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Abstract: LaBO3 (B: Mn, Fe) perovskites were synthesized using a three-step reactive grinding
process followed by a calcination at 400 ◦C for 3 h. The three successive steps are: (i) solid state
synthesis (SSR); (ii) high-energy ball milling (HEBM); (iii) low-energy ball milling (LEBM) in wet
conditions. The impact of each step of the synthesis on the material characteristics was deeply
investigated using physico-chemical techniques (X-ray diffraction (XRD), N2-physisorption, scanning
electron microscopy (SEM), transmission electron microscopy (TEM), temperature-programmed
reduction (H2-TPR), X-ray photoelectron spectroscopy (XPS)) and the catalytic performances of the
synthesized materials were evaluated for the toluene total oxidation reaction. Starting from single
oxides, microcrystalline perovskite phase, exhibiting negligible surface areas, is obtained after the
SSR step. The HEBM step leads to a drastic reduction of the mean crystal size down to ~20 nm,
along with formation of dense aggregates. Due to this strong aggregation, surface area remains
low, typically below 4 m2

·g−1. In contrast, the second grinding step, namely LEBM, allows particle
deagglomeration resulting in increasing the surface area up to 18.8 m2

·g−1 for LaFeO3. Regardless of
the perovskite composition, the performance toward toluene oxidation reaction increases at each step
of the process: SSR < HEBM < LEBM.

Keywords: volatile organic compounds; catalytic oxidation; perovskite; reactive grinding; toluene

1. Introduction

Volatile organic compounds (VOCs) are responsible of important environmental and health issues
such as greenhouse gas effect, tropospheric ozone accumulation or CMR (carcinogenic, mutagenic or
reprotoxic) behavior on animals and human beings. Those chemicals are generated from both natural
and anthropogenic sources, the latter being the most significant. Industry is a major contributor to
the VOC emissions, with a huge consumption of chemicals, especially benzene, toluene and xylene
(BTX) mainly used as precursors or organic solvents [1,2]. Toluene is, for example, a potential CMR
and has consequent greenhouse power [3,4]. Professional exposure limits have been set up to protect
workers with respectively 50 and 100 ppmv values for the long- and short-term exposition for the
European Union [5]. Over the last two last decades, VOC emissions have been highly reduced to
fit the stringent environmental regulations [2,6]. While chemical substitution has to be privileged,
this alternative is difficult to adapt to industrial processes which are already well-optimized. Then,
catalytic oxidation processes as a post-treatment solution, play a major role in VOC emissions control
with attractive characteristics: limited energy consumption as well as complete and selective elimination
of pollutants. Supported noble metal catalysts are active catalysts even at low temperature [7] but they
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generally suffer from a deactivation over time by poisoning [8,9]. Increasing the cost and rarefication
of these resources limit their wide use [10]. Alternatives to noble metal catalysts are transition metal
oxides, being of lower cost and some of them showing interesting catalytic performances in oxidation
reactions [11,12]. Among them are perovskites-like mixed oxides, commonly described by the general
formula ABO3 where A is an alkaline, an alkaline earth or a rare-earth cation and B is a transition
metal. With numerous possible A and B associations, properties of perovskite-like materials can be
fine-tuned regarding the targeted application [13–15]. Properties of perovskites are closely related to
their synthesis method [16–18]. Parameters being identified as crucial are specific surface area (SSA),
crystal domain size and transition metal surface accessibility, all parameters having an effect on cation
reducibility and then on catalytic activity. Among the different compositions, LaMnO3.15 and LaFeO3

are of particular interest. LaMnO3.15 shows excellent catalytic performances related to MnIV/MnIII

mixed valence stabilized in the structure (charge neutrality being reached with cationic vacancies).
Considering a lower reducibility of the iron cations in the crystal (leading to a lower activity than those
of the Co- and Mn-counterparts), LaFeO3 is far less studied, except for high temperature application
due to its good stability [14].

As the important parameter that directly impacts the catalytic activity is the specific surface
area. While solid state reaction route produces material with low specific surface area, not ideal
in view of a catalytic application, solution-mediated synthesis routes give access to materials with
better textural properties, but they can hardly be considered as a sustainable solution because of the
consumption of solvent. On the other hand, reactive grinding (RG) is a common approach used in
metallurgy that shows attractive features such as flexibility, low temperature, atmospheric pressure,
no use of solvents (or in a small amount) [19,20]. Reactive grinding has then already been proved
to be efficient to produce catalysts such as MnO2, several hexaaluminates and perovskites [21–24].
In this work, nanocrystalline LaMnO3 and LaFeO3 perovskites-type mixed oxides, exhibiting high
specific surface areas, are obtained by a three-step reactive grinding synthesis. The selected synthesis
sequence consists in: (1) a solid-state reaction step, starting with selected single oxides to obtain the
perovskite phase, (2) the structural modification (crystal size decrease) with high-energy ball milling
(HEBM) step, and finally, (3) a low-energy ball milling (LEBM) for surface area development. Solids
are characterized at each step of the synthesis, and catalytic performances as well as stability behavior
of LaMnO3.15 and LaFeO3, are reported for the toluene total oxidation reaction.

2. Results

2.1. Physico-Chemical Characterization

2.1.1. Structural Properties Evolution upon Grinding

X-ray diffractograms obtained for LaMnO3.15 and LaFeO3 materials, after each step of the synthesis,
are shown in Figure 1. In the case of LaMnO3.15, after solid state synthesis step (LaMn_SSR), intense
and narrow diffraction peaks that match with the LaMnO3.15 reference pattern (PDF#50-0298) of
rhombohedral structure are observed. In addition to the main perovskite phase, weak remaining peaks
(2θ = 26.2◦, 27.9◦, 29.2◦, 29.9◦, 36.1◦, 39.6◦, 46.1◦, 55.5 or 59.9◦) are also observed. These reflections
are associated to unreacted oxide precursors and derived phases: La2O3 (PDF#74-2430), La(OH)3

(PDF#36-1481) and Mn3O4 (PDF#18-0803). However, these reflections, weak in intensity, suggest
that most of the material consists in crystalline perovskite. After the high energy ball milling step,
diffractogram recorded for LaMn_HEBM shows the comparable reflections, nonetheless the peaks are
less intense and broadened. In addition, the peaks associated to the unreacted phases disappeared.
This kind of evolution was already reported in previous works [22,25], and corresponds to a significant
decrease of the coherent crystal domain. After the second step of grinding, namely low energy ball
milling (LEBM performed in wet conditions), the obtained diffractograms are very similar to that
obtained for the LaMn_HEBM sample. No significant evolution, neither for the phase detected nor
the intensity/width of the reflection, can be observed. Comparable evolution of the Fe-containing



Catalysts 2019, 9, 633 3 of 18

perovskite diffractograms with the synthesis step is observed. Initially, LaFe_SSR displays LaFeO3

perovskite-type phase (PDF#37-1493, Orthorhombic crystal structure) in addition to La(OH)3 (peaks at
2θ = 27.4◦, 28◦, PDF#36-1481) and Fe2O3 (peaks at 2θ = 33.2◦, 35.6◦, PDF#33-1481) impurity phases.
After the HEBM step, perovskite reflection broadening is observed, in addition to the disappearance of
reflections ascribed to unreacted phases, and finally, after LEBM step, a comparable diffractogram to
that obtained previously is obtained.
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Figure 1. Diffractograms obtained for LaMnO3.15 (A) and LaFeO3 (B) after each synthesis step. SSR:
solid state reaction, HEBM: high-energy ball milling, LEBM: low-energy ball milling. Bottom of the
figure: vertical bars are for cited JCPDS reference. #, La2O3; ‡, Mn3O4; ,, La(OH)3; ♦, Fe2O3.

Crystal domain sizes were estimated using the Scherrer equation after correction for instrumental
broadening. The obtained values are summarized in Table 1. Starting with micrometric crystals for the
SSR-derived materials the crystal size drops down to a value in the size range of 14 to 22 nm depending
on the perovskite composition and milling step. In that respect, the HEBM step induced a significant
decrease of the crystal size attesting in that way that the energy transferred by the grinding induces
a particle breakage. On the contrary, no significant modification of the crystal domain size could
be observed after LEBM showing that this low-energetic wet milling process precludes additional
decrease of the crystals. Interestingly, the B-metal nature did not have a significantly impact on the final
crystal domain size which ranged in the 15–20 nm interval in line with a previous work reported in the
case of Mn-containing perovskites [22] and slightly above the values reported by Gashdi et al. [25] for
La1−xCexCoO3 (11–13 nm). However, in this last reference, the authors did not calcine their materials
for characterization and application purpose that can explain the slightly lower reported values.

Table 1. Structural, textural properties and elemental composition obtained for LaMnO3.15 and LaFeO3

after each synthesis step.

Sample XRD Phase Dcryst (nm) SSA 2 (m2
·g−1) Fe cont. 3 (at.%)

LaMn_SSR P, La2O3, La(OH)3, Mn3O4 >500 1 1.0 0.0
LaMn_HEBM P, La2O3 14 3.5 0.7
LaMn_LEBM P 16 9.9 2.9

LaFe_SSR P, La(OH)3, Fe2O3 >500 1 1.6 -
LaFe_HEBM P, Fe2O3 17 3.4 -
LaFe_LEBM P, Fe2O3 22 18.8 -

P: perovskite, TM: transition metal; 1 estimated by SEM; 2 SSA: specific surface area; 3 measured by X-ray
fluorescence spectroscopy.
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2.1.2. Textural Properties Evolution upon Grinding

N2-adsorption/desorption isotherms over LaFe based samples are presented in Figure 2. The curves
exhibit the same pattern of a type II isotherm, regardless of the material composition and this isotherm
shape is characteristic of materials displaying no significant porosity and the sharp N2 adsorption
occurring at P/P0 above 0.8 is characteristic of external aggregate/particle porosity [26]. The amount of
adsorbed N2 for the SSR material (shown for LaFeO3, Figure 2) is very low, demonstrating a limited
pore volume. After the high-energy ball milling step, an increase of adsorbed N2 was observed but
total volume adsorbed remained relatively low. The impact of the LEBM step on the total N2 volume
adsorbed was more noticeable, as observed in Figure 2, showing that this step will impact the global
porosity of the material, even if it was previously observed to have a very limited effect on the crystal
domain size (Figure 1 and Table 1). As expected, the SSR materials, obtained at high crystallization
temperature, displayed very limited surface areas (Table 1, ranging from 1.0 to 1.6 m2

·g−1). This low
surface area was directly related to the large crystal domain size displayed by the material (Table 1).
After the HEBM step, leading to a significant decrease of the crystal domain size, the surface area slightly
increased to 3.5 m2

·g−1
± 0.1 m2

·g−1 for LaTM_HEBM, samples. Interestingly, the significant decrease
of the crystal size did not promote the SSA of the samples as expected for an increase of the external
surface due to non-interacting low size crystallites. Indeed, taking into account a LaFeO3 having a
mean crystallite size of spherical-shape amounting to 17 nm and a density of 6.65 a theoretical SSA of
53.1 m2

·g−1 was expected. The large discrepancy between the experimental surface area (3.4 m2
·g−1 of

accessible surface to N2) and the theoretical one indicated the formation of nanoparticle agglomerates
displaying very limited porosity. After LEBM, a significant increase of the SSA was observed despite
the absence of crystal domain size evolution during the milling. Then, LaFe_LEBM displayed a surface
area of 18.8 m2

·g−1 five time larger than the parent one. Such evolution demonstrated that the LEBM
is acting mostly on the morphology of the aggregates present in the material. Two phenomena can
be the origin of the SSA increase: (i) the decrease of the agglomerate size (deagglomeration process),
(ii) formation/stabilization of a new porosity in the formed agglomerates [21,27]. However, it is very
difficult to conclude on the impact of each phenomenon on the total surface increase, based only on N2

physisorption results.
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Figure 2. N2-Physisorption isotherms recorded for LaFeO3 samples after each step of synthesis.

2.1.3. Morphology Evolution upon Grinding

Evolution of the morphology of the LaTM perovskite after each synthesis step was observed
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). It should be
noted that similar observations hold whatever TM is concerned. As an example, the corresponding
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SEM images for LaMn based samples are given in Figure 3a–c. The SSR sample, synthesized at high
temperature (1100 ◦C), exhibited large hexagonal particles of different sizes, most of them being above
500 nm large and agglomerated. After HEBM, the morphology of the material consisted in small
particles aggregated into large objects of about one micron in size. Then, the HEBM step allowed us to
reduce the elementary crystallite size, which was consistent with the observed evolution from X-ray
diffraction (XRD) analysis.
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TEM analysis, presented in Figure 3d–f for LaFe-based samples, allowed us to observe the
elementary particles (Figure 3e) which ranged from 10 to 40 nm. These sizes were in accordance
with the XRD results, while the low surface area determined after the HEBM can be explained by the
formation of dense, poorly porous, aggregates. When the material is subjected to LEBM, no significant
modification of the large-scale morphology could be observed by SEM. Indeed, only aggregates of
small nanocrystals were detected (Figure 3c). However, observation of the sample by TEM evidenced
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the formation of lower size aggregate/elementary particles despite the elementary particles remaining
of comparable size than for the HEBM-derived material. As already concluded from XRD analysis, the
LEBM step did not allow crystal size (as confirmed by TEM analysis, Figure 3f) to decrease, but seemed
to allow the deagglomeration of the particles, leading in fine to the production of a material with higher
SSA than after the HEBM step (Table 1). The Scheme 1 summarizes the role of the individual process
steps, with the main characteristics of the perovskite obtained.
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2.1.4. Evolution of Transition Metal Reducibility upon Grinding

Iron contamination is classically observed as a direct consequence of the grinding process [17,21,28]
and has been estimated for LaMn samples (Table 1). Values staying below 3.0 at.% are reasonable even
if an impact on the catalytic properties cannot be excluded, as already observed for MnOx [21].

Temperature-programmed reduction (H2-TPR) profiles of LaMnO3.15 (A) and LaFeO3 (B) materials
are shown in Figure 4. Quantification of consumed hydrogen and temperatures at maximum hydrogen
consumption are listed in Table 2.
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Table 2. H2-TPR results for LaMnO3.15 and LaFeO3 samples.

Sample T1,max (◦C) T2,max (◦C) H2 Uptake 1 (mmol(H2)·g−1) TM AOS 2

LaMn_SSR 512 882 1.04 (2.63) 3.3
LaMn_HEBM 390 806 1.54 (3.02) 3.4
LaMn_LEBM 404 845 2.09 (3.14) 3.4

LaFe_SSR 523 - 0.89 2.4
LaFe_HEBM 490 - 0.92 2.5
LaFe_LEBM 489 - 1.18 2.6

TM: transition metal; 1 H2 uptake from the low temperature (LT) consumption peak domain, total uptake being into
brackets; 2, calculated for LaMnO3.15 from the total H2 uptake assuming a complete reduction up to Mn(+II), and
calculated for LaFeO3 from the LT H2 uptake and assuming a reduction to Fe(+II) during this LT process, assuming
bulk La/MT ratio of 1.

Reduction of LaMnO3.15: the H2 consumption profile displays 2 main peaks for all the LaMn based
catalysts. Overall, the Mn(+IV) and Mn(+III) entities initially present in the perovskite structure were
reduced to Mn(+II). According to the literature, the two H2 consumption peaks can be ascribed to
the consecutive Mn(+IV)→Mn(+III) and the Mn(+III)→Mn(+II) reductions [29,30]. Regarding the
LaMn_SSR sample, these peaks were located at ~510 ◦C (shoulder: ~590 ◦C) and ~880 ◦C. Comparatively,
for the LaMn_HEBM sample there was a lowering in terms of initial H2 consumption temperature as
well as of the position of the peak maximum indicating an enhancement in the reducibility of the sample.
Such improvements in reducibility have been already observed for the reduction of LaCoO3 [17]
and have been interpreted in terms of a decrease of the crystal domain size. Finally, the reduction
profile of LaMn_LEBM is globally comparable to that for LaMn_HEBM. However, it was now found at
low temperature a new H2-consumption shoulder. This observation indicates that the LEBM plays a
beneficial role in promoting the reducibility of the sample through particle deagglomeration. The Mn
AOS estimated from the global H2 uptake gave a value of 3.4 (±0.1) in line with a LaMnO3.15 phase
detected by XRD.

Reduction of LaFeO3: as for the Mn-based materials, two reduction steps were observed on the
reduction profile of Fe-based samples. The hydrogen consumption profile registered over the LaFe_SSR
sample shows one first reduction peak, with a maximum consumption at 520 ◦C. A second hydrogen
consumption was observed to start at T > 750 ◦C, and is not achieved at the end of the experiment, i.e.,
at 1000 ◦C. According to the literature [31], and knowing that iron is essentially at the +III oxidation
state in LaFeO3, the two successive steps should be described as:

- Complete reduction of Fe(+III) to Fe(+II), with a possible additional hydrogen consumption of
surface Fe(+II) reduction,

- Reduction of remaining Fe(+II) to Fe(0), and obtaining of La2O3 + Fe(0) individual phases.

Quantification of hydrogen consumed in the first reduction peak, for LaFe_SSR allowed us to
calculate an AOS of 2.4 (considering that the first step is only related to the Fe(+III) to Fe(+II) reaction),
that is consistent with results available in the literature [31]. As observed for the LaMnO3.15 series,
the HEBM step led to a shift of the hydrogen consumption step toward the low temperatures by
30 ◦C with a small additional consumption visible at 410 ◦C. Quantification led to a comparable
value of AOS (Table 2). Finally, the LEBM step does not induce a significant change in hydrogen
consumed and hydrogen consumption position. The only minor modification concerns the low
temperature contribution, and the increase in intensity of the consumption located at 410 ◦C. However,
global consumption always leads to an AOS of 2.5 (±0.1), comparable to the value obtained for the SSR
and HEBM materials. The consumption peak at 410 ◦C can originate from the reduction of surface
FeOx clusters, since Faye et al. reported a comparable temperature of reduction of Fe2O3 highly
dispersed on the surface of LaFeO3 (405 ◦C for the first consumption [31]).



Catalysts 2019, 9, 633 8 of 18

2.1.5. Surface Properties of Materials

X-ray photoelectron spectroscopy (XPS) quantification results are shown in Table 3.
The quantification is based on La 3d, O 1s and Mn 2p or Fe 2p peak areas. The La atomic percentages
are higher than stoichiometry. The lanthanum surface enrichment is often reported for La-based
perovskites [32]. For LaMn_SSR sample, this enrichment can be explained by the presence of La(OH)3 at
the outermost surface. With the disappearance of La(OH)3 in the course of ball milling and the surface
contamination by Fe, the La enrichment became less pronounced for LaMn_HEBM and LaMn_LEBM
samples. An opposite trend was observed over the LaFeO3 samples as a slight La enrichment of the
surface was observed after the HEBM and LEBM steps, a phenomenon that cannot be explained at
this stage considering that TPR experiment, and especially the low contribution reduction at 410 ◦C,
suggesting the formation of surface FeOx cluster species that should have contributed to a decrease in
La/Fe surface ratio.

Table 3. Quantification from X-ray photoelectron spectroscopy (XPS) analysis for LaMnO3.15 and
LaFeO3 samples.

Sample La (at.%) Mn (at.%) Fe (at.%) La/(Fe+Mn) (-) Ototal (at.%) OI (at.%) OII (at.%) OIII (at.%) AOS 1

LaMn_SSR 19.2 9.9 - 2.01 70.9 20.9 44.9 5.2 3.2
LaMn_HEBM 16.4 11.3 n.q. 1.45 72.3 29.4 32.3 10.6 3.8
LaMn_LEBM 16.3 11.5 1.4 1.26 70.7 33.0 32.8 4.9 3.7

LaFe_SSR 14.4 - 9.1 1.58 76.5 30.7 33.2 12.7 -
LaFe_HEBM 19.9 - 10.0 1.99 70.1 32.0 31.7 6.4 -
LaFe_LEBM 19.0 - 11.1 1.71 69.9 33.2 29.5 7.2 -

1 issued from ∆E(Mn 3s) values.

The superposition of the O 1s spectra for the three LaMnO3.15 samples is shown in Figure 5.
Satisfactory peak fitting can be achieved with three components in the three samples. The component
OI at low BE (529.2 eV) is assigned to bulk O2− species [33]. At intermediate BE, the large OII component,
centered at 531.3 eV, is ascribed to several species such as OH−, CO3

2−, O2
2− and/or O− species [34].

The presence of carbonate species is confirmed on the C 1s core level spectra, with a signal located at
289.0 eV. The OIII component, at higher BE (533.3 eV), originates from adsorbed water [35]. The SSR
sample exhibits an intense OII component, which can be related to the presence of La(OH)3 (XRD)
and carbonate surface species. The contribution of this component to the O 1s signal significantly
decreases after the HEBM process and remains rather constant after the LEBM process, in agreement
with the disappearance of the La(OH)3 phase after the ball milling processes. Figure A1 (Appendix A)
shows the La 3d region for LaMnO3.15 samples, the La 3d spectrum being split into a 3d5/2 and a 3d3/2

lines due to the spin-orbit interaction. The magnitude of the multiplet splitting can be useful for the
chemical assessment. While the energy difference between the main peak and its satellite (∆E(La3d)) is
around 3.9 for La(OH)3, the one for La2O3 is higher (4.6 eV) [36]. Therefore the increase in ∆E(La3d)
value observed after the HEBM process suggests a lower La(OH)3 contribution to the La3d signal,
in agreement with the XRD results and O 1s spectra analysis. Mn 2p spectra (Figure A1) show two
main peaks corresponding to the spin–orbit split of 2p3/2 and 2p1/2 levels, while the weak signal at
lower BE from the main peak is assigned to the satellite of the 2p1/2 peak. The 2p3/2 peak satellite is not
noticeable because it overlaps with the 2p1/2 peak. Mn 2p3/2 peak has its maximum at BE of 641.6 eV
for the three LaMnO3.15 samples. This BE value is intermediate between those recorded for Mn2O3

and for MnO2 [37], confirming the presence of a mixture of Mn3+ and Mn4+ species in the LaMnO3.15

samples. In order to estimate the proportion of Mn3+ and Mn4+ species, the Mn 3s core level has
been studied. The superposition of Mn 3s spectra is shown in Figure 5. Two peaks, originating from
the coupling of non-ionized 3s electron with 3d valence-band electrons [38], are distinguished. From
the energy difference between the two peaks, ∆E(Mn 3s), it is possible to estimate the Mn AOS [39].
A significant decrease in ∆E(Mn 3s) value was observed from LaMn_SSR to LaMn_HEBM sample,
and then remains stable for LaMn_LEBM sample (Figure 5). Therefore, the HEBM process resulted in
a pronounced increase in Mn AOS on the material surface from 3.2 to 3.8, while the LEBM process
does not induce significant additional change (Table 3). The surface AOS (obtained by XPS, Table 3) is
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identical to the bulk AOS (obtained by TPR, Table 2) for the LaMn_SSR material. However, while the
bulk AOS was not affected during the HEBM and LEBM steps, it is evident from the XPS results that
these steps result in an oxidation of the surface Mn ions.
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Figure 5. High-resolution spectra of O 1s and Mn 3s core level spectra for LaMnO3.15 samples: (a) SSR,
solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling.

XPS results obtained for the LaFeO3 samples are presented in Figure 6. The superposition of the
O 1s spectra is shown in Figure 6. As previously observed for Mn-based samples, the same three
components can be extracted from the O 1s signal. However, the component contributions to the O 1s
signal are not significantly impacted by the ball milling process, since the OI to OII component ratio is
similar regardless the synthesis step. Figure A2 shows the La 3d region obtained for the LaFe samples.
∆E(La 3d) values remains constant for the three samples: the multiplet splitting amplitude of ~4.2 eV
confirms the oxide form. Figure 6 shows the curve fitted Fe 2p spectra. Indeed, the similarly to Mn 2p
spectra, Fe 2p signal presents multiplet structures which can be fitted in order to resolve the surface
iron state. The Fe 2p spectral fitting parameters of Fe2O3 compound proposed by Biesinger et al. [37],
i.e., binding energy, percentage of total area, full width at half maximum and spectral component
separation, have been used to simulate the Fe 2p signal. The good concordance between the fitted
integration and the Fe 2p experimental envelope suggests that iron species are mainly in +III oxidation
state, as it is often described in the literature.
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Figure 6. High-resolution spectra of O 1s and Fe 2p core level spectra for LaFeO3 samples: (a) SSR,
solid state reaction; (b) HEBM, high energy ball milling; (c) LEBM, low energy ball milling.
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2.2. Catalytic Performances

2.2.1. Catalysts Activity

Catalytic performances of materials were evaluated in the toluene total oxidation reaction.
Conversion versus reaction temperature curves are shown in Figure 7. As first remark, reactions
performed with different LaFe samples lead to the production of only CO2 and water as products,
while benzene traces (not quantifiable) appear as a byproduct during reactions over LaMn samples,
for high conversion value (X > 50%). Consequently, conversions plotted in Figure 7 refer to selective
conversion into CO2.
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Figure 7. Toluene conversion curves obtained for LaMnO3.15 (A) and LaFeO3 (B) samples: (a) SSR,
solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling. Conditions:
200 mg of catalyst, 100 mL·min−1 of 1000 ppmv C7H8 in synthetic air (20% O2 in N2).

LaMn_SSR and LaFe_SSR (straight lines) show low performances for the toluene oxidation
reaction with 39% and 13% toluene converted in CO2 at T = 330 ◦C, respectively. After the high-energy
ball milling process, far better performances were obtained with a shift of the light-off curves toward
the lower temperature by −39 ◦C (LaMn_HEBM) and −52 ◦C (LaFe_HEBM). Samples from the second
step of grinding at low energy showed even better performances with additional shifts toward the
lower temperature by −12 ◦C for LaMn_LEBM, and by −40 ◦C for LaFe_LEBM. T10, T50 and T90 values,
reflecting the catalytic performances of each materials are given in Table 4. The following ranking of
activity was obtained:

Table 4. T50 values and kinetics data obtain from light-off curves of LaMn and LaFe samples.

Sample T10 (◦C) T50 (◦C) T90 (◦C) Activity 1

(mmol·s−1·m−2) Ea 2 (kJ·mol−1) A0
3 (s−1)

LaMn_SSR 290 / / / 126 3.2 × 1012

LaMn_HEBM 251 283 317 8.68 × 10−6 146 2.6 × 1013

LaMn_LEBM 242 271 295 6.41 × 10−6 140 5.0 × 1013

LaFe_SSR 325 / / / 164 3.6 × 1011

LaFe_HEBM 273 301 323 2.44 × 10−6 155 6.5 × 1012

LaFe_LEBM 234 261 283 5.39 × 10−6 137 8.7 × 1013

1 determined at T = 250 ◦C; 2 determined in the range X(%) < 20%; 3 extrapolated using the Ea average value.

LaFe_LEBM > LaMn_LEBM > LaMn_HEBM > LaFe_HEBM > LaMn_SSR > LaFe_SSR
Then, and as easily observed in Figure 7, the most active materials are LEBM-derived solids. It is

interesting to note that LaFe_HEBM is little more active than LaMn_HEBM, while in the literature,
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a reverse order is generally reported even at low temperature (CO [11,15]) and at high temperature
(CH4 [15,40]). However, when analyzing the normalized activities (per surface unit), the activity
ranking becomes:

LaMn_HEBM > LaMn_LEBM > LaFe_LEBM > LaFe_HEBM >> LaMn_SSR > LaFe_SSR
This result clearly demonstrates that the Mn-containing formulation are little more active than the

Fe-containing ones, in line with the more important reducibility of manganese as determined by TPR
(Figure 4) and demonstrating a lower temperature of activation for the Mn(+IV)/Mn(+III) redox couple
than for the Fe(+III)/Fe(+II) redox couple.

Figure 8 shows the Arrhenius plots drawn from conversion curves at X < 20%, assuming a first
order toward toluene concentration and a zero order toward oxygen. Activation energies, estimated
from Arrhenius plots slopes, are reported in Table 4. Calculated activation energies for the toluene
oxidation over LaMn samples show values comprised between 126 and 146 kJ·mol−1. Calculated
activation energies for the reaction over LaFe samples oscillated from 137 to 164 kJ·mol−1 respectively.
Considering the precision of the measure, i.e., light off curve measurement, whole materials display
comparable Ea, at an average value of 145 kJ·mol−1 suggesting a comparable oxidation mechanism for
LaFe- and LaMn-containing formulation and whatever the synthesis step (SSR, HEBM, LEBM). Similar
activation energy values had been reported for La1−xCaxBO3 (B = Fe, Ni) systems by Pecchi et al. [41].Catalysts 2019, 9, x FOR PEER REVIEW 12 of 19 
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Figure 8. Arrhenius plots obtained at X < 20% for the toluene oxidation reaction over LaMnO3.15 (A)
and LaFeO3 (B) samples: (a) SSR, solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM,
low-energy ball milling.

Assuming an average Ea of 145 kJ·mol−1, corrected pre-exponential factor (A0 cor) is re-calculated,
and obtained values are listed in Table 4. A0 cor factors, obtained at constant Ea for all materials,
reflect the evolution in active sites on the catalysts, and when plotted as a function of the surface
area of the solid (Figure 9), this allows us to determine the active site surface density. From Figure 9,
it seems evident that a roughly linear correlation was obtained between A0 cor and materials surface
area. Consequently, the active sites in materials evolves linearly with the surface area. Nonetheless,
LaMn samples showed a slightly higher active site surface density than their LaFe equivalent.
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Figure 9. Evolution of corrected pre-exponential factors with catalyst surface areas. Open symbols:
LaMn-compositions; Full symbols: LaFe-compositions.

2.2.2. Stability Tests

The toluene conversion into CO2 evolution as a function of time are presented in Figure 10 for the
HEBM and LEBM catalysts (T = 285 ◦C; 70 h). Both LaMn based catalysts show a rapid deactivation in
the five first hours before to slightly linearly deactivate with time. The activity coefficient a285 (see
experimental part) are rather similar for both catalysts amounting to 0.66 and 0.64 for LaTM_HEBM
and LaTM_LEBM catalysts, respectively. This likely indicates that the LEBM treatment has no effect on
the stability of the catalyst on stream. By opposition, a good stability for the LaFe-based catalysts was
found over time in terms of toluene conversion into CO2. It should be noted that, for all catalysts, it is
found neither phase transformations nor crystallite size increase by XRD. Furthermore, the SSA keeps
unchanged after the stability test considering the margin of uncertainties.
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Figure 10. Stability experiments of LaMnO3.15 (A) and LaFeO3 (B) samples. Conditions are: 200 mg
of catalyst exposed to 1000 ppmv C7H8 in 100 mL·min−1 of synthetic air (20% O2 in N2) for 70 h at a
constant temperature of 285 ◦C. HEBM, high-energy ball milling; LEBM, low-energy ball milling.

Behar et al. have shown that the total oxidation of toluene can be easily described by a Mars–van
Krevelen model when Cu-Mn mixed oxide is used as catalyst [42]. In this model the toluene is oxidized
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by the catalyst and not directly by the gaseous oxygen, and the role of gaseous oxygen was in restoring
and maintaining the oxidized state of the catalyst. The oxidized state of the LaMn_LEBM after the
stability experiment was studied by means of H2-TPR and XPS analyses. Figure 11A shows the
comparison between the two H2-TPR profiles obtained on the fresh and used LaMn_LEBM catalysts.
It can be clearly seen that, for the used LaMn_LEBM sample, the shoulder at low temperature (280 ◦C)
disappeared, suggesting that some Mn species in a high oxidation state (Mn(+IV)) are reduced during
the stability test. Similarly, the analysis of the Mn 3s photopic (Figure 11B) shows an increase in the
peak splitting ∆E(Mn 3s) value, from 4.64 eV for fresh LaMn_LEBM to 4.91 eV for the used one, which
demonstrates a decrease in the Mn AOS value (from 3.7 to 3.4) after the stability experiment. Therefore,
the deactivation observed for LaMn_LEBM catalyst could be related to the decrease in Mn AOS, the step
of reoxidizing the reduced catalyst with gaseous oxygen being most likely the rate-determining step.
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Figure 11. Comparison of (A) H2-TPR profiles and (B) XPS high resolution spectra of Mn3s obtained
for the fresh and used LaMn_LEBM catalysts.

3. Materials and Methods

3.1. Synthesis

Perovskite-type mixed metal oxides LaMO3 (M = Mn or Fe) were synthesized by a three-step
reactive grinding process:

- STEP 1, Solid state reaction—SSR: oxide precursors (La2O3 and Mn2O3 or Fe3O4) were
homogeneously mixed in such a way as the molar La:B be equal to 1.0 and calcined for 4 h at
1100 ◦C under static air atmosphere to obtain the perovskite phase (confirmed by XRD analysis).
Materials produced at this step were LaMn_SSR and LaFe_SSR.

- STEP 2, High-energy ball milling—HEBM: a first high energy milling step was performed for
90 min (SPEX 8000D grinder with stainless steel equipment and balls (ø 1 × 11 mm, 2 × 12.5 mm),
under static air atmosphere) at a revolution frequency of 17.5 Hz (1060 cycle·min−1).

- STEP 3, Low-energy ball milling—LEBM: a second low energy ball milling was performed for
120 min (Union Process’ Svegvari attritor with stainless steel equipment and balls (ø 5 mm), with
addition of a small amount of water (0.4 mL per g of material)) at a rotation speed of 450 rpm.
The muddy sample was recovered using 500 mL of water and dried at 150 ◦C overnight.

Materials taken from step 2 and 3 are calcined for 3 h at 400 ◦C prior to characterization and
catalytic performance evaluation, and are respectively named LaM_HEBM and LaM_LEBM.
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3.2. Physico-Chemical Characterizations

The physicochemical properties of the materials were evaluated after each steps of the synthesis.
Diffractograms are recorded on a Bruker D8 apparatus, using the CuKα radiation (λ = 1.54059 Å).
Data were collected for 2θ between 10◦ and 80◦, with an increment of 0.05◦ and an integration time of
1.0 s at each step. Diffractograms were indexed using references PDF database. Crystallite mean sizes
are calculated using the Scherrer equation: Dcryst = (k·λ)/(β·cosθ), where k and β are respectively the
shape factor (~0.9) and the corrected full width at half maximum. N2-physisorption experiments were
collected on a Micromeritics Tristar II porosity instrument. A known mass of catalyst was degassed at
150 ◦C under vacuum for 6 h. Isotherms were registered at a temperature of −196 ◦C and SSA were
determined from the adsorption branch in the 0.05–0.30 P/P0 range with the Brunauer–Emmett–Teller
(BET) equation. SEM images were acquired on a JOEL JSM 5300 microscope equipped with EDXS
module, allowing elemental quantification. Samples were previously put on a carbon tape and
coated with graphitic carbon to reduce charging effect. TEM images were registered on a MET FEI
Tecnai G2-20 twin microscope equipped with LaB6 source and providing an electron beam with
an acceleration voltage of 200 kV. Samples were dry-deposed on a copper grid without any other
treatment. Temperature-programmed reductions were operated on a Micromeritics AutoChem II
2920 chemisorption analyzer. A catalyst mass, fixed to ~40 mg, was inserted in a quartz reactor and
degassed under inert gas. A flow of 5 vol.% H2/N2 was stabilized at a total flow rate of 50 mL·min−1,
and the catalyst was heated from 40 ◦C to 900 ◦C at a temperature increase rate of 10 ◦C·min−1 (K and P
parameters respectively of 88 s and 15 ◦C). X-ray photoelectron spectroscopy analysis was carried out
using a Kratos AXIS Ultra DLD apparatus with a monochromated Al Kα (1487 eV) source. Processing
was performed using CasaXPS software, spectra being energy-corrected according to the main C 1s
peak positioned at 284.8 eV.

3.3. Catalytic Activity Measurements

Catalytic performances were evaluated in the gas phase toluene oxidation reaction. A mass of
catalyst equal to 0.200 g was positioned in a fixed bed reactor and was heated from 25 ◦C to 330 ◦C
for30 min (2 ◦C·min−1) under synthetic air flow. Then, the reaction flow, composed of 1000 ppmv
of toluene diluted in synthetic air, was stabilized at a flow rate of 100 mL·min−1 (given a Weight
Hourly Space Velocity of 30,000 mL·h−1

·g−1) and the reactor temperature was allowed to decrease
from 300 ◦C to 150 ◦C at a constant temperature decrease rate of −0.5 ◦C·min−1. Stability experiments
were performed during 70 h at a constant temperature of 285 ◦C. Exhaust gases were analyzed by gas
chromatography and the results were expressed in terms of toluene conversion into carbon dioxide:
X(%) = 100·[CO2]out/(7·[C7H8]in). To quantify the resistance against deactivation an activity coefficient
a285 was defined as the ratio between the toluene conversion after 70 h reaction to that at initial time.

4. Conclusions

Mn- and Fe-containing perovskite were synthesized by a three-step reactive grinding process
followed by calcination at 400 ◦C for 3 h. The reactive grinding process involved a first step resulting
in the obtention of a crystalline perovskite at high temperature (solid state reaction) followed by a
second step of HEBM affording a mean crystal size decrease to end up with a LBEM step performed in
wet conditions for surface area improvement. Nanocrystalline LaMnO3.15 and LaFeO3 were obtained
(crystal size range of 14–22 nm obtained after milling steps). The most efficient LEBM was found for
the LaFeO3 formulation allowing it to reach a SSA of 18.8 m2

·g−1. It was noted that the TM reducibility
was significantly affected by the HEBM step through the lowering of the crystal size leading to a
decrease of the temperature of reduction of the Mn(+IV) and Fe(+III) species. XPS analysis evidenced
the important effect of the grinding steps on the surface composition. Catalytic tests provided evidence
of the importance of the catalyst SSA for the conversion of toluene. Then, while comparable activation
energies were estimated for both perovskite compositions (Mn and Fe), from the overall results it was
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found that: (i) a higher intrinsic activity for the Mn-compositions than for the Fe-compositions due to a
better redox behavior; (ii) a higher weight activity for Fe-compositions due to higher surface areas.
Finally, while Mn-formulations deactivated significantly (−30% after 70 h on stream), far better stability
was reported for Fe-formulations.
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Appendix A

Table A1. Binding energies of LaMnO3.15 and LaFeO3 samples’ XPS components.

Sample
BE (eV)

La3d5/2 Mn2p3/2 Fe2p3/2 O1s 1

LaMn_SSR 834.7 641.6 529.3/531.2/533.0
LaMn_HEBM 834.1 641.6 529.2/531.3/533.3
LaMn_LEBM 833.9 641.7 529.4/531.3/533.5

LaFe_SSR 833.9 710.8 529.3/531.4/533.1
LaFe_HEBM 833.7 710.6 529.0/531.2/532.9
LaFe_LEBM 833.6 709.6 529.2/531.3/533.0

1 values corresponding to OI/OII/OIII type species.
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Figure A1. High-resolution spectra of La 3d and Mn 2p core level spectra for LaMnO3.15 samples: (a)
SSR, solid state reaction; (b) HEBM, high-energy ball milling; (c) LEBM, low-energy ball milling.
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