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ARTICLE INFO ABSTRACT

Keywords: Mn-catalysts supported on zeolites are active materials for oxidising volatile organic compounds, but the cata-

VOCs lysts’ activity and selectivity depend on the support’s characteristics. In this work, we study the performance of

Mn-zeolites different Mn catalysts supported on zeolites with different Si/Al ratios and topology in the ethanol oxidation

Air poll'utlol? . reaction. The results show a correlation between the mechanism of the reaction and the presence or absence of

Catalytic oxidation L. . L. . .. .

Ethanol acid sites on the zeolite surface, which is based on its aluminium content. It is observed that the presence of
Brgnsted acid sites catalyses ethanol dehydration to ethylene that is oxidised to CO, at higher temperatures.
Without protonic acid sites, ethanol is primarily oxidised to acetaldehyde and subsequently oxidised to COo,
achieving a complete oxidation at lower temperatures. The acidity also influences the nature of the metallic
active sites, forming Mn-oxo species with higher oxidation state in the catalyst with lower aluminium content.
These species are more active than those formed in the catalyst enriched with Brgnsted acid sites. Thus, zeolites
with higher Si/Al ratios are more adequate for supporting Mn catalysts in the ethanol oxidation reaction. The
results show that low acidity is a decisive factor in designing active catalysts for this reaction, while zeolite
topology or catalyst surface area are of secondary importance.

1. Introduction

Volatile organic compounds (VOCs) are main air pollutants and their
properties and uses depend mainly on the functional groups that appear
in the molecule. Oxygen-containing VOCs, like alcohols, are commonly
used in cosmetics and personal care products, e.g. perfumes, hair spray,
aerosols, etc. and domestic and industrial products, e.g. varnishes,
window cleaners, paint thinners, and adhesives [1]. The wide use of
these substances results in the emission of many VOC pollutants. They
can produce photochemical oxidants [2], have negative impact in peo-
ple’s health and at high concentration may even cause central nervous
system depression [3]. In particular, ethanol maximises the formation of
aldehydes, which cause irritation, breath shortness, mucous membrane
irritation, and chest tightness [3,4]. It is a major indoor pollutant
emitted from different materials and trapped in airtight buildings [5,6].
It is also widely used in the chemical industry and as a fuel additive in a
high-demand global market. [7,8]. Therefore, the development of effi-
cient systems for removing ethanol and its derivatives from automobile
exhausts, chemical industry and indoors is an essential challenge for
society.
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The best available technologies for VOCs control are adsorption or
thermal/catalytic oxidation. Thermal incineration is the conventional
method of controlling VOC emissions from industrial processes and is
successfully used in many processes, but it is not free of some drawbacks.
For example, the poor efficiency at low concentrations and the high
temperature necessary for the complete oxidation results in significant
energetic expenses and the generation of other pollutants such as NOy
Catalysis has a role in this field [9] as the oxidation of the pollutants is
achieved at lower temperatures, decreasing the energetic cost and the
formation of NOy.

The use of catalysts based on noble metals [10,11] has been proposed
for VOCs oxidation, but their sensitivity to poisons, the price and
scarceness encourage their replacement. Perovskites and transition
metal oxides, such as ceria, manganese, nickel, cobalt and copper oxides,
have also shown catalytic activity for VOCs oxidation [10-15]. Catalytic
beds based on metals or metal oxides supported on porous solids are
active in low-temperature ranges, managing to oxidise VOCs with high
efficiencies to CO5 and HyO [16,17]. Manganese is an interesting ma-
terial among the different transition metals due to its low price, avail-
ability and its variable valence states that makes it adequate for
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oxidation reactions [18]. Manganese oxides have been used to oxidise
ethanol, revealing different adsorption-oxidation sites by various reac-
tion mechanisms [19,20]. Manganese oxides with different morphology
and crystal faces were studied by Men et al. [21], showing that
morphology may enhance catalytic performance probably due to the
formation of more surface Mn** and active oxygen species. The latter
can also be achieved by preparing MnO; with a three-dimensional or-
dered mesoporous structure [22] or preparing the catalysts by an exo-
templating approach [23]. Adding a basic promoter, such as K, Ca, or
Mg, to Mn3O4 promotes the catalytic activity, probably due to the for-
mation of defect-oxides or hydroxyl-like groups [24]. Mn-based oxides
can be classified into four types: single, supported, composite, and
special crystalline manganese oxides [25]. Supported materials are
common catalysts used in different catalytic reactions for environmental
applications [26-29] as the supports increase the surface area of the
catalysts, improve the metal dispersion, favour the adsorption of the
reactants and may be active in the oxidation reaction. The main supports
used for manganese are active carbon, alumina, titania, and ceria [24,
25,30]. However, to the best of our knowledge, the use of Mn supported
on zeolites as catalysts for this reaction has not been reported even
though zeolites are common catalysts or catalyst supports due to their
high surface area, ion exchange capacity and acid properties [17,31].
Hereby, we study the performance of manganese supported on zeolites
for the oxidation of VOCs using ethanol as a model molecule. The re-
action was scrutinised by linking catalytic results with comprehensive
spectroscopic data obtained by in situ and operando FT-IR and UV-vis
techniques.

2. Experimental
2.1. Catalyst preparation

Catalysts were prepared using commercially available MFI (Zeolyst,
CBV2314 Si/Al=11.5, Zeocat PZ-2/1000 Si/Al=1000) and BEA (Zeolyst
CP814C Si/Al=19) zeolites. Different aqueous solutions of a manganese
precursor, Mn(CH3COO)3-4 Hy0, were added by the wet impregnation
method to obtain the desired manganese content in the final catalyst
(5 wt%). After impregnation, the catalyst was dried at 100 °C for 24 h
and calcined in air at 550 °C for four hours with a heating rate of 10
°C.min~!. Finally, the catalysts were pelletised, crushed, and sieved to
obtain grains with a 0.25—0.45 mm diameter.

2.2. Catalytic tests

Catalytic tests were conducted in a conventional fixed-bed quartz
reactor at atmospheric pressure. The catalyst bed (2 g) was supported on
a quartz plug in the reactor. Silicon monocarbide (>0.42 mm o.d.) was
placed above the catalyst bed as a preheating zone of the incoming feed
stream. The temperature was measured with a K-thermocouple inside
the reactor. The reactor was housed in an electrically heated furnace.
Before the reaction, the calcined catalyst was activated at 250 °C with
air for 30 min.

The gas mixture, composed of ethanol (1000 ppm) and dry air, was
introduced into the reactor at 400 mL-min~! (GHSV = 15,000 h™1) and
with a residence time of 0.24 s. The reaction was carried out under a
continuous flow of reactants, and each catalyst was tested at increasing
temperatures, i.e. 150, 200, 230, 260, 300, 350, and 400 °C, for 20 min.
The reaction products were identified and quantified using a gas chro-
matograph Varian 3600 with flame ionisation (FID) and a thermal
conductivity detector (TCD). The concentration of ethanol and any other
product formed in the reaction was determined on the FID after sepa-
ration in an Rt-Q-Bond PLOT 30 m, 0.32 mm, 10 microns ID GC column.
CO and CO3 were determined in the TCD detector after separation in a
ShinCarbon ST Micropacked, 80/100, 1 m, 0.53 mm ID and a MolSieve
13X, 80/100, 1.2 m, 1/16”, 1 mm ID CP1309 GC columns.
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2.3. Characterization studies

The chemical composition was measured by inductively coupled
plasma (ICP-OES) in a Thermo Scientific™ iCAP PRO ICP-Optical
Emission Spectrometer. Before analysis, 40 mg of each calcined sam-
ple was dissolved with concentrated hydrofluoric and nitric acid
solution.

Textural properties of the catalysts were determined at —196 °C by
Ny adsorption with a Micromeritics ASAP 2040 device. The samples
(0.2 g) with a particle size between 0.4 and 0.6 mm were pretreated at
200 °C for five hours at high vacuum. Surface areas were obtained by the
BET method.

X-ray diffraction (XRD) patterns were recorded in a PANalytical
CUBIX diffractometer equipped with a PANalytical X’Celerator detector.
X-ray radiation of Cu Ka (A1 = 1.5406 /0\, A2 = 1.5444 ;\, 12/11 = 0.5)
was used with a tube voltage of 45 kV and with an intensity of 40 mA.

Temperature-programmed reduction (TPR) studies were performed
using a Micromeritics Autochem 2910 automated chemisorption anal-
ysis instrument. The reduction of the samples (10-20 mg) was con-
ducted from 40 to 600 °C with a thermal ramp of 10 °C-min™! using an
Ar: Hy flow (10% Hj) of 50 mL-min .

High-resolution field emission scanning electron microscopy
(HRFESEM) measurements were made in a ZEISS GeminiSEM 500,
which was equipped with a secondary electron (SE2) and an energy-
dispersive X-ray spectroscopy (EDS) detector. The micrographs were
acquired with a constant accelerating voltage (1.5 kV) and different
magnifications.

X-ray photoelectron spectroscopy (XPS) analysis was performed with
a SPECS spectrometer equipped with a Phoibos 150 MCD-9 multi-
channel analyser using a monochromatic Al Ka (1486.6 eV) X-ray
source. Spectra were recorded using an analyser pass energy of 30 eV (X-
ray power of 100 W). During data processing of the XPS spectra, binding
energy (BE) values were referenced to C I s peak (284.5 eV). CasaXPS
software has been used for spectra treatment.

The acidity of the samples was measured by adsorption-desorption of
pyridine on self-supported sample wafers, followed by infrared spec-
troscopy in a Nicolet 710 FT IR spectrometer. The wafers were activated
at 350 °C under vacuum for two hours. After activation, pyridine vapour
was adsorbed into the samples. Desorption of pyridine under vacuum
was measured at 150, 250 and 350 °C, followed by an IR measurement at
room temperature. The data were treated using Omnic™ Series software
and normalised according to the sample weight. The Brgnsted (BAS) and
Lewis (LAS) acid sites concentration were obtained from the integrated
area of the adsorbed pyridine bands at 1560-1535 (pyridinium ions,
PyH™) and 1440 — 1460 cm ™! (Py-Lewis site adduct) by using extinction
coefficients reported earlier [32]. The acid strength was assessed by
pyridine thermodesorption and presented as the Ajs0/Ajso and
Ass0/A1s0 ratios. These ratios are intensities of PyH" ions band upon the
desorption at 250 °C (or 350 °C) and evacuation at 150 °C, respectively,
and express the ratio of pyridine molecules neutralising protonic sites
that survived desorption at 250 °C (or 350 °C).

FT-IR in situ experiments were carried out with a Bruker InvenioX
spectrometer, using self-supported pellets (5 mg-cm™2) placed in a
quartz custom-made IR cell. Before the experiments, the materials were
evacuated at 350 °C (with a rate of 5 °C/min) for one hour under a
vacuum (10~° mbar) to remove all adsorbed species. Upon admission of
20 Torr of oxygen, the samples were heated at 550 °C for 30 min, then
evacuated under high vacuum conditions and cooled down to room
temperature or 250 °C for in situ standard or rapid scan (RS) FT-IR ex-
periments. The IR spectra were normalised to the standard pellet mass
(10 mg). In standard experiments, ethanol (3-107° mol) was introduced
to the IR cell at room temperature and contacted with excess oxygen.
Then, the temperature was raised successively from room temperature
to the desired temperature and the reaction was traced by collecting the
respective spectra. Upon reaching the milestone temperatures (50, 100,
150, 200, and 250 °C), the catalysts were cooled to room temperature to
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Table 1
Textural properties and chemical composition of the Mn-catalysts and parent
zeolites.

Sample SgET Pore Si/Al molar Mn Na
(ngfl) volume ratio (wt (wt
(m®s™") %) %)
BEA19 710 0.30 19
MFI13 425 0.18 12.5 - -
MFI1000 297 0.14 1000 - 1.0
5MnBEA19 498 0.21 19 5.7
5MnMFI13 345 0.15 12.5 5.3
5MnMFI1000 291 0.14 1000 5.3 0.8
465°C
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Fig. 1. . TPR profiles of the calcined 5 wt% Mn-catalysts supported on
different zeolites.

gather the spectra of adsorbed reagents. In RS FT-IR experiments, the
oxidation reaction of ethanol (3-10~° mol) was monitored for 300 s at
250 °C.

In operando UV-vis studies, the catalyst in the form of a self-
supported disc (15-20 mg) was placed in the Praying Mantis™ cell
connected to gas-transfer 1/16’" Teflon lines heated at 110 °C to avoid
condensation of the reagents. The catalyst was activated at 500°C using a
mixture of 10% oxygen in helium with a total flow of 30 cm® min!.
After activation, the temperature was decreased to 200 °C, and the
sample was contacted with the reagents (10%0- in He, total flow 20 mL/
min, 2 mL/min were saturated with ethanol kept at 10 °C) and the
UV-vis spectra were taken during ethanol oxidation reaction.

3. Results
3.1. Catalyst characterization

MEFI zeolites of significantly different Si/Al ratios (12.5 or 1000) and
BEA zeolite were applied to support the active Mn-phase. Textural
properties and chemical composition of catalysts and parent zeolites are
summarised in Table 1. All samples present Type I isotherms typical of
microporous materials. The surface area of the Mn-catalysts is moder-
ately high and varies between 290 and 500 m2.g~1. The highest one is
found with the catalyst supported on the BEA zeolite and the lowest with
the catalyst that has a higher Si/Al ratio. Compared with the parent
zeolites, the addition of manganese decreases the surface area and the
larger the support surface area, the greater the surface drop after man-
ganese deposition. Nevertheless, XRD patterns show that the zeolite
structure was preserved, and no peaks assigned to manganese were
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Table 2

Concentration of Brgnsted (B) and Lewis acid sites (L) and acid strength deter-
mined from IR spectroscopy measurements with pyridine adsorption/
thermodesorption.

Sample Py [pmol-g'] Strength of Lewis acid sites
B L L+B Azso Asso
Also Aiso
BEA19 395 220 615 1 0.29
5MnBEA19 50 850 900 0.9 0.30
MFI13 650 130 480 1 0.80
5MnMFI13 130 140 270 - 0.12
MFI1000 10 5 20 1 1
5MnMFI1000 0 20 20 1 0.10

found, indicating a good dispersion of the manganese species on the
surface (Supporting Information, Figure S1). The micropores volume
was fully preserved for 5MnMFI1000, indicating that in this catalyst,
manganese is mainly located on the outer surface of zeolite grains.

TPR of the Mn catalysts are shown in Fig. 1. Two broad peaks appear
at different temperatures in the catalysts supported on MFI zeolites. The
assignment of these peaks is not straightforward as the reduction of
manganese oxides takes place in a sequential mode where MnO; is
reduced to MnyO3, then to Mn304 and finally to MnO with overlapping
the different peaks [33-35]. According to the literature [36-38], the
peak at the lowest temperature corresponds to the reduction of
MnO,/Mn,03 to Mn304 or the reduction of dispersed MnOy species [39]
and the second peak corresponds to the successive reduction of Mn3O4 to
MnO. Nevertheless, the manganese oxides formed on the different sup-
ports are probably non-stoichiometric systems [40-42] as the broadness
and overlapping of the present peaks could indicate. It is observed that
the position of the reduction peaks depends on the Si/Al ratio of the
zeolites; appearing the peaks at lower temperature when the Si/Al ratio
decreases. As the Si/Al ratio is related to the zeolite acidity, these results
indicate that a higher number of acid sites favour the reducibility of the
supported MnOy. In the Mn-BEA catalyst only a broad peak around 285
°C is observed. This peak is characteristic of a highly dispersed manga-
nese oxide phase, probably in 2D epitaxial layers [30]. The hydrogen
consumption of the different Mn-zeolites is shown in Supporting Infor-
mation in Table S1. As it can be seen, the zeolite with the higher Si/Al
ratio is the one with maximum hydrogen uptake, suggesting that in this
zeolite Mn species with higher oxidation state are formed.

XPS characterization of the Mn-MFI catalysts with different Si/Al
was made and the results are shown in Supporting Information
(Figure S2). The Mn2p3,, spectra show in both cases the presence of a
broad band deconvoluted in three peaks corresponding to Mn?*, Mn3*
and Mn** centred around 640.9 eV, 641.9 eV and 643.1 eV respectively
[43]. Although the form of the band is similar in both catalysts, a higher
account of Mn** and Mn>* species are observed in the catalyst with
higher Si/Al ratio. Analogous results are described in [43] using similar
catalysts, showing that a higher percentage of Mn*" species are associ-
ated with higher SiO5/Al,03 ratio and lower Mn ion content.

The acidic properties of the Mn-catalysts have been studied by pyr-
idine adsorption. Pyridine has a strong Lewis basic character, which
makes it useful for discrimination of Lewis and/or Brgnsted acid sites on
the surface of heterogeneous catalysts [44,45]. In the IR spectrum of
adsorbed pyridine, the area between 3000 and 4000 cm ™! provides in-
formation about the presence of OH groups of different nature present in
the solid, while the region between 1400 and 1700 cm ™! includes in-
formation about the type of acid sites (Lewis or Brgnsted) present on the
catalyst surface [46]. The appearance of the band around 1450 emLis
associated with pyridine coordinatively bonded to Lewis acid sites,
while the appearance of the band at 1540 cm ™! is due to the formation
of the pyridinium ion by adsorption of pyridine molecule on Brgnsted
acid sites.

The difference spectra of pyridine interacting with the acid surface
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Fig. 2. TEM image and Energy-dispersive X-ray (EDS) mapping analysis of 5SMnBEA19.

sites of the Mn-catalysts are shown in Supporting Information, Figure S3,
while the concentration of the sites and their strength are given in
Table 2. As it can be seen in the table, with all the samples the addition of
Mn to the parent zeolite results in an increase of the Lewis acid sites and
in a decrease of the Brgnsted centers. It also clearly observed that the Mn
catalyst supported on the MFI zeolite with lowest Si/Al ratio has more
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Brgnsted and Lewis acid centers than the Mn catalyst supported on the
MFI zeolite with higher Si/Al ratio that shows almost no acid sites. The
5MnBEA19 catalyst contains the higher quantity of Lewis acid sites
whilst the 5MnMFI13 contains the higher number of Brgnsted centres.
The relation between the Brgnsted acid loss and the number of new sites
appearing due to Mn deposition clearly evidences the cationic character
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Fig. 3. Catalytic activity for the ethanol oxidation with air at different temperatures and different catalysts: (A)5MnMFI13, (¢)SMnBEA19, (€)5MnMFI1000, (m)
blank. (A) Ethanol conversion; (B) CO, yield; (C) Ethylene yield; and (D) Acetaldehyde yield.
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Fig. 4. Top-down projection of the difference spectra in the range of (A) C-H and O-H stretching and (B) C=X (X = C, O) stretching and C-H deformation modes

during ethanol oxidation over 5MnMFI13 in the temperature range of RT-250 °C.

of the Mn-species in 5SMnBEA19. In 5MnMFI13 a significant loss of
protonic sites is also detected but it does not correspond with the
number of Mn-originated Lewis sites. Then, it can be inferred that the
Mn species in 5MnMFI13 are more significantly clustered than those
present in the Mn-BEA catalyst or they have a very weak strength. In
5MnMFI1000, the less dispersed and weakest strength oxo-sites are
present. These results confirm that the acidic property of zeolite sup-
ports is responsible for the diverse Mn speciation, as provided by TPR
studies.

These results are coherent with the characteristics of the different
zeolites. In the zeolite with high Si/Al ratio, no metal ion exchange is
expected due to the extremely low aluminium content, being the
aluminium atoms the sites for the ion exchange. Then in this zeolite
more clusters of Mn-oxo species should be formed. On the other hand, in
the MFI and BEA zeolite with low Si/Al content, the ionic exchange is
possible, probably via a solid ion exchange during the calcination, and in
these zeolites, more ionic species are formed as the pyridine experiments
have shown. The results also show that the ion exchange is easier in the
BEA zeolite than in the MFI zeolite, probably due to the big cavities and
larger channels present in the former one.

The HRFESEM-EDS mapping images of the SMnBEA19 catalyst are
presented in Fig. 2. The catalyst has a uniform particle size distribution
and a round morphology. Manganese is homogeneously dispersed on the
surface of the zeolite without forming important metal agglomerates.
Similar results were obtained with the other catalysts.

3.2. Catalytic results

The catalytic activities of the different Mn-zeolites in the oxidation of
ethanol at different temperatures and the results obtained in a blank
reaction are shown in Fig. 3. As can be seen, the reaction carried out
without any catalyst requires significantly higher temperatures for
ethanol oxidation, and only the 50% conversion is obtained at 400 °C. In
presence of Mn-catalysts, the oxidation starts at lower temperatures and
is almost completed at 350 °C. The final product obtained is carbon di-
oxide for all the catalysts, although some primary products, such as
ethylene and acetaldehyde, are formed at 150-350 °C, depending on the
catalyst. These molecules are oxidised at higher temperatures to COx.
Carbon monoxide and acetylene are not formed or are below the
detection limit of the gas chromatography. Small amounts of diethyl
ether were found for the catalysts with more Brgnsted acid sites, i.e.
5MnBEA19 and 5MnMFI13.

As shown in Fig. 3A, the catalyst with the lowest aluminium content,
i.e. 5MnMFI1000, is the most active as it requires the lowest tempera-
ture for ethanol conversion (Tsp = 220 °C). Higher temperatures are

necessary for both aluminium-containing catalysts: Tso = 250 °C for the
5MnBEA19 and Tsp = 270 °C for the 5SMnMFI13 catalyst. It must be
pointed out that the most active catalyst is the one with the lowest
surface area and the less reducible Mn species. This indicates that other
parameters are crucial for designing active catalysts in this reaction.
These parameters must be related to the absence of acid sites in the
5MnMFI1000 catalyst. Thus, the different catalyst behaviour must be
correlated to the catalyst acidity. This is evidenced when comparing the
selectivity of the various catalysts. A complete conversion of ethanol to
carbon dioxide (Fig. 3B) is dominant at lower temperatures in the case of
5MnMFI1000, whilst for the samples with Brgnsted acidity, CO3 is only
obtained above 250 °C. On the contrary, ethylene yield is practically
absent for 5SMnMFI1000, but it is a primary product for SMnBEA19 and
5MnMFI13 (Fig. 3C), which is later oxidised to COy at temperatures
higher than 250 °C. Acetaldehyde (Fig. 3D) appears as a primary un-
stable product for all the samples with yields lower than 10%. Never-
theless, the sample 5MnMFI1000 shows the onset at a lower
temperature (170 °C), which indicates that acetaldehyde is a primary
unstable product driving to carbon dioxide, whose onset temperature is
200 °C. This catalyst behaves in selectivity very similarly to other bulk
manganese oxide samples referenced in the literature [47], where
acetaldehyde is the intermediate product for the complete oxidation of
ethanol to CO,, with low selectivity to carbon monoxide. In the case of
the catalysts supported on acid zeolites, in which manganese and
Brgnsted acidity are present together, a change in the pathway of the
reaction is observed. The competitive reaction of ethanol dehydration to
ethylene appears [48,49] and delays the total oxidation to CO,. This is
not surprising since removing oxygen from ethanol to give ethylene,
followed by oxygen reinsertion to yield CO, will require more energy
than ethanol’s direct oxidation; therefore, a higher temperature will be
needed. The combustion of ethylene in Pd/Au catalysts follows a similar
route with the formation of ethylene oxide, acetaldehyde and finally
CO; [50].

The stability of 5SMnMFI1000 catalyst was tested by successive re-
actions with the same catalyst, maintaining its activity after five reaction
cycles. This indicates that the catalyst is stable without important
deactivation after successive reaction cycles.

The minor differences in the activity of the acid zeolites containing
manganese can be related to the zeolites’ topology and the Mn-
originating species formed on the surface. In the case of 5SMnBEA19, a
total conversion of CO, is reached with a lower Tsy than for the
5MnMFI13, indicating that the higher accessibility of tridimensional 12-
ring zeolite Beta, its higher surface area and the different Mn species
formed on this zeolite are more convenient for the ethanol oxidation
reaction.
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Fig. 5. Top-down projection of the difference spectra in the range of (A) C-H and O-H stretching and (B) C=X (X = C, O) stretching and C-H deformation modes
during ethanol oxidation over 5MnMFI1000 in the temperature range of RT-250 °C.

Comparing the results obtained with the 5SMnMFI1000 with other
supported Mn-catalysts used for the ethanol oxidation, this catalyst
shows a high activity (see Supporting Information Table S2) in terms of
TOF, although the Tgq is higher, especially if compared with unsup-
ported MnOy catalysts.

3.3. IR study of ethanol adsorption and oxidation on Mn-MFI catalysts

The effect of the acidity of the zeolite support on the type of the
intermediate species formed and thus on overall activity in the ethanol
oxidation was also studied by rapid scan IR spectroscopic studies over
Mn-catalysts based on MFI zeolites with different Si/Al ratios.

The results of the infrared study of ethanol adsorption and oxidation
at different temperatures with the SMnMFI13 catalyst are shown in
Fig. 4. The spectra presented are the difference spectra in top-down
projection. Thus, the adsorbed species are identified as positive bands,
while the groups consumed by interaction with the adsorbed reactants
are seen as negative. In case that during reaction the consumed groups
are restored, these bands become less negative. At room temperature,
the interaction of ethanol with the support is recognised by the
appearance of CH3 and CHj, stretching vibration bands in the frequency
range of 3000-2800 cm ! (Fig. 4A) and by the appearance of CHs/CH,
deformation vibration bands in the frequency range of 1390-1450 cm ™
(Fig. 4B). The most intense band at 1395 cm™! is assigned to ethoxy
species. The bands associated with silanol (3740 ecm™ 1) and Si(OH)AI
(3612 cm ™) groups of zeolites are consumed due to hydrogen bonding
with ethanol. The spectroscopic signature of this interaction is a broad
band located ca. 3250 cm ™. No oxidation products are observed at this
temperature. At 100 °C, some hydrogen-bonded ethanol molecules are
released from silanol groups Si(OH... C2HsOH), as manifested by
restoring the 3740 cm ™! band. Nevertheless, the bridging hydroxyls are
still engaged in the interaction with ethanol. Most likely, the Si(OH...
C2H50H)AI species are transformed into ethoxy species, which can be
concluded based on many literature data reporting the rapid trans-
formation of alcohols into ethoxy groups even at room temperature [51,
52]. At 150 °C, relatively large amounts of ethylene, identified by the
C=C-H at 2988 cm™! and vibrational-rotational spectrum in the
3200-3300 cm ™! range, start forming due to dehydration of ethanol
over acid sites. At the same time, the disappearance of deformation
modes of ethoxy species (1395 cm 1) is accompanied by the evolution of
acetaldehyde interacting with Mn cations (1720 cm™!) and acetic acid
(1695 em™!). A complex band centred at ca. 1623 cm™! also appears
due to the overlapping of water and acetate bands. The 1660 cm ! band
originates from acetate ions produced by the reaction of acetic acid with
extra-framework Al species. In the temperature range of 200-250 °C, the

bands of acetaldehyde and acetates diminish due to subsequent oxida-
tion to CO,. Ethylene is still recognised as the only product in C-H
stretching modes. Both CO; and ethylene (when oxidised) can be
accepted as the primary products providing new surface species, i.e.
carbonates (1443 and 1400 cm’l) and olefin-aromatic compounds
(1650-1500 cm_l), respectively. These results are consistent with those
obtained in the catalytic reaction (Fig. 3) of 5SMnMFI13, where it was
observed that ethylene is a primary product formed at lower tempera-
tures due to ethanol dehydration catalysed by the acid sites. Those re-
sults also showed that together with ethylene, acetaldehyde is formed in
less extension, and both are oxidised to CO; at higher temperatures.

A two-dimensional correlation analysis (2D COS) was coupled with
rapid scan time-resolved in situ IR spectroscopy for spectra collected at
200 °C to track changes occurring on the catalyst surface. The time
evolution of intermediates on the catalyst surface at 200 °C is well
visualised in Figure S4 left (supporting material). The surface ethoxy
(1375 em ™) appears on the MnMFI13 surface as the primary species.
Acetic acid (1695 cm™!) and acetates of various types (1590, 1580,
1560, and 1518 cm™!) are also produced, but the divergence in the time
profiles manifests a noticeable difference in their stability. The amount
of acetic acid is meaningful and stable during the reaction. On the other
hand, the intensity of the band of acetaldehyde bonded to Mn?* cations
(1720 ecm™?) is relatively marginal, suggesting rapid oxidation of acet-
aldehyde to acetic acid. The 2D COS IR data provide more insightful
information, as shown in Figure S4 right (supporting material). The
acetaldehyde—Mn?*species (1720 cm™!) are negatively correlated with
acetic acid (1695 cm’l) and acetates (1590-1560 and 1660 cm’l).
These findings indicate that acetic acid and acetate species are produced
from acetaldehyde that will be oxidised to CO at higher temperatures,
concordant with the previous experiments.

The infrared spectra of ethanol adsorption and oxidation at different
temperatures with the SMnMFI1000 catalyst are shown in Fig. 5. In this
material, there is a significant reduction of the acidity that influences the
interaction of ethanol molecules with the Mn-catalyst. At room tem-
perature, the ethanol is adsorbed as it is recognised by the CH3 and CHp
stretching vibration bands in the frequency range of 2800-3000 cm ™!
(Fig. 5A) and by the CH3/CH; deformation vibration bands that appear
in the range of 1390-1450 em ! (Fig. 5B). As stated before, the
1395 cm™! band is assigned to ethoxy species. The silanol groups
(3740 cm ™) are consumed due to hydrogen bonding with ethanol. The
spectroscopic signature of this interaction is a broad band centred at ca.
3450 cm L. No reaction between ethanol and oxygen is observed at this
temperature. The increase in the temperature results in the disappear-
ance of the deformation bands of methyl and methylene groups of
ethanol and the development of a band at 1720 cm™! assigned to
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Fig. 7. R UV-vis spectra of the 5SMnMFI13 (A) and 5MnMFI1000 (B) contacted
with ethanol and oxygen at 200 °C.

acetaldehyde and a band at 1695 cm ™! assigned to acetic acid. It must be
pointed out that in contrast to 5SMnMFI13, ethylene was not observed
among the products over 5SMnMFI1000. However, the formation of
acetylene is recognised by the 3286 cm™! band. The appearance of coke
precursors is not detectable.

The time-dependent profiles of the intermediate species at 200 °C
(Figure S5 left, supporting material) show the formation of ethoxy
species (1395 cm™!) as a primary species, which immediately reaches
the constant concentration on the zeolite surface. The acetaldehyde,
acetylene, and acetates occur later in the reaction. The highest corre-
lation level for acetaldehyde autopeak (1720 x 1720 em™Y) also in-
dicates that this intermediate product is the most abundant and stable
(Figure S5 right, supporting material). Although acetylene and acetal-
dehyde appear on the catalysts simultaneously, the correlations for the
acetylene bands were not observed, indicating that acetylene production
in the ethanol oxidation process is coincidental without affecting acet-
aldehyde production. These results are also consistent with those ob-
tained in the catalytic experiments (Fig. 3), observing in both cases the
primary formation of acetaldehyde that is oxidised to COy when
increasing the reaction temperature.

3.4. UV study of the MnMFI catalysts in ethanol adsorption and oxidation

The DR UV-vis spectra of oxygen pre-treated catalysts are presented
in Fig. 6. The broad bands centred at 235 and 265 nm in the UV range
are assigned to electron transfer from O to tetrahedral isolated Mn?*
and Mn®*, respectively [53,54]. The absorption bands at 360 and
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460 nm are attributed to the d—d transition of extra-framework Mn2*
and Mn>" oxo-species highly dispersed or possibly surface-associated
Mn3t [55]. The 500-620nm bands originate from clustered
extra-framework Mn>* and Mn** [56,57]. The relative contribution of
extra-framework Mn3" and Mn*" oxide-like species increases for
5MnMFI1000, as can be deduced from the higher intensities of the bands
at 360-620 nm. On the contrary, in 5SMnMFI13, the Mn?* (or Mn®"OH)
cations are stabilised as isolated exchangeable cations as manifested by
the high intensity of the 235 nm band. These results are consistent with
those obtained by the XPS characterization (figure S2).

An increase in the intensity of the ligand to metal charge transfer
0-Mn?*/3* band and a shift to lower wavelengths (from 235 to
225-220 nm) is observed upon contact of 5MnMFI13 with ethanol and
oxygen mixture at 200 °C (Fig. 7A). This phenomenon can be attributed
to the formation of paracetic acid and/or acetates, although the band
located at 225 nm may also come from n-n* charge transition in alkenes
or conjugated olefins adsorbed on Mn3" sites [58]. An evolution of a
new band allocated at 360 nm is detected in the first 5 min of the re-
action, and then two new bands at 330 and 400 nm start growing. All
these bands arise due to the alteration of ligands located on manganese
ions. The 330 nm is due to ethylene binding to the Si(OH)AI sites, while
the 360 and 400 nm bands result from ethylene oligomerisation [58].

The species involved in the ethanol oxidation process are represented
in the 2D COS UV-vis maps. Positive complex cross-peaks are observed
in the synchronous map (Figure S6A left, supporting material). These
cross-peaks link the bands of highly dispersed Mn?" and Mn>* oxo-
species (330, 360 and 400 nm) and n—n* transitions in acetic acid
and/or acetates (260-225 nm). On the other hand, the asynchronous
correlations (Figure S6A right, supporting material) confirm that the
oligomer accumulation is preceded by ethylene appearance.

The changes in the speciation of manganese species caused by
ethanol and oxygen admittance over 5SMnMFI1000 are hardly detected
in respective DR UV-vis spectra (Fig. 7B). However, it is clear that the
changes on the manganese centres undergo a different type than those
observed for the MFI zeolite containing aluminium. In this case, the
reaction of surface sites with ethanol and oxygen involves mainly the
Mn*t oxo-species (460-550 nm) and isolated Mn2"t centres
(200-210 nm). The negative correlations link the bands representing
isolated Mn2* cations and Mn** oxo-species (Figure S6B supporting
material); thus, the reduction Mn** — Mn?" half-cycle is postulated
during the reaction. Still, n—n* transitions in acetaldehyde, acetic acid,
and acetate species are identified as cross-peaks at 275 nm. Their very
low intensities suggest a very weak accumulation of these species on the
surface of the Mn-zeolite with a low number of acid centres.

The XPS, UV and TPR characterization of the Mn-MFI catalysts
clearly show that different types of manganese sites are formed
depending on the acidity of the support. In the less acidic zeolites, Mn-
oxo species are formed with higher oxidation states favouring ethanol
oxidation. These species seem to be more active than the ionic manga-
nese species, with a lower oxidation state present in the zeolites with
lower Si/Al content. These results also indicate that Mn speciation is
controlled through the electronic interaction between support and Mn
species.

3.5. Reaction mechanism

Comparing the catalytic results with the operando studies on both
Mn-catalysts supported on zeolites with different Si/Al ratio, it is
observed that the main difference is related to the formation of ethylene
and the stability of the acetaldehyde as an intermediate. The presence of
the Brgnsted acid sites catalyzes the ethanol dehydration at lower tem-
peratures, leading to the formation of ethylene, later oxidized to CO2 at
higher temperatures. In minor quantities, acetaldehyde is also formed
and adsorbed on the acid sites, suffering consecutive reactions heading
to acetic acid and acetates that, at higher temperatures are oxidized to
CO4, catalysed by the Mn species with ionic character formed on these
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Scheme 1. Different pathway for the oxidation of ethanol on Mn-supported zeolites in the presence (low Si/Al ratio) or absence (high Si/Al ratio) of Brgnsted

acid sites.

catalysts. On the contrary, the Mn-oxo species with high oxidation state
formed on the catalyst with almost no Brgnsted acid sites (high Si/Al
ratio) enables the transformation of ethanol into acetaldehyde that is
directly oxidised to CO2 without catalysing the dehydration of ethanol
into ethylene as it occurs in other Mn-catalysts [20]. The different
pathway of the reaction depending on the Si/Al ratio is shown in Scheme
1.

4. Conclusions

The results show that Mn-zeolites are active catalysts for ethanol
oxidation, but the activity and selectivity depend on the acidic proper-
ties of the zeolite. The extra-framework Al-species play a noticeable role
in the retention of acetic acid and CO, in the form of carbonates,
whereas the Brgnsted function is responsible for ethylene production.
Then, the dehydration route is inhibited in the catalyst with almost no
aluminium and acetaldehyde is initially formed in this catalyst that will
be directly oxidised to CO; when the temperature increases. The route
involving acetaldehyde as an intermediate is faster than the one of the
acid catalysts where mainly ethylene is formed below 250 °C. The
ethylene requires higher temperatures to be oxidised to CO5 than acet-
aldehyde. The acidity of the support also influences the nature of the
Mn-sites, forming more active sites in the catalyst with lower aluminium
content. These sites are related to Mn-oxo species with higher oxidation
states. Thus, zeolites with higher Si/Al ratios are more adequate for
supporting Mn active phase in the reaction of ethanol complete oxida-
tion. This characteristic seems more critical than zeolite topology or
catalyst surface area to design active catalysts for complete ethanol
oxidation.
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