Universidad de Concepcion
Facultad de Ingenieria
Departamento de Ingenieria Quimica

INFLUENCIA DE LAS PROPIEDADES ACIDAS Y
REDOX EN EL MECANISMO DE LA
OXIDACION SELECTIVA DE METANOL A
FORMIATO DE METILO

INFLUENCE OF ACID AND REDOX PROPERTIES ON THE MECHANISM OF SELECTIVE METHANOL
OXIDATION TO METHYL FORMATE

Tesis presentada a la Facultad de Ingenieria de
la Universidad de Concepcion para optar al
grado de Doctor en Ciencias de la Ingenieria
con Mencion en Ingenieria Quimica

Por: Gabriel Alexander Galdames Oliva

Profesor Guia: Alejandro Ivan Karelovic Burotto

Profesor Co-guia: Romel Mario Jiménez Concepcion

Marzo 2025

Concepcion, Chile

©2025 Gabriel Alexander Galdames Oliva



ORCID ID:
Gabriel Galdames O.: 0009-0008-3321-2217
Alejandro Karelovic B.: 0000-0001-5189-0902
Romel Jiménez C.: 0000-0003-0839-4393

©2025 Gabriel Alexander Galdames Oliva

Se autoriza la reproduccion total o parcial, con fines académicos, por cualquier medio o
procedimiento, incluyendo la cita bibliografica del documento.



Acknowledgements

First and foremost, I would like to express my deepest gratitude to my advisors, Dr. Alejandro
Karelovic and Dr. Romel Jiménez, for their invaluable guidance, support, and encouragement
throughout the course of my PhD. I am especially grateful for the collaborative and
supportive research group they lead, whose warmth and camaraderie were instrumental in
the successful completion of this thesis. This environment made this challenging journey a
profoundly rewarding experience.

I am also deeply thankful to the other members of the Carbocat laboratory, where I had the
privilege to conduct my research. My sincere thanks go to the laboratory staff—Karen,
Veronica and Ignacia—for all their help during my PhD. I also thank my co-workers—
Bastian, Daviel, Francisco, Tomas, among others— with whom I engaged in scientific
discussions (and coffee breaks), which greatly contributed to my learning and personal
growth.

I would like to thank Dr. Patricia Concepcion, who welcomed me to the Instituto de
Tecnologia Quimica in Valencia, allowing me to experience cutting-edge science and to learn
that I am more than capable of competing in their environment.

To my family, for always believing in me and for fostering my curiosity and love for math
since childhood. I owe them my passion for science.

Paulina, thank you for your understanding, support, patience and motivation, especially
during the most challenging moments in this journey. You were the foundation that allowed
me to successfully overcome these obstacles.

Finally, I would like to acknowledge the institutions that made this work possible: ANID
scholarship n° 21201192 and Direccion de Postgrado, Facultad de Ingenieria and
Departamento de Ingenieria Quimica of Universidad de Concepcion, for providing me with
the opportunity and resources to pursue this PhD.



Table of contents

General INITOAUCTION ... .eeiiiiiie sttt ettt e et ne e e b e e sne e nneeeeeas 1
ODJECLIVES ..ttt ettt b bbbt b b bt et bbbt b e b 3
GENETAl ODJECTIVE ..ottt 3
SPECITIC ODJECTIVES ...t 3
GENETAL OULIINE ...ttt sae et e et e e nan e e ne e e 3

Chapter I: Characterization of MoOs/TiO: catalysts: structural, redox and acid properties ..4

SUIMIMATY ..t e e s e e e e bt et e e e s bbe e e e s abb e e e e e anbnneeeanns 4
L. INEOAUCTION ..ttt be e nne e 5
2. EXPerimental.......ccccciiiiiiiiiiiiicii i 6
B RO 1 721 S R (5] o Y 1 10 ) APPSO UPR 6
2.2 Catalysts characterization...........ccueiieiiiiiiiiei e 6
3. RESUILS i 8
3.1 CharacCteriZAtION ......c..vveveeireeee e e see s e et e et e e s re e n e nne e neenreenreen 8
4. CONCIUSIONS ..ttt ettt ettt b e e s e e re e e e e nne e e e nneennne e 22

Chapter II: Operando-FTIR study of methanol partial oxidation over MoO3/Ti0O; catalysts

.............................................................................................................................................. 23

SUIMIMATY L.ttt e e s bt e e e s st et e e s sbb e e e s nbe e e e s anbnneeeann 23

L. INEOAUCTION .ot nne e 23

2. EXPerimental........cccciiiiiiiiiiiciie 26

2.1 Catalytic actiVity MEASUICIMENTS. ....eeivrieiirreriieesieeesieeesreessbeeesireesssreesssreesneeee e 26

2.2 Operando-FTIR mMeasuremMents ..........ccueiueieiieeeiiiee e 27

3. RESUILS e 28

3.1 CatalytiC ACHIVILY 1uvviieieiieiiieeiee s 28

3.2 Operando-FTIR T€SUILS.......cceiiiiiiiiiciiec s 31

3.3 DISCUSSION 1.ttt iee sttt e et e e e s e s e ane e e nme e n e nn e n e e nne e e nneenneas 45

4. CONCIUSIONS ..uviiitietie ettt ettt ettt e it et e s te e be e s he e e bt e sab e e s be e s mbeeabeeesbeenbeeanbeesbneenneens 49
Chapter III: A detailed kinetic model for the methanol oxidative dehydrogenation on

vanadia-based catalysts: aggregation state role and active site requirements ...................... 51

SUIMIMATY ..ttt e e s e r e e nne e s e e nnes 51

R 612 (016 18 13 ) 4 K TSRO PPPPPRN 51



2. EXPEIIMENTAL....ciiiiiiiiiiiici e 53

2.1 Catalysts Preparation .........ccccvieeiieiriiiiiieie e 53

2.2 Catalysts CharacteriZation...........cooveiviiiiiiiiiiiie i 53

2.3 Catalytic activity MEASUTEIMENLS. .......ccviiriiiiiieirieie et 53

2.4 Reactor modeling and kinetic parameter fitting..........ccccceevveiiiiiienieniee e 54

3. RESUILS it 55

3.1 CharacCteriZAtIONS .......uveeviesieeeiee sttt e sttt ettt et e sbe e se e e b e e s be e e neesneeanneesnnas 55

3.2 CatalytiC ACTIVILY uvvieiieieiiiie ittt ettt nbb et 59

3.3 MOde] deITVALION ...t 65

3.4 Parameter fIttINE ........vviiiiiiiiiie e 70

3.5 SeleCtiVILY AESCIIPLOTS ..vveiuvrieiiiieiiiie st et e sbee st ssb e e nbb e e seeeenees 73

4. CONCIUSIONS ..oeiiiiiiiiiiii it 75
Chapter IV: Effect of Si/Al Ratio on the activity and selectivity of V20s/Si02-Al203

catalysts in methanol oxidative dehydrogenation............ccccevvvviiiiiiiiien i 77

SUIMIMATY ..ttt e e e b e e e s st b e e e e e sbb e e e e anbe e e e s annneeeeann 77

L. INEOAUCTION .ot nne e 77

2. MethOdOLIOZY .....coveeieiiieee e 79

2.1 CatalySt PrePATAtION. .....cccvvirreerieeireesiee e e nne e 79

2.2 Catalyst CharaCteriZation ...........ueiiirieiieiesiie et 79

2.3 Catalytic actiVity MEASUICIMENTS. .. .eueivrieiiieeirieeiieeesieeessreessreesssreesssreesssressnsseesnns 80

3 RESUILS e 80

R O 0.1 2 ot o 0 15 10 RO SO P PO PP PPRN 80

3.2 CatalytiC ACTIVILY uvvveiiiieiiiie sttt ettt 80

3.3 DIISCUSSION ..utietieeutie sttt tee et e et ettt te e sae et e e e bt e e bt e sbe e e beesbe e e be e saeeenbeesbeeebeesreeanbeenrnas 90

4. CONCIUSIONS ..uviiiiietie ettt e siee ettt et et et e s te et e e sab e et essb e e bt e s sbeesbeessbeenbeesnbeesbeesnnaen 91

GENETal CONCIUSIONS ... ..iiiiiiieiiiiie ittt et nab e e enb e s snreeenneas 93

RETEIEICES ...ttt ettt he et e e st e e e te e s aeeanbeearneanneen 95

APPENdix: Chapter L......ccoviiiiiiiiiii s 119

Appendix: Chapter IL.........oooiiiiiiiiieie s 120

Appendix: Chapter IL..........ccooiiiiiiii s 121

AppendixX: Chapter IV ... 140



111



General introduction

Emission of greenhouse gases and its connection to climate change [1], fossil fuel depletion
due to their unsustainable use [2], increase of energy prices due to global phenomena like
pandemics or armed conflicts [3], are some of the reasons that require the active search of
efficient and renewable energy sources. Hydrogen produced by water electrolysis induced by
sustainable energy sources (hydro, wind or solar power) has emerged as an attractive energy
carrier alternative due to its versatility as raw chemical material, high heating energy and
minimal greenhouse gasses emissions [4,5]. Nevertheless, the renewable hydrogen industry
faces many challenges [6]. Hydrogen has a low energy density at room temperature, which
has motivated the proposal of its transformation and subsequent storage in fuel carriers [7,8].

In this context, methanol has arisen as an attractive candidate due to its possible applications,
simple handling, and its potential to make use of infrastructure already available [9-14],
surfacing as the ideal hydrogen carrier [15—-19]. When combining green hydrogen produced
by the above-mentioned methods, and CO> obtained by direct air capture (DAC) or by
capture of exhausts of the chemical industries, it is possible to produce renewable electricity-
based methanol (e-methanol). This technology, which has already been successfully
deployed [20-23], introduces the concept of green methanol or liquid sunshine [24], which
serves as a hydrogen carrier and motivates the so-called methanol economys, as it can produce
high value chemicals with carbon neutral/carbon net zero emissions [9,15,25,26]. In this
context, methanol could be essential to accomplish the goals established by the Paris
agreements to restrict the increase in global temperature to below 2 °C [27-29], as methanol
fulfills two purposes: it acts as a storage medium for renewable energy in a chemical state, a
concept recently labeled as power-to-fuel (PtF) [3,30-36], and can be directly used as an
entirely renewable clean fuel, that could potentially replace the fossil-based ones.

Methanol contributes to the formation of about 30% of industrial raw materials, being one of
the most important C1 chemical building blocks as it is used in the chemical, petrochemical
and pharmaceutical industry to produce multitude of value-added chemicals [37—-40]. This
way, the methanol economy can introduce renewable carbon to existing chemical processes.
Therefore, it is interesting to study novel ways of transforming the e-methanol to chemical
intermediates in processes yet to be developed at industrial scale.

Methanol oxidative dehydrogenation (ODH), also known as methanol partial oxidation,
stands out because its primary products: formaldehyde (FA), methyl formate (MF) and
dimethoxymethane (DMM), have a wide array of direct applications or uses as feedstock in
various chemical processes. FA is utilized in the production of resins such as urea
formaldehyde, phenol formaldehyde and melamine formaldehyde [41]. MF is primarily used
to produce formamide, dimethylformamide, and formic acid. DMM is mainly used as a
solvent and in the production of perfumes, resins, adhesives, paint strippers, and protective
coatings [42]. Furthermore, by oxidizing methanol with O, this reaction allows to obtain



value-added chemical using a simple, cheap, and abundant benign molecule, contributing to
the search of sustainable processes [43,44].

Methanol ODH produces FA, MF and DMM by parallel pathways. Nevertheless, these
chemical compounds are commercially mass-produced through substantially distinct
processes. The production of FA involves the methanol ODH reaction using either silver or
combined iron oxide-molybdenum oxide catalysts [45]. MF is industrially produced through
methanol carbonylation using carbon monoxide over sodium methoxide catalysts, in liquid
phase. DMM is produced via a two-stage process that begins with the oxidation of methanol
to FA followed by condensation reactions in a mixture of methanol and formaldehyde using
either sulfuric acid or solid acidic catalysts [42]. In this context, the heterogeneous catalysis
surges as an attractive prospect for methanol ODH reaction because it could selectively
produce each of the reaction products by finely tuning the structural or physicochemical
properties of the reactive surfaces used for this reaction.

Mixed oxides have been extensively studied for partial oxidation reactions, thanks to its
abundance and affordability [45-82]. Independent of the material, it is known that the
methanol partial oxidation follows a Mars-van Krevelen redox mechanism, with the
dehydrogenation of a methanol molecule on a lattice oxygen active site to produce adsorbed
formaldehyde as the rate-determining step (rds) [69,72,83—85]. The adsorbed FA can desorb
or keep reacting to form MF and/or DMM.

Despite extensive research, there is no consensus regarding the reaction mechanism or
intermediates involved in the formation of methanol ODH products. Various intermediates
and mechanisms have been proposed, including the hemiacetal intermediate, which can yield
MF or DMM through dehydrogenation or dehydration reactions, respectively [86-92] ; the
dioxymethylene and formate intermediates, where the former leads to DMM and the latter to
MF [42,50,93]; and the Tishchenko reaction, which involves the condensation of FA to form
MF [48,94,95]. Each of these intermediates requires specific active sites, with acid sites
generally associated with DMM formation and redox sites essential for FA and MF
formation. The role of the catalyst support has also been extensively studied, as it is widely
accepted that the support influences and participates in the reaction in various ways.
However, critical questions remain unresolved, such as the precise nature of the intermediate
species, the specific types of active sites involved, and the detailed reaction mechanisms.



Objectives

General objective

Study the formation of formaldehyde, methyl formate and dimethoxymethane from the
partial oxidation of methanol over molybdenum and vanadium catalysts supported on titania
and silica-alumina.

Specific objectives

1) Investigate the nature and role of redox sites in the formation of formaldehyde, methyl
formate and dimethoxymethane from the partial oxidation of methanol.

i1) Examine the effect of total acidity and the Brensted or Lewis nature of acid sites on
the activity and selectivity of the partial oxidation of methanol.

iii) Propose a reaction mechanism based on the study of reaction intermediates and
develop a kinetic model for the formation of formaldehyde, methyl formate and
dimethoxymethane from the partial oxidation of methanol.

General outline

In an effort to understand the complex parallel and sequential pathways of the methanol ODH
reaction, as well as the corresponding kinetics parameters that govern the reactivity and
requirements of active sites, this study was carried out along four main axes:

1) Molybdenum supported on titania catalysts were synthetized with varying metal
content, and they were rigorously characterized using techniques such as X-ray
diffraction (XRD), BET surface area analysis, H»-temperature programmed
reduction (H2-TPR), Low-temperature FTIR CO adsorption, X-ray photoelectron
spectroscopy, NHs-temperature programmed desorption (NH3-TPD), FTIR
pyridine adsorption and UV-vis spectroscopy.

1) Operando-FTIR studies were carried out to investigate the adsorbed species on
MoO3/Ti0; catalysts surface under reaction conditions, correlating their behavior
with the transient response of reaction products as the system feed was changed,
as to elucidate the reaction mechanism and identify the key intermediates in the
methanol ODH, and its link with the catalyst characterizations.

1i1) A kinetic model was developed which accurately describes the complex kinetic
pathways for the formation of the main ODH reaction products (FA, MF and
DMM), with hemiacetal (HA) (CH;OCH>OH) as the sole MF and DMM reaction
intermediate, under integral reaction conditions using V,0s/Ti0; catalysts,

1v) Molybdenum catalyst supported on aluminosilicates with varying alumina
fraction were synthetized as to modify the Bronsted/Lewis (B/L) acid site ratio,
and the impact of this property on the selectivity to the different reaction products
was studied.



Chapter I: Characterization of MoQOs/TiO: catalysts: structural, redox and acid
properties

Summary

Supported MoQOs/Ti0: catalysts with varying molybdenum surface densities (0.5, 2.5, 8, 15,
and 25 at. Mo nm™?) were synthesized and characterized to investigate the structural and
chemical properties as a function of molybdenum content and its corresponding structure.
XRD and in-situ Raman spectroscopy revealed a transition in the oxide structure from sub-
monolayer oligomeric molybdenum species to crystalline molybdenum oxide phases as the
molybdenum content surpassed the oxide monolayer coverage threshold (4.6 at. Mo nm™).
The molybdenum oxidation state, studied by XPS and low-temperature FTIR CO adsorption,
transformed from coordinatively unsaturated Mo*" sites in defect-rich structures to the Mo®*
state characteristic of ordered bulk MoOs as the molybdenum content increased. H>-TPR
measurements showed that octahedral molybdenum structures with larger domain size
reduced at lower temperatures than dispersed tetrahedral phases, while all catalysts reduced
at lower temperatures compared to bulk MoOs due to enhanced reducibility attributed to their
interaction with the titanium support. NHs-TPD and pyridine FTIR adsorption revealed that
total acid site density decreased with increasing molybdenum content, primarily due to the
loss of titania Lewis acid sites, while the Bronsted/Lewis acid site ratio increased with
molybdenum loading, driven by titania Lewis site loss rather than by a significant increase
in Brensted acidity. These results highlight the structural transformation of molybdenum
oxide phases supported on TiO2 and the corresponding changes in their chemical properties,
providing the detailed framework for the future exploration of the relationship between
structure and catalytic behavior in methanol oxidative dehydrogenation.



1. Introduction

The commercial production of MF is predominantly achieved through the liquid-phase
carbonylation of methanol at 80 °C and 40 bar, using sodium methoxide as a homogeneous
catalyst [96]. This reaction exhibits high selectivity and has been widely employed since
1980 [97], with global production exceeding 6 million tons in 2016 [98].

However, this method is not without challenges. It has a maximum conversion of only 30%,
and the use of sodium methoxide presents significant disadvantages, such as equipment
corrosion due to its strong basicity, the requirement for highly pure reactants because of the
catalyst's sensitivity to water, high capital investment due to the high-pressure requirements,
and complex, costly separation processes associated with homogeneous catalysis [98].

These challenges have prompted interest in exploring more efficient and sustainable
alternatives for MF production from methanol, such as the use of heterogeneous catalysts.
Heterogeneous catalysis offers several advantages, including continuous operation, simpler
separation of products and catalysts, and the potential for catalyst regeneration [99].

The methanol partial oxidation reaction holds significant industrial potential because it
avoids the intrinsic limitations of earlier approaches. For instance, it is not
thermodynamically constrained like direct methanol dehydrogenation [100-109] and does
not require the high pressures (160-300 bar) associated with exploratory works on CO:
hydrogenation in the presence of methanol [110-115].

However, while metal oxide-based catalysts are promising, they are not yet sufficiently active
or selective. Meanwhile, noble metal-based catalysts, although highly active, face practical
limitations due to their high cost. Consequently, the search for efficient catalysts for the
oxidative dehydrogenation of methanol remains critical.

Mixed oxides have been extensively studied for partial oxidation reactions, thanks to its
abundance and affordability [45—61]. Among metal oxides, examples include V20s5/ZrO>—
ALOs3 [116], M0oO3/TiO2 [117], ReOx/CeO> [118], RuO2 supported on SnOz, ZrO, TiO2,
ALO;3 y Si0; [119], MoOs3 supported on Al,O3, TiO2, ZrO2, Si02, MnO, NiO, Nb,Os and
Cr203 [120], Sn-Mo-O [121], M0oO3/SnO; [122], V20s5/TiO [123]. Noble metal catalysts
have also being studied for this reaction, like Au-Pd/SiO, [124], Pt/TiO, [125], Pt-Bi [126],
Pd/TiO; [127], np-Au [128] and Pd/Al,0O3 [129].

The selectivity toward different reaction products is influenced by factors such as
temperature, conversion, residence time, reactant partial pressures, active metal coverage,
and the redox and acidic properties of the catalyst [116,123,126,130-135]. A strong
dependence on the structural characteristics and physicochemical properties of the metal
oxide and the support has been observed. This has led many researchers to use methanol
oxidation as a probe reaction, complementing catalyst characterization by linking product
selectivity to specific active sites. Literature primarily highlights the effects of redox, acid-
base, and structural properties of the active phase on reaction behavior.



As previously discussed, rigorous catalyst characterization is essential for conducting in-
depth studies and enabling meaningful comparisons between catalytic activity and structural
properties. In this chapter, synthesized TiO>-supported molybdenum catalysts were
thoroughly characterized. Surface structure was analyzed using X-ray diffraction (XRD),
BET surface area measurements, low-temperature FTIR CO adsorption, X-ray photoelectron
spectroscopy, and in-situ Raman spectroscopy. Acidic properties were assessed using NHs-
temperature programmed desorption (NHs-TPD) and FTIR pyridine adsorption, while redox
properties were evaluated through Hz-temperature programmed reduction (H2-TPR).

2. Experimental

2.1 Catalysts preparation

MoOs/Ti0; supported catalysts were prepared by wet impregnation varying the molybdenum
surface density (0.5, 2.5, 8, 15 and 25 atom Mo nm™2). Ammonium heptamolybdate
tetrahydrate (HMoA, (NH4)sM07024 - 4 H>O, 81.0-83.0% MoO3, CAS No.:12054-85-2) was
used as the molybdenum source supported on titania (Evonik P-25). The desired surface
concentration was determined by the corresponding number of molybdenum atoms per
square nanometer of the catalyst, which was calculated based on the equivalent MoOs
nominal weight content and the BET surface area of the TiO, support (50 m? g'!). The
samples were labelled ¥ MoTi where y stands for the nominal Mo concentration expressed
as Mo atoms nm™2. A representative preparation of the 2.5 MoTi catalyst is described as
follows. First, a solution of oxalic acid (C2H204, ReagentPlus®, >99%, CAS No.:144-62-7)
was prepared, dissolving 0.053 g of oxalic acid in 250 ml of distilled water heated at 60 °C
under stirring at 200 rpm. Afterwards, 0.172 g de HMoA were added (in a 3:1 molar ratio),
and after the dissolution, the solution was cooled down to room temperature and the pH was
measured (ca. pH = 5). Afterwards, the TiO, support was added to the solution under stirring
at 400 rpm, at room temperature for 1 h. Next, the water of the solution was evaporated under
vacuum at 80 °C for 15 min in a rotary evaporator (Laborota 4002, Heidolph). Afterwards,
the resulting solids were dried overnight at 105 °C and then calcined in static air in a box
furnace (Lindberg/Blue M Moldatherm, Thermo Scientific) at 500 °C for 3 h, after raising
the temperature with a heating rate of 10 °C min''. Bulk MoO3 was also prepared in an
analogous procedure, without the addition of TiO; support.

2.2 Catalysts characterization

X-ray diffraction (XRD) patterns were obtained in a X-ray diffractometer Bruker D4
Endeavor (Billerica, USA) equipped with a solid-state detector (LynxEye) using Cu Ka
radiation (A = 0.154 nm) in the range of 20 = 5-90°, with a scan rate of 0.4 °/min and a step
time of 20 s.

BET surface area, pore volumes and pore size distributions were determined in a Gemini VII
Surface Area Analyzer Micromeritics (Georgia, USA) by N adsorption-desorption
isotherms at -195.8 °C. Prior to the experiments, the samples were degassed at 200 °C during



4 h under N> flow (Airliquide 99.999%) to remove from the surface potential adsorbed
species in the porous structure that could impact N> adsorption. Surface area was calculated
from the BET equation while the pore size distribution was obtained from the desorption
branch of the nitrogen isotherms using the Barrett-Joyner-Halenda (BJH) method.

H; Temperature programed reduction (H>-TPR) was performed in a ChemBet Pulsar
TPR/TPD (Quantachrome). The samples were pretreated in 30 ml min™! of Ar (Air Liquide
99.999%) heating from room temperature to 150 °C. After the samples cooled down to room
temperature, to remove from the surface potential adsorbed species. Subsequently, the
samples were reduced in a mixture of 10% vol Ho/Ar and a total flow of 30 ml min™! heating
until 700 °C with a heating rate of 5 °C min!.

Low temperature CO pulse adsorption was performed using a Nicolet iS50 FTIR
spectrometer equipped with a DTGS detector using home-made IR cell with KRS-5
(Thallium-iodide bromide) windows. Before the experiment, the samples were pressed down
into wafers and in-situ pretreated in the IR cell at 300 °C for 30 min under dry air flow (30
ml min’!, 21% vol O»/ N») to completely oxidize the catalysts, with mass flow controllers
Bronkhorst El-Flow F201 CV. Afterwards, the samples were degassed under vacuum (10-4
mbar) for 30 min. Finally, the cell was cooled down under vacuum to -130 °C and CO pulses
were injected stepwise until CO physisorption was observed (3 mbar). CO desorption was
achieved by stepwise outgassing the cell under vacuum. Infrared spectra were recorded in
the range of 1500 — 2500 cm™! with a resolution of 4 cm™!.

X-ray photoelectron spectroscopy (XPS) was performed using a PHOIBOS 150 MCD 9
analyzer from SPECS and a monochromatic Alka a X-ray energy of 1486.60 eV, under
vacuum (10 mbar) and 25 °C. Binding energies were corrected using the C 1s component
at 284.6 eV. The data was analyzed using CasaXPS (Casa Software Ltd) software with the
NIST library (NIST X-ray Photoelectron Spectroscopy (XPS) Database, version 3.5).

NHs temperature-programmed desorption (TPD) was performed using a 3FLEX
(Micromeritics) equipped with a TCD combined with a mass spectrometer (Pfeiffer Vacuum
OmniStar GSD 320). Approximately 100 mg of sample was pretreated under helium flow at
350 °C (20 °C min') for 30 min and then cooled to 100 °C for NHs adsorption, to remove
from the surface potential adsorbed species. NH3 was fed by pulses at 10 min intervals (loop
of 0.5 cm?®), and then the weakly adsorbed NH3 was desorbed at 100 °C for 30 min under He
flow (100 ml min™'). The temperature was subsequently increased to 800 °C (10 °C min™') to
induce NHs desorption under He flow.

The pyridine adsorption test (CsHsN, J.T. Baker, >99.9%) was carried out by FTIR analysis
on a Nicolet 1S50 instrument (ThermoScientific). For each experiment, materials were
pelletized using 2 metric tons of pressure for 1 min. Pellets of 13 mm diameter and ~10 mg
were obtained. The pellets were transferred to a vacuum system composed of a cell with
ZnSe windows and a Pfeiffer Hicube Eco Turbo Pumping Station that reaches a pressure of
1x10 Pa. The Infrared Pyridine adsorption study (IR-Pyr) was carried out by pretreating the
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sample disk at 400 °C for 12 h under vacuum conditions, to remove from the surface potential
adsorbed species. The sample was then cooled to 150 °C and the reference spectrum was
taken. Subsequently, the pyridine was brought into contact with the sample for 10 minutes.
The measurements were carried out (and the spectra collected) at three different temperatures
(150, 250 and 350 °C). At each temperature, spectra were collected after 30 minutes to
monitor pyridine desorption and ensure its removal from the system.

Raman spectroscopy studies were conducted using a Renishaw “in Via” spectrometer
coupled with an Olympus microscope. The system includes a He-Ne green laser (514 nm, 25
mW), along with a CCD detector, with spectral acquisition times of 10 s. In situ Raman
measurements were carried out at 1 bar using a Linkam THMS600 cell, which operates
within a temperature range of -195 to 600 °C with a precision of 0.01 °C. For in situ studies,
the samples were pretreated in air (20 ml min™") at 300 °C for 30 min before being exposed
to reaction conditions (CHsOH/O: = 2, 20 ml min") within a temperature range of 100—200
°C. Raman spectra were collected simultaneously at multiple points on the sample.

3. Results

3.1 Characterization

Table I-1 shows the structural properties of the synthetized MoQO3/TiO; catalysts, with their
corresponding MoOs loading (%) and Mo surface density (at. Mo nm2), as well as the
calculated BET surface area and the pore volume and pore size determined by the BJH
method. Values for TiO; and bulk MoOj are also presented. The surface area does not vary
significantly with the deposition of metal on the support, staying similar to the bare TiO:
support area. A small effect of molybdenum loading on the pore volume and size is observed
in the supported catalysts. BET area, pore volume and pore size are independent of metal
content presenting similar values for all supported catalysts, so molybdenum agglomerations
or pore filling as the metal content increases are discarded. Also, the molybdenum phase was
satisfactorily dispersed on TiO», as the properties of the supported catalysts have a significant
difference with bulk MoOs. N; adsorption-desorption isotherms can be found on Figure A-
1.2 (Appendix: Chapter II)

Table I-1. Molybdenum surface density, surface BET area, mean pore volume and pore size
of the supported MoOs3/T10; catalysts, TiO2 and MoO:s.

Sample Loading Surface density BET Area Pore volume Pore size
(MoO3  (at. Mo nm?) (m?g?) (em3g™h) (nm)
wt. %)

TiO; 0 0 50 0.15 15
0.5 MoTi 0.6 0.5 48 0.07 7
2.5 MoTi 2.7 2.5 49 0.08 8

8 MoTi 8.2 8 46 0.08 8

15 MoTi 14.4 15 44 0.08 8




25 MoTi 21.9 25 42 0.07 8
MoO:3 - - 10 0.01 6

Figure I-1 shows the XRD diffractogram of the molybdenum supported catalysts. MoO3 and
Ti0; diffraction patterns are also presented. The identification of the species was done using
VESTA software to calculate the powder diffraction patterns. All supported catalysts show
typical TiO; diffraction peaks attributed to anatase (COD-1010942) and rutile phases (COD-
1532819), characteristic of TiO» P25. At low metal content there is a clear absence of
diffraction peaks due to the molybdenum phases, indicating small crystallite size and/or
amorphous phases. At surface densities higher than 2.5 at. Mo nm, peaks corresponding to
the thermodynamically stable orthorhombic a-MoO3; (COD- 9009669) structure [136] start
to appear. These results align with the molybdenum monolayer coverage reported by Wachs
at 4.6 at. Mo nm2 [137], corresponding to the point where surface hydroxyls of the oxide
support are consumed by oxide deposition. This value agrees with the theoretical monolayer
coverage of 4.9 at. Mo nm 2, threshold at which the crystalline MoOs phase begins to form.
At lower metal densities, monomeric and polymeric molybdenum phases should dominate
the surface, but cannot be detected by XRD. This was also reported by Oyama et al. [138]
who only observed peaks associated to MoOs3 on supported P25 titania at loadings higher or
equal to 9.0 wt.%.
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Figure I-1. X-ray diffraction patterns and MoOs3 crystalline planes for all Mo supported
catalysts, titania P25 and bulk MoOs3. % : a-MoOs3, &@: anatase, ®: rutile.

The specific molybdenum structure depends on the support characteristics. On titania, there
is agreement that at monolayer coverage, the molybdenum surface species are arranged
mostly as polymolibdates resembling mono-oxo two dimensional oligomeric chains of
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distorted MoOg octahedral species, coexisting with a small fraction of MoQj4 tetrahedral
monomolybdate species [66,138—-140]. Only at very low loadings (< 1 wt.%), the
monomolybdates as highly distorted isolated mono-oxo tetrahedral species dominate the
surface [141]. The latter diminish as the metal content increases. It has been reported that
even at loadings of 2 wt.% there are already mostly octahedral species [142]. Recently, it has
been reported that on titania P25 and at monolayer coverage, the molybdena species are
primarily oligomeric mono-oxo O=Mo(-O-Ti)s;s [140]. Excess of monolayer capacity
results in bulk crystalline a-MoOs.

Table I-2 shows the crystallite size of the crystalline MoO3 in 15 MoTi and 25 MoTi samples
calculated using the Scherrer equation [143]. A closer examination of the XRD diffraction
pattern at the main crystalline plane (110) for the 8 MoTi sample revealed very small MoOs
peaks, whose size could not be estimated with the Scherrer equation due to uncertainty
attributed to its low intensity. The similar value of the crystallite size with no clear
dependence of the metal content shows that the crystals in these samples have similar size,
independent of the molybdenum loading, which has also been previously reported [ 144]. This
indicates that the MoO3s domain size remains constant at surface densities of 8 at. Mo nm™2
or higher, while smaller domains dominate the surface at lower Mo densities.

Table I-2. Calculated crystallite size using Scherrer equation of the crystalline MoO3 on the
supported catalysts for plane (111).

Sample  Size

(nm)
8 -
15 18
25 21

Figure I-2 shows the H>-TPR results of the supported MoO3/TiO: catalysts. The profile for
bulk MoQOs is also presented for comparison. Molybdenum supported on titania catalysts
present 2 to 4 reduction peaks [145—152], in line with our results. At low surface density (0.5
and 2.5 at. Mo nm?), two low-intensity peaks are observed at 350 °C and 550 °C, which have
been assigned to the first reduction of octahedral and tetrahedral molybdenum structures,
respectively [146,153,154]. The low intensity of the peaks is due to the low metal oxide
content in these samples. Octahedral species are readily reduced at lower temperatures due
to their weaker interaction with the support compared to the highly dispersed tetrahedral
species [155]. At surface density of 8 at. Mo nm™ the 550 °C peak disappears, in line with
the transition from monomers of tetrahedral molybdenum to oligomers of octahedral species,
as has been previously discussed. A third peak appears around 450 °C and the start of a fourth
peak starts to appear at around 700 °C. These signals have been attributed to sequential
reductions of crystalline MoO3 or bulk MoO3 [145]. At higher surface densities (15 and 25
at. Mo nm) the octahedral MoQj species disappears completely, in line with the appearance
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of crystalline MoOs. The crystalline MoO3 peak noticeably grows, becoming similar to the
peak observed for bulk MoOs. There is a clear distinction on the reduction peaks of supported
catalysts starting at metal content higher than 2.5 at. Mo nm, related to the emergence of
crystalline MoO3 as the Mo monolayer fills, evidenced by the disappearance of octahedral
and tetrahedral species, in agreement with what was observed by XRD. When comparing
with bulk MoOs, the dispersion of MoOs on TiO» favors its reducibility, as the first peak of
crystalline MoO3 reduction shifts from 650 to 450-500 °C, demonstrating the effect of the
titania support on the reducibility of the catalysts.
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Figure I-2. H>-temperature programmed reduction for all supported MoOs3/Ti10; catalysts
and bulk MoOs. e.¢: crystalline MoQOs3, #: isolated tetrahedral MoOs3 species, * : oligomeric
octahedral MoO3 species.

Table I-3 shows the Ho/Mo consumption ratio calculated from the H>-TPR, as well as this
ratio considering the total Mo reduction (MoO3 + 3H, = Mo + 3H0). It can be seen that as
the MoOs content rises, the Ho/Mo ratio decreases. This indicates that crystalline MoOs is
reduced in less proportion than the monomeric or polymeric MoO3 phases at the evaluated
temperature range, because H» access to the bulk Mo atoms is hindered at the well-ordered
crystalline MoO3 oxide structure. The total reduction of 0.5 MoTi was not quantified due to
the low intensity of the reduction peaks caused by the low Mo content. Catalysts near the
threshold of Mo monolayer formation (between 8 MoTi and 15 MoTi) present a H2/3Mo ratio
close to 1, as their Mo atoms are still accessible to the H» and can be fully reduced. At higher
Mo surface density, the ratio starts to decrease, as the Mo atoms are not totally accessible to
the H», and the catalysts behaves more similar to bulk MoOs at the studied experimental
conditions.

Table I-3. Calculated H»/Mo ratio and H2/3Mo ratio for bulk and supported MoOs catalysts.
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Sample H>/Mo H,/3Mo

0.5 - -
2.5 3.7 1.2
8 3.6 1.2
15 24 0.8
25 2.0 0.7

Bulk 1.3 0.4

Figure 1-3 shows the results of the XPS analysis, in particular the spectra of Mo 3d and Ols
core level, respectively. It is observed that Mo 3ds, peak shifts from 231.7 to 232.4 as the
Mo content increases. In literature, it has been reported that the peaks associated to Mo’ and
Mo are presented at 230.8-231.6 eV and 232.2-232.8 eV, respectively [144,153,156-160)].
Therefore, the observed shift is due to a change of the primary oxidation state of Mo from 5+
to 6+ as the molybdenum surface density increases. These observations are in line with
reports from other authors, which indicated that the oxidation state of Mo supported on TiO»
is usually a combination of Mo>* and Mo%" [153,158,161,162]. As the metal content
increases and agglomeration state changes from tetrahedral/octahedral to crystalline MoO3,
surface defects and/or coordinatively unsaturated Mo>* sites are transformed to the most
ordered structure, as is the Mo®" in MoOs3 bulk. O 1s spectra shows 3 different species of
surface oxygen at 530 eV, 531.7 eV and 533.4 eV, which can be assigned to lattice oxygen
in Mo-O bonds, adsorbed oxygen associated with surface defects and/or hydroxyls (O-H) or
carbonyls (C=0) groups, and carbonates/chemisorbed water due to air exposition,
respectively [144,161,163—165]. Contributions from Mo and Ti on the Ols spectra cannot be
discerned, as they appear closely.
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Figure I-3. X-ray photoelectron spectroscopy spectra of a) Mo 3d and b) O 1s core level of
all supported MoTi samples.

Figure I-4 shows the Mo/Ti and (Mo+Ti)/O atomic surface ratio as a function of Mo surface
density in the studied catalysts. It can be seen that the surface molybdenum/titanium fraction
increases as the metal content rises, in line with the gradual coverage of titania surface with
molybdenum deposition. Surface Mo atoms per surface titanium reaches a plateau at 8 at.
Mo nm, in line with the formation of crystalline MoO3 as the metal oxide content rises. The
surface (Mo+Ti1)/O ratio remains mostly constant from the 2.5 MoTi sample onwards, due to
the predominance of a well ordered crystalline MoOs structure, as observed Figure I-3.
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Figure 1-4. Surface fraction atoms of Mo 3d and O 1s, measured by XPS, of all TiO-
supported Mo samples.

Figure I-5 shows the low-temperature CO adsorption at a CO pressure of 0.4-0.7 mbar. The
spectra were normalized by Mo content to ensure proper comparison between catalysts with
varying Mo content, assuming that the IR signal intensity is proportional to the amount of
adsorbed species. All the MoTi samples have the same band at 2191 ¢cm™!, attributed to the
v(C-0) stretching mode of carbonyls adsorbed on Mo>" species [166]. At low pressure this
band appears at 2196 cm! and gradually shifts to 2191 cm™! as the CO pressure increases
[166] (Figure I-6). The intensity of this band decreases as the metal oxide content increases,
in line with the formation of crystalline MoO3 and the predominance of Mo%* species related
to the bulk oxide, as previously observed by XPS. The presence of Mo®" cannot be confirmed
by low-temperature CO adsorption, as Mo®" does not form carbonyls complexes when
interacting with CO in oxidized MoOs; bulk [167,168]. Nevertheless, the significant
difference between 2.5 and the 8-15 MoTi samples evidences the sub-monolayer behavior of
the lowest content sample, as the Mo>* species are clearly identified.
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Figure I-5. IR spectra for low-temperature CO adsorption (0.4-0.7 mbar) on TiO> and
supported 0.5, 2.5, 8 and 15 MoTi samples (normalized per Mo content).

The 0.5 MoTi sample presents an intense band at 2182 cm!, which could be assigned to CO
adsorbed on Mo** or on Ti*" of the TiO> support due to the low metal content of this sample
[167,169]. The deconvolution of this band reveals a small contribution from Mo>* band and
alongside the band at 2182 cm!. This latter band is also observed on P25 TiO», which allows
us to assign it to the coordinatively unsaturated B-Ti*-CO bond on a Lewis acid site [170] .
Although the B-Ti**-CO band at 2182 cm! can be found both on anatase and rutile phases of
TiOy, [171], due to the P25 composition and previous characterizations, we attribute this
band to anatase. The similarities between the titania and the 0.5 MoTi sample are also
observed at higher CO pressures Figure 1-6. Both samples have the same band at 2210 cm’!,
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which belongs to a-Ti**-CO, further indicating that on the 0.5 MoTi catalyst CO is primarily
interacting with the titania, due to the low Mo content on this sample.
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Figure I-6. FTIR spectra of CO adsorbed at low temperature at increasing CO dosing on a)
P25 TiO2, b) 0.5 MoTi, ¢) 2.5 MoTi and d) 8 MoTi.

Figure 1-7 shows the IR spectra for low-temperature CO adsorption at low CO pressures (0-
0.1 mbar) for the supported molybdenum catalysts. In accordance with Figure I-5, the
decrease in the intensity of the Mo>*-CO band as the molybdenum content rises from 0.5 to
15 at. Mo nm is related with the increase in the concentration of Mo®" oxidation state of the
supported samples. This is consistent with the structural change from tetrahedral/octahedral
dispersed species to crystalline MoO3z as the molybdenum content increases and the
monolayer coverage of the TiO> surface is achieved, as observed by XPS. Considering the
H»-TPR results, the 2.5 MoTi sample should be the superior redox catalyst due to the gradual
absence of molybdenum oxide species with Mo®* oxidation state in favor of readily reducible
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Mo, while still retaining interfacial Mo-O-Ti sites that enhance redox properties through
the interaction with titania, thanks to its oligomeric sub-monolayer molybdenum structure.
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Figure I-7. FTIR spectra of CO adsorption at low temperature (0—0.1 mbar), normalized by
Mo content, for 0.5, 2.5, 8, and 15 MoTi samples.

Figure I-8 shows the OH stretching region v(OH) after low-temperature CO adsorption. The
formation of hydrogen-bonded OH-CO species is evidenced by the red shift of the OH
frequency, characteristic of surface hydroxyl groups. The 2.5 MoTi, 8 MoTi and 15 MoTi
samples behave similarly, likely by the effect of Mo deposition, while 0.5 MoTi behaves
differently, as it has a low Mo oxide dispersion. P25 TiO, presents two types of surface
hydroxyl groups, which are characteristic of the stretching mode of anatase Ti*"-OH [170].
The v(OH) shift, due to the low temperature CO adsorption, gives information of protonic
acid strength of the surface OH groups (Brensted and/or Lewis sites), because CO is a weak
base [167]. 0.5 MoTi has a shift of 140 cm’!, while the higher content samples have a shift
of 186 cm™!. The latter has stronger acidic surface hydroxyl groups, due to the higher Mo
loading. P25 TiO> presents higher acidity compared to supported molybdenum oxide OH
groups, related to the Lewis characteristic of TiO2 [167].
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Figure 1-8. Infrared signals shift in the OH stretching region for the low-temperature CO
adsorption (3.1-3.9 CO mbar) on TiOz and supported 0.5, 2.5, 8 and 15 MoTi samples.

Figure I-9 a) and Figure I-9 b) show the results of the temperature programmed desorption
of NHj3 for 0.5, 2.5, and 8 MoTi, as well as P25 TiO,. The quantity of total acid sites, given
by total ammonia uptake, diminishes as Mo content increases, in line with the coverage of
the titania Lewis acid sites as the molybdenum monolayer is formed. Figure 1-9 b) shows that
the medium strength acid sites decrease with molybdenum oxide incorporation, while the
number of weak sites also decreases. In general, total sites diminish after the monolayer
formation of crystalline MoOs oxide between 2.5 and 8 at. Mo nm™. These results are in line
with what has been previously reported for MoO3/Ti0; catalysts [172].

Figure I-9 c) and Figure -9 d) show the results of FTIR of adsorbed pyridine at 150°C. The
spectrum displays bands characteristic of pyridine adsorbed on Lewis acid sites (1445 cm™!)
and a broad band of pyridine adsorbed on Brensted acid sites (1544 cm™'). The P25 TiO», 2.5
and 15 MoTi samples present primarily Lewis acidity with a minimal contribution from
MoOs3 Brensted acidity. Figure I-9 d) shows that Lewis acidity diminishes as the metal
content rises, in line with MoOs3 deposition and coverage of available titania. Our samples
have a lower B/L ratio than those reported for MoOs/TiO: catalysts [161]. We attribute this
to our preparation method, which uses oxalic acid in the impregnation solution to obtain
better MoO3 oxide dispersion [173], as the Bronsted acidity of MoOs; oxide is related to its
crystalline phase.
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Figure I-9. a) NH3 TPD for P25 TiO>, and 0.5, 2.5 and 8 MoTi. b) Ammonium uptake as a
function of molybdenum loading. ¢) Adsorbed pyridine FTIR spectra of P25 TiO2, 2.5 MoTi
and 15 MoTi (B: Brensted, L: Lewis), d) B/L ratio as a function of Mo surface density.

Figure I-10 a) and Figure I-10 b) shows in-situ Raman spectra for samples 2.5 and 15 MoTi,
respectively under ambient and reaction conditions. Only frequencies higher than 700 ¢cm™!
are shown due to the strong Raman response of TiO; at lower wavenumbers. The Raman
spectra were normalized by the anatase TiO> crystalline support bands at 640, 520 and 399
cm! [66]. The conformation of supported molybdates depends on the conditions at which the
experiment is performed. On non-dehydrated samples, the structures formed behave like
tetrahedral and isolated species (MoO4%) and polymolybdate species (M07024%"), as the ones
observed in aqueous solutions [141,174]. For the 2.5 MoTi sample, two broad peaks are
observed at wavenumbers 796 cm™! and 970 cm™!. The 970 cm™! Raman band corresponds to
the stretching mode of the terminal Mo=0 bond, characteristic of octahedral surface species,
while the 796 cm™! peak is assigned to the overtone of the 395 cm™! band of anatase TiOa,
evidencing the sub-monolayer Mo coverage on this sample. The latter is further supported
by the absence of sharp Raman bands at 817 and 994 cm’!, characteristic of crystalline MoO3
[65,80,141,175,176]. No bands attributed to tetrahedral species were detected (932, 883 cm-
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) [141,177]. During in-situ Raman methanol oxidation on the 2.5 MoTi sample (Figure I-10
a)), the terminal Mo=0 bond stretching mode band becomes slightly sharper and decreases
in intensity, indicating a modest reduction of the surface molybdenum species during the
reaction. No significant changes in the Raman spectra due to CH3OH adsorption were
observed. Additionally, the reaction temperature had a negligible effect on the structure of
the surface molybdenum oxide. This suggests that, under the studied reaction conditions,
neither CH3OH adsorption nor the extent of Mo oxide reduction is significantly influenced
by temperature on the sub-monolayer catalyst. As discussed before, the presence of
crystalline MoOs is confirmed by the sharp bands at 817 and 994 cm™ [138,140,158,177] in
Figure I-10 b), consistent with the crystalline MoO3 observed by XRD in this catalyst. The
Raman band at 994 cm! corresponds to the terminal Mo-O bond of the crystalline MoO3
oxide, while 820 cm™! band is attributed to Mo-O-Mo bonds within the crystalline framework
[178,179]. In the 15 MoTi sample, as was observed in the 2.5 MoTi sample, no significant
changes in the crystalline bands were observed between ambient conditions and methanol
oxidation reaction at 100°C, ruling out an effect of the CH30H adsorption on the crystalline
structure of MoOs;. However, an increase in the intensity of the Raman bands attributed to
crystalline MoOs3 was observed at 150 and 200 °C, suggesting agglomeration of surface oxide
species into crystalline MoOj; during reaction conditions at higher temperatures.
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Figure I-10. In-situ Raman spectra at ambient and reaction conditions for a) 2.5 and b) 15
MoTi samples.

The lack of a strong effect of the reduction of the surface molybdenum oxide species under
reaction conditions on the MoQOs bands is consistent with the rapid reoxidation of the surface
during a Mars-van Krevelen redox cycle. It is also noteworthy that in-situ measurements
exhibit similar Raman spectra to those under ambient conditions, even when accounting for
the high-temperature oxidation pretreatment to which the samples were subjected. It must be
noted that Mo oxide species in the 8 MoTi and 15 MoTi sample are not entirely crystalline,
as the presence of oligomeric species was also detected by Raman spectroscopy at certain
points on the surface (Figure I-11). Therefore, the 15 MoTi sample should be a mostly
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crystalline structure with a slight presence of octahedral structures yet to form crystalline
MoOs3 above monolayer coverage. It is to be expected that at higher loadings, these octahedral
species will fully disappear due to the formation of crystalline MoOs3. The in-situ Raman
spectra of sample 8 MoTi1 is shown in Figure I-12.
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Figure I-11. In-situ Raman spectra at different spots on the catalyst surface at ambient
conditions, for: a) 8 MoTi and b) 15 MoTi samples.
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Figure I-12. In-situ Raman spectra at ambient and reaction conditions for 8 MoTi sample.

Figure I-13 a) and Figure I-13 b) show the evolutions of the normalized Raman spectra with
increasing Mo surface density, under ambient conditions and during CH3OH oxidation at 150
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°C, respectively. The differences between the sub-monolayer and crystalline MoOs3 catalysts
are evident. The 8 MoTi and 15 MoTi samples present the same sharp bands characteristic
of crystalline MoOjs structures, while the 2.5 MoTi sample has broad and weak bands related
to oligomeric MoOs3 species. The extent of crystallization is also noticeable, with 8 MoTi
sample presenting significantly lower intensity bands compared to the 15 MoTi sample.
These results are consistent with the previously discussed characterizations (XRD, H>-TPR,
XPS, low temperature CO FTIR, pyridine FTIR, and NHs-TPD) evidencing the structural
changes occurring as the molybdenum surface density increases and exceeds monolayer

coverage.
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Figure I-13. In-situ Raman spectra as a function of metal content at a) ambient conditions
and b) methanol ODH reaction at 150 °C.

Figure I-14 shows the in-situ full Raman spectra with increasing Mo content, normalized by
the titania bands at lower frequencies. All catalysts present bands attributed to crystalline
anatase TiO, at 144, 195, 394, 513, and 634 cm’!. The bands at 144, 195 and 634 cm’!
corresponds to the symmetric stretching vibrations of O-Ti-O, while the 399 ¢m™! band is
attributed to the symmetric bending vibration of O-Ti-O, and the 515 cm™! band to the anti-
symmetric bending vibration of O-Ti-O. [180] It can be seen that under the same conditions
these bands remain stable across all samples, not significantly altered and retaining intensity
and full width at half maximum (FWHM) values. No clear Raman bands associated with the
rutile phase of P25 (143, 235, 447 and 612 cm™") were observed, in accordance with the
reported TiO, composition of approximately 85% of anatase. The rutile bands are likely
occluded or superimposed by the intense anatase bands [180—-182]
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Figure I-14. Full-range in-situ Raman spectra as a function of metal content at a) ambient
conditions and b) methanol ODH reaction at 150 °C. *: a-MoQO3, &: anatase TiO,.

When increasing metal loading, some bands attributed to crystalline MoOs appear in the
lower frequency zone. The 666 ¢cm™!' band corresponds to the Mo-O-Mo bonds in the
crystalline framework, while all bands at 400 and below belong to the angle-deformation
vibrations of a-MoO3 [178,179].

4. Conclusions

MoOs/TiO2 supported samples with increasing Mo content were synthetized and
characterized, highlighting the structural evolution of the molybdenum oxide phase. At low
Mo content, molybdenum exists as dispersed octahedral oligomeric Mo oxide species, in
close interaction with the TiO: support. These dispersed species are associated with a sub-
monolayer structure. As the Mo content increases beyond the monolayer threshold, the MoO3
oxide structure transitions to crystalline domains. This structural change is accompanied by
a shift from coordinatively unsaturated surface Mo** species in the dispersed phase to the
Mo®* of the fully oxidized crystalline phase, as the monolayer coverage of the TiO; surface
is reached.

Characterization through in-situ Raman spectroscopy, XPS, low temperature CO FTIR and
H>-TPR revealed that this structural evolution directly impacts the redox properties of the
catalysts. The near-monolayer oligomeric octahedral Mo oxide phase exhibits higher
reducibility due to the influence of the TiO- support and the presence of reducible Mo®*.
Acidity of the supported MoOs samples, as observed by NHs-TPD and pyridine adsorption,
decreases due to the loss of titania Lewis acid sites caused by molybdenum deposition and
the lack of strong Bronsted acidity in the molybdenum oxide.

This work highlights the structural evolution of molybdenum oxide from dispersed
oligomeric species to crystalline MoOs and the implications of this transition for the redox
and acid properties of the supported catalysts.
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Chapter II: Operando-FTIR study of methanol partial oxidation over MoO3/TiO>
catalysts

Summary

Methanol oxidative dehydrogenation was studied on sub-monolayer and crystalline
MoOs3/Ti0;-supported catalysts using operando-FTIR spectroscopy. Results revealed two
distinct methyl formate (MF) formation pathways, determined by the molybdenum oxide
structure. Quantitative and qualitative evidence indicated that MF and dimethoxymethane
(DMM) formation occur via distinct reaction intermediates. MF formation is linked to surface
formate consumption, supported by the similarity between steady-state MF formation rate
measured in a fixed-bed reactor and transient initial formate consumption rate determined by
operando-FTIR. Apparent activation energies for HCOO* consumption (90 and 88 kJ mol™)
and MF formation (83 and 51 kJ mol™) for 2.5 and 15 at. Mo nm2 samples, respectively,
indicate that the formation pathway depends on the molybdenum oxide structure.
Oligomeric, octahedral molybdenum oxide catalysts produce MF via adsorbed formate
consumption, while crystalline MoOs catalysts enable a parallel pathway, likely involving
hemiacetal intermediates. This change in reaction pathway correlates with the structural
transition from oligomeric to crystalline molybdenum oxide, as characterized by XRD, in
situ Raman spectroscopy, FTIR of low-temperature CO adsorption, and XPS, among other
techniques. The increase of surface formate consumption is related to the enhancement of the
redox properties of the catalyst, attributed to interactions of molybdenum oxide with titania
support and the presence of readily reducible Mo®" sites that influence adsorbed
formaldehyde reaction pathways. The observed activity and selectivity are explained by a
three-active-site mechanism: molybdenum oxide redox sites for methanol dehydrogenation,
molybdenum oxide acid sites for hemiacetal and DMM formation, and molybdenum-titania
interfacial sites for HCOO* and MF formation.

1. Introduction

Molybdenum-supported catalysts have been widely used for methanol ODH [62-82].
Independent of the material, it is known that the methanol oxidation follows a Mars-van
Krevelen redox mechanism, with the dehydrogenation of a methanol molecule on a lattice
oxygen active site to produce adsorbed formaldehyde as the rate-determining step (rds)
[69,72,83—-85]. The adsorbed FA can desorb or keep reacting to form MF and/or DMM.
Nevertheless, there is little agreement about the reaction mechanism or the reaction
intermediates of these latter reaction products, since multiple reaction intermediates and/or
mechanisms have been proposed for this reaction.

In earlier works, Wachs and Madix proposed MF formation by dehydrogenation of a surface
hemiacetal alcoholate intermediate (CH30CH»O%*), formed by FA acetalization with
nucleophilic methoxides on Ag(110) single crystal, using temperature programmed reaction
spectroscopy with isotopically labelled species. [86]. Later, Sambeth et al., studying the
reaction on V20s samples by mass spectroscopy varying temperature and contact time,
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proposed that the same hemimethylal (CH3OCH>OH) intermediate can be oxidized to form
MF, but can also condense with another methanol molecule to form DMM [87]. Next,
Tatibouét performed transient isotopic studies exchanging between CH30H and CD;OD and
observed that hemimethylal (CH3OCH>OH) intermediate participated in the DMM
formation, on unsupported V,Os catalysts [92]. Iglesia and Liu also proposed the hemiacetal
intermediate for MF and DMM formation, now called methoxymethanol, on supported-
RuO2 oxides samples by studying the effect of different supports, the kinetic effect of
CH30OH and O» feed concentration, and observed kinetic isotopic and residence time effects
[88,89]. This mechanism has been confirmed by DFT calculations as the pathway with the
lower energy barrier on V20s5/TiO2 [90,91]. A schematic representation of the hemiacetal
reaction pathway is shown on Figure II-1.

CH,OH
o
HCHO
*
HCHO — (FA)
CH,OH
CH;OCH,OH CH;OH  CH,OCH,OCH,
. —_—,
(Hemiacetal) (DMM)
H+
HCOOCH,
(MF)

Figure II-1. Mechanism of methanol ODH reaction through the hemiacetal pathway.

Mamoru Ai (1982) proposed the Tishchenko reaction, or formaldehyde dimerization, for MF
formation on SnO2-MoOj3 catalysts [94] and on 60 mixed oxides [95], by studying the effect
of reaction variables, reactant concentration and HCHO addition to the feed.

Cairati and Trifiro (1983) proposed MF formation by formic acid/surface formates on SiO>
and Al,Os catalysts [93]. Afterwards, Busca et al., by FT-IR spectroscopy and variation of
temperature, contact time and feed ratios, proposed a complete mechanism on V,0s5/TiO2
samples involving a dioxymethylene (H2COO) — formate (HCOO) pathway, where the first
intermediate forms DMM in a reaction with methanol and the second one reacts with
methanol to form MF [50]. More recently, Kaichev et al. clarified the above-mentioned
mechanism on V20s/Ti0; catalysts using in-situ surface sensitive techniques like NAP XPS
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and XANES, with FTIR, TPR, and kinetics measurements. The use of in-situ characterization
techniques allowed them to introduce the chemical state of the vanadium in the reaction
mechanism [42]. FTIR techniques have not been able to identify adsorbed hemiacetal as an
intermediate species because of its unfavorable equilibrium and high reactivity [88]. A
schematic representation of the formate/dioxymethylene reaction pathway is shown on
Figure II-2.

CH,OH

o
HCHO HCHO®

(FA) l
CH,OCH,OCH, 2 CH;OH CH,00

4—
(DMM) (Dioxymethylene)

v

CHOO
(Formate)

CHsoHl

HCOOCH,
(MF)

Figure II-2. Mechanism of methanol ODH reaction through the formate/dioxymethylene
pathway.

More recently, Chin et al. [48] studied the methanol ODH reaction on V,0s/TiO2, by
analyzing different reaction conditions and addition of products to the feed, isotopic HCHO-
DCDO exchange, and spectroscopic UV-vis studies.. They suggested that the DMM forms
via methanol and hemiformal/hemiacetal, meanwhile, the MF forms via Tishchenko reaction
from FA molecules on exposed titania.These different pathways for the MF and DMM
formation is a consequence of the VO domain size: on highly dispersed, monomeric VOx,
as in the study by Chin et al., MF would follow the Tishchenko reaction on the Lewis sites
of the titania, while on crystalline VOx catalysts, MF would be formed by the hemiacetal
route, as the titania active sites are fully covered by VOx.

It is clear to see that even for the same active metal-support pairs, three mechanisms for MF
and DMM formation have been proposed for the methanol ODH reaction:
hemiacetal/hemiformal/hemimethylal intermediate, formate-dioximethylene mechanism and
Tishchenko reaction. There is a current wave of moving from ex-situ characterizations or
techniques to in-situ or operando studies in catalytic reactions [183—187]. In-situ and
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operando characterizations allow us to study the catalyst during the reaction, as it may
undergo structural changes by the reactants and/or products atmosphere. By using this
approach, we can identify the real active sites and explore in real time how the materials and
the intermediates behave, aiming to elucidate the catalytic reaction mechanism. Nevertheless,
there is still a lack of proper operando studies for the methanol ODH reaction, a methodology
that, to the best of our knowledge, has not been applied to this reaction before.

In light of the above presented arguments, this work focuses on operando-FTIR studies aimed
to study the nature and dynamic behavior of the reactive adsorbed species during the
methanol ODH reaction on MoO3/TiO; catalyst. The study highlights clear differences in
molybdenum oxide structure, as revealed by the extensive characterization to which the
catalysts were subjected. Focusing on samples with octahedral and crystalline molybdenum
oxide structure, the correlation of the adsorbed species with the reaction products was
studied, in order to elucidate the reaction mechanism to form FA, MF and DMM. It was
found that sub-monolayer, octahedral oligomeric Mo catalysts produce MF via a redox
HCOO* pathway involving interfacial Mo-O-Ti sites, while on high loading, crystalline
MoOs catalysts, MF formation proceeds through a hemiacetal pathway on redox metal sites
besides the interfacial surface formate pathway. Our findings indicate that ODH activity is
regulated by three active sites—redox metal sites, acid metal sites, and redox interfacial
sites—whose proportions vary with Mo content and oxide structure; their surface distribution
changes with catalyst composition and controls the selectivity between MF, FA, and DMM.

2. Experimental

2.1 Catalytic activity measurements

The kinetic tests of the MoO3/TiO; catalysts were performed in a stainless-steel tubular fixed-
bed reactor (length 60 cm, internal diameter 0.78 cm). A catalyst bed composed of catalyst
sample (0.2 g, 150-380 um particle size) and mixed-in quartz sand (2 g, 150—-380 um particle
size) was prepared to avoid hot spots in the reactor. About 0.76 cm of the resulting bed was
placed in the center of the reactor held down by quartz wool, while the reactor was placed
inside an electric oven with the catalytic bed well inside the isothermal section of the oven.

Before the reaction, the catalyst was pretreated in air flow (21 % vol O2/N2, 20 ml min™!) at
300 °C for 30 min at a heating rate of 10 °C min’! to completely oxidize the surface. In a
typical experiment, the temperature was adjusted to the desired value, the O2/CH30H molar
ratio was set to 9:4 (Pcuzon = 4 kPa, Po>=9 kPa, Pno= 87 kPa) and a total flow of 50 ml min
! of the gas mixture was conducted through the catalytic bed. CH;OH (Merck-Millipore) was
fed to the reactor using a PTFE saturator submerged in a thermostatic bath at 25 °C, using
N (13 ml min'!) as the bubbling gas. The N, (Airliquide 99.999%) and dry air (Airliquide
99.999%) flows were controlled by mass flow controllers (Kofloc 8500). The concentration
of reagents and reaction products were monitored in real-time using a SRI 8610C gas
chromatograph, equipped with a packed precolumn (SRI Hayesep D 18’°, 5 m) and three
separation columns: a packed column (Hayesep D 6’°, 2 m) and two capillary columns
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(MSS5A, 1 m; MXT-WAX, 30 m). The GC is also equipped with an on-stream methanizer
with Ni catalyst, a flame ionization detector (FID) and a thermal conductivity detector (TCD).
Besides the fed CH3;0H y O», Only HCHO, MF, DMM, CO y CO, were detected. Methanol
and reaction product lines were held at 100 °C to prevent condensation. To obtain steady
state kinetic data, each reaction condition was maintained for 3 h, with 7-8 measurements per
condition. The mean concentration of each reactant and reaction product at steady stated was
calculated. An example of methanol concentration versus time on stream is shown in Figure
A-IL.1 of Appendix: Chapter II.

The effect of the temperature (100-300 °C) and residence time, by varying total flow rate
(21-85 ml min’!, constant length/mass of catalyst bed) was studied. Integral reactor
conditions was used to achieve the conversion values (> 10 %) necessary to accurately
measure the concentration of the 3 reaction products (FA, MF and DMM). Deactivation of
the catalyst was discarded by repeating the first reaction condition at the end of the
experiments, observing the same activity.

CH30H conversion (Xcuson) and FA, MF and DMM yields (Yi) were calculated according
to equations 1 to 4.

CH30H;y — CH30Hgyr

XcHzon = CH, OHyy x 100 ey
Yep = (Hiiﬁ X 100 2)

Yyp = (2::3[%‘;1 x 100 3)

Yomum = % x 100 ()

Where IN and OUT subscripts denote the inlet and outlet molar flow rate for each reactant
and product, respectively.

2.2 Operando-FTIR measurements

FTIR measurements were performed on a Nicolet iS-10 spectrometer (Thermo Scientific),
equipped with KBr windows, high temperature, reactor-cell (Harrick). MoTi catalysts and
TiO, wafers (0.04 g) were placed into the IR cell, in-situ pretreated in air flow (30 ml/min,
300 °C) and then cooled down to reaction temperature (100, 150, 175, 200 and 250 °C). The
cell and wafer temperature were measured and controlled with a temperature controller
(Omega Instruments) equipped with two K-type thermocouples. Gases were fed to the reactor
using mass flow controllers (Kofloc 8500, Kojima Instruments). Argon was used as internal
standard for quantification. Infrared spectra were continuously recorded in absorbance mode,
at a resolution of 4 cm™' and 32 scans per spectrum, in the 3500-1200 ¢cm™' range. The
respective background spectrum at the corresponding temperature and reactant atmosphere
was subtracted.
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The relative concentration of chemical compounds at the cell reactor outlet was monitored
with a quadrupole mass spectrometer (Omnistar GSD 320), analyzing the evolution of m/z
signals 60 (MF), 75 (DMM) and 40 (Ar). CH30H (31) and FA (30) were mathematically
quantified by subtracting the contributions of MF and DMM to the m/z = 30 and m/z = 31
fragments, due to their significant contributions.

In a typical experiment, after pretreatment, 50 ml min! of a gaseous mixture of Ar, Oa,
CH30OH and N2 (Pcuzon = 1 kPa, Po2= 10 kPa, Par = 10, Pn2 = 79 kPa) was fed to the reactor,
as standard reaction condition. After the steady state was reached as observed in the MS,
CH30H was removed from the feed maintaining the same total flow (Po2= 10 kPa, Pa, = 10,
Pn2 = 80 kPa). Then, O, was replaced by N> and CH30H was added back to the feed, to
saturate the surface with methoxy species (Pcuzon = 1 kPa, Par = 10, Pn2 = 89 kPa). At the
end, CH3OH was once again removed from the feed and, after a N, purge, replaced by O to
oxidize the surface species (Po>= 10 kPa, Par = 10, Pxo = 80 kPa). Each reaction condition
was maintained for 30 min, to reach the new steady state. All transfer lines were held at 100
°C to prevent condensation of reactants and products.

3. Results

3.1 Catalytic activity

To study the effect of the molybdenum structure on the methanol ODH reaction and its
corresponding surface intermediate species, catalysts with surface density 2.5 at. Mo nm™
and 15 at. Mo nm were employed. The samples were selected due to their clear differences
in structure and redox and acid properties, which arise from the sub-monolayer (oligomeric

octahedral MoOx) and crystalline MoO3 oxide species.

Figure II-3 a) shows the FA, MF and DMM yield as function of temperature for the 2.5 at.
Mo nm catalyst on the fixed-bed reactor experiments. The 2.5 MoTi sample has a higher
selectivity to the DMM formation at lower temperatures, with increasing MF yield as the
temperature rises. FA is not the main reaction product at any temperature. At higher
temperatures methanol fully oxidizes to CO and CO». Figure 1I-3 b) shows the FA, MF and
DMM vyield as function of residence time for the 2.5 at. Mo nm™ catalyst on the fixed-bed
reactor experiments. An increase in the contact time favors the yield of all products. At higher
residence time values, residence time increases the MF formation at the expense of DMM
formation. FA formation is mostly unaffected by residence time.

The same behavior regarding the effect of residence time on FA formation was previously
observed in a recent publication, where the methanol ODH reaction over V205 supported on
Ti0O; catalysts under non-differential reactor conversion values was studied [188]. It was
proposed that FA desorption was irreversible, and once it desorbs no longer participates in
the reaction. Instead, adsorbed FA, without desorbing, could still react and participate in the
methanol ODH, using neighboring active sites to continue reacting to form the reaction
intermediates for MF and/or DMM formation. Additionally, DMM formation was found to
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be in equilibrium with its intermediate, as to influence the MF formation observed for the
MoO3/TiO; catalyst.
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Figure II-3. Yield of FA, MF and DMM for the 2.5 MoTi sample as a function of: a)
temperature (GHSV = 19 L h™! gear'!, CH30OH/O2/N> (feed) = 4/9/87 %v/v) and b) residence
time (T = 225 °C, CH30H/O2/N; (feed) = 4/9/87 %v/v).

Figure II-4 a) shows the FA, MF and DMM yields as function of temperature on the 15 MoTi
catalyst. In this sample, FA is the main reaction product at most of the temperature range.
DMM is the main product at lower temperatures, but as temperature increases, MF and FA
formation becomes more significant. CO is the main reaction product at higher temperatures.
This behavior is in line with previously reported findings, which suggest that the FA
formation is favored on crystalline MoOs3 supported catalysts. This could be attributed to the
requirement of adjacent Mo sites for FA desorption [189], the favored FA formation by
adjacent Mo sites[75,190], the reduced availability of support sites which favor the other
parallel reactions [191], or the influence of the redox properties which enhance methanol
ODH to FA. Figure 11-4 b) shows FA, MF and DMM yield as function of residence time on
the 15 MoTi. FA formation significantly increases with residence time, while DMM
formation reduces and MF increases. The effect of residence time on DMM and MF
formation is similar to what was observed for the 2.5 MoTi catalyst, where DMM would be
in equilibrium with its intermediate while FA desorption is irreversible. Since FA is the main
reaction product over this sample, an increase in residence time leads to higher FA yields as
the methanol conversion increases accordingly.
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Figure 1I-4. Yield of FA, MF and DMM for the 15 MoTi sample as a function of: c)

temperature (GHSV = 19 L h™! ge,!, CH3OH/O2/N; (feed) = 4/9/87 %v/v) and d) residence
time (T = 225 °C, CH3OH/O/N; (feed) = 4/9/87 %v/v).

Conversion and yields as a function of temperature for the rest of the samples (0.5, 8, 25
MoTi and bulk MoO3) can be found in Figure II-5.
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3.2 Operando-FTIR results
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Figure 11-6 shows the evolution of the infrared bands when switching the feed mixture from
CH30OH/O2/N2/Ar to O2/N2/Ar at 200 °C, over the 2.5 MoTi sample. In general, the intensity
of some bands diminishes under these oxidative conditions, due to the consumption of the
respective surface species in an oxidation reaction, while the rest of the bands intensify,
corresponding to the formation of surface species from the oxidation process. The bands at
2953/2863 cm™* have been previously assigned to molecular CH3OH adsorbed on Lewis acid
sites, whereas the bands at 2938/2928/2832/2842 cm™ have been assigned to surface
methoxylated species, together with the 1455/1445 cm* bands in the lower wavenumber zone
[192-194]. As these bands are associated with adsorbed methanol, their intensity decreases
under oxidation conditions due to their consumption. 2897, 1360 and 1560 cm bands are
attributed to adsorbed formates, while the 1610 cm™ band has been assigned to displaced
water by molecular methanol adsorbed in Lewis acid sites. Other authors have assigned the
2924 cm* band to dioximethylene [195] and the 1650-1657 cm* band to adsorbed methyl
formate [42,196]. Hemiacetal intermediary cannot be identified and/or followed by FTIR, as
it is a highly reactive molecule with an unfavorable chemical equilibrium [89].

2 min 0.1

1650

1657 1
1612

Absorbance (a.u.)

I ' I N I
3000 2800 1600 1400

Wavenumber (cm™)

Figure 11-6. FTIR spectra of 2.5 MoTi at 200°C after switching from N2/Ar to O2/N2/Ar on
2.5 MoTi at 200°C, on a surface covered with formates.
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The FTIR spectra for the 15 MoTi and P25 TiO; at 200°C, switch from Na/Ar to O2/Ny/Ar,
can be found on the Figure II-7. In general, the adsorbed species and observed behavior is
the same as for 2.5 MoTi sample.

a) b)

—— 0 min 0.0s] N
o

81

] o~
2 min
—— 3 min ol
o]l
10 min o,
- ——30min oy
> n |
S S !
< < i
= =
3 5 2 8
e W ©i 2
© 0 = uwy c‘EI © |
g "% A
o — y o
@ @
=] =]
< <

ya

I
| 1
I 1
| 1
I 1
I 1
| 1
I 1
| 1
1 1

1 1]
T 1

T T T rr T T T 1 T T T T T
3100 3000 2900 2800 1600 1500 1400 1300 3100 3000 2900 2800 1600 1500 1400 1300
Wavenumber (cm™) Wavenumber (cm™)

Figure I1-7. FTIR spectra at 200°C after switching from N2/Ar to O2/N»/Aron 2.5 MoTi at
200°C of a) 15 MoTi and b) P25 TiOo.

The vibrational frequencies are summarized in Table II-1.

Table 11-2. IR bands of the surface species formed during the methanol ODH on MoTi
catalysts.

Frequency Surface Specie Vibration Reference
tric stretchi s
2953 Molecular methanol oY mmetic stretching v [42] [192]
(CH3)
Symmetric stretching vs
2940 Methoxy ) [42,169,197,198]
Formate Vas (CO2) + 8(C-H) [192]
2924 Methoxy Vas (CH3) [192]
. tric stretchi as
Dioxymethylene asymrie r(lé;;; cung v [195]
Fermi £2 5,
2854  Molecular methanol ermi resonance o [42,169,192]
(CH3)
Fermi £2 35
2829 Methoxy Cr resonance o [42,169,192,197,198]
(CH3)
1657 Methyl formate Stretching v (C=0) [42,169,197,198]
1612 Water S(HOH) [192,199]
tric stretchi as (O-
1550 Formate ASYHHCIHe ér(e);’ g vas (O 115 160.192,197.198]
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asymmetric deformation Jas

14 Meth 42,169,192
55 ethoxy (CH3) [42,169,192]
symmetric deformation Js
1442 Meth 42,169,192
ethoxy (CH3) [42,169,192]
1377 Formate Vas (O-C-0) [192]
Symmetric stretching vs (O- [42,169,197,198]
135 F t
358 ormate C-0) [192]
Methanol ds(OH) [192]

Figure 11-8 shows the bands intensities at steady state conditions for the P25 TiO2, 2.5 MoTi
and 15 MoTi catalysts and the corresponding shift in the consolidated signals. It was found
that the same adsorbed species had a slight position shift as the metal loading increased in
the different samples. In literature there are multiple explanations for observed shifts in band
positions during FTIR spectra. These shifts can be the result of the overlapping of closely
located bands, a surface coverage effect, adsorption center nature or an electrostatic effect
due to the interaction of the adsorbed molecule and the metal cations and the oxygen anions
in the metal oxide [200-204]. Due to the clear differences demonstrated in metal oxide
structure between the oligomeric octahedral molybdenum surface phases and crystalline
molybdenum oxide, an electrostatic effect is expected.
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Figure I1-8. FTIR spectra at 200 °C with a CHsOH/O2/N: feed composition for P25 TiO,
2.5 MoTi, and 15 MoTi samples.

Figure II-9 a) shows the evolution of the intensity of the infrared signals for the most relevant
surface species when switching the feed of the cell reactor from CH3OH/O./Ar/N> to
O2/Ar/N2 and from CH30H/Ar/N; to O2/Ar/N2, over the 2.5 MoTi sample at 200 °C. The
band 2924 cm!' behaves extremely similar to the surface methoxy species, suggesting an
overlapping between methoxy and dioxymethylene species, which does not allow to confirm
the presence of the latter on the catalyst surface. Surface methoxy species increase in the
presence of CH3OH on the reactor feed, while surface formate species clearly increase when
extracting CH3OH from the feed of the reactor cell. This is in line with the reduction of
intensity of adsorbed molecular CH3OH and methoxy bands, suggesting that the methanol
oxidation is producing adsorbed formates in these oxidative reaction conditions. At the end
of the O2/Ar/N; feed condition, the catalyst surface has a high concentration of formates. It
is interesting to note that during the N: purge, the surface concentration of formate kept
increasing, while methanol/methoxy species continued to decrease, as shown by the surface
concentration of these species before and after the N> purge in Figure II-9 b). This behavior
is characteristic of the Mars-van Krevelen mechanism, where oxidation occurs via lattice
oxygen, as was observed, and the role of gaseous oxygen is solely to reoxidize the surface.

Figure 11-9 b) shows the evolution of the MS intensity signals for MeOH, FA, MF and DMM
formation when changing the feed of the cell reactor from CH30OH/O2/Ar/N> to O»/Ar/N; and
from CH3OH/Ar/N> to O2/Ar/N,, over the 2.5 MoTi sample at 200 °C. MF is the main
reaction product at the studied reaction conditions. When the cell feed is switched from
O2/Ar/N; to CH30H/A1/N2, thereby introducing CH3OH onto a surface with high formate
coverage, MF formation presents a behavior distinctly different from that of the DMM
formation. The MF m/z signal presents a maximum, while the DMM m/z signal has a more
gradual response, similar to its formation after the first switch from inert to the regular
reaction conditions (CH30OH/O2/Ar/N,). This stark difference suggests that these products
are formed by different reaction intermediates. The MF reaction intermediate is rapidly
consumed in absence of O, and in the presence of CH3OH, while the DMM intermediate has
a similar behavior regardless of the absence of O,. The MF formation from DMM is
discarded, as the MF is the only reaction product at 250 °C with the same MF m/z behavior.
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Figure II-9. Operando-FTIR measurements when switching from CH3OH/O2/Ar/N; to
O2/Ar/Na, purging with N», and switching from CH30H/Ar/N> to O2/Ar/N; on 2.5 MoTi at
200 °C. a) Surface detected species (FTIR) and b) dynamic behavior (MS) of CH30H (m/z
=31, corrected), FA (m/z = 30, corrected), MF (m/z = 60) and DMM (m/z = 75).

When comparing Figure I1-9 a) and b), a correlation can be observed between surface formate
consumption and the rapid increase in MF formation, suggesting that adsorbed formates are
the intermediate of MF formation. Moreover, the sharp maximum in MF formation suggests
that, before the addition of CH30H to the cell feed, an intermediate capable of forming MF
was already present on the catalyst surface, which was only missing CH3OH to form MF.
Hemiacetal intermediate, proposed in previous works, can be ruled out as it could not have
sufficiently high surface coverage to produce the MF peak, given its previously discussed
reactivity and instability. Moreover, if hemiacetal was the MF formation intermediate, and it
had a high coverage on the surface as to form the observed sharp maximum in MF formation,
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it would have instead reacted with CH30H (due to the lack of available redox sites to
dehydrogenate the hemiacetal) in a condensation/acid dehydration reaction, leading to a
maximum in the DMM m/z signal, which was not the case. The observed behavior was also
evidenced at all studied temperatures (Figure I1-10).
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Figure II-10. Dynamic CH30H, FA, MF and DMM behavior (MS) during operando-FTIR
measurements when switching from CH3OH/O2/A1/N2 to O2/Ar/N; and from CH30H/Ar/N;
to O2/Ar/N2on 2.5 MoTi ata) 100 °C, b) 150 °C, ¢) 175 °C and d) 250 °C.

Figure II-11 shows the results from the same experiment but for 15 MoTi. A clear difference
in the MF formation is observed between the 2.5 and 15 MoTi catalysts, particularly at the
feed conditions that these samples present their higher MF formation. The catalyst with
oligomeric MoOx structure as per its lower MoOs3 content presents a higher steady state MF
concentration when the reactor feed is switched to CH3OH/Ar/N,, therefore when the surface
has a higher coverage of formates, as shown on Figure II-11 a). On the contrary, the 15MoTi
catalyst presents its higher MF concentration during the first feed switch (from Ar/N: to
CH30H/O2/Ar/N»), when the reactants encounter a clean surface. This suggests that, in the
latter sample, the high coverage of formates inhibits overall MF formation, but it does not
negate it completely. These results indicate that MF formation would occur by two different
pathways in the 15 MoTi sample, the more active one being the one that does take place when
reacting in presence of both CH3OH and O». Therefore, on the 15 MoTi catalyst, MF would
not be exclusively formed through the surface formate intermediate, but rather by two parallel
intermediate pathways. Adsorbed formate would be the intermediate of one of those
pathways, while the other may involve the proposed hemiacetal intermediate [48,89]. The
absence of this behavior on the 2.5 MoTi sample suggests that the occurrence of this parallel
pathway is subject to the metal oxide structure on the sample, evidencing an indirect effect
of the metal content on the mechanism of MF formation, which was also proposed recently
by Chin et. al [48].
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Figure II-11. Operando-FTIR measurements when switching from CH3OH/O2/Ar/N; to
O2/Ar/Na, purging with N», and switching from CH3OH/A1r/N> to O2/Ar/Nz on 15 MoTi at
200 °C. a) Surface detected species (FTIR) and b) dynamic behavior (MS) of CH30H (m/z
=31, corrected), FA (m/z = 30, corrected), MF (m/z = 60) and DMM (m/z = 75).

The observation of the same surface formate band on TiO: support and 15 MoTi (Figure II-
7) and 2.5 MoTi sample (Figure 11-6) suggests that HCOO* consumption likely occurs on Ti
support sites. The absence of CH;OH conversion on P25 TiO; (Figure II-5 a)) indicates that
Mo metal sites are essential for CHsOH ODH. Thus, MF formation through HCOO*
consumption is likely taking place at interfacial Mo-O-Ti sites, with contributions from both
the redox support sites and the Mo metal sites.

Figure [I-12 a) and b) shows a zoom of the first transient response for 2.5 MoTi catalyst when
changing reactor feeds from CH3OH/O2/A1/N2 to O2/Ar/N> and from CH30H/Ar/Na> to
02/Ar/N», respectively. Is interesting to note that, when adding CH3OH to a surface with
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HCOO*, MF is formed before FA, which allows us to discard its formation by Tishchenko
reaction, instead suggesting a formation consuming the formates already on the surface.
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Figure II-12. Zoomed view of the initial transient response on 2.5 MoTi at 200 °C when a)
switching from inert gas to CH30OH/O2/Ar/N2 and b) when switching from Ny/Ar to
CH30H/N2/Ar on a surface with high formate coverage.

This behavior is also observed for all samples (Figure II-13). It is also interesting to note that
DMM formation requires FA formation at both conditions, and is indifferent to the presence
of surface formates, indicating that the DMM formation via dioxymethylene pathway is not
favored. Since no intermediate is able to form DMM before introducing CH3OH at the
formate-covered surface, a formation via another pathway is suggested, which could be the
proposed hemiacetal intermediate, resulting in a much slower DMM formation rate.
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Figure I1-13. Zoomed view of the initial transient response on 2.5 MoTi at 200 °C when a)
switching from inert gas to CH3OH/O2/Ar/N, and b) when switching from N/Ar to
CH30OH/N2/Ar on a surface with high HCOO* coverage.

Figure II-14 compares the MS relative intensities for MF and DMM formation, normalized
to the Mo content in the 2.5 MoTi and 15 MoTi samples. The 2.5 MoTi sample exhibits
higher MF and DMM formation, consistent with the results obtained in the fixed-bed reactor
tests (Figure II-3). Previously, it was suggested that the observed peak when switching from
N2/Ar to CH;OH/O2/N>/Ar in a formate-covered surface arises from the rapid consumption
of surface formates. However, the slower decline of the peak in the 15 MoTi sample indicates
a contribution to MF formation through the proposed parallel pathway in this sample.
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Figure II-14. Comparison of MF and DMM production normalized by Mo content
(measured via MS) during operando-FTIR experiments for 2.5 MoTi and 15 MoTi catalysts.

The hypothesis of MF formation via surface formates can be further examined by calculating
the rate of MF formation in the fixed bed reactor (extrapolating the kinetic data obtained in
the experiments shown in Figure II-3 b) and Figure II-4 b) to the residence time in the FTIR
cell reactor) and comparing it with the rate of HCOO* consumption, kxcoox, estimated from
the initial rate of consumption when reactor feed is switched from Ar/N> to CH3OH/Ar/N»
(Figure II-9 b) and Figure II-11 b)).

The formate consumption rate is estimated according to equation I1-5:

'icoo* = Kucoo*Bucoo (11-5)
Since the formate coverage on our studied samples cannot be determined with our available
data, the ratio eﬁ.gl(\)/{g;ri / G%ISC%%? was estimated by dividing the intensity of the HCOO* band
for each catalyst, assuming similar extinction coefficients between the samples. Therefore,
the r&2oort /riziell can be calculated and compared with the r43MOT!/rigMoT! gbtained

from the measurements in the fixed-bed reactor.

Table 11-3. Formate coverage and consumption rate ratios derived from operando FTIR data
after the N2/Ar (90/10 %v/v) to CHsOH/N2/Ar (1/89/10 %v/v) switch, and MF formation
rate estimated from fixed-bed reactor measurements.

2.5 MoTi ;1,15 MoTi a 2.5MoTi ;15 MoTi a 2.5 MoTi ;..15 MoTi a 2.5 MoTi /,.15 MoTi b
kHCOO* /kHCOO* BHCOO* /GHCOO* THcoo* /rHCOO* I'™MF /rMF

3.6 3.2 11.5 45
"W/F = 11 gea hm?, T =200 °C
bW/F = 11 geot h m3, T = 225 °C, CH:0H/O2/A1/N; (feed) = 4/9/87 %ov/v
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As both HCOO* consumption and MF formation rate ratios are of the same order of
magnitude, despite the differences in temperature and methanol partial pressure, this provides
quantitative evidence suggesting the possible involvement of surface formate in MF
formation.

To finalize the comparison between HCOO* consumption and MF formation, an Arrhenius
plot was constructed using the kucoo+ values at different temperatures for the 2.5 and 15
MoTi samples (Figure II-15), estimated from IR measurements. The activation energies
calculated from this plot were compared with those obtained from an Arrhenius plot for the
MF formation (Figure II-16), obtained from MS measurements. The MF formation rates were
estimated from the initial slope of the accumulated area of the total MF formed, as measured
in the MS during the switch from Ar/N> to CH;OH/Ar/N: (Figure 1I-9 b) and Figure 1I-11
b)). This step behaves as a batch reactor, given by the consumption of surface formates. The
MF formation was corrected by subtracting the MS signals measured in P25 TiO» support
sample at room temperature. Not all temperatures were used for the construction of the
Arrhenius plots and the calculation of the activation energies. At higher temperatures, we
approached the detection limit of the FTIR for the changes of HCOO* intensity with time
lacking temporal resolution, while at lower temperatures, the low catalytic activity induced
significant experimental error.
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Figure I1-15. HCOO* intensity obtained from IR measurements at 150-250 °C and their
initial slopes when switching from Ar/N; to CH3OH/Ar/N;, for samples a) 2.5 MoTi and b)
15 MoTi. ¢) Arrhenius plot constructed with the HCOO* consumption rates.
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Figure I1-16. MF accumulated areas obtained from MS measurements at 150-250 °C and
their initial slopes when switching from Ar/N; to CH3OH/Ar/N, for samples a) 2.5 MoTi and
b) 15 MoTi. ¢) Arrhenius plot constructed with the MF formation rates.

Table I1-4 shows the apparent activation energies values calculated from consumption of
HCOO* species at the surface (IR) and MF formation rate (MS). The comparison between
the activation energies for adsorbed formate consumption and MF formation allows us to
compare the intrinsic activity of the reaction. The high activation energy values for HCOO*
consumption (90 and 88 kJ mol-! depending on Mo content) confirms that it is a chemical
reaction and not a physical desorption. There are not stark differences between the activation
energies for surface formate consumption across the supported samples suggesting that the
HCOO* consumption is independent of the molybdenum oxide structure/domain size
(oligomeric octahedral versus crystalline MoOs3 for 2.5 MoTi and 15 MoTi, respectively). On
the contrary, the behavior of the MF formation shows a clear effect of metal content, as the
activation energy decreases as the metal content increases (83 and 51 kJ mol! for 2.5 and 15
MoTi, respectively).
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Table II-5. Calculated activation energies for MF formation and the HCOO consumption in
Ti, 2.5 MoTi and 15 MoTi studied by operando-FTIR.

EappMF  E,,, HCOO

Sample

P (mol™) (K mol™)
2.5 MoTi 83 90
15 MoTi 51 83

The similarity between the activation energies for HCOO* consumption and MF formation
in the sample 2.5 MoTi indicates that adsorbed formates would be the intermediate in MF
formation, consistent with all the previously shown evidence. Nevertheless, the difference in
the activation energy of HCOO* consumption and MF formation for the 15 MoTi sample
shows that, on this catalyst, the surface formates cannot explain the total MF formation. It
was previously noted that this catalyst could not reach its maximum MF yield with a surface
saturated with HCOO#*, implying that this catalyst would form MF by two different
pathways. The apparent activation energy for MF formation would be a ponderation of the
apparent activation energy for these two pathways, one of which involves the activation
energy of adsorbed formate consumption. The effect of the molybdenum oxide
structure/domain size (oligomeric octahedral versus crystalline MoOs3 for 2.5 MoTi and 15
MoTi, respectively) on the reactivity of this new intermediate participating in a second
pathway suggests that this pathway would occur on metal or interfacial metal/support sites,
which are affected by metal content. This new pathway could be the hemiacetal intermediate,
as was previously discussed.

3.3 Discussion

As shown on Chapter I, our catalyst characterization allows us to describe the structure of
the supported molybdenum oxide as per the following findings. The MoTi catalysts are well
dispersed on titania support, as indicated by the BET analysis. XRD and Raman spectroscopy
show that crystalline bulk MoOs phases start to appear at a surface density of 8 at. Mo nm™2,
in line with the previously reported formation of a molybdenum monolayer at 4.6 at. Mo nm-
2 [137]. Our catalysts have a higher dispersion than previously reported MoO3/TiO> catalysts
due to the preparation method using oxalic acid [173]. As per the Raman findings, in the 2.5
at. Mo nm2 sample, the structure consists of octahedral oligomeric molybdenum oxide
chains, while at 8 and 15 at. Mo nm?, these octahedral structures coexist with orthorhombic
crystalline MoOs, the latter being the predominant moiety. At 8 at. Mo nm2, the bulk MoOs
crystals are small enough to produce weak diffraction peaks in the XRD patterns, due to the
high molybdenum oxide dispersion achieved due to the addition of oxalic acid to the catalyst
preparation. H>-TPR results show that the sub-monolayer samples have a higher reducibility
than the supported crystalline MoO3 samples, the former reducing at lower temperatures
attributed to the influence of titania support and its interaction with the molybdenum oxide.
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The threshold of monolayer formation at 8 at. Mo nm is noteworthy because it marks a shift
on various physicochemical properties of the supported samples. At this metal content, the
H> consumption per Mo atom, as measured by H>-TPR, starts to decline as the molybdenum
starts to form crystalline MoOs with inaccessible Mo atoms. It is also observed that the Mo
oxidation state transitions from Mo>" to Mo®", driven by the increase of the well-ordered
crystalline structures on the catalyst surface, as observed by XPS and low-temperature CO
adsorption. Additionally, at this metal content, the protonic acidity of the OH groups of the
supported samples reach a plateau. NH3-TPD results show that the total acidity decreases as
the molybdenum surface density increases, likely related to the coverage of the Lewis sites
of the titania, as was observed by FTIR of pyridine adsorption. The decrease in acidity stops
at the monolayer formation due to the total utilization of OH groups sites on titania for Mo
deposition, just before the formation of crystalline MoOs.

The octahedral oligomeric sub-monolayer Mo catalyst (2.5 MoTi) presents stronger redox
properties, due to the interaction between surface molybdenum oxide species and the titania
support, as well as the presence of readily reducible Mo%" sites. Similarly, it has been reported
that V3" has higher methanol ODH activity compared to V**/V3*, in accordance with its
higher oxidation state [205]. The presence of TiO, support and its low cation
electronegativity enhances the catalytic activity of the Mo oxide for redox reactions
[66,192,206,206-208]. The MoOs crystalline structure on the 15 MoTi catalyst lacks the
above-mentioned characteristic while having a higher protonic acid strength due to the
crystalline MoO3 formation. Nevertheless, the total quantity of acid sites is lower in the
crystalline structure than in the sub-monolayer samples due to less available surface titania
Lewis acid sites.

Given the quantitative and qualitative evidence from operando-FTIR experiments, we
propose the following reaction mechanism for MF formation on supported Mo catalysts.
First, the lack of methanol conversion observed on unsupported titania catalysts demonstrates
that methanol ODH occurs on Mo sites of the supported samples (Figure II-5). As the Mo
content increases there is a shift at 8 at. Mo nm™ of the primary oxidation states of Mo from
Mo>* in the octahedral oligomeric structures to predominantly Mo®" in the crystalline
samples. At the same time, the activity (methanol conversion) increases and reaches a plateau
for the 8 MoTi sample, as shown on Figure II-5, likely due to this change in oxidation state
and oxide structure, as related to the redox activity.

2.5 MoTi is active for MF and/or DMM formation, due to a mixed redox and acid properties
of the support and the deposited metal [205,206]. When molybdenum oxide species are
structured as oligomeric octahedra in a sub-monolayer configuration, we propose that MF
formation follows the dioxymethylene-formate pathway, as evidenced by the quantitative
and qualitative operando-FTIR data. It has been reported that MF production via this pathway
requires dispersed supported oxides [205,206] with interfacial metal-support sites [48,89], as
these catalysts must form and stabilize the dioxymethylene intermediate to prevent its
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desorption as FA and promote its dehydrogenation to the adsorbed formate intermediate
[197,205,206]. Molybdenum oxide has been previously identified as the active site for the
methanol ODH reaction [42] with its initial oxidation state is regenerated by gaseous oxygen
in a Mars-van Krevelen redox cycle [69,72,83—85]. Therefore, In the studied 2.5 MoTi
sample, successive methanol dehydrogenation to form HCOO* intermediate should involve
interfacial Mo-O-Ti sites instead of isolate surface Ti and/or Mo sites. The interaction
between the observed Mo®" and titania generates a highly active redox system that favors the
reaction of FA on interfacial Mo-O-Ti sites, leading to MF formation rather than FA
desorption. This is because titania as a support has an electrostatic effect on supported oxides
enhancing the redox properties of the active specie, due to its amphoteric nature and redox
capacity, facilitating nucleophilic metal-support interactions [66,192,206,206-208]. The
HCOO* pathway has also been proposed for the methanol ODH to MF over V,0s5/TiO»
samples [42,50,51].

For 15 MoTi1 the catalyst mostly produce FA, as it is composed of supported crystalline MoOs
species due to the interaction between neighboring Mo sites and the lack of support effect
due to formation of crystalline MoOs3 oxide [64,75,190]. When dioxymethylene cannot be
stabilized, such as on this sample, FA desorption dominates in accordance with previous
reported data [64,75,190]. At the same time, at higher molybdenum loading samples, the
crystalline MoOs3 bulk reduces the availability of the active sites involving titania, and as
adsorbed formate formation requires Mo-O-Ti interfacial sites, MF formation occurs via a
secondary, less dominant pathway, likely via the dehydrogenation of a hemiacetal
intermediate on redox molybdenum oxide sites, as previously proposed for this reaction [86—
92]. As Mo content increases, the hemiacetal pathway becomes more significant in total MF
formation, explained by the loss of available interfacial sites, which reduces the contribution
of the HCOO* pathway to zero. Nevertheless/Combined with the poor nucleophilic
characteristics of the supported crystalline catalysts, the overall quantity of MF formed in
this sample is much lower.

The hemiacetal intermediary has been reported to be form on Breonsted acid metal oxide sites
[48,86-92]. However, as those acid sites are not abundant on the studied MoO3 crystalline
catalyst, as was observed by NH3-TPD and FTIR of adsorbed pyridine, the catalyst is more
selective to FA formation. In the 15 MoTi sample, with crystalline MoO3 structure, the
adsorbed formaldehyde desorbs without further reaction due to the limited availability of
interfacial Mo-O-Ti sites for MF formation and the lack of acid sites needed for DMM
formation via the hemiacetal pathway [64,75,190]. DMM formation would follow the
hemiacetal pathway on both low metal content and high metal content samples, with FA
acidly dehydrating to form DMM on molybdenum acid sites. It is likely that the sub-
monolayer molybdenum oxide samples are also forming MF via the hemiacetal pathway, in
parallel with the adsorbed formate reaction. However, hemiacetal dehydrogenation is
significantly slower than the HCOO* reaction due to the limited availability of acid
molybdenum oxide sites and the abundance of interfacial Mo-O-Ti sites. This behavior is
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evidenced by the differences observed between the 2.5 and 15 MoTi samples during
operando-FTIR (Figure II-9 and Figure II-11, respectively) and in the fixed-bed reactor
(Figure I1-3 and Figure II-4, respectively). Therefore, the HCOO* pathway makes it the only
significant route for MF formation on this sample.

Based on these observations, we propose that there are three key types of active sites in the
methanol ODH reaction on MoQO3/Ti0; samples, that explain why MF and DMM formation
follow parallel formation routes: redox metal oxide sites responsible for dehydrogenating
methanol to FA and dehydrogenating hemiacetal to form MF; Acid Mo oxide sites involved
in the formation of hemiacetal intermediate and subsequent DMM formation and finally,
redox interfacial sites which dehydrogenate formaldehyde to the adsorbed formate
intermediate leading to MF formation as shown on Figure II-17.

CH,OH
o
H,0H
CH,OCH,OH-H-+ HCHO-0* — HCHO
r (FA)
CH,OH O
Mo Ti
(DMM) Mo Ti
HC00- 0 CH.OH  HCOOCH,
Mo Ti (MF)

Figure II-17. Summary of the pathways proposed for the methanol ODH reaction
considering the surface formate and hemiacetal intermediate on redox (O”, red lines), acid
(H*, green lines) and interfacial (Mo-O-Ti", magenta lines) sites.

The various mechanisms proposed for methanol ODH can be reconciled through a unified
explanation. When MoO: is dispersed on SiO, it rapidly forms a crystalline phase, favoring
FA formation [64,189]. However, some dispersed/low content MoOs/SiO: catalysts also
produce MF, albeit with significantly lower TOF values [67], likely via the hemiacetal
pathway due to the poor nucleophilic, redox, and amphoteric properties of the irreducible
Si0,, which hinder HCOO* pathway formation [64,75,190]. In contrast, DMM formation on
sub-monolayer catalysts requires sufficient dispersion to prevent FA desorption and the
presence of oxide acid sites to stabilize the hemiacetal intermediate. The studied MoOs/TiO2
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samples lacked the necessary acidity, explaining the absence of DMM, whereas V20s/TiO:
catalysts, with Brensted acid sites, effectively produce DMM in both sub-monolayer and
crystalline configurations [42,48,188]. V20s catalysts have higher methanol conversion rate
compared to MoOs catalysts, as demonstrated in a previous study on V;0s/TiO> catalysts
with analogous preparation method and surface densities to those used in this work [188].
V205/TiO; catalysts achieved conversion values of 40—70% at 200 °C, compared to the 20—
30% reported in this study, using similar catalyst mass (~0.2 g). This superior activity is
attributed to the enhanced redox properties of V20s relative to MoOs, as evidenced by its
lower edge energy determined by UV-Vis DRS (2.3 eV [188] versus 2.8 eV [209],
respectively). In terms of domain size and edge energy (or band gap), based on the structural
and electronic properties of the samples in this work, the 2.5 MoTi catalyst, composed of
oligomeric octahedral chains of MoOy, should be more easily reduced than dispersed
tetrahedral molybdenum oxide, as observed by H>-TPR. This is attributed to its increasing
domain size and band gap as the Mo content increases, with the oxidation state becoming
predominantly Mo®¢*. In the 15 MoTi sample, the monolayer threshold of MoOs on titania has
already been exceeded, leading to inferior redox activity for oxidation reactions compared to
the monolayer catalysts due to the limited accessibility of reactants to the crystalline
structure. Nevertheless, both samples exhibit higher reducibility than bulk MoOs due to the
influence of TiO.. Among these catalysts, the sub-monolayer catalyst is particularly
noteworthy as it combines both characteristics: it contains Mo®" sites due to its larger domain
size and lower band gap energy compared to dispersed samples, while maintaining full
accessibility to metal sites and interfacial Mo—O-Ti sites in contrast to crystalline MoO3
catalysts. The relationship between band gap and oxidation reactivity, as well as the
maximum oxidation TOF values observed when the domain size ceases to increase as
crystallinity is achieved in a crystalline oxide configuration, has been previously reported for
oxidation reactions [48,210].

4. Conclusions

Methanol oxidative dehydrogenation was studied using MoOs3/Ti10; supported samples with
varying molybdenum content. As the Mo loading increased, the molybdenum oxide structure
changed from oligomeric octahedral chains structures at sub-monolayer coverage to
crystalline a-MoO3. Qualitative and quantitative evidence obtained from fixed-bed reactor
experiments and operando-FTIR measurements showed that samples with sub-monolayer
octahedral oligomeric Mo oxide species produce MF via a HCOO* pathway, supported by
similar rates and apparent activation energies observed for adsorbed formate consumption
(83 kJ mol!) and MF formation (90 kJ mol!). On the contrary, supported crystalline MoOs
oxide samples favored FA formation and the minimal MF produced follow a hemiacetal
pathway, as indicated by the different apparent activation energies for HCOO* consumption
(51 kJ mol'") and MF formation (88 kJ mol!).
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Strong evidence indicates that methanol ODH activity on supported molybdenum oxide
catalysts is governed by three types of active sites: redox metal sites, acid metal sites, and
redox interfacial sites. Catalysts with oligomeric/octahedral structure form MF via the
HCOO* pathway on redox Mo-O-Ti interfacial sites. In contrast, high-content crystalline
catalysts, favor FA formation while MF forms at a lower rate via the hemiacetal pathway due
to a lack of interfacial sites. DMM formation occurs at acid metal sites, though this pathway
is less prominent due to the weak Bronsted acidity of these samples. The balance between
these pathways explains the observed variations in product selectivity across the studied
catalysts.

The proportion of the three significant active sites changes as metal content changes and the
predominant structure of molybdenum oxide changes. The predominant pathway between
the redox adsorbed formate mechanism and the acid hemiacetal mechanism is closely related
to the redox properties of the catalysts. The reducibility of these oligomeric samples is higher
than the crystalline MoOj oxide due to a combined effect of the readily reducible Mo®" and
the stronger interaction with the titania support in these sub-monolayer samples, which
explains the observed activity and selectivity trends on the studied MoO3/TiO; catalysts.
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Chapter III: A detailed kinetic model for the methanol oxidative dehydrogenation on
vanadia-based catalysts: aggregation state role and active site requirements

Summary

A kinetic model was derived for the methanol oxidative dehydrogenation to formaldehyde,
methyl formate and dimethoxymethane on sub-monolayer and crystalline V>0s5/TiO>
catalysts. Considering a hemiacetal intermediate, the model combines Langmuir-
Hinshelwood/Eley-Rideal/Mars-van Krevelen mechanisms, accounting for lattice oxygen
redox sites and Brensted acid sites. The fitted model depends on 4 thermodynamically
consistent parameters, adequately simulating yield trends with temperature, residence time,
and partial pressure of methanol, oxygen and added water. Oxidation steps follow a Mars-
van Krevelen redox cycle, while the dimethoxymethane formation is reversible, as the water
addition favored the hemiacetal intermediate. The catalyst with higher vanadia surface
density was intrinsically more active (lower activation energy of the rate limiting step),
attributed to its higher reducibility, while showing weaker methanol adsorption (lower
enthalpy of chemisorption). The increase in reducibility correlates with the transition from
monomers to polymers to crystalline vanadia when vanadium content increases, as observed
by XRD, Raman spectroscopy and DRS-UV-vis.

1. Introduction

Vanadium oxide supported catalysts have been extensively studied for partial oxidation
reactions [57,205,211-222], and more importantly, there are several studies for the methanol
ODH reaction on these catalysts [45—54]. The Mars-van Krevelen redox cycle is unanimously
accepted as the reaction mechanism on these catalysts, where the rate-determining step
(RDS) is the dehydrogenation of a methanol molecule, leading to the formation of adsorbed
FA[69,72,83—85]. Nevertheless, the mechanism that leads to the different products is still an
open field. Kaichev and coworkers have shown that, during CH;OH—-O> turnovers on
monolayer VOx highly dispersed on TiO., the vanadia lattice oxygen participates in the
oxidation of methanol via the classical Mars—van Krevelen mechanism, while the vanadium
cations are reduced to the V#* state[42]. A detailed mechanism involving dioxymethylene
and formates as key intermediates was also proposed by these authors, as was initially
postulated by Busca et al. [50]. In a later work, using Raman spectroscopy, they report an
isolated monomeric vanadium oxide species (VOx) with vanadium in a tetrahedral oxygen
environment, while the increase of vanadium content leads to the formation of dimers and
polymeric forms of (VOx)n in an octahedral oxygen environment, detected only after the
formation of 3D vanadium crystallites at the filling of the monolayer coverage. It was
established that the crystalline V>Os oxide is the least active structure in the selective
oxidation of methanol, and that the polymeric forms of (VO)x are more active than the
monomeric ones [51]. On the contrary, Liu and Iglesia have proposed an ODH mechanism
with hemiacetal as the common intermediate for the formation of MF and DMM, with
bifunctional pathways on the redox and acid sites of the catalyst [223]. This mechanism has
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been confirmed by DFT calculations as the pathway with the lower energy barrier on
V205/Ti02 [90]. More recently, Broomhead and collaborators [48] also studied the ODH
reaction on V,0s/Ti0> and the effect of the surface density of the redox, Brensted and Lewis
sites on the catalytic pathways. The relative abundance of these three sites changes with the
VOx domain size and surface density, while, as the content of VOx increases, its structure
evolves from isolated monovanadates to two-dimensional planar polyvanadates followed by
three-dimensional multi-layer polyvanadates. They suggested that FA is formed by CH;0H
dissociative adsorption and subsequent dehydrogenation on V-O redox site pairs at the VOx-
TiO; interface, while the DMM forms via methanol and hemiformal, derived from FA, on
Brensted sites at the VOx-TiO; interface, meanwhile, the MF forms via Tishchenko reaction
from FA molecules on exposed titania uncovered by VOx. This different pathways for the
MF and DMM formation is a consequence of the VOx domain size: on highly dispersed,
monomeric VOy, as in the study by Broomhead et al., MF would follow the Tishchenko
reaction on the Lewis sites of the titania, while on crystalline VO catalysts, MF would be
formed by the formic or hemiacetal route, as the titania active sites are fully covered by VOx.
It can be seen that, even for the same active metal-support pairs, three mechanisms for MF
and DMM formation have been proposed for the methanol ODH reaction: hemiacetal
mechanism, formate/dioximethylene mechanism and Tishchenko reaction.

In light of the information given above, there is still a lack of understanding on specific
reaction details, like nature of the intermediate species, type of active sites and reaction
mechanisms. Moreover, although there is multiple evidence for the involvement of the
hemiacetal intermediate in the formation of MF and DMM in V,0s/TiO; catalysts, a kinetic
model specifically revolving around this intermediate has not yet been developed. In an effort
to understand the complex parallel and series pathways of the methanol ODH reaction and
the corresponding kinetics parameters that govern its reactivity, kinetic models for the
formation of the main ODH reaction products (FA, MF and DMM), with only hemiacetal
(HA) (CH30OCH20H) as the MF and DMM intermediate, were rigorously derived on integral
reaction conditions. V20s/TiO> catalysts with variable vanadium content (0.5, 2.5, 8, 15 and
25 V atoms nm 2) were used to understand the effect of the vanadia surface density on the
kinetic parameters. The consideration of a hemiacetal intermediate parallel pathway allowed
to adequately simulate the trends of FA, MF and DMM formation. The results indicate that
there is an increase in the intrinsic ODH activity and a decrease of methanol heat of
adsorption attributed to the growth of the vanadium domains with increasing vanadium
content, which was confirmed through XRD, Raman, and UV-vis characterizations. A
combined Langmuir-Hinshelwood/Eley-Rideal/Mars-van Krevelen kinetic model was
successfully fitted for the methanol ODH reaction, considering hemiacetal as the
intermediate for MF and DMM formation, with a mean average error of 20% and
thermodynamically consistent kinetic parameters. The redox properties of the catalyst
primarily determine the activity. The conclusions of this work are important for the
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development of finely tuned supported VOy catalysts in the pursuit of selective reaction
products.

2. Experimental

2.1 Catalysts preparation

Supported catalysts containing vanadium oxide on titania were synthesized via wet
impregnation with varying surface concentrations of vanadium (0.5, 2.5, 8, 15 and 25 atom
V nm?) using ammonium metavanadate as the vanadium source (NH4V O3, Sigma-Aldrich),
as was reported on a previous publication [215]. The procedure is analogous to the one
described in Chapter 1, Section 2.2, using a ratio of 2 mol of oxalic acid per mol of NH4VO.
Bulk V>0swas also prepared by calcination of NH4V O3 at 500 °C (heating rate of 10 °C min
1 in static air for 1 h.

2.2 Catalysts characterization

X-ray diffraction (XRD) and BET surface area, pore volumes and pore size distributions
were already described in Chapter 1, Section 2.2

Raman spectroscopy was performed in a high-resolution confocal LabRamHR Evolution
Nano Horiba Jobin Yvon microscope, with a 633 nm Edge laser line excitation source with
an output power of 13.3 mW at the source. The laser spot was focused on the sample using
an optic Objective Olympus 100x VIS and NUV camera (B/S UV 50/50 + Lens F125 D25).

UV-vis diffuse reflectance spectroscopy (DRS) was performed in a Thermo Scientific
Evolution 260 Bio spectrometer equipped with a Spectralon-coated integrating sphere ISA
220. The spectra were recorded in the range of 190 and 1100 nm using a Spectralon discs as
a standard.

2.3 Catalytic activity measurements

Methanol ODH reaction was performed in a tubular fixed-bed stainless-steel reactor, in an
analogous setup as the described in Chapter II, Section 2.1. The O2/CH30H molar ratio was
set to 1 (Pcuson = 4 kPa, Pox = 4 kPa, Pno = 92 kPa), and a total flow of 50 ml min™! of the
gas mixture was conducted through the catalytic bed. Each reaction condition was maintained
for 3 h, and 7-8 measurements were made per condition. The steady state of the reaction was
rapidly achieved, and the mean concentration of each reactant and product at steady state was
calculated. An example of methanol concentration versus time on stream is shown in figure
A-IIL.1 of Appendix: Chapter III.

CH30H conversion (X) and FA, MF and DMM yields (Y) were calculated according to
equations II-1 to II-4 (Chapter 11, section 2.1)

The effect of the reaction conditions on the reactions kinetics was studied, starting with the
temperature (100-300 °C), followed by the variation of the total flow rate (20-70 ml min!),
the partial pressure of reactants (1-20 kPa) and the addition of water to the reactor feed (0-3

53



kPa). These latter examinations were conducted at a temperature where FA, MF and DMM
were formed, as to study the selectivity of the reaction.

Carbon balance was calculated as follows:
CH;0H;,

Cry =
®al ™ CH30Hoyr + FAgur + 2 MFoyr + 3 DMMour + COour + €050y (I11-1)
x 100

2.4 Reactor modeling and kinetic parameter fitting

The reactor was modeled as an integral 1-D pseudo-homogeneous plug-flow reactor. Matlab
was used to solve the integral form of the rate equations using the command ode45:
dP RT ; (I11-2)
dw v !
Where P;j is the partial pressure for compound i (kPa), W is the mass of the catalyst bed (g),
R is the universal gas constant (J mol! K!), T is temperature (K), v is the volumetric flow
fed to the reactor and r; is the net reaction rate for compound i (mol min! ge!). Transport
and heat transfer limitations were ruled out in order to obtain parameters in strictly kinetic
regime (Section A-I11.2 to A-II1.4, Appendix: Chapter III)

To estimate the numerical values of the kinetic parameters for the FA, MF and DMM
formation models, an optimization problem was solved by minimizing the objective function
given by the normalization of the squared errors of the prediction of the three partial oxidation
products and the O> reaction consumption (equation III-3). This optimization problem is
solved with Matlab using the function /sqnonlin, in order to obtain statistical parameters used
for the computation of the confidence intervals of the kinetic parameters. The confidence
interval of each parameter is obtained with the Matlab function nlparci, while the individual
and total mean absolute percentage error (MAPE) values were calculated to evaluate the
prediction accuracy (equations I1I-4 and III-5, respectively).

Nc 1 Ni pexP _ pealc 2
_ j J
FO = Z EZ (T) (I11-3)

i=1 j=1 J i
1 Ni P]_‘EXD _ P]_calc
MAPE; = — =5 X 100 (111-4)
N; P.
j=1 ) i
N¢ 1 Ni Pjexp _ cha]c
MAPE, = Z— s—| %100 (I11-5)
~ Ni =1 g i

1
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Where PP and P are the experimental and calculated partial pressure of compound i,
respectively, while Ni is the number of data points and Nc is the number of compounds
considered in the objective function.

3. Results

3.1 Characterizations

Table I1I-1 shows vanadium surface density and its corresponding V,0s loading (wt.%) of
the synthesized catalysts, as well as the BET area and BJH pore volume and size. The surface
area and pore size does not vary significantly with the increase in the vanadia loading until
the catalyst 25VTi, indicating that the vanadium layer is not blocking the pores of TiO, for
the catalysts with vanadium surface density lower than 25 at. V nm>2. N adsorption-
desorption isotherms can be found on Figure A-IIL.5 (Appendix: Chapter III).

Table 111-2. Vanadium surface density, surface BET area, mean pore volume and pore size
in the supported V.05 catalysts as a function of the nominal V20s content.

Sample Loading Surface density BET Area Pore volume Pore Size
(Wt. %) (Vnm?) (m2g") (cm’g™) (nm)
TiO 0 0 50 0.15 15
0.5 VTi 0.6 0.5 47 0.42 32
2.5VTi 3.0 2.5 50 0.42 32
8 VTi 8.6 8 41 0.38 34
15 VTi 15 15 52 0.47 32
25 VTi 23 25 24 0.16 28

Figure I1I-1 shows the X-ray diffractograms of the VO,/Ti10O; catalysts. All catalysts feature
typical diffraction peaks of anatase and rutile for TiO», characteristic of P-25 TiO: support.
At low vanadium content, there is an absence of diffraction peaks attributed to vanadium
phases, indicating small size and/or amorphous phases. At vanadium surface density higher
than 15 at. V nm™, peaks attributed to crystalline V2Os start to appear. With the increase of
vanadium content, dimers and polymeric forms of (VOx)a are formed, being detected only
after the filling of the monolayer coverage at 7.9 V nm, as has been reported by Wachs
[53,137]. These findings are in line with our Raman spectroscopy results on non-dehydrated
samples, where at higher vanadium content (> 15 V nm™) a clear band appears at 994 cm’!,
corresponding to lattice vibrations of crystalline V05 (Figure III-2). This behavior is in
agreement with Kaichev and co-workers findings based on Raman spectra, who report
1solated monomeric vanadium oxide species VOx and dimers and polymeric (VOx)n at surface
densities lower than 11.7 at. V nm™2 [51].
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Figure III-1. X-ray diffraction patterns and V>Os crystalline planes for all V,0s5/TiO2
supported catalysts and titania P25.%: V,0s, @: anatase, ®: rutile.

Our Raman spectra only shows the region 1200-800 cm™ because titania obscures Raman
bands below 700 cm™! [224]. Nevertheless, the information gathered studying this region
permits to study the structure of vanadia on titania, because all the relevant species can be
identified in this range: tetrahedral VOy at low surface densities, then octahedral oligomeric
(VOx)n species in increasing proportion as we approach the monolayer coverage, and then
crystalline V205 as the monolayer has been filled [225].
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Figure 111-2. Raman spectra of non-dehydrated V20s/TiO2 and TiOx.

Based on previous works by multiple authors, our titania-supported vanadium catalysts can
be identified as following. At 0.5 VTi, monomers of isolated tetrahedral mono-oxo VOx
species should be exclusively present, as has been previously reported for sub 2 at. V nm-
surface densities [226,227]. At 2.5 and 8 VTi, as the surface coverage of vanadium increases,
oligomeric chains of (VOx)n start to appear, with increasing fraction until a monolayer of
polymeric (VOx)n is formed [205,207]. At 15 VTi and 25 VTi, as the monolayer has already
been filled, the deposition of vanadium oxide forms a crystalline 3-D structure in a crystalline
composition [225,228,229], as it was detected by XRD and Raman. These VOx domains are
of significance for ODH activity because they have different concentration of surface lattice
oxygens with unique coordination spheres and neighboring atoms, depending on the three
vanadium oxide aggregation states: terminal V=0 pairs on all domains, bridging V-O-V
moieties on polymeric and crystalline structures and binding V-O-Ti linkages on monomeric
and polymeric vanadium phases. Given the differences on reactivity for these types of lattice
oxygens, their concentration would be closely related to the redox Mars-van Krevelen
reactivity, as it was discussed by Broomhead and collaborators [48].

The absorbance UV-vis spectra and the Kubelka-Munk function spectra, for all catalysts, are
shown in Figure I1I-3.a and Figure III-3.b, respectively. The spectral bands in the 2-6 eV
energy range can be attributed to the charge transfer transitions of the ligand O to the metal
V3%, as was reported by Iglesia and coworkers[214]. Since these bands are broad, the edge
energy (&o) is calculated using the Tauc law. g serves as a descriptor for the near-edge region
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in amorphous semiconductors and the band gap transitions in crystalline
semiconductors[230]. The energy is calculated by intercepting a straight line on the x-axis,
given by the gradient of the function [F(Roo)hv]? with respect to hv, after correcting by the
subtraction of the overlap of the TiO, bands, as can be seen on Figure I11-4.a. Figure 111-4.b
shows the effect of the vanadium surface density on the g9 parameter, with the V,0Os bulk
adsorption energy value as a reference. As the vanadium surface density increases, the
adsorption energy decreases towards the V2Os bulk value, indicating the crystallization of
the vanadium polymeric domains [214]. Therefore, the vanadium supported catalysts with
lower surface density would have a high vanadia dispersion, since the bulk value is reached
at 15 at. V nm™ or higher, in agreement with the findings observed by XRD and Raman.

- =TiO,
—0.5 VTi
2.5 VTi
—8 VTi
—15 VTi
25 VTi

Absorbance (a.u.)

gy s e

O L " rs e i
20 400 600 800 1000
Wavelenght (nm) Energy hv (eV)

Figure 111-3. DR UV-Vis spectra for all vanadia catalysts and TiO2 a) Absorbance b)
Kubelka Munk.

A decrease of the adsorption edge energy is related to a decrease of the band gap energy,
which is also related to the reducibility of the metal oxides: Typical irreducible oxides such
as MgO show a large band gap, while reducible oxides such as TiO; present small band gaps
[231]. Reducibility of oxides is known to be linked to their redox activity, thus enhancing the
ability to undergo reduction in the kinetically relevant steps for ODH reactions
[66,69,89,232,233]. Therefore, the catalysts with higher vanadium surface density should be
more active for the Mars-van Krevelen redox cycle in the methanol ODH reaction.
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Figure II1-4. a) Absorption edge energy (o) calculated using the Tauc law from DR UV-vis
spectra and b) absorption edge energy as a function of vanadium surface density. Bulk V205
is shown as a straight line.

3.2 Catalytic activity

To study the effect of the vanadium structure, specifically the effect of the vanadium phase
(monomeric/polymeric versus crystalline) on the catalytic performance of the methanol ODH
reaction, catalysts with surface density 2.5 at. Vnm= and 15 at. V nm™ were employed. These
samples were selected due to their clear differences in structure and absorption edge energy,
arising from the distinct characteristics of both sub-monolayer and crystalline vanadium
configurations, as previously discussed. CH3OH conversion for all catalysts as a function of
temperature is shown in Figure III-5 while carbon balances for the data used in the kinetic
modeling are shown in Figure A-II1.6 (Appendix: Chapter III).
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Figure 111-5. Methanol conversion as a function of reaction temperature for all VVTi catalysts
(GHSV =20 L h? geart, CH30H/O2/N;, (feed) = 4/4/92 %v/v). S.10. Carbon balance for the
data used in the kinetic modelling as a function of conversion.

Figure IlI-6.a and Figure III-6.b shows the FA, MF and DMM yield as function of the
temperature, for the 2.5 at. V nm and 15 at. V nm catalysts, respectively. DMM is the main
product at lower temperatures, with higher MF and FA yield as the temperature rises. In
general, both catalysts have similar conversions (considering the differences in metal
loading) at lower temperatures, while the 15 at. V nm™ sample is more reactive at higher
temperatures (Figure I11-5 and Figure I11-6). The 2.5 at. V nm™ catalyst is more selective to
partial oxidation products at higher temperatures. At higher temperatures, the total oxidation
of CH30H yields CO and CO; as main reaction products.
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Figure I11-6. Yield of FA, MF, DMM, CO and CO; as a function of reaction temperature for
a) 2.5 VTi (GHSV =20 L h*! geo!, CH3OH/O2/N; (feed) = 4/4/92 %v/v) and b) 15 VTi
(GHSV =20 L h'! geor!, CH3OH/O2/N; (feed) = 4/10/86 %v/v).

The differences observed on the catalytic behavior between both catalysts suggest that the
VOx surface structure influences the activity and the selectivity of the methanol ODH
reaction, with higher VO: loading (or higher surface density of vanadium atoms) favoring
the oxidation of methanol at higher temperatures.

It can also be seen that there is formation of DMM even if FA is not present, suggesting that
the desorption and subsequent re-adsorption of FA is not a necessary step for the formation
of DMM and MF, which will be later confirmed with the kinetic model fitting. It has been
reported that FA would not adsorb on vanadium surfaces at room temperature [193]. It can
also be seen that the maximum in the DMM formation is directly associated to the rise in MF
yield, suggesting that the formation of both products depends on the same reaction
intermediate. Hemiacetal (CH3;OCH>OH) has been previously proposed in literature as the
reaction intermediate for methanol ODH reaction [48,64,86,88,90,234-236], which is the
reactive pathway backed by DFT calculations [90,91]. Figure I11-7 shows a proposal of the
reaction pathways considering this hemiacetal intermediate, where CH3;OH first oxidizes to
form HCHO, which is subsequently converted to the hemiacetal reaction intermediate, which
dehydrates to form DMM or oxidizes to form MF, in parallel pathways. Considering the
hemiacetal parallel reactive pathways, the MF formation must have a higher apparent
activation energy than the DMM formation, as the latter forms at lower temperatures (Figure
111-6).
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Figure III-7. Summary of the pathways for the methanol ODH reaction considering the
hemiacetal intermediate.

Figure III-8.a and Figure III-8.b shows the FA, MF and DMM yield as function of the
residence time for 2.5 and 15 at. V nm™, respectively. When the residence time increases,
DMM formation decreases and MF proportionally increases, suggesting that the DMM
formation can undergo its reverse reaction, as has been previously reported [48]. The MF
formation from DMM is discarded, as previous DFT calculations or experimental evidence
does not support this argument [42,90,91,234,237], in agreement with our findings. The
DMM reverse reaction does not influence FA formation, suggesting that only the formation
of DMM from the hemiacetal intermediate is reversible (Figure I11-8).
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Figure III-8. Yield of FA, MF, DMM, CO and CO; as a function of the residence time for
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a) 2.5 VTi (200 °C, CHsOH/O2/N, (feed) = 4/4/92 % v/v) and c) 15 VTi (180 °C,
CH3OH/O/N; (feed) = 4/10/86 % v/v).

Figure III-9 shows the effect of partial pressure of CH30H, O, and H>O on the product yield
for 2.5 and 15 V nm catalysts. CH30H pressure can increase or decrease the formation of
ODH products (Figure I11-9.a and Figure I11-9.b). The effect of CH30H pressure is hard to
interpret, given the convoluted web of elemental steps consequence of the parallel and in
series reactions, which in turn leads to complex L-H expressions, as will be shown later. The
formation of ODH products is not significantly influenced by O, partial pressure (Figure II1-
9.c and Figure I11-9.d), becoming negligible as the O partial pressure is increased. This
behavior is characteristic of Mars-van Krevelen redox reactions, suggesting that at higher O2
pressures (when compared to CH3OH pressure) the reoxidation steps are much faster than
the ODH reaction, so the reduced center would be a minority species on the surface and the
rate constant for this step can be disregarded, as has been reported [84,85,238,239]. Figure
I1-9.e shows that H,O pressure influences the yield of the different product. It has been
shown that the H>O chemisorption and its competition with methanol for redox or acid sites
can be disregarded, because its adsorption free energy is orders of magnitude lower than that
of CH30H [48]. Thus, the effect of H>O concentration on the yield of the ODH products
would be consequence of the reversibility of the DMM formation, where the presence of
water, a reaction product, would shift the chemical equilibrium and favor the DMM reverse
reaction at higher H,O pressures, to form the hemiacetal intermediary. HoO would not affect
the FA formation as this reaction is not in chemical equilibrium and/or is not affected by the
DMM equilibrium, as was observed.
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Figure II1-9. Yield of FA, MF, DMM, CO and CO: as a function of: CH30OH pressure on a)
2.5 VTi(GHSV =20 L h'! gear’!, O2/N; (feed) = 4/4/balance %v/v, 175 °C), b) 15 VTi (GHSV
=14 Lh"' gear'!, O2/N; (feed) = 4/10/balance %v/v, 190 °C); Oz pressure on ¢) 2.5 VTi (GHSV
=20 L h'! gear'!, CH3OH/N; (feed) = 4/balance %v/v, 175 °C), d) 15 VTi (GHSV =14 L h’!
geat”', CH30H/N; (feed) = 4/balance %v/v, 190 °C; e) H,O partial pressure on 15 VTi (GHSV
=14 L h'! gear’!, CH3OH/O2/N> (feed) = 4/10/balance %v/v).

3.3 Model derivation

A kinetic model for the methanol partial oxidation was proposed considering a hemiacetal
intermediate [64,86], as shown on Figure III-7. The model consists of 14 net reactions steps
and considers two different types of sites, a redox site for dehydrogenation reactions and an
acid site for dehydration reactions, as has been proposed [84,191,223,238]. Each reaction
product (FA, MF and DMM) has its own elementary steps which can be shared between
them, and the net reaction rate is given by the sum of each step (e.g. ry = ri® + rMF +
rPMMy Table I11-3 shows a plausible sequence of elementary steps for the methanol partial
oxidation to FA, MF and DMM, considering previous DFT calculations and the experimental
observations discussed on this work. For the sake of model simplicity, COx production from
methanol data at high temperature (= 200-250 °C), was not considered on the model
derivation. Besides, the data at low methanol partial pressure (1 kPa) was also not used for
parameter fitting due to its high experimental error.

Table 111-4. Summary of the net elementary steps for methanol ODH to form FA, MF and
DMM, via hemiacetal intermediate.

Step Description Elemental Step
K
1 Molecular CH30H g + 0" o CH,OH — 0

chemisorption of
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methanol on a redox

site
2 Methanol kopH
CH;0H — 0* — O;H/HCHO — HO*
dehydrogenation (rds): 3 iH/
— K
FA desorption: OH/HCHO — HO* 3 HCHO + O;H/HO*
4 OH groups 0,H/HO" Ke +H,0
recombination:
5 First oxygen vacancy 0, +% 5 o0 10
reoxidation: z M
6 Second oxygen vacancy Ovs 4+ 1i6) 0*
reoxidation: M
K
! Molecular CH;OHg) + H* 3 CH;0H — H*

chemisorption of
methanol on an acid

site:
8 Hemiacetal CH;0H — H* + O;H/HCHO
. ; .
mtfeme‘i?ate_ — HO* 3 HOCH,OCH; — H*
ormation: + OH/HO"
9 Hfamlacetal 1nterfa01?11 HOCH,OCH; — H* + O o HOCH,OCH; — 0"
spillover to a redox site L H*
10 Hemiacetal « K1o R
HOCH H; — H/H H; — H
dehydrogenation: OCH,OCH; — 07— OtH/HCOOCH; 0
. . k
11 MF desorption: OH/HCOOCH, — HO* -3 HCOOCH, +0,H/HO"
12 Dehydration reaction: ki,
HOCH,OCH; — H* + 2 CH,0CH; — H* + H,0
. K1, .
13 DMM reversible CH,OCH, — H* + CH30H <5 CH,0CH,0CHs
formation: _yt
— K
14 DMM desorption: CH,OCH,0CH; — H* <% CH,0CH,O0CH, + H*

0*: redox lattice oxygen site.

H*: Bronsted acid site.

Opm: unstable atomic oxygen species after the first oxygen vacancy regeneration with
molecular Os.

O;H: O-H pair in a lattice oxygen next to the dehydrogenation site.

The first step of the reaction is the quasi-equilibrated methanol chemisorption on a redox site,
a lattice O™ atom (step 1). This step can occur via molecular (CH3OH) or dissociative
(methoxy) chemisorption [84]. Kinetically, the distinction between both steps is irrelevant
because both routes lead to the same rate equation. The second step is the irreversible
abstraction of H atoms from an adsorbed methanol by action adjacent O species, to form the
HCHO-HO" pair (step 2). The H abstraction of the C-H bond is the indisputable kinetically
relevant step [69,72,83-85]. FA can desorb (step 3) or react with a chemisorbed CH3;0H
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molecule catalyzed by an acid site (step 8) to form the hemiacetal intermediate
(CH30CH,0H). There is evidence that the methanol ODH reaction is sensitive to the
coverage of the active phase on the support [48,53,64,66,72,190], and previous works have
proposed that the methanol reactions that require sites on both the metal and the support
should occur on the interface between these two phases [48,240].

The hemiacetal intermediate formed on an acid site can undergo an acid-catalyzed
nucleophilic addition and Sn1-condensation reaction. First, the hemiacetal undergoes a
reversible and kinetically relevant dehydration (step 12). The dehydrated intermediate can
react with gaseous methanol in an Eley-Rideal type mechanism, to form adsorbed DMM on
an acid site (step 13), which can later desorb as gaseous DMM (step 14). This formation
could be analogous to the formation of DME on acid sites from CH3OH, which has been
previously reported [238]. There exists the possibility that an analogous DMM formation
occurs, with the reversible and kinetically relevant dehydration occurring after the CH30H
substitution directly on the hemiacetal to form the hemiacetal-methanol dimer species (Sn2
pathway), but kinetically this is irrelevant as the net rate equation is the same. Given the low
equilibrium constant, and the low concentration and spontaneous reaction of hemiacetal,
these steps are considered in quasi equilibrium[48].

As the MF formation requires that the hemiacetal intermediate is dehydrogenated, this
intermediate should spillover to a redox site (step 9). Here, hemiacetal can undergo a
dehydration step analogous to that of methanol in the first part of the mechanism. The
hemiacetal suffers a H abstraction using neighboring O* atoms, to form the MF and OH pair
(step 10), which can later desorb to form gaseous MF (step 11).

Finally, the proximate OH pairs can recombine to reversibly form gaseous H>O and an O-
vacancy. Gaseous Oz can react with two vacancies on sequentially step and regenerate the
vacancies via irreversible O, dissociation, completing a Mars-van Krevelen redox cycle,
returning the V3" to its initial electronic state (step 5 and 6). This reoxidation steps are much
faster than the reduction steps, therefore their kinetics cannot be measured [84,85,238,239].
Consequently, these steps do not influence the rate equations.

Given the elementary steps on Table III-5, kinetic models for the formation of formation of
FA, MF and DMM were derived. Details on the kinetic model derivation can be found on
Appendix: Chapter III, Section A-IIII.7). The rate-determining step for each reaction path
was the initial methanol dehydrogenation, as has been discussed by several authors
[69,72,83-85]. That way, the mathematical expressions for the ODH products formation
rates were derived, considering pseudo-steady-state treatments of the elementary steps and
quasi-equilibrium approximations, expressed in terms of approach to equilibrium:

KlkODHPCH_gOHeO*

I'pa =
1 I1I-6
1 + —k K7PCH3OH9H+ ( )
FA/HA
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K1 KopuPer,0n00*
e = (14 kemmn o) (1 e ) !
FA/HA K, Pen,onOn+ Kmr/pmm 8o (I11-7)
+ 1 9H+>
n—
Kmr/pmm B0+
K1kopuPch,0u00+
e CR N S (1+x Jor) =n (III-8)
FA/HA R Por onBre MF/DMM B
With:
k3
kFA/HA = k_ (I111-9)
8
Ko k1o
Kmp/pMM = K (I11-10)
12
ki, K
k. = =1 (I11-11)
K3
And:
PommPr20 (1 +—L k.p 0 )
= PCH30H Kpajua 7 CHaOHPHT (I-12)
Kbmm K7 By+
KI — Kl kODH <= Kl k2 k8 k12 K13 ) (111_13)
bMM Kra/ma Kmr/pmm Ko\ K3z Ko Ky K, Kig
0 =———m—— -
1
O+ = -
H* 1+ K, PCH30H (IT1-15)

From the integral kinetic data and the fitting of the kinetic parameters, the model can be
simplified, reducing the number of kinetic parameters without abruptly increasing the fit
error. The criteria for this simplification was the confidence interval, where a confidence
interval that includes zero would mean that the parameter has a non-statistically significant
effect on the proposed model. This was the case, as eliminating these parameters from the
model did not increase significantly the MAPE.

First, methanol would chemisorb strongly on the acid site, or would dominate the acid site
surface.

K7 Pen,onfu+ = 1 (I11-16)
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We also observed that for most of the points, DMM was the primary reaction product when
comparing to MF, which then means that the ratio of DMM to MF forward formation rate,
governed by the inverse of the kmrpmwm ratio, should be much greater than 1:

1 9H+

Kmr/pmm 0o

1K (III-17)

Considering the above shown considerations, the kinetic expressions can be simplified to the
following rate equations:

— K1kopuPen;onBo
FA = i
1L (I1-18)
FA/HA
K1KopuPch,0n00"

'mp = —7 + Kra/ima M) (I11-19)

KlkODHPCHgoHeO*

I'pMMm = (1-m) (I11-20)

1+ Kpa/na

While equation (I1I-12) turns to:

PDMMPHZO 1
n = PCH3OH® (1 + > (I1-21)
DMM Kra/HA

This same expression can be obtained when considering the DMM formation in quasi-
equilibrium in a pseudo-steady state Langmuir-Hinshelwood derivation (rpmm =~ 0), which
can be interpreted as that the DMM formation would be in quasi-equilibrium when compared
to the rate of the kinetically relevant step: the methanol dehydrogenation. Given that the
DMM formation is sufficiently fast to be considered in quasi-equilibrium, the MF formation
rate goes from 0 (far away from DMM equilibrium) to the hemiacetal consumption rate (in
the DMM equilibrium). It is worth to know that, after the simplifications, the steps that lead
to DMM formation are not kinetically relevant, so DMM could be formed by Sn1 or Sn2
nucleophilic substitution.

In the proposed model, K; is the chemisorption constant of methanol on a redox site, while
the kopn constant is the kinetic constant of the rate determing step C-H bond scission. The
rate constant Kga /na (€q. I11-9) is a ratio of kinetics constants that determines the selectivity

to the two different pathways that can undergo the HCHO: the desorption or its subsequent
reaction to form hemiacetal. Parameter k. lumps the different constants that define the net
rate of DMM quasi-equilibrated formation. The rate of reoxidation of the oxygen vacancies
was not considered on the model, given the observed weak effect of O partial pressure, as
was previously discussed. The kinetic equations are a function of two different site balances,
the redox sites O and the Brensted acid sites H" On the redox sites, only coverage of
methanol was considered MARI, while on the acid sites the surface was completely
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dominated by methanol. That way, we could develop a kinetic model for the formation of the
three main products, FA, DMM and MF, that depends only on 4 parameters.

Given that the formation of each product (FA, MF and DMM) requires an initial methanol
dehydrogenation step, the ODH net rate equals the sum of each rate of formation, consistent
with a Mars-van Krevelen redox cycle involving V-O pairs.

ropH = I'ra + I'mr + 'pmm = KiKoPen,onB0 (I1-22)

The ODH reaction was considered irreversible, given the large equilibrium constants at the
reaction temperatures [48].

3.4 Parameter fitting

A summary of the parameters of the kinetic models and the statistics are summarized on
Table III-6. The preexponential factor is expressed as the value of the kinetic rate constant at
450 K, by the equation:

Ei( 1 1
k; = k50 Ke‘ﬁ(T K] 450 [K]) (I11-23)

1

Table III-7. Parameter fitting for the FA, MF and DMM formation kinetic model, on 2.5
VTi and 15 VTi catalysts.

Kinetic parameter

2.5 at. V nm? 15 at. V nm?
K450K (kpa~1) 1.37 +0.80 0.17 +£0.06
—AH; (k] mol — 1) 101.7 £ 36.7 83.7+10.8
kg%OHK (mol min~! mOl\_/les) 3.46+0.61 0.99+0.24
Eappy (K] mol™h) 799 £5.1 61.1+5.7
KEaJtia 0.82 +0.23 0.22 +0.02
Eapaua (K mol™) 60.4 +22.5 88.3+ 6.9
/450 K
KoM 1.80+1.41 0.10+0.02
—AH'ppm (K] mol~1) 276.7 + 59.0 311.4+25.0

The ODH kinetic constant is expressed as an apparent TOF normalized by total V2Os content.
This apparent TOF is not entirely appropriate for activity comparisons because it does not
account for the surface vanadium oxide nor the particular active sites that actually participate
in the ODH reaction, which may or may not be V-O-V pairs as has been contradictorily
discussed for this reaction [48,51,205]. Instead, our discussion will be centered in the
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energies of the contributing kinetic steps as a mean to compare the intrinsic activity of the
reaction as its quantification is independent of the content of vanadium and the quantity of
active sites.

The obtained kinetic parameters allow to quantitatively describe the differences observed
between both catalysts. We observed an effect on the nature of the active with the increase
of vanadium surface density, as reflected on the change on the value of the energies
associated to the kinetic parameters. It can be seen that, at higher vanadium surface density,
methanol has a lower heat of chemisorption —AH; (101.7 versus 83.7 kJ mol!), which means
that CH3OH adsorbs more weakly on the redox sites on the 15 VTi catalyst; methanol ODH
has a lower energy barrier E, . (79.9 versus 61.1 kJ mol), which means that the more
coordinated VOx surface of the 15 VTi catalyst dehydrogenates methanol more easily on the
redox sites; the methanol transformation to MF and DMM, when compared to the desorption

of FA, is favored on the 15 VTi catalyst, as the higher activation energy of the ratio E,, JHA

shows (60.4 versus 88.3 kJ mol! ); and the formation of MF is also favored, because the
apparent enthalpy of the constant that defines the DMM equilibrium, —AH'ppy, obtained
when lumping all the kinetic and adsorption/desorption constants of the elementary steps
leading to the DMM formation, including the parallel pathways to FA and MF, is larger at
higher surface densities (267.7 versus 311.4 kJ/mol). In this work, it has been previously
shown that MF formation is affected by the DMM equilibrium (III-19), and the 2.5 VTi
catalyst approaches the equilibrium at lower temperatures than the 15 VTi sample, which is
a consequence of its lower —AH'pyu, as an exothermic reaction. When operating far away
from the equilibrium, we would not observe MF formation, as is far slower than the DMM
formation, which can be considered in quasi-equilibrium when compared to the rate-
determining step.

The activation energy for methanol ODH reaction is in line with previously reported values
on V205/Ti0z. Broomhead and collaborators report an activation energy for the rds of 76 kJ
mol™!, while Wachs reports values around 83 kJ mol! for monolayer and sub-monolayer
vanadia catalysts[53]. On vanadium and chromium oxide, Cozzolino and coworkers report
values of 40-80 kJ mol! for methanol ODH on supported and bulk catalysts [45], while
Tatibouét reports, in general, values around 85 kJ mol-!, no matter the catalyst/support duo
[72].

Comparing the heat of CH30H adsorption values, our results are also in similar orders of
magnitude compared to reported values of - 90 kJ mol! on monomeric VOx supported on
TiO», calculated by DFT [241], and values of -121 kJ mol™! on a nano-structured vanadium
oxide catalyst supported on TiO2/Si02 [45].

Regarding the role of surface density of vanadia, by Raman, XRD and UV-vis we observed
that at higher vanadium content, phases and bands attributed to crystalline V»Os start to
appear, accompanied by a decrease of the absorption edge energy calculated from the Tauc
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law (also known as the energy of the band gap), approaching the bulk value at densities higher
than 15 V nm?, evidencing the change from monomers and polymers of vanadium oxide to
crystalline vanadium oxides. The link between the band gap energy and the reducibility of
mixed oxides would mean that the crystalline catalyst is more reducible than the dispersed
vanadium oxide catalyst, which then would explain the differences in the intrinsic ODH
activity, specifically in the energies of the kinetic parameters. The 15 V nm™ sample is the
more active catalyst, with a lower energy barrier (or transition state energy) for the rate
limiting step caused by its higher reducibility, as this step is the C-H bond dehydrogenation,
and this property favors its capability to complete the redox cycles necessary for the
dehydrogenation reactions of methanol in the rate limiting step.

The kinetic model reproduces the catalytic performance over the whole range of studied
operation conditions (residence time, temperature, and partial pressure of reactants) and
adequately predicts the methanol ODH products formation with MAPE values around the
20%.

In Figure I1I-10.a, parity plots of the models for catalyst 2.5 V nm™ and 15 V nm? are shown,
respectively, for the formation of FA, MF and DMM. Most of the points (60%) are inside the
+-20 lines, with 80% of the points have less than 30% error. Some points are in a straight
line parallel to the x-axis, due to neglecting the influence of O, pressure on the methanol
ODH reaction. Nevertheless, the error introduced by this simplification is less than 20%. The
parity plot of O> consumption rate, which was also fitted, can be found on Figure I1I-10.b.
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Figure III-10. Parity plot comparing experimental and predicted output concentrations on
2.5 VTi and 15 VTi catalysts for of a) FA, MF and DMM, b) O,.

Figure III-11.a and Figure III-11.b shows experimental and simulated data for the 2.5 and 15
V nm catalyst, respectively. The models adequately simulate the trends at temperatures
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between 100 and 250 °C, correctly predicting the abrupt change of the yields with the
temperature and the interchange of DMM and MF formation (Figures A-III.8 and A-IIL.9).
The model also predicts the effect of residence time on the product yields (Figures A-II1.10
and A-III.11), accurately simulating the decrease of DMM yield accompanied by the increase
of MF yield as the residence time rises, given by the reverse reaction of DMM and the
consequently MF formation. It can be seen that the model present discrepancies at low
methanol partial pressures (< 1 kPa, Figures A-III.12 and A-II1.13), most likely from the
simplification presented on equation III-16, where methanol is presumed to dominate the
acid surface. However, we should expect a lower coverage of methanol on the acid sites due
to the lower methanol partial pressure. The model also predicts the change in the product
distribution with the partial pressure of water and O» (Figures A-I11.14 to A-II1.17). Also, the
model presents discrepancies when simulating the effect of O pressure, due to the
approximation for the rate of regeneration of the oxygen vacancies, which was considered to
be much faster than the rate of methanol ODH. This simplification is only satisfied when the
O; partial pressure is much greater than the CH30H partial pressure. Other discrepancies are
due to the presence of COx on the reaction products, which were not considered in the
derivation of the models.
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Figure I1I-11. Predicted (line) vs experimental (symbols) FA, MF and DMM yield on a) 2.5
VTi(GHSV =20 L h'! gear’!, CH3OH/O2/N; (feed) = 4/4/balance %v/v) and b) 15 VTi (GHSV
=10 L h'! gear”!, CH30H/O2/N> (feed) = 4/10/balance %v/v).

3.5 Selectivity descriptors

Given the proposed reaction mechanism and the kinetics expressions obtained, the selectivity
of the different species can be analyzed to study the kinetic tuning for each different product,
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towards the engineering of catalytic surfaces with finely tuned selectivity. In our complete
model, the DMM to MF ratio is defined as:

I'pMMm
MF
K111<2PCH30H90* o= (1—7)

B G v i 0 (111-24)
- K1k, Peh 0100 1 B

1 1 0 1+ N k By

<1 x )(1 + H+> MF/DMM Y0
FA/HA K Py, on O+ Kmr/pmm B0

If we are close to the DMM equilibrium, n = 1, and the net DMM formation is zero

(therefore, the erMM ratio is zero). If we are far from equilibrium, n = 0, then:
MF

I'pmm _ 1 O+
I'MF kMF/DMM 8o+ (I11-25)

It can be seen that the Kyp/pmm defines the DMM to MF forward rate. To maximize the

selectivity to DMM, we would need to decrease the coverage of species on the acid sites,
increase it on the redox sites and/or decrease the kyg/pmum rate constant.

The DMM to FA ratio is defined as:

K.k, P, 0o+
112 cH,0H90 = 1—m)
I'pMM (1 * Keazma K7PCH3OH6H+) (1 * Kur/pmn 6H+)
ea KK, Py, 0160+ (I11-26)
1
1 + k—K7PCH30HeH+
FA/HA

If we are close to the equilibrium, it can be seen that again the net DMM formation is zero.
If we are far away from the equilibrium, the selectivity to DMM, when compared to FA, can
be increased by decreasing the kga/ma and Kygpmm rate constant, as to maximize

hemiacetal and DMM formation; increasing the methanol partial pressure and decreasing the
coverage of species on the acid sites and increasing it on the redox sites.

The MF to FA ratio is defined as:
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I'MF

197
K k,P, 0o+
14k 112 Y 10 1 Oy+ (1 +nkMF/1DMM eel({;)
+ s (1 + —— ]
( FA/HA K7PCH30H6H+)< Kme/pmm 90*) (I-27)
KKk Pch,0u00¢
1
1 + k—K7PCH3OHeH+
FA/HA

The selectivity to MF when compared to FA depends on the DMM equilibrium. If we are
close to the equilibrium, n = 1, the selectivity to MF can be increased by decreasing the
Kpa/na rate constant, which in turn is maximizing the hemiacetal formation, increasing the
methanol partial pressure, and decreasing the acid site coverage. In this case, the MF rate is
equal to the hemiacetal net rate, as the DMM reaction is in equilibrium.

If we are far away from the DMM equilibrium, = 0, we can increase the MF selectivity by
increasing the kKyvp/pmm /Kra/na rate constant ratio, increasing the methanol pressure, and
increasing the acid site coverage. It can be seen that the acid sites have an anti-synergistic
effect, because they increase the hemiacetal formation but also increase the DMM formation,
therefore, there should be an optimum in the concentration ratio of acid site to redox sites on
the catalyst surface.

4. Conclusions

A Langmuir-Hinshelwood/Eley Rideal/Mars-van Krevelen kinetic model was successfully
derived for the methanol ODH reaction products (FA, MF and DMM) considering hemiacetal
as the intermediate for MF and DMM formation. The fitted model has a mean average error
of 20% and depends on only 4 thermodynamically consistent kinetic parameters: the
methanol chemisorption constant on the redox sites, the kinetic rate constant of the rate-
limiting step (chemisorbed methanol C-H bond incision), the FA/HA kinetic rate constant
ratio and the constant that groups the terms that define the DMM equilibrium. It was found
that the redox properties primarily determine the activity of the catalysts, which in turn are
closely related to the vanadium loading of the samples. When compared to the redox sites,
the effect of coverage of the acid sites is non-statistically significant, as CH3OH completely
dominates the acid surface.

An increase in vanadium content leads to an increase in methanol ODH intrinsic activity
(lower activation energy of the rate-determining step) and to a decrease in the coverage of
adsorbed methanol species (lower enthalpy of CH3OH chemisorption on the redox site). The
lower activation energy of the rate limiting step as the surface density goes from 2.5 at. V
nm? to 15 at. V nm? (61.1 kJ mol! versus 79.9 kJ mol!, respectively) correlates to the
increase of the reducibility as the surface density of the catalysts rise, depicted as the decrease
of adsorption edge energy from 3.2 eV to the bulk V205 value of 2.3 eV, as calculated from
UV-vis results. Therefore, the crystalline VOx domains enhance the capacity of the catalyst
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to complete the necessary redox cycles for the methanol ODH reaction, while reducing the
methanol chemisorption capacity.

The increased surface density of vanadium oxide influences the selectivity of the methanol
ODH reaction by promoting the formation of hemiacetal and the approach to the DMM
equilibrium, which can be considered in quasi-equilibrium when compared to the rate-
determining step. Given that the DMM formation is sufficiently fast to be considered in
quasi-equilibrium, the MF formation rate directly depends on the DMM equilibrium, going
from O (far away from DMM equilibrium) to the hemiacetal consumption rate (in the DMM
equilibrium). Further studies are necessary to quantify the effect of the redox and acid sites
on the methanol ODH reaction mechanism.
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Chapter IV: Effect of Si/Al Ratio on the activity and selectivity of V:0s/Si0:-Al:Os
catalysts in methanol oxidative dehydrogenation

Summary

Methanol oxidative dehydrogenation was studied on low-loading, dispersed submonolayer
V205/Si02-Al0s catalysts (0.7 V at nm-?) with varying Si/Al ratio, in order to understand
the effect of acid properties on the activity and selectivity of the reaction. H,-TPR analysis
showed similar redox properties across all samples, independent of the silica-alumina
content. Similar methanol consumption TOF values (~10™* s™") observed on all samples and
also as compared with reported V»0s5/Al,0O3 catalysts indicates that the vanadium is
uniformly interacting with alumina, regardless of silica conten. This findings confirm a
common rate-determining step among the samples, exclusively governed by the redox
properties of the supported catalysts. The deposition of vanadium on alumina reduced the
alumina Lewis sites which form DME, resulting in selectivities similar to reported V205/S10-
catalysts. The similar redox properties and TOF values between samples confirmed that the
acid properties of the support do not influence the methanol ODH redox activity. However,
the composition of the support influences the selectivity, specifically the DMM/MF rate ratio.
This is attributed to the change in Bronsted/Lewis ratio as the silica-alumina content changes.
The catalysts should have stronger Bronsted acidity at support composition closer to pure
alumina, as alumina has been reported to be necessary to activate the SiO, Bronsted acid
sites. It was found that the Bronsted/Lewis acid ratio influences the DMM/MF formation rate
ratio, with a maximum DMM/MF ratio of 3.8 observed at an Si mass fraction of 0.95.
Nevertheless, the acidity of the metal oxide has a greater impact on ODH selectivity than that
of the support.

1. Introduction

The acid properties of catalysts play a pivotal role in many reactions, influencing activity
and/or selectivity toward different products, and the methanol oxidative dehydrogenation
(ODH) reaction is not the exception. Brensted (B) and Lewis (L) acid sites are usually
associated with dehydration or acid condensation reactions, leading to products like dimethyl
ether (DME), dimethoxymethane (DMM), and reaction intermediates such as hemiacetal.
Therefore, the balance between these types of acid sites can significantly impact the product
distribution in methanol ODH, making it critical for designing efficient catalysts tuned for
specific reaction pathways.

In literature, the relationship between acidity and methanol ODH performance has been
extensively studied. Single crystal studies have been employed to isolate the acid sites and
avoid external influences from supports or oxide structure effects. For MoOjs single crystals,
the (100) surface contains Lewis acid site [131] which predominantly forms
dimethoxymethane (DMM) [242—-244]. In contrast, the MoO3 (010) surface, lacking Lewis
acid sites, only forms FA, indicating that FA formation does not require an acid site [245].
Similarly, in V2Os single crystals, the (001) surface, analogous to the (100) surface of MoO3,
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is characterized by a dual site: a dehydrogenating redox site (for methoxy formation) and a
Lewis acid site (for intermediate stabilization). This crystal selectively forms DMM, whereas
FA formation requires only the dehydrogenating redox site [131].

Brensted acid sites have also been proposed to play a significant role in methanol ODH by
protonating methanol to form an intermediate for dehydration reactions. It was found that, as
the number of Bronsted protons decreases, the coverage of protonated methanol
intermediates diminishes, reducing DME formation more rapidly than redox ODH product
formation (FA + MF + DMM) [246]. This leads to a higher selectivity toward oxidation
pathways.

For more “real” catalysts, polyoxometalates (POMs) with Keggin type structures have been
employed. These polyanionic clusters possess tunable redox and acidic sites [247], allowing
researchers to investigate their effects on reaction kinetics [130,248,249]. It was shown that
at high temperatures, surface crystallization[250,251] leads to Brensted acidity loss[252],
resulting in decreased DME selectivity and increased selectivity toward FA. The role of
protons was further studied in POMs H3+,PV;Mo012-,040 supported on KsPMo01204[253]. It
was found that the number of protons per Keggin unit directly correlates with the rate of total
oxidation, while redox properties govern selectivity between dehydration and oxidation
products. Additionally, substituting molybdenum with vanadium enhances both Brensted
acidity and redox properties, increasing methanol activity and redox selectivity.

The acid properties of the support can also impact catalytic activity. Lewis acidic supports,
such as Nb2Os and Al.Os, favor DME formation [254]. Similarly, in Keggin-type POMs
supported on Si0-, the acidic surface enhances dimethoxymethane (DMM) selectivity [249].

Recently, Lewis acid sites have been said to influence the MF formation via a Tischenko
mechanism [48].

These findings highlight the importance of support selection in tuning both acidic and redox
properties of supported catalysts. However, there is no general consensus on the effect of
acid properties on the methanol ODH reaction, as the reaction activity has been said to be
influenced by the acid properties and/or by the redox properties, DMM is formed on Lewis
and/or Bronsted acid sites, and MF is formed on redox and/or Lewis acid sites. At the same
time, comparisons between catalysts are challenging because conclusions are often drawn
from experiments with different active phases and/or supports, each with its own redox
properties and metal oxide structure. In this work, we synthetized SiO>/Al>O3-supported
molybdenum catalysts with varying silica percentage, and its effect on the methanol ODH
activity and selectivity was evaluated. By changing the silica mass percentage in the
aluminosilicate supports, we aimed to induce variations in the Bronsted/Lewis acid site ratio
and examine their correlation with catalytic performance.

Our results demonstrate that the Si02/AlO; ratio influences the reaction pathways and
product distribution in methanol ODH. Catalysts with higher Bronsted/Lewis acid site ratio
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exhibited and increase in DMM/MF formation rate ratio, reaching a maximum near 100%
Si, in accordance with the generation of Brensted acid sites on the SiO: by its interaction
with Al.Os. These findings provide valuable insights into the role of acid site balance in
controlling methanol ODH selectivity and offer guidance for designing catalysts with tailored
acidity for optimal performance.

2. Methodology

2.1 Catalyst preparation

Si02-Al:Os mixed oxides were synthesized using the sol-gel method, varying the Si mass
fraction (75, 85, 95, 99, and 100 %) following the methodology proposed by Agliullin et al.
[255,256]. Tetraethyl orthosilicate (TEOS, Si(OC:Hs)s, Merck, CAS 78-10-4, > 99%) was
used as the silica precursor, while aluminum nitrate nonahydrate (ANN, AI(NOs);-9H-0,
Merck, CAS 7784-27-2, > 98.5%) served as the alumina precursor. The samples were
labelled ¢ Si, where y stands for the silica mass fraction, expressed as wt.%. A representative
preparation of the 75Si support is described as follows. Initially, 14 g of TEOS were dissolved
in ethanol (EtOH, Merck, CAS 64-17-5, > 99.9%) at a TEOS/EtOH molar ratio of 0.14.
Simultaneously, 79 g of ANN was dissolved in distilled water, with the water amount
determined by the quantity of TEOS used, at a TEOS/H20 molar ratio of 0.1, under stirring
at 300 rpm and room temperature. The TEOS solution was gradually added to the ANN
solution, and the mixture was stirred for 30 min to homogenize. The resulting solution was
then aged in a thermal bath at 60 °C for 20 h until gelation occurred. In the second step, the
gel was removed from the bath, and ammonia (NHsOH, Merck, CAS 105423, 28-30%) was
added to the gel, at a TEOS/NH+OH molar ratio of 1.26. The mixture was stirred in a rotary
evaporator at room temperature for 1 h and aged overnight at 25 °C. The final gel was dried
in an oven at 105 °C for 24 h and calcined in static air at 650 °C for 5 h, using a heating ramp
of 10 °C/min. The calcined mixed oxides were subsequently employed as support for the
synthesis of vanadia supported catalysts.

V20s/Si102-Al205 supported catalysts were prepared by wet impregnation at a constant
vanadium surface density (0.7 V at. nm2), in an analogous procedure as the described in
Chapter 111, section 2.1. The BET surface area of the synthesized SiO2-AlO3; was measured
before the vanadium oxide impregnation.

2.2 Catalyst characterization

X-ray diffraction (XRD) and BET surface area, pore volumes and pore size distributions
were determined as described in Chapter I, Section 2.2

H> Temperature programed reduction (H>-TPR) was performed in a ChemBet Pulsar
TPR/TPD (Quantachrome). Methodology details were described in Chapter I, Section 2.2
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2.3 Catalytic activity measurements

The kinetic tests of the V205 /S10,-Al,05 catalysts were performed in a stainless-steel tubular
fixed-bed reactor in an analogous setup as described in Chapter II, Section 2.1.

The effect of the temperature (100-250 °C) and total flow rate (20-85 ml min’!, constant
length of catalyst bed) was studied. Due to the conversion values (> 10 %) necessary to obtain
the 3 studied reaction products (FA, MF and DMM), the reaction was performed at integral
reaction conditions. Deactivation of the catalyst was discarded by repeating the first reaction
condition at the end of the experiments, observing the same activity. An example of methanol
concentration versus time on stream is shown in figure A-IV.1 of Appendix: Chapter IV.

CH30H conversion (X) and FA, MF and DMM yields (Y) were calculated according to
equations II-1 to I1-4 (Chapter II, section 2.1).

3. Results

3.1 Characterization

Table IV-1 shows the properties of the synthesized silicoaluminates supports with varying
silica content. The supports exhibit high surface areas, with pore sizes within the mesoporous
range, confirming the effectiveness of the preparation method. Supports with silica content
ranging from 75% to 99% (75Si to 99S1) display similar pore characteristics and BET surface
areas. However, the 100Si sample differs, showing a lower BET area and larger pore size,
likely due to the absence of ANN during preparation which should impact the correct sol-gel
formation on this sample. The comparable BET surface areas among most supports indicate
consistent structural properties, allowing the comparison of catalytic activity across the
samples.

Table I'V-1. Silica mass percent, surface BET area, mean pore volume and pore size in the
mixed SiO2 -Al>03 supports synthesized by sol-gel.

. BET .
sample 0Sl Area Pore \golylme Pore size

() (2 g (cm* g?) (nm)
75Si 75 370 0.39 4.7
85Si 85 397 0.39 4.9
95Si 95 445 0.58 4.6
99Si 99 451 0.65 5.6
100Si 100 183 0.32 15.5

Table IV-2 presents the vanadia supported on aluminosilicates catalysts, with surface density
of 0.7 at. V nm™. Due to the similar BET surface areas of the supports, the catalysts exhibit
comparable nominal loadings, ranging from 3.8 to 4.6 wt.% V20s. The exception is the 100S1
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catalyst, which had a lower loading due to its reduced BET area. Additionally, no significant
differences are observed in pore size or pore volume between the supports and the supported
samples. This indicates good vanadia dispersion on the supports without evidence of pore
blockage. N, adsorption-desorption isotherms of Si02-Al,O3 supports and V205/S10,-A1,03
catalysts can be found on Figure A-IV.2 (Appendix: Chapter IV).

Table IV-2. Vanadium surface density, V2Os weight percent, surface BET area, mean pore
volume and pore size in the supported V>0s/SiO,-Al>O3 catalysts as a function of the nominal
V205 content.

Samole L&ild(')ng Surface density BET Area Pore Volume Pore Size

P 2=s (at. V. nm?) (m2g?) (cm3g?) (nm)
wt. %)

V/75Si 3.8 0.7 291 0.39 4.97

V/85Si 4.1 0.7 351 0.31 4.73

V//95Si 4.5 0.7 445 0.52 5.09

V//99Si 4.6 0.7 402 0.63 6.83

V/100Si 1.9 0.7 175 0.32 14.21

Figure IV-1.a presents the XRD diffraction patterns of the Si02.-Al.Os mixed oxides. The
synthesized silicoaluminates exhibit an amorphous structure, as indicated by the broad halo
observed between 20° and 30° 20 and the absence of characteristic peaks associated with the
v-Al2Os phase. The contributions from amorphous silica and amorphous alumina cannot be
distinguished, as both exhibits overlapping diffraction patterns in this range.

The XRD diffractogram of vanadium-supported SiO»-Al.Os catalysts (Figure IV-1.b) shows
no detectable diffraction peaks corresponding to vanadium phases. This suggests sub-
monolayer coverage on the mixed oxide surface and/or vanadium species with small
crystallite sizes. Furthermore, no appreciable differences are observed between the XRD
patterns of the SiAl supports and the supported V,Os catalysts.
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Figure 1V-1. XRD diffraction patterns as a function of Si wt% of a) SiO2-Al>O3 mixed oxides
and b) supported V205 on SiO2-Al>03

Figure IV-2 displays the TPR profiles of the supported samples. The reduction peaks occur
at similar temperatures across all samples, indicating that the alumina content does not
significantly influence the reducibility of the catalysts. The peaks exhibit low intensity,
consistent with the low vanadia loading. Highly dispersed VO on silica typically shows
reduction peaks around 430 °C, while crystalline vanadia reduces at higher temperatures
[257]. Similarly, vanadia supported on alumina exhibits reduction of polymeric surface VOx
near 450 °C, with crystalline phases reducing at higher temperatures [258].

These results suggest that neither silica nor alumina significantly affects the catalyst's
reducibility, likely due to the lack of intrinsic redox properties as support. Instead, the silica-
alumina serves primarily as a support to disperse the vanadia phase. The reduction
temperatures confirm that vanadium is well-dispersed across the samples, forming polymeric
surface VOx rather than crystalline phases, as corroborated by the XRD results.
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Figure IV-2. H, temperature programmed reduction for the V,05/Si02-Al,O3 supported
catalysts.

3.2 Catalytic activity

Figure 1V-3 shows the effect of temperature on the product yields for all the prepared
catalysts. The catalysts are selective for FA formation, achieving yields close to 50% at high
temperatures (250 °C). In contrast, MF and DMM yields remain very low, with values below
2%. The V/100S:i catalyst exhibits poor activity, as evidenced by product yields below 2% at
temperatures as high as 250°C. These differences are attributed to its lower vanadium loading
due to its significantly lower BET surface area, as well as the reported low activity of
V20s/Si0: catalysts for methanol ODH reaction [259]. Considering the above, this catalyst
will be excluded from further analysis and discussion.

The observed trends for DMM and MF are consistent with previously reported catalysts.
DMM forms predominantly at lower temperatures, gradually giving way to MF formation as
the temperature increases. The catalysts were not active for CO and CO; formation at the
temperatures studied, only producing traces (less than 2%) at 250°C.
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Figure 1V-3. Yield of FA, MF, DMM, CO and CO; as a function of reaction temperature for
a) VI75Si, b) V/85Si, ¢) V/95Si, d) V/99Si and e) V/100Si (GHSV = 15 L h? gea?,
CH3OH/O2/N: (feed) = 4/9/87 %v/v)

Figure IV-4 depicts the effect of temperature on the conversion for all supported catalysts.
The V/75S81, V/85S1, V/95S1, and V/99Si catalysts exhibit similar conversion values. Given
their comparable vanadium loadings, it can be inferred that the SiO.-Al:Os ratio does not
significantly influence methanol ODH activity (consistent with rds?). The observed
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differences between these catalysts and the 100Si catalyst are likely attributed to the latter's
lower vanadium loading, as was previously discussed.
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Figure IV-4. Conversion as a function of temperature for supported V20s/SiO2-Al203
(GHSV = 15 L ht gear’?, CH3OH/O2/N;, (feed) = 4/9/87 %viv).

Figure IV-5 a) and Figure IV-5 b) show the effect of residence time on product yields at 225
°C for V/75Si and V/99Si, respectively. FA is the principal product across the entire flow
range studied, with its yield increasing as residence time increases, consistent with the
extended contact time of CHsOH with the solid catalysts and confirming that FA is not an
intermediary for MF and DMM formation. MF and DMM yields remain below 2%. The
observed behavior is in accordance with previous reports, where DMM yield decreases with
residence time while MF yield increases due to the equilibrium of DMM formation with its
hemiacetal intermediate [48,188]. The slight decrease in methanol conversion in Figure I'V-
5 b) is attributed to the experimental error in its quantification, which is associated with the
low methanol conversion (~10%).
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Figure 1V-5. Yield of FA, MF, DMM, CO and CO: as a function of the residence time for
a) V/75Si (225 °C, CH3OH/O2/N: (feed) = 4/9/87 % viv) and b) V/99Si (225 °C,
CH30H/O2/N; (feed) = 4/9/87 % viv),

Given that acidity and the SiO:-Al:Os ratio are expected to influence the DMM/MF product
ratio, Figure IV-6 presents the rate ratio of DMM to MF. As residence time increases, the
DMM/MF ratio decreases, aligning with the expected trend where DMM formation
diminishes in favor of MF production. This effect of residence time is consistent across
catalysts with varying SiO.-Al:Os ratios. However, temperature has the most significant
influence on the DMM/MF ratio, highlighting its dominant role in determining product

distribution.
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Figure IV-7 illustrates the effect of the SiO.-Al-Os ratio on methanol conversion. As
previously discussed, the Si02-Al.Os ratio does not significantly affect methanol conversion
at isothermal conditions. Given the similar vanadium loading among the supported samples,
the influence of support composition on methanol ODH activity can be ruled out.
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Figure 1V-7. Conversion as a function of silica fraction for SiO2-Al>Os-supported V205
catalysts at different reaction temperatures (GHSV = 15 L h™ geart, CH3OH/O2/N; (feed) =
4/9/87 %viv)

Figure IV-8 shows the apparent TOF for methanol conversion and ODH products formation,
obtained by normalizing the reaction rate (estimated assuming a differential reactor, which
is not the case at higher temperatures due to the conversion values shown on Figure IV-7) by
vanadium bulk content. The comparison is made at temperatures where both MF and DMM
are present (200-225°C). The results indicate SiO2-Al:Os ratio does not significantly affect
CHsOH conversion, except at higher temperatures. This is consistent with the proposed
mechanism for this reaction, where the initial activation of methanol during its oxidative
dehydrogenation to formaldehyde restricts the overall turnovers since this reaction proceeds
via CH3OH dissociative adsorption followed by a kinetically relevant C—H bond scission of
the CH30* intermediate on vanadia [48]. This suggests that other factors, such as temperature
and vanadium loading, must be more influential in catalytic activity for the methanol ODH.
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a function of silica fraction at a) 200°C
H/O2/N2> (feed) = 4/9/87 %v/v).

Figure IV-9 a) shows the effect of the Si02-Al2Os ratio on the DMM/MF ratio. It is evident
that this ratio reaches a maximum near 95% silica, after which it decreases again on the V/100
Si catalyst. This trend can be compared with the reported the B/L acid site ratio of Si02-Al.Os
mixed oxides, where the interaction between SiO2 and Al:Os generates Bronsted acid sites,
as neither SiO: nor Al:Os possess Brensted acidity on their own (Figure IV-9 b)) [155,260].
It can be concluded that an increase in the Bronsted/Lewis acidity ratio enhances DMM/MF

formation. This can be interpreted as follows: Brens

ted acidity promotes DMM formation

and/or Lewis acidity favors MF formation, as has been previously reported [48]. However, it
is important to note that the Lewis acidity discussed in the referenced work is associated with

accessible titania support sites. We propose that the

influence of titania on MF formation

comes from interfacial metal-O-titania sites, as discussed previously in Chapter 11, rather than
from an acidity effect. Nevertheless, due to the redox differences between Al,O3 and TiO»,
it is possible that the V20s5/A1,03-S10; catalysts are forming MF via a less favorable pathway
that involves Lewis acid sites, like the Tishchenko reaction.
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Figure 1VV-9. Effect of silica mass fraction on a) DMM/MF reaction rate ratio (GHSV = 15

L h' geart, CH3OH/O2/N2 (feed) = 4/9/87 %v/v), b) Bransted/Lewis acid ratio (adapted from
Rajagopal et al. [260]).

3.3 Discussion

The selectivity of V20s5/Si02-Al.Os catalysts is consistent with prior studies on methanol
ODH using V20s5/S102 and V20s5/Al20; [259]. On this referenced work, V20s/Si10: catalysts,
primarily produce FA, with some DMM detected, while V.0s/Al>O; catalysts are selective
for FA and DME at higher vanadia loadings. This difference is attributed to the presence of
Lewis acid sites on Al-Os, which are more active for methanol dehydration than for methanol
ODH, leading to increased DME formation. Given that our studied supports are mostly silica,
is to be expected that they behave like V20s/Si0O; in terms of selectivity.

The methanol oxidation TOF on supported mixed oxides has been shown to be significantly
influenced by the support choice, often more than by the metal oxide content. Studies show
a difference of an order of magnitude for the TOF between SiOz (~10-3 s™') and AL,Os (~10-2
s1) [259]. In this work, at vanadium loadings where there are no apparent structure
differences between silica and alumina, it was suggested that the differences in activity are
due to different number of active sites for methanol oxidation. It was proposed that the
strength of the V-O-support bond determines the number of active sites which could interact
with methanol, and at the same time, it is related to the reducibility of the sample (weaker V-
O-support bonds are easily reducible). Alumina is less electronegative than silica [48],
therefore Al,O3 supported catalysts are more reactive for oxidation reactions [261].

One could expect that the TOF should diminish as the silica fraction increases, as the
V205/S10; catalysts are not active for methanol ODH. In our study, TPR profiles confirm
similar reducibility across supports. It has been reported that the TOF on Al,O3-Si0;-
supported V2Os catalysts is similar to V20Os/AlO3 (and both one order of magnitude higher
than SiO») [262]. This indicates an interaction exclusively between the vanadium and the
alumina due to the low vanadium loading, as it prefers to be coordinated to alumina. On the
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contrary, the selectivity of the catalysts studied in this thesis is similar to that of SiO», because
they do not have significant alumina-free sites for DME formation.

The interplay between support acidity and vanadia structure plays a crucial role in selectivity.
Selectivity depends on the vanadia structure [205] and the interplay of acid and redox
properties [261]. Increasing vanadia loading increases the B/L ratio, as Brensted acidity has
been reported to increase linearly with vanadium content [172], and Brensted acidity has
been reported to enhance DMM formation [48]. Although the support enhances the acid
properties of the catalysts, the acidity of the vanadia phase itself is more important, as the
predominant FA selectivity of our samples could be explained by the lack of metal acid
vanadia sites due to the low metal loadings.

Alumina-supported vanadia demonstrates lower selectivity towards DMM and MF compared
to V20s/Ti02. We believe it is because alumina favors DME formation. On these samples,
it should be easier for methanol to react with adsorbed methanol on acid support sites rather
than on acid metal sites to form DMM. Therefore, the DME formation and methanol ODH
reaction do not share adsorbed methanol/methoxy species, instead they require these species
to be adsorbed on separate acid and redox sites, respectively. Silica, on the other hand,
represents a special case due to its low reactivity, lack of acid sites and higher surface
hydroxyl group acidity, which differently influences product selectivity compared to alumina
[67]. FA selectivity is deeply related to the structure of the vanadia species. It has been
reported that dispersed surface molybdenum species on silica agglomerate into MoO3 under
reaction conditions, which could explain why they produce FA instead of MF and/or DMM
[67]. In contrast, for V:0s/TiO., surface oxide species exhibit dispersion rather than
agglomeration [263]. The lability of vanadium surface species hinders the direct comparisons
between vanadium and molybdenum systems.

4. Conclusions

The methanol oxidative dehydrogenation was studied on V:0s/Si0:-AlOs catalysts with
varying silica/alumina ratios. FA was identified as the main product consistent with the
predominant silica composition of the mixed support. Product selectivity was influenced by
silica/alumina ratio, which determines the Brgnsted and Lewis acidity. Brensted acid sites,
associated with SiO2, promoted DMM formation while Lewis acid sites, associated with
Al:Os, favored methyl formate MF. However, the acidity of the vanadia phase itself is
believed to play a more critical role in determining selectivity than the acidity of these
supports.

The TOF values for methanol ODH and FA formation were independent of the Si/Al ratios,
similar to the TOF values reported on V20s/Al203, in accordance with the proposed methanol
dehydrogenation mechanism, where the rate-determining step is governed by the redox
properties of the catalyst. This behavior also suggests that vanadium preferentially interacts
with alumina at low vanadium surface densities (0.7 at. V. nm-2). The deposition of vanadium
on the alumina surface limits the availability of Al>Os free sites, which limits DME formation
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and results in selectivities similar to V20s/SiO: catalysts. The similarity in H>-TPR profiles
between the samples indicates that the B/L ratio does not significantly alter the redox
behavior of the active vanadium sites, in accordance with the similar TOF values for ODH
activity and CH3OH conversion.

Overall, the catalytic performance of V20s/Si0.-Al:Os for methanol oxidative
dehydrogenation is governed by the structure of vanadia and the interplay between redox and
acid properties of vanadium and Si-Al support. These factors determine the balance between
FA, DMM, and MF formation, highlighting the significance of support composition in the
selectivity of the methanol ODH reaction.
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General Conclusions

The work developed in this thesis demonstrates that the methanol oxidative dehydrogenation
reaction is strongly influenced by the redox and acid properties of MoOs/TiO2, V20s/TiO-,
and V:0s/Si02-Al20s catalysts. By varying metal-support pairs, metal loading, and support
composition, this study identifies the key factors governing catalytic activity, product
selectivity, active site availability and dominant reaction pathways.

The structural evolution of supported metal oxides with increasing metal content
significantly impacts their redox and acid properties. At low loadings, metal oxides exist as
dispersed oligomeric species, strongly interacting with the support. Upon reaching
monolayer coverage, these species transform into crystalline oxide phases. This
transformation threshold depends on both the metal oxide and the support composition, as
highlighted in this thesis, and it has a high impact on the physicochemical properties of the
supported catalysts.

For MoQOs/TiO: catalysts, octahedral oligomeric species transition to crystalline a-MoOs as
the monolayer coverage is reached. This structural change is associated with a loss of the
strong interaction between molybdenum oxide and the TiO: support, as evidenced by Ha-
TPR analysis. The reducibility of Mo species changes with crystallization, and the oxidation
state shifts from dispersed Mo** to more readily reducible Mo®* species, as observed by XPS
and low-temperature CO adsorption. Sub-monolayer catalysts, where MoOs strongly
interacts with the electronegative TiO: support, exhibit particular redox properties due to a
combined effect of titania and Mo%', enabling the successive dehydrogenation steps to
produce methyl formate selectively from methanol, on interfacial Mo-O-Ti sites.

For V.0s/Ti0: catalysts, likewise to the behavior observed in MoOs/TiO2 samples at sub-
monolayer coverage, dispersed vanadium oxide species are selective for methyl formate and
dimethoxymethane. Moreover, V:0:s is inherently more active than MoOs, as demonstrated
by the higher CH3OH conversion. This superior activity is attributed to the enhanced redox
properties of V2Os compared to MoO3, evidenced by its lower edge energy.

As the metal content increases and crystalline oxide phases form, significant differences
between the catalysts supported on titania appear. While MoOs/T10: predominantly produces
formaldehyde, V.0s/TiO2> shows notable activity for dimethoxymethane formation. This
difference is attributed to the higher acidity of V:0s/TiO., as Brensted acidity has been
reported to increase linearly with vanadium content, whereas the Brensted acidity of
MoOs/Ti02 changes minimally with Mo content, as observed by pyridine adsorption. The
presence of acid sites in V20s/TiO: facilitates DMM formation via the hemiacetal
intermediate, while MoOs/TiO: lacks sufficient acidity to sustain this pathway and desorbs
formaldehyde instead.

A kinetic model was successfully derived for the V20s/TiO: catalysts, incorporating the
hemiacetal intermediate as the precursor to both MF and DMM. This model revealed that the
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kinetic parameters differ between the sub-monolayer VOx and the crystalline V205 species,
attributed to the changes in redox and acid properties as the structure evolves. Crystalline
V:20s5/Ti0: catalysts exhibited higher intrinsic activity with lower activation energy for the
rate-limiting step, attributed to its enhanced reducibility, while compensating for weaker
methanol adsorption (lower enthalpy of chemisorption). Notably, the estimated confidence
intervales for the kinetic parameters of the sub-monolayer V:0s/TiO: catalyst were broader
than its counterpart, which is now attributed to the absence of MF formation via the formate
pathway in the proposed model, which worsens the statistical fit.

The acid properties of the support and the metal oxide phase were further examined using
V20s/Si0:2-Al20s catalysts. These systems provided insights into the differentiation between
support acidity and active phase acidity. Brensted/Lewis acid site ratio, influenced by the
SiO: acid sites activation due to Al,Os, were found to favor the DMM/MF formation ratio.
This aligns with the previously discussed DMM formation pathway via the hemiacetal
intermediate, which requires Bronsted acid sites. However, the acid properties of the vanadia
phase itself were shown to be more influential than the support acidity. This was evidenced
by the absence of significant DMM or MF production in V20s/Si0.-Al:Os samples due to
their low vanadium loading and the resulting lack of vanadia acid sites, when compared to
V,05/Ti0; catalysts. Importantly, support acidity had no impact on overall methanol activity,
reaffirming that redox properties remain the primary determinant of methanol ODH
reactivity.

Overall, this thesis highlights the complex interplay between redox and acid pathways in
methanol ODH reactivity and selectivity. Acidity and redox properties are both influenced
by the structure of the supported oxide, especially at the transformation threshold from
dispersed oligomeric chains to crystalline oxide layers. Across all systems, DMM formation
requires the availability of acid metal sites to stabilize hemiacetal intermediates, whereas MF
formation depends on reducible redox interfacial sites, which facilitate the formate pathway.
Hemiacetal intermediates can also produce MF through a parallel dehydrogenation reaction,
but this pathway dominates only in the absence of readily reducible interfacial sites and in
the presence of acid sites on the active oxide.

As a final remark, this work highlights the importance of balancing redox and acid site
properties to control methanol ODH activity and specific product selectivity. The findings of
this thesis provides useful insights into the relationships between catalyst structure, active
site nature, and reaction mechanisms, offering valuable guidelines for designing tailored
heterogeneous catalytic systems with optimized selectivity for the different products of
methanol ODH.
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Appendix: Chapter 11
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Figure A-I1.1. CH3OH partial pressure as a function of time on stream on 15 MoTi catalyst
(GHSV =19 L h'! gear'!, CH30H/O2/N; (feed) = 4/9/87 %v/v).

120



Appendix: Chapter 111
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Figure A-III.1. CH3OH partial pressure as a function of time on stream on 15 VTi catalyst
(GHSV =20 L h'! geo’!, CH3OH/O2/N (feed) = 4/10/86 %v/v).
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A-II1.2. Internal diffusion limitations:

The presence of internal diffusion limitations was studied by the Weisz-Prater Criterion
[264]:

robsR%’
Nw_p = <0.3
WP T CDegr

Where Nyy_p is the Weisz — Prater Number, ¢ is the observed reaction rate (mol cm™ s71),
R is the catalyst particle radius (cm), Csis the reactant concentration on the catalyst surface
(mol cm) and Desr is the effective diffusivity (cm? s).

The effective diffusivity is defined as:

Where Dy, is the diffusion coefficient on the bulk fluid and Dy is the Knudsen diffusivity.
In small pores, Knudsen diffusion dominates [265], then:

Defr = Dgn
Knudsen diffusion is defined as:
d
Dgy =V —
KN =V 3

Where ¥ is the mean velocity (cm s™!) and d, is the is the pore diameter (cm).
The mean velocity is determined by the equation:

8k, TN,
1TMMg

V=

Where ki is the Boltzmann constant (1.38 x 107! erg K-1), T is the temperature (K), Na is
the Avogadro number (6.022 x 10?* mol!) and MM is the molar mass of the gas reactant (g
mol™).

The bulk concentration is estimated supposing ideal gas:
_ P
~RT

Where P is the partial pressure of the gas that diffuses (kPa), T is the temperature (K) and R
is the ideal gas constant (8.31447 x 10 kPa cm?® K™! mol ™).

Cs
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The observed reaction rate was estimated supposing differential reactor:

Vo (Cao — Cae)
Tops = W

Where vy is the gas bulk flow rate (cm? s!), Cao is the concentration of reactant on the reactor
feed (mol cm™), Cac is the concentration of reactant on the exit of the reactor (mol cm™) and
W is the mass of catalyst (g).

Two extreme reaction conditions were studied: high reaction rate and high concentration of
methanol, and low reaction rate and low concentration of methanol, for each catalyst sample.

Sample | Temperature Pore size | robs (x 10° | Cs(x 10’ mol | Defr (cm? s) | Nw.p
(°O) (nm) mol cm™ s7) | ecm™)

2.5VTi | 200 32 5.3 2.5 0.061 0.12

2.5VTi | 200 32 11 13 0.061 0.05

I15VTi | 225 32 9.6 2.4 0.060 0.22

I5VTi | 225 32 19 12 0.060 0.09

We are far away from the diffusion regime at high methanol concentration (Nw-p < 0.1), but
we cannot disregard diffusion limitations at lower methanol pressures (Nw-p = 0.3).

A-II1.3. External diffusion limitations:

The presence of external diffusion limitations was studied by the Mears Criterion [266],

r R,n
FobsPop _ .15

MR =
kcCAb

Where r is the observed reaction rate (mol kg™! s), py, is the bulk density of the catalyst
bed (kg m.3), R;, is the catalyst particle radius (cm), n is the reaction order and Cayp is the bulk
reactant concentration (mol m).

Bulk density of the catalyst is calculated:

pp = (1 = D)p,
Where p. is the solid density of the catalyst (kg m™) and ® is the porosity.
The porosity of the catalyst bed is estimated as [267]:

® = % +0.375
(D/dy)

Where D is reactor diameter (m) and dp is catalyst particle diameter (m).

The external mass transfer coefficient is calculated according to the Thoenes-Kramers
correlation [268]:

123



Kk =< Ud,p )“Z( n )1/3<DAB(1—®)>
¢ n(l—o) p Dag d, @

Where U is the superficial gas velocity through the bed (m s™!), p is the fluid density (kg m-
3), W is the fluid viscosity (kg m™! s!) and Dag is the gas phase diffusivity (m? s!). The gas
properties were approximated to those of N, as it has the highest concentration (92 %).

Because we are in the presence of a ternary mixture, the gas phase diffusivity is calculated

according to Blanc’s law [269]:
-1
n Xj
Dap = (Zj:l _1]>

j#i
The gas phase diffusivity of methanol in oxygen and in nitrogen is calculated using the
Hirschfelder et al. expression [270]:

0.00266 T3/2

P MY2o2,0p

AB

Where T is the temperature (K), P is pressure (bar), cag is the characteristic length of the
intermolecular force law (A°) and Qp is the diffusion collision integral.

Mg is defined as:
Mas = 2 (b )
My Mg
Where M and Mg are the molecular weight of species A and B, respectively.
oAB is estimated as:
oag = (040p)"/?

Where the characteristic Lennard-Jones length for each species is calculated using the
Brokaw method [271]:

B ( 1585V, )1/3
T \1+13%
while § is estimated from:
_ 1.94x10° pg
Vb Ty
Where ,, is the dipole moment (debyes), Ty is the normal boiling point (K) and Vy is the

liquid molar volume at normal boiling point (cm?® mol™!), calculated from the Tyn and Calus
method [272]:

V,, = 0.285 V1048
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Where V. is the critical volume (¢cm?® mol™).
Qp is evaluated according to Neufield equation [273]:

A C E G 0.198%5
(T*)B " exp(DT*) exp(FT*) exp(HT*) T

Where A =1.06036, B=0.15610, C = 0.19300, D = 0.47635, E = 1.03587, F = 1.52996, G
=1.76474, H=3.89411.

T* is defined as:

Qp

£ .
% is defined as:

Where % 1s calculated as follows:

€
= 118(1+138) T,

Two extreme reaction conditions were studied: high reaction rate and high concentration of
methanol, and low reaction rate and low concentration of methanol on 15 VTi, sample which
has a faster reaction rate.

Sample | Temperature Das (X | Tobs (x 10% | Cs(mol m™ | ke (ms™") | MR (x
(°O) 10° m? s~ | mol kgl s | 3) 107)
D D)
15VTi | 225 3.6 2.6 0.44 5.2 1.5
15 VTi | 225 3.9 52 2.20 5.5 0.56

Given the low values of the Mears number, the external mass transfer effects can be
neglected.
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A-I11.4. External heat transfer effects limitations
External heat transfer effects were studied by the Mears criterion [266]:

_AHRX Fobs prp Ea
hTZR,

PPl < 0.15

Where h is the heat transfer coefficient between gas and pellet (k] m s'! K-), Ry is the gas
constant (8.314 J mol! K'!), AHg, is the heat of reaction (kJ mol!) and Eapp is the apparent
activation energy (kJ mol ™).

The heat transfer coefficient is calculated from:

Nu k
h = f

dp

Where Nu is the Nusselt number, kr is the thermal conductivity (W m™ K') and d,, is the
catalyst particle diameter (m).

The Nusselt number is estimated from [274]:
Nu=2+0.6+ Re®5.pr033

Where Re is the Reynolds number and Pr is the Prandt number. The gas properties were
approximated to those of N», as it has the highest concentration (92 %).

AHp, of MF formation was considered as the heat of reaction of methanol oxidation, as is

the most exothermic reaction.

One extreme reaction condition was studied on 15 VTi, which showed the fastest reaction
rate.

Sample | T(°C) | AHgx | fobs (mol | Eayp | Re | Pr | Un (x | H(x 103 | MR
(kJ m3st) | (k) (x 10 | WK | (x
mol!) mol!) | 10?) 10%)

15 VTi | 225 418.1 19 179 8.5 0.71 122 1.19 2.1

Given the low values of the Mears number, the external heat transfer effects can be neglected.
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A-IIL.7. Langmuir-Hinshelwood kinetic model derivation for methanol ODH reaction:

Given the elementary steps on Table III.2, the corresponding net rate expressions are:

1 | Molecular chemisorption of r; = ki Pey,on 80 — K7 Och,on—o*
methanol on a redox site

2 | Methanol dehydrogenation (rds): ropu = Kopnu Ocu,on-0*

3 | FA desorption: r3 = K3 0o,n/HcHO-HO*

4 | OH groups recombination: ry = K4 00,1/10* — Kg Pi,0 0

5 | First oxygen vacancy reoxidation: rs = ks Pp, 0

6 | Second oxygen vacancy re = kg 0g,, 0
reoxidation:

7 | Molecular chemisorption of r; = K7 Penon O+ — K7 Ocm,on-u+
methanol on an acid site:

8 | Hemiacetal intermediate rg = Kg O¢cn,on—n+ Oo,1/HCHO-HO*
formation:

9 | Hemiacetal spillover to a redox ro = Ko Oyocn,ocus-u* 80 — K9 Onocu,ocH;—0" Ou+
site:

10 | Hemiacetal dehydrogenation: r10 = K10 OnocH,0cH; -0

11 | MF desorption: r1; = K11 Oo,1/HCO0CH, ~HO*

12 | Dehydration reaction: 12 = K120n0cH,0cH;-0+ — K120¢H,0cH,-1+Pay0

13 | DMM reversible formation: ri13 = Ky3 Ocu,ocu,-n* Pengon — Ki3Och,ocH,0cH;-1*

14 | DMM desorption:

14 = K14Ocn,0cn,0cn, -+ — K1aPen,ocH;0cH, Ont

Each methanol ODH product reaction rate was derived separately, and the net reaction for
each elementary step was calculated as the sum of the respective rate for each product (e.g.
r; = ri? + rMF 4+ rPMM) a5 to not predeterminate the selectivity of FA, MF and DMM .

Steps 1,4, 7,9, 13 and 14 are considered in quasi-equilibrium:

_ ki Bcnzon-o*
1=T=-=5 @
ki Pen,on 8o

K = ki _ Bonymor
*“ ks Pu,00

_ k7 _ OcH;on-n+
7T - P A
k7 Penyom Ou+

_ kg Byoch,ocH;-0* Ou+

9= —=
Ky Bnoch,ocHs—u+ 0o

ks Och,ocH;0cH,—H*
Ki3

ki3 Och,ocH,-u+ Pengon
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ks Och,ocH;ocH;-H*

14 —_ e—
K14 Pen,ocH,ocH, On+

The net coverage of all intermediate species are given for the next set of differential
equations:

dBcu,0n-0"
dt

d6o,1/HCHO-HO"
dt

=TI, —TI3—TIg

—deol(;{t/Ho* =r;+rg—T,
de,
at
doo,,
dt

I‘4—r5—r6

=TI5—TIg

dOcy,on-n* .
B T A

dOnocH,ocH;-H* e
—1g 719 7 112
dt

dOnocH,0cH;-0" oy
- —I1
dt 9 0

d6o,1/HCO0CH;~HO" . -
— 110 7 111
dt

dOch,ocH,-H* — ,
dt 12 — I3

dOch,0cH,0CH—H* . ,
— 113 7 114
dt

Considering pseudo steady state approximation, the differential equations that describe the
coverage of the species are equal to zero:

do 0

dt
There are a total of 13 species and 11 independent equations. The last two equations that
round up the degrees of freedom are the site balances of redox and acid sites:

1=0.+ 6cu,on-0* + 0o+ + Oo,n/H0*

1=1+8y++ Ocy,on-n+
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The system of 13 lineal equations was solved with “Mathematica” software, using the
command “Solve”. The coverages of the intermediate species are expressed as a function of
the coverage of the active sites, 8, and 6+. Then:
K;Kk; Penzon 0o
eOIH/HCHO—HO* = K, Kkg
1+ k Pcu,on Ou+

80,H/HCOOCH;~HO*
K1k, Peh,0n00¢

ks 1 k O+
k (1+ —)(1+ 12 H)
1 Kg K7PCH3OHGHJr k10 Ko B0~
i12K14 Pomm P, 00n+

k12 9H+
k11K13 Pen,on (1 T K, 90*)

+

OrocH,0cH,—HY

_ K1k2Pcu,0n00
klz (1 TKs K8 K PCH3OH9H+) (1 “Kip 9H+)

i12 Ki4 Pomm PH 09H+

ko Ko O+
K12 Penyon Kis (1 + 1(012 2 6:+)

K,, PDMM 0+

K13 Peu,on

eCHZOCH3—H+ =

eCHgOH—O* =K PCH3OH 0o~
_ Ky k; Peyon 00
" ks Po,

0 _ Ky ky Ky Penz0m Pa,o 60
OH/HO* = ks Py
2

eCH30H—H+ =K, PCH3OH O+
With:

1
0o =

Kl kODH PCH OH
1+K; Penyon +—— Ky = (K4 Py,0 +1)
2

1

O+ =
i 1+ K7 Pey,on

If the reoxidation step is much faster than the oxidation of methanol (2 ksPp, >

K1 Kopu Pen,on), then:
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O 2 1
Finally, the rates of FA, MF and DMM formation are given by the equations:
Fpp = T3 = k3901H/HCHO—H0*
'mrp = T'10 = kloeHOCHZOCHg—O*
I'pmMm = I'12 = klzeHOCHZOCH3—H+ - k1_29CH20CH3—H+PHZO

In order to find the elementary steps that fit the data with the better fitting, some other
possible models were tried.

a) DMM formation by L-H mechanism and Sn2 substitution:

KK Peh,0n60
pa = 1
1+ —K,P, 0
Kpayua  CHsOHPH
i ~ KlkZPCHgoHeO (]_
MF =
(1 L ;) i+ 1 Ky Peuzou®p+
FA/HA K7PCH30H9H+ kMF/DMM B0
1 K7 Pcuzon®p+
+1 K 0
MF/DMM 0
KK, Pen,on00
'pMMm = 1 3 6 -
1+k —) 1+k oS-
( * KEA/HA Ko Pon, on®re < e e PCHBOHGIZ-I"')

b) DMM formation by E-R mechanism (as in this publication) and Sn2 substitution:

KK Peh,0m60
Ipa = 1
1 + k—K7PCH30H9H+
FA/HA
K1 Kk2Per,0u00
e = T T Ponson®r) \
14k ) (1 + )
( FA/MA K Pen,onBn+ Kme/pMM 8o
1 P, 0
n CH30H H+>
Kmr/pDMM 8o
K1k Peh,0n00
'pMM = 1 : N (1-m)
(1 * Kea/ma K7PCH30H9H+> (1 * Knr/pmm PCH30HeH+)

¢) DMM formation by L-H mechanism and Sx1 substitution (as in this publication):
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K1K2Pen, 0160
I'pa = 1
14+ :—K,P, 0
Keayna C7rcHzonOn

- K1kzPen,on00 (
a <1+k SN S — Ky Oy
FA/HA K7PCH30H9H+ kMF/DMM 8o
1 K,0%
Tk e )
Mr/pMM  Bo
K1Kk2Per,0u00

'pMMm =

(1 ||)
(1 +k A/HA —K P 1 9 1+ kM DMM 90
FA/ 7TCH30HYH* F/ K7 92H+

d) Irreversible hemiacetal spillover (step 9), DMM formation by E-R mechanism (as in
this publication) and Sx1 substitution (as in this publication):

KK Peh,0n60
FppA = 1
1+

K- P, 0
Kra/ta 7F¥cH;0HYH*

K1k2Pen,on90 < 1 1 )

I'mr = 1+4N—m—
1 1 1 k 0
14k —> (1 IS S MF/DMM Ho
( FA/MA K Pen,on®ut kmr/pmm 8o

K1k, Per,0n00

'pmMm = ( T >( 90) (1-m)

1+ Kkra/na K, Pert.onPmr 1+ kmr/pmm 7

e) Irreversible hemiacetal spillover (step 9), DMM formation by L-H mechanism and
Sn1 substitution (as in this publication):

K1k2Pen,0n90
I'pa = 1
1+ —K,P, 0
Kra/a 7FcH;0HYH*
oo = K1kZPCH30H90 1
MF = 1 1 K, 04+
1+k —) (1 + 7 94 )
( FA/HA K7PCH30H9H+ kMF/DMM 8o
1 K-, 6
+1 7 H+)
Kmr/pmm 0o
K1k Peh,0n60
I'DMM—<1+k 1 (1+k Bo )(1—7])
FA/HA K7PCH3OH6H+ MF/DMM K7 9H+
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In general, the models only change the order of the terms that define the ratio of MF/DMM
formation, in particular the exponents, from values of zero to 2. These exponents were
optimized, and the E-R, Sx1, reversible spillover model was selected.
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Figure A-II1.12. Predicted vs experimental FA, MF and DMM yield as a function of CH;0H
pressure on 15 VTi (GHSV = 15 L h'! geo !, CH30H/O2/N; (feed) = -/10/balance %v/v).

190 °C 170°C
% A ——FA

<= 20 A = A calc
215 A %20 LT T T .. MF e
O] [} S--al
310 8 _L:>; r, Tt ___DMMcalc
-§ _§10 ’.t . A FAexp
a’ ey = SRS L g | 4 Mo

e S : ‘ 0! 1 % * ! | a DMM_

0 2 4 6 8 10 0 2 4 6 8 10—

CHSOH pressure (kPa) CHBOH pressure (kPa)
150 °C

407
Iy ! ~
= ~
=30 ~
2 . N
> it
‘620 R -~
s 77Ty
o

o ===

0 2 4 6 8 10

CHSOH pressure (kPa)

Figure A-II1.13. Predicted vs experimental FA, MF and DMM vyield as a function of CH3;0H
pressure on 15 VTi (GHSV = 15 L h'! gear’!, CH30H/O2/N> (feed) = 4/10/balance %v/v).
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Figure A-II1.14. Predicted vs experimental FA, MF and DMM yield as a function of O2
pressure on 2.5 VTi (GHSV =20 L h™! gear’!, CH30H/O2/N; (feed) = 4/-/balance %v/v)
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Figure A-IIL.15. Predicted vs experimental FA, MF and DMM yield as a function of O>
pressure on 15 VTi (GHSV = 15 L h'! gear’!, CH3OH/O2/N; (feed) = 4/-/balance %v/v).
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Figure A-III.16. Predicted vs experimental FA, MF and DMM yield as a function of H>,O
pressure the feed, on 15 VTi (GHSV = 15 L h'! ge!, CH3OH/O2/H20/N; (feed) = 4/10/-
/balance %v/v).
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Figure A-III.17. Predicted vs experimental FA, MF and DMM yield as a function of
temperature on 15 VTi catalyst, with water on the feed (GHSV = 15 L h'! g,
CH30H/O2/H>0/N> (feed) = 4/10/-/balance %v/v).
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Appendix: Chapter IV
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Figure A-IV.1. CH3OH partial pressure as a function of time on stream on V/99Si catalyst
(GHSV =15 L h'! gear’!, CH30H/O2/N; (feed) = 4/9/87 %v/v).
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Figure A-IV.2. Adsorption-desorption isotherms for all 5 Si0O:-Al:Os supports, and 5
V20s5/S102-Al:0s supported catalysts.
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