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Abstract: LaMnOs (LM) catalysts with a molar ratio of citric acid (CA) to metal (La®* + Mn?")
nitrates ranging from 0.5 to 2 (LM0.5 to LM2) were synthesized by the citrate sol-gel method with
the aim of studying the effect of the citric acid ratio on the physicochemical properties and the
catalytic performance in hydrocarbon oxidation. Structural and morphological properties of these
catalysts were characterized by X-ray diffraction (XRD) and specific surface area (N, adsorption)
measurements, while the chemical composition was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-OES). In the selected samples, additional characterizations were
carried out by thermogravimetric and differential thermal analysis (TGA/DTA), Fourier Transform
Infrared Spectroscopy (FT-IR), temperature-programmed reduction by hydrogen (H,-TPR), and X-ray
photoelectron spectroscopy (XPS). The results showed that the amount of citric acid used significantly
influenced the TGA /DTA profile of gels along with the physicochemical properties of the catalysts.
The XRD patterns are consistent with the perovskite formation as the main phase. The segregation
of a small amount of Mn30Oy, detected for molar ratios ranging between 0.5 and 1.5, suggested
the formation of a slightly nonstoichiometric LaMn;_,O3 phase with a relatively high content of
Mn**. The catalytic performance was evaluated in the total oxidation of two selected hydrocarbons,
toluene and propene, which represent typical volatile organic compounds (VOCs). Typically, three
consecutive catalytic cycles were performed in order to reach steady-state performance in toluene and
propene oxidation. Moreover, the stability of the catalysts under reaction conditions was investigated
through 24-h experiments at 17% of toluene conversion. The catalysts LM1.2, LM1.3, and LM1.5
showed the best catalytic performance in both hydrocarbon oxidations, well comparing with the
Pd/Al,O3 used as a reference.

Keywords: LaMnOs perovskite; citric acid /metal nitrates molar ratio; structural and morphological
characterization; toluene and propene total oxidation

1. Introduction

Catalysts based on lanthanum manganites (LaMnQOj3) with a perovskite structure have attracted
wide interest in the last few decades due to their potential application in electrocatalysis and solid
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oxide fuel cells [1-3], as semiconductors thanks to their giant magnetoresistance properties [4], and in
catalysis, especially for NOy removal [5-7] and methane, CO, and VOCs oxidation [8-16]. Since the
early investigations elucidating the peculiar activity of LaMnOs-based perovskites in CO oxidation
and the important role played by oxygen mobility [17], many further studies have been carried out
to elucidate the relationships between the solid-state properties and their catalytic activity. It has
been demonstrated that the introduction of surface defects as well as the modification of surface
features directly affect the properties [18]. The catalytic combustion of acetone, isopropanol, and
benzene have been investigated over LaMnOj3 perovskites, revealing that the presence of surface
oxygen species, easily available and sufficiently mobile, was fundamental to the high catalytic activity
of LaMnOs [19]. A strong correlation between oxygen mobility and the rate of N,O decomposition
was found in Laj_,SryMnOs3 samples prepared by the Pechini route [20]. The highest values of the
content of fast-exchangeable oxygen and oxygen diffusion coefficient were found for a multiphase
sample containing layered perovskite, providing a strong correlation between oxygen mobility and
catalytic activity.

According to these findings, the principal goal, leading to great enhancement of catalytic
properties, is the improvement of the textural properties of LaMnOj3 perovskites, increasing the
exposed specific surface, enhancing the surface and bulk oxygen mobility, and increasing the average
oxidation state of Mn (a higher proportion of Mn*" with respect to Mn3*). Many efforts have
been made to this end, resulting in the development of more efficient synthesis routes, such as
co-precipitation [21,22], complexation [17,23], freeze/spray drying [22,24-26], and sol-gel [27], as well
as explosion processes [28,29] and high-energy ball milling [30,31]. Recently, sol-gel synthesis has
emerged as an attractive technique for the production of high-purity and crystalline oxide powders at
a significantly lower temperature than the conventional synthesis method [32,33].

In a previous work [34], some of us successfully prepared LaMnOj3 perovskite by sol-gel for the
oxidation of toluene, using a CA to total metal ions (La®* + Mn?*) molar ratio fixed at 1.5, whose
catalytic performance was compared to that of other manganese oxide-based catalysts. A good
relationship between the reducibility and high specific surface area and the oxidation performance
was found for the synthesized catalysts.

Based on the results mentioned so far, in the present work the effect of varying the molar
ratio of citric acid (CA) to metal (La®" + Mn?*) nitrates was investigated in order to improve the
physicochemical and catalytic properties of LaMnOs. The prepared samples were characterized by
several techniques, such as X-ray diffraction (XRD), specific surface area (N, adsorption), inductively
coupled plasma atomic emission spectroscopy (ICP-OES), thermogravimetric and differential thermal
analysis (TGA/DTA), Fourier Transform Infrared Spectroscopy (FI-IR), temperature-programmed
reduction by hydrogen (H,-TPR), and X-ray photoelectron spectroscopy (XPS). Oxidation tests on the
catalytic oxidation of toluene and propene, chosen as target VOCs, were carried out. A Pd/Al,O3
catalyst containing 1 wt % Pd was used as the reference for oxidation tests during three cycles.
The stability in toluene conversion over the prepared LaMnQOj; perovskites was further evaluated
through long-term runs (24 h) performed at ~17% of toluene.

2. Results and Discussion

2.1. Characterization

The LaMnO3 samples prepared after calcination at 750 °C were characterized by XRD. Diffraction
patterns are shown in Figure 1 for samples prepared with a low molar ratio of CA to total metal ions
(La®* + Mn?*) (a), medium molar ratio (b), and high molar ratio (c), respectively. The diffraction
lines of the LaMnOs3 phase were in good agreement with those of the reference Lag 951Mng 95103 (PDF
89-8775) with rhombohedral symmetry (space group R-3c), confirming our previous results [27,34].
Moreover, along with the characteristic peaks of the perovskite phase, for molar ratios ranging between
0.5 and 1.5 (see Figure 1a,b), very small features ascribed to the phase Mn3;O, (PDF 2-1062) were
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detected at 20 = 38.5°. At a higher concentration of CA, namely values in the range 1.6-2.0, a small
peak appeared at 26 = 29°, attributed to the LayO3 phase (PDF 5-602), which was in agreement with
the literature [35]. It is worth noting that the XRD patterns of samples from LM1.6 to LM1.8 show
both secondary phases, Mn3Oy4 and La;O3, while La,O3 appeared only in the spectra of LM1.9 and
LM2 (see Figure 1c), with the highest amount being detected at a CA to total metal ions (La%* + Mn?*)
molar ratio of 2.0. The segregation of a small amount of the Mn3O4 phase would suggest the formation
of slightly nonstoichiometric perovskite, with the formula LaMn;_,Os3, where the electroneutrality
of the molecule should be guaranteed by the presence of both Mn** and Mn3* [16,34]. Conversely,
the detection of LayO3 should involve the formation of La;_4MnOs;_; perovskite, where oxygen
vacancies formation is likely more favored than Mn** formation.

Based on the data reported so far, the amount of citric acid used during the LaMnQOj synthesis
may affect the phase stoichiometry of the perovskite and Mn oxidation state.

In Table 1 the crystallite sizes of LaMnO3 phase calculated using Scherrer equations are listed,
along with the specific surface area values and the chemical composition in terms of Mn and La (wt %),
as measured by ICP-OES analysis. The average crystal size varied between 18 and 30 nm, with the
smallest sizes at a CA to total metal ions (La* + Mn?*) molar ratio between 1.1 and 1.5.

The relationship between the surface area and the molar ratio CA to total metal ions (La®* + Mn?2*)
is displayed in Figure 2. LM1.2 possesses the largest specific surface area equal to 26 m? x g~! and
similar values were measured for LM1.1 and LM1.3. For molar ratios between 0.5 and 1.0, the BET
values were in the range 9-12 m? x g~!. On the other hand, the surface area dramatically decreased
from 22 to 5 m? x g~! when increasing the molar ratio from 1.4 to 2.0. It was observed that the
higher the concentration of CA, the higher the heat of combustion of the LaMn(CsHz07)(NO3)3
intermediate species, which should negatively affect the surface area and crystal size of the resulting
LM perovskites [36]. Indeed, when an excess of CA is used, its exothermic decomposition reaction
may cause local hot spots inside the powder, determining a decrease in specific surface area of the
resulting LaMnO3 samples.

Table 1. Chemical composition and textural properties of LaMnOj catalysts as a function of citric acid
(CA) to metal ions (La3*+ Mn 3*) molar ratio.

Samples Mn 1 (wt %) La® (wt %) SSA2(m? x g71)  dxgp ? (nm)
LMO0.5 22.17 56.20 9 26
LMO.6 20.44 55.66 10 25
LMO.7 22.02 55.74 11 22
LMO.8 21.41 56.20 10 25
LMO.9 21.03 56.49 11 21
LM1 21.58 55.42 12 23
LM1.1 21.25 53.5 25 19
LM1.2 21.75 54.8 26 18
LM1.3 21.42 55.23 25 18
LM1.4 21.50 55.1 22 20
LM1.5 21.55 54.6 21 20
LM1.6 21.56 56.41 13 23
LM1.7 21.22 56.20 12 22
LM1.8 22.06 56.30 5 25
LM1.9 20.77 57 6 28

LM2 20.56 56.72 5 30

! La, Mn: mass percentage (wt %) obtained by ICP-OES (inductively coupled plasma atomic emission spectroscopy)
analysis; 2G5A: Specific surface area; 3 dxrp: crystallite size as determined by Scherrer equation.
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Figure 1. X-ray diffraction (XRD) patterns of LaMnO3 samples prepared with low molar ratio of CA to
total metal ions (La®" + Mn?*) (a), medium molar ratio (b), and high molar ratio (c).

30

[
=
|

surface area (ng'l)
o o
] 7]
| |
u
\

L B e e e e e N BB e s e e e e e B S A e e
04 05 0.6 07 0.8 09 1.0 1.1 12 1.3 14 15 16 1.7 1.8 19 2.0 21

CA/(La3++MnZ+) (molar ratio)

Figure 2. Relationship between the specific surface area of the catalysts and the molar ratio of CA to

total metal ions (La®* + Mn?*).

In order to study the thermal stability and crystallization temperature of the catalysts in the
form of dried gels, TGA/DTA analyses were carried out under air flow in the temperature range
25-900 °C. The curves registered for selected samples (un-calcined precursor materials) prepared with



Catalysts 2019, 9, 226 50f17

low, medium, and high CA to total metal ions (La3* + Mn?*) molar ratio, namely LMO0.8 (a), LM1.2
(b), and LM2 (c), are displayed in Figure 3 and compared with those of pure CA (d). For all LM
samples, a weight loss <10% was observed for runs performed between room temperature and ca.
130-155 °C. No weight loss was detected for pure CA, likely due to the residual adsorbed and hydrated
water that may remain in the precursors. This step was followed by two major weight losses (up to
~50-60%) extending between ~200 and 600 °C, corresponding with two exothermic peaks between
250-280 °C and at around 450470 °C. According to the literature [35] and in line with our previous
results [34], in such a temperature range an exothermic reaction between citric acid and nitrates occurs.
Moreover, between 400 and 600 °C the decomposition of both carbonate species, such as lanthanum
and/or manganese oxycarbonate, as well as the residual nitrate species, may occur, leading to the
occurrence of exothermic peaks at ~450 °C. Finally, above 600 °C there was a slight mass decrease,
which was ascribed to the formation of the final perovskite phase. The progressive decomposition of
the LM gels discussed so far was correlated to the TGA /DTA curves of pure CA, taken as the reference.
In such cases, the main weight loss occurred at ~200-280 °C (90%), with an endothermic peak at 220 °C
attributed to the decomposition of the citrate into carbonate and oxycarbonate [37]. Total degradation
related to the decomposition of carbonate species took place at 280-500 °C (weight loss of 10%).
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Figure 3. Differential thermal analysis (DTA) and thermogravimetric analysis (TGA) profiles registered
under air for selected non-calcined precursor materials (dried gel—catalysts before calcination
treatment): (a) LMO0.8, (b) LM1.2, (c) LM2, and (d) pure CA, used as a reference.

By comparing the TGA curves of the LM samples discussed above, we note that the overall weight
loss registered at 900 °C increased as follows: LM0.8 < LM1.2 < LM2, in agreement with the increased
amount of CA used in the preparation.

With the purpose of investigating the chemical and structural changes that took place during
the combustion process, FI-IR spectra of the dried gels (non-calcined precursor materials) and of
the calcined powders were registered in the range from 500 to 4000 cm~!. In Figure 4 the spectra
recorded for the sample LM1.2 are shown. The dried gel showed several absorption bands at about
733, 828,903, 1032, 1280, 1400, 1432, 1595, 1678, 3180, and 3413 cm ! [36,38]. The bands at 3180 and
3413 cm~! are associated with the vibration modes of the O-H groups [38,39]. The bands at 733, 828,
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1032, and 1432 cm ! are assigned to the NO3; ™ anions [36,40]. The bands at 1400, 1595, and 1678 cm !
are due to the carboxylic groups (COO™) [36,38,39] and the bands at 903 and 1280 cm ™! as well as the
abovementioned band at 1032 cm~! could be associated with the C-O stretching mode produced by
the drying process of the citric acid foams [39,40]. After calcination, the bands of NO3~ anions and
carboxylic groups disappeared and bands of the O-H reduced significantly in intensity (see Figure 4).
The disappearance of such bands in the IR spectra of as-burnt powder suggests that the carboxylic
group and NO3~ ions took part in the reaction during calcination. For the calcined catalyst, a strong
band at about 588 cm~! appeared, corresponding to the stretching mode involving the internal motion
of a change in length of the Mn-O-Mn or Mn-O bond, as reported in the literature [41]. The last
band at 588 cm~! and the small band at 849 cm ! could also be associated with the binding of metal
cations, such as La** with OH groups and oxygen atoms, according to the literature [38,39]. Finally,
two bands at 1380 and 1498 cm™! were found after calcination, which are more difficult to assign.
Nevertheless, these two bands may be attributed, if compared to those of the dried gel (un-supported
precursor materials), to the C-O or M-O stretching modes, which shifted to a low and high wavenumber,
respectively. This could indicate that coordination of metal cations by oxygen atoms occurs after the
calcination process [39,40].

1380 cm™ (C-O or M-O)
\ 849 cm™ (M-O)

- o Za
Calcined 750°C LM1.2 .~ " (M-0)
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Figure 4. Fourier Transform Infrared Spectroscopy (FT-IR) spectra of the dried gel (non-calcined
precursor materials) and calcined powder for LM1.2.

In order to get insights into the relative reducibility of the sample as a function of the CA to total
metal ions (La** + Mn?*) molar ratio, Hp-TPR experiments were carried out over six selected catalysts
with low, medium, and high molar ratio values, namely, LM0.8 and LM1, LM1.2 and LM1.3, and LM1.5
and LM1.7. The respective surface area values ranged between 10 and 26 m? x g~!. The H,-TPR
profiles are shown in Figure 5, and the corresponding H; consumptions and reduction temperatures
are summarized in Table 2.
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Figure 5. Temperature-programmed reduction by hydrogen (H,-TPR) profiles of selected
LaMnO;s catalysts.

Table 2. Reduction temperature and H; uptake of selected LaMnO3 samples.

H,-Uptake (mmol x g~ 1)

Samples o 1)
=qn © onn © Reducibility % Mn™ to Mn®™—D+
250-500°C  650-900°C  Total Uptake (Calculated Between 250 and 500 °C) 1

LMO0.8 1.073 1.923 2.996 51.9

LM1 1.156 1.883 3.039 55.9
LM1.2 1.296 0.926 2222 62.7
LM1.3 1.297 1.175 2472 62.7
LM1.5 1.292 0.922 2.216 62.5
LM1.7 1.066 1.367 2433 51.6

! The reducibility (%) of Mn™ to Mn(®~D* was calculated on the basis of H, consumption in the range 250-500 °C
as experimental H uptake (mmol Hy x g~1)/2.067 (mmol Hy x g~!) x 100.

For all samples, the overall profiles could be divided into two reduction regions: a
low-temperature region, at 250-500 °C, and a high-temperature region, above 650 °C. According
to the previous results of our group [27,36], the hydrogen consumption below 500 °C was ascribed
to the reduction (Mn** to Mn3*) of some Mn*" present in the perovskite structure. Moreover, based
on the hydrogen consumption values, it is likely that the reduction process of Mn3* to Mn?* partially
occurred in that temperature range. The shape and temperature of the reduction curves seem to
depend on the CA to total metal ions (La®* + Mn?*) molar ratio of the samples and, therefore, on their
textural properties. LMO0.8, LM1, and LM1.7, characterized by surface area around 10-12 m?Z x g*1
and crystal size around 22-25 nm, showed a main peak in the TPR profiles centered between 345 and
370 °C, with a shoulder between 437 and 460 °C. For samples with a larger surface area and relatively
smaller crystallites, namely LM1.2, LM1.3, and LM1.5, the reduction peak was broad, suggesting the
occurrence of simultaneous reduction processes (Mn** to Mn®* to Mn?*). As shown in Table 2, the H,
uptake between 250-500 °C ranged between ~1.0 and 1.3 mmol H, x g~!. Such values corresponded
to a reduction of ~52-63% of Mn ions contained in 1 g of a sample, with 2.067 mmol H, x g~! the
stoichiometric amount of hydrogen required for the reduction (Mn"* to Mn™~1D*) of 4.135 mmol of
Mn x g~! of perovskite. Samples LM1.2, LM1.3, and LM1.5 showed the highest reducibility below
500 °C; this finding correlates well with the formation of a slightly nonstoichiometric LaMn;_,O3
phase with a relatively high content of Mn** along with the good performances in toluene and propene
oxidation registered for such catalysts (see later in the text).
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By increasing the temperature above 650 °C, a broad hydrogen consumption peak ranging
between ~0.9 and 1.9 mmol H, x g~! was detected; the shape and position of the maximum were
different as a function of the samples, as indicated by the dashed lines plotted in Figure 5. However,
no direct relationship between the peak position and the morphological and structure properties of
the samples was found. The high-temperature hydrogen consumption was assigned to the reduction
(Mn®* into Mn?*) of those Mn species with a stable local environment, likely in the bulk of the
perovskite structure.

In order to investigate the surface composition and oxidation state of selected LM samples, XPS
analyses were also performed. A typical XPS survey spectrum recorded for sample LM1 is shown in
Figure 6. The La3ds,, binding energy for all samples studied is 834.0 eV, typical in La(III) in perovskite
materials [42]. The experimental Mn2p XPS spectra for the LM catalysts are displayed in Figure 7,
whereas the BE values of Ols for the same catalysts are listed in Table 3. The position shapes and
spin-orbit separation of the main peaks are very similar. The BE values of Mn2p3,, were close enough
to those obtained for Mn,Oj3 at 641.9 eV. Anyway, the presence of the Mn** ions could not be excluded
because of the proximity of their peak to that of the Mn®* ions (642.2 V) [37]. To quantify the possible
presence of Mn(IV), curve fitting was done according to the procedure developed by Biesinger [43].

Peak sets for MnO,, Mn;03, and MnOOH were used for the fitting of the Mn2p3,, region.
As suggested by Biesinger, six peaks were used to simulate the MnO; signal, five peaks for Mn,O3, and
six peaks for MnO. In Figure 7 experimental and fitted Mn2p XP spectra for selected LM samples are
displayed. Mn(IIl) and Mn (IV) are shown as the sum of the peaks used for the different oxidation states.
The fitting procedure indicated the presence of Mn®** as most abundant, and of small amounts (less
than 5% for all sample) of Mn**. No Mn?* was detected. The finding of the same small content of Mn**
detected in all analyzed samples is not contradictory to the formation of a slightly nonstoichiometric
LaMn; _, O3 phase, with a relatively high content of Mn**, as supposed by XRD and in accordance with
the TPR results, considering that we are comparing different techniques and XPS is a surface technique.

The constant BE of the La3ds5,, and Mn2pj3 ; levels suggests, according to the results reported
in the literature [42], that the chemical bonding for LaMnO3 was not affected by different synthetic
procedures. Conversely, there are small differences in the Mn/La atomic ratio as a function of the
CA/Mn+La nitrates molar ratio. The Mn surface concentration slightly increased with increasing CA
concentration until a maximum was reached for LM1.5 (see Figure 8). The highest surface concentration
of Mn detected for samples LM1.2, LM1.3, and LM 1.5 correlates well with their catalytic activity.
In particular, LM1.5, showing the highest Mn/La surface atomic ratio, is the most active in toluene
and propene oxidation (see later in the text).

OKLL 1,34

LM1

T T T T T T T T
1000 800 600 400 200
Binding Energy (eV)

Figure 6. X-ray photoelectron spectroscopy (XPS) survey spectrum recorded for sample LM1.
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Figure 7. Experimental and fitted Mn2p XP spectra for selected LM samples.

Ols peaks were fitted with two components, a low-energy component at ca. 529.5 eV attributed
to oxygen by lattice (O;)) and a high-energy component (531.7 eV) due to hydroxyl oxygen (Oon).
The relative percentage of these two components, given in Table 3, can be associated with the formation
of La(OH)3 and/or the presence of different oxygen vacancies in the system [44].

Table 3. BE of Ols and Mn2p of selected LM oxides and Mn/La atomic ratio. In parentheses the
relative percentage of the two Ols components are given.

Samples O1s (eV) Mn/La

529.3 (59%)
531.6 (41%)
529.6 (70%)

LMO0.8 0.95

LM1.0 531.9 (30%) 100
LM1.2 e ((ZZ;;; H
LM1.3 Ry g;;; o
R A I
L 529.3 (60%) 0.98

531.6 (40%)
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Figure 8. Relationship between the Mn/La surface atomic ratio and the molar ratio of CA to total metal
ions (La® + Mn?*) for selected LM catalysts.

2.2. Toluene and Propene Oxidation Tests

Catalytic activity tests in the toluene and propene oxidation were performed as light-off
experiments. The catalyst stability was first evaluated by performing three consecutive catalytic
runs for each catalyst. Reproducible results were systematically obtained upon successive toluene and
propene oxidation runs. The temperatures corresponding to 10, 50 and 90% of toluene conversion,
T10, T50, and T90, respectively, are summarized in Table 4. In Figure 9, the toluene conversion curves
achieved for the LM catalysts during the second catalytic run (cooling ramp) are compared to those
corresponding to a commercial Pd/Al,O3 catalyst containing 1 wt % Pd.

The conversion of toluene increased with the reaction temperature. Thus, a complete conversion
of toluene was successfully achieved below 350 °C in all samples. In the entire temperature range,
only CO; and H,O were observed when the oxidation of toluene proceeded. Carbon balance was close
to 5% in all the catalytic tests. Regarding Figure 9 and Table 4, it can be concluded that the prepared
catalysts ranked as follows: LM1.5 ~ LM1.2 ~ LM1.3 > LM1 ~ LM1.7 >> LM0.8. Moreover, the most
active ones presented a catalytic performance similar to that of the Pd/Al,O3 catalyst used as the
reference, especially at T > 250 °C, when conversion values of toluene >50% were reached. Pd/Al,O3
performed better below 230 °C, giving 10% of toluene conversion at temperatures as low as 214 °C.

Table 4. Catalytic performances of LM catalysts in comparison with Pd (1 wt %)/Al,O3 in terms of
temperatures for achieving 10, 50 and 90% of toluene conversion. Data were collected upon cooling.

1st Run 2nd Run 3rd Run
Catalysts
Ty °O) Ts0 (°C) Tgo (°C) Ty °O) Ts0 (°C) Tgo (°C) Ty °O) Ts0 (°C) Tgo (°C)

Pd/AlL,O3 212 249 276 214 252 279 215 253 281
LMO0.8 294 325 345 294 324 346 296 325 351
LM1 245 272 305 251 277 313 255 281 317
LM1.2 233 255 272 237 260 279 243 266 284
LM1.3 238 258 275 243 263 281 247 267 284
LM1.5 233 257 279 237 259 283 239 263 288

LM1.7 251 275 294 255 279 301 260 283 305
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Figure 9. Toluene conversion versus temperature during the second consecutive run (cooling ramp).
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In the inset, the range of temperature at which conversion values between 40 and 80% were achieved is
displayed. The inlet gas composition: 1000 ppm toluene and synthetic air (80/20 vol %) with a total
flow of 100 mL x min~! and 100 mg of catalyst.

The reaction rates per gram of catalyst at the same reaction temperature (220 °C) were calculated
and are listed in Table 5. These values show the same trend presented in Figure 9, with catalysts
LM1.2, LM1.5, and LM1.3 being the most active for toluene total oxidation, whereas LM0.8 presented
the worst catalytic performance for the same reaction. These results are in agreement with the high
specific surface area of these three catalysts and the lowest SSA of the LMO0.8 catalyst. To verify this
finding, the reaction rates of perovskite catalysts were calculated per m?, using the specific surface
area calculated by Nj-adsorption analysis (see Table 5). As expected, the same catalytic trend was
observed, demonstrating that SSA plays an important role in catalytic activity but is not the only
factor that influences the toluene catalytic performance. In addition, the higher activity at the same
temperature could also be justified in terms of the oxygen strength (reducibility) of the catalysts,
with the three catalysts mentioned (LM1.2, LM1.3, and LM1.5) being the samples that presented
the highest reducibility. Therefore, these results allow us to conclude that the catalytic activity in a
low-temperature oxidation process depends on the specific surface area, Mn surface concentration,
oxidation state, and reducibility.

Table 5. Reaction rate of LM catalysts in terms of gram of catalyst and specific surface area for toluene
total oxidation.

Catalysts  Reaction Rate (mol x g~! X s71)@  Reaction Rate (mol Xx m~2 x s~ 1) P

LMO0.8 7.00 x 1075 7.00 x 10
M1 390 x 1074 325 x 107°
LM1.2 1.70 x 1073 6.54 x 10~°
LM1.3 7.00 x 1074 2.80 x 107>
LM1.5 9.90 x 104 471 x 107
LM1.7 310 x 1074 258 x 107>

2 Reaction rate calculated at 200 °C per gram of catalyst (100 mg for each catalyst); ® Reaction rate calculated at
200 °C per m? (according to the specific surface area obtained using the Brunauer-Emmett-Teller (BET) method; see
Table 1).
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The catalytic stability of the LM catalysts for the toluene oxidation was further assessed under
steady-state conditions at ~17% for 24 h. Figure 10 shows the evolution of the conversion with the
time on stream. Conversion values between ~13 and 17% were observed during the entire reaction
time. A slight deactivation was observed during the first 4 h of the reaction for all catalysts. After 4 h,
LM1.3 exhibited very good stability for the following 20 h (around 16% of toluene conversion); LM0.8
and LM1.2 deactivated up to around 13% of conversion, whereas LM1.5, LM1, and LM1.7 showed
intermediate behavior.

22
—=—LMO0.8
—o—LM1
0] —HLML2
—%—LM13
= —e—LM15
> —>—LM17
5 191
o
(5]
>
[
o
S 1618
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14 4 ANy
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Time (h)

Figure 10. Long-run toluene oxidation test performed at ~17% of toluene conversion during 24 h. The

inlet gas composition: 1000 ppm toluene and synthetic air (80/20 vol %) with a total flow of 100 mL x
min~! and 100 mg of catalyst.

In order to evaluate the effect of the citric acid concentration on the catalytic performance of
LM catalysts, the prepared samples were also tested in the propene oxidation. In Figure 11 propene
conversion curves as a function of the temperature (light-off curve) during the second consecutive run
(cooling ramp) are displayed. CO, and H,O were the only oxidation products detected during the
reaction. The carbon balance was close to 5% in all the catalytic tests.

100

80+

60

40

C,H, conversion (%)

20+

— 71 - 1 - T - T + T + T T ' T

50 100 150 200 250 300 350 400 450 500
T(°C)

Figure 11. Propene conversion versus temperature during the second consecutive run (cooling ramp).

The inlet gas composition: 1000 ppm propene and synthetic air (80/20 vol %) with a total flow of
100 mL x min~! and 100 mg of catalyst.
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Table 6 lists the temperatures corresponding to 10, 50 and 90% of propene conversion: T10, T50,
and T90, respectively. The rank of activity for LM perovskites was similar to that observed for toluene
oxidation, namely LM1.5 ~ LM1.2 ~ LM1.3 > LM1 ~ LM1.7 >> LMO0.8, with Pd/ Al,O3 being the best
performing in the entire temperature range.

Table 6. Catalytic performance of LM catalysts in comparison with Pd (1 wt %)/Al,O3 in terms of
temperatures for achieving 10, 50 and 90% of propene conversion. Data were collected upon cooling.

Catalysts 2nd Run
T10 (°C) T50 (°C) T90 (°C)

LMO0.8 218 293 367
LM1 184 249 333
LM1.2 163 231 299
LM1.3 174 236 309
LM1.5 160 229 298
LM1.7 192 253 324
Pd-Al,O3 141 201 250

The reported toluene and propene oxidation data confirm that both processes occur through the
same mechanism, likely the Mars-van Krevelen mechanism, involving several redox steps, according
to the literature [34,45-47], and pointing to the role of oxidized Mn in activating and oxidizing toluene
and propene. Based on that, the higher reducibility and higher surface concentration of Mn oxidized
species achieved for LM samples prepared with molar ratio of CA to total metal ions (La®* + Mn?*)
ranging between 1.3 and 1.5 is expected to improve the catalytic performance. Moreover, the higher
the specific surface area of the catalysts, the higher the number of active oxygen species adsorbed on
the surface oxygen vacancies of the samples and easily available for the reaction [47].

3. Materials and Methods

3.1. LaMnOg Preparation

Citric acid (CA) (C¢HgOy, Alfa Aesar, Haverhill, MA, USA, 99.5%) and nitrates (La(NO3)3 X
6H,0, Fluka, Seelze, Germany, 99% and Mn(NOs), x 4H,0O, Alfa Aesar, Haverhill, MA, USA, 98%)
were used as metal precursors to prepare the LaMnOj perovskite-type oxides. Equimolar amounts
of the nitrates were mixed and dissolved in distilled water. An amount of CA, corresponding to a
CA /Mn+La nitrates molar ratio set from 0.5 to 2, was added at room temperature to the dissolved
nitrates. The solution was heated to 80 °C under magnetic stirring for the evaporation of excess
water, then dried at 120 °C overnight. Subsequently, the solid was calcined from 25 °C up to 750 °C
(5 °C x min~1) for 2 h under air flow. The LaMnOj3 catalysts obtained were labeled as LMy, where x
corresponds to the CA/Mn + La nitrates molar ratio and ranges between 0.5 and 2.0. Typically, the
catalysts were pressed and sieved after calcination treatment.

3.2. Characterizations

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker D8 X-ray diffractometer
(Billerica, MA, USA) at room temperature with CuK« radiation (A = 1.5418 A). The diffractograms
were recorded for 20 values between 10 and 80° using a 0.02° step with an integration time of 4 s.
The diffraction patterns have been indexed by comparison with the Joint Committee on Powder
Diffraction Standards (JCPDS) files.

Nitrogen adsorption isotherms at —196 °C were obtained using a Micromeritics Tristar 3000
instrument (Ottawa, Canada). Before measurement, the samples were outgassed at 300 °C for 3 h.
The specific surface area (SSA) of each sample was obtained using the Brunauer-Emmett—Teller
(BET) method.
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Inductively-Coupled Plasma Optical Emission Spectroscopy (HORIBA Jobin Yvon Activa
ICP-OES, Kyoto, Japan) was used for elementary analysis. The powder samples were dissolved
in acidic media (a mixture of HF, H,SO,, and HNOj solutions) and the analyses were performed on
the prepared solutions using calibration standards.

Thermogravimetric and differential thermal analyses (TGA /DTA) were carried out over the dried
catalysts (non-calcined catalysts) in the temperature range 25-900 °C (10 °C x min~') on a SETARAM
Setsys Evolution 12 calorimeter (Caluire, France), using 2-7 mg of sample, under flowing air.

The Fourier Transform Infrared (FT-IR) transmission spectra were recorded between 400 and
4000 cm~! with a Spectrum Two FT-IR Spectrometer PerkinElmer (Waltham, MA, USA), using
self-supporting KBr disks. Before recording FI-IR spectra, the samples were pretreated in an oven
overnight at 100 °C.

Temperature-programmed reduction (TPR) runs were performed in a commercial BELCAT-B (Bel
Japan, Inc., Toyonaka, Japan) unit with TCD detection. Samples (ca. 0.1 g), were loaded into a U-shaped
quartz tube and pre-treated at 250 °C for 30 min under Ar flow (50 cm® x min~!). After cooling down,
the temperature was ramped from room temperature to 900 °C (10 °C x min~1), using a reducing gas
mixture consisting of 5 vol % Hj in Ar (50 cm?® x min™1).

The X-ray photoelectron spectroscopy (XPS) analyses of the powders were performed with a VG
Microtech ESCA 3000 Multilab (VG Scientific, Sussex, UK), using Al K source (1486.6 eV) run at 14 kV
and 15 mA, and CAE analyzer mode. For the individual peak energy regions, a pass energy of 20 eV set
across the hemispheres was used. The constant charging of the samples was subtracted by referencing
all the energies to the C 1s, peak energy set at 285.1 eV, arising from adventitious carbon. Analysis of the
peaks was performed using the CASA XPS software (http://www.casaxps.com/berlin/). The binding
energy values are quoted with a precision of £0.15 eV and the atomic percentage with a precision
of +£10%.

3.3. Catalytic Tests

Catalytic tests of toluene and propene were carried out using 100 mg of catalyst (with grain
diameters between 50 and 100 pm) mixed with silicon carbide (mass ratio 1:1) to avoid any hot spots.
The catalyst was immobilized over a quartz wool plug in a U-shaped reactor and the reactive mixture,
containing 1000 ppm C3Hg or 1000 ppm C7;Hg and synthetic air (80/20 vol %) with a total flow of
100 mL x min~! and a GHSV of 60,000 mL x h~1 x g_l, was then flowed over it. The concentration
of reactants was adjusted by using, for toluene, a saturator coupled with Corto CD20F cryothermostat
(Julabo, Seelbach, Germany) and by mass flow controllers (BROOKS) for other gases. Each catalytic run
was performed as follows: introduction of the reaction mixture at room temperature, heating at a ramp
rate of 5 °C x min~! up to 100 °C for 30 min, in order to stabilize the system. Subsequently, a second
temperature ramp of 2 °C x min~! was applied up to 400 °C. After such treatment, all catalysts
were tested upon cooling the reactor down to room temperature. This sequence was repeated three
times. The temperature was measured and controlled by an oven surrounding the reactor with a
thermocouple located inside the catalytic bed.

In order to compare the activity of our catalysts with a commercial reference, a catalyst with
composition Pd (1 wt %)/ Al,O3 was used in the toluene oxidation for three cycles.

Long-term toluene oxidation tests running for 24 h at ~17% toluene conversion were also
performed in order to evaluate the catalytic stability. The same reactive mixture, containing 1000 ppm
C7Hg and synthetic air (80/20 vol %) with a total flow of 100 mL x min~!, was used for long-term
experiments. In this case, the catalytic performance of catalysts was measured as follows: the
reactive mixture was flowed over the catalyst at room temperature before heating at a ramp rate
of 5°C x min~! up to 100 °C for 30 min. Subsequently, a second temperature ramp of 2 °C x min !
was applied up to 400 °C. After that, the catalysts were tested upon cooling the reactor down until the
temperature achieved ~17% toluene conversion, staying at this temperature for 24 h.
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Toluene, propene, and other possible partially oxidized products were analyzed using a micro
gas chromatograph (R3000, SRA, Marcy 1'Etoile, France). For CO and CO, online infrared-ultraviolet
analyzers (ROSEMOUNT Xstream, Emerson Electric, St. Louis, MO, USA) were used. No other organic
hydrocarbons were detected among the reaction products. Carbon balance was close to 5% in all the
catalytic tests.

4. Conclusions

In this work, the effect of the preparation method, citrate sol-gel method, and molar ratio of
citric acid (CA) to metal (La®* + Mn?*) nitrates on the physicochemical properties and the catalytic
performance of LaMnOj perovskites was demonstrated. The amount of citric acid used during the
LaMnOj synthesis affects the specific surface area, crystalline phase of the perovskite, and Mn species
reducibility. For molar ratios ranging between 0.5 and 1.5, the segregation of a small amount of Mn3Oy,
detected by XRD, suggested the formation of a slightly nonstoichiometric LaMn;_,O3 phase with a
relatively high content of Mn** and high reducibility.

In the oxidation of toluene, the catalysts LM1.2, LM1.3, and LM1.5 showed the best performance in
the temperature range 150400 °C and compared favorably with Pd over alumina, taken as a reference.
LMO.8 performed poorly, while LM1 and LM1.7 exhibited intermediate behavior. A similar trend in
propene conversion in the temperature range 100-400 °C was registered for the same set of catalysts.
Under steady-state conditions at ~17% of toluene conversion for 24 h, LM1.3 exhibited the best activity
and durability (stable values of toluene conversion, around 16%, were registered).

In conclusion, the three best-performing LaMnOj catalysts are those forming a slightly
nonstoichiometric LaMn;_,O3 phase. They are characterized by the highest specific surface area,
the highest Mn surface concentration, and Mn reducibility. All these factors play a fundamental role in
toluene and propene oxidation reactions.
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