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Abstract.

Three Mn»Os3 catalysts were synthetized by different methods, characterized and tested in
toluene and 2-propanol (iPrOH) oxidation in single and binary component mixture. In
single VOC media, the catalytic activity was strongly influenced by the specific surface
area, low-temperature reducibility and active surface-oxygen species. In the binary VOCs
mixture oxidation, light-off curves were shifted to lower temperatures, suggesting a
promoting effect on the catalytic activity for toluene and iPrOH oxidation. The acetone
production in binary mixture was also shifted to lower temperatures. The obtained results
were rationalized based on the different polarity of the VOCs, the available adsorbed
oxygen and the exothermic character of the VOCs combustion. These promoting effects
were pointed out by in-situ DRIFTS measurements, in which the pre-adsorption of any
of these two VOC:s affected the adsorption/reaction of the other. For the first time, in-situ
DRIFTS has been applied to elucidate the reaction mechanisms of the oxidation of
toluene/2-propanol mixture on Mn>O3, which allowed to correlate the surface phenomena

and the catalytic performance.

Keywords: Manganese oxides-based catalysts, VOCs binary mixture catalytic oxidation,
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1. Introduction.

Nowadays, the indoor air pollution is considered as a major public concern.
Volatile organic compounds (VOCs) are one of the most dominant air pollutants and
known as the main precursors for particulate matter and ozone formation via
photochemical reactions. Due to their toxicity, carcinogenic effect and high chemical
stability, VOCs present risks to environment and human health [1, 2]. VOCs are emitted
from large variety of sources such as solvent use, organic chemical materials production,
textile dyeing and printing, leather manufacturing and adhesive manufacturing, among
others [3]. VOCs can be classified into saturated alkanes, unsaturated alkenes, chlorinated
VOCs, aromatic hydrocarbons and oxygen-containing VOCs [4]. Among all of them,
toluene is commonly used as solvent in the chemical industry and the main contributor to
photochemical smog formation [5]. Moreover, 2-propanol (iPrOH) is also widely used as
a solvent in different industries such as building materials, petroleum refineries, textile,
pesticide formulations, pharmaceutical and body care industries [6]. Therefore, toluene
and iPrOH can stem from the same emission sources [4].

Given the environmental impact and toxicity of VOCs, European Union (EU) has
been regulating the VOCs emission since 1999 by legislation. According to the Goteborg
protocol from 2006, which was amended in 2012, EU countries barely met their 2020
reduction commitments for these pollutants (28% reduction, on average, versus 2005) and
a further decrease up to 38% has been projected for 2030 [4,7,8]. In the recent years,
several non-destructive techniques have been widely applied for VOCs emissions control
such as absorption, VOC-condensation and membrane separation [9—12]. However, they
present practical limitations, e.g. high initial capital investment, non-easy design, used of
solvents, high concentration requirements, extreme-operating conditions (temperature
and pressure) and high operating costs, efc. On the other hand, destructive technologies
for VOCs combustion have been applied such as thermal incineration and catalytic
oxidation, which are the most common routes for VOCs mineralization, in medium and
high concentrations, into CO2 and H>O [3]. Thermal incineration operates at high
temperatures around 800-1200 °C for full VOCs degradation, while the catalytic
oxidation could convert the VOCs at temperatures of ca. 200-500 °C without the
formation of dioxins or other toxic products. Thus, the catalytic oxidation is considered
as a promising VOCs removal technology [11,12].

Due to outstanding advantages of VOCs catalytic oxidation, numerous efforts

have been put into the development of effective catalysts, where metal oxides or
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supported metals have been extensively applied as promising candidates [15]. Noble-
metal catalysts such as Pt, Pd, Au, Ag, Rh [15-17] are well known for exhibiting high
activities for VOCs abatement and have been applied in some industrial processes such
as treatment of motor vehicle exhaust. However, these metals are penalized for their high
cost, low thermal stability and susceptibility to poisoning [14]. Non-noble metal oxides
catalysts such as CuO, FeOx, CoOx, CrOx and MnOy oxides have been investigated,
showing promising catalytic properties compared to noble-metal catalysts due to their
high catalytic performance for diverse VOCs total oxidation and their lower production
cost [18-22]. Among the metal oxide-based catalysts, MnOx oxides have attracted much
research attention due to its notable performance in single VOCs removal, easy and low-
cost preparation methods [14]. It is well known that the preparation method has an
important influence in VOCs oxidation. Sihaib et al. [23] and Zhang et al. [24] prepared
MnOx materials by using different routes. These materials were then used as catalysts for
toluene total oxidation. They showed that the specific surface area as well as the
reducibility were the main properties that could enhance the oxidation of toluene. On the
other hand, Ye et al. [25] also demonstrated that the oxygen mobility, the specific surface
area and the redox properties could be tuned by using different preparation methods.
Moreover, the industrial emissions usually contain a mixture of different kinds of
VOCs. However, not many studies have been focused on catalytic oxidation of VOCs
mixture [17,26-35]. Some of these authors showed an inhibition or promoting effect
when the catalytic oxidation of a mixture of VOCs was compared to single VOC
oxidation [17,26-35]. For example, Papaefthimiou et al. [33] studied the binary mixture
of benzene and ethyl acetate over Pt-based supported catalysts, in which the benzene
oxidation seemed to be strongly inhibited by the presence of ethyl acetate. Ordoriez et al.

[34] and Wang et al. [26] have also studied binary mixtures over Pt supported catalysts
on y-AlbO3 and TiO; catalysts, repetitively, where toluene competes with other VOC

(either benzene or acetone) for the same active sites. The total oxidation of acetone for
example is strongly affected by the presence of toluene since the adsorption capacities of
both toluene and acetone are affected [26]. Concerning the acetone-toluene mixture,
contrary to the previous study, mutual promoting effect was observed by Blasin-Aub¢ et
al. [27] over Lao.sSro2MnOs+x perovskite catalysts. Both acetone and, notably, toluene
conversions were shifted to lower temperatures in the binary mixture. A competition for

the same adsorption sites was also observed by Aguero et al. [32] over MnOx/ALl2O;



catalysts during the simultaneous oxidation of ethyl acetate and ethanol. The inhibiting
effect on ethanol oxidation was attributed to the polar character of both molecules.
Nevertheless, the presence of toluene had a promoting effect on both ethyl acetate and
ethanol partial oxidation, enhancing acetaldehyde yield but decreasing CO> one.
Musialik-Piotrowska et al. [35] also pointed out an increase of yielded by-products, i.e.
products from incomplete oxidation, in detriment to the oxy-derivatives oxidation, over
LaMn,0Os perovskite catalysts. The competitive adsorption, in which VOCs compounds
inhibit each other, was also observed by He et al. [28] with a benzene-toluene binary
reaction mixture over Pd/ZSM-5 catalyst. Interestingly, the presence of ethyl acetate,
which has an inhibitory effect on benzene oxidation, promotes the conversion of toluene
when both VOCs are in the same reaction mixture. A promoting effect was recently
observed by Pan et al. [31] over manganese-based catalysts. These authors showed that
the presence of acetone and/or ethyl acetate in the reaction media promotes the formation
of new toluene intermediates, which enhanced its conversion at low temperature. A
promoting effect at high temperature was also observed, which was attributed to the
exothermic character generated by the oxidation of the other VOCs presented in the
mixture. Regarding iPrOH-containing mixtures, Burgos et al. [29] showed that the
complete oxidation of toluene and methyl ethyl ketone (MEK) is not strongly affected by
the presence of iPrOH over Pt/Al>O3/Al monoliths. However, the presence of toluene can
have an inhibitory effect on the conversion of iPrOH to acetone. Moreover, acetone is
prone to be further oxidized to CO; and H>O at lower temperatures in the presence of
VOCs mixture. The latter effect was attributed to the previously mentioned exothermic
character, which increases the local temperature on the catalyst surface. Beauchet et al.
[30] proved that iPrOH combustion was also strongly inhibited by the addition of o-
xylene into the oxidation reaction mixture over NaX zeolites. Moreover, the competitive
adsorption of o-xylene also influenced the formation of some by-products such as propene
and acetone. Thus, apart from the inhibiting or promoting effects on the catalytic activity,
the selectivity and the formation of intermediates species can also be affected when VOCs
are oxidized in binary mixtures. Nevertheless, the promoting/inhibiting effects depend on
the catalyst used, the affinity of VOCs with the catalyst surface and the composition of
the VOCs mixture, making it very difficult to predict the behavior of each compound in

the mixture or the mechanism involved in such reaction [27,31].



Therefore, the main goal of this work is to understand the effect of the mixture of
VOCs in their deep oxidation over three MnO; catalysts synthetized by different
preparation methods (Citrate-Gel, Pluronic P123 surfactant and Glycerol decomposition)
[29-31]. These catalysts have been characterized by several techniques and tested for
toluene and iPrOH total oxidation both in single reactant and binary mixture oxidation
reaction media. This is, to our knowledge, the first time that the catalytic performances
(activity and selectivity) of Mn,Oj catalysts are evaluated under toluene and iPrOH binary
mixture, which will allow to evaluate the promotion/inhibit effects of the competitive
adsorption of these VOCs compounds. Moreover, the surface catalytic behavior under
VOCs mixture was evaluated by in-situ Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS), which will allow to spotlight the changes on intermediates
species formation in comparison to single VOCs oxidation and elucidate a reaction

mechanism for both toluene and iPrOH oxidation.

2. Experimental.
2.1. Synthesis of catalysts.
Different synthesis routes were selected for the preparation of Mn,Os catalysts.
a) Mn>0Os catalyst preparation by using Citrate-Gel method (CG-1).

A Citrate-Gel synthesis method was used to prepare Mn>Os3 catalysts which can
be found in a previous study [36]. An aqueous solution was prepared with
Mn(NO3)>-6H>0 and mixed with citric acid in the proportion of one mole citric acid per
mole of nitrate. The pH of the solution was adjusted at 6-7 by addition of concentrated
ammonia. This solution was heated at 90 °C under stirring (400 rpm), until a viscous gel
was formed. Then, the gel was dried at 120 °C in an oven for 15 h. Finally, the powder
was grinded in a mortar and calcined at 500 °C for 4 h in air by using a heating ramp of
2 °C min!.

b) Synthesis of Mn>0s catalyst by triblock copolymer poly(ethylene glycol)-
poly(propylene glycol)-poly(ethylene glycol) surfactant (named Pluronic Pji23) method
(Pi123-1).

Manganese oxides catalysts have been prepared by using P123 surfactant and the
details can be found in the previous literature report [37]. A solution was prepared in the

desired stoichiometric ratio with 2-butanol, HNOs and P123 surfactant in a 150 mL



beaker at room temperature and under magnetic stirring (600 rpm). Then
Mn(NO3)2-6H20 was dissolved in the solution aforementioned. The obtained pink gel
was heated at 120 °C for 8 h. The obtained powder was centrifuged and washed several
times with ethanol and water, and then the sample was dried at 100 °C overnight. The
dried powder was subjected to three consecutive heating cycles (150 °C for 12 h + 250
°C for 6 h + 350 °C for 4 h) and between each cycle the sample was cooled at room
temperature. Finally, the obtained powder was calcined at 500 °C for 4 h in air with a

heating ramp of 2 °C min™'.
¢) Synthesis of Mn:Oj3 catalyst by Glycerol precipitation method (GM-1).

Two solutions at 0.5 M were prepared: solution “A” was prepared by adding the
desired volume of glycerol and Mn(CH3COO),-4H>0 and a solution “B” was prepared
by adding the desired volume of glycerol and (NH4)>COs. Both solutions were mixed to
formed a solution “C”, which was stirred and heated at 50 °C until a brown solution was
completely formed. Finally, the resultant solution was evaporated/calcined at 500 °C in

air for 4 h with a heating ramp of 2 °C min™! to obtain the final catalyst powder.

2.2. Catalysts characterization

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

High-resolution transmission electron microscopy (TEM) was performed in a
JEOL 2010 LaB6 instrument with 200 kV acceleration voltage.

The catalysts textural properties were analyzed by nitrogen adsorption at 77 K
using a Belsorp II adsorption measurements apparatus. Previous to adsorption, the
catalysts (ca. 300 mg) were degassed at 300 °C under vacuum overnight. The specific
surface area and pore size distribution were calculated from the Brunauer-Emmett-Teller
(BET) equation and Barret-Joyner-Halenda (BJH) method calculated from the desorption
isotherm, respectively.

H> temperature programmed reduction (Hz-TPR) and O temperature
programmed desorption (O2-TPD) experiments were performed on a TPDRO 1100
equipment (Thermo Scientific) equipped with a thermal conductivity detector (TCD). For



the Ho-TPR tests, first, the catalysts (50 mg) were pretreated 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
min’' of 5% Ha/Ar and heating from 30 °C to 900 °C (10 °C min™'). The H, consumption
was quantified by integration of H>-TPR profiles. For the O»-TPD tests, the sample (50
mg) was first pretreated with He (30 mL min™!) at 80 °C for 1 h, then cooled to 30 °C and
exposed to 5% O»/He stream (30 mL min ™) for 1 h. Finally, the temperature was increased
from 30 to 800 °C (10 °C min™') under He stream (30 mL min™).

X-ray photoelectron spectroscopy (XPS) was used to analyze the relative content
and chemical states of surface elements. The measurements were performed on a Kratos
Axis Ultra DLD with an X-rays source Al monochromatic (1486.6 e¢V), 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 2p3/2, 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. The spectra are calibrated in binding energy by using C 1s (C-C, C-H)
photoemission peak at 284.8 eV.

Raman spectroscopy was also used using a LabRam HR Evolution Horiba
spectrometer in the range from 100-1000 cm™ with an excitation light of 532 nm and
resolution of 4 cm™.

Temperature-Programmed ammonia Desorption (NH3-TPD) was used to assess the
acidic properties of the catalysts. Samples were loaded into a U-shaped quartz tube to
acquire the NH3-TPD profiles. All samples 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
0.5 h, a He stream (20 mL min™!) was introduced, and the temperature was decreased to
80 °C, where NH3 adsorption occurred (a total flow of 40 mL min' of 1000 ppm NHj
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 experiments were
performed by heating (at 10 °C min™') from 80 to 400 °C. A NICOLET Fourier Transform
Infrared (FTIR) analyzer, equipped with a heated 2 m gas cell and a DTGS detector, was

used to continually monitor desorbed ammonia.



2.3. VOCs catalytic oxidation.

The catalytic performances were evaluated using a Pyrex fixed-bed U-shape
micro-reactor. The catalysts (40 mg of catalyst mass) were sieved in the grain size 200-
300 um and loaded in a catalyst-quartz mixture at a 1:9 wt. ratio. The reactor was placed
inside an electric furnace with temperature control and simultaneous recording of the
temperature on the furnace wall and inside the reactor with K-type thermocouples. The
reactor was fed with a VOC-He stream, produced by injecting liquid VOC (toluene,
iPrOH or mixture of both of them) by syringe pump (Harvard Apparatus Elite 11, liquid
pump) through an evaporator at 200 °C in order to obtain the desired concentration. Three
different reaction atmospheres have been evaluated: i) toluene/air/He (600 ppm of
toluene, 20 vol.% Oy), ii) iPrOH/air/He (800 ppm of iPrOH, 20 vol.% O) and iii) VOCs
mixture (600 ppm of toluene and 800 ppm of iPrOH, 20 vol.% O;) with a total flow rate
of 200 ml min™ and a Gas Hourly Space Velocity of 26450 h!. These operational
conditions allowed to work under kinetic regime. The reactor outlet stream was 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 as a carrier gas for
both analyzers. Light-off curves were recorded at a heating rate of 2 + 0.1 °C min™' and

they have been reported after three consecutive catalytic cycles during the cooling ramp.

The overall toluene and iPrOH conversions (X¢ py, and X, p 0, respectivetly)

were defined, as a given temperature, as follow:

([c;Hg, 1) — ([C7Hg,,,])
([C7Hg,,])

Xcn, (%) = x100 (1)

([C3H80in]) - ([C3H800ut])
([C3HgO0,])

Xcango (%) = x100 (2)

where the [C;Hg, | and [C3HgO;,, | correspond to the initial inlet concentrations of
toluene and iPrOH and [C7Hg, | and [C3HgOy] refer to the outlet concentration of

toluene and iPrOH.

Moreover, the yield of CO; from toluene and iPrOH oxidation as well as the
acetone (C3HsO) yield form iPrOH oxidation were calculated, at a given temperature, by

equations 3 to 5:

([COZ out])
C7H8in] * 7)

€0, yield C7Hg oxidation (%) = q x100 (3)



([COZ out])
([C3HgO,] * 3)

CO;, yield C3HgO oxidation (%) = x100 (4)

([C3H6oout])

x100 (5)

where the [CO, ] and [C3HgO0,y] refer to the outlet concentrations of CO2 and

acetone.

Furthermore, the overall and specific reaction rates of toluene or iPrOH per mass
unit of catalyst or specific surface area were estimated by equations 6 and 7, respectively:

o - Xvoc
—Tyoc(umol s™'gh ) = Fype X —— (6)
Meat

Xvoc
Mcar X SBET

(7)

-1 .,,—-2) — rin
_TVOC,specific ( UmOl s~ m ) - FVOC X

where F\i}bc is the toluene or 2-propanol molar flow in the inlet, Xy is the toluene
or 2-propanol conversion at 290 and 120 °C, respectively, mc. 1s the catalyst mass (g) and
Sger 1s the specific surface area determined by N» adsorption-desorption. The reaction
temperatures were selected with the aim of comparing the reaction rates when the VOC

conversion (Xvoc) is below 20%.

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 MTC 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 toluene adsorption and reactions experiments, the catalyst was 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, 300 and 400 °C) and systematically subtracted from the sample spectra. After
that, the adsorption and oxidation measurements were carried out from 35 °C up to 400
°C under the same reaction atmospheres as those described in previous section (i.e.,
toluene/air/He, iPrOH/air/He and toluene/iPrOH/air/He), as well as in the absence of
gaseous oxygen. The spectra were recorded after exposing the catalyst surface to each

reaction atmosphere for 30 min, reaching steady-state conditions. Before introducing each
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gas atmosphere, a He flush was applied to remove the weakly physisorbed VOC. The
reported spectra are the result of subtracting from the spectra measured at each
temperature during the adsorption and/or oxidation of VOCs the reference one collected

under He flow at the corresponding temperature before any adsorption.

3. Results and Discussion

3.1. Physico-chemical, textural and structural properties.

The powder XRD patterns of Mn2O3 catalysts synthetized by the different
preparation methods (Citrate-Gel, Pluronic Pi23 surfactant and Glycerol precipitation,
labeled as CG-1, Pi123-1 and GM-1, respectively) are shown in Figure 1. All of them
presented the same diffraction peaks, which are indexed to the cubic bixbyite Mn>O3
oxides, according with the PDF 04-007-0856 reference, although the minor presence of
MnO:; cannot be fully discarded. This indicates that the preparation method did not have
an important influence on the main manganese oxides phase formation. The main
reflections were located at 20 = 23.3°, 32.9°, 38.1°, 45.1°, 49.4°, 55.2° and 65.7° without
evidences of any other manganese oxide phase or any impurities. In addition, the
crystallite size of the catalysts was calculated by Scherrer equation (Table 1), CG-1 and
GM-1 catalysts presenting smaller crystallite sizes than P123-1 catalyst. On the other hand,
TEM images (Figure S1 in Supplementary Information) show that the three synthetized
catalysts were composed of big MnOx agglomerates and grains with a heterogeneous

shape and size (between 10 and 50 nm in all cases).

The textural properties of the prepared catalysts were characterized by N»
adsorption-desorption. The sorption isotherms and pore size distributions are shown in
Figure S2, and the specific surface area, total pore volume and average pore size are
summarized in Table 1. All the catalysts displayed a type-IV adsorption-desorption
isotherms at relative high pressure (0.7 < P/Po < 1.0), which are characteristic of
mesoporous materials, as also reported for other Mn>Os3 catalysts [39]. The specific
surface area (Sger) of CG-1 (24 m? g'') was larger than that of GM-1 (19 m? g'!) and even
more than that obtained for Pi23-1 (9 m? g'!) catalyst. Moreover, although similar pore
size distributions were observed for all catalysts, the total pore volume is influenced by
the preparation method used. Thus, the catalysts CG-1 and GM-1 showed a larger pore

volume (0.11 cm? g!) in comparison with Pi23-1 catalyst (0.06 cm® g'!'). These results
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indicate that the preparation method did have an impact on the textural properties of the

catalysts.

3.2. Surface and redox properties.

Figure 2a shows the H>-TPR profiles of Mn2Os catalysts prepared in the present
work. Two main reduction peaks are clearly observed. The low temperature reduction
peak was attributed to the reduction of Mn203 to Mn3Os, while the high temperature
reduction peak was assigned to the reduction of Mn3O4 to MnO [23,39-42]. Even though
all the catalysts presented similar reduction profiles, the reduction temperatures were
different: 354 °C and 486 °C for GM-1, 360 °C and 496 °C for CG-1; 457 °C and 544 °C
for Pi23-1. Thus, the temperature reduction peaks were shifted to higher temperature in
the following order: GM-1 < CG-1 < Pi23, although they were very similar in the two
former cases. Moreover, a higher initial hydrogen consumption rate (evaluated on the first
peak at low temperature) has been typically associated with a higher reducibility of the
catalyst by some authors [43,44]. In this sense, CG-1 catalyst showed the highest initial
H> consumption rate according to the steepest first reduction peak. This indicates that the
CG-1 catalyst presented the highest reducibility among the Mn2Os3 catalysts used in this
work. Note that a first small reduction peak was observed in the H-TPR profile of P123-
1 catalyst (343 °C), which could be attributed to the surface reducible oxygen species
according to the literature [45]. On the other hand, some hydrogen consumption due to
the reduction of minor MnO; phase could not be discarded to occur at this low
temperature peak, as well as its overlapping in the first peak observed for the other
catalysts [46—48]. Furthermore, the overall Hy-consumption of the Mn,O3 catalysts was
calculated from the H>-TPR profiles and the results are presented in Table 2. Comparing
the Hz-consumption per mass of sample obtained for each catalyst as a function of the
preparation method, the CG-1 catalyst showed the highest amount (9.1 mmolm, g')
compared to that obtained for GM-1 (5.7 mmoln: g') and Pi23-1 (6.3 mmolm g')
catalysts, which is an indication of the superior oxygen mobility in the MnOx lattice in

the former case, as it has been verified below by O»-TPD.

Figure 2b shows the O2-TPD profile obtained with samples of the three as-
synthesized catalysts, which allows to obtain insights on the type and relative quantity of
oxygen species on the catalysts. Different desorption regions could be highlighted. As it
is widely accepted in the preceding literature [39,45,48—-54], physically adsorbed oxygen

is the most easily desorbed oxygen species, at temperatures below 200 °C, while
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subsequent oxygen desorption up to 400 °C is typically attributed to chemically adsorbed
oxygen. The oxygen desorbed at temperatures of 400-600 °C is attributed to lattice O* in
the vicinity of the surface and that desorbed at temperatures higher than 600 °C is related
to bulk lattice O*, which may diffuse to the surface through vacancies generated upon
desorption of the surface lattice oxygen. In the present study, CG-1 catalyst showed the
highest desorption at temperatures below 200 °C, i.e., related to physisorbed O», denoting
a higher amount of active sites with respect to GM-1 and Pi23-1 catalysts. At higher
temperatures, the desorbed oxygen at 200-300 °C and 300-400 °C could be tentatively
assigned to chemisorbed O and O~ surface species, respectively [48,52]. Thus, the
capacity to adsorb oxygen species, which is strongly affected by the amount of surface
vacancies, decreased in the following order: CG-1 > GM-1 > Piz3-1. Regarding the
oxygen desorption observed at 400-600 °C, it could be attributed to near-surface lattice
oxygen, although it is assigned by some authors to bulk lattice oxygen in MnO> upon its
reduction to Mn20s3 [50,54]. This desorption peak was significantly lower in CG-1
catalyst, but its relatively lower desorption temperature denotes a likely better lattice
oxygen mobility, which would decrease in the following order: CG-1 > GM-1 > Pj23-1.
Finally, the oxygen evolution observed when the temperature rises above 600 °C could
be assigned to lattice oxygen in bulk Mn>Os, while it is subsequently transformed to

Mn30Og4.

These results confirm that the preparation method also had an important influence
on the redox properties. The Citrate-Gel method benefited the formation of a catalyst
(CG-1) with a higher degree of reducibility. According to Mars-Van Krevelen (MVK)
mechanism and previous studies [28,45,51,55-58], these properties facilitate the catalytic
oxidation of VOCs because this catalytic reaction occurs when the VOCs interact with
the catalyst surface oxygen (chemisorbed or lattice oxygen), giving rise to a
reduction/oxidation redox cycle, i.e., reduction of oxide catalyst and its re-oxidation by
oxygen from the gas phase. This indicates that GM-1 and CG-1 catalysts are expected to

have a better catalytic activity, as will be proven in the next section.

In addition, the XPS analysis were carried out to evaluate the surface oxidation
state and surface composition of the synthetized Mn2Os catalysts. Figure 3 shows XPS
spectra of the different catalysts, while the surface composition is summarized in Table

2. In particular, Figure 3a shows the XPS spectra in the region of Mn 3s. According to
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Liu et al. [2], the AEs in the splitting of the Mn 3s peaks for MnO>, Mn,0O3 and MnO is
4.7,5.5 and 6.0 eV, respectively, which allows to elucidate the oxidation state of catalysts.
Indeed, all the spectra showed a similar AEs of 5.04 for CG-1 and Pi23-1 catalysts and
5.07 for GM-1, indicating that Mn>" was mainly presented on all the catalysts. In this
sense, the average oxidation state (AOS) of synthetized Mn,O3 catalysts, which was
determined by the AEs of Mn 3s patterns based on the following formula: AOS = 8.956-
1.126 * AEs (eV) [49,50,59], was 3.28 and 3.25, respectively, confirming that the fraction
of Mn®" was the highest. These results are in well agreement with XRD patterns (Figure
1), in which a cubic bixbyite Mn2O3 oxides phase was mainly observed. Raman spectra
(Figure S3) also confirm this assumption for all catalysts. Indeed, Raman active modes at
312, 454-571, 622-645, 700 cm™' were clearly observed, which are attributed to the out-
of-plane bending modes, the asymmetric stretching of bridge oxygen species (Mn-O-Mn)
and symmetric stretching of Mn2O3; [60—63]. Additionally, GM-1 and Pi23-1 catalysts
presented a highly intense band at 651 cm™', which can be also attributed to Mn3O4 phase
[64]. It is worth to mention that the Mn>* species have been related to the oxygen vacancy
sites by several authors [50,59,65,66], which have an important role on VOCs oxidation.
Indeed, the catalyst oxygen vacancies act as adsorption and activation sites for gaseous
oxygen, generating active oxygen species, which easily react with adsorbed VOCs during

the oxidation via MvK mechanism [50,59].

On the other hand, the Figure 3b shows the Mn 2pi» and 2p3.» spectra for CG-1,
Pi23-1 and GM-1 catalysts. The Mn 2ps/> spectrum was deconvoluted into two peaks at
binding energy of 641.13 and 642.8 eV, respectively, which are ascribed to Mn*" and
Mn*" species [49,51]. The Mn**/Mn*" molar ratios were determined and are summarized
in Table 2. These results indicate that Mn** species were also present on the surface of all
the catalysts, according to Raman spectra (Figure S3). The Mn**/Mn*" molar ratios
decreased as follows: CG-1 > GM-1 > Pi23-1, which implies the highest concentration of
oxygen vacancies in the former [49,50]. These vacancies are considered as active center
sites or oxygen adsorption sites for the catalytic oxidation reaction [50]. Moreover, the
ratio between the bands at 581 and 622 cm™!, which could be tentatively assigned to the
stretching vibration of Mn-O along the basal plane and the direction perpendicular of
MnOg groups [67-69], can also indicate that the GM-1 and P123-1 catalysts presented less
surface defects. Indeed, the band at 581 cm™ was particularly weak in CG-1 spectrum,

which suggests that this catalyst presented the most abundant defects on the surface [69]
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and, as a consequence, the highest amount of oxygen vacancies since catalyst defects

promotes its formation [67—69].

Moreover, as shown in Figure 3c, the O 1s spectra exhibited two peaks centered
at 529.2-529.9 and 531.2-531.5 eV, corresponding to lattice oxygen (Or) and oxygen
adsorbed or chemisorbed oxygen (Oags), respectively [40,51]. As presented in Table 2,
the Oads/Onart ratios of CG-1, GM-1 and P123-1 were 0.39, 0.32 and 0.29, respectively. The
surface adsorbed oxygen concentration decreased as follows: CG-1 > GM-1 > Pi23-1,
which is in agreement with the trends observed by O>-TPD and also follows the same
trend as the catalyst reducibility [45]. Thus, it can be assumed that the highest amount of
adsorbed oxygen species was presented on the surface of CG-1 and GM-1 catalysts,
suggesting a higher amount of oxygen vacancies because the gaseous oxygen is usually
adsorbed at the catalyst oxygen vacancies [44,49]. The latter assumption is also consistent
with the highest proportion of Mn®". In addition, it is worth mentioning that the higher
proportion of oxygen adsorbed species, which are the active oxygen species notably at
low temperature [45,47,70], will favor an easier interaction with VOCs, promoting the
redox cycle and, as a consequence, the catalytic activity. Thus, these results suggest that
the CG-1 and GM-1 catalysts, which present the highest amount of adsorbed oxygen
species (and oxygen vacancies), will lead to an easier activation at low temperature,
improving catalyst low-temperature reducibility. Besides, the CG-1 catalyst presented the
largest specific surface area and, hence, might exhibit more active oxygen species, as

similarly obtained by Zhang et al. [45].

3.3. Catalytic performance.
After investigating the structural, textural, redox and surface properties of the
synthetized Mn2Os catalysts, their catalytic performances for single toluene or iPrOH as

well as binary mixture of both VOCs catalytic oxidation were evaluated.

3.3.1. Single toluene catalytic oxidation.

Figure 4 shows the catalytic activity of Mn2O; catalysts in toluene oxidation
reaction in terms of a) toluene conversion and b) CO; yield. In particular, Figure 4a shows
the light-off curves. No other final by-products (such as CO) were detected besides CO»
and H>O, which were likely produced by reaction (8).

C7Hs +9 02 > 7 CO2 + 4 H20; AHoos = -3771.9 k] mol™ (8)
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As listed in Table 3, the temperatures at 90% (Too) of toluene conversion were
ranked as follows: CG-1 (337 °C) < GM-1 (348 °C) < Pix3-1 (373 °C). Firstly, it
worthwhile to note that the catalyst with the lowest specific surface area, P123-1 catalyst
(9 m? g’!, Table 1) presented a lower catalytic activity than those with notably higher
specific surface area (24 and 19 m? g! for CG-1 and GM-1, respectively, Table 1).
Moreover, the reaction rate and the specific reaction rate at 290 °C of synthetized Mn203
catalysts are also listed in Table 3, showing that P123-1 has the lowest overall reaction rate
(in pmol g!' s!) but the highest specific reaction rate (in pmol m? s™') among the three
catalysts. These results suggest that the specific surface area played an important role in
the catalytic oxidation of toluene over the synthesized Mn;Os catalysts in this study,
which is in agreement with the literature [50,51,71,72]. Nevertheless, the specific surface
area is not the only factor determining the toluene oxidation. Thus, the enhanced catalytic
performances observed for CG-1 and GM-1 catalysts can be attributed to the larger
surface areas but also likely to the higher amount of adsorbed active oxygen (Figure 2b
and Oags/Omaye ratio in Table 2) and higher low-temperature reducibility (Figure 2a)
compared to those of P123-1 catalyst, as also reported elsewhere [45,47,51,58,70,72—74].

3.3.2. Single 2-propanol (iPrOH) catalytic oxidation.

iPrOH catalytic activity (iPrOH conversion and acetone and CO: yields vs.
reaction temperature) is presented in Figure 5a-c. Note that for all the catalysts, the
acetone is firstly formed, and the only one product obtained at low temperature, notably
as a by-product from the dehydrogenation of iPrOH (reaction 9), according to the
literature [75,76], and it is then converted into CO; and H>O at increasing reaction
temperatures, thus leading to the overall 2-propanol combustion reaction (reaction 10).

C3HsO = C3H¢Oz + Ho; AHaos = +54.1 kJ mol  (9)
C3HsO + 9/2 02 > 3 CO, + 4 H20; AHaos = -1872.2 kJ mol™! (10)

It would be worth mentioning that dehydrogenation of iPrOH takes place through
hydride abstraction and is related to the Lewis acidity of oxide catalysts. Mn oxides and
notably Mn,0O3 exhibit Lewis acidity [77]. No others than acetone and CO> gaseous by-
products were observed. Figure 5a shows the light-off curves, in the range of 50-400 °C,
for single iPrOH catalytic oxidation. CG-1 and GM-1 catalysts presented the highest
iPrOH conversion at almost all temperature range (vs. P123), which can be attributed to

the higher amount of low-temperature active oxygen species and low-temperature
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reducibility (Table 2, Figure 2) as well as to the higher specific surface area (Table 1) of
these catalysts. This indicates that the specific surface area also had an important
influence on iPrOH oxidation reaction, as confirmed by the overall and specific reaction
rate, Table 4 [75,76,78,79]. Moreover, GM-1 catalyst presented the highest iPrOH
conversion at very low temperature (T2s, Table 4), while a higher and similar activity was
observed for CG-1 catalyst at intermediate and high temperatures, respectively (Tso and
Too, Table 4). This activity dependence on the reaction temperature could be associated
to the differences on reduction profiles between both catalysts (Table 2), but also to the
higher moderate acidity of the latter (75 umol g of total amount of NH; desorbed for
CG-1 vs. 44 umol g'! for GM-1, according to NH3-TPD measurements, Figure S4). Thus,
among all the catalysts, CG-1 presented the highest catalytic activity and selectivity for
acetone formation at temperatures above 140 °C (Figure 5b), which seems to be favored
by the catalyst acidity [75,76], while CO: yield is relatively higher on GM-1 catalyst
(Figure 5c).

3.3.3. Binary VOCs mixture oxidation reaction.

The catalytic activity corresponding to the binary mixture oxidation of toluene and
iPrOH VOCs over the synthetized MnyOs catalysts is depicted in Figure 6 and
summarized in Table 5. Interestingly, the tendency on catalytic activity for the different
Mn;Os catalysts during the catalytic oxidation of a mixture of VOCs was slightly different
than that observed on single VOCs oxidation. Indeed, CG-1 catalyst clearly presented the
highest catalytic activity in almost all the temperatures range for toluene and iPrOH
during its binary mixture oxidation. These results also showed that the catalytic activity
for oxidation of a VOC in a mixture differs from its single oxidation, since the
conversions of toluene and iPrOH were shifted to lower temperatures in the binary
mixture, Figure 6a and b. This shift suggests that the presence of both VOCs together in
a binary mixture had a promoting effect over their catalytic oxidation at the VOCs
concentration studied in this work.

Moreover, when the effect of toluene on the iPrOH conversion is checked, Figure
6¢ shows that the increase of acetone yield is also shifted to lower temperatures than in
single iPrOH conditions. This can indicate that toluene did not inhibit the selective
conversion of iPrOH to acetone as opposed to some previous works [29]. It worthwhile
to note that toluene is one of the VOCs that inhibit in the highest extension the oxidation

of the other VOCs notably over Pt-zeolites and alumina-based catalysts, whereas it is
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inhibited in a low extension by the other compounds [28,29,34]. Nevertheless, as pointed
out by Aguero et al. [32] and Musialik-Piotrowska et al. [35], the toluene can also have a
promoting effect on partial oxidation of others VOCs such as ethyl acetate or ethanol over
manganese-based catalysts (MnOx/Al2O3; and LaMn,Os-type perovskite), increasing the
yield of by-products derived from their incomplete oxidation, in detriment of the oxy-
derivatives oxidation. All these studies indicate that the toluene inhibition/promoting
effects depend on the catalyst used. In the present study, a promoting effect on acetone
formation was clearly observed since the acetone, derived from the 2-propanol partial
oxidation, was formed at lower temperatures in presence of toluene. On the contrary, the
CO yield was slightly shifted to higher temperature (Figure 6d), in the almost entire
temperature range, comparing to that observed in single iPrOH oxidation (Figure 5c)
[26,32,35]. To properly appreciate this effect, the CO; yield in mixture and that observed
during the single oxidation of toluene and iPrOH over CG-1 catalyst are presented in
Figure S5. These results suggest that the presence of toluene in the reaction media favored
the iPrOH partial oxidation instead of its total oxidation, which can be attributed to the
competitive adsorption of toluene and gaseous oxygen [80]. Thus, some adsorption sites
will be occupied by the toluene, decreasing the available oxygen from the gas phase for
iPrOH total oxidation. The relationship between the decrease of reactive oxygen and the
increase of the selective (partial) oxidation of 2-propanol and other alcohols has been
reported in previous works [81,82]. Moreover, Figure 6¢ shows that acetone in the binary
mixture was completely oxidized at lower temperatures than in single oxidation. This
latter beneficial effect was attributed by Burgos et al. [29] to the exothermic character
induced by the oxidation of others VOCs presented in the mixture, here due to the toluene
oxidation. This exothermicity would increase the local temperature on the catalyst surface
[29,30], shifting (and enhancing) the complete oxidation of acetone to lower
temperatures, Figure 6¢. In the same way, the toluene conversion, which starts when
almost all iPrOH is oxidized, also shifted to lower temperatures. This indicates that
iPrOH, which is the more reactive VOC due to its higher polarity [29,30], initiated the
oxidation reaction and the subsequent release of some catalyst active sites for toluene
adsorption/transformation, along with the previously mentioned exothermic effect
generated by iPrOH/acetone total oxidation. The exothermic effect was systematically
evidenced by the slight deviation of the temperature registered inside the reactor, with
respect to the heating ramp set at 2 °C min™' at furnace, during the light-off tests for all

VOC:s oxidation upon reaching a certain temperature (see for example Figure S6). Indeed,
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one can observe that the momentary uncontrolled increase in the reactor temperature was
noticed at those temperatures at which VOCs combustion reactions (and thus CO:
evolution) were triggered (c.a. 270 °C for toluene and 240 °C for iPrOH and binary
mixture on CG-1, Figure S6), which are strongly exothermic (see reactions 8 and 10).
Instead, iPrOH dehydrogenation reaction is slightly endothermic (reaction 9). In this way,
the iPrOH and acetone total oxidation can promote by a local exothermicity the oxidation
of toluene [30-32]. Indeed, Aguero et al. [32] showed that the exothermic effect generated
by the oxidation of other VOC presented in the reaction mixture can even compensate the
current inhibition of toluene oxidation by the competitive adsorption of CO, and H,O
derived from iPrOH mineralization in the present study. Therefore, the exothermicity
created by the total oxidation of both VOCs may play a major role in the binary mixture,
giving rise to a mutual promotion effect notably at high temperatures. In order to have a
better understanding on the promotion or inhibition effects and elucidate the main
intermediate species for both oxidations, in-situ DRIFTS measurements were carried out

and will be presented in the next section.

3.4. Single toluene or iPrOH adsorption and oxidation on CG-1 catalyst assisted
by DRIFTS.

In-situ DRIFTS measurements have been performed over the most active Mn,0Os-
based catalyst synthetized in this work, CG-1, under different temperatures and reaction
atmospheres. Note that bands attributed to adsorbed CO (1900-2100 cm™) were not
observed in any of the collected spectra (see, for example the full-range spectrum shown
in Figure S7). Bands associated to gas CO (2100-2200 cm") were neither detected in any
case, and those related to gas CO> (2300-2400 cm™') were only detected under certain
reaction conditions. All spectra shown herein have been focused on those wavenumber

regions where bands associated to the different reaction intermediates have been found.

3.4.1. Single Toluene oxidation: Intermediate by-products generated.

The in-situ DRIFTS measurements under air atmosphere were first carried out to
investigate the reaction mechanism of toluene oxidation reaction, and the results obtained
at different temperatures are shown in Figure 7. The main bands of toluene oxidation
intermediates are presented in Table 6.

At 35 °C, some broad bands were observed at the range of 3060-2872, 1494, 1291

and 1026 cm’!, which are attributed to the C-H stretching vibration of the aromatic ring
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in toluene molecule and symmetrical vibration of methyl group [74,83—-86]. These bands
indicate that toluene molecule was adsorbed on the surface of the Mn,O3 catalyst. In
addition, some weak bands were identified at 1080 and 1180 cm™!, which are assigned to
benzyl alcohol and benzoic acid species (V(CO-) and v(C-O) stretching vibrations),
respectively [65,87]. The latter suggests that the adsorbed toluene can interact with the
catalyst active oxygen species (in particular Oags, XPS results, Table 2), or active surface-
adsorbed oxygen species generated via catalyst oxygen vacancies [50,59], to produce
benzyl alcohol by breaking the C-H bond of methyl (-CH3) even a low temperature.
Moreover, the bands observed at 1405 and 1569 cm™ were assigned to symmetric and
asymmetric stretching vibrations (vs,0.(C=0)) of carboxylate group, respectively,
indicating the likely formation of benzoates species [83,88]. A band a 1337 cm™ with a
small shoulder at 1300 cm™ was also found, which can be ascribed to maleic anhydrides
species, V(C=0) stretching vibrations [51], hypothetically due to the toluene aromatic ring
bond cleavage. The presence of these intermediates’ species suggests that the toluene
could be partially oxidized at 35 °C on the surface of Mn»O; catalyst. However, these
toluene reactions likely took place to a moderate extent at such low temperature, in
agreement with the light-off toluene oxidation curves (Figure 4), where temperatures

above 250 °C were required to obtain significant toluene conversion and CO> production.

With increasing temperature (100 °C), all the bands associated to surface
intermediates, especially those likely attributed to benzoates (v(C=0) at 1405 and 1569
cm’' [83,88]) and maleic anhydrides species (band at 1337 cm™' and shoulder at 1300 cm”
1[89,90]), became more pronounced. Similar behavior was observed by Xu et al. [89].
Moreover, new bands at 1150, 1448 and 1591 cm™ assigned to benzyl alcohol, acetate
and benzaldehyde species, respectively, were also observed [83,91]. A similar behavior
was observed at 150 °C. Additional weak bands appeared at this temperature, at 1816,
1920 and 1963 cm’!, attributed to maleic anhydrides species [92,93]. Then, at 200 and
300 °C, several bands clearly decreased like those at 1816-1963 cm™! (maleic anhydride),
1591 cm™ (benzaldehyde), 1448 cm™ (acetate) and 1080-1150 cm™ (benzyl alcohol),
indicating the conversion of toluene into CO; and H>O products. This could explain the
promotion of acetone oxidation, during the previous-described binary mixture oxidation
(Figure 6b). However, toluene was not completely mineralized because some bands of
benzoate groups became even more intense at 200 and 300 °C (e.g., 1523 and 1405 cm”

1, which could indicate that these species are the main intermediates of toluene oxidation
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reaction. These intermediates species still remained even at 400 °C as well as the maleic
species, which are represented by a small shoulder at 1300 cm™. On the other hand, all
toluene bands vanished at this high temperature, in agreement with the expected faster

toluene desorption with the temperature.

These in-situ DRIFTS results of adsorption and oxidation of toluene over CG-1
catalyst can be described by the following reaction pathway:

Toluene — Benzyl alcohol — Benzaldehyde — Benzoic acid — Maleic
anhydride — Acetate — COa.

A similar reaction pathway was proposed by Xu et al. [89] and Sun et al. [90].

Moreover, the in-situ DRIFTS measurements under oxygen-free conditions were
also carried out in order to elucidate the catalyst oxygen species participation on toluene
oxidation pathway over CG-1 catalyst. The DRIFTS spectra are shown in Figure 8. These
results showed again that toluene was adsorbed on the catalyst surface at low temperature
(35 °C), which was evidenced by the presence of several bands at 3060-2872, 1600, 1494
and 1291 cm! related to the aromatic ring symmetric vibrations [83,85]. However, no
intermediates bands were detected at 35 °C under oxygen-free conditions, suggesting that
the surface-adsorbed oxygen species, coming from gas phase, played an essential role in
toluene oxidation at low temperature. As previously mentioned, the catalyst oxygen
vacancies accelerate the process of adsorption/activation of gas-phase oxygen, and its
absence hinders the reaction of adsorbed toluene to form intermediates by-products
[50,59,65]. Moreover, it is important to notice that the bands attributed to the aromatic
ring vibrations were less pronounced in this case compared to those obtained in oxygen
atmosphere. Some reaction intermediates were nevertheless detected in oxygen-free
conditions with the temperature increasing from 100 to 400 °C. At 100 °C, the main
intermediate adsorbed species presented were carboxylates (at 1569-1523 cm™ and in the
range of 1405-1384 cm™) [51,83]. From 100 to 300 °C, these intermediate species still
remained and increasing bands were, indeed, observed. Additionally, a significant band
at 1591 cm™' [74,94], attributed to aldehydes, and weak bands at 1180, 1080 and 1026 cm™
I'assigned to benzoic acid and benzyl alcohol, were observed at 150 °C and even increased
at 200 and 300 °C. Note that the latter band at 1026 cm™!, that was previously attributed
to the toluene ring vibrations [86], can be also assigned to the formation of benzyl alcohol

intermediates species [91], which is suggested in this case given the absence of this band
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at 35 °C. The weak bands, at 1816, 1920 and 1963 cm™!, previously attributed to maleic
anhydrides species were also observed at 200 and 300 °C [92,93], which clearly decreased
at 400 °C. These bands were appeared and disappeared at higher temperatures to those
observed in oxygen atmosphere, which indicates that these intermediates are difficult to
form and mineralize under free-oxygen conditions. These results confirmed that the
catalyst surface oxygen (chemisorbed or lattice oxygen) play an important role in toluene
oxidation reaction, which is in agreement with the literature [59,90,95]. Finally, the
presence of carboxylate and benzaldehyde bands even at 400 °C, without evidenced bands
associated to carbon dioxide (not shown), indicates that the aromatic C=C bonds are
difficult to cleavage under oxygen-free conditions, in agreement with some literature
[65,92]. This leads to a preferred partial oxidation of toluene and so, to the accumulation

of some by-products on the surface of the CG-1 catalyst under oxygen-free conditions.

Based on above DRIFTS measurements, it can be concluded that catalyst surface
oxygen (chemisorbed or lattice oxygen) could participate in the activation/oxidation of
toluene. Nevertheless, the presence of gaseous oxygen and thus the formation of surface
adsorbed oxygen species favoured the toluene conversion at lower temperatures (even 35
°C) and the deep oxidation reactions, in particular. Indeed, no intermediates were clearly
observed at low temperature without the replenishment of gaseous oxygen through
catalyst oxygen vacancies. Moreover, some key intermediates were difficult to deeply
oxidize to H2O and CO: under free-oxygen conditions, which also confirmed this

assumption [50,59].

3.4.2. Single iPrOH oxidation: generated surface by-products.

Up to now, the catalytic iPrOH oxidation mechanism is not well known yet, even
if it has been studied during the last years [96—98]. In this study, several in-situ DRIFTS
measurements have been carried out in order to have a better understanding of iPrOH

reaction pathway. The main bands of iPrOH intermediates are summarized in Table 7.

As shown in Figure 9, at 35 °C, the iPrOH was rapidly adsorbed on the surface of
CG-1 catalyst. Some adsorption bands were observed in the range of 2969-2872 cm’!,
which can be attributed to asymmetric and symmetric methyl (vCH3) vibrations of iPrOH
[96]. The asymmetric methyl bands at 1468 cm™ and the symmetric C-H methyl bands

(8s CH3) at 1384 cm™! characteristic of isopropoxide species were also observed, which
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denotes a dissociative adsorption of 2-propanol, according to the literature [96-98]. In
addition, the two bands at 1164 and 1124 cm™', as well as a small shoulder at 1215 cm™,
could be attributed to the skeletal 3C-C stretch mode vibrations (6(C-C)) and the methyl
(CH3) rocking vibrations, respectively, which can be all of them also associated to the
isopropoxide dissociated species [96,98]. Moreover, the band at 1290 cm™ can be
attributed to hydroxyl group of strongly bonded non-dissociated iPrOH species on the
CG-1 Lewis acid sites [97]. A band at 1337 cm™! was also observed at low temperature,
which can be associated to the acetone [98]. Finally, a band at 1569 cm™ can be related
to COO stretching vibrations due formate species formation at 35 °C. This latter band
indicates that the acetone could be converted into acetic and formic acids [98] even at low
temperature. Indeed, it is worth mentioning that two adsorption ways are described in the
literature for iPrOH by using MnOx as catalysts: 1) the dissociative and i1) non-dissociative
way [96]. The dissociative adsorption gives rise to the formation of isopropoxy groups
and surface hydroxyl species, whereas strongly bonded iPrOH species on catalyst surface
Lewis acid sites and weakly hydrogen-bonded iPrOH to surface basic sites are resulting
from the non-dissociative adsorption [96,98]. The latter behavior could produce the
dehydrogenation of iPrOH to produce acetone [75], which is in agreement to the light-off
curves obtained in this study, Figure 5b. Nevertheless, the obtained DRIFTS results
suggest that both adsorption modes actually take place on CG-1 catalyst surface.

With the temperature increasing from 35 to 400 °C, the iPrOH oxidation reaction
accelerates and some other intermediates were formed. Although band changes were
clearly observed, however, the iPrOH still remained on CG-1 catalyst surface. At 100 °C,
the iPrOH transformation was evidenced by the decrease of the bands located at 1468 and
1384 cm™! and those in the range 2969-2872 cm!, 1164-1124 cm™ and 1290 cm™.. On the
other hand, the acetone formation was denoted by the two new bands appearing at 1051
and 1419 cm™', and the increase of the above-mentioned band at 1337 cm™'. These results
demonstrated that the iPrOH oxidation to acetone takes place mainly above 100 °C on
this catalyst, which is in agreement to catalytic oxidation light-off curves, Figure 5a,b. By
increasing the temperature till 150 and 200 °C, less pronounced iPrOH bands were
observed (e.g. in the region 0f 2969 to 2872 cm’!, at 1164 and 1124 cm™). In addition, the
more pronounced bands observed at 1337 and 1437 cm™! suggest the formation of acetone
as well as its transformation to the enol form, respectively [98]. Moreover, the band at

1569 cm™!, which can be related to the formation of acetic and formic acids [93], became
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more pronounced notably at 200 °C. Finally, all the characteristic vibration bands of
iPrOH/acetone oxidation intermediates were clearly decreased at 300 °C and completely
disappeared at 400 °C, suggesting the deep oxidation and full conversion of iPrOH,
respectively. These results are in agreement with the 100% yield to CO, observed in
Figure Sc at such high temperatures [92,93]. Thus, the absence of gaseous oxygen is
required to observe the continuous increase of produced acetone and other iPrOH-derived
intermediates in the 35-400 °C range. It is also important to note that, as shown for toluene
in Figure 7, the iPrOH vibration bands were much less pronounced at temperature above
200 °C and almost disappeared at 300 °C, which indicates the fast desorption of iPrOH at
such high temperatures. Moreover, by comparing the priors DRIFTS spectra obtained
during toluene oxidation with those of iPrOH, it is confirmed that CG-1 catalyzed both
the formation of intermediates and the full conversion at lower temperatures in the latter

case, as previously observed in the light-off measurements.

On the other hand, the Figure 10 presents the spectra of iPrOH adsorption, and its
eventually oxidation, over CG-1 catalyst under oxygen-free conditions in order to study
the catalyst oxygen species participation on iPrOH catalytic oxidation. As expected, the
iPrOH adsorption took place even at low temperature (35 °C), which is indeed represented
by the presence of some bands in the range 2969-2872 cm’!, at 1468 and 1384 cm™! [96—
98], as well as those previously assigned to 60-H bending, skeletal 6C-C stretch mode
vibration and methyl (CH3) rocking vibrations, at 1290, 1164 and 1124 cm™ [96,98]. The
bands at 1569 and 1337 cm™!, attributed to formate and acetone, respectively, were also
observed denoting a certain iPrOH conversion, even at 35 °C, due to the participation of
catalyst active oxygen species (Oads). By increasing the temperature to 100 °C, the bands
associated to iPrOH adsorption became more pronounced, suggesting that iPrOH is
accumulated on catalyst surface with a much lower catalytic conversion in the absence of
gaseous oxygen (vs. Figure 9). Nevertheless, the bands located at 1337, 1419 and 1569
cm™! attributed to the formation of acetone and formate species [75,98], respectively, were
clearly observed in the entire range of studied temperatures, increasing in intensity up to
200 °C and even more at 300 °C. The bands related to acetone and formate species were
more pronounced than those observed in presence of oxygen (Figure 9 vs. 10) and still
remained at higher temperatures (400 °C). This confirms the iPrOH conversion into

acetone and formate even in the absence of gaseous oxygen, i.e. by the catalyst lattice
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oxygen. However, under these conditions, there was not enough oxygen to produce the
total conversion of iPrOH to CO», as previously observed in the case of toluene.

Taking account the light-off curves and DRIFTS measurements, both dissociative
and non-dissociative adsorption of iPrOH are pointed out, which allows to propose the

following mechanism for iPrOH oxidation reaction over CG-1 manganese oxide catalyst:
iPrOH — Acetone — Acetic acid — Formic acid — €O,

These results also confirm that both surface-adsorbed oxygen and lattice oxygen
on CG-1 catalyst surface participate to the partial oxidation of iPrOH since acetone and
formate species are formed under oxygen-free conditions. However, as for toluene
oxidation, the adsorbed oxygen should play a major role in iPrOH oxidation, in which the
full conversion is not clearly observed without oxygen in the feeding stream. Moreover,
these results corroborate that decreasing the oxygen available from the gas phase, the
partial oxidation of iPrOH is favored in detriment of the total oxidation. This is consistent
with the previous assumptions proposed to explain the shifting at lower temperatures of

iPrOH conversion and acetone formation in presence of toluene (Figure 6a and c).

3.4.3. Toluene and iPrOH binary mixture oxidation reaction:

promotion/inhibition effects.

In order to investigate the surface mechanism and the inhibition/promotion effects
in the presence of both toluene and iPrOH, the spectra were also recorded upon
introduction of a mixture of both VOCs and air in the DRIFT cell (600 ppm toluene, 800
ppm 2-propanol, 20 vol.% Oz). Figure 11 shows the DRIFTS spectra for the CG-1 catalyst
exposed to a toluene/iPrOH mixture, in which the main bands of iPrOH and some related
to the toluene adsorption can be identified. At low temperature, the iPrOH characteristics
bands were indeed observed in the region of 2969-2872 cm™ and at 1468 and 1384 cm’!
[96]. Also, the bands 1164 and 1124 cm™ associated to the dissociative adsorption of
iPrOH were clearly observed [98,99]. However, the main bands of toluene adsorption
vibrations such as at 3060, 1494 and 1026 cm™' were not clearly observed in the spectra
till 300 °C. Only the band at 2872 cm™! could be eventually identified at 200 °C as the C-
H stretching vibration of the aromatic ring in toluene, although this band would be
overlapping with the CH3 vibration of iPrOH molecule. Moreover, the bands in the region
0f 2969-2872 cm™ and at 1468 cm™! as well as the bands at 1164 and 1124 cm related to
iPrOH adsorption [96,98,99] disappeared at 300 °C, which could indicate the fast
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desorption/transformation of iPrOH at such high temperatures. Nevertheless, the DRIFTS
spectrum became at this temperature more similar to that observed for single toluene
oxidation (vs. Figure 7 at 300 °C). This suggests that most of the toluene is adsorbed, and
oxidized, only after deep or full conversion of iPrOH, probably due to the differences in
the polarity of these VOCs. Indeed, it is known that the adsorption of VOCs on
manganese-based catalyst surface is governed by its polarity [31,32], giving rise to a
competition for the adsorption sites, which clearly affects the transformation of the other,
as it is clearly observed in Figure 11. However, at 35 °C and, specially, at higher
temperatures (from 100 to 200 °C), different bands were identified in the range of 1600-
1300 cm! that could be attributed to some of the intermediates derived from either toluene
or iPrOH oxidation, according to Table 6 and 7. Given the high overlapping of these
bands and the difficult interpretation of these spectra, new measurements were carried out
in which toluene and 2-propanol were sequentially introduced as follows: first either
iPrOH or toluene was introduced (in air stream) in the DRIFT cell at 35 °C for 30 min.
Then, the weakly physisorbed molecules were swept by He stream for 15 min and the
other VOC-air stream was subsequently introduced for 30 min. A DRIFTS spectrum was
collected in each VOC atmosphere. In addition, after the introduction of the second VOC,
the DRIFT cell was heated to 200 °C and a spectrum was also collected at this

temperature.

Thus, Figure 12 shows the spectra collected at 35 °C, with the same binary VOCs
mixture as in Figure 11, but after performing the 2-steps sequence, where either a first
mixture of 600 ppm toluene and 20 vol.% O, was first introduced for 30 min (1 step)
and it is followed by a He purge and the introduction of a second mixture of 800 ppm 2-
propanol and 20 vol.% O (2™ step, leading to the spectrum denoted as "1° toluene”), or
the two mentioned mixtures were introduced in the opposite order (spectrum denoted as
“I%" iPrOH”). For comparison purposes Figure 12 also shows the spectra recorded after
30 min of single toluene or iPrOH adsorption (which represent the first step of the
sequential measurements) over the surface of fresh CG-1 catalyst as well as the spectrum
obtained after the simultaneous introduction of toluene and iPrOH (denoted as
“mixture”). Note that the spectra associated to single toluene or iPrOH were similar to
those presented in Figures 7 and 9, respectively, denoting a good reproducibility of the
DRIFTS measurements on the Mn2Os catalyst. Therefore, the main bands for toluene and

1PrOH adsorption have been described in the previous sections.
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When toluene was firstly adsorbed on the fresh CG-1 catalyst surface, the main
bands attributed to this molecule were clearly observed (orange profile in Figure 12).
However, these bands disappeared after consecutive iPrOH adsorption (brown profile)
and were not clearly presented when iPrOH was pre-adsorbed (light blue profile).
Nevertheless, the main bands attributed to the adsorption of iPrOH are clearly presented
in all cases. In particular, the bands associated to dissociative and non-dissociative
adsorption of iPrOH (bands in the range of 2969-2872 cm™ and that at 1468, 1384, 1164
and 1124 cm™ [96,98]) were clearly observed before and after toluene adsorption (dark
and light blue profiles in Figure 12). The pre-adsorption of toluene (brown profile) also
did not have an important influence on iPrOH adsorption. Nevertheless, in this case, the
bands attributed to the formation of formate or acetone intermediates species from partial
oxidation of iPrOH (1569 and 1337 cm™ [16,75,98]) were more pronounced, especially
the former. This can be related to the previous-mentioned promoting effect induced by
competitive adsorption of toluene and oxygen coming from the gas phase, which favors
the partial oxidation of iPrOH. It is worth to mention that the formation of some toluene
oxidation intermediates such as maleic anhydride and benzoates species, which are
currently observed at similar wavelength region, also need to be consider, suggesting that
both oxidation reactions take place simultaneously. Thus, these results confirm that the
adsorption of iPrOH, which is governed by its higher polarity [29], and its partial

oxidation can be preserved and even enhanced by the pre-adsorption of toluene.

On the contrary, by firstly adsorbing iPrOH and then injecting consecutively
toluene on iPrOH pre-adsorbed surface of GC-1 catalyst (light blue profile in Figure 12),
the main bands attributed to toluene adsorption were almost not observed. Indeed, the
bands located in the range 3060-2872, 1494 and 1026 cm™ were not presented. Only a
weak band at 1405 cm™ and a weak shoulder at 1569 cm™ assigned to the carboxylate’s
species formation from toluene oxidation were observed. These results confirm that the
adsorption of toluene and the formation of intermediates species were clearly affected by
the easy pre-adsorption of iPrOH at low temperature due to its higher polarity [29].
Nevertheless, the presence of some bands related to toluene intermediate species suggests
that some catalyst active sites were still available under these conditions. The additional
band located at 1692 cm! (light blue profile in Figure 12), which could be attributed to

C=0 stretching vibration of the quinone or other ketone species (e.g. benzoquinone)
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[92,100,101], confirms that the toluene oxidation mechanism and the catalyst selectivity

can be also affected by the presence of iPrOH before toluene adsorption.

These in-situ DRIFTS measurements at low temperature (35 °C) suggest that the
pre-adsorption of any of these VOCs over a Mn,Os-based catalyst affects the adsorption
and transformation (i.e. intermediates formation) of the other one. At this temperature,
the spectrum resulting from toluene introduction after iPrOH pre-adsorption is similar to
that obtained after simultaneous VOCs introduction. The pre-adsorption of 2-propanol
hinders toluene transformation and change its reaction mechanism with a band associated
to ketones species, which is not presented if iPrOH is secondly or simultaneously
introduced. On the other hand, the pre-adsorption of toluene promotes the oxidation of
iPrOH with an apparent preference for formate vs. acetone formation according to the

outstanding rise of the band at 1569 cm™ vs. 1337 ecm™.

The surface behavior of the Mn,Os catalyst was also investigated after heating the
DRIFT cell to 200 °C in both scenarios, i.e. pre-adsorbing toluene or iPrOH (Figure 13).
The spectra shown for single toluene, single iPrOH and mixture were the same as those
shown at 200 °C in Figures 7, 9 and 11, respectively. Nevertheless, the formation of
intermediates by-products followed a different pathway when the two VOCs were
sequentially adsorbed at 35 °C on the surface of CG-1 catalyst before heating to 200 °C.
Surprisingly, the spectrum recorded under simultaneous adsorption of toluene and iPrOH
mixture (red profile in Figure 13) became, at this high temperature, more similar to that
corresponding to the subsequently iPrOH adsorption over the pre-toluene adsorbed
catalyst surface (brown profile in Figure 13). Nevertheless, the bands associated to the
toluene (or iPrOH) intermediates, notably in the range of 1591-1523 cm™!, were more
pronounced under simultaneous adsorption of toluene and iPrOH mixture. Taking
account that iPrOH has a stronger affinity for Mn2O3 surface than the toluene molecule
because of its polarity [31,32], these results confirm the promoting effect of 2-propanol
pre-adsorption on the toluene transformation at 200 °C. This is in agreement with the shift
of toluene conversion to lower temperatures in the light-off curves obtained in binary
mixture (Figure 6a), which was induced by the total oxidation of iPrOH (exothermic
character, Figure 6b).

This assumption was confirmed by pre-adsorbing iPrOH on surface of CG-1

catalysts (light blue profile in Figure 13). Thus, a different toluene adsorption/reaction
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mechanism was observed when iPrOH was previously adsorbed on the surface of CG-1
catalyst with respect to that observed in the previous spectrum recorded at 35 °C (Figure
12). Indeed, the adsorption and transformation of toluene was affected by the pre-
adsorption of iPrOH at low temperature but in a reversible manner. This hypothesis is in
agreement with the presence of toluene adsorption and toluene intermediate bands at 200
°C, such as those presented at 3060, 1300, 1180, 1080 cm™ and notably, a more
pronounced band at 1405 cm™, which is assigned to carboxylate species from toluene
partial oxidation. Thus, the iPrOH was rapidly oxidized to acetone (or even totally
oxidized to CO; and H>0) at 200 °C, according to the less pronounced iPrOH adsorption
bands (2969-2872, 1164 and 1124 cm) and acetone bands (1337 and 1051 cm™),
releasing catalyst active sites for toluene adsorption/oxidation or increasing the local
temperature on catalyst surface, which would enhance the toluene oxidation. Moreover,
a new band at 1550 cm™', which corresponds to stretching vibration of C=0 in the
benzoate species [51], could also be observed as well as the two bands at 2360 and 2330
cm! related to O=C=0O group vibrations (not shown). This indicate that the deep oxidation

of iPrOH and toluene likely takes place at this temperature.

Based on the above in-situ DRIFTS measurements, the pre-adsorption of toluene
at low temperature clearly promotes the formation of formate or acetone intermediates
species from iPrOH partial oxidation. This confirms the promotion effect induced by the
presence of toluene. However, the pre-adsorption of iPrOH affects in a negative way the
toluene adsorption and transformation at 35 °C, but it was suppressed at 200 °C. Indeed,
the toluene and intermediates species bands are clearly observed at this high temperature,
suggesting that iPrOH is rapidly oxidize to acetone, releasing the catalyst active sites for
toluene adsorption and oxidation or increasing the local temperature on catalyst surface.
This is consistent with the shift of toluene conversion to lower temperatures in the light-

off curves obtained in binary mixture.

4. Conclusions

Mn;0O; has been prepared by three different routes, citrate-gel (CG-1), Pi23
surfactant (P123-1) and glycerol combustion (GM-1). CG-1 catalyst showed the highest
catalytic activity for single and binary VOCs oxidation, which was notably attributed to
the larger surface area (N:-adsorprtion/desorption analyses), higher low-temperature

reducibility and H> consumption (H2-TPR measurements) and higher concentration of
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surface-active oxygen species (XPS analysis). Furthermore, the catalytic results showed
that the oxidation of these VOCs, when simultaneously introduced, differs from their
single oxidation since the conversion of both toluene and iPrOH was shifted to lower
temperatures in the binary mixture, suggesting a promoting effect. Moreover, the acetone
in binary mixture was also obtained and completely oxidized at lower temperatures than
in single oxidation, which could be attributed to the exothermic character induced by the
oxidation of toluene and to a plausible promoting effect of a decrease of available oxygen
on the selective iPrOH dehydrogenation reaction. In parallel, the toluene conversion,
which starts when almost all iPrOH is completely oxidized, also shifted to lower
temperatures under mixture conditions. This indicates that iPrOH, which is the more
reactive VOC due to its higher polarity, initiates the oxidation reaction and promotes the
oxidation of toluene by a local exothermicity.

The single toluene and iPrOH adsorption/oxidation as well as the catalytic
oxidation of their binary mixture were investigated by in-situ DRIFTS. These
measurements allowed to confirm the trends observed in the light-off curves and to
understand the reaction mechanisms. While the main intermediates for toluene oxidation
were the carboxylates (in particular benzoates species), acetone and formate were those
mainly found for iPrOH oxidation. Besides, although some activity was observed in the
absence of gaseous oxygen (notably due to catalyst chemisorbed or lattice oxygen), the
adsorption of surface oxygen species from the gas phase was proved to be required to
shift the VOCs conversion to lower temperatures and, in particular, the formation of
highly oxidized products. These DRIFTS results also showed that the binary VOCs
mixture oxidation strongly affects the intermediates formation temperature-dependency.
Thus, the pre-adsorption of toluene over Mn»Os catalyst had a promoting effect on iPrOH
partial oxidation according to the increase of the bands attributed to the formation of
formate or acetone intermediates species. On the other hand, although iPrOH pre-
adsorption hindered the subsequent adsorption of toluene at low temperature due to the
differences in the polarity of these VOCs, suggesting an inhibition effect on the toluene
oxidation reaction, the co-feeding of both VOCs ultimately showed to be also beneficial
for toluene conversion at high temperature. This could be attributed to the fast iPrOH
conversion and the subsequent release of some catalyst active sites for toluene adsorption,
along with the previously mentioned combustion-derived exothermic effect, which

seemed to play a key role for both enhanced VOCs transformations.
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Table 1. Structural and textural properties of Mn2Os catalysts synthetized by Citrate-Gel (CG-
1), P12z surfactant (P123-1) and Glycerol precipitation (GM-1) methods.

. Crystallite , 1 Total pore volume Mean pore
Catalyst Main phase size (nm) SBET (M”g™) (cm? g) size (nm)
CG-1  Cubic Mn;03 26 24 0.11 22
P123-1  Cubic Mn2O3 39 9 0.06 22

GM-1 Cubic Mn203 30 19 0.11 22




Table 2. Redox and surface properties of synthetized Mn>O3 oxides-based catalysts obtained
by H>-TPR and XPS measurements.

H,-TPR XPS
H; consumption 34 -
Catalyst (mmol H, g") O/Mn  O.4s/Oe  Mn”"/Mn
CG-1 9.1 1.6 0.39 2.79
Pi23-1 6.3 1.2 0.29 1.65

GM-1 5.7 1.4 0.32 2.12




Table 3. Comparison of catalytic activity for toluene oxidation.

Tos Tso Ty Reaction rate  Specific reaction
Catalyst  conversion  conversion conversion (umol g's”) rate (umol m?s™)
©C) °C) °C) at 290 °C at 290 °C
CG-1 291 310 337 1.39 0.058
Pi2s-1 315 336 373 0.65 0.072

GM-1 298 318 348 1.33 0.067




Table 4. Comparison of catalytic activity for single iPrOH catalytic oxidation.

Tos Tso Too Reaction rate Specific reaction
Catalyst  conversion conversion conversion (umol g's") rate (umol m?s™)
Q) ©°C) ©°C) at 120 °C at 120 °C
CG-1 125 146 237 1.38 0.050
Pi2s-1 175 213 259 0.58 0.081

GM-1 118 179 232 1.64 0.070




Table 5. Catalytic activity comparison for single VOC and binary mixture oxidation over the

three Mn>O3 oxides-based catalysts synthetized in the present work.

Single VOC oxidation Mixture VOCs oxidation
Catalyst 150 Too Tso Too Tso Too Tso Too
Toluene Toluene iPrOH iPrOH Toluene Toluene iPrOH iPrOH
(°O) (°O) (°O) °O) °O) °O) °O) (°O)
CG-1 310 337 146 238 291 316 107 217
P23-1 336 373 213 258 330 360 162 229

GM-1 318 348 179 232 303 327 142 217




Table 6. Main bands of toluene oxidation intermediates.

Position (cm™) Assignment Reference
Toluene adsorption bands
3060-2870 vsC-H aromatic ring [83-85]
1600 vsC-H aromatic ring [85]
1494 vsC-H aromatic ring [83,85]
1026 vsC-H aromatic ring [86]
1291 vaCH3 [74]
Toluene reaction intermediates
1963 - 1816 vC=0, maleic anhydrides [92,93]
_ . . [92,100,1
1692 vC=0, quinone or ketone species 01]
1591, 1462 vC=0, aldehyde species [74,94]
1448 vCOO-, acetate species [91]
1569 -1403 vC=0, carboxylate species [51]
1405 - 1384 vC=0, carboxylate species [83]
1300, 1337 vC=0, maleic anhydrides [89,90]
1150-1000 vCO-, alkoxide species or benzyl alcohol [65,87]
1180 vC-0, benzoic acid [65]




Table 7. Main bands of iPrOH intermediates.

Position (cm™) Assignment Reference
iPrOH adsorption bands
2982-2872 vsC-H [96]
1468, 138?1 21515’ 1164, vCH3, 0C-C, isopropoxide species [96-98]
1290 060-H [97]
iPrOH reaction intermediates
1569 vaCOO, formate species [98]
1437 vC=C, acetone enol form [98]
1337 vC-C, acetone [96,98]
1419, 1051 O0CH3, acetone [16,96,98]




Revised Figures

Figures caption

Figure 1. XRD diffractograms of the synthetized Mn»O3 catalysts by Citrate-Gel (CG-1), Pi23
surfactant (P123-1) and Glycerol precipitation (GM-1) preparation methods.

Figure 2. a) H>-TPR and b) O»-TPD profiles of Mn2Os catalysts prepared by Citrate-Gel, P123
surfactant and glycerol precipitation methods. The inset of Figure 2b shows the oxygen
desorption in the temperature range corresponding with physisorbed and chemisorbed oxygen

species.

Figure 3. High-resolution XPS results for Mn>Os catalysts; a) Mn 3s, b) Mn 2p and ¢) O 1s.
Figure 4. Single toluene catalytic oxidation over the Mn>Os catalysts synthetized by different
preparation methods: a) light-off curves and b) CO; yield as a function of the reaction
temperature.

Figure 5. iPrOH catalytic oxidation over the Mn;Os3 catalysts synthetized by different
preparation methods in the present study: a) light-off curves, b) acetone and ¢) CO; yields as a
function of the reaction temperature, after three catalytic cycles.

Figure 6. Comparison between single and binary VOCs mixture oxidation over the Mn,O3
catalysts synthetized by different preparation methods: a) toluene and b) iPrOH conversions
vs. reaction temperature and c¢) acetone and d) CO; yields after three catalytic cycles. Note that
to simplify the tendency, only the CO; yields observed under a binary mixture are presented in

this figure 6d.

Figure 7. In-situ DRIFTS spectra of the toluene catalytic oxidation over CG-1 catalyst.
Figure 8. In-situ DRIFTS of toluene under oxygen-free conditions over the CG-1 catalyst.
Figure 9. In-situ DRIFTS spectra of the iPrOH catalytic reaction over CG-1 catalyst.

Figure 10. In situ DRIFTS spectra of the iPrOH under oxygen-free conditions over CG-1
catalyst.

Figure 11. /n-situ DRIFTS spectra recorded from the mixture catalytic oxidation of toluene and

1iPrOH over CG-1 catalyst under oxygen conditions.

Figure 12. In-situ DRIFTS spectra recorded at 35 °C for single toluene or single iPrOH (first
step of the sequential adsorption), as well as after simultaneous VOCs introduction and after
sequential adsorption of iPrOH or toluene on preliminarily VOC-adsorbed surface (at 35 °C)
over CG-1 catalyst.



Figure 13. In-situ DRIFTS spectra recorded at 200 °C for single toluene, single iPrOH and
VOCs mixture, as well as after sequential introduction of iPrOH or toluene on preliminarily

VOC-adsorbed surface (at 35 °C) over CG-1 catalyst.
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Figure 1. XRD diffractograms of the synthetized Mn,Os catalysts by Citrate-Gel (CG-1), P123
surfactant (P123-1) and Glycerol precipitation (GM-1) preparation methods.
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Figure 2. a) H>-TPR and b) O>-TPD profiles of Mn>Os catalysts prepared by Citrate-Gel, P123
surfactant and glycerol precipitation methods. The inset of Figure 2b shows the oxygen
desorption in the temperature range corresponding with physisorbed and chemisorbed oxygen

species.
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Figure 7. In-situ DRIFTS spectra of the toluene catalytic oxidation over CG-1 catalyst.
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Highlights (for review)

Highlights

- Mn2Os oxides are active for the oxidation of toluene, 2-propanol and their mixture.

- MnxOs catalyst prepared by Citrate-Gel method has the best catalytic performances.

- The presence of both VOCs promoted the deep oxidation of each other on Mn»Os.

- The promotion effect of binary mixture above 200 °C was proven by in-situ DRIFTS.
- DRIFTS allowed to identify the reaction intermediates in different scenarios.
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Figure S1. TEM images of Mn>Os catalysts synthetized by (a) Citrate-Gel (CG-1), (b)
Glycerol precipitation (GM-1) and (c) Pi23 surfactant (P123-1).
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Figure S2. a) N, adsorption-desorption isotherms and b) pore size distribution of the Mn,O3
catalysts synthetized by different methods.
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Figure S3. Raman spectra over Mn,Os catalysts synthetized by different preparation methods.



— CG-1

II(IJOI B Iléﬂ I2(I)0I B IZ;OI B I3(I)0I B I3é0I 400
Temperature (°C)
Figure S4. NH3-TPD profiles over the Mn2Os catalysts synthetized by different preparation

methods in the present study.
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Figure S7. In-situ DRIFTS spectra (full wavenumber range) recorded from the mixture

catalytic oxidation of toluene and iPrOH over CG-1 catalyst.



