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Hexane and toluene oxidation on LaCoO; and YCoO; perovskite catalysts
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Solution combustion technique was applied to prepare perovskite-type LaCoO; and YCoO; catalysts supported on
a-Al,05. 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 ABOs. The structure is named
after the naturally occurring mineral perovskite
(CaTiOs) 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 CoOg 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
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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 CoOg 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 LnCoOj3. 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 A. The crystal structure of LaC0O4
is different from all other members of the LnCoO;
series. At room temperature, LaCoOj3 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** ion of
smaller ionic radius by La** induces a chemical
pressure on the CoO; array that allows cooperative
rotations of CoOg 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 LnCoO; 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 LaCoO; 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 LaCoO; and
YCoOgcatalysts supported on o-Al,Os. 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 LaCoO; and YCoO; catalysts
[14,15]. La,O3; (Fluka) or Y,03; (Merck) and
Co(NO:s),.6H,O (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 LaCoO; sample was a single phase, while
YCo00O; showed some residual Y,0;. Single phase
YCo00O; 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 a-Al,O3 (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 CuK, radiation and LynxEye
detector. Measurement range was 10° to 80° 26 with
a step of 0.04° 20. 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®, a-alumina
spherical particles, fraction of 0.9 + 0.1 mm, reactor
diameter of 10.0 mm, quartz-glass, GHSV of 30000
h') were selected after preliminary experiments by
applying GHSV from 15000 h™* to 40000 h™. 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/CO,/O, (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. LaCoO;
and YCoOsperovskites 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:
LaCoO; — 48-0123, YC0O; — 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 LaCoO; and YCoOs, respectively
(Figs. 1a, 2a). The results can be explained by dif-
ferent synthesis conditions needed to produce single-
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phase perovskite materials. Powder XRD patterns of
the catalysts manifested also diffraction peaks of the
a-Al,O3 carrier. Rietveld quantification applied to
the powder diffraction patterns revealed that active
phase amount was 1.5 and 4.8 (+0.4) mass% for
LaCoO; and YCoOs, 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, 2¢).
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Fig. 1. XRD patterns of: a) initial LaCoO; perovskite,
b) LaCoO; deposited on a-Al,Os, and ¢) LaCoOs/a-Al,03
catalytic tests.
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Fig. 2. XRD patterns of: a) initial YCoO; perovskite,
b) YCoO; deposited on a-Al,03, and ¢) YCoO3/a-Al,05
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 pm in size and many
pores exist in the interstice among them. The spe-
cific surface area of both samples is about 10-15
m?/g. A difference in particle morphology is also
seen. For La sample, the shape of the particles is
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predominantly plate-like, while the Y sample exposes
aggregates of small grain-like particles.
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Fig. 3 SEM images of different magnification of the
Al,Os-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, LaCoOs
being more active than YFeOs;. An explanation for
the significant difference in catalytic activity bet-
ween LaCoO; and YCoOj; 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 A for La®" and 1.075 A for Y*" of the
same coordination. For comparison, the ionic radius
of O% is 1.35 A. Several factors have been proposed
to evaluate the stability of the perovskite structures
[17,18]. Based on crystal structure data on LaCoO;
and YCoQg, calculated tolerance factor, being equal
to 1 for ideal perovskite structure, is 1.0112 for
LaCoO; and 0.9049 for YCo00Os. 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]. LaCoOs; 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 LaCoO; and
YCo00O;. The Co-O-Co bond angles in YCo00;
decrease with temperature above the onset of spin
transition in contrast to LaCoOs, where the Co-O-Co
angles constantly increase with temperature. A more
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active catalytic behaviour of LaCoO; can be ex-
plained with less deformed (and less deformable)
crystal structure compared to that of YCoO3;. The
Co-O-Co bond angle of YCo00; 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 CoOg octahedra compared to
lattice expansion. On the other hand, at room tem-
perature the Co-O-Co bond angle in LaCoO; is
about 164° and monotonically increases with tem-
perature, which results in a slightly smaller expan-
sion of the CoOg octahedra with respect to lattice
expansion [21]. Such a different behaviour has been
attributed to a higher symmetry of the LaCoO;
structure compared to YCoO; (Pbnm) [19]. Cata-
Iytic 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.
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Fig. 4. Complete oxidation of toluene and hexane in air
on alumina-supported YCoOj3; and LaCoOs: 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 CO,) 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.
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Fig. 5. ‘Depletive’ oxidation at temperatures for 33%
conversion of toluene.

Following termination of the oxygen supply to
the gas feed, formed amount of CO+CO, 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+CO, 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%) 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-0S-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

PWL Catalyst k, E. m n RSS R’
y — P P YCoO: | 135E+06 | 75656 0.29 0.33 205 | 099
voc ox
LaCoO; | 236E+06 | 78 260 031 0.19 1.79 | 099
LH-DS-ND Catalyst ko E. Ka.vec AH o Ko.ox AHu RSS R’
e kK K P P YCoO; | S41E+06 | 93720 | 271E-03 | -60644 | 240E+01 | -1269 | 3.77 | 0975
“ 1 + K\C(P\GC.}(I + KO.\'P;\’ ’
LaCoO; | 2.74E+07 | 101219 | 7.95E-05 | -77677 | 280E+02 | +7396 | 1.12 | 0992
LH-DS-D Catalyst k, E, Kovec AH o Ko.ox AHg RSS R’
L A2 pli2 YCoO; | 380E+07 | 99839 | 421E-04 | -70751 | 103E-01 | -15724 | 222 | 0985
r — AL“OCROC'AG.\ })OI
’a 1/2pl/2
(1+K_ P, )I+K P ") [LaCoO, | 646E+07 | 104294 | 472E05 | -80584 | 1.12E+00 | -16995 | 0.75 | 0995
LH-0S-ND Catalyst k E. Kover AH,o Koos AH. RSS| R
-~ - Y, g -03 -5 _45 57
L kK K P, P, YCoO; | 5.06E+07 | 97888 | 9.44E-03 51410 | 187E-03 | -45118 | 652 | 0.960
(1+K, B, . +K F.) [LaCoO, | 756E+06 | 87572 | 408E-02 | 45523 | 171E-05 | -73715 | 465 | 0.967
LH-0S-D K E. Kover AH,o Koos AH. RSS| R
- 12 12 YCoO: | 227E+08 | 101208 | 3.87E-03 | -52372 | 630E-04 | -37006 | 241 | 0.984
r - kﬂ\ﬂfko'\' RG(})GI
- 112 /242
(1+K, P, + K, B.")" [ LaCoO; | 949E+07 | 99285 | 437E-04 | -65667 | 197E-01 | -20287 | 1.01 | 0.993

E.. J/mol: AH;. J/mol: k. atm ™ k= ko. exp(-E./RT): K = K; voc.ox)- €XP(=AH; voc0x/RT): AH; = Eqq = Eges)

Figure 6 displays model consistency as a dif-
ference between standard measurement error of con-
version and RSS.
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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
LaCoOs) the obtained value for AH of the oxygen
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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 (LaCoO; and
YCo0O3, supported on a-Al,O3z spherical particles)
were synthesized via sucrose-assisted solution com-
bustion method. Mean crystallite size varied between
63(3) nm for LaCoO; and 88(4) nm for YCoOs.
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. LaCoO; more active catalytic behaviour of
could be explained by less deformed (and less
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OKUCJIEHME HA XEKCAH U TOJIYEH BBPXY LaCoO; 1 YCoO; [TEPOBCKUTOBU
KATAJIM3ATOPU

M. Mapkosa-Benmnukosa*, 11. JIazapoga, I'. UBanos, A. Haiinenos, /1. KoBaueBa
Hucmumym no obwa u neopeanuyna xumus, bvreapcka akaoemusn na nayxume, 1113 Cogus, Bvaeapus.

[ocrermna Ha 18 sayapu 2018 r.; Ilpepaborena Ha 2 mapt 2018 1.
(Pesrome)

IeporckutoBu LaCoO; u YC00O; kaTamuzaTopu 0sixa CHHTE3UPAHH 110 METO/1a Ha M3TapsiHe OT Pa3TBOP U HAHECCHH
Ha a-A1,03 HOCHTEN. DUBMKOXUMUYIHO U MOP(OJIOrHYHO OXaPAKTEPU3UPAHE HA MOIYUYCHHUTEC W PabOTHIIM KaTau-
3aropu Oellle M3BBPIICHO C METOJUTE PEHTreHOBa AM(MPAKIWsS W CKaHWpamaTta eleKTpOHHa MUKpockomus. Karamm-
THYHATA aKTHBHOCT € W3CIIC/IBaHA IO OTHOIICHHE HA ITBJIHOTO OKHCJICHHE Ha BBIVIEBOJAOPOAU (XEKCAaH M TOIYCH).
YCTaHOBEHO €, Y€ XEKCaHBT Ce OKHCIIABAa MO-TPYAHO B CpPaBHEHHE C TOJyeHA. PeakIMOHHHWAT MeXaHU3bM Oelire
M3CJIeBaH ¢ KHHETHYHH TECTOBE U Ype3 OIUTU BhPXY Taka HAPEUCHOTO ,,ICTUICTUBHO“ OkucieHue. [loyaeHure pesyn-
TaTH MOKa3BaT, ye MexaHu3MuTe Ha Emm-Pumuen m Mapc-Ban KpeseneH He ca BeposITHH, a Hal-BHCOKa CTCIICH Ha
MPEBIKIAHE HA OMMTHUTE PE3YJTATH CE MOCTUTa MPH IpWiarane mojena Ha Jlanrmrop-XuHimenyn (AuconuaTHBHA
aJIcopOIHst Ha KUCIOPOJ, PearnpaniuTe BbIIICBOJOPOI M KHCIOPO Ce aacopOupar Ha PasiuvHE aKTHBHU IIEHTPOBE).
OT cpaBHHTEINICH aHAIU3 € YCTAaHOBEHO, Ye Mpodara, ChbpIKalla JaHTaH, IPUTEKaBa [0-BUCOKA AKTUBHOCT, OTKOJIKOTO
Ta3u, ChabpKalla UTpuid. JJuckyTHpaHa e possita Ha pa3IMuHUTE KAaTHOHU B A MO3UIHSI BEPXY CTPYKTYpHHUTE, MOpdo-
JIOTWYHHU M KaTaJIUTHYHH CBOIMCTBA HA IEPOBCKUTOBUTE KATAIN3aTOPH.
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