few tens to a few hundred nanometers 
(Fig. 3a). Smaller particles exhibit some loose agglomeration 

(a) (b)

Fig. 2   N2 adsorption–desorption isotherms (a) and BJH pore size distribution from N2 desorption isotherm (b) for LaMnO3 and LaFeO3, respec-
tively

Table 1   Textural properties of the prepared perovskite samples

Catalyst BET surface area 
(m2 g−1)

Pore volume 
(cm3 g−1)

Average 
pore size 
(nm)

LaFeO3 4.45 0.017 75.4
LaMnO3 3.72 0.009 75.1

Fig. 3   SEM images of LaFeO3 
at (a) x10KX, (b) × 50KX 
and LaMnO3 at (c) × 3KX and 
(d) × 30KX
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but greater compact particles are void-free (Fig. 3b). On the 
other hands, the morphology of the LaMnO3 sample could 
be described as sponge-like having voids partially filled 
with some crumbled particles (Fig. 3c). Such morphol-
ogy is a consequence of gasses released in the course of 
synthesis and thermal treatment (Machin et al. 2008). The 
voids exhibit various dimensions, from submicron to few 
microns in diameter, while most of the crumbles, also exhib-
iting loose agglomeration, are in size range above 100 nm 
(Fig. 3d).

TGA–DSC results

Results of the TGA–DSC analysis (Figs. 4 and 5) under 
different gases flows (e.g. synthetic air and argon) show 
similar profiles for both perovskite catalysts. Mass losses 
of 15% and 27% were recorded for LaFeO3 and LaMnO3, 

respectively, when treated with synthetic air. When argon 
was used as the flow gas, mass losses were slightly reduced 
to 13% for LaFeO3 and 21% for LaMnO3. As seen in the 
figures, two regions can be distinguished in TGA curves, 
initial mass losses below 500–600 K can be related to water 
release and above 600 K oxygen losses would appear, which 
would be lower for Ar atmosphere (Santos 2010).

H2‑TPR results

Temperature-programmed reduction profiles of LaFeO3 
and LaMnO3 samples are shown in Fig. 6. Two reduc-
tion steps can be observed for the LaFeO3. First, there 
is a small peak at about 650 K, which would correspond 
to reduction of Fe3+ to Fe2+ and then a second reduc-
tion band, starting above 1000 K, which can be related to 
reduction of Fe2+ to Fe0. These results are in agreement 

(a) (b)

Fig. 4   TGA–DSC curve for LaFeO3 (a) and for LaMnO3 (b) catalysts under synthetic air flow

(a) (b)

Fig. 5   TGA–DSC curve for LaFeO3 (a) and for LaMnO3 (b) catalysts under Ar flow
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with the literature (Heidinger et al. 2019). With regards 
to the H2-TPR profile for the LaMnO3 sample, first peak 
appears in the temperature range between 500 and 700 K 
and a second one, with a significantly smaller intensity, 
centered at around 950 K. The first one is typically related 
to Mn4+ to Mn3+ reduction and the second peaks show 
the reduction of Mn3+ to Mn2+ (Ansari et al. 2019). The 
shoulder in the first peak of the LaMnO3 sample indicates 
different Mn species in the perovskite. According to the 
literature, the redox performance of ABO3 perovskites is 
mainly driven by the B-site transition-metal element char-
acter and the role of the rare-earth ions in the A-site (such 
as La) is accepted as secondary (Nitadori et al. 1988; Zhu 
et al. 2015).

Raman results

Raman spectroscopy is a powerful technique for the phase 
structural analysis. Compared to XRD, its excitation energy 
which is less penetrating than X-ray makes it more surface-
sensitive (Feng et al. 2011). Figure 7 shows Raman spectra 
of LaFeO3 and LaMnO3. Similar results were observed in 
the previous studies approving the formation of the phases 
in crystal systems (Palimar et al. 2016). Raman spectra 
showed a strong broadening of bands for LaMnO3 compared 
to LaFeO3. The vibrational modes frequencies found can be 
classified as follows: (1) vibrations of A-site cations (below 
200 cm−1), (2) octahedral bending modes (250–450 cm−1) 
and (3) octahedral stretching modes (500–600 cm−1) (Runka 
and Berkowski 2012; Palimar et al. 2016). In addition to the 
perfect LaFeO3 crystal structure verified by XRD analysis, 
additional information was obtained based on Raman spec-
tra, i.e. three clear bands at about 764, 941 and 1477 cm−1. 
The band at 764 cm−1 indicated to Fe–O and La–O stretch 
vibrations. Broad bands with high intensity were detected 
at ∼ 941 and ∼ 1477 cm−1. These bands can be explained 
as second-order scattering of IR-active longitudinal optic 
phonon modes (Nandi et al. 2018).

The perovskite which has excellent cubic structure does 
not keep Raman active phonons due to all the five atoms of 
the unit cell reside in centrosymmetrical positions. Raman 
active phonons can be shown in (a) mismatch of the ions 
ionic radii in the unit cell and the (b) Jahn–Teller effect 
related to the Mn3+ ions ensure origin to the orthorhom-
bic (Pnma) and the rhombohedral (R-3c) structures (Varsh-
ney and Shaikh 2014). The broad bands between 375 and 
920 cm−1 in the Raman spectra of orthorhombic LaMnO3 
link to lattice vibrations initiated by the dynamic Jahn–Teller 
effect and the existence of small polarons round the Mn3+ 
sites.

The Raman results indicate that the relationship 
between the Jahn–Teller distortion and the phonon 

Fig. 6   Temperature-programmed reduction profiles for LaMnO3 and 
LaFeO3
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Fig. 7   Raman spectra of a LaFeO3 and b LaMnO3 catalyst
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intensity is acceptable over a large temperature range. But, 
especially the peaks are apparent at and above the phase 
transition temperature as Mn–O octahedra are consistent 
according to diffraction. The atomic movements in Fig. 8 
are consistent with the results conducted by Martin-Carron 
et al. There is a structural phase transition at about 800 K 
to a quasicubic structure and, considering that a cubic per-
ovskite has no Raman modes permitted, the Raman peaks 
are expected to eliminate at or close the phase transition 
temperature (Martín-Carrón and De Andrés 2001).

FT‑IR results

The FT-IR analysis was employed to investigate the 
changes in the chemical composition of the LaMnO3 
catalyst before and after toluene oxidation. The FT-IR 
spectra given in Fig. 8 revealed that there was no sig-
nificant adsorption of the reactants or possible reaction 
intermediates on the surface of the LaMnO3 during the 
toluene oxidation. While the peak at 1380 cm−1 (M–O 
rocking in plane) indicated the presence of metal-oxide 
group, the peaks at 1740 cm−1 (C=O or M-H stretching) 
and at 1210 cm−1 (C–O stretching) implied some carbon-
containing molecules.

Particle size analysis results

Particle size distributions of the two catalysts, as determined 
by laser scattering, are shown in Fig. 9. Both catalysts show 
very narrow distributions and average values of 55.588 μm 
and 51.432 μm for LaMnO3 and LaFeO3, respectively. Main 
results, expressed as the average of four separate runs, are 
listed in Table 2.

Catalytic experiments

Oxidation of toluene was used as a model reaction to com-
pare the activity of the prepared perovskite catalysts. The 
influence of the reaction temperature and total flow rate 
of the reaction mixture on the conversion of toluene over 
LaFeO3 and LaMnO3 catalysts is shown in Fig. 10. With the 
increase in temperature, the conversion of toluene increased 
and reached a maximum value depending on the operating 
conditions, i.e. depending on the space time. As expected, 
at larger space times (i.e. at lower total flow rate of the reac-
tion mixture), the maximum conversion of toluene was 
achieved at lower temperatures. The LaMnO3 perovskite 
was more active catalyst for toluene oxidation than LaFeO3 
and achieved lower T10, T50 and T90 temperatures, e.g. tem-
peratures corresponding to the 10%, 50% and 90% of toluene 
conversion (Fig. 11, Table 3), regardless of the total flow rate 
of the reaction mixture. Data for the commercial Pt-Al2O3 
were taken from (Duplancic 2018).

The observed curves with characteristic S-shape in 
Fig. 10 represent dependence of toluene conversion on 
reaction temperature, which indicates that toluene conver-
sion increases sharply with increasing temperature until the 
inflection point is reached, followed by a slower increase 
in toluene conversion with further increase in temperature. 

Fig. 8   FT-IR spectra of LaMnO3 (a) before and (b) after the catalytic 
oxidation of toluene
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Fig. 9   Average particle size for LaMnO3 and LaFeO3

Table 2   Particle size distribution results

LaFeO3 LaMnO3

Average particle size (μm) 55.588 51.432
Uniformity 0.588 0.781
 < 10 vol% (μm) 11.594 9.065
 < 50 vol% (μm) 48.951 39.878
 < 90 vol% (μm) 107.302 109.714
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This form of curve is well-known and characteristic for the 
exothermal reactions of oxidation, which results in the rapid 
release of the reaction heat and transition from the kinetic 
to the diffusion region during the reaction path. Extremely 
exothermic reactions are often present in industrial practice 
and therefore a great care must be taken during the reac-
tor design, because of the risk connected with this kind of 
reactions. Based on the shape of the S-curve, it is possible 
to get an additional insight into the kinetic properties of the 
catalyst and to draw conclusions about the reaction order 
as well as about the influence of both the intra-phase and 
inter-phase diffusion on the overall reaction rate. From the 
shape of the curves obtained on the catalysts employed in 
this study, it seems that toluene oxidation is a first-order 
reaction (Duprat 2002).

Characteristic values T10, T50 and T90, e.g. temperatures 
corresponding to the 10%, 50% and 90% of toluene conver-
sion over LaMnO3 and LaFeO3 at different total flow rates 
of the reaction mixture are shown in Table 3. For compari-
son purposes, Table 3 also contains T10, T50 and T90 for the 

commercial Pt-Al2O3 catalyst that served as a benchmark. 
The characteristic value of T50 for the LaMnO3 catalyst is 
456–481 K, while for LaFeO3, it is between 481–506 K, 

Fig. 10   Catalytic performance of (a) LaMnO3 and (b) LaFeO3 at dif-
ferent temperatures and total flow rates of reaction mixture

Fig. 11   Comparison between experimental data (points) and val-
ues predicted by the 1D pseudo-homogeneous model (lines) for (a) 
LaMnO3 and (b) LaFeO3 catalyst

Table 3   Comparison of the activities of perovskite catalysts and com-
mercial Pt-Al2O3 catalyst based on T10, T50 and T90 at different total 
flow rates of the reaction mixture

a Data for the commercial Pt-Al2O3 were taken from (Duplancic 2018)

v0, cm3 min−1 138 92 46 23

LaFeO3 T10, K 477 474 460 453
T50, K 506 502 492 481
T90, K 545 540 520 505

LaMnO3 T10, K 450 450 435 425
T50, K 481 477 462 456
T90, K 515 500 485 471

Pt-Al2O3
a T10, K 397 393 384 378

T50, K 411 404 396 387
T90, K 423 415 403 393
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depending on the total flow of the reaction mixture (or 
space time). Comparing the T90 values obtained with per-
ovskite catalysts and commercial Pt-Al2O3, it can be seen 
that LaMnO3 achieves 90% conversion at temperatures that 
are 78–92 K (depending on the total flow rate) higher than 
that for Pt-Al2O3, while in the case of LaFeO3, these differ-
ences are even more pronounced (112–125 K, depending 
on total flow rate). These temperature differences indicate 
that perovskite catalysts have poorer catalytic properties in 
the catalytic oxidation of toluene in comparison to the com-
mercial Pt-Al2O3 catalyst. However, a possible strategy to 
further improve activity of perovskite catalyst for toluene 
oxidation involves incorporating or impregnating a precious 
metal such as Pt or Pd into its structure, as shown by Gie-
beler et al. (Giebeler et al. 2007).

The higher activity of the LaMnO3 compared to LaFeO3 
origins from different Mn species as described previously 
based on the characterization results, i.e. XRD (Fig. 1), 
H2-TPR (Fig. 6) and Raman analysis (Fig. 7). Therefore, 
the results obtained by comparing the catalytic activity of 
two perovskites for toluene oxidation are consistent with the 
results of their characterization.

Although the presence of highly dispersed oxide phases 
with reduced crystallinity and medium crystallite size is 
not desirable, the presence of LaMn2O5 on the surface of 
LaMnO3 crystallites leads to the improved catalyst activity. 
In addition, the co-presence of LaMn2O5 provides a syner-
gistic effect, i.e. improves the reducibility of the catalyst, 
promotes the formation of abundant lattice oxygen and thus 
improves catalytic activity for the oxidation of toluene. 
Based on the results of the particle size distribution (Fig. 9, 
Table 2) it is confirmed that the oxidation of toluene is a 
structure-sensitive reaction, like the oxidation of benzene 
(Garcia et al. 2014).

Pseudo‑homogeneous one‑dimensional (1D) model 
of the fixed‑bed reactor

Evaluations of experimental data and theoretical values pre-
dicted by the applied mathematical models are graphically 
shown in Fig. 11a for the LaMnO3 and in Fig. 11b for the 
LaFeO3 catalyst. A very good agreement between simula-
tion and experimental data was attained, demonstrating that 
applied mathematical model produced acceptable outcomes 
for the catalytic oxidation of toluene in the described experi-
mental settings. The values of the estimated rate constants, 
k and the root-mean-square deviations, SD at different tem-
peratures are assumed in Table 4 for both catalysts. The 
activation energies, EA and frequency factors, Ar calculated 
from the Arrhenius plots (not shown here) are also reported 
in Table 4. The obtained EA values are 83.71 kJ mol−1 and 
99.16 kJ mol−1 for the LaMnO3 and LaFeO3, respectively. 
Similar, but higher values of activation energies ranging 

from 126 to 164 kJ mol−1 are reported for LaBO3 (B: Mn, 
Fe) perovskites prepared using a three-step reactive grinding 
process (Heidinger et al. 2019). Obviously, the perovskite 
with a lower EA value exhibits the better catalytic perfor-
mance for toluene oxidation.

Conclusions

The study deals with catalytic oxidation of toluene over 
LaMnO3 and LaFeO3 perovskite type catalysts prepared by 
Pechini method. It is observed that LaMnO3 displays better 
catalytic activity for toluene oxidation which is attributed 
to its physico–chemical properties determined by different 
instrumental techniques. According to the obtained results, 
LaMnO3 contains different Mn species and oxygen vacan-
cies which are probably critical in maintaining the high 
activity and stability. Different Mn species are confirmed 
by XRD and H2-TPR analysis, while oxygen vacancies that 
outcomes from the broadening of vibrational bands are con-
firmed by Raman analysis. The Raman spectrum of LaMnO3 
also showed the contribution of additional phase, such as 
monoclinic LaMn2O5. The coexistence of LaMn2O5 and 
LaMnO3 causes a synergistic action, which results in better 
reducibility of perovskite catalyst, the formation of active 
lattice oxygen and thus improved the activity of the catalyst.

A good agreement of the experimentally observed 
results with the values predicted by the proposed one-
dimensional (1D) pseudo-homogeneous model of the 
fixed bed reactor is achieved, indicating that the proposed 

Table 4   Estimated rate constants at different temperatures for the 
LaMnO3 and LaFeO3 catalyst

T (K) k (min−1) SD × 103

LaMnO3 423 47.17 12.04
448 171.05 5.42
473 1232.16 10.68
488 2858.14 7.71
503 5089.61 2.57
523 8489.34 0.46
573 15,856.69 0.06
Ar = 1.52 × 1012 min−1; EA = 83.71 kJ mol−1

LaFeO3 423 20.13 2.01
448 22.43 1.25
473 185.80 3.07
488 524.35 6.22
503 1399.89 25.34
523 2951.50 6.8
548 7704.09 0.35
573 14,997.18 0.12
Ar = 1. 98 × 1013 min−1; EA = 99.16 kJ mol−1
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model can be successfully applied to describe the experi-
mental system. The calculated apparent activation energies 
for toluene oxidation on the LaMnO3 and LaFeO3 cata-
lyst were 84 kJ mol−1 and 99 kJ mol−1, respectively. The 
lowest apparent activation energy of LaMnO3 is in good 
agreement with its better catalytic behaviour for toluene 
oxidation under conditions employed in this study. Finally, 
based on the obtained results, it follows that LaMnO3 is 
a potential catalyst for the catalytic oxidation of volatile 
organic compounds in real systems.
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