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Abstract.

The catalytic oxidation of different volatile organic compounds (VOCSs) has been widely
studied for several decades within the field of air depollution. However, there is still much
to understand regarding the effects that these VOCs have on each other when they are
blended together in the reaction mixture, as would be expected in many emissions.
Herein, the catalytic oxidation of toluene and 2-propanol on supported manganese oxides
under both single and binary VOCs oxidation conditions has been studied. We have found
the catalyst activity for VOCs mineralization and its selectivity towards other by-products
(i.e., acetone or propylene from 2-propanol) to be strongly dependent on the reaction
conditions, the catalyst redox properties and support acidity. We have also assessed the
promotion/inhibition effects derived from the VOCs mixture and proposed the reaction

mechanism in each case by means of in-situ DRIFTS measurements.
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1. Introduction.

In the last decades, air purification has become a public concern and an important
research topic. Volatile organic compounds (VOCSs) are recognized as main contributors
to air pollution. Many of them are toxic and some are considered to be carcinogenic,
mutagenic or teratogenic [1]. Furthermore, those pollutants are considered as the main
precursors for particulate matter and ozone formation via photochemical reactions [2].
VOCs are emitted by several sources, including outdoor sources (transportation,
industrial and energetic processes) and indoor sources (e.g., household products,
construction materials, furniture and combustion by-products). The vast majority of
emitted VOCs consists of compounds containing alkanes, esters, alkynes, aldehydes,
aromatics and alcohols, and their environmental impact is typically dependent on the
functionality [3]. Among the VOCs, toluene is mostly used as solvent in the chemical
industry and the main contributor to photochemical smog formation. On the other hand,
2-propanol (iPrOH) is mainly used as a solvent in many industries such as building
materials, petroleum refineries, textile, pesticides, pharmaceutical and body care
industries [2], and it may be emitted from the same emissions sources as toluene [3].

VOCs emissions have been heavily regulated since 1999 by the European Union
(EV). The Goteborg protocol modified in 2012 proposes that EU countries must reduce
the pollutants by 2030 [4]. To address this problem, several non-destructive techniques
have been investigated and applied, including adsorption, condensation and membrane
separation [5]. However, in practical applications, these techniques presented many
disadvantages, due to their high initial capital investment, high VOCs concentration
requirements, harsh operating conditions and high costs. Hence, alternative techniques
have been applied for elimination/control of VOCs compounds such as thermal
incineration and catalytic oxidation. The latter has been considered the most promising
for abatement of VOC:s, since it can burn them at temperatures around c.a. 200-500 °C,
with high, medium and low concentrations, into CO2 and H2O [6].

Due to the merits of the catalytic oxidation, many investigations have been applied
for the design and synthesis of catalysts for VOCs oxidation. Generally, noble-metal
catalysts such as Au, Ag, Pt, Pd and Rh have exhibited high catalytic activities for VOCs
mineralization and have been widely applied in the industrial processes [7]. In general,
the catalytic activity depends on the nature of the noble metal and the VOC. For instance,
Papaefthimiou et al. [8] studied different VOCs oxidation on Pt and Pd over Al.O3

catalysts. They demonstrated that Pt and especially Pd were active for benzene and
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butanol oxidation, while ethyl acetate was more difficult to oxidize. In addition, He et al.
[9] investigated the efficiency of VOCs (toluene, benzene and ethyl acetate) oxidation
over different supported Pd catalysts and they found the performance to decrease in the
following order: Pd/ZSM-5 > Pd/SBA-15 > Pd/MCM-48 > Pd/MCM-41. In this study,
the authors claimed that the performance was influenced by the acidity of the support,
which would favour the active sites dispersion and CO> desorption from the catalysts.
However, the low thermal stability, high manufacturing costs and high poisoning
tendency of the noble metals limit their lifetime and implementation. Hence, non-noble
metals oxides such as MnOy, FeOx, CuOx, CoOx with advantageous properties in these
regards, with respect to the noble-metals catalysts [10,11] . Among all the transition-metal
catalysts, MnOx catalysts have demonstrated an excellent performance for single VOC
oxidation [12,13].

Thus, MnOx has been selected in the present study as a suitable active phase for
synthesis of supported MnOx catalysts. Indeed, the support can positively change the
catalyst properties, improving dispersion but also preventing sintering [14,15]. Moreover,
the use of a porous support can even improve the accessibility of reactants to the active
sites, which greatly enhances the catalytic performance [15,16]. For instance, Kantzer et
al. [14] and Li et al. [15] demonstrated that the dispersion of the MnOx nanoparticles is
clearly influenced by the support (CeO2-ZrO or WO3-TiO, and HZSM-5, respectively),
improving the redox and surface properties of the resultant supported MnOx catalysts.
The improvement in above-mentioned properties was correlated to the enhanced catalytic
activity for VOCs oxidation [14,15]. Si et al. [16] also showed that the properties of the
support, notably the textural properties (e.g. specific surface area, morphology, pore
structure, etc.), had an important influence on catalytic activity for VOCs removal. Thus,
the supported MnOx catalysts with higher specific surface area and abundant nanopores
presented higher catalytic activity for toluene oxidation, which has been associated to the
improved contact area and accessibility of toluene to the active sites. In addition, Cao et
al. [17] showed that the structural properties of CeO support like the morphology
(nanosphere, nanorod, nanocube) had an important impact on MnOx sintering and thermal
stability of supported MnOx catalysts, which are the key factor to ensure the catalytic
activity for VOC:s. Interestingly, these authors attributed the improved sintering resistance
of spherical MnOx/CeO> catalysts to the confinement effect generated by the support
porosity, protecting MnOx nanoparticles, which are trapped into the nanopores presented

in spherical support. Finally, Zhang et al. [18] attributed the higher catalytic activity for
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toluene removal of MnO,/SiO catalyst to the positive interaction between MnOy and
porous silica support, which promotes the spillover of active surface oxygen species.
About all, the design of supported MnOx catalysts seems to be a promising strategy to
improve the performance regarding the catalytic oxidation of VOCs.

Moreover, industrial exhaust gases does not present a single VOC but a mixture of
VOCs with different chemical character, such as aromatic hydrocarbons, alkanes, oxy-
derivatives or halogenated compounds [2,19-23]. For this reason, few studies have been
focused on the mixture oxidation reaction. Other authors have found inhibition and
promotion effects in comparison with the single VOC oxidation reaction [2,19-23]. A
promotional effect in the binary toluene and iPrOH mixture has been observed in our
previous work using bulk manganese oxide catalysts [2], which was attributed to the
different polarity of the VOCs, the available surface oxygen and the exothermic character
provided by the VOCs simultaneous oxidation reaction. A promoting effect on toluene
oxidation was also observed by Pan et al. [24] during the oxidation of acetone and/or ethyl
acetate over MnOx catalysts. They observed that the presence of both compounds in the
reaction media promotes the formation of toluene intermediates, which enhanced its
conversion at low temperature. In addition, they also showed an activation at low
temperature due to the exothermic phenomena provided by the oxidation of the other
VOCs presented in the mixture. The exothermic character was also observed by Burgos
et al. [25]. They showed that the complete oxidation of toluene and methyl ethyl ketone
(MEK) was not affected in the presence of iPrOH on Pt/AlO3/Al monoliths. Nonetheless,
the presence of toluene inhibits the dehydrogenation of iPrOH to acetone but promotes
the completely oxidation of acetone at lower temperatures due to the exothermic
phenomena mentioned above. Other inhibition effects were also observed in the literature.
Ordédfiez et al. [26] and Wang et al. [19] studied binary mixtures of different VOCs
including toluene over Pt/y-Al.Oz and Pt/TiO- catalysts, where the VOCs competed for
the active sites caused leading to the inhibiting effect in the mixture oxidation. In the same
way, the competitive adsorption between iPrOH and o-xylene was also observed in
literature [22], showing a strong inhibition of iPrOH by o-xylene over NaX zeolites.
Indeed, the simultaneous presence of both compounds and, as a consequence, the
competitive adsorption not only influenced the catalytic activity but also the selectivity
or by-products formation. Thus, it should be remarked that the promotion/inhibition
effects is generally influenced by the catalysts nature and properties, making it harder to

understand and predict the behavior of each VOC in the catalytic oxidation reactions
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under VOCs mixture conditions [2,20,27].

Hence, the aim of the present work is to better understand the effect of the mixture of
two model VOCs like toluene and iPrOH, in their full combustion over MnOy catalysts
supported on MCM-41 and SBA-15. The catalysts were fully characterized and tested in
the toluene and iPrOH single oxidation reaction, as well as in the binary mixture
oxidation. Moreover, the intermediates production/transformation was evaluated by in-
situ Diffusive Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

measurements.

2. Experimental.
2.1. Synthesis of catalysts.

In this work, 5 wt.% Mn supported on two mesoporous ordered silicas was
prepared by incipient wetness impregnation method. Firstly, commercial SBA-15 and
MCM-41 (XFANO, INC) were pre-treated at 550 °C with a heating ramp of 1 °C min*
for 4 h in air with a flow rate of 200 mL min™*. In order to measure the support porous
volume, 2 g of activated support was placed in a beaker and distilled H,O was slowly
added with a dropper, under continuous stirring, until a homogeneous “moist paste”
mixture was formed. The volume of distilled H>O was measured at this time, which was
7 and 10 mL for SBA-15 and MCM-41, respectively. For the impregnation, the calculated
amount of Mn(NO3)2-4H>0O was dissolved in 7 (SBA-15) and 10 mL (MCM-41) of
distilled H20, the solution was slowly mixed with the activated support until the paste
was formed. The paste was dried at room temperature for 24 h, and the collected powder
was dried in an oven during 24 h at 100 °C. Finally, the powder was calcined under the
same conditions as the pretreated support. The samples were labeled as MnOx/SBA and
MnOx/MCM.

2.2. Catalysts characterization

The presence of crystalline phases, their identification and chemical composition
were evaluated by X-ray diffraction analysis (XRD) using a Bruker D8 Advanced A25
diffractometer, equipped with radiation Cu Kai+2 (A=1.5A) and detector LynxEye with
260 from 4° to 80° and using a step of 0.02°. In addition, the crystallite size of the catalysts

was calculated using the Scherrer equation.



The manganese oxide particle size distribution was observed by High-Resolution
Transmission Electron Microscopy (HRTEM) using a JEOL 2010 LaB6 instrument with
an acceleration voltage of 220kV.

The specific surface area (Sget), total pore volume and average pore diameter
were measured by Nz-physisorption at — 196 °C using a Belsorp Il adsorption
measurements apparatus. Previous to adsorption, the catalysts (ca. 300 mg) were degassed
at 300 °C under vacuum overnight.

Temperature programmed analyses (H2-TPR and O>-TPD) were performed on a
TPDRO 1100 equipment (Thermo Scientific) equipped with a thermal conductivity
detector (TCD). First, 50 mg of catalysts were pre-treated at 500 °C (10 °C min™) for 1 h
with 40 mL min of 5% O,/He and then cooled down to room temperature (RT) under
the same stream. After an Ar purge, the H>-TPR was carried out by introducing 30 mL
mint of 5% Ha/Ar and heating from 30 °C to 900 °C (10 °C min'). The Hz consumption
was quantified by integration of H>-TPR profiles. On the other hand, O>-TPD were done
with 50 mg of sample pre-treated with He 30 mL min™ at 80 °C during 60 min, then
cooled down up to 30 °C and exposed to 5% O/He for 60 min. Finally, the sample was
heated from 30 to 800 °C during 10 min under He stream at 30 mL min™.

In order to analyze the chemical states and compositions of the surface elements,
X-ray photoelectron spectroscopy (XPS) was applied. The characterization was made on
a Kratos Axis Ultra DLD with an X-rays source Al monochromatic (1486.6 eV), 12kV x
15mA. All the spectra were recorded from 1200 to 0 eV with an energy pass of 160 eV.
High resolution spectra were recorded for the Mn 2ps2, Mn 2py, O 1s, C 1s and Mn 3s
with an energy pass of 40 eV. The charge neutralization was done with a low energy
electron beam. All the spectra were calibrated in binding energy by using C 1s (C-C, C-
H) photoemission peak at 248.8 eV.

The surface activity, namely Lewis and Brgnsted acid sites of the catalysts was
investigated by means of pyridine adsorption, as probe molecule, monitored by infrared
spectroscopy. IR spectra were collected with a Nexus Nicolet spectrometer equipped with
a DTGS detector (Deuterium TriGlyceride Sulfur) and KBr beam splitter. IR spectra were
recorded with a resolution of 4 cm™ and 64 scans. The spectra were normalized to a disc
of 10 mg/cm?. After activation at 450 °C under synthetic air, the sample was evacuated
under dynamic vacuum at 200 °C. Pyridine was thereafter adsorbed (200 Pa at
equilibrium) at room temperature. Desorption was performed up to 450 °C, by step of

50 °C. Acidic sites concentrations were obtained using the evolution of the vigp-
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absorption mode which allows the quantification of both Brgnsted and Lewis sites (at
1548 and 1455-1450 cm™, respectively), obtained from the surface area of these
absorption bands using their molar extinction coefficients (epy. = 1.5 cm pumol™; epyrs =
1.8 cm pmol™ [28]). Acidity was also analysed by Temperature-Programmed Desorption
of ammonia (NHs-TPD). A NICOLET Fourier Transform Infrared analyzer was used to
continually monitor the desorbed ammonia. This analyzer was equipped with a heated 2
m gas cell and a DTGS detector. Both catalysts, which were loaded into a U-shaped quartz
tube to acquire the NH3-TPD profiles, were initially pre-treated at 500 °C for 0.5 h in an
oxidative environment (10% O, 20 mL min, heating rate of 10 °C min™). After that, 20
mL min of He flow were introduced and the temperature was decreased to 80 °C. At this
temperature, a total flow of 40 mL min? of 1000 ppm NHsz was introduced until
saturation. After that, the samples were exposed to He for 0.5 h to eliminate the physically
adsorbed species. Then, NHs-desorption step was performed by heating (at 10 °C min™)
from 80 to 400 °C.

2.3. Toluene, 2-propanol (iPrOH) and binary mixture catalytic oxidation.

The single VOC and binary mixture oxidation reactions were carried out with 50
mg of catalyst placed into a Pyrex fixed-bed U-shape micro-reactor. The catalysts were
previously sieved in the grain size 200-300 um. Then, the reactor was place inside a
tubular electric furnace and the temperature of the catalytic bed was measured by a K-
type thermocouple. The reaction gas containing VOC-He stream was introduced by
injecting liquid VOC (toluene, iPrOH or mixture of both VOCs) by using a syringe liquid
pump (Harvard Apparatus Elite 11) through an evaporator at 200 °C in order to obtain
the desired concentration. Catalytic tests were performed at atmospheric pressure, by
performing three consecutive heating cycles, at 2 °C min, between room temperature
and 400 °C and with the following feeding gas mixtures: toluene/air/He (600 ppm of
toluene, 20 vol% O3), iPrOH/air/He (800 ppm of iPrOH, 20 vol% O2) or VOCs mixture
(600 ppm of toluene and 800 ppm of iPrOH, 20 vol% O3), with a total flow rate of 200
ml min~and a Gas Hourly Space Velocity of 26450 h™%. In this manuscript, the third light-
off cycle is shown in each case. The outlet stream gases were monitored by a Mass
spectrometer and a Micro Gas chromatograph Inficon 3000 (SRA Instruments) to
quantify the concentration of reactants and products. He was used to calibrate the gas
analyzers as an internal standard. Finally, the toluene and iPrOH conversion

(Xc¢,mg and X¢, .0, respectively) were obtained by equations 1 and 2:



[C;Hg,,] — [C7H3g,,,,]
Xcon. (%) = in autl y100 (1)
[ [C7Hg,,]

[CSHBOin] - [CBHBOOut]
X (%) = x 100 2
C3Hls0 [C3HgO;y] 2)

where [C;Hg, ] and [C3HgO;,] correspond to the inlet concentrations of toluene
and iPrOH and [C;Hg ] and [C3HgO,,] refer to the respective outlet concentrations.
In addition, the yield of CO; from toluene and/or iPrOH oxidation as well as the

acetone yield form iPrOH oxidation were calculated by equations 3-5:

€O, yield (%) = €03 ou] x100 (3)
[C7Hg,,] 7 + [C3HgO,] * 3

Acetone (C3H0) yield (%) = Mx 100 (4)
[C3Hg0;,]

. 0 [C3H6out]
Propylene (C3Hy) yield (%) = mx 100 (5)
n

where [CO; ], [C3He00y:] and [C3Hg ] refer to the outlet concentrations of
CO., acetone and propylene, respectively.
Finally, the specific and the general reaction rates of toluene or iPrOH per specific

surface area or mass unit of catalyst were calculated by the equations 6 and 7

i XVOC
—T ifi mOl S_lm_z = Fln X ——— 6
specific (u ) voc Mot X Spr (6)

— — i XVOC
—r(umol s~ gzar) = Fyge X (7)
Mege

where F[% - is the toluene or iPrOH molar flow in the inlet stream, Xvoc is the

toluene or iPrOH conversion, set at 10%, m.,; is the mass of catalyst and Sggr is the

specific surface area determined by N»-pyshisorption.

2.4. In-situ diffuse reflectance infrared spectroscopy (DRIFTS) analysis.

In-situ DRIFTS experiments were carried out in a spectrometer Nicolet iS50 FT-
IR using a praying mantis accessory (HARRICK high temperature test chamber) and
liquid N2-cooled MCT detector with a resolution of 2 cm™. The spectra were recorded
from 1000 to 4000 cm™. The background spectrum was recorded on pure and dry KBr.



Prior to VOCs adsorption and reactions experiments, the catalysts were pretreated
under high-purity He with a flow rate of 40 mL min! at 150 °C during 90 min in order to
remove the adsorbed water and other surface pollutants. Then, background spectra were
collected under the same gas stream (high-purity He) at each work temperature (35, 100,
150, 200 and 400 °C) and systematically deducted from the sample spectra. After that,
the adsorption and oxidation measurements were carried out under same reaction
conditions as those described in previous section (either toluene, or iPrOH, or both VOCs
in air-He gas stream). The spectra were recorded after exposing the catalyst surface to
each reaction atmosphere for 1 h, reaching steady-state conditions. Between each
isothermal step, a He flush was applied to remove the weakly physisorbed VOC. Note
that the He atmosphere (after cleaning the weakly physisorbed VOCs) was maintained
during the change from one temperature to another and the VOCs were introduced once
the new temperature was reached. The reported spectra are the result of subtracting from
the spectra measured at each temperature during the adsorption and oxidation of VOCs
the reference one collected under He flow at the corresponding temperature before any

adsorption.

3. Results and Discussion
3.1. Characterization of the supported MnOx catalysts
3.1.1. Physico-chemical, textural and structural properties.

The XRD patterns of the supports and MnOx-supported catalysts are shown in Fig.
1. The Fig. la depicts the low-angle XRD diffraction patterns, where well-defined
reflections attributed to SBA-15 (at 0.87, 1.5, 1.7 and 2.8° according to PDF-00-049-
1712) and to MCM-41 (at 2.2, 3.9, 4.5 and 6.0°, according with the PDF-00-0051-1591)
were found. Those reflections are characteristic of the mesoporous hexagonal structure
[29,30]. Wide-angle XRD patterns are also depicted in Fig. 1b. In this angular range, no
reflection patterns were observed of SBA-15 and MCM-41. However, after manganese
impregnation, well-defined MnOx diffraction peaks were observed for both MnOx/SBA
and MnOx</MCM supported catalysts. The catalysts showed a main phase attributed to
MnO: and, according to the PDF-04-005-4365, it belongs to Pyrolusite. On the other
hand, Mn2Os in the form of Bixbyite (PDF 04-007-0856) was also presented in the
MnOy/MCM catalyst. No other phases or impurities were observed in the XRD
diffraction patterns. The Pyrolusite crystallite size was estimated by Scherrer equation
based on the peak at 28.6° (Table 1), and MnOx/SBA catalyst presented a lower crystallite
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size (7.0 nm) compared with MnOx/MCM catalyst (12.6 nm). In addition, in the latter
catalyst, the Bixbyite (calculated with the peak at 32.7°) phase presented a crystallite size
of 15.4 nm.

N2 adsorption-desorption isotherms of the bare and MCM-supported MnOx are
depicted in the Fig. S1 in Supplementary information. The specific surface area (SgeT),
total pore volume and the average pore size are summarized in Table 1. As observed in
Fig. S1a, all samples exhibited a Type IV isotherm with the characteristic hysteresis of
mesoporous materials. Bare SBA-15 and MCM-41 materials showed a Sget of 457 and
1008 m2-g2, respectively, and a total pore volume of 1.2 and 0.9 cm3-g%, respectively. It
should be noted that, in the case of the MCM support, besides observing a greater initial
surface area (vs. SBA), a pronounced decrease of Sget was also observed upon deposition
of MnOx, reaching a final value of 782 m2.g, while the final Sget was very similar to
that of the bare support in the case of MnOy/SBA catalyst (433 m?-g1). This finding could
be ascribed to a higher pore blockage on the outermost surface in the case of the MCM-
supported catalyst, correlated with the thinner channels expected in this case with respect
to the SBA silica support. Indeed, a very different pore size distribution was confirmed
between the two supports, as depicted in Fig. S1b, where the mean pore size was 9 nm
for SBA-15 and 2 nm for MCM-41. This hypothesis was also confirmed by the TEM
micrographs obtained for the manganese oxides-supported catalysts (Fig. 2). In the case
of MnOx/MCM (Fig. 2a), MnOx particles agglomerates were clearly observed on the
surface of the MCM support, while in the case of MnO./SBA catalyst (Fig. 2b), smaller
MnOy particles were found to a higher extent inside the pore channels of the silica
support. This is in good agreement with XRD results, where the mean MnOxy crystallite
size of MnOx/SBA catalyst was lower than the pore diameter (Table 1), indicating that a
significant part of the oxides particles can be indeed confined in the SBA mesopores,
which restraints sintering [31]. This different MnOx distribution and particle size are in
agreement with other studies with catalysts deposited on supports with different pore sizes
(e.9. MCM-41 and SBA-15) [32,33]. In these studies, the confinement of catalyst
particles into the silica channels was usually linked to a higher catalytic activity due to a
higher resistance against sintering and a lower catalyst particle size. However, in the
present work, the higher activity will be observed on MCM-41 support (vide infra) and it
suggests that the particles located on the outermost surface of the MCM support may be
more accessible and active for VOCs oxidation than those deposited in the channels of

the SBA. Besides, there are other different properties between both supported MnOx
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catalysts that may affect the catalytic activity as shown below, notably the catalyst redox
active sites, which are considered as determinant factor for aromatic hydrocarbons
oxidation [31,34].

3.1.2. Redox and surface properties.

The redox properties of the catalysts have been characterized by H>-TPR and O»-
TPD and the profiles are shown in Fig. 3. In the TPR profiles (Fig. 3a), both catalysts
show two main reduction peaks, one sharp peak at around 335 °C and a smaller peak (with
c.a. 50% lower area) at around 430 °C, which could be assigned to the reduction of MnO-
to Mn20s3, and the reduction of Mn3O4 to MnO, respectively [35]. The intermediate peak
that is overlapped at around 387 °C could be attributed to the reduction of the formed
Mn203 to Mn304 according to literature [36]. In addition, a last shoulder was clearly
observed on MnOx/MCM at c.a. 467 °C, which has also been attributed to Mn,O3
reduction in literature [37,38]. However, while the peaks obtained at low temperature are
typically assigned to highly dispersed MnOy, in the last small peak, at a temperature close
to 500 °C, the reduction reaction would be rather attributed to bulk Mn.Oz. These multiple
peaks were not observed with the MnOx/SBA catalyst and it could be likely correlated to
the identification of a single phase by XRD in this case, as opposed to MnOy/MCM
catalyst, which already presented both MnO, and Mn;O3 phases since the synthesis.
Furthermore, the H> consumption has been quantified in the whole temperature range,
being very similar in both cases (9.47 and 9.40 mmol-gun? for MnO4/SBA and
MnOx/MCM, respectively) and, given that the position of the main reduction peaks was
not significantly influenced by the support, one can conclude that both catalysts presented
similar reducibility.

On the other hand, Fig. 3b shows the O>-TPD profiles obtained for the two
catalysts. The oxygen desorption property allows to study the surface oxygen species
which, generally strongly affects the catalytic oxidation performance [39,40]. In this
work, the manganese oxides catalyst showed mainly two desorption regions, below and
above 400 °C. In the first one, two main desorption peaks were observed at around 300
and 350 °C for both catalysts, although MnOx/MCM catalyst showed higher intensities.
These peaks could be assigned to chemisorbed oxygen surface species, likely O, and O
, respectively [2,41], thus evidencing a higher amount of active oxygen surface species in
MnOy/MCM catalyst. On the other hand, the oxygen desorbed from 400 to 600 °C could

be attributed to the release of near-surface lattice oxygen, according to several authors
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[2,39,42,43]. The amount of desorbed oxygen in this region was lower in MnOy/MCM
than in MnOx/SBA, but the desorption temperature was also lower in the former case,
which denotes a better oxygen mobility over the MnOx/MCM catalyst.

In addition, to investigate the surface elemental composition and chemical states
of MnOy catalysts, XPS analysis was carried out and the corresponding profiles are
depicted in Fig. 4. The Mn 2ps;2 and Mn2py.. regions (Binding energy= 670-635 eV) are
shown in the Fig. 4a, which were deconvoluted into two peaks corresponding to different
Mn oxidation states. The peaks located at 641.6 and 653.1 eV were assigned to Mn*",
while the peaks at 645.2 and 656.7 were attributed to Mn** [2,42,44], respectively. Thus,
the corresponding Mn**/Mn** ratio on the catalyst surface (Table 2) was higher on
MnOx/MCM (5) than on MnOx/SBA (3), which could indicate that MnOx/MCM catalyst
presented a highest proportion of oxygen vacancies [42,45]. These oxygen vacancies are
recognized to be the active sites for oxygen adsorption and activation, favoring the
catalytic oxidation of VOCs [2,45]. In addition, after comparing the surface elemental
composition by XPS with the bulk analysis by ICP (Table 2), it is clear that the surface
Mn content of the MCM-supported catalyst (3.5 wt.%) was higher than that of the SBA-
supported catalyst (1.1 wt.%) while the bulk content obtained from ICP results was
similar in both cases (4.9 and 4.7 wt.% for MnOx/MCM and MnO/SBA, respectively).
This finding supports the hypothesis of the Mn “loss™ in the channels of the SiO2 supports
as noticed by TEM, which was more pronounced in the case of SBA. The lower relative
surface content of Mn in the case of MnOx/MCM was also confirmed by the lower Si/Mn
ratio obtained by XPS in this case with respect to MnOx/SBA (Table 2).

Fig. 4b shows the O 1s spectra (Binding energy around 538-526 eV). Two main
peaks were clearly observed at 533.1 and 534.5 eV, attributed to oxygen belonging to the
Si-O bond and chemically or physically adsorbed water species, respectively [29,46].
Nevertheless, a less intense peak was also observed at lower binding energies, which can
be also deconvoluted in two main peaks as pointed out in zoomed area. Thus, the peak at
528.9 eV was attributed to lattice oxygen (Oa), While the second one at 530.1 eV was
attributed to adsorbed oxygen (Oads) [44,47]. In addition, Table 2 shows the Ojatt and Oads
proportions for both supported MnOy catalysts. It must be noted that the Oads/(Olatt+ Oads)
ratio was higher on MnOx/SBA catalyst than on MnOy/MCM catalyst. However, the
MCM-supported catalyst presented higher amounts of both Oags and Ot compared to
those observed on the SBA-supported catalyst (0.74 and 1.05 vs. 0.52 and 0.31 at.% for
Oads and Ouatt, respectively), in agreement with the O.-TPD results (Fig. 3b), indicating
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that MnOx/MCM catalyst exhibits more active oxygen species on the surface. Indeed,
both Oags and Oiat surface oxygen species contribute to the VOCs oxidation reaction
according to the literature [39,48-51]. Thus, a higher proportion of adsorbed oxygen
species, which correspond to the active oxygen species notably at low temperature
[52,53], will allow an easier interaction with VOCs, improving the catalytic performance
of the catalyst for the oxidation reaction [50,54]. Moreover, the amount of adsorbed
oxygen species is currently correlated to the available oxygen vacancies, since gaseous
oxygen is commonly adsorbed at these oxygen vacancies [42,51]. Thus, the higher
amount of adsorbed oxygen species on MnOx/MCM surface suggests a higher number of
oxygen vacancies, which is in agreement with the higher Mn®**/Mn*" ratio presented on
MnOx/MCM catalyst [11]. Thus, these oxygen vacancies will favor an activation of
oxygen species, improving the catalyst low-temperature reducibility and, as a
consequence, the catalytic activity at low temperature. Moreover, in most of the cases,
the oxidation reactions occurred on the surface of MnOx following the Mars-van-
Krevelen (MvK) mechanism [11], which indicates that a high amount of lattice oxygen
is also beneficial for the improvement of the catalytic oxidation [6]. All in all,
MnOx/MCM catalyst could present the higher catalytic activity given that presented the
higher proportion of Oags and Ot Species, which might enhance the VOCs catalytic

oxidation.

Pyridine is one of the most used basic probe molecule to characterize the surface
acidity of solids [55]. In this study, infrared spectroscopy of adsorbed pyridine was used
to determine the influence of the SBA-15 and MCM-41 host supports in the amount and
distribution of supported MnOx catalysts acidic sites. First, free hydroxyl group
assignment, reported in Fig. S2, was consistent with the literature and an asymmetric and
sharp band at around 3745 cm™ was detected, assigned to isolated silanol groups [28].
Due to the nitrogen electron lone pair, pyridine should interact with acidic centres to form
(i) coordinated species on Lewis acid sites (PyL) and (ii) the pyridinium ion on protonic
sites (PyH™), both giving rise to specific vga, ven, vi9a and vigs ring (CCN) vibration modes.
IR spectra of pyridine desorbed at 150 °C are depicted in Fig. S3 to compare the acidic
properties of the catalysts. At this temperature, physisorbed and H-bonded pyridine were
removed from the surface. Higher amount of acids sites was observed for MNnOy/MCM
compared to MnOx/SBA, which adsorbed virtually no pyridine. Over MnOy/MCM,

adsorption of pyridine mainly gives rise to coordinated PyL species, characterized by

13



bands at 1450-1455, 1492, 1577, 1608 and 1624 cm™. The appearance of the bands at
1492, 1548 and 1640 cm™ indicates the protonation of pyridine over Brgnsted acid sites
in low content. Fig. S4 reports the evolution of the Lewis acid sites concentration versus
pyridine evacuation. The higher acidity of the MCM-supported catalyst was also verified
by NH3-TPD measurements. As can be observed in Fig. S5a, three NH3 desorption peaks
were found on MnOx/MCM catalyst related to weakly, medium and highly acid sites, in
increasing direction of temperature, that were negligible in the cases of MnOx/SBA (Fig.
S5h).

3.2. Toluene catalytic oxidation.

The catalytic performance of the synthesized supported catalysts for toluene
oxidation was measured in the range of 100 to 450 °C. Fig. 5 shows the toluene oxidation
light-off curves in terms of a) toluene conversion and b) CO; yield. Carbon dioxide and
water were the only products detected on the micro-GC and Mass spectrometer
instruments, according to reaction (8), without evidence of the formation of CO or any
other product. In fact, Fig. 5a and 5b showed a good correlation between the evolution of

toluene conversion and CO; yield.
C7H8 + 902 - 7602 + 4‘H20, AH298 = -3771 k] . mOl_l (8)

MnOy/MCM presented slightly higher activation energy (143 kJ mol™?) than
MnOx/SBA (136 kJ mol™). The global reaction rate, calculated at a toluene conversion of
10%, was also higher in the former case (48 vs. 40 umol g* s), which suggest that the
specific surface area, which was much higher on the MCM-supported catalyst (Table 1),
plays an important role in the catalytic oxidation over MnOx, in agreement with previous
reports [2,45,56]. Indeed, the specific reaction rate (i.e., normalized by Sget) was lower
on the MCM-supported catalyst (0.06 vs. 0.09 pmol m s1). However, according to the
very different profiles obtained for the light-off curves, the specific surface area was not
the only determining parameter. It was clear from Fig. 5 that MnOx/MCM was more
active than MnO,x/SBA at low and intermediate temperatures (up to 370 °C). This
enhanced catalytic performance could be associated to the higher concentration of active
catalyst on the outermost surface of MCM during the deposition as previously mentioned.
Besides, given that toluene oxidation reaction follows a Mars van Krevelen (MvK)
mechanism, the higher oxygen mobility and higher surface concentration of adsorbed
(Oads) and lattice (Oiarr) 0xygen observed by XPS and O2-TPD, likely have a strong impact

on the toluene mineralization [39,57].
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To investigate the catalytic reaction mechanism of the oxidation of toluene, in-
situ DRIFTS measurements were also carried out in toluene-air atmosphere at different
temperatures between 35 and 400 °C over the MnOx catalysts. The obtained results are
shown in the Figs. 6a and 6b for MnOx/MCM and MnOx/SBA, respectively and the main
bands attributed to the toluene molecule and oxidation intermediates are shown in Table
3.

Fig. 6a shows the DRIFTS spectra obtained for the catalytic oxidation of toluene
over MnOx/MCM catalyst. At 35 °C, the bands in the range of 3090-2870, 1600, 1494
and 1454 cm generally belong to C-H stretching vibration of the benzene ring, and the
band at 1291 cm™ may be attributed to the C-H symmetrical vibration of methyl group
[6,49,58-62]. These bands evidence the toluene adsorption over the MnOx/MCM catalyst
at low temperature. Furthermore, weaker bands could be observed between 1000 and
1220 cm™*, which could be attributed to benzyl alcohol. Moreover, the band at 1680 cm™
is assigned to vC=0 stretching vibrations bands of carboxylates species indicating the
formation of benzoates species [59]. These bands indicate that part of adsorbed toluene
interacted with the active oxygen species by abstracting an H of the methyl group at low
temperature [60]. Nevertheless, the CO> bands formation were not observed. This
indicates that toluene oxidation needs more energy to form CO., which is in agreement
with the light-off toluene oxidation curves where the CO, formation started at 150 °C (see
Fig. 5b).

As the temperature raised to 100 °C, the intensity of the aromatic ring and C-Hx
species showed a sharp decrease, indicating that the adsorbed toluene was either desorbed
or oxidized. The latter hypothesis is supported by an increase observed in the band
associated to surface intermediates such as carboxylates species (at 1680 cm™ [59]),
similar to what has been previously shown in the literature [63]. New bands associated to
the formation of benzoates (at 1591, 1569 and 1405 cm™) and other carboxylates species
(vCOO stretching vibrations bands at 1630 cm™) were also observed [60,64,65]. Finally,
weak bands were observed at 1453 cm™, attributed to benzaldehyde, and at 1963 and 1816
cm? attributed to maleic anhydrides species [48,66], which indicate the aromatic ring
cleavage of the toluene molecule. By increasing the temperature from 100 to 200 °C, the
bands attributed to adsorbed toluene further decreased and those related to all toluene
reaction intermediates mentioned above increased. Two additional bands also appeared

at 1280 and 1100 cm™, which could be attributed to alkoxide or benzyl alcohol species
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(vCO-) [67,68]. In addition, CO2 bands were observed at 2360 and 2330 cm™ [69] at
temperatures higher than 100 °C (see Fig. S6a), which is in agreement with the toluene
mineralization observed in the light-off curves (Fig. 5). Furthermore, at 300 °C most of
the bands attributed to intermediates like benzyl alcohol (1280, 1100 cm™), benzaldehyde
or benzoates (1591, 1569, 1453, 1420 and 1360 cm™) increased and a new band attributed
to benzoic acid (1180 cm™) appeared. Finally, at 400 °C the bands of toluene oxidation
intermediates generally decreased. However, the persistence of some intermediate species
bands in this spectrum denotes the uncomplete toluene combustion at 400 °C, in
agreement with the light-off curves (Fig. 5), where toluene conversion was around 60%
at this temperature. Furthermore, CO> bands increased with temperature from 150 to 400
°C (Fig. S6a) while no CO bands were observed in any case (2100-1970 cm™) [70].

Fig. 6b shows the DRIFTS measurements for MnO./SBA catalyst. As with the
previous catalyst, at 35 °C, the toluene adsorption bands were clearly observed in the
range of 3060-2870, 1600, 1494 and 1454 cm™ assigned to C-H stretching vibration of
the benzene ring, along with the band at 1291 cm™ attributed to the C-H symmetrical
vibration of methyl group [6,58-62]. Bands at 1680 cm™ (C=0 in carboxylates species),
1180 cm™ (benzoic acid) and 1100 cm™ (benzyl alcohol) were also observed. Based on
the intermediates formation, a similar behavior over both supported catalysts was
observed, where toluene molecules were firstly adsorbed on the surface of the catalyst.
Then, the highly activate oxygen species attacked the C-H bond of the methyl group of
toluene, thus being oxidized to benzyl alcohol (vCO-) [69,71]. The latter indicates that
toluene is also partially oxidize at low-temperature over the surface of MnOx/SBA
catalyst. However, the temperature of the catalyst was not enough to deeply mineralized

toluene, in agreement with the light-off curves observed in the Fig. 5.

As the temperature increased from 100 °C, the bands at 3090-280, 1600, 1494,
1454 and 1291 cm™ were progressively less intense and completely disappeared at 400
°C, similarly to MnOx</MCM catalyst, due to toluene desorption/oxidation reaction. The
later assumption was confirmed by the appearance of intermediates formation bands at
1920, 1816 and 1300 cm! attributed to maleic anhydrides (vC=0) as well as the bands at
1569, 1420 and 1360 cm* assigned to benzoate species [39,69] and the bands at 1180 and
1150-1020 cm™ related to benzoic acid and benzyl alcohol, respectively. These bands
progressively increased with the temperature, especially those related to benzoate and

maleic anhydrides species, although the temperature effect was less pronounced for this
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catalyst with respect to MnOx/MCM. In addition, in the case of MnOy/SBA catalyst,
pronounced CO> bands were only clearly observed at temperatures beyond 300 °C (Fig.
S6b), in agreement with the light-off curves (Fig. 5). These DRIFTS spectra also
confirmed the higher catalytic activity of MnOxMCM catalyst with respect to
MnOx/SBA. Indeed, in Fig. 6b, the intermediates bands did not decrease along the studied
temperature range (not even at 400 °C), as opposed to MnOx/MCM catalyst. This denotes
a lower activity of MnOx/SBA catalyst for toluene mineralization in agreement with the
right-shift observed in the light-off curve (both toluene conversion and CO; vyield, Fig.
5).

Based on the identified intermediates bands, these in-situ DRIFTS measurements
allow to propose the following reaction pathway for toluene oxidation, which is similar

over both catalysts:

Toluene — Benzyl alcohol — Benzaldehyde — Benzoic acid — Maleic

anhydride — Acetate — CO2 (9)

A similar reaction pathway has been reported in the literature [63,72]. Thus, MnOx
catalysts proved to be active for toluene oxidation and benzoate formation was the one
that increased most clearly with the reaction temperature, suggesting that benzoates

species were the main toluene reaction intermediate.

3.3. 2-propanol (iPrOH) catalytic oxidation.

In the present work, the iPrOH catalytic oxidation has also been investigated over
the supported MnOy catalysts and the results are shown in the Fig. 7. iPrOH conversion
could follow two reaction pathways, either dehydration (reaction 10) or dehydrogenation
(reaction 11), depending on the acid or base properties of the catalyst, obtaining as main
product propylene or acetone, respectively [49,73,74]. The propylene formation is
favored by the dehydration mechanism over acid sites, Bregnsted sites being more active
than Lewis sites, and by high temperatures [74—79]. On the other hand, acetone formation
is produced by the dehydrogenation mechanism, through hydride abstraction, and it takes
place over redox and basic sites [2,73,74,80]. Finally, both products can be further
oxidized into CO2 and H2O leading to the overall iPrOH combustion reaction (reaction
12).

C3HgO — C3Hg + H,0; AH,0g = +52.8 k] - mol™! (10)
C3HgO — C3HgO + Hy; AHpeg = +54.1K] - mol™! (11)

17



9
C3H80 + 502 - 3602 + 4‘H20, AH298 = _18722 k] * 1’1’101_1 (12)

As observed for toluene oxidation, Fig. 7a shows that the MnOx/MCM catalyst
also presented highest catalytic activity for iPrOH conversion than MnOy/SBA catalyst.
As in the case of toluene oxidation, the MCM-supported catalyst showed a higher
activation energy (124 vs. 106 kJ mol?) and a higher global reaction rate at 10%
conversion (48 vs. 39 pmol-g* s1). The enhancement of the catalytic activity could be
due to the higher specific surface area, higher amount of surface active oxygen and higher
oxygen mobility of the MCM-supported catalyst, as also observed in other studies on
VOCs oxidation [2,56,81,82]. Other important difference between the two catalysts was
found in Fig. 7b, c. MnOx/MCM catalyst was very selective for propylene formation, with
only little acetone formation. On the contrary, the MnOx/SBA catalyst was totally
selective to acetone, with no propylene detected in this case under the studied reaction
conditions. This different behavior can be ascribed to the acidic properties observed in
former catalyst, as previously described in section 3.1.2. MnOy/MCM presented a much
higher amount of acid sites than MnOx/SBA as determined by the Pyridine-adsorption
and NHs-TPD measurements (see Figs. S3, S4 and S5). Indeed, this acidity could be
related to the Al traces detected by ICP analysis in this catalyst [76], which are not present
in SBA-supported catalyst (Table S1). Note that both SBA and MCM mesoporous silicas
are commonly assigned as neutral support [33]. According to these results, MNnOx/MCM
catalyst mainly performs iPrOH dehydration, while MnO,/SBA is totally selective for
iIPrOH dehydrogenation reaction. Regarding CO. formation (Fig. 7d), MCM-supported
catalyst showed to be more active for iPrOH mineralization than SBA-supported catalyst
at temperatures below 330 °C. Other particularity was that propylene was not fully
oxidized at 400 °C, unlike acetone. In this sense, the oxidation temperatures could be
likely decreased by using different catalyst synthesis methods or by increasing the content
of the active phase in the catalyst (only 4 wt.% Mn herein), as found with other catalysts
employed in propylene oxidation (e.g., Ag/CeO> [83]). On the other hand, the absence of
side oxidation products like CO is an advantageous feature of the MnOx-based catalysts
and contrasts with the noble metal catalysts (e.g. Pt-Pd/Al.Oz [84]), which lead to
deactivation phenomena by blockage of catalytic active sites. From the obtained results,
one can also suggest that, even with lower activity (evidenced by a higher temperature
for full iPrOH conversion), the SBA-supported catalyst seems to be more interesting than

the MCM-supported catalyst for a potential practical application of MnOx-based catalysts
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for VOCs combustion with pollutant-free CO> generation, given the lower temperature

required for acetone full oxidation (vs. propylene oxidation).

In-situ DRIFTS measurements were carried out on the supported MnOx catalysts to
better understand the reaction pathways for iPrOH oxidation. The obtained spectra are
presented in Fig. 8a and 8b. The main bands of the reaction intermediates of iPrOH

adsorption or transformation are summarized in Table 4.

In Fig. 8a, the bands assigned to iPrOH adsorption over the MnOx/MCM catalyst
were clearly observed in the range of 2969-2872 cm™. These bands are attributed to
asymmetrical and symmetric methyl (vsCHz) vibration of iPrOH [85]. In addition, the
bands located at 1468 and 1384 cm™ are characteristic of asymmetric and symmetric C-
H methyl bands (vCHs3), respectively, which could be due to the dissociative iPrOH
adsorption [85-87]. Two well defined bands attributed to skeletal (6C-C) stretching and
methyl (vCHs) rocking vibrations, respectively, were also observed at 1215 and 1124 cm’
! which are related to the isopropoxide dissociated species due to the adsorption of iPrOH
[85,87]. However, the presence of non-dissociative iPrOH species was also evidenced by
the band located at 1290 cm™, which could be attributed to hydroxyl group in
isopropoxide species [86]. Thus, the iPrOH adsorption is confirmed at 35 °C over the
MnOx-MCM catalyst via both dissociative and non-dissociative pathways. According to
the literature, the band located at 1711 cm™ could be attributed to acetone (SCHs)
formation. This intermediate could be due to the fast dehydrogenation of iPrOH even at

low-temperature [19]. No other intermediates were observed at 35 °C.

By increasing the temperature from 100 to 400 °C, the iPrOH oxidation reaction
took place and several reaction intermediates were observed. According to the literature,
the reaction mechanism strongly depends on the iPrOH adsorption pathway. The non-
dissociative adsorption is usually linked to the dehydrogenation of iPrOH leading to
acetone formation [88]. On the other hand, the dissociative iPrOH adsorption leads to the
formation of isopropoxy groups and surface hydroxyl species, being the iPrOH strongly
bonded over the surface Lewis acid sites and giving rise to propylene [85,87]. In the
present study, as it happened with toluene adsorption bands, one can observe in Fig. 8a
that, at 100 °C, all the bands assigned to iPrOH adsorption sharply decreased (i.e., 2969-
2872 cm, 1468, 1384 and 1290 cm™). Simultaneously, the acetone was either
transformed or desorbed at 100 °C since the band located at 1711 cm™ disappeared.

However, new bands raised upon heating, at 1680 and 1584 cm™, attributed to C=0
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stretching vibration of acrylate, which could derive from the partial oxidation of
propylene [89]. From 150 to 300 °C, the iPrOH adsorption bands located in the range of
2969-2872, 1468, 1384 cm™ progressively decreased, which is in agreement with the
light-off curves of catalytic oxidation of iPrOH. According to Fig. 7, both acetone and
propylene started to be formed in gas phase at temperatures higher than 150 °C. However,
the acetone was not observed at higher temperatures, only the bands at 1680 and 1584
cm™ became stronger which are attributed to acrylate species due to the propylene
oxidation. In addition, up to 300 °C, not only the bands related to acrylate formation were
observed, but also new bands located at 1436 and 1270 cm™ assigned to propylene [90]
and acrylic acid formation [91,92]. Finally, at 400 °C, the iPrOH adsorption bands almost
completely disappeared (only a very weak band at 2969 cm™), as well as the bands at
1680, 1584 and 1436 cm™. Acrylate species were the only intermediates remaining (1270
cm? and a new band at 1160 cm™) along with some propylene (band at 1615 cm™,
(vC=C)) [90], thus suggesting the deep oxidation of iPrOH at this high temperature, in
agreement with the light-off curves (Fig. 7d). According to these results, propylene is
formed from iPrOH oxidation via dehydration over MnOx/MCM catalyst. This can be
considered as the main intermediate, being subsequently transformed into partial
oxygenated compounds. Similar behavior has been reported previously in the literature
over Mo-V oxides catalysts [90].

On the other hand, the DRIFTS spectra related to the catalytic oxidation of iPrOH
over MnO,/SBA catalyst are shown in Fig. 8b. At 35 °C, as in the case of MnOy/MCM
catalyst, adsorption bands attributed to iPrOH were observed at the range of 2969-2872
cmt attributed to asymmetric and symmetric methyl (vCHs) vibrations of iPrOH [85]. C-
H methyl bands at 1468 and 1384 cm™, which are characteristic of isopropoxide species
due to the dissociative iPrOH adsorption [85-87], were also observed on MnOx/SBA
catalyst surface, as well as a band at 1290 cm™, attributed to hydroxyl group of non-
dissociated iPrOH. However, the latter band is relatively more pronounced in this
spectrum with respect to that of MnO/MCM catalyst. Besides, in the case of MnOx/SBA

catalyst, no iPrOH intermediates were observed at 35 °C.

By increasing the temperature from 100 to 400 °C, the intensity of the bands
attributed to iPrOH adsorption (2969-2872, 1468, 1384 and 1290 cm™ previously
described) decreased, as expected, and several intermediates bands were observed with

some differences with respect to MnOx/MCM catalyst. Acetone formation was evidenced
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by the bands that appeared at moderate temperatures (150-300 °C), in the range of 1337
-1230 cm, attributed to the (vC-C) characteristic vibration of acetone [85,93]. In
addition, the band at 1437 cm™ observed from 200 to 400 °C is related to vs(COO) of
formate [85,94]. Moreover, the presence of acetate was noticed from 100 °C with the band
at 1583 cm*, which has been assigned on MnO,/SBA catalyst to acetate vas(COO)
formation [94], rather than acrylate species (as identified on MnOx/MCM spectra), given
the absence of the band at 1680 cm™. The formation of acetate was also confirmed by the
band observed at 1358 cm™ at 150 °C, attributed to the characteristic vibration, vs(COO),
of acetate [95]. In addition, it is important to mention that the CO, bands were only
observed at temperatures beyond 300 °C (Fig. S7b) on MnOy/SBA catalyst surface, while
they were observed at 200 °C on MnOx/MCM (Fig. S7a).

According with Fig. 8a and 8b, two different catalytic pathways were present
depending on the support used. On the MnOx/MCM catalyst, the reaction was mostly
selective to acrylate and carbonate species at low and high temperatures, respectively.
These intermediates could be derived from propylene likely formed through a dissociative
adsorption mechanism. However, MnOx/SBA catalyst seemed to undergo mainly iPrOH
dehydrogenation to acetone, which also led to acetate and formate species as temperature
increased. Accordingly, with these in-situ DRIFTS measurements and the light-off
curves, the following reaction mechanism can be proposed for MnOx/MCM (13) and
MnOx/SBA (14) catalysts:

iPrOH — Propylene — Acrylate — Carbonates — C0,>  (13)
iPrOH — Acetone — Acetate — Formate — CO» (14)

Besides, in both toluene and iPrOH oxidation reactions, in-situ DRIFTS
measurements proved the higher overall catalytic activity of MnOy/MCM catalyst with
respect to MnOx/SBA, due to a higher presence of intermediates bands at lower
temperatures, and a more pronounced vanishment of these bands at higher temperatures

likely associated with a favored mineralization.

The better performance of MnO/MCM catalyst can be related to the different
properties observed between both ordered mesoporous silicas-supported catalysts. The
highest catalytic properties of MnOx/MCM catalyst could be first attributed to the higher
Sger of this catalyst, which translates into a greater quantity of adsorption sites. However,

the accessibility of Mn active phase to the silica channels, which was clearly determined
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by the support pore diameter, was not the determinant factor for VOCs oxidation in this
study, and the Mn oxides particles located on the outermost surface of the MCM support
seemed to be more active than those deposited in the channels of the SBA. Moreover, the
catalyst redox properties play a decisive role for toluene and iPrOH oxidation. Thus, the
higher amount of surface Mn and active oxygen species available, including Oads and Ojatt,
on MnOx/MCM catalyst surface together with a greater oxygen mobility were clearly
responsible for the higher performances observed for this catalyst. Moreover, as
previously-mentioned, a higher surface Mn®*/Mn** ratio, and thus a higher proportion of
oxygen vacancies was present on MnOx/MCM catalyst, which provide active oxygen

species for the enhancement of the VOCs catalytic oxidation reaction.

3.4. Toluene and 2-propanol binary mixture oxidation reaction:

promotion/inhibition effects.

Fig. 9 shows the catalytic performance corresponding to the binary mixture
oxidation of toluene and iPrOH over the MnOx catalysts, in comparison with the previous
results obtained under single toluene or iPrOH oxidation conditions. With any of the two
VOCs, the catalytic activity was different in the presence of the second one. The toluene
oxidation reaction (Fig. 9a) took place at higher temperatures in the binary mixture, which
means that toluene oxidation was inhibited by the presence of iPrOH. Moreover, the
iIPrOH oxidation in the binary mixture reaction was shifted to lower temperature (Fig.
9b), which indicates that the binary mixture favored the iPrOH oxidation. In any case, the
most active catalyst for both oxidation reactions was MnOx/MCM. Thus, these results
suggest that the presence of toluene has a promoting effect on the iPrOH oxidation, but
iIPrOH, being the most reactive VOC due to their higher polarity [22,25], inhibits the
toluene oxidation reaction at the VOCs concentration and temperature range studied in
this work. To our knowledge, this is the first time that these effects are observed in the
literature for silica-based supported MnOxy catalysts. Indeed, although it is very difficult
to predict the behavior of VOCs in a mixture, several authors proved that the VOC
inhibition/promoting effects depend largely on the catalyst used [2,20,21,23,25-27,96].
For instance, Blasin-Aubé et al. [20], Aguero et al. [23] and Musialik-Piotrowska et al.
[96] demonstrated that toluene can have a promoting effect over others VOCs such as
ethyl acetate, ethanol and acetone using different MnOx-based catalysts, while an
inhibition effect was pointed out over Pd-zeolites and Pt alumina-based catalysts
[21,25,26].
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Concerning the effects of toluene over iPrOH oxidation in particular, a promoting
effect of toluene over iPrOH partial oxidation, in detriment to the total oxidation, has
spotlighted in our previous study over un-supported Mn,Os3 catalysts [2]. This behavior
was attributed to the local exothermicity induced by toluene oxidation [22,24,25] and to
the possible decrease of available oxygen for total iPrOH oxidation [97,98]. In the present
work, the exothermic effect has also been evidenced in Fig. S8. On both catalysts, when
oxidizing either toluene or the VOCs mixture, a slight deviation was observed in the
temperature registered inside the reactor with respect to the furnace temperature, thus
supporting the hypothesis of the exothermic effect of toluene oxidation, as one of the
plausible reasons for the promoting effect of toluene on iPrOH oxidation under mixture
conditions. Note that the enhanced formation of by-products from iPrOH partial oxidation
instead of its total oxidation was also observed by Aguero et al. [23] and Musialik-
Piotrowska et al. [96] for a mixture of toluene and ethyl acetate or ethanol. The same
trend was observed in the present study, where a promotion effect in the by-products
formation (i.e., shifted to lower temperatures, Fig. 9c and d) was observed upon VOCs
mixture. Note that, as previously observed under single iPrOH oxidation conditions (Fig.
7b and c), the selectivity of the by-products was different depending on the catalyst.
MnOy/SBA catalyst showed a totally selective oxidation of iPrOH to acetone by
dehydrogenation, while propylene (by dehydration) and acetone (by dehydrogenation)
were observed over the MnOx/MCM catalyst. It must also be noted that the presence of
toluene did not only favoured the acetone formation at lower temperatures, but also its
further oxidation to CO; at increasing temperatures (there is a left-shift in the acetone
yield in the whole temperature range in Fig. 9c). However, in the case of propylene, its
formation was promoted by toluene, but its oxidation was inhibited (right-shift at high
temperatures in Fig. 9d). One can also observe that the CO, formation was inhibited under
mixture conditions, since a displacement at high temperatures was observed in the VOCs
mixture oxidation compared with the single toluene and iPrOH oxidation reactions
(shown in Fig. S9). This behavior suggests that the mixture oxidation reaction promoted
the selective formation of partially oxidized by-products such as acetone in the case of
MnOy/SBA and propylene and acetone over MnOx/MCM catalyst, while the overall
VOCs mineralization to CO, was unfavored. The mixture inhibition effect on CO>
generation was more clearly observed in the case of MnOx/MCM catalyst, since this
catalyst presented a significantly higher CO2 yield at lower temperatures than MnOx/SBA

for single VOC oxidation, while the resultant CO> generation under VOCs mixture
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conditions was very similar on both catalysts. With a view to the commercial application
of these MnOx-based catalysts for VOCs combustion to pollutant-free CO», different
operation conditions (e.g., increasing O partial pressure) and upgraded catalysts (e.g.,
optimizing composition, nanostructure) would be necessary, in order to decrease the
temperature required for the full oxidation of toluene, iPrOH and the by-products.

Nevertheless, concerning the inhibition/promoting effects of iPrOH over toluene
oxidation, only a few studies are reported in the literature [2,25,27], in which an inhibiting
effect was never pointed out. For example, Burgos et al. [25], who showed that toluene
has a negative impact on the iPrOH oxidation over Pt/Al,Oz catalysts, did not observed
any effect of iPrOH on the toluene oxidation. Indeed, toluene was oxidized directly from
the gas phase with oxygen atoms chemisorbed on Pt. Nevertheless, these authors
suggested that the competition between toluene and iPrOH for oxygen atoms did not
affect their reactivity. On the other hand, a promoting effect on toluene oxidation in
presence of iPrOH was observed in our previous study over unsupported MnOx [2], which
was attributed to both the release of some active sites for toluene adsorption/oxidation
and the previously-mentioned exothermic effect generated by the iPrOH/acetone total
oxidation. Those effects are therefore opposite to that observed in the present study, where
the toluene oxidation seems to be inhibited by the presence of iPrOH over silica-based
supported MnOxy catalysts. Nevertheless, Aguero et al. [23] showed that the oxidation of
one VOC can be affected by the formation of CO, and H.O derivate from the
mineralization of the other VOC presented in the mixture. Thus, the presence of CO; and
H20 could inhibit by a adsorption competition the toluene oxidation in the present study,
according to the literature [27,99]. Moreover, the preferential adsorption of iPrOH on the
catalyst surface due to its higher polarity compared to toluene molecule would delay the
adsorption/transformation of toluene, inhibiting total toluene oxidation at low
temperature, as will be demonstrated by in-situ DRIFTS measurements in the next
section.

In order to better understand the inhibition/promotion effects in the presence of the
VOCs mixture (toluene/iPrOH), different in-situ DRIFTS measurements were carried out
using the two supported MnOx catalysts. In the first set of experiments, a mixture of
toluene/iPrOH (600 and 800 ppm, respectively) was introduced with air (20% O>). The
spectra were collected at 35, 100, 150, 200, 300 and 400 °C. Fig. 10a shows the results
obtained over MnOy/MCM catalyst. At low temperature (35°C), in general terms, a

pattern very similar to the one obtained with single iPrOH adsorption (Fig. 8a) was
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observed. The bands associated to iPrOH adsorption were found in the range of 2969-
2872 cm™ [85] as well as some bands at 1468, 1384, 1215 and 1124 cm™, which are
assigned to the dissociative adsorption of iPrOH. Moreover, the band at 1290 cm™, which
is attributed to the hydroxyl group involved in the non-dissociative mechanism, was
clearly presented in this spectrum [87]. In addition, acetone formation was also found at
1711 cm™ [19], likely due to the fast dehydrogenation of iPrOH, as previously observed
for MnOw/MCM catalyst on single iPrOH oxidation (shown in Fig. 8a). However, the
acetone formation seemed to be more pronounced in the presence of toluene. Moreover,
toluene adsorption bands were observed in the range of 3090-2870 cm™, at 1600 and at
1494 cm [6,58-60,62], although they were negligible with respect to those of iPrOH.
However, it should be noted that the main toluene band previously found at 1291 cm*
could be overlapping with that at 1290 cm™ attributed to iPrOH vibration. It is well known
that the competitive adsorption of the VOCs over the MnOy catalysts could affect the
adsorption and transformation of both molecules [23,24]. Indeed, the apparently
detrimental effect of the mixture on the toluene adsorption was already observed at low
temperature with un-supported MnOx catalysts in our previous study [2] and can be

attributed to the preferential adsorption of iPrOH due to its higher polarity [22,25].

By increasing the temperature, from 35 to 400 °C, the bands associated to iPrOH
and toluene adsorption vanished, the latter being undetectable beyond 100 °C. The band
attributed to acetone formation (1711 cm™) also progressively decreased with the
temperature. Fig. 10a also shows that the temperature increase led to the formation of
some intermediates from both iPrOH and toluene oxidation reactions. The bands at 1680,
1584, 1436 and 1160 cm™ are attributed to propylene and propylene-derived
intermediates such as acrylates and carbonates/formates, as previously discussed.
Moreover, those at 1300, 1360 and 1220-1020 cm™* can be assigned to maleic anhydrides
and alkoxide or benzyl alcohol species, respectively, derived from toluene oxidation.
Thus, even if toluene adsorption was hindered by the presence of iPrOH, both VOCs were
oxidized on MnOx/MCM catalyst surface, although toluene oxidation intermediates were
detected at higher temperatures than the iPrOH intermediates, in agreement with the
observed light-off trends (Fig. 9).

In the case of MnOy/SBA catalyst (Fig. 10b), at 35 °C, the same bands were found
as with MnOx/MCM catalyst, i.e., iPrOH and toluene adsorption bands and acetone

formation at 1711 cm™. Toluene adsorption bands were again significantly lower than
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those related to iPrOH adsorption, due to the preferential adsorption of the latter as
previously discussed. The main difference between both catalysts at 35 °C was the
absence of bands at 1215-1124 cm™, which were assigned to dissociative iPrOH
adsorption, in the case of MnOx/SBA. By increasing the temperature from 100 to 400 °C,
the bands of both iPrOH and toluene adsorption decreased as expected, and the band at
1711 cm vanished. Simultaneously, different bands attributed to acetone, (1300, 1280
and 1239 cm™), and acetate (1583 and 1358 cm™) progressively increased up to 300 °C,
and above this temperature other bands assigned to formates (1437 cm™) and toluene-
derived intermediates (1360 cm™ and several bands between 1280 and 1100 cm™)
appeared. This is in agreement with the light-off trends of simultaneous toluene and
iIPrOH oxidation (Fig. 9).

It must be noted that the bands derived from toluene and iPrOH adsorption could
be overlapped in many cases since both compounds gave rise to by-
products/intermediates with similar functional groups, thus making it difficult the
interpretation of the results. However, two general trends can be observed when
comparing the spectra obtained with the two catalysts for single VOC oxidation (Fig. 6
and 8) with those obtained in the presence of both VOCs (Fig. 10): i) the higher presence
of acetone under mixture conditions, even on MnOx/SBA catalyst at 35 °C, and ii) the
lower bands related to toluene intermediates observed in the presence of iPrOH. This
evidences the promoting effect of toluene on the dehydrogenation of iPrOH and the
opposite effect of iPrOH on toluene oxidation, as noticed from the catalytic behavior

observed above (Fig. 9).

To get more insights about the inhibition/promoting effects in the VOCs mixture
oxidation, another experimental approach was also applied. A two-step reaction was
performed where toluene and iPrOH were introduced as follows: in the first step either
toluene or iPrOH was introduced (in air stream) in the DRIFT cell at low temperature (35
°C) for 30 minutes. Then, the molecules weakly adsorbed were swept-out by a He flow
rate during 15 minutes. After that, the other VOC (in air stream) was injected
continuously for 30 minutes. DRIFTS spectra were collected under the different VOC
atmosphere. Finally, the DRIFT cell was heated at 300 °C and some spectra were
collected at this temperature. The results obtained with MnOx/MCM catalyst are shown
in Fig. 11a and b at 35 and 200 °C, respectively. In Fig. 11a, the “toluene” and “iPrOH”

spectra show the pre-adsorption step in each case. Then, in the same figure, the spectrum
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called “1% toluene, 2" iPrOH” was obtained after introducing 800 ppm of iPrOH (in air
stream) on the toluene-preadsorbed surface during 30 minutes, and the spectrum called
“I3tiPrOH, 2" toluene” was obtained after adding 600 ppm of toluene (in air stream) on
the iPrOH-preadsorbed catalyst. The “mixture” profile stands for the respective spectrum
after simultaneusly feeding both VOCs at the same conditions during 30 minutes (which
has been shown previously in the manuscript). It can be observed that the profiles of
single toluene or single iPrOH were similar to those presented in Fig. 6a and 8a, which
demonstrates the experimental reproducibility of the DRIFTS measurements for the
MnOx/MCM catalyst. Note that the bands attributed to toluene and iPrOH were
previously described, therefore, those bands will not be described in detail in this section.

When toluene was firstly adsorbed over the MnOx/MCM catalyst at 35 °C, the main
bands of toluene were clearly observed (purple profile in Fig. 11a). However, those bands
almost vanished after the adsorption of iPrOH (light-pink profile) and were only slightly
observed when iPrOH was firstly adsorbed (orange profile). Moreover, the main bands
attributed to dissociative and non-dissociative adsorption of iPrOH (in the range of 2969-
2872 cm™ and those at 1468, 1384, and 1290-1124 cmt) [85,87] were observed in the
presence of iPrOH, before and after the toluene adsorption (olive and orange profiles).
However, by comparing the profiles of “1 toluene, 2" iPrOH”, <15t iPrOH, 2" toluene”
against the “mixture”, it seems that all those profiles are quite similar to the single iPrOH.
This great prominence of iPrOH on MnOx/MCM catalyst is likely linked with its
preferential adsorption due to its higher polarity, which is in agreement with the literature
[2,22,25]. However, it must be noted that less pronounced iPrOH adsorption bands were
observed after preadsorbing toluene, especially, those bands located at 1462, 1384 and
1290 cm™*. This behavior can be explained by the fact that the pre-adsorption of one VOC
will generally have a negative impact, to a greater or lesser extent, on the adsorption of a
second VOC. Thus, these in-situ DRIFTS measurements at low temperature (35 °C)
suggest that the pre-adsorption of toluene could affect the adsorption and transformation
of iPrOH. However, the iPrOH was preferentially adsorbed over the MnOx/MCM catalyst

surface, inhibiting the adsorption of toluene.

Fig. 11b shows the DRIFTS spectra obtained after heating at 300 °C on the
MnOy/MCM catalyst. The single toluene, iPrOH and mixture led to the same spectra as
those shown in Figs. 6, 8 and 10, respectively. Even though the adsorption of toluene

seemed to be inhibited by iPrOH at low temperature, the presence of some bands
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associated to the toluene adsorption at higher temperature, even in the presence of iPrOH,
suggests that this inhibition effect can be considered reversible. Moreover, the formation
of toluene intermediates was clearly observed (1630, 1453, 1420, 1280 and 1180-1100
cm™). Therefore, both adsorption and transformation of toluene were enhanced at high
temperature, which could be related to a promoting effect of the temperature on the iPrOH
desorption/reaction, releasing active sites for toluene adsorption/oxidation. However,
when comparing the spectrum obtained in single-toluene oxidation with that obtained at
300 °C in these new measurements (i.e. two-steps reaction or mixture), the toluene
intermediate bands were found to be lower in all those cases in the presence of iPrOH.
For example, the bands at 1453, 1420, 1280 and the bands in the range of 1180-1100 cm"
! were less pronounced under consecutive or simultaneous adsorption of both VOCs than
under single-toluene oxidation (Fig. 6). This denotes an inhibiting effect of iPrOH on
toluene oxidation over MnO,/MCM catalyst and this effect was especially evident when
pre-adsorbing iPrOH, as expected. These DRIFTS findings are in agreement with the
toluene oxidation inhibition observed in the light-off curves obtained under mixture

conditions in the Fig. 9.

On the other hand, when analyzing the iPrOH intermediates, the co-feeding or pre-
adsorption of toluene led to the same bands as those found in the spectrum under single-
iIPrOH oxidation conditions, and some of them even increased, like the band at 1584 cm”
! (acrylates) and the wide bands found in the region of 1350-1200 cm™ likely involving
several bands related to acetone and isopropoxide. This promoting effect of toluene on

iPrOH oxidation also verifies the trends observed in the light-off curves in Fig. 9.

In-situ DRIFTS measurements in the mixture oxidation reaction over the
MnO,/SBA catalyst were also performed and the obtained results at 35 and 300 °C are
presented in Fig. 12. As for MnOx/MCM catalyst, the profiles of single toluene or single
iIPrOH were similar to those presented in Fig. 6b and 8b, which corroborates the
reproducibility of the DRIFTS measurements for MnO,/SBA catalyst too. Moreover, it It
can be observed that the pre-adsorption of iPrOH led to a strong decrease of the toluene
adsorption bands (Fig. 12a). The most interesting was that the “1% toluene, 2" iPrOH”
profile (light-pink) did not show on this catalyst any iPrOH adsorption as in the case of
the MnO,/MCM catalyst. In this case, with the SBA-supported catalyst, it is clearly
observed that toluene pre-adsorption inhibited the iPrOH adsorption. Thus, the toluene

pre-adsorbed on MnOx/SBA surface seemed to cover almost all the available active sites
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of this catalyst, decreasing or avoiding the subsequent iPrOH adsorption. Nevertheless,
as in the case of the MCM-supported catalyst, when iPrOH was firstly adsorbed on
MnOx/SBA (“1%tiPrOH, 2" toluene™, orange profile), toluene still had an influence over
the iPrOH since the bands attributed to iPrOH were less pronounced compared with the
“mixture” and single-iPrOH (red and olive profiles, respectively) and the bands
associated to toluene were presented in both profiles.

At higher temperature (Fig. 12b), as it was also observed on MnOx/MCM catalyst,
the eventual adsorption inhibition effects of one VOC on the other were mitigated. Both
toluene and iPrOH adsorption bands were clearly observed, as well as their transformation
into the previously mentioned intermediates. As with the MnOx/MCM catalyst, the
promoting effect of toluene on iPrOH oxidation and the inhibiting effect of iPrOH on
toluene oxidation were also verified on MnOx/SBA by in-situ DRIFTS measurements,
although both effects were less clearly observed on this catalyst given its lower catalytic
activity and the lower band intensities obtained. For example, in Fig. 12b, one can observe
that the bands attributed to carboxylate (1453, 1360 cm™) decreased when iPrOH was
pre-adsorbed before toluene, while the bands assigned to acetate (1583 cm™) increased
by pre-adsorbing toluene on the catalyst surface.

In summary, according to the in-situ DRIFTS measurements, the pre-adsorption of
toluene or iPrOH inhibits each other at low temperature, at least partially. MnOx/MCM
catalyst suffered specially the adsorption inhibition effect of iPrOH over toluene and
MnO/SBA catalyst the opposite. At higher temperatures, it was verified the production
of propylene and its derivatives on MnOx/MCM catalyst and acetone intermediates on
both MnOx/MCM and MnOx/SBA catalysts. In addition, under VOCs mixture oxidation
conditions, the inhibition of toluene oxidation and promotion effect on iPrOH oxidation
were confirmed by DRIFTS. Moreover, the reaction mechanism observed in this study
changed drastically compared to that supposed by Burgos et al. [25] for a mixture of
toluene/ iPrOH over Pt/Al,Os catalysts. Indeed, they concluded that the reaction
mechanism took place mainly in the gas phase. However, in this work, each VOC
compound was adsorbed on the surface of the catalysts and then reacted with the reactive
oxygen, thus competing between each other, which may lead to an improvement of the
partial oxidation of one of the VOCs (the case of the promoting effect of toluene on
iPrOH) or to the inhibition of the oxidation of the less favorably adsorbed VOC (the case

of the inhibition effect of iPrOH on toluene). In addition, as previously-mentioned, the
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toluene oxidation inhibition by iPrOH could be also attributed to the generated water

vapor at high temperatures, which blocks the active sites on the catalyst surface [27,99].
4. Conclusions

Manganese oxides supported on ordered mesoporous silicas such as SBA-15 and MCM-
41 were first compared in terms of physico-chemical, redox and surface properties. Their
catalytic performances (conversion and selectivity) were then evaluated for the oxidation
of single toluene or iPrOH and in a binary mixture of both VOCs. Both supported
catalysts presented well-defined MnOy diffraction peaks mainly attributed to MnO> phase
belongs to Pyrolusite. Nevertheless, Mn2Os in the form of Bixbyite was also presented in
the MnOx/MCM catalyst. MnOx particles were mostly agglomerated on the outermost
surface of the MCM silica, blocking the small pores (2 nm of average of pore size),
whereas they were well-dispersed inside the larger pores of SBA (9 nm). Thus, MnOx
particles located on the outermost surface of the MCM support may be more accessible
and active for VOCs oxidation than those deposited in the channels of the SBA. However,
there are other different properties between both supported MnOxy catalysts that can affect
the catalytic activity. Indeed, MnO,/MCM catalyst showed the better performance for
both toluene and iPrOH oxidation at low and intermediate temperatures (up to 370°C),
which could be attributed to its higher Sger, greater oxygen mobility and higher amount
of surface Mn and active oxygen species available, including Oags and Ouat. A higher
proportion of oxygen vacancies also seemed to be presented on MnOx/MCM catalyst,
which provided active oxygen species to enhance the VOCs catalytic oxidation reaction.
Besides, the by-products formed from iPrOH oxidation strongly depended on the support
used. MnO,/SBA catalyst showed a totally selective oxidation of iPrOH to acetone by
dehydrogenation, while propylene (by dehydration) was the main product observed over
the MnOx/MCM catalyst, along with minor amount of acetone (by dehydrogenation).
This different behavior was ascribed to the acidity observed in latter catalyst. Thus, with
a view to the application of MnOx-based catalysts for pollution-free VOCs combustion,
the SBA-supported catalyst seems to be more convenient than the MCM-supported
catalyst, at least in the case of iPrOH combustion, given that acetone required a lower
temperature to be fully oxidized than propylene. In the binary VOCs mixture oxidation,
on the other hand, toluene catalytic activity was hindered by the presence of iPrOH, while
iIPrOH catalytic oxidation was promoted. Indeed, as confirmed by in-situ DRIFTS, iPrOH

adsorbed preferentially and hindered toluene adsorption at low temperature range, while
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at high temperature the inhibiting effect of iPrOH seemed to be related to the water
formation after iPrOH mineralization, which could compete with toluene for catalyst
adsorption sites. On the contrary, the presence of toluene seemed to favour the iPrOH
partial oxidation to acetone or propylene, as well as the acetone full oxidation, while it
inhibited the propylene oxidation at high temperature. As a balance, the mixture effect
was detrimental for the overall VOCs combustion. This can be attributed to the local
exothermicity induced by toluene oxidation and to the possible decrease of available
oxygen for total iPrOH oxidation at high temperature. Both, the promoting effect of
toluene on iPrOH partial oxidation and the inhibiting effect of iPrOH on toluene oxidation
were verified by in-situ DRIFTS measurements, based on the adsorbed intermediates

observed.
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Table 1. Textural and structural properties of the SiO, and MnOy/SiO2 materials.

sample Main Crystallite  Sger  Total pore volume Mean pore

phase size (nm)  (m?g?) (cm3g?) size (nm)
SBA-15 SiO; - 457 1.2 9
MCM-41 SiO; - 1008 0.9 2
MnOx/SBA  Pyrolusite 7.0 433 1.5 9
MnOJ/Mcm Fyrolusite 12,6 782 0.3 2

Bixbyite 154




Table 2. Bulk and surface elemental analysis of the MnOx-supported catalysts obtained by
ICP-OES and XPS measurements.

ICP-OES XPS
Bulk Surface . semase M MDY Oggs Olatt
Catalyst 1 wt.oe Mnwtoe oVMN MRTIMR™ o0 ato at%  at9%
MnO,/SBA 4.90 11 76.50 300 030 010 052 031
MnOJ/MCM 4.70 35 23.58 500 105 021 074  1.05




Table 3. Main bands of toluene oxidation intermediates.

Position (cm™) Assignment Reference
Toluene adsorption bands
3090-2870 Aromatic ring (vsC-H) [60,62]
1600 Aromatic ring (vsC-H) [62]
1494-1454, 1026 Aromatic ring (vsC-H) [2,62]
1291 Methyl group (vaCHz) [61]
Reaction intermediates
2360-2330 CO2 (0=C=0) [69]
1963-1816, 1300 Maleic anhydride (vC=0) [48,66]
1680, 1591, 1569, 1420, 1405 Benzoates (vC=0) [63,64,69]
1630 Carboxylates species (vasCOO) [86]
1453, 1448 Benzaldehyde (vC=0) [39]
1360, 1280, 1220, 1150-1000 Alkoxide or benzyl alcohol (vCO-) [48,68]
1180 Benzoic acid (vC-0) [68]




Table 4. Main bands of iPrOH intermediates.

Position (cm™) Assignment Reference
iPrOH adsorption bands
2969-2872 Methyl vibration (vsC-H) [85]
1468, 1384 Isopropoxide species (VCH3) [85]
1215, 1124 Isopropoxide species (6C-C) [2,85]
1290 Isopropoxide (60-H) [86]
Reaction intermediates
2360-2330 CO, (0=C=0) [69]
1680, 1584, 1160 Acrylates species (vVC=0) [89,92]
1615, 1436 Propylene species (vC=C) [90]
1437 Formates vs(COO) [85,94]
1270 Acrylic acid, (vC-C) [91,92]
1711 Acetone (6CHa) [19]
1337, 1300, 1280, 1260, 1230 Acetone (vC-C) [85,87,93]
1583, 1358 Acetate (va,sCOO) [94]




Figures caption

Fig. 1. XRD patterns of MCM-41, SBA-15, and supported MnOx-catalysts at a) lower angle

and b) wide-angle.

Fig. 2. TEM images of the catalysts synthesized in the present work a) MnOx/MCM and b)
MnOx/SBA.

Fig. 3. a) H>-TPR and b) O>-TPD profiles of MnOx-supported catalysts.
Fig. 4. High-resolution XPS results for MnOx supported-based catalysts; a) Mn 2p and b) O 1s.
Fig. 5. Single toluene catalytic oxidation over the manganese oxides catalysts: a) light-off

curves and b) CO; yield as a function of the reaction temperature.

Fig. 6. In-situ DRIFTS spectra of the toluene catalytic oxidation over a) MnOx/MCM and b)
MnOy/SBA catalysts.

Fig. 7. iPrOH catalytic oxidation over the Mn.O3 oxides-based catalysts synthesized by
different preparation methods in the present study: a) light-off curves, b) acetone, c) propylene

and d) CO; yields as a function of the reaction temperature.

Fig. 8. In-situ DRIFTS spectra of the iPrOH catalytic oxidation over a) MnOx/MCM and b)
MnO,/SBA catalysts.

Fig. 9. Comparison between single and binary VOCs mixture oxidation over manganese-oxide

catalysts: a) toluene and b) iPrOH conversion as well as the c) acetone, d) propylene yields.

Fig. 10. In-situ DRIFTS spectra recorded for mixture oxidation over a) MnOx/MCM and b)
MnO,/SBA catalysts at different temperatures.

Fig. 11. In-situ DRIFTS spectra recorded for single toluene or single iPrOH (first step of the
two-step reaction), as well as after continuous adsorption of iPrOH or toluene in the pre-
adsorbed VOC at a) 35°C and b) 300°C over the MnO,/MCM catalyst.

Fig. 12. In-situ DRIFTS spectra recorded for single toluene or single iPrOH (first step of the
two-step reaction), as well as after continuous adsorption of iPrOH or toluene in the pre-
adsorbed VOC at a) 35°C and b) 300°C over the MnOx/SBA catalyst.
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Fig. 2. TEM images of the catalysts synthesized in the present work a) MnOx/MCM and b)
MnOx/SBA.
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Fig. 12. In-situ DRIFTS spectra recorded for single toluene or single iPrOH (first step of the
two-step reaction), as well as after continuous adsorption of iPrOH or toluene in the pre-
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