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Abstract 

Novel iron molybdate catalysts were formed from amorphous precursors prepared via 

supercritical antisolvent (SAS) precipitation. The iron molybdate catalysts were tested 

for the selective oxidative dehydrogenation of methanol to formaldehyde and the 

selective oxidative dehydrogenation of propane to propene.  

Initial development of novel iron molybdates found the influence of water as a 

cosolvent for SAS precipitation to have a significant effect on the chemical structure 

of the catalyst, forming carbonates. A definitive screening design was undertaken to 

uncover the influence of four parameters (water cosolvent content, metal precursor 

concentration, pressure and solution flow rate) as well as the interdependence 

between the parameters, with the mapping of cross terms shown for the first time for 

binary metal oxide precursors. Of particular interest was the use of water as a 

cosolvent, which has been largely unexplored in literature. The use of a definitive 

screening design also made it possible to compare the relative strength of the 

parameters compared to one another on specific catalyst precursor properties, 

measured via a range of characterisation techniques, including FT-IR, SEM, TGA, MP-

AES and N2 physisorption. 

Varying four parameters for SAS precipitation led to different catalyst precursor 

properties and therefore, a range of iron molybdates were formed with varying 

physiochemical properties after calcination. Characterisation techniques such as N2 

physisorption, H2-TPR, XRD, SEM, TEM, and XPS were undertaken. The 

physiochemical properties were related to the performance of the catalysts for the 

selective oxidative dehydrogenation of methanol to formaldehyde. The catalysts were 

found to be selective and exhibited a higher productivity than catalysts shown in 

literature for similar Fe:Mo ratios. Isoconversion studies showed that specific 
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productivity depended on the mean uncalcined agglomerate size of the SAS 

precipitates and the mass loss measured during calcination.  

The same structure-property relationships were found for the oxidative 

dehydrogenation of propane to propene. This was uncovered by normalising the 

specific oxygen activity, which was found to strongly influence the propane activity and 

overoxidation. However, it was found that propene productivity did not vary with O2 

activity, with the propene productivity showing a linear relationship for time online 

studies. This suggested the bulk properties relating to redox rate influenced the 

performance for the oxidative dehydrogenation of propane within the set of catalysts 

formed.  
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Abbreviations 

Abbreviation Definition 

BET Brunauer-Emmett-Teller  

FID Flame ionisation detector 

FTIR Fourier transform infrared 

GC Gas chromatogram 

H2-TPR Hydrogen temperature programmed reduction 

HTR High throughput reactor 

MFC Mass flow controller 

MP-AES Microwave plasma atomic emission spectroscopy 

mpc Metal precursor concentration 

ODHP Oxidative dehydrogenation of propane 

pre Pressure 

SAS Supercritical antisolvent 

scCO2 Supercritical CO2 

SEM Scanning electron microscopy 

sfr Solution flow rate 

Si Selectivity to product i 

T Temperature 

TCD Thermal conductivity detector 

TEM Transmission electron microscopy 

TGA Thermogravimetric analysis 

wac Water cosolvent content 

WHSV Weight hourly space velocity 

XPS X-ray photoelectron spectroscopy 

Xrct Conversion 

XRD X-ray diffraction 

ɉCO2 Molar content of CO2 (%) 
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1 Introduction  

1.1 Catalysis 

1.1.1 What is catalysis? 

Catalysis is an important component of many industrial chemical and biological 

processes. Enzymes, for example, speed up the rate of chemical reactions in cells for 

our body to function. Brewing uses yeast to convert sugars to alcohol. But on an 

industrial level, catalysts are used to form a multitude of products used in daily life. 

From pharmaceuticals to environmental considerations such as water purification, 

from catalytic converters in vehicles to petrochemical processing and new energy 

formation such as bio-fuels, catalysis underpins the technology present in the majority 

of peoplesô daily lives. It is estimated that approximately 30% of European gross 

domestic product (GDP) is associated with catalytic processes, and that over 80% of 

all manufactured products at some point involve a catalytic process to be formed, 

showing the relevance and importance of catalysis.1  

Catalysis was a concept developed by Elizabeth Fulhame and then defined in 1835 

by J. J. Berzelius, with the route of the word coming from the Greek word kata meaning 

down and lyein meaning loosen. Berzelius defined the term as ñthe property of exerting 

on other bodies an action which is very different from chemical affinity. By means of 

this action, they produce decomposition in bodies, and form new compounds into the 

composition of which they do not enterò.2 Examples of catalysis preceded the 

definition, with V. Cordus using sulfuric acid to catalyse the conversion of alcohol to 

ether and A. Augustin and W. Dºbereiner showing that potato starch would become 

sweet when dissolved in water and ferment to alcohol. Ostwald was the first to 

postulate that catalysis is the acceleration of a chemical reaction, which usually 

proceeds slowly, by the presence of a foreign substance.2 This is the basis of the 
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IUPAC definition today, with the definition being ña catalyst is a substance that 

increases the rate of reaction without modifying the overall standard Gibbs energy 

change in the reaction; the process is called catalysis. The catalyst is both a reactant 

and product of the reactionò.
3
 This therefore means that a catalyst accelerates the 

reaction without being consumed or showing significant change. Catalysts are usually 

categorised into three main brackets: homogeneous, heterogeneous, and biological. 

Homogeneous catalysts are in the same phase as the reactants, whereas 

heterogenous catalysts are of a different phase. Heterogenous catalysts rely on 

surface interactions between the reactants and catalyst, through chemisorption, Van 

der Waals interactions or polarity attractions.  

1.1.2 Heterogenous catalysis 

To accelerate reactions, catalysts must support a reaction path which has a lower 

activation energy via intermediates. When referencing heterogenous catalysts, two 

mechanisms are typically proposed. The Langmuir-Hinshelwood mechanism is 

through reactants stabilised on the surface through chemisorption which react 

together, whilst with the Eley-Rideal mechanism, one reactant is stabilised on the 

surface and then reacts with the gas phase reactant. The stabilisation of reactants is 

usually achieved due to a lower potential energy of the adsorbed species. As shown 

in Figure 1.1, the activation barrier from reactant to product (A to P) in the reaction 

coordinate is higher for uncatalysed compared to catalysed. (E1 compared to Eads). 

However, what is shown is that the change in enthalpy of the reaction (ȹH) has not 

changed.  
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Figure 1.1: Reaction coordinate diagram for a reaction of A to P with and without a catalyst. E1 is the activation 
energy for the forward reaction, E2 is the activation energy for the reverse reaction, ȹH is the enthalpy of the 
reaction, Eads is the activation energy of adsorption, ESR is the activation energy of the surface reaction, Edes is 
the activation energy of desorption, Aads is reactant A adsorbed on the surface, and Pads is product P adsorbed on 
the surface. Reprinted from Elsevier books ñHeterogeneous Catalysis: fundamentals and applicationsò, J. R. H. 

Ross, pp. 47-64, Copyright (2012), with permission from Elsevier.4 

Just as ȹH is unchanged by a catalyst, change in entropy (ȹS) is also consistent for a 

reaction with the same reactant and products.4 Catalysts solely change the activation 

energy due to change in intermediates, not the thermodynamics. Catalysts influence 

the kinetics of the reaction. If a reaction is deemed thermodynamically possible, then 

a catalyst can improve the kinetics of reaction, by offering a route of lower activation 

energy (EA).  

The activation energy is calculated through the Arrhenius equation: 

Ὧ ὃὩ  

Where k is the kinetic rate constant, A is pre-exponential factor, R is the gas constant 

and T is the temperature. Typically, R is used rather than Boltzmann constant, kb, as 

experimental data typically deals with moles, rather than molecules.5 
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1.1.3 Metal oxide catalysts 

When advancing to more complex scenarios, with two reactants, different kinetic 

models can be used. This includes the Langmuir-Hinshelwood, Eley-Rideal or Mars-

Van Krevelen mechanism. Mars-Van Krevelen mechanism is commonly used to 

describe reaction mechanism of the selective oxidation of hydrocarbons over metal 

oxides, the focus of this work.  

The Mars-Van Krevelen mechanism is typically based on the use of surface oxygen 

of the metal oxide to provide the catalytic activity. The Mars-Van Krevelen mechanism 

involves the redox properties (ability to reduce and reoxidise to form the original 

structure) of the catalyst. The metal oxide uses surface lattice oxygen to oxidise the 

reactant, and the catalyst is reduced. A second reactant, typically O2, reoxidises the 

surface through dissociative adsorption, completing the redox cycle of the catalyst.6 

The rate (r) becomes k1 PA (in which PA is the partial pressure of reactant A) when the 

reaction is: 

ὃ ᾀὓὕ  O  ὃὕ ᾀὓὕ
 

 

ρ

ᾀ
ὕ ᾀὓὕ

 
ᴼ ᾀὓὕ  

In general, reoxidation is much more rapid than the oxidation of A (k2>>k1), but this is 

dependent on substrate stability, reaction temperature, the catalyst structure and the 

oxidant being used. The properties of the catalyst, where the metal centre (M) can 

facilitate redox cycles (typically high oxidation state to begin with) is key to increased 

reaction rates.  

The MxOy catalysts have two active sites in this process. One active site is cationic, 

initially abstracting a proton from the reactant, which reduces the transition metal 
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cation. The second active site is for oxygen reduction from the gaseous phase, which 

is an oxygen vacancy formed by the nucleophilic addition of an O2- anion from the 

catalyst to the reactant.7 

Metal oxide catalysis is an important branch of catalysis, involved in the majority of 

acid-base, selective and total oxidation catalytic industrial processes. This includes 

but is not limited to silica (SiO2), alumina (Al2O3), clays, zeolites, titania (TiO2), zirconia, 

ZnO, porous and mesoporous materials such as molecular organic frameworks, 

polyoxometalates, phosphates, multicomponent oxides such as molybdates and many 

more.8 Key applications of metal oxides are shown in Table 1.1. 

Table 1.1: Some industrial catalysts prepared by precipitation/coprecipitation techniques.9 

Catalyst Important applications 

SiO2-Al2O3 Acid catalysed reaction e.g. Fluid catalytic cracking (FCC), 
isomerisation 

Fe2O3 Fischer-Tropsch synthesis, ethyl benzene dehydrogenation to 
styrene 

TiO2, CeO2 Major component of deNOx catalysts 

ZrO2-SO42- Strong acid reactions 

Cu-ZnO/Al2O3 Methanol synthesis from CO + H2 

(VO)2P2O7 Selective oxidation of butane to maleic anhydride 

Cu-Cr oxides Hydrogenations, combustion reactions 

Sn-Sb oxides Selective oxidations, e.g., propene to acrolein 

Bi molybdates Propene selective oxidation to acrolein 

V-Mo oxides Selective oxidation of acrolein to acrylic acid 

MoVTeNb oxide Selective direct oxidation of propane to acrylic acid 

 

Metal oxides (MxOy) are terminated at the surface by O2- anions, which are generally 

larger than the Mn+ cations present (anions have a decreased effect of nuclear charge, 

leading to the expansion of the atom), lowering the coordination of surface Mn+ species 

at the surface when compared to the bulk structure. As well as the change in 

coordination at the surface, many MxOy catalysts have different defects and surface 

sites (anion and cation vacancies ï commonly denoted as (Ǐ), kinks, steps and 

terraces) that determine the catalytic performance of the MxOy.10 The different surface 
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structures led to structure-sensitive performance when applied in oxidation 

reactions.11  

Metal oxide catalysts can operate in two ways when applied to alkane oxidation 

reactions. The first is the activation of the metal oxide by exchange of redox 

equivalents between hydrocarbon and surface oxygen species. The second is the 

previously mentioned Mars-Van Krevelen mechanism, which operates by activating 

the C-H bond with the transition metal ions that exchange redox equivalents (the 

amount of substance needed to bring a change of unit of oxidation state ï that can be 

the gain or loss of one proton or one electron).10 A typical example in oxidation 

reactions is the loss of an electron from the reactant to the metal centre, reducing the 

metal centre, accompanied by a proton abstraction on to the surface oxygen species.  

The catalytic performance of MxOy catalysts in the Mars-Van Krevelen process 

therefore depends on the catalystôs ability to interact with the reactant/s, and the 

oxidation depends on redox couple of the metal ion (Mn+/M(n-p)+), where n is the 

oxidation state of the cation and p is the difference in oxidation state during the redox 

cycle, the strength of the M-O bonds and the anionic/cationic defects, such as 

vacancies or excesses. As well as structure, the surface and bulk mobility of the 

oxygen in the catalyst can affect the reoxidation of the surface when operating a Mars-

Van Krevelen mechanism (not always the case ï particularly for nonreducible 

supports)12 and is therefore a key descriptor in the materials. Selective oxidation MxOy 

catalysts typically contain a transition metal, which are highly charged, small and 

polarising.7 To operate effectively in a redox mechanism, the transition metal ion must 

also have multiple, stable oxidation states, as the metal ion will change oxidation state 

over the cycle. This includes Ti, V, Cr, Mo, W and many others. All the considerations 

mentioned influence the activity of the catalyst, as the availability of oxygen may hinder 
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the reaction (low oxygen mobility and strongly bound O2- anions unable to be utilised 

in the redox mechanism), or the defects may be more reactive due to lower saturation 

of the Mn+ site, and therefore must be characterised effectively. However, the 

considerations also influence the selectivity. For example, the relative rate of reduction 

(rred) compared to the rate of oxidation (rox) of the catalyst surface, needs to be closely 

monitored, otherwise overoxidation of reactant or overreduction of the catalyst may 

occur.  

As well as considerations of high conversion and stability, considerations for catalytic 

processes aim to increase the selectivity, and the reduction of unwanted by-products 

(typically COx), lowering waste and having a higher atom economy, a key section in 

green principles, even at the expense of catalytic activity.13 The surface structure of 

the catalyst is closely related to the selectivity. The first example of MxOy structural 

sensitivity was reported by Volta for propene partial oxidation using different MoO3 

crystals with specific orientations.14 When using the (100) surface, propene was 

converted to almost exclusively acrolein, whilst (10-1), (101) and (010) surfaces 

produced CO2, showing the importance of structure.  

The structural importance originates from how the structure influences the chemical 

properties and the presence of active sites at the surface. The chemical and structural 

properties of the catalyst can be summarised succinctly by seven general principles 

developed by Graselli.15 The general principles are as follows: 

1) Lattice oxygen: lattice oxygen is a versatile, and therefore selective, oxidising 

agent for hydrocarbons for certain reducible metal oxides. Usually, lattice 

oxygen is less reactive than molecular oxygen, limiting total oxidation.  
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2) M-O bonds: the M-O bonds must be of intermediate strength (not too strong or 

too weak relating to the required reactivity); If the M-O bond is too weak, then 

the oxygen will be too reactive, causing overoxidation, whilst being too strong 

will lead to inactivity as the lattice oxygen cannot be utilised.  

3) Host structure: accommodates both the necessary M-O bond strength, as well 

as being able to accommodate anion vacancies formed during reduction, whilst 

maintaining the structure and providing rapid e- transfer, oxygen vacancies and 

O2- diffusion.  

4) Redox: the ability to allow removal of lattice oxygen to oxidise the reactant, 

whilst being able to interact effectively with gaseous O2 to reoxidise effectively.  

5) Multifunctionality: MxOy catalysts that are active and selective are usually 

multimetallic (bimetallic or more), and multifunctional (can undertake both Ŭ-H 

abstraction as well as O-/NH insertion).  

6) Site isolation: the lattice oxygen atoms (the catalytically active sites) must be 

distributed on the surface of the catalyst, so that dispersion is high and number 

of active oxygen species is limited in an area, to prevent overoxidation.  

7) Phase cooperation: if a single phase cannot undertake key catalytic processes, 

two or more phases can be made to complement one another (e.g., overlayers) 

when intimately mixed at the nanoscale level.  

The seven principles (Graselli labelled as ñpillarsò) highlight the importance of 

necessary chemical properties of the phases, such as oxygen mobility, as well as 

noting structural considerations, such as active site density, which are key to high 

performing MxOy catalysts. The principles also closely tie into the Mars-Van Krevelen 

mechanism, and therefore deviations away from the typical mechanism may require 

different physiochemical properties to be tuned correctly.  
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1.1.4 Catalyst design  

So how do we tune properties of catalysts? This is possible through varying different 

parameters when forming mixed metal oxides. We may need to tune catalysts for 

different properties, such as acidity, oxygen mobility, surface area, phase and 

crystallinity. The conversion of a reactant is dependent on the reactantôs 

electrophilicity, reactivity and stability amongst other factors, whilst the catalyst will 

need to be tailored to suit the reactant, conditions and functionality required. As shown 

in Figure 1.2, a variety of parameters can affect the phase, morphology and textural 

properties for the same target catalyst, meaning control over parameters in the 

formation of catalyst precursors is key to forming a catalyst with the correct 

functionality and structural properties. 



10 
 

 

Figure 1.2: Graphical representation of parameters affecting the properties of the final precipitation for 
thermochemical preparation of catalysts. Reprinted from Chin. J. Catal, 40, J. C. Vedrine, Importance, features and 
uses of metal oxide catalysts in heterogeneous catalysis, 1627-1636, Copyright (2019), with permission from 
Elsevier.9 

All steps can be controlled to give specific properties of the catalyst. There is obviously 

a multitude of conditions for each step to control, and therefore mapping all parameters 

would be extensive and form many different catalysts. For example, solution 

composition in the synthesis procedure has a variety of techniques for control of the 

precipitate structure, as shown in Table 1.2. Aging time can be varied to give different 

purity or crystallinity, centrifuging rather than filtration may collect a different size 

particle, shaping processes will lead to a different geometric structure, and even just 

calcination can have a different temperature, ramp rate, time and gas (inert 

environment, static or flowing air), all leading to changes in crystallinity, morphology, 
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phase and geometric structure. Therefore, parameter mapping is key to finding the 

most suitable catalyst with the necessary properties.  

Table 1.2: Typical metal oxide preparation methods with the advantages and disadvantages of the technique.16 

Method Process Advantages and 
disadvantages 

Coprecipitation Changing the pH of two metal salt 
solutions (usually H2O) to form oxo-
hydroxide which is insoluble in the 
solution.   

Advantage: Very simple to 
undertake.  
 
Disadvantage: Often very 
difficult to control the size and 
homogeneity of the precipitate. 

Sol-gel Polymerisation of inorganic 
precursors, such metal alkoxides or 
halides, or a colloidal solution to 
form a gel through hydrolysis and 
condensation (formation of the sol), 
which contains discrete particles for 
catalyst precursors, which after 
aging forms a gel which can be 
dried. 

Advantage: Correct drying and 
calcination conditions can lead 
to ultrafine MxOy powders with 
controlled crystallinity.  
 
Disadvantage: The removal of 
the colloidal structure can be 
difficult in certain cases. 

Hydrothermal  Autoclave containing metal salt 
solution is held at a constant 
pressure and temperature 
corresponding to the saturated 
vapour pressure, crystallising to 
oxo-hydroxides.  

Advantage: Includes the 
crystallisation techniques. 
Aggregation and 
agglomeration can be avoided, 
unlike sol-gel and 
coprecipitation techniques.  
 
Disadvantage: High pressure 
and temperature can result in 
dangerous preparations if not 
prepared correctly 
(contamination can for 
explosive compounds). 

Emulsion  Formation of uniform MxOy particles 
from micro or nano emulsion from a 
mixture of two or more liquids which 
are immiscible. In this emulsion 
system, the metal precursor may 
form an oxo-hydroxide within an 
aqueous droplet, forming 
monodispersed nanoparticles. 

Advantage: Can control size by 
the surfactant-metal hydroxide 
micelle.  

Flame spray pyrolysis Volatile diluted metal precursors 
(halides or alkoxides) are exposed 
to high temperature flame in aerosol 
form which drives a rapid chemical 
reaction to form metal oxide 
nanoparticles. 

Advantage: Cost effective and 
easily processed. Relatively 
well controlled morphology. 
 
Disadvantage: Can be 
expensive when using alkoxide 
precursors.  

 

Depending on preparation technique of catalysts, specific phases that are inaccessible 

under different conditions can be formed, homogeneity can be controlled if there is a 



12 
 

bi- or multi-metallic catalyst being formed, or surface area can be controlled by particle 

size variation. 

1.2 Iron based catalysts 

Metal oxides based on iron are key industrial catalysts, as shown in Table 1.1. Iron 

based catalysts are used for water gas shift reactions, H2S oxidation to SO2 and 

H2SO4, whilst also being applied to reactions involving syngas when the iron is 

supported. However, many phases of iron exist and therefore careful catalyst design 

is needed. Iron oxide can be in many forms, including magnetite (Fe3O4), maghemite 

(ɔ-Fe2O3), haematite (Ŭ-Fe2O3) and w¿stite (Fe1-xO). Iron and oxygen are two of four 

most abundant elements in the Earthôs crust and therefore use of the two elements as 

catalysts should be utilised if possible as the elements have a high availability without 

scarcity of resources, unlike many metals used in energy and catalytic applications.  

Looking closely at the lattice structure, iron oxides are all closed packed structures on 

the O2- anion lattice, with the smaller Fe cations (typical of MxOy structures) being 

octahedrally or tetragonally coordinated between the O2- lattice, as shown in Figure 

1.3. Phases of iron formed can be varied depending on conditions of formation. Under 

oxidising conditions, Ŭ-Fe2O3 is formed, which crystallises in a corundum structure with 

Fe3+ in octahedral sites. Under low oxygen conditions, Fe1-xO is formed in a rocksalt 

structure, and can be converted to Fe3O4, and ɔ-Fe2O3 easily, as this only requires a 

change of cations in the face centred cubic (fcc) O2- lattice structure.17  
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Figure 1.3: Close packed iron oxides highlighting O2- anion lattice (red) with metal cations (blue and grey) in 
octahedral and tetrahedral coordinated interstitial sites, respectively. Maghemite is isostructural with magnetite, but 
with Fe vacancies on the octahedral sublattice. Fcc denotes face centred cubic structure, whilst hcp denotes 
hexagonal closest packed structure. Reprinted from Surf. Sci. Rep., 71, G. S. Parkinson, Iron oxide surfaces, 272-

365, Copyright (2016), with permission from Elsevier.17  

The structures of Fe3O4 and ɔ-Fe2O3 are similar, in that they both have an inverse 

spinel structure, but the Fe cation varies (Fe3+ in tetrahedral with 50:50 ratio of Fe2+ 

and Fe3+ for Fe3O4, compared to only Fe3+ cations in ɔ-Fe2O3). A mixture of phases 

can be formed, influencing catalytic properties.  

It is logical that a change in phase changes catalytic properties. A change in cationic 

charge (2+ or 3+) will result in a different ionic radius and therefore the Fe-O bond 

strength will change, leading to oxygen mobility to change. In the case of going from 

Fe2+ to Fe3+, the ionic radius becomes smaller, having a larger total charge and 

therefore the Fe-O bonding is stronger. A stronger Fe-O bond leads to a lower 

reducibility, with the O2- ion becoming less reactive, and therefore suggests a higher 

availability of O2- for oxidation processes in Fe3O4 when compared to Fe2O3.  

However, this is not the only consideration for an effective catalyst. Defect sites formed 

in-situ on Fe2O3 (1111) films were found to correlate with decomposition of 

ethylbenzene to styrene,18 an important industrial reaction. Defect sites such as steps, 

vacancies, adatoms or isolated surface atoms are hypothesised to form O2- anions 

with a higher basicity, which are therefore more reactive and can effectively 

deprotonate the C-H on the ethyl group in ethylbenzene. Fe2O3(111) films had a 

greater number of defect sites when compared to Fe3O4(111) films, with almost no 
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activity for Fe3O4 films in the study.19 To desorb the styrene, an electron must be 

transferred from the reaction intermediate to the acidic Fe3+ site, which is also a reason 

why Fe3O4 films did not form styrene, as Fe3+ is in a lower ratio when compared to 

Fe2O3. The study regarding ethylbenzene deprotonation is a great example of local 

surface structure influencing the performance of the catalyst, and that just focussing 

on oxidation state of the metal cation may not always be as influential, as performance 

was the inverse of what is to be expected if the sole focus was the oxidation state. 

1.3 Molybdate catalysts 

Molybdate catalysts contain MoO4
2- and are in the form Mx(MoO4)y. Molybdates are 

key catalysts for selective olefin oxidation, aromisation and ammoxidation, whilst 

typically showing ideal metal-oxygen bond strength. In general, binary metal oxide 

catalysts have synergistic properties (a combination of the beneficial properties of 

each metal centre), enhancing the catalytic performance. 

Molybdate catalysts typically exhibit high oxygen mobility. The combination of different 

metals can influence the oxygen mobility, by changing the strength of the M-O bond. 

The high mobility of O2- anions from a combination of metal cations allows the redox 

processes to occur without structure deformation.20 The oxygen mobility of molybdates 

was highlighted by silica supported bismuth molybdate catalysts. 21 An improved 

catalytic performance for the selective oxidation of propane was shown when bulk 

bismuth molybdate was formed due to the improved lattice O2- mobility when 

compared to thin layer films. The thin layer films also aggregated as the structure was 

not able to re-oxidise during propene oxidation. This was specifically during reaction 

conditions, as aggregation did not occur under heat treatment.21 A similar trend with 

Si doped ɓ-NiMoO4 found that oxygen mobility was higher in undoped samples, 

showing that bulk oxygen mobility is high in pure molybdates.22  
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The synergistic effect between metals was shown by the incorporation of molybdenum 

in BiVO4 catalysts, in which reduced Bi was not detected after TPR/TPO cycling on 

the addition of molybdenum (Bi0.85V0.55Mo0.45O4), which coincided with the catalyst 

having the highest oxygen mobility. The reduced Bi was detected in materials without 

Mo.23 Seemingly, the addition of Mo facilitates a much more rapid oxygen diffusion to 

the surface, allowing for better catalytic performance, showing a clear relationship 

between oxygen mobility and stability of catalysts for multicomponent Bi-Mo-O 

catalysts to retain the Bi in the active state.24 

1.4 Iron molybdate catalysts, physiochemical properties and the application to 

methanol oxidation 

1.4.1 Methanol oxidation and its importance 

The partial oxidation of methanol to formaldehyde is a key industrial process, with the 

use of formaldehyde in adhesives, plastics, anti-bacterial processes which are utilised 

in auto, building services, aviation and textiles fields. As of 2021, 50 Mt of 

formaldehyde are formed a year, with 60 Mt expected to meet demand in the late 

2020ôs, with a growth of around 6% per year.25 

Three key processes for conversion of methanol to formaldehyde are used in industry. 

Two processes,the silver gauze and BASF processes, use Ag metallic catalysts to 

form H2CO. The BASF process operates at temperatures of 650-720 ÁC with 97-98% 

conversion and no MeOH recovery, with a yield of 86.5-90.5% of H2CO. 26 The third 

process is the Formox process, with the use of FeMoOx catalysts at 250-400Á, typically 

achieving a yield between 88 and 92% for a 99% conversion.26 Such a high conversion 

leads to less processing downstream in regards to separation. Due to the high 

selectivity and yield in the Formox process, global industries now favour the use of the 
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Formox process as the price of methanol has increased from ú125/tonne in January 

2002 to ú330/tonne in October 2017, with the Formox process now supplying around 

two thirds of the worldôs formaldehyde.25 Therefore, development of iron molybdate 

catalysts for methanol oxidative dehydrogenation is important to improve industrial 

processes.  

1.4.2 Mechanism and kinetics for the partial methanol oxidation using FeMoOx 

catalysts 

The partial oxidation of methanol using air was first reported by Adkins and Peterson 

in 1931, in which they showed high activity but low selectivity of iron only catalysts and 

high selectivity but low activity for molybdenum only catalysts. However, iron-

molybdenum catalysts were shown to have both a high selectivity and activity, with 

little deactivation.27 However, characterisation of the catalyst was limited.  

The use of FeMoOx catalysts to form formaldehyde occurs via oxidation, rather than 

dehydrogenation (which is seen with Ag catalysts). The reaction is exothermic, which 

is as follows: 

ὅὌὕὌ
ρ

ς
ὕ ᴼὌὅὕ Ὄὕ 

With a ȹH of -159 kJ mol-1. The direct dehydrogenation is endothermic, leading to the 

need for high temperatures, as more energy is provided to proceed and reaction is 

shifted to the products.28 An excess of air is used in the industrial Formox process, to 

avoid the explosive limits of methanol. The maximum temperature should be 400 ÁC 

to ensure high selectivity, whilst maintaining the structure of the catalyst. Catalysts 

used in industry typically have a lifetime of 6-12 months.  



17 
 

Despite much of the focus on forming formaldehyde and limiting COx formation, the 

reaction pathways are often not completely explored. Dimethoxymethane (DMM) was 

hypothesised to form at acid sites at the surface in early studies,29 whilst further studies 

also formed DMM at lower temperatures and short residence time.30 Methyl formate 

(MF) is likely to form at low temperatures, as energy to desorb the adsorbed 

intermediates is lower; at high conversions, a lower oxygen concentration at the 

surface cannot undertake consecutive oxidative dehydrogenation. On oxygen rich 

surfaces, dehydrogenation occurs, forming formaldehdyde. Adsorbed formaldehyde 

can then undergo oxidative dehydrogenation to form methyl formate. Methyl formate 

was formed in higher quantities at high conversion due to the presence of methanol 

and formaldehyde at the surface,30 whilst at low conversion, the adsorbed species 

further react to DMM. The selectivity patterns depend on the surface oxygen 

concentration, which is dependent on temperature and oxygen mobility from the bulk 

catalyst, and the adsorbed species concentration, dependent on conversion, 

residence time and temperature. Figure 1.4 highlights the methanol oxidation 

pathways at redox or acid sites.  

 

 

 

 



18 
 

 

Figure 1.4: Methanol oxidation pathways. Reprinted from Appl. Cat., B, 145, K.-A. Thavornprasert, M. Capron, L 
Jalowiecki-Duhamel, O. Gardoll, M. Trentesaux, A.-S. Mamede, G. Fang, J. Faye, N. Touati, H. Vezin, J.-L. Dubois, 
J.-L. Dubois, J.-L. Couturier and F. Dumeignil,  Highly productive iron molybdate mixed oxides and their relevant 
catalytic properties for direct synthesis of 1,1-dimethoxymethane from methanol, 126-135, Copyright (2014), with 
permission from Elsevier.31 

Redox sites typically undertake oxidative dehydrogenation, as the methanol can 

adsorb dissociatively, whilst the O2- can reoxidise the surface after oxidation of the 

adsorbed species using surface O after desorption of the product. Acid sites do not 

insert O2- and usually incorporate another C1 surface species, whether that be oxygen 

containing or not. Therefore, the selectivity patterns can highlight surface properties 

of the catalysts.  

When considering adsorbed surface species, it is well established that methanol 

undergoes dissociative adsorption, forming surface methoxy groups on FeMo 

catalysts, as well as on MoO3. Methoxy groups can desorb as formaldehyde, whilst 

also undergoing further reaction, as previously mentioned. Over Fe2O3, formate 

decomposition was found as Fe2O3 combusts methanol to CO2.32 Therefore, the 

presence of Fe2O3 at the surface of the catalyst is highly detrimental to catalyst 

performance. Other studies used in situ infrared (IR) spectroscopy to show that 

methoxy species were found over MoO3 and Fe2(MoO4)3, whilst adsorbed methanol 

species were found on bulk Fe2O3 catalysts.33 
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1.4.3 FeMoOx catalysts structure-performance relationships for selective methanol 

oxidation 

Bowker suggested rules for selective methanol oxidation, which can be summarised 

as:34 

1) Surface lattice oxygen is the active species, which is maintained through Mars-

Van Krevelen (MvK) mechanism and the dissociative adsorption of gaseous 

O2. 

2) Bulk oxygen mobility is high enough at moderate temperatures to fill O2- 

vacancies when formed during oxidation. The catalysts are highly reducible 

due to the stable Mo6+/Mo4+ cations, and therefore much of the O2- can be 

removed from the bulk. Therefore, oxygen mobility is key to act as a ñbufferò to 

surface reduction as well as having an O capacity, available for O2 lean 

conditions. 

3) The selectivity is due to the surface segregation of Mo to the surface.  

4) The highest oxidation state (Mo6+) is the most selective.  

Keeping control of these properties in the formation and during operation of catalysts 

is therefore key to a selective FeMoOx catalyst. Work by Bowker et al. highlighted the 

importance of Mo6+ selectivity, by comparing MoO3 with MoO2. MoO2 is more active 

due to the larger specific surface area, but the selectivity is much lower at 260 ÁC, with 

CO being formed, and overall, gives a lower maximum yield of formaldehyde than 

MoO3, due to the lower Mo oxidation state of MoO2 being more reactive and able to 

remove more hydrogen atoms from the methoxy group, or from re-adsorbing 

formaldehyde, leading to CO formation. The influence on selectivity of Mo6+ compared 

to Mo4+ is also seen in anaerobic conditions, where the MoO3 cannot reoxidise via 

gaseous O2, leading to lower selectivity to formaldehyde.35 
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Mo is the active species, forming methoxy species at the surface, and can then cycle 

between Mo6+ and Mo4+, with a supply of oxygen needed to reoxidise the phase. 

Therefore, oxygen mobility is important in the structures, with Fe2(MoO4)3 or Fe2O3 

supplying oxygen to the surface. 

Performance is dependent on both morphology and Fe:Mo ratio. The change in the 

Fe:Mo ratio is particularly of interest in research, as the ratio can determine a change 

from Fe2O3/Fe2(MoO4)3 to MoOx/Fe2(MoO4)3 catalyst compositions, which is important 

due to the change in oxygen mobility. Interestingly, on calcination, a preferential 

segregation of Mo to the surface is observed, as shown to be an important process. 

An amorphous Mo rich surface is found in many catalysts,36 including loading MoOx 

on Fe2O3.37 

The catalysts have been shown to have surface enriched with Mo extensively.12,38,39 

The use of SEM and TEM suggests that MoO3 role is just to replenish surface Mo 

concentration by migration to the surface, rather than crystalline MoO3 being the active 

phase. When the MoO3/Fe2(MoO4)3 crystallographic data is compared to pure 

Fe2(MoO4)3, the crystalline bulk structure does not change,38 disagreeing with 

previous studies suggesting that defective molybdate structures are formed when 

excess Mo is present. Soares et al. based the conclusions on the data provided from 

XRD and Mossbauer spectroscopy, suggesting that solid MoO3 is not formed when 

using a Fe:Mo ratio of 1:3, but instead forms Mo6+ in the interstices of the crystal 

structure, without substitution of Fe3+.40 However, they do note that MoO3 detection 

limits are 7% in XRD, whilst also not commenting on the amorphous contributions from 

MoOx, which many of the earlier studies neglect. 
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The work did highlight that the surface acidity, as measured by NH3-TPD, did not 

change for catalysts formed with a Fe:Mo ratio of 1:1.5 and 1:3, an early indication of 

the surface structure being similar across all fresh catalysts formed, despite the 

change in ratio. Mo surface enhancement occurred during calcination, with an 

increase in calcination temperature leading to an increase in Mo at the surface.41 

If MoOx is the selective phase, what is the role of Fe2(MoO4)3? Firstly, MoO3 has a 

very low specific surface area of ~1.0 m2g-1, which means low conversion per mass of 

catalyst. Secondly, Fe2(MoO4)3 has great bulk oxygen mobility above 250 ÁC, which 

supplied the selective MoOx surface with oxygen to undertake partial oxidation through 

MvK mechanism. The oxygen mobility follows the trend of Fe2O3 > Fe2(MoO4)3 > 

MoO3, which is the same correlation as reducibility.42 The oxygen mobility therefore 

influenced performance regarding turnover frequency and ability to redox cycle. The 

consideration regarding oxygen mobility is important when the redox cycle of the 

surface is considered, as shown in Figure 1.5. 

The Mo6+ oxidation state is required for activity and selectivity, hypothesised to be due 

to the heterolytic nature of the methanol dissociation.42 The methanol dissociation 

requires acid-base catalysis at the acidic proton of the methanol molecule, relying on 

conversion of Mo6+ to Mo5+ to form the Mo-methoxy complex and a hydroxyl group at 

the surface. The dehydrogenation of the alkoxide (methoxy group) by a lattice oxygen 

is then required to form the adsorbed aldehyde, which then desorbs. 43 
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Figure 1.5: The reported redox cycle for methanol oxidation to formaldehyde over Mo catalysts, with the 
formation of formaldehyde and H2O. Reprinted from Top. Catal., 48, Mike Bowker et al., The Selective Oxidation 

of Methanol on Iron Molybdate Catalysts, 158-165, Copyright (2008), with permission from Springer Nature.43 

When considering the MvK mechanism, the phases formed during the cycle are key. 

The formation of formaldehyde and the influence on phases proceeds as follows:44 

ὅὌὕὌ ὊὩὓέὕ ᴼὅὌὕ Ὄὕ ςὊὩὓέὕὓέὕ 

With the reduction of iron cations occurring, from Fe3+ to Fe2+. This also forms MoO3, 

which can be used to replenish the Mo rich, selective surface, with Mo forming volatile 

species with methanol and potentially H2O. The Mo loss is also why industrial catalysts 

use an Fe:Mo ratio above the stoichiometric ratio of Fe2(MoO4)3 of 1:1.5, as the Mo 

rich surface is the selective phase. In MoO3 rich catalysts, the mixed phase, 

Fe2(MoO4)3, is reformed with O2 by:45 

ςὊὩὓέὕὓέὕ
ρ

ς
ὕ ᴼὊὩὓέὕ  

Whereas catalysts with low MoO3 content form iron rich phases on reoxidation: 

σὊὩὓέὕ
σ

ς
ὕ ᴼὊὩὓέὕ

ρ

ς
ὊὩὕ 
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This is eventually detrimental to performance, as the iron rich phases are selective to 

CO2. Therefore, careful control of synthesis techniques is necessary to form the 

selective phases. The phase changes under reaction conditions were highlighted 

using XRD and time online studies, showing the initial Ŭ-MoO3 in FeMoOx catalysts 

with a Fe:Mo ratio of 1:2 was consumed rapidly, whilst an increase in ɓ-FeMoO4 was 

clear,36 as shown in Figure 1.6. The loss of Mo through volatile surface species is clear 

and is the main deactivation pathway found. 

 

Figure 1.6: Phase changes highlighting the change in catalyst crystal structure after time online under reaction 
conditions for MeOH oxidation using FeMoOx catalysts. Conditions: 375ÁC, 25 mg of catalyst, total flow rate of 
157.5 mL min-1, 10 vol% O2 and 5 vol% MeOH, 85% N2. Reproduced from ref. 36 with permission from The 

Royal Society of Chemistry.36 

However, Soderhjelm et al. refute the claim that MoO3 is needed to stop the formation 

of iron rich phases in the reoxidation step. The use of SEM and TEM found MoO3 and 

Fe2(MoO4)3 to be in close proximity but not with intergrowth, which, when coupled with 

studies showing the loss of MoO3 crystals is significantly faster than the formation of 

Fe2(MoO4)3, suggested that the oxidation step was not necessarily forming iron rich 

phases.38 This is only focussed on crystallographic data though, and amorphous 

contribution from Fe2O3 and MoOx is not mentioned.  
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House et al. explored the effects of surface reduction and showed the importance of 

lattice oxygen mobility. A catalyst with an Fe:Mo ratio of 1:2.2 was tested with pulses 

of methanol in the absence of oxygen, which initially showed a similar selectivity to 

formaldehyde with oxygen present in the gas feed, highlighting that gaseous oxygen 

is not used in the reaction (MvK mechanism).42 Below 250 ÁC operating temperature 

and anaerobic conditions, the conversion of MeOH drops to 0%, but over 250 ÁC, 

lattice oxygen mobility operates to still maintain catalytic activity. The loss of oxygen 

from the catalyst structure forms new phases such as FeMoO4, MoO2 and Mo4O11, 

which have different selectivity patterns, with CO becoming a major product. With 

further reduction, Fe2O3 is formed, highlighted by the formation of CO2. The study 

clearly shows the importance of gaseous oxygen to maintain selectivity, as well as the 

catalysts oxygen mobility properties. 

Despite most of the focus in literature being on the understanding of deactivation and 

role of phases, different preparation techniques have been attempted and compared. 

Raun et al. tested low temperature hydrothermal synthesis, forming catalysts with a 

Fe:Mo ratio of 2. The key difference for hydrothermal synthesis compared to 

coprecipitation was hexagonal MoO3 (h-MoO3) was formed rather than Ŭ-MoO3.46 h-

MoO3 was transformed to Ŭ-MoO3 during the reaction, but the samples that were 

initially h-MoO3 were stable for 4 times longer than Ŭ-MoO3. The stability was from the 

larger h-MoO3 crystals, with a lower specific surface area for Mo volatilisation to occur. 

The catalysts were also shown to reactivate under heat treatment, as this allowed Mo 

segregation to the surface. Typically, industrial catalysts last for 1-2 years, and 

therefore extending lifetime by up to fourfold may prove beneficial.  

Bowker et al. have extensively pioneered Mo supported on iron oxides to highlight the 

role of different phases. This was developed by forming core shell catalysts, loading 3 
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monolayers of Mo on Fe2O3. It was found that the Mo stays at the surface, with slight 

change in species at the surface depending on calcination temperature, but is mostly 

an amorphous MoOx across the surface for temperatures between 300-600 ÁC for 

calcination.47 The results highlighted the importance of the MoOx amorphous layer at 

the surface as the catalysts performed similarly to bulk molybdate catalysts. 

Interestingly, the selectivity was 92% to FA with 90% conversion at 225 ÁC for catalysts 

calcined at 500 ÁC (similar to bulk catalysts), compared to 80% selectivity under the 

same conditions for catalysts calcined at 300 ÁC. This coincided with the formation of 

Fe2(MoO4)3 at the interface between Fe2O3 and MoO3 at the higher temperatures 

during calcination, from excess MoO3 formed, suggesting that the mixed phase still 

plays an important role in the mechanism. Further work showed that on calcination at 

500ÁC, haematite was converted to Fe2(MoO4)3 and that the selective Mo overlayer 

would form only when all Fe2O3 was converted. A Mo overlayer coverage was needed 

when loading Mo through incipient wetness of Fe2O3, as without full coverage, 

maximum FA yields were ~50%, whereas bulk catalysts have ~80% yield.48 

Deactivation studies and phase-performance relationships have been well mapped in 

the literature. However, iron molybdates are limited in other regards. Fe2(MoO4)3 has 

a low specific surface area, as well as MoO3 having a very low specific surface area. 

Therefore, activity can be low per mass of catalyst. Methods to increase surface area 

have been attempted, but with some limited sucess. Yeo and co-workers developed 

an iron-molybdenum oxalate precursor, which, when calcined, formed porous FeMoOx 

catalysts, not seen in coprecipitated catalysts. The porosity led to an increase in 

surface area, particularly for an Fe:Mo ratio of 1:3. The relationship between the Fe:Mo 

ratio and surface area was unexpected due to coprecipitated catalysts showing the 

inverse trend. Oxalate precursor catalysts and coprecipitated catalysts formed with an 
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Fe:Mo ratio of 2.2, had similar surface areas, but the coprecipitated catalyst had a 

2.6% less maximum yield, and operated at a higher temperature to achieve maximum 

yield. This may be explained by the oxalate precursor catalysts having iron rich areas, 

formed by the encapsulation of iron oxalate in MoO3, which may falsely increase 

surface area. The increase in iron rich areas may present an improvement to initial 

performance due to the higher oxygen mobility. However, the performance may be 

hindered long term with iron rich areas due to the well documented Fe2O3 low 

selectivity which will increase in concentration as Mo is removed from the catalyst 

through volatile intermediates formed. 

This correlated with other mechanochemistry syntheses of iron molybdates which 

found that an increase in MoO3/Fe2(MoO4)3 ratio led to lower selectivity to 

formaldehyde, despite MoO3 being selective in many other studies.49 The selectivity 

trend was logical, as the segregation of Mo would lead to Fe2O3 formation, which is 

less selective. The study also highlighted the large influence of preparation methods 

on resulting catalyst. The change in ball size and grinding time led to a difference in 

crystallographic structures and morphology. It was found that uniform particle size 

increased selectivity, with spherical structure improving selectivity to FA when 

compared to lamellar crystals, as the spherical particles were Fe2(MoO4)3 whilst 

lamellar crystals were MoO3.  

To conclude, iron molybdate phase performance has been well mapped for the partial 

oxidation of methanol to formaldehyde. Deactivation pathways have been well 

developed, and the loss of Mo through volatile surface species is still an issue. 

However, well mixed catalysts with high surface areas are still yet to be formed.  
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1.5 Propane dehydrogenation  

1.5.1 The need for propane dehydrogenation  

Propane dehydrogenation is a key industrial process, with propene as the target 

product. Propene has a wide range of uses, with much of the production used for the 

manufacture of polypropene (PP), a thermoplastic which is recyclable and only second 

to polyethene in terms of polymer production. PP is used widely in packaging, 

manufacturing, and construction, whilst also being a precursor to production of 

propene oxide, acrylic acid and acrylonitrile (all to make polymers too). Annual 

tonnage of propene production was 130 Mt in 2019,50 with an expected increase in 

demand to 191 Mt by 2030. The gap between supply and demand in quantity can be 

labelled as the ñpropene gapò, as current technologies are mostly not on-purpose 

technology (not dependant on other coproducts demand and solely focus on the 

production of propene), therefore production varies depending on market price of all 

products formed in the process. Therefore, on purpose, direct dehydrogenation of 

propane to propene may be a viable option to bridge the gap and solve varying supply 

in the market.  

1.5.2 The current means of production and the environmental impact 

Current technologies to produce propene are based on steam cracking (SC), and fluid 

catalytic cracking (FCC), which are not purposefully designed to produce propene 

solely, and propene production in these processes depends on price of other products 

formed. Typically ethene is targeted depending on market price and shale gas 

production, leading to a drop in propene production, despite demand increasing.51 SC 

is based on heating fossil fuels without oxygen present between temperatures of 700-

875 ÁC, which are very high temperatures when compared to direct dehydrogenation 

processes (the absence of an oxidant in the feed).52 Despite SC having a high carbon 
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efficiency, forming little to no CO2, the high temperatures require a large amount of 

energy, which typically produces a large amount of indirect CO2. The energy required 

combined with the small CO2 production in the process equates to 300 Mt of CO2 

annually, whilst well established naphtha SC produces ozone depleting CFCs.53 FCC 

produces light alkenes at a lower operating temperature of around 550 ÁC, when 

compared to SC, by incorporating a catalyst, but FCC does form many by-products. A 

wider range of by-products, including CO and reduced S and N species, decreases 

atom economy when targeting propene, whilst also increasing other downstream 

processing costs.54 SC and FCC are the main routes to industrial propene production, 

accounting for 81% of the total production worldwide in 2016, 51 despite all the negative 

impacts on the environment.51 Other indirect routes, such as methanol to olefin (MTO) 

using shale gas or coal are gaining interest, particularly due to the push for fracking 

(another unsustainable process), but these feedstocks are non-renewable and 

impacts on the environment of using coal in any capacity is well documented.52 

1.5.3 Propane dehydrogenation to propene 

So, another means of production is required for both a more sustainable and reliable 

process. Obviously, catalysis provides a green route to synthesis, coupled with the on-

purpose technology of propane to propene via dehydrogenation (unlike FCC, which is 

catalytic but forms a wide range of products), dependence on other considerations for 

products (ethene production) will not hinder supply. Propane as a feedstock does have 

a higher global warming potential when analysing the full supply and life cycle when 

compared to naphtha, but the atom economy is improved, propane does not have toxic 

reactants, and other feedstocks are non-renewable.55 

The dehydrogenation of propane to propene can be undertaken via three different 

processes. Direct dehydrogenation (DDH) is dehydrogenation in the absence of an 
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oxidant, whilst oxidative dehydrogenation using O2 (ODH-O2), and CO2 (ODH-CO2) 

also have been investigated. DDH is endothermic and therefore equilibrium limited at 

higher partial pressures of propane and lower reaction temperatures. The catalysts 

are also limited due to coke formation at the surface, which blocks active sites.50 

Undertaking ODH-O2 alleviates both these issues, as the incorporation of oxygen into 

the feed means the reaction is exothermic, therefore not thermodynamically limited. In 

addition, coke formation does not occur but, overoxidation is common, with CO and 

CO2 sometimes being the major products. Catalytic cracking to lighter alkanes or 

alkenes is less common than in DDH but can be present as minor products. As shown 

in Figure 1.7, careful control of O2 in the feed can limit overoxidation, but O2 conversion 

must remain below 100% to be operating in an ODH environment.50 

 

Figure 1.7: Common reaction pathways for ODH-O2 catalytic processes with Mo containing catalysts, with 

overoxidation, combustion and cracking all shown. 

ODH-CO2 is similar to ODH-O2 in that it forms H2O as by-product, but the reaction is 

more endothermic than DDH (ODH-CO2 ȹHᴇ of 164 kJ mol-1 compared to DDH ȹHᴇ 

124 kJ mol-1). On this basis, the reaction would seem less desirable, but the removal 

of hydrogen via the reverse water gas shift reaction shifts the thermodynamic 

equilibrium in favour of higher propene yields. As well as dry reforming, coke formed 

during the reaction can react with CO2, forming CO due to the reverse Boudouard 
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reaction, which can be a factor at temperatures between 500 and 600 ÁC. 56 The loss 

of product via the side reactions mentioned is a difficult barrier regarding selectivity, 

as coke formation (and therefore reverse Boudouard reaction operating) is favoured 

at lower temperatures, whilst dry reforming is favoured at high temperatures, leading 

to loss of propene selectivity at either end of the scale.56 

As shown in Table 1.3, each reaction has a different benefit. ODH-O2 is the only 

reaction which is not thermodynamically limited, operates at a similar or lower 

temperature to the other processes, whilst overoxidation is the limitation. Whilst DDH 

processes have to be cycled to remove coke, ODH-CO2 has a lower atom economy 

than DDH. Therefore, ODH-O2 may be a viable option for propene production due to 

the limited coking, if the overoxidation can be inhibited by catalyst design.  

Table 1.3: A summary of each propane dehydrogenation process. 

Process Ў╗ⱪ   
(kJ mol-1) 

Operating 
temperature 
(ÁC) 

Benefits Loss of 
performance 

DDH 124  550-750 Valuable side 
product, low COx 
formation during 
operation. 

Coking, cracking 

ODH-O2 -117  400-600 No coke formation, 
no cycling 

Overoxidation 

ODH-
CO2 

164  450-600 COx utilisation, no 
cycling 

Dry reforming of 
propane, reverse 
Boudouard reaction 

 

1.5.4 Catalysts for propane ODH-O2 

To activate propane, a C-H bond has to be broken when cracking is not considered 

(in which C-C bond activation is of importance). A variety of catalysts can be used to 

dehydrogenate propane, including nonreducible oxides, reducible oxides and metals. 

Propane is easier to activate in comparison to methane and ethane (due weaker bond 

strength of C-H in the methylene group present in propane, compared to C-H bond 
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strength of methyl groups present in ethane and equal strength C-H bonds in 

methane), whilst longer chain saturated hydrocarbons are typically easier to activate 

through adsorption.57 

When considering the interaction between propane and the catalyst surface, it is 

necessary to have the correct site to activate the C-H bond but not to combust the 

propene formed, or have active sites for direct combustion. However, the C-H bond 

energy of propane is greater than allylic C-H bond energy present in propene, leading 

to alkene combustion at temperatures required for alkane activation,58 as well as the 

C=C bond in alkenes leading to stronger binding to catalytic surfaces due to the 

increased electron density  of the bond compared to C-C bonds. Early kinetics and 

mechanistic studies over VOx and MoOx supported catalysts highlighted that the 

apparent activation energy for propene dehydrogenation is higher than propene 

combustion, suggesting higher temperatures favour propene desorption. Over the 

metal oxide catalysts explored, C-H activation in propane and C-H activation in 

propene occur at the same active site, and so the desorption of propene before 

sequential dehydrogenation can occur is key to achieve high performance. The 

difference in enthalpies for associative adsorption of propane and propene on a given 

catalyst (ȹ(ȹHads)) is therefore a key determinant for performance regarding both 

activity and overoxidation The ȹ(ȹHads) can be influenced by the acid-base properties 

of a catalyst.58 

When considering acid-base properties of a catalyst, the Lewis acid strength of the 

metal cation is relevant, which is determined by the electronegativity of the cation, as 

well as the ionic radii (q2/r where q is charge and r is ionic radius) value. A higher 

electronegativity represents a stronger Lewis acid, as well as a larger q2/r value. By 

both criteria, the Lewis acid strength of V5+ compared to Mo6+ and W6+ is lower. As 
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mentioned previously, the O2- anions are the active moiety in metal oxide catalysts, 

and their basicity is influenced by the metal cation. When the Lewis acid strength of 

the metal cation decreases, the conjugate base (O2- anions) strength increases. 

Therefore, O2- anions associated with VOx moieties are more basic than MoOx and 

WOx.58 VOx has a weaker interaction with propene for this reason, as the electron rich 

-́bond in propene will be repelled more with a more basic O2- anion. The weaker 

interaction between VOx and propene is logical as greater Lewis acid strength and q2/r 

will lead to a strong M-O bond, therefore the reactivity of the O2- is lower. Overall, 

intermediate reducibility, weak Lewis acid centres and high oxygen mobility are criteria 

for an effective metal oxide catalyst. 

1.5.5 Vanadia (VOx) based catalysts 

Vanadia based catalysts are less likely to facilitate overoxidation, when compared to 

MoOx and WOx, due to metal oxide properties previously discussed in section 1.5.4. 

Vanadia based catalysts were first shown to be effective for the oxidative 

dehydrogenation of propane (ODHP) with testing of Mg2V2O7, with a C3H8 conversion 

of 6.9% and a C3H6 selectivity of 53.5% at 550 ÁC. The catalysts contained V=O 

terminal bonds, unlike the other phases tested (Mg2V2O6 and Mg2V2O8).59 The V=O 

bonds were shown to be necessary for high productivity by Kung and Kung60 and 

Blasco and Lopez Nieto61 in subsequent reviews.  

Early work also focussed on VOx dispersion when testing supported vanadia catalysts. 

VO2+ pairs in V2O5 were found to be the active site but bridging oxygen sites (V-O-V) 

were found to be a source of overoxidation. When comparing acidic to basic supports, 

acidic supports reduced dispersion due to the lower interaction between acidic V2O5 

and acidic supports,62 forming a larger amount of V2O5 species, which increased 

activity, compared to isolated V species (VO4). Therefore, varying loading on the 
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support to increase dispersion whilst maintaining a high loading (as low loading would 

lead to less active phase present) has been the main challenge within the field. The 

loading of the active phase on the support can be influenced by both support and 

loading mechanism. The dependence of loading on support properties was highlighted 

by Zhu et al. treating SiO2 supports to different heat treatments.63 The heat treatment 

affected the silanol concentration at the surface, with increasing temperature 

decreasing silanol concentration. The silanol species were the anchoring site for 

VOCl3, which was grafted onto the surface. The overall loading of vanadia decreased 

for a lower silanol concentration, but did produce VO4 isolated sites, whereas higher 

silanol concentrations produced polymeric structures of VOx. The catalysts with the 

highest abundance of isolated monomers had a 90% propene selectivity at 500 ÁC, 

exceeding other catalysts tested.  

Grant et al. tested SiO2 supports with vanadia, which was shown to have high 

dispersion, with monolayer coverage achieved (8.6V nm-2 for 6.2 wt% loading). 0.4 

wt% of Na+ was doped onto the surface of SiO2, forming Si-O-Na+ anchoring sites at 

the surface, rather than the typical silanol anchoring site. This facilitated monomeric 

vanadia species, which in turn increased the propane conversion. The doping did not 

change the reaction rate, suggesting the Na+ was not involved in activity, but facilitated 

an increased dispersion.64 However, doping must be carefully controlled. Doping with 

K+ using KIT-6 supports for vanadia supported catalysts formed segregated potassium 

vanadate, which was unselective.65 The segregation of the potassium vanadate was 

caused by the strong interaction between VOx and K+, highlighting that careful catalyst 

design must be considered when attempting to improve catalysts. However, catalyst 

design is obviously complex, with dopants effecting surface acidity, reducibility, and 

oxygen mobility. Despite the unselective phase formed, conversion was 46.2% and 
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selectivity was 64.5%, a comparable selectivity to many catalysts designed since 

2014, and a much-increased conversion when compared to other similar catalysts, 

which may be due to the low WHSV. Testing other catalysts with the same WHSV, 

3V/ɔ-Al2O366 and VOx/SiO2(1000)63 had propane conversions of 12.5% and 30% 

respectively, and selectivityôs to propene of 75.9 and 60%, respectively. To critically 

appraise the data, productivity was calculated, to find that 1.8 wt% V-KIT-6 had the 

greatest productivity when compared to 3V/ɔ-Al2O3 and VOx/SiO2(with the silica 

support treated at 1000 ÁC), but the increased productivity of V-KIT-6 may be due to 

the increased reaction temperature (500 ÁC to 550 ÁC), as well other support effects.  

Acidic supports are favoured for activating propane, giving higher conversions. 

Support influence, however, can be detrimental to selectivity. Using an acidic support, 

such as H-ZSM-5 was unsuccessful due to propene selectivity decreasing, 67 due to 

the support activating propane and propene, which was not counteracted sufficiently 

by the beneficial use of acidic supports to boost conversion and dispersion. However, 

isolated V species (VO4 units) were more reducible than polyvanadate species (V2O5-

like) and V2O5 crystallites.67 The dependence of catalyst performance on V species 

was covered in a review in 2014 by Carrero et al.68 which highlighted that not all VO4 

units are equally active. Local geometry and support affect the reducibility of the site, 

and therefore the performance. One parameter, the energy of oxygen defect 

formation, was a clear scaling parameter that affected the reducibility and redox 

potential of the site. The scaling parameter highlights the need for redox properties in 

potential metal oxide catalysts for ODHP, as the ease of reducibility is correlated to 

the formation of oxygen defects (the use of oxygen in the Mars Van Krevelen 

mechanism), which in turn must be reoxidised to form the active O2- again.  



35 
 

To counteract the acidic support causing overoxidation, doping VOx-Al2O3 with MgO 

(a basic oxide) was tested. Higher MgO loadings led to a drop in conversion, consistent 

with the understanding that fewer acidic sites lead to lower conversion. 69 However, 

the Mg doping also influenced the V-O bond strength, increasing the bond strength on 

increasing Mg content. The increase in bond strength therefore reduced the lability of 

the O to perform oxidative dehydrogenation but did reduce overoxidation.69 To 

compare with undoped supports, loading 3 wt% of V on ɔ-Al2O3 using a dipping 

method (adding ɔ-Al2O3 to a solution of VH4VO3 and oxalic acid) was found to achieve 

a conversion of 12.5% and selectivity of 75.9%,66 which is higher than the typical 

selectivity of other VOx based catalysts. 

Research collated here clearly shows a need for well dispersed, isolated VOx sites for 

a high selectivity. Due to the absence of V-O-V bonds, present with poor dispersion. 

A particularly successful method to increase dispersion is a one-pot synthesis.70 

Supported catalysts have typically been loaded on to the surface of a support, resulting 

in varying levels of dispersion, whilst support effects beneficial to catalyst performance 

may hinder dispersion or the active site performance, whilst the support pores may be 

blocked depending on loading.68 The dispersion is influenced by surface acidity and 

the density and strength of anchoring sites. One pot synthesis alleviates the issue of 

surface properties of the support, as loading in a separate step is not necessary, and 

instead, the active site is dispersed through the support. The one pot synthesis of 

electrospun V-Zr-O fibre catalysts (V supported with ZrO2) allowed for a greater 

dispersion and, when compared to incipient wetness impregnation techniques, led to 

absence of V2O5 crystallites at the same V loading.70 The one pot synthesis not only 

improved the performance of the catalysts, but simplified the preparation method, with 

performance shown in Figure 1.8 for fibrous catalysts compared to other referenced 
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papers (reference numbers in Figure 1.8 are from the original paper). Productivity 

normalised for mass was presented by the authors, which showed the advance in 

propene productivity clearly, as non-normalised data can be misleading in some cases 

(conversion can be boosted by low WHSV). 

 

Figure 1.8: C3H6 productivity of V-Zr-O fibre catalysts prepared via a one pot synthesis. References in figure: Ref 
[200]: D. Courcot, A. Ponchel, B. Grzybowska, Y. Barbaux, M. Rigole, M. Guelton, J.P. Bonnelle, Catal. Today, 
1997, 33, 109-118; Ref [201]: R. Grabowski, B. Grzybowska, K. Samson, J. Stoczyfiski, J. Stoch, K. Wcisto, Appl. 
Catal. A, 1995, 125, 129-144.; Ref [212]: L. Yuan, S. Bhatt, G. Beaucage, V.V. Guliants, S. Mamedov, R.S. Soman, 
J. Phys. Chem. B, 2005, 109, 23250-23254; Ref [219]: P. Viparelli, P. Ciambelli, L. Lisi, G. Ruoppolo, G. Russo, 
J.-C. Volta, Appl. Catal. A, 1999, 184, 291-301 ; Ref [220]: B. Zhaorigetu, W. Li, H. Xu, R. Kieffer, Catal. Lett., 2004, 
94, 125-129; Ref [225]: B. Zhaorigetu, W. Li, R. Kieffer, H. Xu, React. Kinet. Catal. Lett., 2002, 75, 275-287; Ref 
[226]: A.R.J.M. Mattos, R.A. da Silva San Gil, M.L.M. Rocco, J.-G. Eon, J. Mol. Catal. A, 2002, 178, 229-237; Ref 
[227]: W. Daniell, A. Ponchel, S. Kuba, F. Anderle, T. Weingand, D.H. Gregory, H. Knozinger, Top. Catal., 2002, 
20, 65-74.; Ref [232]: P. Boizumault-Moriceau, A. Pennequin, B. Grzybowska, Y. Barbaux, Appl. Catal. A 245 2003, 
245, 55-67; Ref [241]: Y. Wu, Y. He, T. Chen, W. Weng, H. Wan, Appl. Surf. Sci., 2006, 252, 5220-5226; Ref [253]: 
B.Y. Jibril, S.M. Al-Zahrani, A.E. Abasaeed, R. Hughes, Catal. Commun., 2003, 4, 579-584; Ref [262]: M.M. Barsan, 
F.C. Thyrion, Catal. Today, 2003, 81, 159-170. Reprinted from Catal. Today, 325, J.J. Ternero-Hidalgo,J. Torres-
Li¶§n,M.O. Guerrero-P®rez,J. Rodr²guez-Mirasol,T. Cordero, Electrospun vanadium oxide based submicron 
diameter fiber catalysts. Part I: Preparation procedure and propane ODH application, 144-150, Copyright (2019), 

with permission from Elsevier.70  

Further work undertaken by Ternero-Hidalgo et al. highlighted the improvement of V-

Zr-O catalysts with the doping of Mo, having an increased selectivity by 15-20% for 

the same conversion.71 With Mo wt% of 4.3 and V wt% of 0.8, it could be argued that 

V is actually the dopant, but both metal cations are important to activity and selectivity, 
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as conversion for Mo-only fibres was low, even at 480 ÁC, but Mo did boost selectivity 

when working synergistically with V. The one-step synthesis again formed a well-

mixed catalyst, without the need for impregnation, and meant that Mo or V rich regions 

were avoided. It is chemically logical that selectivity would be boosted, as it is well 

established that the Mo cation forms less basic O2- anions, therefore overoxidation is 

limited. The basicity involved with O2- anions in relation to V still maintains conversion. 

As well, there may be some electronic effects influencing the metal cationôs Lewis 

acidity and therefore influencing redox cycles, or a change in bulk oxygen mobility 

between Mo and V thatallow an increased reaction rate without the need for highly 

basic O2- anions. Other studies have found a ratio of 4 wt% Mo to 2 wt% V supported 

on Al2O3 achieved a 10% yield, with propene oxidation limited compared to propane 

oxidation when compared to Mo only catalysts.72 VOx catalysts coimpregnated with 

Mo were found to have an increased V-O bonding energy, which limited overoxidation. 

The presence of Mo also increased the concentration of the more selective V4+ and 

V3+ cations.73 

To conclude, vanadia based catalysts initially showed promise due to the Lewis acid 

strength of the cation and the oxygen basicity. Isolating V species to form single V 

sites is key to selectivity, but this is difficult with typical loading techniques on supports 

which are acidic and improve propane conversion. Basic supports improve dispersion, 

but negatively influence conversion. Many different methods of loading on the surface 

have been attempted but are seemingly limited with vanadia. Impregnation techniques 

are limited, but improvements have been shown for vanadia catalysts with one pot 

syntheses as well as the use of other dopants, such as Mo. 
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1.5.6 Mo based catalysts for ODHP 

Molybdenum based catalysts, despite the lower basicity of O2- anions mentioned 

previously, have been explored for ODHP. Cavani et al. compiled a literature review 

on MoOx-based catalysts, which highlighted that the analogous VOx-based catalysts 

are superior for ODHP.74   

Early work showed that MoOx surface coverage on ZrO2, formed via incipient wetness 

impregnation, was two-dimensional polymolybdate structure. Undoped and alkali-

doped Mo/ZrO2 catalysts were compared, which showed undoped catalysts to be the 

more productive catalysts, because even a small amount of alkali dopant (Li, K and 

Cs) inhibited the reducibility of MoOx, which is required for C-H activation. The alkali 

doping did inhibit complete combustion due to the reduction in Lewis acidity of Mo6+ 

sites, when comparing the relative rate of overoxidation to initial C3H8 conversion.75  

Mo supported on ɔ-Al2O3 with varying Mo loadings was tested, with increasing Mo 

loading increasing conversion, as expected as there were more active sites.76 

Catalysts were tested at different temperatures, and as expected, increasing 

temperature increased conversion; however, at higher loadings, O2 conversion was 

100% (linear relationship between the conversion of C3H6 and O2 ï with a O2/C3H6 

conversion ratio of ~3), suggesting that these results will not be completely in the ODH 

environment, with the end of the catalyst bed operating under DDH conditions or ODH-

CO2 due to the production of CO2. Interestingly, selectivity was not significantly 

improved in this DDH or ODH-CO2 environment. Yield (% C3H6) increased for both 

loading and temperature, as selectivity was not as influenced by temperature as 

conversion increased. The same selectivity patterns at all temperature suggested the 

same active site (octahedral Mo sites) was formed, independent of loading. The 

performance being independent of loading contradicts findings that show Mo=O bond 
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strength is influenced by Mo loading,77 whilst the complete combustion was 

hypothesised to be undertaken by the bridging oxygen between Mo and the support 

(Mo-O-M). Other research on Mo loading found that MoO3 crystallites formed at 

loadings above 4.5 Mo atoms nm-2, as well as an abundance of polymolybdate 

regions. Crystallite regions reduced the intrinsic activity, but were not detrimental to 

selectivity, unlike V2O5.75 The non-dependence of activity on MoOx structure  

suggested MoOx was relatively insensitive to dispersion and crystallinity when 

compared to VOx catalysts. 

Research shown on supported catalysts highlights a trend in which supports, despite 

increasing surface area and having chemical properties that would enhance 

conversion, typically interact with the propane or O2, complicating the surface oxygen 

speciation and negatively influencing the performance. Bulk catalysts, such as 

molybdates (typically M-MoO4 or M2(MoO4)3 where M is another transition metal to 

Mo) have also been explored. Using molybdenum in binary catalysts may be 

beneficial, due to high oxygen mobility and acidic surfaces.  

A study by Yoon et al.78 showed trends with different molybdate catalysts. The activity 

depended strongly on the metal cation. CoMoO4 exhibited the highest propene 

productivity, whilst NiMoO4 showed the highest activity. The analogous molybdates of 

metal oxides that show solid-base properties (MgO, CaO, SrO, BaO, La2O3, Sm2O3 

and ZnO) all showed high selectivity but poor activity when compared to CoMoO4. The 

activity and selectivity trends are likely due to the low Lewis acid strength of the metal 

cation having a weaker interaction with propene that increases selectivity. 

Interestingly, redox active molybdates such as Fe2Mo3O12, Bi2Mo3O12 and Ce2Mo3O12 

were well known components for propene oxidation to acrolein but showed little activity 

of propane oxidation;78 however, this may be due to low surface area in comparison 
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to other tested molybdates. Further reporting on Lewis acid strength of cations may 

have shown certain trends, with quantified data across the catalysts. 

Kinetic studies on Ni-Co molybdates were conducted to further the understanding of 

the kinetics of ODHP over molybdate catalysts.79 Comparing models for surface 

adsorption mechanisms highlighted that both propane and propene compete for the 

same site, with propene adsorbing much more strongly than propane to the acidic 

surface. Modelling the kinetics highlighted that the MvK mechanism was most 

dominant but did highlight a slight deviation from the typical MvK mechanism in which 

two oxygen atoms may be involved in the reoxidation due to a slight model adjustment 

for the oxygen interaction.  

NiMoO4 has been shown to be active for ODHP. When compared to MgMoO4, NiMoO4 

has a lower ionicity (the extent a catalyst structure is ionic ï a lower ionicity would 

suggest the bond is weaker), which may provide an explanation for the improved 

catalytic behaviour, in comparison. In the Ŭ-NiMoO4 phase, Mo is typically in a pseudo-

octahedral coordination, with a long Mo-O bond, whilst ɓ-NiMoO4 has a tetrahedral Mo 

coordination.80 Careful catalytic design must be undertaken to form the correct phase. 

A simple method of forming each phase was by direct grinding and sequential grinding, 

in which NiO and MoO3 were ground together or in sequential steps, separately then 

together, forming Ŭ-NiMoO4 or ɓ-NiMoO4 respectively. ȷ-NiMoO4 achieved a higher 

yield when compared to ɓ-NiMoO4, even with a lower surface area and the same Mo/Ni 

ratio at the surface. The results suggest that the longer Mo-O bond in the structure 

allows for a better oxygen mobility, increasing activity for ODHP. The method is also 

devoid of wet chemical solvents and waste, leading to a greener route of synthesis. A 

typical coprecipitation NiMoO4 catalyst was tested, which is often contaminated with 

the unselective NiO phase, and was predominantly the Ŭ phase, and had a higher 
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yield than ɓ-NiMoO4. However, the grinding method forming Ŭ-NiMoO4 had a higher 

yield and area specific rate compared to coprecipitation, likely due to the absence of 

NiO. 

Catalysts formed with a Mo/Ni ratio of 0.4 gave the highest propene yield of 15.6%, 

suggested to be due to the high ɓ-NiMoO4/Ŭ-NiMoO4 ratio, forming the correct redox 

ability.81 With the Ŭ-NiMoO4 phase more active, and ɓ-NiMoO4 being more selective, 

a synergistic combination at higher Mo/Ni ratios must exist. However, the catalysts 

formed were supported nickel molybdate catalysts, formed via an impregnation 

technique onto an NiO support and therefore support effects/mesoporosity may affect 

the results, due to increased diffusion of reactants, leading to lower overoxidation and 

improved coke resistance. The work highlighted the effect of mesoporosity increasing 

yield when compared to bulk catalysts too, in part due to the increased surface area, 

but may also expose different facets of the active phase. To conclude, NiMo catalysts 

are difficult to prepare and form a selective and active catalyst due to the 

contamination of NiO, which preferentially overoxidises propane. However, various 

preparation techniques have been found to improve performance, and highlight the 

need for careful control around phase composition.  

1.5.7 Further oxidation of propene to oxygenates 

A well understood loss of selectivity is the sequential oxidation of propene to 

combustion products such as CO and CO2. The formation of CO and CO2 has been 

shown to be the route to overoxidation for Mo and V based catalysts for ODHP;58 

however, oxidation of propene can also form useful oxygenates, such as acrolein, 

which can then be converted to acrylic acid. As shown in Figure 1.9, a number of 

oxygenates can be formed from the partial oxidation of propane and propene. A review 

by Bettahar et al.82 highlighted the thermodynamic considerations of several 
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competing routes, including the oxyhydration of propene to propan-1-ol or propan-2-

ol, allylic oxidation of propene and oxidation of propane. Due to the high number of 

competing reaction pathways, kinetics plays a key role in determining which selectivity 

is achieved, whilst metal oxide catalyst properties will strongly influence activity and 

selectivity.  

 

Figure 1.9:The main oxygenate products of the partial oxidation of propane and propene. Adapted from Appl. 
Cat., A, 145, M.M. Bettahar,G. Costentin,L. Savary,J.C. Lavalley, On the partial oxidation of propane and 

propylene on mixed metal oxide catalysts, Pages No., Copyright (1996), with permission from Elsevier.82 

The review highlighted that catalysts, particularly Bi-Mo-O catalysts, do not strongly 

activate propane, and do react with propene to form acrolein at the catalyst surface. 

The propene conversion to acrolein is expected to occur at dioxomolybdenum 

(O=Mo=O) sites at the surface, with consecutive H abstractions and O insertions 

leading to formation of acrolein.83 With Mo=O being the active site, this suggests that 

Mo=O may be active for propene oxidation once formed during propane oxidation.  
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FeMo catalysts for propene conversion to acrolein were explored by Tonelli et al., 

showing FeMo catalysts were active for propene oxidation to acrolein, without the 

presence of Bi. FeMo catalysts (ferric molybdate with an amorphous overlayer) 

showed a 34% conversion with a 10% selectivity to acrolein.84 The catalysts in this 

study exhibited the same amorphous overlayer, and Mo=O terminating sites may react 

with propene to produce oxygenates, increasing potential products formed when using 

iron molybdate catalysts for ODHP.  

1.5.8 Boron based catalysts for ODHP 

A novel catalyst was reported in 2016, based on initial findings by the Hermans group 

using hexagonal boron nitride (h-BN), which showed h-BN to have similar activity to 

V-SiO2, but boron nitride nanotubes exhibited a productivity around 7 times higher 

than V/SiO2 catalysts.85 Interestingly, B-based catalysts are not active under non-

oxidative conditions86 suggesting that the surface must interact with O2 to form surface 

groups that are the active moieties. 

Subsequently, the Hermans group continued the research by exploring different B-

based catalysts including B4C, TiB2, elemental B, and WB and others. Propene 

selectivity was the same at isoconversion for all catalysts, suggesting that N is not 

necessarily involved in the reaction mechanism for h-BN and boron nitride nanotubes 

(BNNT).87 The activity correlated with the concentration of B at the surface, which 

formed BOx under reaction conditions, the active phase. 

The loss in selectivity with B-based catalysts was due to the formation of ethene, rather 

than COx, which is another value-added chemical. A change in mechanism may 

therefore be occurring. The mechanism was explored by Zhang et al.,88 in which the 

use of synchrotron radiation vacuum ultraviolet photoionisation mass spectroscopy 
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(SVUV-PIMS) detected methyl radicals under the conditions, suggesting gas phase 

reactions may dictate the formation of C1 and C2 products when linked to kinetic data. 

Venegas et al. also highlighted the importance of gas-phase radicals when using B-

based catalysts.89 It was suggested than propyl radicals were not bound to the surface, 

as this would lead to similar selectivity patterns as seen in metal oxide catalysts. 

However, the SVUV-PIMS found no propyl radicals in the gas-phase, despite being 

able to detect them. The methyl radicals formed from C-C bond cleavage over B-based 

catalysts are hypothesised to be responsible for the high C2 product selectivity due to 

methyl radical coupling.  

B-based catalysts are now the most productive catalysts for ODHP, with particularly 

good performance when compared to metal oxide catalysts (Table 1.4), with high 

productivities found compared to metal oxide catalysts. However, the mechanism and 

understanding are still developing and is very different to metal oxide catalysis.  
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Table 1.4: Comparison for V-, Mo- and B-based catalysts for the oxidative dehydrogenation of propane, with 
relevant metrics, including WHSV (weight hour space velocity), C3H8:O2 ratio, T (temperature), conv (conversion 
of C3H8), S (selectivity to C3H6) and productivity.  

Catalyst WHSV C3H8:O2 Temp conv S productivity ref 

 gC3H8 gcat-1 hr-1 (1:x) ÁC % % C3H6 mmolC3H6 g-1 hr-1  

V-Zr-O fibres 70.8 0.5 400 4.0 64.6 38 70 

VOx/SiO2 4.7 1 500 30 60 18 63 

V/SiO2 

(organometallic 

grafting) 

118 0.5 525 5 66 82 90 

Mo2V/Al2O3 15.6 5 500 34 29 33 72 

Mo/Al2O3 3.9 5 500 32 29 8 72 

Mesoporous 

NiMoO4 
2.4 2 500 11.8 60.1 3.5 91 

NiMoO4 (Mo:Ni 

ratio of 1:0.4) 
2.4 1 600 32.5 48 7.7 81 

B 152.7 2 490 9.8 83 280 86 

Macroporous 

BPO4 
93.9 1.5 535 20.8 78.1 320 92 

 

1.6 Supercritical antisolvent (SAS) precipitation 

It has been shown in Sections 1.4 and 1.5 that catalyst design and control of the 

structure of the precipitates, and the resulting catalysts formed after calcination, is of 

importance for both methanol oxidation to formaldehyde and the oxidative 
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dehydrogenation of propane to propene. When designing a new catalyst, novel 

synthesis techniques can not only improve catalysts by potentially improving structural 

properties which increase the catalyst performance (in regard to activity or selectivity), 

but may uncover new structure-property relationships. The structure-property 

relationships can be uncovered by new synthesis techniques that form new catalyst 

precursors and provide significantly different physiochemical properties when 

compared to previous synthesis techniques. 

One method of synthesis is supercritical antisolvent (SAS) precipitation, that forms 

metal oxide catalyst precursors through the rapid dissolution of metal salts from a 

solution when the solution is mixed with a supercritical fluid. The role of the 

supercritical CO2 in the precipitation mechanism and application of the precipitation 

mechanism for metal oxide precursor formation via are discussed further in Section 

1.6. 

1.6.1 What are supercritical fluids? 

Supercritical fluids (SCFs) are of broad chemical interest due to their unique 

properties. A supercritical fluid exists in  a phase in which the boundary between liquid 

and gas does not exist. Supercritical fluids are formed at temperatures and pressures 

above their critical point. Below the critical point, Pc, and critical temperature, Tc, gas 

and liquid can coexist in their respective phases, where the coexistence curve is 

defined as the boiling curve. On an increase in pressure and temperature, liquids 

become less dense due to thermal expansion until the critical point is met and the 

density of the liquid and gas become identical; the phase boundary between liquid and 

gas becomes non-existent and the formation of a homogenous mixture occurs.  
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Figure 1.10: Temperature-pressure diagram for CO2 highlighting the different phases present Figure reproduced 
under Open Access CC BY from Int. J. Mol. Sci, 16, L. Laboureur, M Ollero and D. Touboul, 13868-13884, 

2015.93 

1.6.2 Supercritical fluid properties 

Supercritical fluids are of interest due to the combined properties of both liquids and 

gases. They typically exhibit intermediate densities, viscosity and diffusivity of the 

liquids and gases of the same compound, as shown in Table 1.5. 

Table 1.5: Characteristic magnitudes of thermophysical properties of states in comparison to SCFs.94 

 Density 

(kg m-3) 

Viscosity 

(cP) 

Diffusivity 

(cm2 s-1) 

Gas  1 10-2 10-1 

SCF 300-

800 

0.03-0.1 10-4 

liquid 103 1 10-5 
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The viscosity of a SCF is similar to the gaseous phase viscosity, whilst the density is 

closer to the liquid phase. The SCF properties  lead to interesting solvent properties, 

such as increased contact between phases that leads to improved mass transfer 

between the supercritical fluid and other phases present, such as organic solvents, 

when compared to typical organic solvents. Therefore, SCFs possess solubility 

properties of liquids, but have gas-like diffusion properties, leading to a range of 

applications in extractions, catalytic reactions and micronisation of materials, such as 

catalyst precursors. Another important property of supercritical fluids is the 

compressibility. SCFs are highly compressible, meaning the densities can be easily 

controlled depending on pressure and temperature, making the SCF more gas-like or 

liquid-like. This is useful in separation processes due to the liquid removal process 

and that the solute solubility correlates loosely with the solvent density (pressure 

tuneable dissolving power), and therefore SCFs are particularly interesting for solvent 

processes, separations and precipitations.95 

With the properties of SCFs being tuneable, there has been an increase in use for 

materials research, particularly for micro- and nanoparticles.96ï100 The use of SCFs for 

catalyst preparation can lead to inaccessible phases and well mixed binary catalyst 

precursors, with larger surface areas than the analogous catalysts prepared by 

solvothermal methods due to the micro- and nanoparticle formation, as well as the 

formation of an aerogel. The accessibility to different phases and careful control of 

structure is particularly useful for catalyst precursor synthesis, as control over particle 

size can be achieved, whilst rapid dissolution leads to well mixed, amorphous catalyst 

precursors. Therefore, it is necessary to explore alternative processes to develop 

improved catalysts.  
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The important understanding of the performance of SCFs for separation techniques is 

from phase behaviour, diffusion rates and electronic properties. Phase behaviour has 

been mapped for many solvents with scCO2,
101
 with complex relationships between 

the SCFs and organic solvents, typically in their miscibility, whilst diffusion rates when 

introduced to one another varies depending on the solvents properties. The conditions 

required cannot just be dependent on SCFs conditions for solvent performance, but a 

binary mixture between solvent and supercritical fluid when undertaking liquid removal 

or extraction. The phase behaviour becomes more complex when the use of 

cosolvents is used to enhance the solubility of solutes (entrainer or cosolvent effect),102 

becoming a ternary mixture of supercritical fluid-solvent-cosolvent. The mixture critical 

point (MCP) then becomes relevant. The MCP is the point in which only a single 

supercritical phase exists, at a consistent temperature when mapped on a pressure-

composition plane. The conditions in which the supercritical fluid and solvent are both 

beyond the critical point may influence the solubility of the solute, and therefore 

influence extraction of a solid from a solution.  

1.6.3 Supercritical CO2 (scCO2) 

One key supercritical fluid for extraction techniques and metal oxide precursor 

formation is CO2 (scCO2). In extraction processes, scCO2 accounts for 98% of use in 

the process. Supercritical CO2 has a wide range of applications, including extraction 

for both food and pharmaceuticals,103 chemical syntheses, polymers and catalyst 

precipitation. Supercritical CO2 has important properties such as non-explosive, non-

toxic, non-flammable, environmentally unreactive, cheap, available which make its use 

desirable,104 agreeing with major themes in green chemistry. Other SCFs are often 

deemed unsuitable for safe laboratory use due to flammability concerns (ethane, 

propane), high cost (CHF3) or poor solvating properties (SF6). The physiochemical 
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properties of CO2 and other supercritical fluids are shown in Table 1.6 below. As 

shown, CO2 has a critical point that is easily achievable under lab conditions (31 ÁC 

and 73.7 bar), making it a viable option for use for supercritical antisolvent 

precipitation, as well utilisation of CO2 being a key consideration.  

Table 1.6: Critical temperature and pressure of common SCFs.105 

SCF Tc (ÁC) Pc (bar) 

CO2 31 73.7 

H2O 374 221 

C2H6 32 48.7 

C2H4 9 50.4 

C3H8 97 42.5 

NH3 132 114 

N2O 37 72.5 

CHF3 26 48.4 

  

1.6.4 scCO2 synthesis technologies 

SCFs can be used for the formation of precipitates by using the phenomenon of super 

saturation. Super saturation is when a solution containing a solute reaches its 

concentration limit, forming a separate state. The use of scCO2 is to either dissolve 

the solute and then change the density via rapid expansion, or use as an antisolvent 

to supersaturate an organic solvent by lowering the solvation strength of the organic 

solvent (supercritical antisolvent), causing rapid dissolution of the solute from the 

solvent, causing precipitation. The precipitation results from  a physical change, 

typically from liquid to solid, without the need for a chemical change to form a 

precipitate. The control in varying the supercritical fluidôs properties gives great control 



51 
 

in nucleation and particle size when changing parameters. The process can give 

access to phases that may not be able to be formed through traditional precipitation 

techniques, such as coprecipitation of hydrothermal processes, whilst leading to a high 

nucleation rate and smaller particles. The formation of phases using scCO2 that are 

typically not accessible through solvothermal techniques involves a chemical change 

under the conditions to accompany the physical change during SAS precipitation.106 

ΤдΩдΧдΤЮÅċƓŔĬЮĲǂƓċŰƚŔŸŰЮŸŉЮƚƨƓĲƖĦƖŔƣŔĦċũЮƚŸũƨƣŔŸŰƚЮёÅEÉÉђ 

RESS is a process where the solute is dissolved in supercritical fluid, which then 

expands across a nozzle or capillary at a high velocity to atmospheric conditions. The 

rapid expansion leads to a drastic drop in density of the SCF, which therefore leads to 

a high solute supersaturation, causing small, monodispersed particles to form.107  

The RESS process is limited by low solubility of solutes in supercritical fluids. When 

the process is scaled for large plants, nozzles may become blocked due to particle 

formation and the rapid expansion across a nozzle can lead to freezing due to the 

rapid energy loss.108  

ΤдΩдΧдΥЮÉƨƓĲƖĦƖŔƣŔĦċũЮċŰƣŔƚŸũƻĲŰƣЮёÉ ÉђЮƓƖĲĦŔƓŔƣċƣŔŸŰЮƣĲĦőŰŔƕƨĲƚ 

As mentioned, scCO2 can act as an antisolvent. Firstly, a solute (metal salts when 

considering the formation of metal oxide precursors) is dissolved in an organic solvent. 

Typically, these are alcohols (methanol, ethanol or propanol), DMSO or acetone, 

depending on both the solubility of the solute in the organic solvent, as well as the 

solvents miscibility in scCO2. In gas antisolvent (GAS) precipitation, the solution is 

expanded in scCO2 several times to precipitate the solute. In precipitation with 

compressed antisolvent (PCA ï or in the context of this work, SAS precipitation), the 

solution is sprayed into a vessel through a co-axial nozzle into scCO2, leading to 
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precipitation on the intimate mixing of scCO2 and organic solvent solution. The scCO2-

expanded solvent mixture has a much lower solvation strength due to expansion, 

leading to rapid precipitation of micronic and sub-micronic particles.108  

GAS and SAS both operate on the same principles in which the scCO2 is miscible in 

the organic solvent, leading to supersaturation, but the difference being that SAS is at 

steady-state and semi-continuous; GAS precipitation is batch formation and not at 

steady state, due to the continuous expansion and reduction of the scCO2-solvent 

mixture. 

Atomisation via a coaxial nozzle (the CO2 and solution are fed into the vessel through 

the same nozzle with two different lines) leads to a greater control of particle size, as 

the organic solution is expanded rapidly on contact with the scCO2, forming a 

consistent particle size. With the SAS technique, many parameters can be controlled 

to influence the particle morphology. Specific to supercritical considerations is 

pressure, temperature, solution flow rate, CO2 flow rate and nozzle geometry, whilst 

considerations with the solvent chemistry such as metal salt, solvent, cosolvent, and 

metal salt concentration all need to be considered when forming metal oxide 

precursors via SAS precipitation. 

Another benefit of SAS precipitation is the low contamination. As the solution only 

contains the metal salts desired, washing the precipitates is not a necessary step when 

compared to other metal oxide formation processes, where a large washing process 

may remove impurities involved in the synthesis, such as N containing precursors or 

basic impurities. Impurities in the metal salts used may be present, but the precipitation 

mechanism does not require additional chemicals outside of salt-solvent-antisolvent 

mixture, therefore limiting contamination because the precipitation is principally a 
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physical transformation. The physical transformation can be accompanied by a 

chemical transformation between the three chemicals mentioned. In typical 

coprecipitation techniques, a base, such as sodium carbonate, is needed to precipitate 

the solid, which can lead to contamination, but this is not needed in the case of 

supercritical fluid material synthesis. Many solvothermal techniques also use nitrates 

as precursors, which evolve greenhouse gases such as NOx. Therefore, the absence 

of nitrates (typically metal acetylacetonates or metal acetates are used in supercritical 

processes) is a step towards a more sustainable process. However, the metal 

precursors used in SAS precipitation may be prepared via nitrate containing 

chemicals, and a full life cycle analysis of the CO2 used in SAS precipitation would 

need to be considered.  

As the solvent is expanded and therefore flows out of the vessel like a gas, filtering is 

not necessary. However, depending on conditions, drying will need to be undertaken. 

Supercritical drying is a process that forms an aerogel (the precipitate is dried with 

controlled shrinkage as the solvent is extracted out of the precipitate), rather than a 

xerogel (uncontrolled shrinkage and morphological changes including pore collapse), 

which is due to the withdrawal of the solvent via evaporation.109 Aerogels typically 

maintain the porous structure of the wet gels, have lower densities than the analogous 

xerogels as well as larger specific surface areas and are typically amorphous. When 

applying supercritical drying to SAS precipitates, a new class of materials can be 

formed, which can have enhanced properties for the application, in this case, the 

formation of metal oxide precursors.  
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1.6.5 Metal oxide catalyst precursor synthesis using the SAS method 

1.6.5.1 Precipitation mechanisms.  

First considerations for SAS precipitation is the use of solvents which are miscible with 

scCO2. As scCO2 is non-polar, polar solvents have low miscibility with scCO2. The 

other consideration is the surface tension of the solvent due to the influence of surface 

tension on the precipitation mechanism. Two phase mechanisms describe the 

formation of particles: jet break up and gas mixing. Gas mixing occurs when the 

injected solvent is fully miscible in the scCO2. Gas mixing is such that one phase is 

formed, and the static equilibrium surface tension between the organic solvent and 

scCO2 is zero.98 Jet break-up is the atomisation of the liquid phase to increase the 

surface area and improve mass transfer between solvent and scCO2, but the surface 

tension between organic solvent and scCO2 is greater than zero, meaning a 

multiphase system is present. The liquid droplet is then dried by the scCO2. The 

authors highlighted that the multiphase or single-phase conditions were not only 

dependant on pressure, but on the viscosity and surface tension of the solvents.  

Operating conditions can also influence the dominant effect between jet break-up and 

gas mixing. Varying the pressure and temperature can change the position of the 

operating point when in relation to the pseudo-binary mixture critical point (MCP), the 

point at which the system of the solvent and scCO2 are both supercritical.110 the 

pseudo-binary MCP is described as pseudo-binarybecause it can change depending 

on the conditions, whilst the operating point within the vapour-liquid-equilibrium 

diagram will not change. This is shown in Figure 1.11 (below). The change in vicinity 

from the MCP leads to different particle sizes forming, due to the change in surface 

tension, and then a change in nucleation and growth of particles.  
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The relationship between phase behaviour considerations and particle morphology 

can be understood in three well defined conditions:111 

1. Subcritical conditions: when the operating point is below the MCP, jet break-up 

is observed, liquid droplets are formed, whilst gas mixing is never observed, 

specifically in the case of both acetone and DMSO. This is explained by the 

surface tension always being above zero, and a homogenous solvent-

antisolvent supercritical mixture is not formed. The droplet expands due to the 

high solubility of scCO2 in the pressurised organic solvents, whilst poor phase 

transfer of the solvents into the bulk CO2 occurs under these conditions. The 

surface tension is sufficient to allow the droplet to maintain the spherical 

morphology, even when precipitate is forming within the droplet. Saturation 

occurs at the droplet surface eventually once CO2 has sufficiently reduced the 

dissolving power of the solvent, leading to solid shells to form, which would form 

at the same diameter as the expanded particle.  

2. Near above the MCP: as the solute-solvent solution enters, jet break-up 

(multiphase) leads to atomisation. The surface tension of the droplet is above 

zero when entering through the nozzle. However, as the conditions are above 

the MCP, the surface tension gradually falls to zero. Therefore, the solute per 

liquid droplet precipitates but the liquid dissolves into the bulk CO2, forming one 

phase, leaving spherical, nonhollow particles. The diameter depends on the 

atomisation upon entering the vessel, as the precipitates are spherical and 

smooth, suggesting that one particle is formed per droplet. The liquid viscosity 

(effected by solute concentration) also influences atomisation, as a more 

viscous liquid forms a large particle.  
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3. Far above MCP: gas mixing (single phase) is the only fluid dynamic behaviour 

observed (for acetone and DMSO in the study referenced). Surface tension 

reaches zero before jet break-up, leading to gas-to particle nucleation and 

growth mechanism thereafter. Reduced growth occurs as mass transfer from 

bulk to gas phase to the surface of the particle is poor, as the solute is almost 

insoluble in the fluid phase.  

 

Figure 1.11:Pseudo-binary vapour-liquid- equilibrium diagram of DMSO/CO2 in the presence of Yttrium acetate. 
MCPT=40 ÁC and MCPT=50 ÁC are the mixture critical points. Q is operating point for the experiments in the 

journal article, which were carried out at 120 bar and XCO2 = 0.98. Q is in the supercritical region at 40ÁC but near 

critical region at 50ÁC. T1 represents a subcritical liquid-rich phase, T2 represents a subcritical gas-rich phase, L 
represents overall composition for a two phase system, with L1 representing a liquid-rich phase, and L2 

representing CO2-rich phase. Reprinted with permission from E. Reverchon, G. Caputo and I. De Marco, Ind Eng 
Chem Res, 2003, 42, 6406ï6414. Copyright (2003) American Chemical Society.110  

The two mechanisms compete, and form different particle size depending on the time 

taken for jet break-up (Ű1) or gas mixing (Ű2) to occur:112 

¶ when Ű1<Ű2: jet break-up dominates gas mixing, droplets are formed and 

spherical microparticles are produced, typically the size of the droplet formed 

from atomisation. 

¶ when Ű1>Ű2: gas mixing prevails, droplets are not formed, which limits growth, 

and gas-to-particle nucleation occurs, forming nanoparticles.  
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The dominant mechanism of precipitation can be influenced by many parameters, both 

from operating conditions (P and T) as well as solvent considerations by manipulating 

the MCP as well as the reaction space.   

ΤдΩдΨдΥЮEǂċůƓũĲƚЮŸŉЮÉ ÉЮƓƖĲĦŔƓŔƣċƣĲĬЮůĲƣċũЮŸǂŔĬĲЮĦċƣċũǃƚƣƚ 

To explore the effects of temperature, pressure and solution concentration, iron oxide 

was formed using an iron solution in DMSO.113 An increase in solution concentration 

correlated with an increased in Fe2O3 particle size, with nucleation being the prevailing 

mechanism for lower concentrations, whilst growth was exhibited in higher 

concentrations.113 Pressure increase from 80 to 120 bar correlated with a decrease in 

particle size, but from 120 to 150 bar, minimal change in particle size was found. The 

increase in pressure led to higher densities of antisolvent, resulting in fast mixing and 

mass transfer. However, a competing mechanism in which the diffusivity of the solvent 

decreases at higher pressures occurred, leading to both mechanisms counteracting 

each other, leading to an equal particle size growth. It could be hypothesised that at 

higher pressures, particle size may even become larger. Increasing temperature led 

to an increase in particle size, which is hypothesised to be due to a scCO2 density 

decrease for a set pressure. A lower degree of supersaturation will occur in this case, 

as the density is related to the CO2 solubility strength.  

SAS precipitation uses scCO2 and a metal salt solution where the solvent has a high 

miscibility with ScCO2. With the use of water as cosolvent, this changes the position 

of the MCP, but also the metal salts hydrolyse in solution. Water can contribute to the 

formation of carbonic acid, which can dissociate to carbonate structures, as such: 

ὅὕ ὌὕᵶὌὅὕᵶςὌ ὅὕ  
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Carbonate formation could also occur with the alcohol, forming an alkyl carbonic acid, 

ROCOOH on the rapid expansion.114 Therefore, the formation of carbonates is 

possible with the presence of water, as well as hydrolysis of the metal salts (metal 

acetylacetonates or metal acetates as an example): 

ὅὌὅὕὕ  ὌὕᵶὅὌὅὕὕὌ  ὕὌ 

Hydroxyl formation was found when forming CuMnO4 with varying water content as 

cosolvent. With 15% H2O/EtOH solvent solution, the surface area was found to be 175 

m2g-1 after calcination, a large increase on other catalysts.115 The calcined surface 

area showed the inverse trend to SAS precipitates. The precursors formed with the 

lowest water content had higher surface areas in comparison to higher water content 

samples, due to the lower miscibility of CO2 and H2O under the same supercritical 

conditions. The lower water content samples under calcination showed structural 

instability, and therefore a large specific surface area drop was due to the highly 

exothermic decomposition of the acetate structures (precursor used). The increased 

water content led to increased carbonate content, which is more thermally stable, 

maintaining structure effectively.  

SAS precipitation also formed well-mixed binary catalysts with careful control of the 

water cosolvent content. When the water content was increased from 0 to 9 vol% 

formed Ni1-xCuxO crystallites from 10.5 nm to 3.0 nm, even after calcination.116 Above 

7 vol% water content, the complete dissolution of Cu and NiO crystal lattice was 

observed, and a Ni1-xCuxO solid solution was formed. After reduction, the formation of 

bimetallic Ni1-xCux particles were formed, absent of segregation between the metals. 

Both control of particle size and mixing was shown, both key characteristics of high 

performing catalysts.  
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Zincian georgeite was formed as a highly stable and well mixed precursor for Cu/ZnO 

catalysts.117 The stability was attributed to the increased interaction between copper 

and zinc in the structure. Other catalysts in the study were compositions of 

acetate/zincian georgeite precursors, of which the ratio of the precursor composition 

can be significantly varied by small changes in the H2O content. The formation of 

zincian georgeite is a great example of accessing phases through SAS precipitation, 

which would otherwise not be formed through coprecipitation techniques, to achieve 

greater catalytic performance. Coprecipitation of zincian georgeite was developed 

further after the SAS preparation, and were found to be of lower performance for low 

temperature water gas shift reaction, hypothesised to be due to higher impurity levels 

for coprecipitated samples and more disorder.118 

Screening nanocrystalline catalysts for propane oxidation was also possible using 

SAS precipitation. As a model test for short chain VOC oxidation, propane oxidation 

was shown to be highest over nanocrystalline CO3O4 when compared to Fe3O4, CuO 

and NiO.119 Again, an increase in carbonate structure was found on the increase of 

water cosolvent content.  

To conclude, research using SAS precipitation to form metal oxide precursors for 

catalysis applications can be closely tailored to change the precipitate structure and 

morphology, which leads to different catalytic properties after heat treatment. The 

control of particle size through parameters has been shown, whilst phase purity and 

precipitate structure has been examined, with the use of water as cosolvent to 

influence both solute-solvent chemistry and the interaction between CO2 and the 

solution.  
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1.7 Conclusions and the importance of development of iron molybdate catalysts 

As shown, iron molybdate catalysts are important to selective methanol oxidation, 

forming roughly two thirds of the worldôs formaldehyde from methanol. Catalyst 

preparation techniques have largely stayed the same, with the focus on deactivation 

mechanisms within the research, potentially due to the high performance already of 

the catalysts. However, the lack of novel material synthesis is limiting progression in 

regard to both performance and insight for the operation of the catalysts with the 

amorphous overlayer and highly reducible Fe2(MoO4)3. Typically, iron molybdate 

catalysts have textural properties, such as low surface area and low porosity, which 

limits catalytic performance, despite having advantageous properties such as redox 

ability, high oxygen mobility and high surface acidity. All the chemical properties of the 

mixed phase would suggest that these catalysts would be applicable to applications in 

partial oxidation reactions, such as propane ODH to propene.  

One such method which may improve the textural properties of the catalysts is 

supercritical antisolvent (SAS) precipitation. As shown, this one step synthesis can 

provide higher surface areas, porosity and well mixed catalyst precursors, which once 

calcined, may prove to enhance the performance, for both methanol oxidation and 

propane ODH. Being a highly controllable technique, parameters were explored using 

a definitive screening design, to link precipitate structure to changes in pressure, water 

content in the feed solution, metal precursor concentration in feed solution and feed 

solution flow rate.  

 

The thesis herein explores the use of SAS precipitation to form novel iron molybdate 

catalysts. SAS precipitation is a controllable mechanism that is hypothesised to 
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improve the homogeneity of the binary metal catalysts,116 as well as improve surface 

area. The homogeneity and surface are two limiting factors in the performance of iron 

molybdate catalysts for methanol oxidation to formaldehyde.37,120 The novel synthesis 

method is hypothesised to alleviate the current limitations of iron molybdate catalysts 

and open up further exploration of structure-property relationships due to the control 

of the precipitation mechanism leading to control of the metal oxide properties, with 

the objective to further uncover the structure-property relationships relating to the key 

phases, MoOx and Fe2(MoO4)3, for the selective methanol oxidation to formaldehyde. 

My thesis will also explore the use of iron molybdate catalysts for the oxidative 

dehydrogenation of propane to propene. Iron molybdates catalysts have been shown 

to be acidic at the surface and are redox active,12,39,121 two important catalyst 

properties for the oxidative dehydrogenation of propane. Careful control regarding 

overoxidation is hypothesised to be an important factor, as oxidative conditions can 

lead to COx products.50 Using the known structure-performance relationships of iron 

molybdate catalysts for the oxidation of methanol to formaldehyde, it was possible to 

discover further structure-property relationships of the catalystôs operation in regard to 

both formaldehyde and propene productivity. 
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2. Experimental  

This chapter details the experimental methods undertaken in this study, including 

chemicals and their suppliers, the preparation techniques to form standard and novel 

catalysts, as well as characterisation techniques and the scientific principles in which 

they operate as well as catalyst testing and reactor set ups detailed.  

2.1 List of chemicals 

Table 2.1: List of chemicals used, with supplier and purity for each. 

Material supplier Purity 

Ammonium heptamolybdate - 
(NH4)6Mo7O24Ŀ4H2O 

Merck >99% 

Iron nitrate - Fe(NO3)3Ŀ9H2O Merck >99.95% trace metal 
basis 

70% Nitric acid - HNO3 Fisher 
Scientific 

Laboratory reagent 
grade 

Bis(acetylacetonato)dioxomolybdenum 
(VI) - MoO2(AcAc)2 

Merck 26.5-33.2% 
gravimetric analysis % 
Mo with lead acetate.  

Tris(acetylacetonato)iron (III) - 
Fe(AcAc)3 

Merck >99.9% trace metal 
basis 

Iron (II) Acetate - Fe(OAc)2 Merck >99.99% trace metal 
basis 

Methanol - H3COH Sigma Aldrich HPLC grade 

Water - H2O Sigma Aldrich HPLC grade 

carbon dioxide - CO2 BOC CP grade 

Propane - C3H8 BOC 99.92% 

Oxygen - O2 BOC 99.5 

20% Propane in Nitrogen - 20/80 
C3H6/N2  

BOC Ñ >=1% 

Compressed air  BOC 21.5% O2 Ñ 0.5%, 
balance N2 

Nitrogen - N2 BOC  99.999% 

 

2.2 Catalyst preparation 

Two methods for forming iron molybdate catalysts have been used in this study. 

Coprecipitated samples, a solvothermal method, is the most commonly used in 

literature, and therefore was used as a standard to compare with novel iron molybdate 
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catalysts. The formation of novel iron molybdate catalyst precursors, shown in chapter 

3, used supercritical antisolvent (SAS) precipitation, which were calcined to form the 

metal oxide catalyst. All catalysts had a target Fe:Mo ratio of 1:1.5, as this is the 

stoichiometric ratio of Fe2(MoO4)3, the active phase targeted. All catalysts were 

calcined at 500 ÁC for 2 hours, with a ramp rate of 5 ÁC min-1.  

2.2.1 Coprecipitated iron molybdate catalysts (CP) 

Many factors can affect the physiochemical properties of coprecipitated iron molybdate 

catalysts. The influence of parameters on final catalyst structure when formed via 

coprecipitation is well mapped in literature and details can be found on the influence 

of parameters in a review by Soares et al..1 However, the coprecipitated samples in 

the work of this thesis were based on the coprecipitation sample used by Yeo et al,2 

which was also used as a standard catalyst to compare to novel catalysts formed by 

mechanochemistry. Ammonium heptamolybdate tetrahydrate ((NH4)6Mo7O24Ŀ4H2O) 

was dissolved in deionised water, forming a clear solution. In a separate flask, iron 

nitrate nonahydrate (Fe(NO3)3Ŀ9H2O) was dissolved in deionised water, forming a 

transparent orange solution. The Mo solution was acidified to a pH of 2, and the Fe 

solution added dropwise to the Mo solution whilst vigorously stirring. The solution was 

aged at 80 ÁC for 3 hours whilst stirring, forming a bright yellow precipitate. The 

precipitate was filtered, washed with hot and cold deionised water, and then dried for 

16 hours at 120 ÁC. 

2.2.2 SAS prepared iron molybdate catalysts 

Supercritical antisolvent (SAS) precipitation scientific principles have been shown in 

the introduction (Section 1.6). To undertake SAS precipitation, a bespoke machine 

was assembled by Sci-Med with parts manufactured by Waters. The bespoke rig 

consisted of a HPLC pump to deliver the metal precursor solution, leading to a vessel 
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via a coaxial nozzle to the precipitation vessel. The coaxial nozzle consisted of an 

inner tube (1 mm diameter), delivering the metal precursor solution, with an outer tube 

(4.95 mm diameter) delivering CO2, to ensure intimate mixing of the solution and CO2.  

 

The precipitation vessel was heated by a heating jacket, whilst pressure in the vessel 

was set by the back pressure regulator (BPR), which was downstream from the vessel, 

after the particulate filter (pore diameter of 0.5 Õm), to ensure that finer particulate that 

passed through the stainless steel frit (pore diameter of 7 Õm) at the base of the 

precipitation vessel did not damage the BPR. Downstream from the BPR is a heated 

cyclonic separator, which recovered effluent. This is shown in Figure 2.1. 

 

Figure 2.1: a) Schematic of Sci-Med custom apparatus for supercritical antisolvent precipitation with flow 
indications for CO2 (green), coolant (blue), metal precursor solution (red) and ventilation (yellow). B) Coaxial 
nozzle design, highlighting the feed of CO2 and metal precursor solution into the precipitation vessel. 

The general method for operation is as follows: 

1. Dissolve required metal salts in methanol or methanol/water cosolvent mixture. 

Methanol is miscible with scCO2, whilst water has a low miscibility. 

MoO2(AcAc)2 and Fe(Oac)2 were used for Mo and Fe precursors, respectively, 

as they dissolve in the solvent sufficiently. Dissolving the metal salts is 

undertaken overnight (16 hours) to ensure the salts dissolved completely. 
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2. Set the supercritical vessel so that all Swagelok is tightened sufficiently to 

ensure the vessel can reach pressure. Liquid CO2 was flowed at the desired 

rate using CO2 pump and chiller set to -2.1 ÁC using the control system.  

3. The back pressure regulator (BPR) was set to the desired pressure and 

simultaneously the heating jacket was set to desired temperature. Pressure 

was set incrementally to ensure pressure rises safely.  

4. When pressure and temperature were stable, clean methanol was run into the 

system using HPLC pump at desired flow rate. The use of clear methanol before 

salt solution was to ensure steady state in the reaction vessel between solvent 

and CO2.  

5. After 10 minutes, flowing of the metal solution into the system was started using 

the HPLC pump. 

6.  Pump the metal solution into the vessel via the HPLC pump. The solution 

entered the vessel via a coaxial nozzle, allowing for intimate mixing of the 

solution and CO2 to enhance precipitation.  

7. When the metal solution has been sprayed, switch back the solution to clean 

methanol, to ensure all lines have been cleared up to the precipitation vessel, 

and run for a further 10 minutes or until the lines have been sufficiently pumped.  

8. Stop pumping via the HPLC pump and the vessel was kept under supercritical 

conditions for a sufficient time to dry the precipitate using supercritical drying. 

Supercritical drying forms an aerogel, unlike a xerogel which is formed when 

drying using heat, as the solvent is drawn out and preserves the precipitate 

physical structure.  

9. Once drying has been completed, the vessel was depressurised slowly to 

ensure that the precipitate is not drawn downstream, and safe decompression 
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of the vessel occurs. At the same time, temperature control can return to room 

temperature.  

10. Once ambient pressure and temperature was reached, undo the vessel to 

collect the sample, which should be collected in the precipitation vessel basket 

that was inserted before the preparation. Depending on the precipitation, 

precipitate can also be outside of the precipitation vessel basket and is likely to 

be sitting on top the fine metal frit that sits at the base of the precipitation vessel 

and allows scCO2 to pass but not the precipitate. 

In this study, a variety of different parameters were used to measure the influence of 

each parameter on the physiochemical properties of the novel iron molybdate 

precursors formed, with initial testing varying Fe precursor and water cosolvent 

content, whilst the definitive screening design (detailed in table 2.2 below) was used 

to measure the influence of pressure, water cosolvent content, solution flow rate and 

metal precursor concentration. Herein, the samples labelled DSD relate the samples 

formed for the definitive screening design, The application of the definitive screening 

design is discussed in Section 2.2.3. 
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Table 2. 2: operating parameters for supercritical antisolvent precipitation to form novel iron molybdate precursors. 

Sample name Mo precursor Fe precursor CO2 flow rate Fe:Mo ratio Temperature pressure Precursor 

concentration 

Water content Solution flow 

rate 

   mol min-1 1:x ÁC bar g L-1 % mL min-1 

SAS 0% MoO2(AcAc)2 Fe(AcAc)3 0.77 1.5 40 120 5 0 6.5 

SAS 1% MoO2(AcAc)2 Fe(AcAc)3 0.77 1.5 40 120 5 1 6.5 

SAS 5% MoO2(AcAc)2 Fe(AcAc)3 0.77 1.5 40 120 5 5 6.5 

DSD1 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 140 10 20 7.5 

DSD2 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 80 5 1 7.5 

DSD3 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 110 10 1 10 

DSD4 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 110 5 20 5 

DSD5 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 140 10 10.5 5 

DSD6 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 80 5 10.5 10 

DSD7 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 80 7.5 20 5 

DSD8 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 140 7.5 1 10 

DSD9 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 140 5 1 5 

DSD10 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 80 10 20 10 

DSD11 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 80 10 1 5 

DSD12 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 140 5 20 10 

DSD13 MoO2(AcAc)2 Fe(OAc)2 1.0 1.5 40 110 7.5 10.5 7.5 



78 
 

2.2.3 Statistical analysis of SAS parameters via a definitive screening design 

To efficiently undertake parameter mapping for SAS precipitates, a definitive 

screening design was developed with the industrial partners, Dr. Daniel Curulla Ferre 

and Dr. Kamila Kazmierczak, TotalEnergies, Belgium. A definitive screening design is 

a statistical analysis method that used multivariate analysis, rather than univariate 

analysis, to determine the influence of the parameters on the outcome of the 

experiment (in the case of our study ï the physiochemical properties of SAS 

precipitates), including main effects and second order effects, whilst ensuring no 

aliasing between main order and second order effects. Aliasing is the overlap between 

terms, making the dependence of the physiochemical properties on the parameters 

difficult to accurately detect the correct response for each term. 

The three-level definitive screening design (DSD) was proposed by Jones and 

Nachtsheim,3 to help researchers measure the curvature across a dataset, similar to 

a volcano plot, for which typical two-level statistical analyses cannot measure. The 

three-level definitive screening design  meant that a data range for a factor was 

assigned -1 to 1 to represent the maximum and minimum values of the parameters 

varied in the study, respectively. The data is normalised across different ranges for 

each parameter but centred around the middle point of the range (which is represented 

as 0). For example, the pressure range was set to 80 to 140 bar, 80 bar represented 

as -1 and 140 bar represented as 1, and 110 bar represented as 0 for the statistical 

analysis, hence the three-level screening design. The use of -1 to 1 for the screening 

design for application of the ranges is to remove the difference in ranges when 

statistically analysing the resulting data; pressure has a range of 60 bar, but the 

solution flow rate has a range of 5 ml min-1, yet the statistical design will require the 

ranges to analysed as equal influence. Using a range of -1 to 1 for the statistical design 
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allows a different range for each parameter to be used without the absolute values 

effecting the outcome of the statistical analysis.  The definitive screening design 

required(2m + 1) runs (where m is number of factors ï in this case, 4) but 13 runs were 

used in this study, to satisfy the main and cross-term factors in the calculation in the 

equation: 

ώ ὦ ὦὼ ὦὼ ὦὼ ὦὼ

ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ  

ὦ ὼ ὦ ὼ ὦ ὼ ὦ ὼ 

where Ȓ is the SAS precipitate property which is being measured and predicted (this 

is always quantified data, such as particle size, mass loss and other important 

properties for characterisation of SAS precipitates), b is the experimental coefficient 

of each parameter found through the statistical analysis, x is the parameter being 

measured, with the subscript denoting which parameter in the multivariate analysis. 

For example, pressure may be assigned 1, water cosolvent content be assigned 2, but 

the ordering of the parameters does not matter. The factor b0 is included to not force 

the data through zero.  

Despite only 10 factors needing to be satisfied, 13 runs have been undertaken which 

are a minimum for when testing 4 parameters to minimise the correlation between 

pairs of factor effects, to effectively estimate the influence of cross terms and ensure 

no aliasing occurred between main and cross term effects.4 Main effects are the 

influence of each parameter individually (pressure, water cosolvent content, solution 

flow rate and metal precursor concentration), whilst cross terms are the influence of 

two of the factors together, such as the relationship between water cosolvent content 

and pressure influencing the precipitate properties. Each parameter was tested twice 
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at the centre point of its range (value of 0 in a range of -1 to 1), where the first SAS 

precipitation was used to maximise D-efficiency (a measurement of the predictive 

strength of the statistical analysis, with D representing design - the quality of the 

estimation of coefficients bn or bnm where n and m represent the parameters varied), 

whilst the second precipitation for the centre point of one of the parameters is the 

inverse of the first experiment for other factors in the experiment(the test is multiplied 

by -1). For example, DSD7 precursor concentration was 7.5 g L-1 (representative of 0 

in the statistical analysis) and the experiment had a pressure of 80 bar (representative 

of -1 in the statistical analysis), but DSD8 was formed with a pressure of 140 bar 

(representative of 1 in the statistical analysis) with the precursor concentration of 7.5 

g L-1 (again, representative of 0 in the statistical analysis). The maximum D-efficiency 

of the model with 13 runs is 81%, which is below the experimental error of the 

measurements for each property, ensuring the model can be accurate in the 

predictions. The D-efficiency relates to the orthogonality of the design matrix derived 

for the measuring of coefficients used in the statistical design, and a100% D-efficiency 

would represent a fully mapped reaction space. A 100% D-efficiency would represent 

overfitted data due to the error in the statistical design being smaller than the 

experimental error of measurement of the precipitate properties.  

2.3 Catalyst characterisation 

To sufficiently understand the catalyst and catalyst precursors formed, a variety of 

characterisation techniques were usedto measure the characteristics that define the 

catalyst and resulting properties. 
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2.3.1 X-ray powder diffraction (PXRD) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

X-rays are used to determine crystal structure of powders. Wavelengths of x-rays are 

in the angstrom range, which are able to penetrate solids and are therefore useful 

when determining structures internally due to the resolution. When crystals are 

exposed to x-rays, x-ray photons are scattered by the electrons present in the sample, 

which when measured show d-spacing (characteristic layer distance between crystal 

planes). The scattered photons either cause constructive or destructive interference. 

The constructive interference gives a sharp peak when using a diffractogram. The 

peaks are characteristic of a specific phase and spacing of a material. The d-spacing 

can be determined simply using Braggs law: 

ὲ‗ ςὨ ίὭὲ— 

Where n is the order of reflection (an integer), ɚ is the wavelength of x-rays, and ɗ is 

the incident angle (the angle between the beam and reflecting lattice plane).5 

Therefore, d-spacing can be determined for every set of lattice planes in crystal 

phases present in the material. The diffractograms can be compared to the 

International Centre of Diffraction data (ICDD) which allows distinct phases to be 

confirmed experimentally, even if many phases are present. 

Among qualitative analysis of samples to detect specific phases present, powder x-

ray diffraction (PXRD) can also be used to determine quantitative data of crystals. 

Crystallite size can be determined by the Scherrer equation: 

†
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Where Ű is crystallite size and ɓŰ is crystallite peak broadening. As the crystallite size 

becomes larger, the peak broadening of the characteristic peaks on the diffractogram 

become narrower due to the large number of planes causing interference. 

Another reason for peak broadening could be due to microstress (local stresses in 

structure).  Microstress causes a variation in d-spacing. Microstress influence on d-

spacing  is a function of cosɗ, whilst peak broadening due to crystallite size is a 

function of 1/cosɗ. Macrostress ï bulk stresses on the crystal structure, usually due to 

machining or thermal treatment ï causes a shift in characteristic peaks. The shift in 

peaks is simple to understand, as if a force was applied across the full sample, rather 

than locally. For example, d-spacing would be smaller for each plane if the stress is 

compressive. Stress can be measured by comparing the stressed materials with 

standard phases to quantify the changes the applied stress cause to the crystal phase. 

Overall, PXRD can give a detailed insight into the solid state by determining 

parameters relating to crystallite structure and size.6 

EǂƓĲƖŔůĲŰƣċũ 

X-ray powder diffraction patterns for initial novel catalysts formed from SAS 

precipitation precursors were recorded using XôPert PANalytical diffractometer with a 

Cu KŬ X-ray source (wavelength of 1.54 ¡), with a 2ɗ range of 10Á - 80Á. Analysis of 

patterns were undertaken using X-Pert HighScore Plus software to match crystal 

phases with ICDD. To quantify crystallite size data using the Scherrer equation, a Si 

standard was used to measure the peak broadening from the diffractometer, to ensure 

the peak broadening caused by crystallite size or stresses was absent of 

measurement errors. 
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Iron molybdate catalysts formed via SAS precipitation with varying pressure, water 

cosolvent content, metal precursor concentration and solution flow rate for the 

definitive screening design (DSD1-13) diffraction patterns were collected at 

Southampton University, with thanks to Dr. Alice Oakley, with the use of a Bruker AXS 

D2 phaser with Cu KŬ X-ray source, with a wavelength of 1.54 ¡. To ensure diffraction 

patterns collected were concurrent with previous testing, the methods were matched, 

so the 2ɗ range was 10Á - 80Á, a slit size of 0.2 mm, step size of 0.0126Á and time per 

step of 0.5 seconds.  A LaB6 standard was used to calculate the Scherrer equation. 

2.3.2 N2 physisorption and Brunnauer Emmett Teller (BET) analysis 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

Physisorption techniques use non-reactive physical adsorption of small molecules to 

probe the surface of the material and determine surface properties, such as surface 

area. Physisorption does not alter the electronic structure of the atom or molecule of 

bonding atoms, unlike chemisorption, and relies on the interaction between the 

molecule and surface through Van Der Waals forces.7 

BET theory builds on this adsorption technique of non-reactive gases to estimate the 

surface area and pore volume of powder samples. A known mass of solid is loaded 

into the bulb (vessel to hold the sample in the machine) with outgassing, then exposed 

to a volume of probe gas (for example, N2) at -196 ÁC (with the use of liquid N2). At the 

low temperature, N2 will adsorb on the surface, which will be in equilibrium with 

unbound gas. The physisorption of the probe gas will be a function of the ratio of 

equilibrium pressure (P) to the saturation pressure (P0), leading to a characteristic 

isotherm formed when plotting specific volume adsorbed as a function of P/P0, due to 

the relationship shown by the BET equation below: 
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Where P is equilibrium pressure, P0 is saturation pressure, Va is adsorbed gas volume, 

Vm is monolayer volume and C is the BET constant.  

The BET equation is only applicable for the linear range of 0.05 to 0.3 P/P0. To 

measure reliability of the data, the BET constant, C, can be used. Typically, a C 

constant close to 100 relates to a more reliable measurement as the C constant relates 

to the magnitude of the adsorbent and adsorbate interaction.  

The isotherms formed highlight the change in physisorbed volume as a function of 

pressure, which can highlight the specific surface area and the porosity. The 

adsorption isotherms are classified into six categories by IUPAC, as shown in Figure 

2.2 (left). Each type represents a different adsorption layer or porosity. Type I shows 

monolayer only formation, typical of microporous materials with a small accessible 

surface area. Type II isotherms are typical of nonporous or macroporous materials, 

with unrestricted monolayer-multilayer adsorption, and point B is defined as the 

beginning of the almost linear section of the isotherm at moderate P/P0, which 

indicates monolayer formation. Type IV isotherms show a hysteresis loop that relates 

to many mesoporous materials, with similar adsorption properties to type II, in which 

monolayer-multilayer adsorption is shown. The hysteresis loop forms due to the 

capillary condensation in the mesopores. Type VI isotherms indicate the formation of 

multilayer adsorption on uniform non-porous materials, with each step the capacity of 

each adsorbed layer.8 

Type III isotherms are not typically seen, but can occur, with a convex shape to the 

isotherm and undefined point B. Type V isotherms are like the type III isotherm, in that 
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the point B is indistinct, leading to the conclusion that the adsorbent-adsorbate 

interaction is weak, but can occur with specific porous materials.8 

 

Figure 2.2: Adsorption isotherm and hysteresis loop categorisation.Point B is defined as the start of the linear 
section of adsorption, whilst H represents hysteresis loops8  

Hysteresis loops of physisorption can also be explored to detect differences in 

adsorption and desorption of probe gases, as shown in Figure 2.2 (right). H1 relates 

to specific pore structure and narrow distribution in pore size, H2 may suggest a small 

pore opening with wider internal diameter, H3 relates to slit shaped pores, which H4 

also suggests is the pore structure, but with H4 having microporosity due to the 

similarity with the type 1 isotherm.8 

EǂƓĲƖŔůĲŰƣċũ 

BET analysis was undertaken using a Quantachrome Quadrasorb SI instrument. N2 

adsorbate was used at -196 ÁC. Degassing under vacuum for calcined samples was 

undertaken at 150 ÁC for 3 hours, whilst uncalcined samples were degassed at 80 ÁC 

for 4 hours, to preserve the structure of the catalyst precursor. The Catalyst and 

catalyst precursor specific surface area was determined via BET theory using a 5-
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point measurement with relative pressure, P/P0, in the range of 0.05 to 0.30. To detect 

porosity, a 20-point adsorption, 40-point desorption isotherm was undertaken, with a 

relative pressure range of 0.05 to 0.98. 

2.3.3 H2-temperature programmed reduction (H2-TPR) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

H2 temperature programmed reduction (H2-TPR) is a characterisation method thatcan 

quantify the reducibility of a material, which is important to understand for many 

heterogeneous catalysts.  

In standard testing for H2-TPR, the catalyst is exposed to dilute H2 gas, which is flowed 

over the catalyst whilst the temperature is increased. Downstream from the catalyst is 

a thermal conductivity detector (TCD ï the function of a TCD is explained in section 

2.4 of this chapter), which measures the change in H2 concentration as a function of 

temperature. H2-TPR allows information regarding reduction temperature of the 

catalyst (or H2 consumption with a dependence on temperature being measured) to 

be determined. Differences in the trace detected can elucidate subtle differences in 

catalyst redox properties or highlight different phases present in the catalysts. H2-TPR  

has previously been used to define phase changes for ultrafine Mo mixed oxides, 

including Fe2(MoO4)3.9 

EǂƓĲƖŔůĲŰƣċũ 

H2-TPR was undertaken with the use of a Quantachrome CHEMBet TPR machine. 50 

mg of each catalyst was loaded into the tube (which is u shaped, loading the catalyst 

sample on one side of the bend, and the thermocouple on the other side, so that the 

tip of the thermocouple is level to the sample but not touching due to the geometry of 

the tube) between two pieces of quartz wool. The tube was loaded into the machine 
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by attaching to the flow and lowering into the furnace.. Inert gas was flowed over the 

catalyst at 120 ÁC for 1 hour for pretreatment, and then testing was undertaken using 

10% H2/Ar probe gas. The temperature was ramped to 900 ÁC at a ramp rate of 5ÁC 

min-1.   

2.3.4 X-ray photoelectron spectroscopy (XPS) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

X-ray photoemission spectroscopy (XPS) is a surface characterisation technique in 

which the material is exposed to x-rays under vacuum and an electron is ejected from 

core levels. The penetrative depth of sources (usually Mg KŬ or Al KŬ) is small 

compared to XRD and the information depth (d) is given as: 

Ὠ σ‗ ίὭὲ— 

where ɚ is wavelength of x-ray and ɗ is incident angle between the beam and normal 

plane. The penetration depth can therefore be tuned to be a certain length to measure 

the very top layer of the materials.  

The kinetic energy (Ek) of each emitted electron is measured by an electrostatic energy 

analyser. The binding energy (EB) of the photoelectron is characteristic to an element, 

and can calculated by: 

Ὁ Ὤ‡ Ὁ ‰ 

In which hɜ is the energy of the incident x-ray and ū is the work function of the sample. 

Hydrogen is the only element that cannot be identified but sensitivity factors do need 

to be considered for varying elements. Once sensitivity factors are considered, peak 

intensities can be related to atomic compositions.10 
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XPS can be a powerful tool when comparing samples with known libraries of elemental 

data. Binding energy shifts are usually small but significant, as shifts can identify 

changes in environment of the atom and therefore small changes in structure can be 

quantified. In-situ experiments involving XPS can also be undertaken. The shift in 

relative intensities of the binding energies allows understanding of change in surface 

structures and oxidation state changes for phases at the surface.11 

Photoelectron peaks give intense, narrow peaks (such as C 1s photoelectrons for 

example. C 1s is used for binding energy reference as any hybridisation gives EB as 

284.8 eV as long as the carbon is bonded to carbon or hydrogen only ï carbon bound 

to oxygen or halogens will have a shift in binding energy).10 However, Auger electron 

emissions also occur. Auger electrons are electrons which are released by the atom 

during relaxation: 

1. The original photoelectron is ñknocked outò by the x-ray, leaving a hole.  

2. An electron in a higher energy state falls to ñrelaxò the energy of the electron, 

emitting the energy change. 3. The photon emitted is transferred to another electron 

that increases the subsequent energy of this electron, allowing the electron to be 

emitted.  

The auger emission spectra give valuable detail to lower atomic mass elements, such 

as Li, whereas x-ray yields dominate in larger element analysis.12 

EǂƓĲƖŔůĲŰƣċũ 

XPS spectra were collected using a Kratos Axis Ultra DSD system. A monochromatic 

Al Ka X-ray source was used, operating at 120 W (10 mA Ĭ 12kV). A pass energy of 

40 eV was used for high resolution scans with step sizes of 0.1 eV, whilst survey 
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spectra were collected using a pass energy of 160 eV, with a step size of 1 eV. Data 

were collected by Dr. Dave Morgan. 

The system used a combination of magnetic immersion and electrostatic lenses in 

hybrid mode and acquired spectra in an area of approximately 300 x 700 Õm2.  

Charging of the sample was minimised by a magnetically confined charge 

compensation system. All spectra were collected with a 90Á take of angle. A base 

pressure of 5x10-9 bar was maintained during characterisation. 

Data was analysed using CasaXPS. Calibration of the lowest C 1s peak was 

undertaken, with calibration to 284.8 eV. A Shirley background was used to account 

for electron scattering and modified Wagner sensitivity factors were used, supplied by 

the manufacturer. 

The O 1s binding energy was used to attempt to determine the binding strength of 

oxygen at the surface of the catalysts, and therefore determine a change in 

environment at the surface. The O 1s binding energy refers to the energy of the 

photoelectron detected, which has been ejected from the core shell.  

2.3.5 Microwave plasma atomic emission spectroscopy (MP-AES) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

Microwave plasma atomic emission spectroscopy (MP-AES) is used to detect 

elements with very low concentrations in solution (parts per million). MP-AES can 

therefore be utilised to measure concentration of metals in solution, and as such can 

therefore measure molar ratios of binary catalysts if dissolved.   

Atomic emission spectroscopy relies on the excitation and subsequent relaxation of 

electrons in an atom or molecule. The valence electrons in elements present are 

excited to higher energy levels. Once they relax, the energy is emitted in the form of 
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radiation. The radiation will have a specific energy, and therefore a specific 

wavelength, due to the quantised nature of energy levels in all elements. The 

wavelength will be specific to an element and therefore the intensity can be measured 

and related to the quantity of the specific element present.13 

Microwave plasma is used as the source of excitation, in which the liquid is fed into 

via a nebuliser. The emission of the excited atoms is detected through a lens and 

monochromator, leading to the detector. Microwave plasma has the benefit of a self-

sustaining plasma, formed from a constant feed of nitrogen, as well as a high 

sensitivity for many elements.14 

EǂƓĲƖŔůĲŰƣċũ 

MP-AES was undertaken using an Agilent Technologies 4100 MP-AES spectrometer 

to measure the bulk Fe and Mo contents. Fe and Mo ppm standards were prepared, 

with Mo ppm range between 10 and 40 ppm, whilst Fe standards were formed between 

5 and 20 ppm. 20 mg of precipitates and catalysts were dissolved in separate 

volumetric flasks, in the minimal amount of aqua regia, and then diluted to the correct 

concentration, such that the concentration of the metals in the liquid sample was within 

the range of the standard solutions. An aerosol of the sample is then formed using a 

nebuliser, which is fed into the plasma formed by an air compressor and nitrogen 

generator. The liquid samples were filtered before being flowed for testing to ensure 

the nebulizer did not clog, leading to poor precision or failure of the equipment. 

2.3.6 Thermogravimetric analysis (TGA) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

Thermogravimetric (TGA) analysis is a characterisation technique to measure the 

mass of the sample when under temperature treatments or different gases. The 
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sensitive change in mass under different environments is measured by the balance 

and can simulate the calcination conditions for precipitates formed. This can be useful 

in defining when decomposition occurs and the different changes in structure over a 

temperature range. Data was shown as a function of mass loss percentage and as a 

function of time (which is converted to temperature when a known temperature ramp 

rate is used), to measure when decomposition occurs. TGA has previously been used 

to measure the influence of water cosolvent content on mass loss during calcination 

for SAS precipitated copper-zinc catalysts, to elucidate the chemical structure of 

precipitates.15 

EǂƓĲƖŔůĲŰƣċũ 

TGA was undertaken using a small amount of precipitate (~20 mg) which was placed 

in the sample holder, and carefully placed on the balance, with a cover placed to 

control the environment in the furnace sufficiently. Air was flowed at 20 mL min-1 and 

the temperature was ramped to 800 ÁC at a temperature ramp rate of 10 ÁC min-1.   

2.3.7 Fourier Transform infrared spectroscopy (FT-IR) 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

Infrared spectroscopy is a characterisation technique to detect the vibrational modes 

of a chemical sample. Vibrational energy levels of molecules are higher energy than 

rotational energy levels, but less than electronic energy levels. The energy needed to 

cause vibrational energy level transitions in a molecule or chemical is within the 

infrared range. The discrete energy levels relate to the structure. For a vibrational 

mode to be ñinfrared activeò, a change in electron dipole moment must occur.16 

Varying the wavelength means a range of infrared can be used to detect characteristic 

absorption peaks. The variation in wavelength is achieved through the use of a 
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Michelson interferometer.17 A Michelson interferometer consists of a moving mirror, 

perpendicular to a stationary mirror. The path difference is used to vary wavenumber 

of the infrared passing into the sample, which is then detected.  

Attenuated total reflectance (ATR) was utilised in this study. Infrared spectoscopy 

utilises the phenomenon in which a material with a high refractive index (crystal in the 

spectrometer) will allow a small amount of infrared radiation to enter the sample in 

close contact at the surface (in this case, a powder which is clamped down). At the 

angle of incidence, most of the radiation is reflected back, towards the detector. 

However, an evanescent wave enters the sample, leading to a change in reflected 

infrared, which is ATR.18 The absorbance of the sample is then converted into the 

spectra through a Fourier transform. A Fourier transform (FT) is a mathematical 

function, which can convert one domain to another. A Fourier transform function can 

be utilised for infrared spectroscopy, to measure frequency by converting the time 

domain spectrum. 

EǂƓĲƖŔůĲŰƣċũ 

FT-IR data was collected using a Bruker FT-IR spectrometer, with a range of 500-4000 

cm-1 to map key structural properties of the precipitates. A small amount of sample 

was loaded onto the machine above the crystal and then clamped down. Absorbance 

spectra were collected. 

2.3.8 Electron microscopy 

ÉĦŔĲŰƣŔǯĦЮƓƖŔŰĦŔƓũĲƚ 

Electron microscopy is a tool to image the morphology of a catalyst at high levels of 

magnification. The high resolution is due to the range of wavelengths that can be 

achieved by varying the electron acceleration, in which control over the accelerating 
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voltage will lead to different magnification or electron-sample interaction volume. It is 

also beneficial to use electrons as the negative charge can interact in a variety of ways 

with atoms, through elastic interactions between a positively charged nuclei or electron 

cloud present in a sample with the electron beam supplied by the source. 

Two key electron microscopy techniques are commonly used. Firstly, scanning 

electron microscopy (SEM) detects secondary or back scattered electrons, in which 

primary electrons from the beam scatter off the surface or are expelled from the 

surface. SEM therefore depends on two main sample features. Here, secondary 

electrons depend on the topology of the sample, due to the angle of incidence 

controlling the escape of secondary electrons influencing the surface-volume 

interaction. The surface-volume interaction is important as secondary electrons, 

although abundant and generated throughout the interaction volume, can only escape 

from the sample surface from a depth of up to roughly 20 nm as they are absorbed 

due to the energy losses through inelastic scattering and the need to have a higher 

energy than the material work function (the energy needed for an electron to leave the 

surface of a material). Back scattered electrons depend on the composition of the 

sample, as back scattering of the primary electrons occurs due to the electrostatic 

interaction between electrons and positive nuclei. The repulsion of the electron is 

proportional to the nuclei charge; therefore, the heavier elements will produce a larger 

amount of back scattered electrons, which can be useful in determining different 

chemical compositions in different regions.19 

However, the resolution of SEM is limited when compared to transmission electron 

microscopy (TEM), which can obtain atomic resolution. Electrons in TEM are 

accelerated at higher voltages (between 80 ï 300 kV) to have a great enough energy 

to pass through the sample. The higher voltage is achieved through an anode, 
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condenser lenses and a condenser aperture, with a detector on the other side of the 

sample from the electron source. Imaging modes can vary: bright field imaging can be 

used by detecting electrons that have passed through the sample and depend on 

scattering of the electrons.19 Areas of different thickness, increased mass, grain 

boundaries and dislocations will influence the scattering of the electrons, which can 

then be imaged. Scattered electrons can be collected with an aperture to block 

unscattered electrons for dark field imaging, in which coherently scattered electrons 

can show the crystal structure of the sample.  

EǂƓĲƖŔůĲŰƣċũ 

SEM imaging was undertaken using a Tescan Maia3 field emission gun scanning 

electron microscope (FEG-SEM) fitted with an Oxford Instruments XMAXN energy 

dispersive X-ray detector (EDX). Secondary and back-scattered electron detectors 

were used to acquire the images of the samples which were loaded on to carbon Leit 

discs on aluminium stubs, which were placed in the holder. TEM and dark field imaging 

were collected by the using a JEOL JEM-2100 at 200 kV. TEM images were collected 

by Daniel Hewes. 

2.4 Catalytic testing  

In this study, catalytic testing was gas phase analysis of reactants and products. This 

was undertaken using a Gas Chromatograph (GC). The GC consists of one or multiple 

packed or capillary columns, which are a variety of finely divided solids (stationary 

phase) that can effectively separate the different gases that are injected into the 

column with a carrier gas (mobile phase). The injection will include the gas flow from 

the catalyst bed. The different gases in the mobile phase elute from the column at 

different times depending on the gas and which column is used. A balance between 
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time for one test, peak separation and peak broadening needed to be considered. The 

gases are then sent to the detector.  

Typically, two types of detectors are used, a flame ionisation detector (FID) and a 

thermal conductivity detector (TCD).  FIDs operate through the ionisation of gases with 

a hydrogen flame, causing a change in electrical conductivity, measured through a 

cathode and anode above the flame, due to the ions formed. They are particularly 

important for high sensitivity measurements for hydrocarbons but are unable to detect 

permanent gases.20  

TCDs detect permanent gases, which is particularly important in oxidative 

dehydrogenation processes, to detect O2, CO and CO2, which the FID cannot 

effectively measure. However, TCDs are less sensitive than FIDs in general, but can 

be calibrated to a high standard. A TCD is a cell that compares the thermal conductivity 

of an analyte when compared to a reference gas, which in this study was H2. When 

the reactant or product gases pass through the cell, a TCD will detect a change in 

thermal conductivity of the gas passing through, as typically, analytes will have a lower 

thermal conductivity than H2.21 The difference in conductivity is measured with the use 

of a Wheatstone bridge.  

2.4.1 Methanol oxidation  

Catalytic performance tests for methanol oxidation to formaldehyde were undertaken 

in a fixed bed reactor using iron molybdate catalysts formed in this study. Initial testing 

occurred at 225 ÁC, whilst isoconversion studies were conducted at 250 ÁC. Nitrogen 

was flowed at set rate, controlled by an MFC and methanol was introduced into the 

gas flow through a bubbler, which was chilled to 5.2 ÁC, to achieve a total of 5% 

methanol content in the gas flow with N2 flowing through the methanol only. O2 was 
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introduced into the flow through a separate MFC to give an overall O2 partial pressure 

of 10%. The MeOH:O2:N2 ratio was 5:10:85 for all testing. In initial testing, 100 mg of 

catalyst was used, diluted with 900 mg of SiC to form the catalyst bed between two 

pieces of quartz wool, with a total flow rate of 60 mL min-1. For isoconversion studies, 

the flow rate was reduced to 30 mL min-1 and catalyst mass was varied to achieve a 

conversion of ~12%. This was achieved by varying the weight hourly space velocity 

(WHSV), which is detailed in Chapter 3.  

The gas chromatogram consisted of a Porapak Q column to separate all products 

formed, contained inside an oven for temperature control. After the column, a 

methaniser was used to convert all carbon containing products into methane, to 

standardise the response, meaning calibrations were only needed for CO2 to have a 

response factor for one equivalent of carbon (whereas C2 products are two 

equivalents, C3 products are three equivalents), which can be used for all products 

(multiplying the response factor by how many carbons present in the product). The 

GC did not contain a TCD, only an FID, meaning oxygen conversion could not be 

measured. However, the methaniser allowed for all carbon products converted to 

methane to be detected (such as CO2, which would not be detected by the FID). 

2.4.2 Single bed reactor for propane oxidative dehydrogenation to propene 

For catalyst testing for the oxidative dehydrogenation of propane, three MFCs were 

required, to control C3H8, N2 and O2 separately. N2 only was flowed over the catalyst 

bed, which has been loaded with the mass of catalyst, diluted with SiC, between two 

pieces of quartz wool. The catalyst bed temperature was raised to the reaction 

temperature with N2 only flowing over the catalyst, and the lines were heated to 140 

ÁC. Once the catalyst bed reached the set temperature, gas was flowed through the 

bypass, and N2, O2 and C3H8 were set to the correct flow rates. Three blank tests were 
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recorded to measure exact gas flows, then the gas was flowed through the catalyst 

bed and testing started.  

The analyte was flowed through the GC (Agilent), which contained three different 

columns. The Hayesep T column was utilised to separate permanent gases, such as 

O2, N2 and CO in this testing, but Hayesep T columns can be damaged when exposed 

to H2O and CO2. Therefore, the valve timings were such that the permanent gases 

were trapped on the column initially before other analyte gases were flowed through 

the other two columns. The Hayesep Q column separated hydrocarbons such as C2H4 

and C2H6, as well as CO2, whilst the PoraPlot Q column was also included in the setup 

as C3H8 and C3H6 can be baseline separated, whilst also having the potential to 

measure H2O as quantifiable peak. After the analyte had been detected, the valve 

again changed position, so the permanent gases were released without damage via 

exposure to H2O and CO2 for the Hayesep T column and were then detected towards 

the end of the test.  

Calibration for different products was undertaken here, as products were not 

methanised, like in methanol oxidation, therefore the FID had to be calibrated for each 

potential analyte. The FID was used to measure C2H4, C2H6, C3H6 and C3H8. As the 

TCD is concentration sensitive. The N2 diluent gas was used as a reference. Ar is 

commonly used for reference for TCDs, but the detection peak for Ar overlapped with 

O2.  

A test was run on a similar GC in which the Hayesep T column was not included, as 

the Hayesep T was limiting for detection of acrolein, which was suspected to form. The 

GC contained a Porapak Q column, which could not deconvolute responses for CO 
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and CO2 but could operate at a temperature in which acrolein could be eluted from the 

column effectively.  

2.4.3 High throughput reactor for propane oxidative dehydrogenation 

The high throughput reactor (HTR) consisted of 16 parallel reactor tubes, separated 

into four blocks. Two sets of two blocks are controlled by different ovens, meaning 

each set would be able to test catalysts at different temperatures. However, gas flow 

was consistent across all blocks. A Vici sampling valve was utilised to ensure different 

beds would be sampled and injected into the GC. The configuration of the HTR is 

shown in Figure 2.3. 

 

Figure 2.3: High throughput reactor set up, showing one heating block attached to Vici sampling valve with 
positions 13-16. Four heating blocks are within the machine. 

The columns used in the GC for the HTR were Hayesep Q and PoraPLOT Q to 

separate the carbon compounds, whilst a CP-molieve 5A was used to separate 

permanent gases. All carbon compounds except CO and CO2 were detected using an 

FID, whilst a TCD was used to detect CO, CO2, N2 and O2. 
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2.5 Calculation of conversion, selectivity, and carbon balance 

Calculation of conversion (Xrct) of each reactant (either methanol, propane or oxygen) 

was as follows: 

ὢ Ϸ
ὲ ὲ

ὲ
ρππ 

where nrctin is the initial molar flow rate (mol min-1) of the reactant, nrctt is the molar flow 

of the reactant at time t of measurement.  

Selectivity S to product i was as follows: 

ὛϷ
ὔ ὲ

ὔ ὲ ὲ
ρππ 

 where Ncrct is the number of carbons in the reactant (1 for methanol oxidation, 3 for 

propane oxidation), nit  is the molar flow rate of product i at time t of measurement (moli 

min-1) and Nci is the number of carbons in product i (e.g. 1 for CO or CO2, 2 for methyl 

formate or 3 for dimethoxymethane). The selectivity calculation used led to selectivity 

based on molar carbon conversion rather than observed products.  

Carbon balance was calculated as follows: 

ὅὥὶὦέὲ ὦὥὰὥὲὧὩ Ϸ Ὓ 

The product carbon balance was found to be an important metric, as total carbon 

balance (inclusion of unreacted carbon from reactants) can mask low carbon balance 

for low conversion reactions.  

Conversion was standardised by calculating the mass normalised activity and specific 

activity. Mass normalised activity was calculated as follows: 
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ὃὧὸὭὺὭὸώ άάέὰ Ὣ  Ὤὶ  
ὲ ὲ ρπππ

ά φπ
 

where mcat is the mass of catalyst used during the catalytic test. 

Specific activity was calculated as follows: 

ὛὴὩὧὭὪὭὧ ὥὧὸὭὺὭὸώ άάέὰά  Ὤὶ  
ὲ ὲ ρπππ

ά φπ

ρ

Ὓὃ
 

where SAcat is the specific surface area of the catalyst, determined using BET analysis.  

Mass normalised productivity and specific productivity were calculated to standardise 

the yield. Mass normalised productivity was calculated as follows: 

ὖὶέὨόὧὸὭὺὭὸώ άάέὰ Ὣ  Ὤὶ  
ὲ ρπππ

ά φπ
 

 

Specific productivity was calculated as follows: 

ὖὶέὨόὧὸὭὺὭὸώ άάέὰά  Ὤὶ  
ὲ ρπππ

ά φπ

ρ

Ὓὃ
 

Specific productivity was used to show the properties of the catalysts, as activity was 

closely linked to productivity in this study, whilst normalising for surface area provides 

an improved analysis of intrinsic catalyst properties when the surface area varies 

across catalysts. 
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3 ï The characterisation of iron molybdate catalysts and 

precursors, formed via supercritical antisolvent (SAS) 

precipitation, coupled with statistical analysis for SAS parameter 

mapping ï pressure, water cosolvent content, metal precursor 

concentration and solution flow rate. 

3.1 Introduction 

Iron molybdate catalysts are an industrially relevant catalyst for selective methanol 

oxidation to formaldehyde, known as the Formox process. Fe2(MoO4)3 is present in 

high performing catalysts, and it is now well established that on calcination to metal 

oxides, an amorphous MoOx surface layer forms.1ï4 Industrial catalysts typically have 

high Mo contents, with an Mo/Fe ratio above 2.2, usually of 3, as Mo is removed from 

the catalyst during the oxidation of methanol to formaldehyde, causing deactivation to 

less selective phases,5 such as FeMoO4 and Fe2O3. However, the excess Mo, typically 

in the form of MoO3, is hypothesised to replenish the selective MoOx overlayer through 

migration of Mo to the surface.4 MoO3 has a low mass normalised activity for methanol 

oxidation, likely to be due to the low specific surface area ~1.0 m2 g-1, and is therefore 

unlikely to be contributing to the high performance of the catalyst despite being 

present.6 

The bulk of the research for iron molybdate catalysts in the current literature has 

developed the understanding of deactivation, as the catalysts already have high 

performance, typically 90% conversion and 90% selectivity, even for simple 

coprecipitated samples.1 Very few advances in catalyst preparation have been 

undertaken because of the focus on the deactiviation mechanism of the catalysts 
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under reaction conditions. Coprecipitated samples can form Mo or Fe rich regions, 

leading to decreased performance (MoO3 presents a lower activity than mixed phases, 

and Fe2O3 presents a low selectivity1), which has previously been shown to occur if 

pH is not controlled during precipitation.7 

Recent attempts to form a variety of iron molybdate precursors via alternative 

preparation mechanisms to coprecipitation have been undertaken. Yeo and coworkers 

developed a mechanochemistry preparation, with iron and molybdenum precursors 

being ground with oxalic acid, which formed a porous iron molybdate when calcined, 

improving surface area but decreasing homogeneity due to segregation of Fe to the 

pores.8  

Pudge and coworkers recently published the sol gel synthesis of iron molybdate 

catalysts using oxalic or malonic acid. Catalysts synthesised using malonic acid 

improved formaldehyde yield when compared to standard coprecipitation catalysts, 

due to the improved homogeneity of the iron and molybdenum by the formation of 

discrete ions in the iron and molybdenum malonate precursors.9  

Other attempts to improve performance and stability, such as loading Fe2(MoO4)3 on 

MoO3 to ensure a large Mo reservoir to replenish sublimed Mo,10 or loading MoO3 on 

hydroxyapatite with strong binding of Mo to the support,11  have been attempted. 

Loading Fe2(MoO4)3 onto MoO3 nanorods exhibited improved catalytic performance 

by forming isolated Fe2(MoO4)3 islands, with intimate contact between the islands and 

islands, with the MoO3 nanorods ensuring no iron rich phase was present. Loading 

MoO3 on hydroxyapatite improved stability, with MoO3 loaded onto Ca doped 

hydroxyapatite losing 72% activity over 100 hours at 350ÁC and 5 vol% methanol, 

compared to the industrial catalyst which lost 86% of the activity under the same 
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conditions. Stability is out of the scope for the work presented here, and controlled 

precipitation of iron molybdate precursors via SAS precipitation has been undertaken 

in the thesis presented, with the focus on preparing homogenous catalysts (even Mo 

and Fe distribution in the bulk) with increased surface areas has been attempted.  

Forming homogenously distributed catalysts clearly is key to high selectivity for iron 

molybdate catalysts, but low surface area limits the productivity of the catalysts. One 

method to potentially improve homogeneity and surface area is supercritical 

antisolvent (SAS) precipitation. SAS precipitation relies on a physical change in phase 

(solute to precipitate) rather than a change in chemical structure (such as varying pH 

to form a precipitate). Homogeneity of the catalysts is likely to be improved, as no 

variation of pH is needed, whilst rapid dissolution of solute to precipitates does not 

allow for the organisation of atoms into crystalline structures.12Surface area can 

typically be improved by SAS precipitation too. Amorphous structures form during 

precipitation, which, in general, have larger surface areas than analogous crystalline 

structures. Alongside amorphous structures being formed, aerogels are formed during 

supercritical drying, preserving the porous structures that are precipitated.13 

Supercritical drying draws the solvent out of the precipitate and maintains the structure 

by replacing the liquid present with a gas, unlike drying via heating which removes 

solvent but does not typically preserve the physical structure. Careful control over SAS 

precipitation can be achieved by the many parameters that can be manipulated. The 

control is due to the highly sensitive density of scCO2, dependence on pressure and 

temperature in the precipitation vessel,14ï18 whilst the inclusion of water as cosolvent 

can change the precipitate structure and the precipitation mechanism.19,20  

In this chapter, the manipulation of supercritical CO2 as an antisolvent was undertaken 

to influence the precipitation mechanism, clearly changing the physiochemical 
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properties of the iron molybdate precursors, which in turn influenced the catalyst 

properties. Initial influence of the water cosolvent was explored, which highlighted a 

clear difference in physical properties of the SAS precipitates. Extensive parameter 

mapping was required to understand the influence of each parameter. Therefore, a 

statistical analysis of the parameter mapping was undertaken, to efficiently map four 

key parameters of SAS precipitation (pressure, water cosolvent content, metal 

precursor concentration and solution flow rate), whilst also being able to measure 

cross terms between parameters.  

3.2 Initial characterisation of SAS precipitated iron molybdate catalyst 

precursors 

Initial development of methods for forming iron molybdate catalysts via supercritical 

antisolvent (SAS) precipitation was undertaken using Fe(III)(AcAc)3 as the iron 

precursor, with MoO2(AcAc)2 as the molybdenum precursor. The precursors were 

selected as they dissolve in methanol, with methanol being the choice of solvent due 

to the high miscibility of methanol with supercritical CO2 (scCO2).12 

Previous work highlighted that using water as a cosolvent changed the precipitate 

structure, forming hydroxycarbonates, rather than re-precipitating the metal 

precursors from the solution, which is typical of precipitations not using water.21 

Therefore, the effect on iron molybdate precursors of water content was explored, with 

0, 1 and 5% water cosolvent content in the metal precursor solution. Water has a low 

miscibility with scCO2, causing surface tension between the phases, which typically 

does not exist after a short time for miscible solvents and scCO2.21 The low miscibility 

of water and scCO2 leads to a subcritical or near supercritical tertiary system 

(H2O/MeOH/scCO2). However, the miscibility of the H2O is improved when compared 

to a binary system of H2O/scCO2 due to the entrainer effect, in which the miscibility of 
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H2O and scCO2 is improved due to the presence of another solvent, in this case 

MeOH, which has a high miscibility with scCO2.22ï24 The use of water can influence 

the structure of the precipitate formed, as described in this section. 

Firstly, solvation limits of MoO2(AcAc)2 and Fe(AcAc)3 had to be determined. 

Fe(AcAc)3 had a solubility limit of 21 and 19 g L-1 for 0% H2O/MeOH and 10% 

H2O/MeOH solutions, respectively, whilst MoO2(AcAc)2 had a solubility limit of 12 and 

8 g L-1 for 0% H2O/MeOH and 10% H2O/MeOH solutions, respectively. Interestingly, 

a solution of Fe(AcAc)3 and MoO2(AcAc)2 with an Mo/Fe molar ratio of 1.5 

(stoichiometric ratio for the active phase for selective methanol oxidation to 

formaldehyde, Fe2(MoO4)3) achieved a solubility limit of 16 and 11 g L-1, respectively. 

An upper limit for the mixed metal precursor solution of 11 g L-1 was applied (the lowest 

concentration of both metals in the solution across the testing for water cosolvent 

content), a metal precursor concentration of 5 g L-1 was selected as the solution would 

be of moderate concentration and prevented precipitation occurring before being 

exposed to the supercritical conditions in the vessel. 

FT-IR was used to determine the structure of the SAS precipitates in this study. This 

was due to limited methods in which the precipitate structure could be determined, as 

SAS precipitates were found to be amorphous by powder x-ray diffraction (Figure 3.1), 

agreeing with previous studies. 25 The precipitates were amorphous due to the rapid 

dissolution time of the precipitates, and therefore particles cannot organise into a 

regular crystalline structure.  
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Figure 3.1: XRD diffractogram of SAS precipitated iron molybdate precursor. 

The FT-IR spectra for precipitates (Figure 3.2) clearly exhibit a different structure when 

compared to the metal salts used. A very broad peak swamping the spectra between 

~600-900 cm-1, centred at ~750 cm-1 was assigned to the Mo-O bond in a tetrahedral 

environment (MoO4
2-).26 The Mo-O bond in a tetrahedral environment is typically 

detected for calcined iron molybdates due to the presence of Fe2(MoO4)3. However, 

the MoO2(AcAc)2 precursor has a strained chiral octahedral structure around the Mo 

centre, which therefore suggested the Mo environment changed during the 

precipitation process and the precursor salt was decomposed. In calcined samples, 

the peak at 561 cm-1 was assigned to the octahedral Mo environment, typical of MoO3. 

The octahedral Mo environment was found for SAS precipitates too. The presence of 

the peak at 561 cm-1 could either mean segregation of Mo in two different 

environments, or that the structure formed another bond that is unassignable when 

the FT-IR data is not coupled with other characterisation methods. 

10 20 30 40 50 60 70 80

Angle (2ɗ)

Uncalcined SAS precipitate
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Figure 3.2: FT-IR spectra of SAS precipitated iron molybdate cursors, with varying water cosolvent content, 
compared to Fe(AcAc)3 and MoO2(AcAc)2. 

Peaks at 1282, 1346, 1424, 1528 and 1560 cm-1 align closely with the peaks shown 

for acetylacetonate precursors. The peaks may suggest that the precursor has not 

undergone complete ligand exchange during the precipitation, and the change in 

position of the peaks may be due to interactions between Mo and Fe. The change of 

Mo environment (as hypothesised by the broad peak centred at 750 cm-1) would 

suggest a significant change in structure has occurred from initial metal salt to formed 

precipitate. Both the precursor and new structure may be present in the precipitate, 

but the significant change in peaks in the region of 500-1300 cm-1 could lead to the 

conclusion that the metal precursors have completely undertaken ligand exchange. 

Analysis of effluent from each SAS precipitation, collected in the cyclone, may provide 

further information on the concentration of acetone, acetylacetone, methanol and 

water which is remaining. If acetylacetone is present in the affluent, this would suggest 
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that ligand exchange has occurred, and a lower concentration of water would show 

that the water has reacted with the scCO2.  

When undertaking SAS precipitation, the precipitate structure can be influenced by the 

solvent/cosolvent ratio, as well as other SAS parameters (further explored in Section 

3.3.1.2). Previous work by Hutchings and coworkers,19,21,27 has shown that the use of 

water as a cosolvent can influence the precipitate structure, forming 

hydroxycarbonates. The formation of carbonates was hypothesised to be due to the 

formation and subsequent decomposition of carbonic acid, through interactions 

between CO2 and H2O under the supercritical conditions, as such: 

Ὄὕ ὅὕᴼὌὅὕᴼςὌ ὅὕ  

Whilst the hydroxyl formation is hypothesised to form via self-hydrolysis in the 

presence of water and methanol in solution, with the reaction as such: 

ὅὌὅὕὅὌὅὕὅὌ ὌὕᴼὅὌὅὕὅὌὅὕὅὌ ὕὌ 

Iron molybdenum hydroxycarbonates (MoaFeb(CO3)x(OH)y as the most general 

structure) have not previously been reported as a structure that has been formed. 

Previous hydroxycarbonates formed via SAS precipitation for bimetallic catalyst 

precursors had distinctive FT-IR peaks at wavenumbers of 1500 and 830 cm-1 for 

carbonate structures.28 The peaks noted for previous bimetallic hydroxycarbonates 

(CuZn) are of limited use in this study due to multiple peaks between 1250-1600 cm-1 

and the broad peak swamping the lower wavenumber region. Therefore, analogous 

minerals were explored. 

Chukanovite, also known as green rust, is a corrosion product of iron, with a structure 

of Fe2(OH)2CO3. The main peaks for chukanovite at 1525 and 1357 cm-1 are assigned 

to ɜ3 antisymmetric CO3
2- stretching.29 However, SAS precipitates shown in Figure 3.2 
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present five significant peaks. When compared to other bimetallic hydroxycarbonates, 

the FeMo materials in this study have similar carbonate region to the rosasite family 

of mineralsô (Cu,Zn)2(CO3)(OH)2. Rosasite has similar FT-IR peaks to FeMo 

precipitates at 1388 and 1488 cm-1, which can be resolved to give both peaks 

mentioned (1388 and 1488 cm-1) as well as 1425 and 1522 cm-1, with a small peak at 

1318 cm-1
.
30 Excluding 1318 cm-1, which was not assigned for rosasite, FT-IR peaks 

were assigned to the ɜ3 antisymmetric CO3
2- stretching mode, with two independent 

carbonate environments in the structure. For the novel SAS precipitates formed in this 

study, 1528 and 1560 cm-1 were assigned one carbonate environment and 1424 and 

1346 cm-1 the second carbonate environment. The two carbonate environments was 

logical due to the two different metal cations, like rosasite. The two carbonate 

environments may suggest inhomogeneity in the precipitates, but interaction between 

Fe and Mo may be present due to the shoulder peak at 960 cm-1, which has previously 

been assigned to the Fe-O-Mo bond.7
 Further work using Raman spectroscopy would 

validate assignment of FT-IR spectra, whilst further characterisation to study the 

localised environments of Fe and Mo would confirm the homogeneity of the 

precipitates.  

Interestingly, 0% H2O cosolvent content was found to have carbonate content in the 

precipitate. Carbonate content in the precipitate may be due to wet solvent, as H2O 

has previously been found to be necessary to form carbonate precursors. However, 

some studies have suggested that even in the absence of water, alcohols can form 

alkyl carbonic acids in expanded CO2,31 but the water promoted the formation of 

carbonic acid during SAS precipitation.27 In this case (0% H2O cosolvent content), the 

metal precursors used were not precipitated when only methanol was used, as the FT-

IR spectroscopy showed a clear change of structure when compared to Fe(AcAc)3 and 
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MoO2(AcAc)2, despite previous studies highlighting the precipitation of the initial metal 

salts used when using 0% H2O as a cosolvent.28,32,33  

An important control measure of the precipitation technique was the measurement of 

Fe:Mo ratio with MP-AES (as described in Section 2.3.5). The Mo/Fe ratio is found to 

be highly influential on the performance of the bulk metal oxide catalysts when used 

for MeOH oxidation.34 Therefore, careful control of the  Mo/Fe ratio was necessary. 

The systematic variation of metal cation ratio is not in the scope of this work but is a 

necessary consideration for control of SAS precipitation. In my work, The Mo/Fe target 

ratio was set to 1.5, which is the stoichiometric ratio of Fe2(MoO4)3, the active phase 

for methanol oxidation. 

With all water cosolvent contents (0, 1 and 5%), a large excess of Mo was measured 

using MP-AES when compared to the target ratio of 1.5; 0, 1 and 5% H2O cosolvent 

content precipitates have a Mo/Fe ratio of 1.79, 1.92 and 1.85, respectively. The larger 

Mo/Fe ratio than the target ratio suggests that iron did not precipitate out in equal 

proportion to molybdenum. The larger Mo/Fe ratio can be explained through multiple 

reasonings. Firstly, in solvent terms, MoO2(AcAc)2 was less soluble in methanol when 

compared to Fe(AcAc)3, and therefore may readily crash out of solution on the rapid 

expansion of the solvent. The rapid expansion when scCO2 is used as an antisolvent 

lowers the solvation strength of the solvent,17 which was already lower for the Mo 

precursor. Another key consideration is the precipitates solubility in scCO2. If the 

precipitate is soluble in scCO2, the formation of the precipitate will not occur. The larger 

Mo/Fe ratio potentially means that the iron precursor is partially soluble in scCO2. The 

change in structure of the precursor on the inclusion of H2O in the system may also 

warrant consideration for the solubility of the newly formed carbonate structures in 

scCO2. Further studies measuring the Fe:Mo ratio of the effluent from the SAS 
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precipitation, collected in the cyclone, may uncover further details here, which have 

not been explored.   

3.3 Properties of SAS precipitated iron molybdate precursors and catalysts 

With initial studies suggesting that even changing just one parameter (the water 

cosolvent content) for the SAS precipitation mechanism can lead to significantly 

different precipitate structures, a statistical analysis of the SAS parameters was 

developed with TotalEnergies. An initial definitive screening design was developed to 

measure the influence of four SAS operating parameters in the minimum amount of 

experiments. The four parameters selected were: 

1. Water cosolvent content (wac): as shown in section 3.2, water influenced the 

precipitate structure, forming carbonate structures. It was likely that on the 

increase of water content, the system would not be purely supercritical due to 

low miscibility of H2O and CO2.  

2. Metal precursor concentration (mpc): a change in the concentration of the 

solution relative to the solubility limit is hypothesised to influence the 

precipitation as the mechanism moves closer to or further from the solubility 

limit of the solution. As SAS precipitation relies on supersaturation of the 

solution (discussed in Section 1.6.4), if the concentration of the solution is 

closer to the solubility limit, supersaturation, and therefore precipitation, will 

occur more rapidly.  

3.   Solution flow rate (sfr): controls the concentration of methanol/water/metal 

centres into the system. The concentration of water and methanol will inevitably 

vary the relative position of the tertiary solvent system (MeOH/H2O/scCO2) 

when compared to the mixture critical point (MCP). The relative position to the 
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MCP is the main influence of precipitation mechanisms for SAS and is related 

to the molar content of the CO2 in the vessel.  

4. Pressure (pre): a change in pressure correlates with a change in density for 

scCO2, changing the antisolventôs properties significantly by increasing or 

decreasing the density of the scCO2.16 An increase in density leads to a faster 

dissolution of precipitate as the volume expansion is increased.  

A definitive screening design was selected as the full range of parameters can be 

mapped, whilst undertaking the minimum number of experiments to map the main 

effects and either cross terms, or quadratics, as explained in section 2.2.3. The two 

main advantages of using a definitive screening design are the mapping of cross 

terms, and the measurement of non-linear effects. Cross terms are the influence of 

one term on another (interdependence), such as if pre and wac had an influential 

interaction for the precipitation mechanism. The analogous non-statistical approach 

here would need to run each parameter with one another, leading to many samples 

being needed. Cross terms are not explored substantially in the literature due to the 

time-consuming process needed to collect all data for each combination of each 

parameter. For example, to measure the four parameters (pressure, metal precursor 

concentration, water cosolvent content and solution flow rate) for the entire reaction 

space, multiple experiments to measure each parameter at the upper, middle, and 

lower value combined with the upper, middle, and lower value of all other parameters 

would be required. With a definitive screening design, only 2m +1 experiments are 

needed, where m is the number of factors, which is a much lower number of tests 

when compared to mapping the entire reaction space without a statistical approach  

To ensure statistical differences were measured (e.g. noise and error in the 

quantification of physiochemical properties was less than the influence of the 
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parameters), the minimum and maximum of each parameter was expanded within 

limits of the precipitation vessel and supercritical process. However, in catalyst design, 

the maximum value of a property, such as particle size, may not occur at the minimum 

or maximum of a parameter. This must be considered, and a definitive screening 

design allows for non-linearity by having preparations of catalysts at a statistical value 

of 0 in the reaction space (as the minimum is at -1 and the maximum at 1). For 

example, with pressure having a range of 80 to 140 bar, the value of pressure at 

statistical value of 0 is 110 bar, with 80 and 140 bar as -1 and 1, respectively. The use 

of normalised values is important as the absolute value of the ranges for testing of 

pressure, water cosolvent content, metal precursor concentration and solution flow 

rate all vary, and in the statistical analysis, the absolute value of the parameters does 

not influence the resulting relationships found between parameters and precipitate 

properties. The use of 0 allows for the statistical analysis to measure three distinct 

points over the reaction space. Therefore, non-linearity in values can be found.35 The 

table for the parameters for each sample in the definitive screening design are shown 

in Table 2.2.  

3.3.1 Precipitate properties 

ΦдΦдΤдΤЮÂċƖƣŔĦũĲЮƚŔǍĲЮċŰĬЮĬŔƚƣƖŔĤƨƣŔŸŰ 

SEM imaging was used to measure particle sizes formed for SAS precipitates. This 

was undertaken for 13 samples formed for SAS parameter mapping via statistical 

analysis. As shown in supplementary information SI 1, measuring particle size can be 

difficult due to the precipitates forming agglomerated species. However, particle size 

can be determined by measuring the nodal point diameter at the surface of the 

agglomerates. Non-spherical, irregular formation is detected in DSD Samples 1, 4, 6, 

7 and 10 which are formed with higher water contents; samples 1, 4, 7 and 10 having 
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20% water cosolvent content, whilst Sample 6 has 10.5% water cosolvent content and 

a low pressure of 80 bar. Irregular particle formation has been found to occur during 

subcritical conditions, which would be more likely when water content is higher, or 

when, in the case of Sample 6, conditions are closer to ambient and, therefore, well 

below the conditions at which the MCP is for the solvent/antisolvent mixture. The 

conditions being well below the MCP is due to the inclusion of high-water 

concentration, which is only partly miscible with scCO2, leading to limited mass transfer 

across the phase boundary between methanol and scCO2. Spherical particle formation 

is formed from jet break up, which occurs in the region near to the MCP,36 and can be 

detected in all samples alongside irregular formation of precipitates listed above. The 

spherical particle formation exhibited in this study was likely to occur due to the use of 

water in all solvent mixtures, which would likely cause jet break up. 12 Jet break up 

produces spherical particles, typically the size of the droplet, rather than forming gas 

plumes and operating through gas mixing for precipitation, again due to the low 

miscibility of H2O and scCO2 causing surface tension to not be 0 N m-1 before particle 

growth occurs. 

Crystalline nanorods were formed in Samples 1 and 5. The metal precursor 

concentration was 10 g L-1 for both of the samples, which may suggest that 

molybdenum precursor may have precipitated in solution due to the concentration 

being closer to the solubility limit. Further characterisation using energy dispersive X-

ray (EDX) analysis would be beneficial  However, for most samples, spherical/irregular 

agglomerates were formed, which are from SAS precipitation. Despite gas mixing 

(which occurs above the MCP) forming irregular particles, it is likely that the irregular 

agglomerates are formed from being subcritical, due to the large agglomerate size. 
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Gas mixing previously formed irregular shaped nanoparticles, whereas the scale of 

agglomerates in this study are much larger.37 

Interestingly, Sample 2 has a bimodal particle size, with very small particles formed, 

but also expanded particles. Expanded particles typically occur when the atomisation 

produces micro-droplets and the conditions set allow for mass transfer of CO2 into the 

droplet, but the surface tension does not go to 0 N m-1, due to non-supercritical 

conditions of the mixture. Once the surface tension reaches 0 N m-1 The solid 

precipitates near the surface of the droplet, forming a shell whilst mass transfer 

continues, increasing the volume of the droplet, whilst surface tension remains. The 

formation of the expanded particle occurs at pressure below the MCP but with high 

CO2 molar fractions.38 The trend can be seen qualitatively in supplementary 

information SI 1, but also in SI 2 for particle size distribution histograms, with spherical 

particles formed. However, in the case of Sample 2, the incorporation of a small 

amount of water (1% H2O cosolvent content) may cause local discrepancies between 

high water content regions and methanol regions, changing the time for surface 

tension to reach 0 N m-1, or to not reach 0 N m-1 at all due to the mass transfer 

differences. This would therefore allow for different SAS precipitation mechanisms to 

operate, with both micro- and expanded macroparticles to form. As sample 2 was 

operating at a lower pressure of 80 bar, the conditions are less harsh and therefore 

the system may be below the supercritical point. The bimodal pattern highlights the 

clear localised precipitation mechanisms when using different cosolvents, despite the 

macroscopic conditions being supercritical. If diffusion of CO2 across the phase 

boundary is changed by a local increase in the concentration of water, this would 

increase the time to reach zero surface tension (phase boundary) due to the low 
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miscibility of H2O and scCO2. The time reach zero surface tension would also be 

dependent on conditions, such as pressure, with further discussion in Section 3.4. 

Careful control of particle size can be achieved with SAS precipitation. Using particle 

size distributions, shown in supplementary information SI 2, the standard deviation (ŭ 

or STD) of the particle sizewas calculated from the data set. The relative variation in 

particle size is determined by the standard deviation divided by the mean particle size. 

As shown in Figure 3.3, the variation in size was extremely affected by pressure, with 

high pressures leading to a small variation in particle size, whilst low pressures 

exhibited a large variation in particle size. At lower pressures, the time to reach zero 

surface tension increases due to the lower density of scCO2. Therefore, other factors 

in the precipitation mechanism (such as water content changing CO2 diffusion across 

the surface in a two-phase system due to the low miscibility) become more influential 

and increase particle growth Smaller variation of the particle size at higher pressures 

suggested that at pressures of 140 bar, diffusion is increased due to the increased 

density of scCO2, and decreases the influence of the poor miscibility of H2O with 

scCO2. Particle distribution decreases for increased pressure, as the conditions 

became harsher and the influence of other parameters (water cosolvent content, metal 

precursor concentration and solution flow rate) which affect dissolution time became 

less influential. 
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Figure 3.3: Dependence on pressure of a) mean particle size and b) particle size distribution. 

Pressure as a parameter has a clear correlation with particle size and STD. However, 

due to the nature of the statistical design, the relationships cannot be shown easily for 

each parameter varied (pressure, water cosolvent content, metal precursor 

concentration and solution flow rate), as each parameter will have a different 

magnitude of influence on the precipitate property, across all samples. Therefore, 

strong relationships for the 13 samples for statistical analysis are challenging when 

mapping only one parameter. The influence of direct, cross term and quadratic terms 

are detailed in section 3.6 for selected quantifiable parameters.  

ΦдΦдΤдΥЮ[ÑцfÅЮċŰċũǃƚŔƚЮŸŉЮÉ ÉЮƓƖĲĦŔƓŔƣċƣĲƚ 

FT-IR spectra (Figure 3.4) were collected for all samples, as the method could detect 

the bonds present in the amorphous precipitates. The FT-IR spectra show a change 

in precipitate structure depending on water cosolvent content, with carbonate region 

(red) labelled.  

The carbonate region (1250 ï 1600 cm-1) has a weaker absorbance when compared 

to the broad peak centred at ~800 cm-1, which is the Mo in a tetrahedral environment. 

1% wac showed carbonate content for all samples, whilst 10.5% wac showed 
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carbonate content for two of the three samples, and 20% wac showed the absence of 

carbonate content, apart from Sample 12 (formed via SAS precipitation with a 

pressure of 140 bar, a metal precursor concentration of 5 g L-1, water cosolvent content 

of 20% and solution flow rate of 10 mL min-1). The carbonate structure is hypothesised 

to form from a reaction between CO2 and H2O under the supercritical conditions, via 

a carbonic acid intermediate.33  

 

Figure 3.4: FT-IR spectra for SAS prepared iron molybdate precursors for statistical analysis with a) 1% water 
cosolvent content, b) 10.5% water cosolvent content and c) 20% water cosolvent content. The numbers in the 
boxes represent the sample for the definitive screening design; the details of the preparation can be found in Table 
2.2. Reflectance has been shifted to display data clearly.  

Higher wac precipitates (figure 3.4.c) do not show any distinguishing peaks for their 

structure, except for the broad peak centred at 750 cm-1 mentioned previously, and an 

increase in intensity for a peak centred at 562 cm-1. The peak centred at 562 cm-1  is 
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typically Mo-O in an octahedral coordination when calcined, or Mo-O-Mo bond, but 

interestingly, the increase in the peak at 562 cm-1 correlated with a decrease in 

carbonate structure. The increase in water content is hypothesised to increase 

segregation of Mo in the precipitates, which is plausible due to the change in 

precipitation mechanism and the relative difference in solubility of Fe and Mo 

precursors in the H2O/MeOH solution. The data also shows that an increase in Mo 

octahedral environment correlates with a reduction in the hypothesised carbonate 

region, thus offering further justification that the metal precursors are completely 

decomposed in the process, as both the octahedral region and the acetylacetonate 

(overlapping in the 1250-1600 cm-1) would be present if the metal precursors were not 

decomposed, further confirming the formation of rosasite analogous materials here. 

High wac samples do not exhibit carbonate structures in this study. The result suggests 

the formation of amorphous metal oxide precipitates, due to the absence of 

characteristic carbonate or hydroxyl peaks for FT-IR. On calcination, crystallisation for 

these materials show a very small mass loss, as shown in SI 3. However, mass loss 

does still occur, and even 0% mass loss cannot rule out OH- presence due to the small 

molar mass compared to the molar mass of both Fe and Mo, although no 

distinguishing peaks for the presence of hydroxyls were observed. 

The absence of the carbonate structure is also more difficult to rationalise for higher 

water content, as carbonate formation is reliant on water being present. However, 

clearly the increased water content inhibited the formation of carbonates. The result 

can be due to competing rationales: 
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1) The high water content moves the MCP to a position at which the carbonic acid 

formation is limited, as the system becomes increasingly subcritical. The 

formation of carbonic acid likely relied strongly on the supercritical conditions. 

2) The high-water content increased the self-hydrolysis of acetylacetonate ions in 

solution, which formed hydroxyls.  

To conclude, the amorphous structure of the precipitates limited structure elucidation, 

whilst precipitates formed using high water contents have very little characterising 

peaks when using FT-IR spectroscopy. Further elucidation of structure using Raman 

spectroscopy, coupled with FT-IR spectra collected here, may provide further 

understanding due the different selection rules of both techniques leading to the 

detection of different environments in the sample 

ΦдΦдΤдΦЮ~Ÿф[ĲЮƖċƣŔŸ 

As shown in Table 3.1, a variety of methods were used to measure the Mo/Fe ratio 

On calcination, Mo enrichment at the surface for iron molybdate catalysts occurs as 

can be seen by the larger Mo/Fe ratio measured by XPS when compared to MP-AES 

measurements (surface vs. bulk technique). A target bulk Mo/Fe ratio of 1.5 was 

applied in this study, which was achieved closely for many samples; however, a range 

can be seen between 1.38 and 1.80. 
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Table 3.1: Bulk Mo/Fe ratio for precipitates and calcined samples (MP-AES) in comparison with surface Mo/Fe 
ratio (XPS) and phase purity by semi-quantitatively measuring MoO3 content (XRD). 

Sample Bulk 

Mo/Fe 

ratio 

Bulk 

Mo/Fe 

ratio 

Surface 

Mo/Fe 

ratio  

MoO3 

content (%) 

Specific surface area 

(m2 g-1) 

Method MP-AES 

uncalcined 

MP-AES 

calcined 

XPS XRD 

(Semi 

quantitative)  

BET 

(uncalcined) 

BET 

(calcined) 

1 1.67 1.58 2.58 8 11.2 7.1 

2 1.64 1.52 2.08 9 9.3 9.2 

3 1.54 1.58 1.76 5 16.7 13.0 

4 1.38 1.37 2.31 0 15.1 9.9 

5 1.80 1.66 2.60 7 13.5 7.9 

6 1.67 1.43 2.68 13 11.6 11.4 

7 1.52 1.55 2.34 9  5.6 9.3 

8 1.77 1.63 2.68 6 13.0 9.8 

9 1.50 1.52 2.39 5 27.0 13.6 

10 1.65 1.58 2.07 7 7.7 6.5 

11 1.78 1.61 2.62 14 15.0 9.9 

12 1.57 1.50 2.40 5 14.9 10.4 

13 1.67 1.60 3.49 7 20.5 11.2 

 

It is interesting that the semi quantitative measurements of MoO3 content from XRD 

diffractograms do not correlate with the Mo/Fe ratio (figure 3.5), which highlighted the 

difference in homogeneity across samples. If samples were completely homogenous, 

the MoO3 content would correlate with Mo/Fe ratio, specifically the excess Mo above 
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the Mo/Fe ratio of 1.5. Therefore, homogeneity of the catalysts were determined by 

the SAS parameters. However, semi-quantitative data collected from XRD 

diffractograms for iron molybdates may be unreliable due to the large amount of 

overlap between peaks for Fe2(MoO4)3 and MoO3, as shown in figure 3.8 in 3.3.2.1, 

as well being semi-quantitative (an estimation of the concentration calculated using a 

reference intensity ratio which is normalised and compared to the published intensity 

values for each phase present), and not measuring the amorphous and 

nanocrystalline phases present in the catalysts. 

 

Figure 3.5: Dependence of semi-quantitative MoO3 content (measured using XRD) on Mo/Fe ratio (XRD). 

ΦдΦдΤдΧЮÑ] 

Thermogravimetric analysis under flowing air was undertaken to further elucidate the 

decomposition of SAS precipitates and mimic calcination conditions, with TGA profiles 

shown in SI 3. For all samples, an initial mass loss was seen at ~100 ÁC, likely to be 

the removal of solvent that remained adsorbed to the sample. No change in 

crystallinity at 100 ÁC was shown when undertaking TEM imaging, using a stop-start 

technique for different temperatures, as shown in Figure 3.6. The use of selected area 

electron diffractions (insets) shows that the precipitates were amorphous at 300 ÁC 
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(diffuse rings), whilst showing crystallinity at 350 ÁC (clear bright spots that represent 

the crystal reflections). 

 

Figure 3.6: Change of crystallinity of SAS precipitated iron molybdate precursor on calcination at 300 ÁC and 350 

ÁC, using stop-start TEM measurements. Data provided by Daniel Hewes, Cardiff University. 

Interestingly, an increase in mass was measured for most samples between 200-400 

ÁC, suggesting the oxidation of one or both of the metal centres. The increase is mass 

is likely to be the oxidation of Fe2+ (precursor oxidation state) to Fe3+ (oxidation state 

of Fe in Fe2(MoO4)3). Mo is in oxidation state +6 in both the precursor salt and mixed 

metal oxide, so is unlikely to oxidise under calcination. In future work, XPS would be 

utilised to measure the oxidation state of the Fe and Mo in the precipitate structures. 

A further mass loss was measured for all samples at ~400 ÁC, which is predicted to 

be the decomposition of the amorphous structure, as shown by stop-start TEM 

imaging (Figure 3.6), with a change of crystallinity occurring at this temperature. The 

mass loss at ~400 ÁC is expected to be the decomposition of the carbonate precipitate 

to the metal oxide. The relative mass drop here (in relation to the mass after the 

removal of adsorbed solvent) varied depending on the sample, in which carbonate 

content of the samples varied, as shown by FT-IR spectra in Figure 3.4. Further 
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discussion in relation to mass loss and carbonate content can be found in Section 

3.4.1.  

ΦдΦдΤдΨЮ ΥЮÂőǃƚŔƚŸƖƓƣŔŸŰ 

The N2 isotherms (figure 3.7) highlight low or no porosity, with each SAS prepared iron 

molybdates showing a modest hysteresis loop. There were no well-defined steps, 

which would suggest either nonporosity or macroporosity. The isotherms represent a 

type II isotherm, in which the knee at low relative pressures is weak, with the limit of 

p/p0 of 1 seemingly appearing without limit for volume adsorbed. The isotherms 

showing no limit of volume adsorbed indicates that monolayer formation was low on 

the surface even when increasing relative pressure, with significant overlap of 

monolayer coverages and multilayer adsorption, and continued at higher relative 

pressures, with the thickness of the monolayer increasing. 

 

Figure 3.7: a) N2 physisorption hysteresis loops for iron molybdate catalysts formed from SAS precipitates for 
samples 1-6 for the definitive screening design in comparison to co-precipitated iron molybdate. b) N2 physisorption 
hysteresis loops for iron molybdate catalysts formed from SAS precipitates for samples 7-13 for the definitive 
screening design. 

Porosity measurements were limited using N2 physisorption, due to the structure of 

the materials having a low pore volume per gram, limiting the performance of BJH 

pore analysis (a method developed by Barrett, Joyner and Halenda for calculating pore 

size). The N2 physisorption also shows hysteresis loops that suggest poor monolayer 
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formation, which would lead to difficulty measuring pores accurately. Mercury 

porosimetry testing may be more effective for pore volume for iron molybdate 

catalysts.5 

3.3.2 Metal oxide properties 

ΦдΦдΥдΤЮñцƖċǃЮĬŔǭƖċĦƣŔŸŰЮƓċƣƣĲƖŰƚ 

After calcination under conditions described in Section 2.2, x-ray diffraction patterns 

can be plotted to show phase purity (figure 3.8). The main phases expected on 

calcination are Fe2(MoO4)3, Ŭ-MoO3 and Ŭ-Fe2O3. Fe2(MoO4)3 with the amorphous 

MoOx overlayer has been determined as the active and selective phase for methanol 

oxidation to  formaldehyde, Ŭ-MoO3 the selective phase, and Ŭ-Fe2O3 as an active but 

unselective phase.34 Therefore, phase purity is a key consideration when forming iron 

molybdates, avoiding the formation of Ŭ-Fe2O3 that can typically form after continued 

catalytic use due to the removal of Mo via volatile intermediates.39 Fe2(MoO4)3 was 

detected with XRD, with 2ɗ peaks (and associated crystallographic planes in brackets) 

at 13.86Á (20-2), 15.38Á (210), 19.58 (31-1) 20.44Á (12-1), 21.76Á (212), 22.74Á (220), 

23.03Á (40-2), 23.83Á (22-2), 24.08Á (400), 24.99Á (412), 25.76Á (32-1), 26.64Á(401), 

27.55Á (222), 27.88 (40-4), 28.49Á (32-3),  30.2Á (204), 30.98Á (420), 31.48Á (032), 

34.15Á (511) and 37.76Á (016), assigned from ICSD collection code 16402. MoO3 was 

also detected, with 2ɗ peaks at 12.86Á (200), 23.83Á (101), 25.76Á (400), 27.42Á (210), 

and 33.85Á (111), assigned from ICSD collection code 151750. Fe2O3 would be 

detected with characteristic 2ɗ peaks at 24.15Á (012), 33.14Á (104) and 35.64 (110), 

assigned from ICSD collection code 15840.  

SAS precipitation is understood to form well mixed metal oxide precursors due to the 

rapid dissolution of precipitates from solution. Hence, well mixed precursors are likely 
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to form well mixed metal oxides after calcination. As shown in Figure 3.8, no crystalline 

Fe2O3 is shown in all iron molybdate catalysts formed for the definitive screening 

design (DSD). The absence of Fe2O3 peaks does not confirm the absence of Fe2O3, 

as the phase is suspected of having a high detection limit,10 as well as nanocrystalline 

or amorphous Fe2O3 potentially being present. Fe2O3 could also be formed for 

samples below the stoichiometric ratio of Fe2(MoO4)3, as iron rich phases must exist 

for these samples. It can also be seen that crystalline MoO3 formed in all samples, 

which is to be expected of samples above the stoichiometric ratio of Fe2(MoO4)3. All 

samples form crystalline MoO3, as well as an amorphous Mo rich surface, as shown 

by XPS and TEM. The formation of crystalline MoO3 is likely to be a property of 

calcination conditions as the formation of crystalline MoO3 is consistent with other 

catalyst preparations, and the migration and distribution of Mo has previously been 

found to be dependent on calcination time, whilst phase segregation has been found 

to be dependent on calcination temperature.40 
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Figure 3.8: XRD diffraction patterns for DSD samples formed via SAS precipitation with varying parameters, 
described previously. Calcination conditions were consistent. Data provided by Dr. Alice Oakley, Southampton 
University. Diffractograms have been shifted vertically to display each DSD sample comparatively.  
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Whilst calcination conditions were constant for all samples formed, the 

endothermic/exothermic nature of decomposition may have potentially influenced 

phase segregation or strain of the samples. Overall crystal structures of all iron 

molybdates formed for the definitive screening design are consistent, forming 

Fe2(MoO4)3 and MoO3. MoO3 content can vary, as shown by intensity of peaks at 2ɗ 

values of 12.78Á, 27.2Á and 33.55Á (the identifiable peaks for MoO3 which are not 

completely overlapping with peaks for Fe2(MoO4)3). Other peaks for MoO3 overlap with 

Fe2(MoO4)3. The relative strength of these peaks can be seen to vary slightly when 

compared to Fe2(MoO4)3 peaks, which is a key factor to consider when testing the 

catalytic performance for each phase.1 

3.4 Relationships between characterisation data 

3.4.1 Mass loss relationship to carbonate content and SAS parameters 

When analysing data shown for mass loss, and FT-IR spectroscopy, the second mass 

loss can be correlated to carbonate content. The correlation between FT-IR 

spectroscopy and mass loss was achieved by measuring the area of the peaks in the 

FT-IR spectra between 1250 and 1600 cm-1, as a percentage of total area from 500 to 

1600 cm-1. Whilst this is a crude measurement, a correlation between mass loss and 

carbonate content can be found, as shown in Figure 3.9 below.  
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Figure 3.9: Relationship between mass loss on calcination and carbonate content measured from FT-IR spectra. 

The mass loss increased for an increase in carbonate content. This was to be 

expected as CO3
2- is removed as CO2, whilst samples lacking carbonate content or 

any distinctive structural peaks from FT-IR have close to 0% mass loss. This may 

suggest that hydroxides were formed for precipitates prepared with higher water 

cosolvent content (the loss of OH may be low due to the oxidation of the precursors 

as well as low relative mass of OH compared to Fe and Mo which remain moderately 

unchanged ï small removal of Mo under oxidative conditions). Therefore, the 

measurement of mass loss can be used to accurately determine the carbonate content 

of precipitates. The low mass loss for low carbonate content may also suggest the 

formation of amorphous metal oxides when coupled with no carbonate region in FTIR 

spectra and no clear distinguishing peaks. 

3.4.2 Relationship between mass loss and crystallite size 

Interestingly, a correlation between mass loss and crystallite size was exhibited for 

SAS precipitates, as shown in Figure 3.10. A smaller mass loss resulted in a larger 

crystallite size, with DSD13 (pressure of 110 bar, solution flow rate of 7.5 mL min-1, 

metal precursor concentration of 7.5 g L-1 and water cosolvent content of 10.5%) a 

clear anomaly in the data. The trend relating larger crystallite structure for smaller 
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mass loss can be related again to exothermic/endothermic nature of the 

decomposition, with the difference in carbonate content of the precipitates requiring 

different amounts of heat to decompose the structure to form metal oxides. It was likely 

that a more endothermic decomposition would produce smaller crystallite sizes as the 

endothermic process does not lead to local overheating and sintering of crystals in the 

structure.20 Again, this can be related to carbonate content (Section 3.5.1), which can 

be controlled by SAS parameters. Crystallite size was found to be related to specific 

productivity in selective methanol oxidation, as shown in Section 4.4.4. 

 

Figure 3.10: Dependence of crystallite size on mass loss during calcination for SAS precipitates. 

3.4.3 Relationship between specific H2 uptake and uncalcined precipitate particle size 

As shown in Figure 3.11, the specific H2 consumption correlated with uncalcined 

precipitate particle size. Whilst the uncalcined precipitates were not used for H2 uptake 

in H2-TPR analysis, H2 uptake  was measured for calcined particle size as the metal 

oxides (formed after calcination) are the catalysts in the active phase (and therefore it 

is important to measure the oxidation properties of the catalysts rather than the 

precursors), whilst the mean particle size of the uncalcined precipitates relates to the 

particle size of the catalysts. 
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Figure 3.11: Influence of SAS precipitates particle size on specific H2 uptake, measured using H2-TPR. 

Therefore, particle size does influence the chemical properties of the catalyst, with the 

larger particles having a larger specific H2 uptake. The positive correlation between 

particle size and specific H2 uptake suggests that larger particles are more reducible, 

therefore may perform oxidative catalysis at a greater rate.  

To conclude, Section 3.4 highlighted the control of chemical properties and indicators 

of change in material properties through the variation of physical properties, 

specifically mass loss differences due to the change in carbonate content, found to be 

dependent on water content, influencing crystallite size, as well as the dependence on 

reducibility on uncalcined particle size. As shown in Section 3.4, performance 

indicators of the catalysts are difficult to map due to the influence on multiple 

physiochemical properties, but each physical property varies depending on the SAS 

parameters, and therefore control over the material properties can be achieved. 

3.5 Design of experiment: mapping four parameters 

To map four parameters in the most efficient method, a design of experiment 

methodology35 was developed with the help of Daniel Curulla-Ferre and Kamila 

Kazmierczak from TotalEnergies. The potential improvement on data collection for 

parameter mapping using a definitive screening design has been previously expanded 
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on. The four parameters for SAS precipitation were water cosolvent content (wac), 

pressure (pre), solution flow rate (sfr), and metal precursor concentration (mpc). Wac 

was previously shown in Section 3.2 to influence the SAS precipitate chemical 

structure, whilst also being shown by the Hutchings group to have similar effects.21 

The variation in water cosolvent content typically leads to a change in crystallite size 

due to the change in structure and the resulting exothermic/endothermic nature of 

decomposition on calcination.41 

Pressure has been shown to affect the position of the mixture-critical point (MCP), 

whilst water cosolvent content was expected to do this too due to the low miscibility of 

water and scCO2, leading to a two-phase system. 20 

The solution flow rate was expected to influence particle morphology, as the relative 

rate of solution and  CO2 flow would vary with CO2 flow rate remained constant through 

testing. The change in flow rate ratios would be expected to influence morphology due 

to the change in contact area between the solvent droplet at scCO2, which would to 

lead to a change in supersaturation rate and the time taken to have zero surface 

tension. The increase in solution flow rate also affects the exit velocity from the nozzle, 

and therefore the Reynolds number, influencing jet break up of the liquid injected.15 

Metal precursor concentration would be expected to influence physical and chemical 

properties of the precipitate as the mass of metal per solution droplet will vary, despite 

the dissolution time staying consistent (if all other conditions remained constant). A 

change in metal precursor concentration will affect the time to dissolution due to the 

change in relative position to solubility limits and therefore the time taken to reach 

supersaturation. The design of experiment approach allows maximum data extraction 

from the minimum number of experiments. In this study, 13 samples were formed, with 
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the aim to fill the definitive screening design number of terms for direct effects (the four 

parameters) and cross term effects (the influence on the characterisation of the final 

catalyst by two parameters influencing one another). 13 samples partially satisfies the 

equation: 

ώ ὦ ὦὼ ὦὼ ὦὼ ὦὼ

ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ ὦ ὼὼ  

ὦ ὼ ὦ ὼ ὦ ὼ ὦ ὼ 

17 samples would have been the ideal number of samples as quadratic terms (non-

linearity and strong dependence on a parameter) could then be evaluated as well as 

cross terms for the samples; however,  quadratic terms can be determined in the 

absence of cross terms because 13 experiments that were undertaken, which is 

greater than the number of direct and quadratic terms (8) when cross terms were 

removed. Three approaches to analyse the correlation of the synthesis parameters 

and characterisation features were considered: 

1. Direct terms only. 

2. Direct and cross terms. 

3. Direct and quadratic terms.  

The quality of each analysis method could be determined to be the best fit by taking 

into account overfitting, the correlation, also the p value, which is a measure of the 

probability of the parameter having an effect on the data. Therefore, p can be a value 

between 0 and 1, with 0 indicating that the measured difference in characterisation 

data is unlikely to be due to chance, and 1suggesting that the dependence of 

characterisation data on synthesis parameters is unlikely to be a real influence, and 

more by chance. With these considerations in mind, synthesis parameters influencing 



136 
 

precipitated iron molybdate catalyst precursors were measured. The statistical 

analysis of SAS precipitates would therefore allow measurements of direct parameter 

influence, but also cross terms, which has not previously been determined.  

As shown in Table 3.2, the four parameters were varied across 13 experiments, with 

the largest achievable range, considering both the limits of the instrument and 

practicality of the supercritical precipitation mechanism. The largest achievable range 

for the parameters is to ensure that the precipitatesô properties are significantly 

different and therefore statistically relevant, forming meaningful results. The 

parameters vary from each sample, which is another advantage of statistical design; 

it was possible to vary four parameters comparatively, rather than individual testing of 

catalysts. If all variants of samples in the parameter space were considered 

individually, 33 samples would have to be considered.  
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Table 3.2: Parameters for the statistical analysis of the influence of SAS parameters on physio-chemical properties 
of the precipitates. Definitive screening design provided by Daniel Curulla-Ferre, TotalEnergies, Belgium. 

Run Solution flow 

rate (sfr) 

Pressure (pre) Water 

concentration 

(wac) 

Metal 

precursor 

concentration 

(mpc) 

1 7.5 140 20 10 

2 7.5 80 1 5 

3 10 110 1 10 

4 5 110 20 5 

5 5 140 10.5 10 

6 10 80 10.5 5 

7 5 80 20 7.5 

8 10 140 1 7.5 

9 5 140 1 5 

10 10 80 20 10 

11 5 80 1 10 

12 10 140 20 5 

13 7.5 110 10.5 7.5 

 

3.5.1 Uncalcined Mo/Fe ratio 

With a target Mo/Fe ratio of 1.5, SAS precipitates were dissolved in aqua regia and 

then diluted solutions were characterised using MP-AES, as per Section 2.3.5. The 

dilution of the solutions allows the measurement of Mo ppm and Fe ppm, which can 

be converted to a ratio of mol g-1 for each metal. The molar Mo/Fe ratios for each 

sample are shown in Table 3.1. 
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The equation of how the synthesis parameters influence the Mo/Fe ratio is shown 

below: 

ώ πȢψψτ  πȢρσφίὪὶπȢρσσάὴὧ πȢπςρύὥὧπȢπρχπίὪὶάὴὧ

πȢππς ύὥὧάὴὧ 

With an R2 value of 0.89 and p value of 0.0032, this was the strongest relationship 

between parameters and precipitate characteristics. The intercept was not fitted 

through 0, which was important because this may suggest that one metal precipitated 

more readily than the other. In general, it was detected that an elevated level of Mo 

precipitation was detected when varying water cosolvent content between 0 and 5% 

(as shown in Section 3.2), in agreement with the negative value of the Mo/Fe intercept.  

The intercept is by far the largest value for the uncalcined Mo/Fe ratio, which suggests 

that Mo more readily precipitates than the Fe from solution (theoretically, to achieve a 

stoichiometric ratio, an excess of Fe would be needed). The intercept not being fit 

through 0 highlighted that the stoichiometric Mo/Fe ratio in the solution does not 

provide a stoichiometric Mo/Fe ratio precipitate, which is an important consideration 

when forming binary metal catalysts. The increase Mo precipitation compared to Fe 

precipitation was rationalised through solubility testing, where the molybdenum 

precursor had a lower solubility in the solvent compared to the iron precursor. As 

discussed in Section 1.6, SAS precipitation occurs by reducing the solvation strength 

of the solvent by rapid expansion of the solvent by lowering its density, leading to 

supersaturation and therefore, precipitation. The operating conditions in this study may 

not lower the solubility limits to 0, which is why the yield was not 100%, and the 

differences in solubility of the metal precursors was still of influence.  
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The two most influential terms after the intercept were sfr and mpc. As sfr increased 

the Mo/Fe ratio, with Mo preferentially precipitating. A change in sfrinfluences the 

Reynolds number, a measurement of the inertial forces and viscous forces of the fluid, 

which can influence jet break up. A change in sfr can also influence the molar fraction 

of CO2, therefore changing the position of the operating point in regard to the MCP 

when considering a constant pressure but increasing the molar fraction of MeOH/H2O 

in the system, changing the vapour-liquid equilibria.12 

The influence of sfr may be due to the increased volume of solvent and cosolvent in 

the system, leading to a shift in the position of operation relative to the MCP (as the 

sfr increases, the percentage of methanol and water increases, despite the conditions 

remaining the same, changing the molar fraction of CO2) and therefore removal of all 

MeOH and H2O may not occur. As Mo has a lower solubility limit, it will preferentially 

precipitate under conditions which are not as close to the MCP.  

The influence of mpc can be rationalised in a similar way. A higher metal concentration 

in solution will be closer to the theoretical solubility limit of the solute in the 

solvent/cosolvent mixture; when a solution is closer to saturation, it will more readily 

dissolute the precipitate. In this case, again, the Mo solubility limit lower, and therefore 

will more readily dissolute when compared to Fe, and therefore the higher the metal 

concentration, the higher the ratio of Mo to Fe will dissolute. The conclusion relates to 

the principle of supersaturation. SAS precipitation relies on the reduction of the 

solvation strength of the solvent,42and unless a high degree of supersaturation is 

undertaken (e.g., all metals are completely removed from the solvent) the differences 

in solubility limits of the precursors will influence the binary metal ratio. Clearly, the 

operating conditions in our study were below a high level of supersaturation. 
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The influence of wac was interesting, as an increase decreased the Mo precipitation 

relative to Fe. On the increase of wac, it has been shown (Figure 3.4) that carbonate 

structures initially form, whilst another undefined structure precipitates at higher water 

contents. In solubility testing, the Mo precursor decreased in solubility on the addition 

of water, whilst Fe increased. Therefore, when only analysing the influence of solubility 

limits of the metal precursors, an increase in water content would increase the Mo/Fe 

ratio. The hypothesised trend relating to solubility limits of metal precursor was not 

found, and therefore the change in precipitate structure on the increase of water 

content must influence the solubility of Mo and Fe. 

To improve the control regarding the binary metal ratio, the system must operate close 

to or above the MCP. The harsher conditions are hypothesized to increase the 

dissolution, with both Mo and Fe being closer to the solubility limit therefore, e.g., the 

harsher conditions decrease the apparent difference in Mo and Fe solubility limits. The 

change in precipitate structure seems to reverse the trend, by increasing Fe 

precipitation. Therefore, high pressures, lower solution flow rate, lower water content 

and higher metal precursor concentration will lead to conditions to improve achieving 

a stoichiometric ratio. To conclude, the uncalcined Mo/Fe ratio can be rationalised 

almost solely by how the solvent interacted with the scCO2 in relation to the solubility 

limits of the precursors in solution, except for wac. However, further studies are needed 

to confirm this rationale. Firstly, as seen by FT-IR spectroscopy analysis (Figure 3.4), 

the metal precursors that were dissolved are potentially not the precursors present in 

the solution when undertaking SAS precipitation, with carbonate formation occurring. 

Secondly, the solubility of the metal precursor in scCO2 is of influence, in that Fe or 

Mo may be more soluble in scCO2, leading to differences in precipitation of each metal. 

However, pressure does not influence the Mo/Fe ratio, which may suggest that the 
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scCO2 properties were not influential, as the pressure would influence the antisolvent 

strength of scCO2 by changing the density. The influential parameters in the statistical 

analysis can be related to solubility limits and the droplet interaction with scCO2, rather 

than the rate of dissolution.  

3.5.2 Mean particle size (uncalcined) 

SEM imaging, as shown in SI 1, was used to measure the diameter of the spherical 

coalescing particles. The mean particle size has been well explored in 

literature,12,15,36,43,44 as particle size can be carefully controlled depending on 

conditions for supercritical antisolvent precipitation, due to differing influence of jet 

break up and gas mixing, as described in Section 1.6.  

The average particle diameter, shown in SI 2, was statistically relevant due to being 

both proportionally different in diameter across the range of precipitates (smallest 

average diameter of 80 nm compared with the largest average diameter of 160 nm) 

as well as being sufficiently different in size to negate errors in SEM measurements. 

The absolute diameter size may be skewed (shifting the absolute value of each 

measurement by a specific size), but each sample was likely to be skewed by the 

same error due to the use of the same microscope and method for each sample.  

The statistical analysis provided the equation below as the determinant of the particle 

size: 

ώ πȢρωφπȢπππχτ ὴὶὩπȢπππςψφ ύὥὧάὴὧ 

Please note that the coefficients in the equation relating to each parameter are not 

reduced coefficients (they are not representative of the relative influence of the 

parameters) but provide the equation to form the absolute value of the particle size. 
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For example, the coefficient of -0.00074 is multiplied by the value of the pressure (80 

ï 140 bar).  

¶ pre: Particle size decreased as pressure increased, because reduced growth 

occurs at higher pressures due to the increased density of scCO2, increasing 

mass transfer. . The particles are spherical and coalescing, which would 

suggest that jet break up is still occurring, due to the regularity of the sphere, 

whereas gas mixing typically forms irregular spheres with particle diameters 

below 50 nm.37 Due to the water content in the study being a minimum of 1%, 

a ternary supercritical system of MeOH-H2O-CO2 complicated the known 

position of the MCP, which would be suspected to be much higher than the 

MeOH-CO2 binary mixture MCP due to the low miscibility of H2O and scCO2.12 

¶ (WacĬmpc): The incorporation of H2O shifts the MCP to higher temperatures 

and pressures due to the low miscibility, which would therefore change the 

relative position of the system (the conditions that are being used) to the MCP, 

with H2O expected to shift the MCP to harsher conditions. However, wac  is not 

statistically found as a direct influence of particle size. Instead, the cross term 

(wacĬmpc) is detected as influential. The influence of (wacĬmpc) can be 

explained by the interaction between H2O and the metal centre. Methanol is 

less polar than H2O, due to the relatively non-polar C-O bond when compared 

to H-O bonds in H2O, and therefore an increased concentration of H2O around 

the metal centres is likely to occur, 45 as polarity differences between H2O 

(specifically the increased electronegativity centred at the O) and positively 

charged metal centres will lead to preferential coordination in the local 

environment. As both the H2O and metal precursor concentration increased, 

the localised concentration of H2O around metal centres increased. Therefore, 
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the non-homogeneity of the solvation leads to a localised difference around the 

metal centres in relation to the MCP, leading to increasingly subcritical 

conditions, increasing time to dissolution across the phase boundary, which as 

shown means the particle size increased for (wacĬmpc). 

Interestingly, sfr does not feature in the results of statistical analysis. 12Clearly, 

pressure and solution composition were more influential. When considering both 

parameters in this case, the conditions were likely controlled by the diffusion 

mechanism, rather than jet break up mechanism (the important factor is increasing 

CO2 diffusion across the phase boundary, rather than fluid dynamics influencing 

particle size). Due to the immiscibility of H2O and scCO2,46 the increase in water 

content was likely to lead to lower mass transfer of scCO2 into the droplet, leading to 

increased particle growth.20  

Particle size can be decreased by reducing the dissolution time. Therefore, a more 

supercritical system is required and can be achieved through higher pressures, lower 

solution flow rate and lower water content.  

3.5.3 Uncalcined specific surface area 

The use of BET analysis on uncalcined samples, as detailed in section 2.3.2, was 

used to determined specific surface area (m2 g-1). Sample 13 was a clear outlier 

(potentially due to difficulty in drying for the sample which led to a change in structure), 

and with sample 13 removed from the analysis, the quality improved from an R2 of 

0.75 to 0.86, and the p value decreased from 0.0432 to 0.0149. However,the removal 

of sample 13 means the statistical analysis would not be able to satisfy every cross 

term. The model cannot be used as a quantitative determinant but can be used 

qualitatively; that is, it would be possible to make predictions on whether the surface 
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area will be larger or smaller for comparative conditions. The statistical relationship 

between uncalcined specific surface area and the parameters was: 

ώ σȢπψφ  πȢςψτ ὴὶὩπȢρτφ ίὪὶάὴὧ πȢρσψ ύὥὧάὴὧ

πȢρπρ ίὪὶύὥὧ πȢπςτ ίὪὶὴὶὩ 

As the equation for the influence of parameters on uncalcined specific area can only 

be used qualitatively, the absolute value of intercept is not of importance.   A negative 

value may suggest that surfaces are not above 0 m2 g-1 until the parameters reach a 

certain value, which is logical as to undergo particle dissolution, pressure needs to be 

above the critical point of the CO2, and pressure was the most influential parameter in 

the statistical analysis for uncalcined surface area. 

The statistical fitting of data for uncalcined specific surface area was in agreement with 

the fitting for mean particle size: the pressure influence is positive for uncalcined 

specific surface area, whilst the pressure influence is negative for mean particle size. 

As mean particle size decreased with a pressure increase, the surface-to-volume ratio 

increases, leading to a larger specific surface area. The same inverse relationship for 

(wacĬmpc) in the particle size and specific surface area was also found.  

The cross terms that do not feature in the particle size equation but do feature in the 

specific surface area therefore influenced density (as the measure of specific surface 

area depends on both the surface to volume ratio ï which is related to the mean 

particle size ï and the density of the precipitate). The change in density was 

hypothesised to be due to a change in porosity as an increase in porosity would 

influence density of the particles formed. However, the change in carbonate content 

would affect the density too. Interestingly, sfr featured in all cross terms, but not as a 

direct factor. This can be broken down as: 
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¶ (SfrĬwac): the solution flow rate is a control of the water content being fed into 

the precipitation vessel. With the cross term, an increase in both solution flow 

rate and water content would  increase the water concentration in the vessel  in 

relation to both the methanol and scCO2 molar content (sfr would increase 

molar content of methanol and H2O compared to scCO2Ěand increase in wac 

would increase the molar content of H2O compared to methanol but not scCO2). 

An increase in water content led to the relative position of the MCP for the 

system to be increased to higher pressures, increasing time to dissolution, as 

the phase boundary between H2O and scCO2 would be present for an extended 

time compared to MeOH and scCO2. The coefficient for (sfrĬwac) was positive, 

which showed a decrease in density of the precipitates. The decrease in density 

of the precipitates may be due to the increased particle growth for a droplet 

under supercritical conditions when the water content is higher, due to the low 

miscibility of H2O and CO2. Particle growth is controlled by the rate at which the 

surface tension reaches 0 when operating through a jet break up mechanism 

(the likely mechanism), despite mass transfer occurring across the phase 

boundary.38 If the time taken to reach 0 surface tension increases (as it would 

for increasing wac), then the particle will grow, despite the same mass of 

precipitate in the droplet being presented, leading to a decrease in density. The 

(sfrĬwac) factor was also the closest term to measuring a change in molar 

fraction of CO2.  

¶ (sfrĬmpc): a non-linear increase in metal concentration can be considered when 

the cross term features sfr, as shown here. Again, the term was positive, 

suggesting a decrease in density of the precipitates. This may be related to the 
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understanding of water preferentially surrounding the metal salts (Section 

3.5.2), and therefore the justification of (sfrĬwac) explained this term. 

¶ (-sfrĬpre): interestingly, (sfrĬpre) increased the density of the precipitate, which 

must be an influence on precipitation mechanism, rather than the influence of 

concentration of water and metal precursor concentration. The influence of 

(sfrĬpre) on the precipitation mechanism can be explained by two key 

considerations: the molar fraction of CO2; and the influence of jet disintegration 

changing due to the increased exit velocity of the solution. The influence on the 

precipitation mechanism can be explained by considering the change in ternary 

system of solvents on the increase on sfr. If the sfr is increased, the volume % 

of H2O and MeOH in the system increases; therefore, a lower molar fraction of 

CO2 exists. The lower molar fraction of CO2 would shift further from the MCP, 

leading to an increase in density, due to the jet break up more likely to occur on 

the increase on MeOH and H2O in the system. However, the inverse 

relationship was found to be of influence, in which density increased, which is 

likely to be the influence of pressure, in which particle growth would be limited, 

and density would therefore increase due to the same mass of precipitate 

forming in a smaller volume. The influence of (sfrĬpre) highlighted the difference 

in influence of parameters, in which pre was a stronger influence than the 

change in ternary system. The stronger influence of pressure is likely to be 

specific to the conditions used here. Different relationships may be found with 

higher sfr.  

It is also logical that sfr would feature in the cross terms but not as a direct influence 

when related to particle properties (justification for Mo/Fe yield is related to solubility 

limits) because the sfr is the control parameter for concentration of metal precursor, 
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water and methanol into the system. As the droplets are likely to break up due to the 

spray caused by the nozzle, and with the nozzle unchanged in the study, a larger 

number of droplets would occur, rather than a larger droplet entering the system. The 

result would be a decrease in surface-to-volume ratio and slower diffusion of CO2 to 

all solvent, which can be described as the reduced volume of solvent in solution, as 

has been shown to previously influence particle size.47 

It was also interesting to find the dependence of porosity to sfr, which is not a factor in 

supercritical drying. The influence of sfr on porosity highlighted the influence of the 

precipitation mechanism on the pore formation, whereas supercritical drying does not 

form the pores, but preserved the structure. Aerogels are typically mesoporous 

materials with very low density, and it is of interest to find the influence of sfr to control 

density, rather than drying, when the aerogel is formed..  

Uncalcined specific surface area can be increased by a more supercritical system 

(similar to decreasing particle size). However, porosity is hypothesised to increase by 

having a less supercritical system, likely to be due to the growth of the particle despite 

the same Mo and Fe content per particle. Therefore, careful consideration of particle 

size and porosity is required to improve uncalcined surface area. Further testing to 

measure the influence of less supercritical conditions (high water content, low 

pressure, high solution flow rate) on porosity is required.  

3.5.4 Calcined specific surface area 

Interestingly, calcined specific surface area had a statistical relevance that can be 

used as a predictive tool when using direct and cross terms in the analysis, with an R2 

value of 0.70 and a p value of 0.0309. the prediction expression was as follows: 

ώ  ρρȢυφπȢτψχ ὴὶὩπȢτπτ άὴὧπȢρσω ύὥὧπȢπππςρφ ὴὶὩ 
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Before the explanation of each factor in the equation above, it is first necessary to 

explain that the calcined specific surface area is dependent on factors other than 

precipitation of particles during the SAS precipitation. The calcined specific surface 

area is dependent on the original particle size, the porosity of the calcined precipitates 

(or to be more specific, the number and size of accessible pores on calcination), the 

level of air exposure during calcination, and the exothermic/endothermic nature of the 

decomposition. Mo migrates to the surface to form an enriched surface48 and is known 

to have a low specific surface area (similar to MoO3 with a specific surface area ~1 

m2g-1), which therefore affects the surface area without being an influence from SAS 

parameters. The migration of Mo and the low specific surface area may explain the 

data showing the large influence of pressure (having both direct and quadratic term, 

as well the large factor in relation to pressure), as the lower specific surface area of 

the phase formed at the surface (the phase at the surface is important because the 

N2, used as the probe molecule for BET analysis, interacts with this phase, although 

other factors such as porosity and particle size are of influence for calcined specific 

surface area) will mean that the SAS parameters will need to be changed significantly  

because of the migration of Mo to the surface, which lowers the specific surface area 

of the material but is not influenced by the SAS parameters directly. As shown below, 

the dependence of calcined specific surface area on pressure is very strong, and the 

predictive model suggested that if used with other factors consistently, we would see 

an increase in surface area, until a limit of pressure is reached (as pre2 is negative, the 

surface area cannot reach an infinite value). So, despite the fitting being statistically 

relevant, it may not be a true predictive tool due to the processes that occur during the 

calcination.  

The relationships can still be used to define certain processes, which are as such: 
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¶ pre: This is again related to the particle size growth under the conditions, as 

previously explained in Sections 3.5.3 and 3.5.4. 

¶ -mpc: related to the density of the precipitates, in which the mpc increased the 

density on calcination. The influence of mpc on calcined specific surface can 

be explained in regard to overall particle size after calcination. Typically, 

precipitates formed via SAS precipitation will be spherical and the size of the 

droplet formed from atomisation, which determines the particle size for 

uncalcined particles. However, the mass of metal per droplet is dependent on 

metal precursor concentration; Therefore, an increase in mpc will increase the 

amount of metal per particle. The density may vary depending on chemical 

structure and porosity when precipitating, as described by other controls in the 

study. However, in the metal oxide form, the structure is dependent on the metal 

centre concentration, and when thermal decomposition is undertaken, the 

amount of metal per particle influences the density, rather than the expansion 

of the particle during SAS precipitation. 

¶ -wac: water content has been shown to influence the carbonate content, and 

therefore mass loss and exothermic/endothermic effects during thermal 

decomposition, but wac also influenced the precipitation mechanism and 

particle size (as shown by as cross factor in particle size analysis in Section 

3.5.2). FT-IR spectroscopy data clearly showed a decrease in carbonate 

content for increasing wac, and therefore mass loss (Figure 3.9) and 

exothermic/endothermic decomposition. The exothermic/endothermic 

differences in decomposition influences the change in specific surface area on 

calcination. An increase in water content led to lower specific surface area, 

which is the inverse of the particle growth trend expected. Therefore, the 
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increase in water content likely influenced the endothermic nature of 

decomposition, leading to a significant change in surface area.  

The difference between parameter influences on uncalcined and calcined specific 

surface areas can be explained by the direct influence of controlling the precipitation 

mechanism with sfr in uncalcined materials, whilst calcined specific surface area is 

dependent on the chemical composition.  

Calcined particle size is increased by a more supercritical system. A higher pressure 

is necessary and is of a large influence. Therefore, a high pressure is required as well 

as a lower water cosolvent content.  

3.5.5 Mass loss 

Mass loss, as previously discussed, was an important measure to determine the 

carbonate content in the precipitates. The mass loss was found to influence 

catalyticperformance for methanol oxidation to formaldehyde, as shown in Chapter 4. 

Therefore, it is important to determine how SAS parameters influence mass loss. With 

an R2 value of 0.95 and p value of 0.0002, the model clearly shows it can be used as 

a semi-quantitative prediction tool. The equation for mass loss is: 

ώ  σσȢψφσȢπρ ίὪὶπȢςςψ ὴὶὩπȢπτφ ίὪὶύὥὧ πȢπςω ίὪὶὴὶὩ

πȢππυψ ὴὶὩύὥὧ 

Whilst each individual parameter can be analysed, in the case of mass loss, all relate 

to the relative position of the MCP in regard to pressure and phase composition of the 

solvents and antisolvents in the vessel (XCO2), as seen on a phase-pressure diagram 

(Figure 1.11).  The influence of operating parameters on mass loss suggests that only 

under certain conditions would carbonate form. The analysis shows that more 

supercritical conditions form more carbonate content, with an increase of pressure 
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increasing mass loss; whilst a decrease in sfr leads to a larger phase content of CO2 

to increase carbonate content. These are both conditions which are increasingly 

supercritical.  

Interestingly, an increase in water content reverses the influence of sfr and pre, with 

opposite signs preceding the cross terms that contain wac with sfr or pre, when 

compared to the respective direct terms. The increase in wac would shift the system 

away from the MCP and to increasingly subcritical conditions (due to the low miscibility 

of scCO2 and H2O, as well as the harsh conditions needed for scH2O) and therefore 

the carbonate formation would not occur in the harsh conditions. The presence of the 

cross term (sfrĬwac)  suggests the relative molar content of water in the system, 

relative to both MeOH and scCO2, was also of influence. This can be seen from FT-

IR spectra in which increasing water content does not yield carbonate formation. The 

data presented here confirms that supercritical or close to supercritical conditions are 

needed to form carbonate. Previous work has hypothesised that supercritical 

conditions are needed to form carbonic acid,21,49 which decomposes to carbonate, but 

the analysis here confirms that the conditions control the formation, and not just the 

inclusion of water, which is shown to have a detrimental effect on carbonate formation 

when in higher quantities, as the system moved away from supercritical conditions.  

The statistical analysis has increased the understanding of the data, as qualitative 

assessment of FT-IR data would have assumed that wac was the controlling factor. 

The influence of the sfr on mass loss can be interpreted in two ways; the model for 

mass loss is incorrect, as FT-IR data showed wac to be a very influential factor or the 

underlying influence on mass loss was sfr, and that wac has been shown to influence 

performance but was less influential overall compared to other factors. It is likely to be 

the second interpretation as sfr controls the phase content in the vessel, including 
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water content, and therefore was a control on the water content and how the carbonate 

formation mechanism occurred, as well as a control on the molar fraction of scCO2.  

To form materials high in carbonate content (increased mass loss), more supercritical 

conditions are required. A low solution flow rate, higher pressure, low water content 

(although water is needed to form carbonate structures) is required to form materials 

with a high carbonate content.  

3.6 Limitations of using a design of experiment method 

Whilst it has been shown that statistical analysis can unveil important physical 

properties of the catalyst precursors, attempts to map chemical properties were 

unsuccessful; the use of H2-TPR data to measure the specific hydrogen uptake as well 

as reduction peak temperatures provided no predictive results because  the reduction 

properties rely on a multitude of physical properties, such as surface area, crystallite 

size and particle size. Each physical property may counteract one another, as shown 

below in Figure 3.12. Specific hydrogen uptake can be influenced by the particle size 

and mass loss, respectively. As the SAS precipitation is a physical change in 

precipitates,  physical properties of the precipitates can be mapped reliably from SAS 

parameters, but the differing chemical properties of the precipitates and resulting 

catalysts are an indirect change to the SAS parameters.  
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Figure 3.12: Influence of SAS precipitates physical properties on final reduction properties with influence of a) mean 
particle size, b) mass loss on calcination. 

SAS statistical analysis could not highlight the SAS parameters which were influential 

for molar yield of both Mo and Fe, which is likely to be due to experimental error: 

relying on careful measurement of metal precursor salts into the original solution; the 

complete extraction of all solvent through the system; the collection of all precipitate 

from the vessel; and then reliable measurements of ppm through MP-AES, which can 

be influenced by weighing of catalyst during digestion, accurate standards for ppm 

measurements and accurate calibration of MP-AES. All can result in a larger error, but 

the collection of precipitate after SAS precipitation is likely to be the largest error, as 

the precipitation mechanism can lead to precipitation outside of the inserted collection 

vessel, with precipitate left below the filter at the base of the precipitation vessel. Fine 

particulate can also be lost through the filter and into the system further down the line 

before reaching a finer filter.  
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Figure 5.13: diagram of base of precipitation vessel. CO2 flows through the frit downstream, with precipitate 
collected above the frit in basket. However, precipitation can occur outside of the collection basket, leading to lost 

material between the frit and the vessel, which is inaccessible during normal operation. 

3.7 Conclusions and future work  

To conclude, initial formation of iron molybdate catalyst precursors via SAS 

precipitation was undertaken. A variation in water cosolvent content was found to 

influence the structure of the catalysts as well as the relative precipitation of Mo and 

Fe. In the early characterisation of catalyst precursors formed, it was clear that 

mapping important SAS parameters would be necessary. A definitive screening design 

was therefore developed with TotalEnergies, to efficiently map the influence of SAS 

parameters on the physiochemical properties of the SAS precipitates and the iron 

molybdate catalysts formed after thermal decomposition.  

The definitive screening design allowed for detailed data extraction, using quantified 

characterisation data to uncover main and cross term effects. Overall, the precipitation 
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mechanism is complex, relying on a balance between phase equilibria, jet break up 

and mass transfer. The precipitation mechanism was further complicated with the 

inclusion of water, which severely changes the MCP and mass transfer in the 

precipitation mechanism. However, all four parameters studied in the definitive 

screening design were influential in particle size, uncalcined surface area, calcined 

surface area and Mo/Fe ratio, with conclusions for each parameter being explained. 

The definitive screening design was reliable due to the relative differences in physical 

properties of the precipitates as well as the p value and R2 values , as well as 

agreement across considerations for particle size and uncalcined surface area.  

Summarised below are the parameters which were influential for each property. 

Clearly pre and sfr are the parameters with the greatest influence on the physical 

properties on the SAS precipitates and calcined catalysts. Both are easily explainable, 

due to the change in pressure (pre) influencing the strength of the antisolvent, whilst 

sfr controls the molar percentage of each solvent present in the vessel, which is a key 

parameter for SAS precipitation in relation to the MCP. 
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Table 3.3: Summary of key parameters influencing physical properties of SAS precipitates. 

Property Most Influential 

parameter 

2nd most influential 

parameter 

3rd most influential 

parameter 

Uncalcined Fe/Mo 

ratio 

sfr mpc wac 

Uncalcined mean 

particle size 

pre (wacĬmpc)  

Uncalcined specific 

surface area 

pre (sfrĬmpc) (wacĬmpc) 

Calcined specific 

surface area 

pre mpc wac 

Mass loss sfr pre (sfrĬwac) 

 

However, water cosolvent content (wac) was also influential, as 5 of the 14 influential 

parameters shown above feature wac, the same number as metal precursor 

concentration (mpc). The wac is fairly unexplored in literature due to the low miscibility 

of scCO2 and H2O, therefore harsher conditions are needed to operate in a 

supercritical environment. However, it has been clearly shown that precursor structure 

can be influenced by wac. The wac may be further influential when operating in a 

testing space that includes 0% wac, as the dynamic between sfr and wac influence may 

change.  
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4. Structure-property relationships for FeMoOx catalysts applied 

to the selective oxidation of methanol 

4.1 Introduction 

The preparation and development of SAS precipitated FeMoOx catalysts has been 

shown in Chapter 3, developing novel catalysts for statistical analysis of the SAS 

precipitation mechanism with dependence on four parameters: pressure, water 

cosolvent content, metal precursor concentration and solvent flow rate. Due to the 

flexibility and control of the precipitation technique, a wide range of catalyst precursors 

were formed. The preparation was successfully controlled to vary the precursor 

structure, particle size, specific surface area, crystal structure and surface Mo 

concentration of FeMoOx catalysts. The resultant properties of the catalysts were 

dependent on the properties of the precipitates, which were in turn controlled by the 

SAS preparation parameters. 

The preparation of catalysts in the case study had two key aims; to understand the 

SAS precipitation mechanism, and the dependence of precipitate properties on the 

parameters. The wide range of catalyst properties allowed mapping of structure-

property relationships when the catalysts were used for methanol oxidation, an 

industrially relevant reaction that is well understood for iron molybdate catalysts.  

Much of the literature reviews the deactivation pathways of the catalysts,1ï3 with the 

main loss of selectivity due to the loss of Mo via the formation of volatile Mo-methoxy 

intermediates, leading to Fe rich catalysts which are known to overoxidise methanol.4ï

6 The deactivation of the catalysts feeds into research of phase-dependent selectivity 

that is common4,7 but very rarely are the physical properties of the catalysts carefully 

evaluated, which is the main aim of this study.  
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4.2 Initial testing of catalysts ï comparing SAS and CP samples under the same 

conditions 

Initial testing of catalysts was undertaken to compare SAS prepared iron molybdate 

catalysts with the common coprecipitation (CP) technique. Please note Section 4.2 

relates to the development of a reliable testing protocol. The testing protocol was 

developed with the use of initial samples (CP, SAS 1%, SAS 5% and SAS 10% - 

conditions for the formation of the samples are found in Table 2.2) and preceded the 

development of the definitive screening design. Testing of iron molybdate catalysts 

formed for the definitive screening design (DSD) for the oxidation of methanol to 

formaldehyde is from Section 4.3 to Section 4.5. Initial testing of CP and SAS catalysts 

formed with varying water content occurred at 225 ÁC, with 0.1 g of catalyst, 0.9 g of 

SiC to increase the bed volume, 60 mL total flow with 5% MeOH and 10% O2, with N2 

as the diluent. The GC run time was 5 minutes, detecting carbon monoxide and dioxide 

(COx), formaldehyde (H2CO), dimethyl ether (DME) and methanol (MeOH). Initial 

comparisons were drawn between CP, the most explored catalyst in the literature for 

MeOH oxidation,4,5,8ï11 and novel SAS precipitated FeMoOx catalysts. 

Characterisation of iron molybdate catalysts and catalyst precursors formed via SAS 

precipitation has been shown in Chapter 3, which provides initial understanding of the 

materials and supports development of the testing protocol for methanol oxidation to 

formaldehyde. 

As shown in figure 4.1, CP had the lowest conversion, with all SAS samples exhibiting 

a higher conversion, as well as a higher selectivity to H2CO. initial results highlight the 

improved performance of iron molybdates formed from SAS precipitated precursors 

compared to the standard in literature. Although coprecipitated samples with a Mo/Fe 

ratio of 1.5 are not explored extensively, due to the need for excess Mo in industrial 
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catalysts, Soares and coworkers tested coprecipitated samples with a Mo/Fe ratio of 

1.5 between 275 ÁC and 375 ÁC,8 with a WHSV of 6.5 gMeOH gcat-1 hr-1. The 

coprecipitated sample had a conversion of ~30% and a H2CO selectivity of ~50%. 

Samples with excess Mo (Mo/Fe of 3) had a much higher selectivity of ~80% for a 

similar conversion, which was similar in performance to industrial catalysts tested in 

the same study. The focus of our study was the stoichiometric ratio of 1.5 to further 

understand the relationship between Fe2(MoO4)3 and the amorphous MoOx surface 

layer, without the influence of significant excess Mo present. Performance 

comparisons of coprecipitated samples to literature are also shown in Section 4.3. 

The product distribution (Figure 4.1.a, 4.1.b and 4.1.c) shows that CP had the lowest 

selectivity, suggesting that the SAS-prepared catalysts were well mixed (due to 

increased selectivity to H2CO), as iron rich phases are selective to COx products.5 SAS 

1% has a similar COx selectivity compared to CP, whilst SAS 10% had a very high 

selectivity to COx. The high COx selectivity of SAS 10%  was above the typical 

selectivity of FeMoOx as overoxidation is unlikely to occur at 225 ÁC. Preliminary 

testing indicated that SAS catalysts had improved performance in both conversion and 

selectivity, but further investigation was required to provide reproducibility. 
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Figure 4.16: Initial testing of novel SAS catalysts formed with different water cosolvent content compared to 
coprecipitated iron molybdates for the selective oxidation of methanol. Conditions: 225 ÁC, WHSV of 0.78 gMeOH 
gcat-1 hr-1, O2/MeOH = 2. A) conversion of methanol, b) selectivity to formaldehyde, c) selectivity to CO and CO2, 

and d) selectivity to dimethyl ether. 

Limitations of initial testing were noted: firstly, conversion for SAS 1% (iron molybdate 

catalysts formed from SAS precipitates with SAS conditions of 1% water cosolvent 

content, pressure of 120 bar, temperature of 40 ÁC, a solution flow rate of 6.5 mL min-

1 and metal precursor concentration of 5 gL-1) varied much more than other catalysts 

for each 5 minute measurement. Conversion can be seen to have a significant change 

over a five-minute GC run, which led to a scrutiny of the reactor set up, with variations 

in conversion hypothesised to be due to varying flow rate through the reactor bed or 

the reactor feed lines. This is potentially due to a pressure drop, either from packing 

the bed tightly or a blockage downstream, either from particulates or the formation of 



166 
 

paraformaldehyde at temperatures below 85 ÁC. Paraformaldehyde is difficult to avoid 

completely and could clog the exit lines to the vent after the GC which are not heated. 

Paraformaldehyde, a cloudy waxy substance, was seen in the outlet during initial 

testing, which potentially caused changes in flow rate, but the variation in flow rate 

was not measured at early stages of testing.  

To consider the selectivity accurately, the product carbon balance must be considered. 

The total carbon balance is less significant because this includes the unconverted 

MeOH (or in more general terms, whichever C based reactant is being used) and 

therefore can make the carbon balance appear to be close to 100%, when in fact a 

large proportion of carbon is unaccounted for. Therefore, the product carbon balance 

was used in this work from herein (Figure 4.1 used observed product selectivity to 

draw initial comparisons). The calculation for product carbon balance is shown is 

Section 2.5. 

In Figure 4.2, the carbon balance is lower for CP when compared to SAS samples, 

with SAS samples having a carbon balance of ~70-80%, suggesting that either 

polymerisation of the formaldehyde occurred before the GC measurement, as cold 

spots in the lines can occur, or more products were missing in the measurement of 

product distribution. 
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Figure 4.2: Product carbon balance for initial testing of selective methanol oxidation using novel SAS catalysts 
and coprecipitated iron molybdate catalysts. 

Referring to previous work12,13 (discussion in Section1.4.2), dimethoxymethane 

(DMM) can be formed. This was due to the lower oxygen mobility and oxygen 

activation in the catalysts at lower temperatures,5 leading to acid catalysed 

dehydrogenation reactions occurring, whilst also having a lower rate of desorption and 

higher residence time at the surface,14 so C2 or C3 products can form by reacting with 

surface intermediates. Soares and coworkers summarised in a review that side 

reactions are important at low reaction temperature and low methanol conversion, and 

that methanol reactions can be divided into two main categories: oxidation reactions 

and dehydrogenation reactions.10 The operating conditions here were at temperatures 

(225 ÁC) where DMM may have formed. This was not detected in initial testing as the 

literature neglects this discussion when focusing on H2CO formation at conditions that 

are usually at higher conversions via elevated temperatures.  

The GC run was extended and DMM was calibrated for, along with methyl formate 

(MF) and formic acid (FA), as both MF and FA have been both formed during the 

oxidation of methanol to formaldehyde in previous work.10,12ï18Most work in literature 

neglects the contributions of DMM, MF and FA; however, the absence of DMM, MF 
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and FA may be due to different operating conditions. However, it is important to detect 

all products in this case, as a difference in carbon balance was found for iron 

molybdate catalysts formed via different preparation methods and may elucidate 

different catalyst properties. As we can see from SAS 5% under the same conditions 

across a range of temperatures (200-400 ÁC, Figure 4.4), DMM is relevant at lower 

temperatures, but not above 300ÁC. Therefore, many catalyst testing procedures 

operated under different conditions, at higher conversions and temperatures,19ï22 as 

the main focus of much of the research in literature is to replicate industrial conditions, 

such as the Formox process.1 

Figure 4.2 shows that the carbon balance was lower for CP, at around 60%, compared 

to SAS precipitated catalysts between 70-80%, suggesting that DMM or MF were 

formed in higher yields compared to SAS materials. The difference in selectivity can 

be due to a variety of reasons. Cheng showed that selectivity depended on methanol 

conversion because the production of water at higher conversions hindered the 

overoxidation of H2CO, therefore becoming more selective at higher conversions until 

overoxidation to COx products became influential.15 However, H2CO selectivity  may 

also depend on structure of the catalyst, with the formaldehyde formation only 

requiring a redox dehydrogenation site, whilst DMM would require a redox 

dehydrogenation site and a Lewis acid site.23
  

Figure 4.3 shows the activity, productivity, specific activity, and specific productivity. 

Activity (mmolMeOH gcat-1 hr-1) is the absolute value of conversion, so does not provide 

new data when compared to conversion in this case, as the mass was normalised 

(0.1g of catalyst was used for testing). Productivity is more valuable when looking at 

the overall comparison of catalysts as it combines conversion and selectivity, and 

when varying the mass of the catalyst. Standardising into units of mmolH2CO gcat-1 hr-1 
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allows comparison with other research, as WHSV may vary. Standardised testing 

conditions would be helpful across all research groups, but this is not necessarily 

applicable to all catalysts as catalysts may perform better under certain conditions. 

Specific activity and specific productivity are of interest when exploring structure-

property relationships, in which normalising for surface area allows for a comparison 

between differences in catalytic performance dependant on the catalyst properties 

found through characterisation, rather than the absolute number of available active 

sites available. Initial testing shown was mass normalised despite the difference in 

surface area, leading to a difference in number of active sites in the catalyst bed if 

active site density was consistent across catalysts. Innately there is error in BET 

analysis to calculate the surface area, but the difference in surface areas for the 

samples formed with DSD samples, as well the difference between SAS and CP, is 

statistically relevant (in terms of % difference).  

Figure 4.3 shows that all samples except SAS 1% reach the same specific productivity, 

leading to the understanding that all the samples have the same selective site density, 

with the Mo=O coverage at the surface being consistent. The same specific 

productivity for SAS prepared iron molybdates suggested that SAS 10 selectivity 

pattern, with high COx (Figure 4.1.c), may be due to an impurity  in the catalyst or in 

preparation of the catalyst bed. SiC can have traces of iron oxide24 which are known 

combustion catalysts for this reaction.  
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Figure 4.3: Normalised conversion and selectivity for selective methanol oxidation using iron molybdate catalysts. 
a) Conversion normalised for mass of catalyst, b) yield normalised for mass of catalyst, c) conversion normalised 

for surface area, d) yield normalised for surface area. 

Figure 4.4 shows the conversion and selectivity dependence on temperature for SAS 

5% (a novel catalyst which was not formed using the minimum of maximum water 

cosolvent content).  At lower temperatures, DMM was the secondary product, with a 

selectivity of 16% at 225ÁC. The selectivity to DMM dropped at 250 ÁC, but it is likely 

that DMM was a product at 225ÁC in initial testing due to the selectivity dependence 

on temperature, with DMM being formed at 200ÁC. Extending the method to detect 

MF, FA and DMM increased the product carbon balance to 95% at 250 ÁC, achieving 

reliable data and a complete understanding of the product distribution. Testing at 250 

ÁC is also of more interest as oxygen mobility becomes relevant for all phases at higher 

temperatures.25  
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To conclude initial testing, the careful consideration of back pressure control in the rig 

set up was found to be key, as shown by the variation in SAS 1 conversion (Figure 

4.1.a) .However, despite the difference in productivity and activity, specific productivity 

highlighted the same selective site density at the surface for CP, SAS 5 and SAS 10. 

DMM must also be accounted for, and from herein, DMM, MF and FA have been 

calibrated for, with DMM as the secondary product for testing at 225ÁC, as shown in 

figure 4.4. 

 

Figure 4.4: Conversion and selectivity dependence on temperature between 200-350 ÁC for novel iron molybdate 
formed via SAS precipitation using 5% water cosolvent content. Conversion (purple square) relates to conversion 

(left), whilst all other data is selectivity (right), with each product in the key. 

4.3 isoconversion studies for methanol oxidation to build structure-performance 

relationships 

Analysing materials under the same conditions highlighted key differences in catalysts. 

However, conversions were different for each catalyst for the WHSV and temperature, 

likely due to different surface areas, as well as different structural properties. To 

compare the structures accurately, isoconversion studies were necessary.  

To ensure a reliable comparison at isoconversion, the temperature was consistent at 

250 ÁC, as well as the O2/MeOH ratio of 2. To ensure that the testing was not mass 

transfer limited, conversion would be between 10 to 20% to ensure mass transfer was 



172 
 

not a limiting factor in performance (maximum of 20%), whilst errors in testing were 

not limiting accuracy (below 10% conversion). As shown, the conversion can also 

closely relate to the selectivity to oxygenates, and therefore a small conversion range 

was required. At very low conversions, the carbon balance can become unreliable as 

the absolute error with testing the catalysts becomes a large percentage error. The 

average conversion was 13.6% with a standard deviation of 1.99% (conversion for 

each catalyst shown in Table 4.1). Theclose control of conversion for isoconversion 

studies was deemed both reliable and valid. DSD12 was repeated three times, and 

the error has been shown in Figure 4.5 as error bars.  

Table 4.1 highlights the WHSV for each catalyst and the conversion achieved. A large 

range of WHSV was necessary to achieve the correct conversion for the study. For 

example, DSD9 needed a WHSV double that of CP and DSD11 to achieve a similar 

conversion. The conversion did not strongly correlate with the surface area present 

(m2 per test), suggesting that the catalysts have different catalytic properties.  
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Table 4.1: conversion for each catalyst in isoconversion studies with varying WHSV and surface area per test. 
Catalyst preparation conditions are shown in Table 2.2. 

Catalyst WHSV conversion Surface area of 

catalyst in 

reactor 

 gMeOH gcat-1 hr-1 %  m2 

CP 6.0 13.3 0.13 

DSD1 7.4 14.8 0.11 

DSD2 9.8 13.0 0.11 

DSD3 11.8 12.5 0.13 

DSD4 10.7 15.8 0.11 

DSD5 7.9 17.0 0.12 

DSD6 11.2 10.7 0.12 

DSD7 8.4 14.0 0.12 

DSD8 9.8 10.0 0.12 

DSD9 13.1 12.7 0.12 

DSD10 11.8 12.4 0.10 

DSD11 6.7 15.4 0.17 

DSD12 9.8 13.9 0.13 

DSD13 9.4 15.7 0.14 

 

Figure 4.5 shows the selectivity trends and product carbon balance for isoconversion 

studies. The product carbon balance was close to or above 90% at conversions 

averaging 13.64%. In most cases, the product carbon balance fluctuates with the 

selectivity to H2CO, which is likely to be due to polymerisation of formaldehyde in the 

lines, which is assumed to be the main loss of carbon. Coking of the catalyst was 
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unlikely due to the O2/MeOH ratio of 2, resulting in an excess of O2, considering a 

required stoichiometric ratio of 0.5 for the partial oxidation of methanol to 

formaldehyde; therefore, the large excess of O2 would remove any coke if formed. 

Unfortunately, O2 conversion was not measured, as the GC did not have a TCD 

installed. Errors in peak area from GC measurements will also be more influential at 

lower conversions due to the small peak areas, which results in a larger percentage 

error when low conversions are used.  

 

Figure 4.5: Isoconversion testing of DSD samples with an isoconversion study of methanol oxidation using iron 
molybdate catalysts formed by SAS precipitation. Conversion was between 10-17%, as shown in Table 4.1. 

Conditions: 250 ÁC, O2/MeOH molar ratio = 2. 

Across the samples, H2CO, COx and DMM all vary in selectivity. With respect to COx 

for example, DSD5 has a very low COx selectivity of 1.74%, whilst DSD6 has a COx 

selectivity of 8.34%, highlighting a dependence on structural-properties of the 

performance. The use of consistent SiC was also ensured to limit the effect of 
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impurities, as impurities in SiC can lead to a different selectivity pattern, usually leading 

to COx.  

To compare the catalysts performance, it would be inappropriate to use just the 

selectivity patterns, due to the variation in WHSV for each sample. Instead, activity, 

productivity, specific activity, and specific productivity were more appropriate. The 

results are standardised with respect to mass of catalysts, or surface area. All results 

are shown in Figure 4.6. The activity and productivity strongly correlate, which was 

expected with an isoconversion study, as conversion was similar when testing 

catalysts, whilst selectivity does not vary extensively. Differences in activity when 

focussed on the moles/mass converted has been shown. 

Normalising across surface area highlights the chemical differences in catalysts. A 

slight difference in conversion (DSD5 having a conversion of 17% compared to DSD8 

with 10%) was negated by normalising across specific activity and productivity, and 

therefore the performance can be compared based on physiochemical differences 

across the catalysts formed.  
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Figure 4.6: Normalised yield and conversion for DSD catalysts. Conditions: 250 ÁC, varying WHSV (shown in 
Table 4.1), O2/MeOH =2. a) Conversion normalised for mass of catalyst, b) yield normalised for surface area, c) 

conversion normalised for surface area, d) yield normalised for surface area. 

The use of specific productivity does not negate the importance of productivity per 

mass. We can see that this was over double for DSD4 when compared to CP. The 

improved mass normalised productivity  is a great step forward in having more efficient 

catalytic processes. When compared to different preparation methods in recent 

publications22,26ï29 showed catalysts formed in this study have increased productivity 

(Table 4.2). Further work at higher conversions would be of interest as iron molybdate 

catalysts operate at 90% conversion or above when considering industrial applications 

for oxidation of methanol to formaldehyde19 and selectivity patterns may be different 

than data shown in Figure 4.5. 
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Table 4.2: Comparative performance of iron molybdate catalysts formed by different preparation techniques under similar temperatures and with similar Fe:Mo ratios ~1.5. 

Catalyst Fe:Mo 
(1:x)  

Temperature WHSV Conversion Selectivity Activity Productivity Reference 

  Á C gMeOH gcat-1 hr-1 % % mmolMeOH gcat-1 hr-1 mmolH2CO gcat
-1 hr-1  

CP  1.63 250 6.04 13.3 72.4 25.0 18.1 This work 

DSD4 1.37 250 10.71 15.8 80.5 52.8 42.5 This work 

DSD8 1.62 250 9.82 10.0 76.1 30.8 23.4 This work  

DSD12 1.50 250 9.82 13.9 78.0 42.7 33.3 This work 

FeMoOx catalysts formed from 
metal oxalate precursor  

1.5 260 0.785 100 76.8 24.2 18.6 22 

Fe2(MoO4)3/MoO3 nanorods 1.6 260 0.785 60 85 14.5 12.8 26 

FeMoOx catalysts formed from 
metal malonate precursor 

1.5 260 0.785 27 97 6.54 6.35 27 

Co-FeMoOx (Co:Mo = 0.05:1) 2.6 285 0.785 96.5 98 23.4 22.9 28 

5 wt% MoO3-CaHAP ï MoO3 
supported on Ca doped 
hydroxyapatite 

 250 23.56 3.1 81.8 22.5 18.4 29 

10 wt% MoO3-CaHAP ï MoO3 
supported on Ca doped 
hydroxyapatite 

 250 23.56 4.8 74.5 34.9 26.0 29 
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The standardised data can be compared to other similar studies. Routray and 

coworkers undertook isoconversion studies and tested catalysts formed via 

coprecipitation30 and calculated specific activity (Õmol m-2 s-1) for a range of catalysts 

with a Fe:Mo range of 1:1.5 to 1:2.0, as well as MoO3 and Fe2O3. As seen in Table 

4.3, testing was undertaken at 230 and 300 ÁC, with conversion between 8 and 18%. 

The O/MeOH ratio was 2.16, similar to conditions in our study here; Our operating 

temperature of 250 ÁC is between the two temperatures from Routray and coworkers. 

The CP in our study presented had a specific activity greater than the catalyst with a 

Fe:Mo of 1:1.5, which is expected due to operating at a slightly increased temperature 

when compared to Routray and coworkers. However, the CP in our study had a Fe:Mo 

ratio of 1: 1.63, suggesting the coprecipitated catalyst has a much lower specific 

activity than reported by Routray and coworkers for Fe:Mo of 1:1.7 at 230ÁC.30 The 

catalysts formed  by Routray had a longer calcination time of 4 hours, compared to 2 

hours in our study for CP, as well as using citric acid in the preparation rather than 

nitric, which may have influenced crystallinity or homogeneity of Mo at the surface. 

However, Mo surface segregation should be similar for catalysts as this has been 

previously shown to be dependent on calcination temperature. 31 

Routray and workers reported that no COx products, which means that there were no 

acidic sites at the surface. The absence of COx products  is particularly unlikely in the 

case of Fe2O3, which is known to overoxidise MeOH, especially at 300 ÁC as it 

combusts methanol.4ï6 The absence of COx products , combined with selectivity to 

H2CO, DME and DMM totalling 100% (observed products, normalised), means the 

data presented by Routray and coworkers may not be a full analysis of the product 

range and differences in product carbon balance have not been highlighted.  The 

paper or supplementary material do not provide information to calculate specific 
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activity,  making it difficult to verify the results presented. Despite the normalisation of 

observed products, specific activity is unaffected by the normalised observed products 

as specific activity is dependent on conversion and testing conditions.  For 

benchmarking of our catalysts, it can be seen that catalysts formed in our study are of 

similar performance to Routray and coworkers catalysts, and therefore can be used 

as reliable data. 

Table 4.3: selectivity to H2CO, DME and DMM for methanol oxidation using various catalysts formed by 
coprecipitation. Reproduced from work by Routray and coworkers.30 

Sample T (ÁC) Selectivity (%) Specific 
activity 
(mmolMeOH m-2 
hr-1) 

H2CO DME DMM 

Fe2O3 230 0 70 30 2.52 

300 48 51 1 20.6 

MoO3 230 - - - - 

300 65 20 15 15.8 

Fe:Mo =1:1.5 230 73 15 12 2.88 

300 75 22 3 22.7 

Fe:Mo =1:1.7 230 80 8 12 11.5 

300 87 10 3 85.7 

Fe:Mo =1:2.0 230 81 8 11 9.36 

300 88 9 3 58.7 

2.3 % 
MoO3/Fe2O3 

230 80 20 0 3.24 

300 95 5 0 33.5 

 

With the catalysts in our study forming an Fe:Mo ratio between 1:1.3 and 1:1.7, the 

specific activity ranges between 3.13 ï 7.00 mmolMeOH m-2 hr-1 for SAS prepared 

FeMoOx, which was reasonable when comparing to CP showing a specific activity of 

5.01 mmolMeOH m-2 hr-1, as well as 2.88 mmolmeOH m-2 hr-1 at 230 ÁC for Fe:Mo of 1:1.5 

in table 4.3 above, as an increase in temperature would lead to an increase in activity. 

Catalysts under similar conditions can be compared when using mass normalised 

data. Mass normalised data is particularly useful to compare catalysts directly as 

surface area measurements via BET analysis vary between in reliability between 

different equipment. In table 4.2, results from recent studies using a variety of 
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preparation techniques have been shown. It is clear the SAS prepared iron molybdates 

have an increased productivity for H2CO formation. 

The enhanced performance may be for many reasons. Pudge and coworkers claimed 

that the improved formaldehyde yield in their study was due to improved homogeneity 

when using malonic acid in sol gel synthesis in comparison to oxalic acid, as the longer 

chain malonic acid resulted in more isolated iron and molybdenum centres, improving 

homogeneity.27 The SAS precipitates produced in this study due to the presence of 

two distinct carbonate environments (Figure 3.4). However, particle size and mass 

loss also vary too, which are discussed further in Sections 4.4.2 and 4.4.4. 

In table 4.2, SAS precipitated iron molybdate catalysts have the largest H2CO 

productivity of all catalysts in comparison. Our DSD4 has the largest H2CO productivity 

of 42.5 mmolH2CO gcat-1 hr-1, outperforming all comparative catalysts between 250-285 

ÁC for varying preparation techniques. Our DSD8 is the lowest performing SAS 

precipitated catalyst, and still performed well compared to many of the catalysts 

shown. However, our DSD4 did have a small difference in Fe:Mo ratio compared to 

the stoichiometric ratio, with the ratio of 1:1.66 rather than 1:1.5, but our DSD12 had 

an Fe:Mo ratio of 1:1.5 and still outperformed other previous catalysts , suggesting 

that the SAS precipitation method was beneficial in improving catalyst performance 

when normalised per gram.   

To conclude, data analysis on initial testing showed that CP and SAS catalysts have 

different performances depending on structure (which were varied by synthesis 

conditions), and a more expansive analysis would lead to an effective analysis of 

structure-property relationships. A successful increase in product carbon balance by 

the detection of DMM, MF and FA achieved reliable data, mapping the full product 
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distribution. To expand the analysis, our DSD catalysts were applied to methanol 

isoconversion studies to analyse the impact of structure, as the properties of the 

catalysts have been well mapped. Isoconversion studies provide a valid method to 

compare catalyst properties as different selectivity patterns will not be linked to a 

change in conversion. Therefore, effective structure-property relationships were built, 

due to the method of study but also the variation in physiochemical properties the SAS 

precipitates exhibited.  

SAS precipitated iron molybdate precursors have shown improved catalytic 

performance at 250 ÁC when compared to catalysts from literature. Further testing to 

maximise productivity would be beneficial to show the full capabilities of the materials 

formed in this study. 

4.4 Structure-property relationships 

4.4.1 Effect of Mo difference to stoichiometric ratio 

One consideration across the DSD samples was the change in Fe:Mo ratio. Plotted in 

Figure 4.7 is the specific productivity with dependance on Fe:Mo ratio, as calculated 

by MP-AES of calcined samples. It was important to consider the Fe:Mo ratio, as 

different phases have well-defined performance relationships. For example, the highly 

acidic Fe3+ sites adsorb methanol as a formate species, which leads to unselective 

catalysts, forming COx, whilst MoO3 and Fe2(MoO4)3 catalysts dissociatively adsorb 

methanol to form methoxy species at the surface, leading to H2CO formation.5,32,33 

COx and H2CO, DMM, DME, formic acid and methyl formate can all be formed either 

via acid catalysed reactions or by redox reactions depending on reaction conditions 

and surface concentrations of species.15,23 
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The specific productivity dependance on Fe:Mo ratio is shown in Figure 4.7. No 

correlation can be seen with samples. There is an increase in specific productivity 

when decreasing Fe:Mo ratio in general, with DSD10 an obvious outlier, that has an 

Fe:Mo ratio below the stoichiometric ratio. This is expected, with a decrease in Fe:Mo 

leading to a an increased Fe2O3 content in the catalysts, which has a higher oxygen 

mobility.25 But DSD9 (SAS prepared iron molybdate formed with a pressure of 140 

bar, water cosolvent content of 1%, metal precursor concentration of 10 g L-1 and    has  

Fe:Mo below 1:1.5 and having a specific productivity than most catalysts in this study, 

and therefore an extensive Fe:Mo difference does not influence the performance of 

the catalysts for selective MeOH oxidation. 

 

 

Figure 4.7: specific productivity of catalysts formed for the DSD analysis, with dependence on the difference of 
measured Fe:Mo ratio from MP-AES. Error bars for performance relate to error in repeat testing for DSD12. 

Despite no correlation found, the data is skewed. Oxygen mobility is important in redox 

catalysts operating through MvK mechanism, and therefore it is logical that the Fe:Mo 

ratio influences performance, though it is not the most influential parameter in this 

study. 
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4.4.2 Effect of precursor particle size formed with SAS 

The performance  relative to mean particle size is analysed. The particle size is the 

measurement of the agglomerates formed in SAS precipitates. The agglomerate size 

is difficult to measure after calcination as the structures lose the spherical particle 

shape and becomes more irregular. =The relative size of agglomerates were still 

consistent across calcination (SI S3), but different precursor have a different 

magnitude of change in surface area from uncalcined to calcined (Table 3.1), which 

suggests differences in structural stability under calcination conditions.  

Figure 4.8 clearly shows a positive correlation between increasing particle size and 

increasing specific productivity. The result can be rationalised by considering the 

volume of Fe2(MoO4)3 per sample. As a consistent amorphous MoOx overlayer is 

formed (of ~3nm), a larger particle has a smaller ratio of MoOx/Fe2(MoO4)3 (e.g., the 

overlayer is a constant thickness, but the diameter of crystalline core increases for an 

increased particle size). The amorphous contribution was assumed to be consistent 

at the surface of the catalyst, as previous studies show the surface enhancement of 

Mo (amorphous MoOx layer) was dependent on calcination temperature,34 which in 

this study was consistent.  

Therefore, with more Fe2(MoO4)3 present per particle, a larger ñbufferò of bulk oxygen 

is readily available at 250 ÁC, claimed to be of key importance in previous work.35 The 

influence of particle size highlights that Fe2(MoO4)3 plays a key role in supplying 

oxygen to the selective MoOx overlayer. Fe2(MoO4)3 was previously shown to supply 

the surface with a large oxygen supply by temperature programmed pulse testing, 

showing that 20 monolayers of oxygen were supplied under anaerobic conditions 

when measuring performance of Fe2(MoO4)3, which highlights the bulk oxygen 

migration to the surface.5  
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Figure 4.8: Specific productivity of formaldehyde for methanol oxidation using iron molybdate catalysts with 
dependence on uncalcined particle size. Error bars for performance relate to error in repeat testing for DSD12. 

Under the testing conditions in our study, with a large supply of oxygen in the feed, 

the lattice oxygen from all Fe2(MoO4)3 is unlikely to be needed (constant replenishment 

of surface with gaseous oxygen). Instead, the contact area between the surface MoOx 

phase and the core is highlighted, with the understanding that a larger contact area 

between the two phases would increase the oxygen supply and therefore increase 

diffusion of oxygen to the surface. The contact area between the phases is a new 

structure-property relationship determined in our study, based on the roles of 

Fe2(MoO4)3 supplying the oxygen to the surface MoOx layer.30 Therefore, in an 

idealised spherical system without porosity, the contact area between MoOx and bulk 

Fe2(MoO4)3 would be larger for larger particle size, if the MoOx layer thickness 

contribution was consistent. The calculation for the difference in contact area between 

the phases for different average particle sizes (80 nm compared to 160 nm, as is the 

range of this study, with a consistent 3 nm surface layer thickness) is shown in Table 

4.4.  

Mass normalised productivity was not used to measure structure-performance 

relationships as the focus of the work was to uncover intrinsic properties of the 
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catalysts. The use of mass normalised productivity is important for considerations of 

the catalyst performance, with the influence of specific surface area (SI S4); an 

increase in specific surface area leads to an increase in mass normalised productivity. 

The relationship between specific surface area for mass normalised productivity for 

our study is to be expected, as more surface area is available per mass of catalyst, 

therefore more active sites are available. The use of specific productivity uncovers the 

intrinsic properties of the catalysts by removing the influence of number of active 

catalyst surface area that was present in the testing. 

Table 4.4: Proof of concept for the influence of particle diameter on the contact area between MoOx and 
Fe2(MoO4)3. 

Overall particle size surface area 

Diameter of 80 nm Diameter of 160nm 

SA =  ́x d2 = 2.01 x104 nm2 SA =  ́x d2 = 8.04 x 104 nm2 

Normalise per 1m2 (1 x 1018 nm2) to consider different particle size contribution to 

specific productivity.  

No. of particle per 1 x 1018 nm2 = 4.97 x 

1013 

No. of particle per 1 x 1018 nm2 = 1.24 x 

1013 

Removal of amorphous thickness on diameter of 6nm (~3nm thickness of 

amorphous contribution) as a measurement of core SA 

Core SA = 1.72 x 104 nm2 Core SA = 7.45 x 104 nm2 

Total core SA for number of particles normalised for 1m2 SA contribution 

4.97 x 1013 x 1.72 x104 = 8.56 x 1017 

nm2 

1.24 x 1013 x 7.45 x104 = 9.26 x 1017 

nm2 

    

   
ρȢπψςχ (8.27% larger core SA for 160nm average size 

compared to 80nm) 
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However, Table 4.4 is a highly idealised calculation because of agglomeration on 

precipitation and particle diameter could only be determined for visible and spherical 

particles. The particle diameter was measured but the level of agglomeration between 

particles is difficult to measure and will vary from sample-to-sample, inherently 

affecting the contact area between MoOx and crystalline core. Therefore, the 

neglection of agglomeration and porosity effects are likely impactful, but still the 

macroscopic influence of the contact area between the phases of Fe2(MoO4)3 and the 

amorphous Mo rich outer layer is noted. 

With a larger supply of oxygen to the MoOx overlayer, the redox cycle was not limited 

by reoxidation processes at the surface and was therefore able to undertake oxidative 

dehydrogenation rapidly, as the catalysts can quickly oxidise Mo4+ to Mo6+ as 

previously shown to be key for activity.35 The use of H2-TPR to measure oxidative 

abilities highlights a correlation between mean particle size and specific hydrogen 

uptake (counts normalised per m2 for the 50mg of catalyst loaded per test), showing 

the correlation expected for higher productivity: increasing particle size correlates with 

an increase in specific hydrogen uptake (Figure 4.9). The specific hydrogen uptake is 

a valuable measure of the oxygen availability per m2.  

Kong and coworkers prepared FeMoOx catalysts using mechanochemistry to grind 

metal precursors using ball milling. 36 They found that larger particles prepared via 

short ball milling times formed catalysts that exhibited a lower H2CO selectivity.36 

However, their result was likely to be due to increased phase segregation and lower 

crystallinity with shorter ball milling times. SEM imaging found a large laminar MoO3 

form, which was not seen for materials formed via SAS precipitation. The materials 

formed via SAS precipitation in our study generally had homogeneity the phase 

composition and a spherical structure on precipitation. 
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Figure 4.9: Correlation between mean particle size specific hydrogen uptake, measured by H2-TPR. 

The dependence of specific productivity of formaldehyde on mean particle diameter  

was analogous to the use of supported and unsupported NiMoO4 catalysts, where 

supported catalysts were less active than unsupported catalysts, because of the 

oxygen reservoir needed. 37 Supported NiMoO4 catalysts on SiO2 were not able to 

perform redox cycles, which led to deactivation and structural change of the supported 

NiMoO4.However, it was unlikely that, at the conversion in my study, all bulk oxygen 

in the Fe2(MoO4)3 is required. The bulk oxygen, in the deep core of even the small 

particles, is very unlikely to be migrating to the surface to be used for redox reactions, 

and even more so in the case of larger particles, as the gaseous oxygen was 

replenishing the surface. Therefore, the oxygen capacity of the catalysts was unlikely 

to be affecting performance in our study, but may be beneficial for stability tests. To 

confirm the conclusion, anaerobic catalyst testing conditions could be used to 

determine the influence of oxygen capacity of the SAS precipitated catalysts formed 

in our study. The bulk oxygen deep within the particle was not necessarily needed due 

to the short operation time and high oxygen partial pressure, but the supply of bulk 

oxygen to MoOx layer was increased due to the consistent amorphous thickness, 
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which is likely to be influenced by calcination conditions,31 which are constant in this 

study. There were considerations, such as variations in amorphous layer thickness 

and porosity, which cause variations in the area of contact between MoOx and 

Fe2(MoO4)3, but in a large-scale trend, a clear pattern is observed. This opens up 

further research into the synergy between MoOx and Fe2(MoO4)3, as the contact 

between the two phases and increased phase boundary surface area seemingly 

enhanced performance. It is important to highlight the dependence of specific 

productivity on particle size is not causative, but correlative; Other physio-chemical 

properties that vary within the catalysts formed in our study may be of influence, such 

as mass loss, that is discussed in Section 4.4.4. This is particularly apparent by the 

theoretical 8% increase in contact area, but a much greater change in specific 

productivity. 

The trend suggested that bulk oxygen from Fe2(MoO4)3 was involved in the reaction 

due to the above reasons, and that despite the MoOx amorphous layer being 

necessary for selectivity, specific productivity highlighted the need for Fe2(MoO4)3. 

This was previously confirmed by the Bowker group using MoOx supported on Fe2O3. 

It was shown that the catalysts became more active on calcination above 500ÁC,3822 

which coincided with the formation of an Fe2(MoO4)3 layer between the MoO3 and 

Fe2O3. With Fe2O3 as the core having a similar performance, it suggested that any 

oxygen diffusion to MoOx is necessary for high performing catalysts, but the formation 

of Fe2(MoO4)3 seemingly increased performance.  

Typically, SAS materials form porous structures due to supercritical drying, in which 

an aerogel is formed. The aerogel preserves the structure of the precipitate. The 

relationship between particle size and pore volume is shown below in Figure 4.10. A 

weak negative correlation can be seen, where smaller particles have a larger pore 
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volume per gram of catalyst. The result suggests that an increase in pores per gram 

might negatively affected performance, as larger particle sizes had improved catalytic 

performance.  

 

Figure 4.10: Dependence of pore volume on uncalcined mean particle size. 

The pore volume was measured using the BJH method (method to calculate pore size 

and volume from isotherms), which was limited for pores with diameters below 10 nm 

39(as in this case, as shown by Figure 4.10), and the error is generally accepted at 

20% below 5 nm. 39 Nonlocal density functional theory and molecular simulations 

previously highlighted that the BJH model significantly underestimates the real pore 

size when using N2;40these materials exhibited microporosity, and therefore the error 

related to the pore volume is significant. 

Work on the relationship between porosity and methanol oxidation has been 

undertaken previously using Mo supported on hydroxyapatite (MoO3/HAP) catalysts, 

with industrially sized pellets having varying densities that relate to porosity in the 

pellet. An increase in porosity, specifically macroporosity, was related to a greater 

diffusion of methanol and a greater formaldehyde yield. A significant difference in 

porosity is exhibited for MoO3/HAP pellets when compared to our DSD samples, as 

the scale of pellets is much greater than the catalyst mass used in our isoconversion 
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studies, as well as the use of N2 physisorption in our study, compared to the use of 

Hg-porosimetry in literature.41 With all the information provided, the porosity studies in 

this study are concluded to be limited in value with regard to both scale and reliability. 

Mean particle size in measurements shown here are uncalcined particle size, which 

do not have a direct influence on the catalytic performance; However, the uncalcined 

particle size is a predeterminant for catalyst particle size. As shown in supplementary 

information SI S5, the change in particle size on calcination varies slightly depending 

on preparation, but the catalysts have retained the structure of SAS precipitates in 

general. Coalescing occurs between some agglomerates, which is particularly 

apparent in DSD3 and DSD13, whilst no samples retain a spherical structure. 

Catalysts exhibit similar particles sizes, but become more irregular in shape on 

calcination, particularly DSD4 (which has a sub-stoichiometric Fe:Mo ratio for 

Fe2(MoO4)3). Interestingly, DSD2 exhibits large precipitates surrounded by smaller 

particles, but the metal oxide does not exhibit the regular spherical shape; clusters are 

formed from the larger particles, with circular groupings of particles. DSD2, DSD5, 

DSD6, DSD7, DSD10 catalysts all exhibit open pores, which have been exposed 

during calcination, which helped improve the surface area of the catalysts.  

To conclude, the specific productivity of the catalysts formed via SAS prepared iron 

molybdate was increased by  a larger particle size of the precipitate. The result is 

hypothesised to be due to the increase in oxygen diffusion from the bulk crystalline 

phase to the amorphous MoOx surface, due to the increased contact area between 

the phases. Porosity may have some influence on specific productivity of 

formaldehyde, but cannot be determined due to limitations of the BJH analysis.  
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4.4.3 Bulk or surface influence? 

To confirm that the surface of the catalysts for SAS prepared FeMoOx is similar, all 

samples were analysed using XPS. XPS is surface sensitive, with a depth 

measurement of approximately 5 nm. The O 1s binding energy is a measure of the 

lability of the oxygen at the surface, with lower O 1s binding energy typically resulting 

in higher oxidation rates of the reactant, as well as any changes in O at the surface 

(such as defects) when comparing pre- and post-catalytic reaction samples. However, 

no correlation between O 1s binding energy and specific productivity (Figure 4.11) was 

found. s The absence of a trend between O 1s binding energy and specific productivity 

does not conclude that the surface O environments do not differ, or that the O 1s 

binding energy is not a good predictor of the performance of FeMoOx catalysts, but 

other properties (mean particle diameter and mass loss) are more influential. The O 

1s binding energy is typically important, but variations in other properties mean that 

the influence of O 1s binding energy is still to be elucidated here; the range of O 1s 

binding energy may not be large enough to show any significant relationship between 

O 1s binding energy and specific productivity.  

 

Figure 4.11: Relationship between O 1s binding energy (eV) for novel DSD samples with relationship to specific 

productivity of formaldehyde. Error bars for performance relate to error in repeat testing for DSD12. 
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To measure if there were differences in surface structure, the activation energy was 

calculated for reaction on CP and DSD5 (the most productive SAS catalyst in the 

study) using the Arrhenius equation: 

Ὧ ὃὩ  

where k is the rate constant (s-1), A is the pre-exponential factor (s-1), Ea is the 

activation energy (J mol-1), R is the gas constant (8.314 J K-1 mol-1) and T is the 

temperature (K).42  

Each reaction used 15 mg of catalyst and a MeOH flow rate of 3 mL min-1 to 

standardise conditions. Temperature was ramped incrementally to achieve conversion 

between 0 and 20%, measuring in the kinetic region and negating mass transfer 

limitations.  

As shown in Figure 4.12, the activation energy of both catalysts is the same within 

error. The result suggests that the surface of the catalysts is similar, and the active 

site was still the M=O terminating bond. The result was expected as calcination 

conditions change the surface segregation of Mo, crystallinity, and phase purity in 

general; the influence of calcination conditions has not been determined in this study, 

whilst the influence of calcination conditions has not been measured on SAS materials 

in literature. The same activation energy for DSD5 when compared to CP suggested 

the formation of the same active site.  

The pre-exponential factor (A) was larger for DSD5 than CP, through can be scaled 

roughly with surface area (ADSD5/ACP = 1.38 and m2gDSD5-1/ m2gCP-1 = 1.22). The result 

suggests that DSD5 has a slightly larger density of active sites, due to the difference 
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in ratios. Further studies would need to be undertaken, as errors shown in Figure 4.12 

are for the fitting and  do not account for errors in testing.  

 

Figure 4.12: Comparison of activation energy, calculated by the Arrhenius plot. A comparison of novel iron 
molybdate formed by supercritical antisolvent precipitation and coprecipitated iron molybdates. 

With the XPS data highlighting no clear trend between specific productivity and O 1s 

binding energy, and the activation energy of CP and DSD5 similar despite the 

significant difference in productivity, the surface properties were concluded as not of 

influence. The bulk properties were therefore of influence, which is reasonable when 

compared to the work by Bowker and coworkers, who show that MoOx supported on 

Fe2O3 showed comparable performance to MoOx/Fe2(MoO4)3 catalysts due to the high 

mobility of oxygen in the core.20 

4.4.4 Mass loss on calcination 

Mass loss on calcination is related to the precursor structure. The correlation between 

mass loss and carbonate content (area from FT-IR spectra shown in section 3.3.1.2), 

a higher carbonate content led to a higher mass loss. This was likely to form the 

following structure:  

ὊὩὓέ ὅὕ ὕὌ πȢυᾀ ὕ  O ὊὩὓέὕ ὼ ὅὕ πȢυώ ὌὕWith B/A the Mo/Fe 

ratio for SAS precipitates, and C/A the Mo/Fe ratio for the metal oxide catalysts formed 
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after calcination. The Mo content after calcination differs to the uncalcined samples 

due to the loss of molybdenum during the calcination process.  

DSD samples have a low mass loss on calcination, suggesting that either hydroxyls 

are present in the precipitate structure (a possibility due to the low mass of OH- 

compared to the metal centres) and removed during calcination, or full amorphous 

metal oxide precursors have been formed (due to samples having close to 0% mass 

loss). The broad peak centred at ~800 cm-1 presents difficulty in determining the full 

structure, as has been previously explained in Section 3.3.1.2. 

Figure 4.13 shows a strong correlation between specific productivity and mass loss: 

lower mass loss results in the higher the specific productivity. The result is related to 

carbonate content (Figure 3.9), as the increased mass loss on calcination correlates 

with carbonate content. Carbonate content is a physical property that correlates with 

the crystallite size, shown in Figure 4.14. 

  

Figure 4.13: Correlation between mass loss on calcination and specific productivity, excluding DSD10 from fitting 
due to potential contamination during testing. DSD10 as outlier in red. Error bars for performance relate to error 

in repeat testing for DSD12.  

In this study, 1% water content formed carbonate precipitates, whilst higher water 

contents of 20% did not show carbonate content when measured through FTIR 

spectroscopy (Section 3.3.1.2). Previous studies on SAS-formed precipitates showed 
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a decrease in crystallite size when the water cosolvent content was increased from 0 

to 1%; 1% formed hydroxycarbonates, similar to the study here, whilst 0% water 

content precipitated amorphous acetate precursors.43 The acetate precursors had an 

exothermic decomposition on calcination, leading to a larger crystallite size and lower 

performance.  Marin and coworkers also showed crystallite size was influenced by 

water content, in which crystallite size decreased for increasing water content. The 

result is likely to be due to the change in the exothermic decomposition of precursors, 

which can relate to both the mass loss and specific chemical transformation of the 

precursors.44 

Similar trends were observed in our work, in which a lower carbonate content, from a 

lower water content, led to an increase in performance, as the precursor structure 

influenced the crystallite size (Figure 4.14). DTA coupled with TGA would provide 

benefits here to measure the exact level of the exothermic nature of decomposition for 

SAS precipitates in this study; without this information, it is still possible to conclude 

that crystallite size influences performance and is influenced by mass loss, which 

correlates with carbonate content.  

Figure 4.14 surprisingly shows there is no clear correlation between crystallite size 

and specific H2CO productivity, despite mass loss showing a subtle correlation to 

crystallite size (without the outlier of DSD13 with a crystallite size of 62 nm ï potentially 

due to difficulty in drying effecting structure of the precipitate) and performance. The 

lack of correlation between crystallite size and specific H2CO productivity may be due 

to DSD10 being an outlier for specific productivity, potentially due to contamination of 

samples. Further characterisation for the DSD10 sample used is required to 

understand the specific productivity further, which would highlight either contamination 

or a different property of the catalysts which determine the performance. As mentioned 
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previously, the calculation of the crystallite size from the Scherrer equation is an 

assumption based on peak broadening, which can be affected by stress and strain in 

the sample, whilst the large reference peak used (2ɗ=30.98Á) is more susceptible to 

strain effects than smaller values (2ɗ = 10-20Á).  

 

Figure 4.14: a) Relationship between crystallite size and mass loss on calcination. b) Relationship between 
crystallite size and specific productivity. Error bars for performance relate to error in repeat testing for DSD12. 

Errors in measurements of crystallite size may be influential. The use of the Scherrer 

equation can identify both the crystallite size and strain in the material. Therefore, an 

accurate crystallite size can be skewed by strain, as well as disorder. To limit disorder, 

peaks at a measurement of smaller 2ɗ are normally used to negate disorder effects, 

as measurements at larger 2ɗ are more affected. The use of small 2ɗ is difficult with 

these materials as there are many overlapping peaks for MoO3 and Fe2(MoO4)3. The 

peaks of Fe2(MoO4)3 between 10-20Á are isolated (namely [202], [210] and [311]) and 

could be used for measurement, depending on the standard reference peak availability 

in the region. LaB6 was used as the standard, in which the strongest peak was 

measured at 30.38Á.45 The reference peak for LaB6  had a FWHM of 0.0576. The [420] 

peak for Fe2(MoO4)3 is within this region with an absence of MoO3 peaks, and 

therefore the [420] peak was used to measure crystallite size by comparing the peak 
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broadening with LaB6. The larger 2ɗ  value of the [420] peak may have led to disorder 

effects influencing crystallite size measurements and reducing the accuracy of the 

correlation.  

The low correlation between crystallite size and H2CO specific productivity may also 

be due to influence of particle size. Even with statistical analysis, shown in Section 

4.6, it is difficult to determine structure-property relationships as they vary across all 

samples.  

Two separate correlations allows us to correlate an increased crystallite size with an 

increased specific productivity. Previous studies with FeMoOx catalysts have not 

explored the influence of crystallite size. However, the trend of increased crystallite 

size with increased productivity can be justified by the understanding of the need for 

oxygen mobility through the crystalline core to supply the amorphous MoOx surface 

with O. The larger crystallites are hypothesised to decrease the energy of the 

crystallite interfaces (that are also called grain boundaries). The interfacial energy is 

similar to a surface energy, and are, in theory, more reactive.46 Therefore, O2- anions 

moving through the crystalline phase, will be hindered due to the interfacial energy 

being higher, caused by the change in orientation. The interfacial energy is lower for 

materials for larger crystallites (grains)46 and therefore, the expected correlation of 

larger crystallite size relating to increased specific productivity, due to the increase 

oxygen mobility, is shown.  

4.5 Selectivity trends: bulk or surface influence? 

To measure selectivity trends accurately, specific COx productivity was used; H2CO 

condensation via polymerisation may skew H2CO productivity when focussing on 

selectivity trends. DSD10 has been excluded from fitting due to an unusually large 
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COx productivity (Figure 4.15), which was likely to be due to contamination of sample, 

either by SiC or use of the press to pellet samples. SiC can contain contaminants,24 

as well as pelleting using shared equipment may have led to contamination between 

uses.    

 

Figure 4.15: The relationship between H2CO specific productivity and CO2 specific productivity a) featuring 

DSD10 and b) without DSD10 samples. Error bars for performance relate to error in repeat testing for DSD12. 

Figure 4.15 highlights that DSD10 in an outlier in selectivity testing, whilst also 

showing the relationship between H2CO and COx specific productivity. The general 

trend is that a lower H2CO specific productivity results in an increase in COx specific 

productivity, with the main loss of selectivity being COx.  

Plotting the COx specific productivity in relation to mean particle size and mass loss 

(Figure 4.16) showed no correlation. As H2CO productivity is dependent on particle 

size. the result in Figure 4.16 is the first suggestion that selectivity is not dependant 

on particle size.  
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Figure 4.16: Specific COx productivity dependence on bulk properties which were found to be influential for H2CO 
productivity. a) Specific COx productivity dependance on mean particle size. b) Specific COx productivity 

dependence on mass loss. Error bars for performance relate to error in repeat testing for DSD12. 

Figure 4.16shows  the bulk measurements that correlatewith specific 

productivity/activity did not influence COx productivity. Therefore, the surface 

properties and the relationship to COx specific productivity should be explored. The 

amorphous nature of the surface meant crystallographic data was disregarded for 

analysis, as amorphous contribution would be affecting the surface properties; 

However, XPS can be used, as this is a surface sensitive technique. 

As shown in figure 4.17, O 1s binding energy has a weak negative correlation with 

specific COx productivity. The correlation can be explained as a weaker O 1s binding 

energy suggests a more labile oxygen, which is more reactive and likely to lead to 

overoxidation (Section 1.4.2). The trend is shown loosely, with a lower O 1s binding 

energy leading to a higher COx specific productivity.  
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Figure 4.17: a) Relationship between O 1s binding energy (eV) and specific COx productivity. b) Relationship 
between O/Mo surface ratio and specific COx productivity. Error bars for performance relate to error in repeat 

testing for DSD12. 

4.6 Comparison to quantitative structure-activity relationships 

4.6.1 Initial statistical analysis of catalyst performance ï in the absence of mass loss 

Statistical design was to map structure-activity relationships was also used, as the 

statistical design was able to deconvolute structure-property relationships. The 

quantitative structure-activity relationships (QSAR) used multilinear regression to 

relate catalyst descriptors with performance. A multilinear regression was used as the 

sample pool (13) was small. A multilinear regression model is a technique that uses 

multiple independent values (structural properties) to determine the dependency of the 

response (specific productivity) on the independent variables. The 13 samples were 

split into a training set (10 samples), to form the model for the statistical analysis, and 

a validation set (3 samples) to assess the performance of the model. 

In the first model, mass loss was not included because the multilinear regression 

model required less structural properties (independent variables) than the number of 

results entries in the model (8). Therefore, mass loss was initially ruled out to fit the 
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other structural properties with the statistical design limitation. Further discussion on 

the inclusion of mass loss is included in Section 4.6.2. 

To check the reliability of the statistical relationships, R2 (coefficient of determination 

ï a measure of how well the dependable variable is explained by the independent 

variables) is used. The R2 was high, with a value of 0.989 for the correlation between 

measured specific productivity and predicted specific productivity, as shown in Figure 

4.18. A value of R2 being close to 1 suggested that the model fits the data suitably, 

whilst also showing that the data is reliable from testing. Further discussion on the 

mass loss is included below. 

 

Figure 4.18: Predicted specific H2CO productivity in relations to measured specific H2CO productivity, with R2 and 

p value statistical measurements provided. 

The data shows that uncalcined mean particle size, Fe:Mo ratio, calcined specific 

surface area, and uncalcined specific surface area are the main factors influencing the 

specific productivity. The relationships shown are similar to trends formed from the 

structure-performance relationships shown in Section 4.4.2 and 4.4.4, with the addition 

of of Fe:Mo ratio, which has been explained previously to have an effect. The result 

was interesting, as we do not see a correlation in the data presented in figure 4.7 for 

Fe:Mo ratio, but it can be seen during statistical analysis. The influence was uncovered 
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due to the multilinear regression model recognising that Mo/Fe ratio influence specific 

H2CO productivity, but in graphical assessment of the data (Sections 4.4.2 and 4.4.4), 

the influence of mean particle size and mass loss were more influential.  

The impact of calcined and uncalcined specific surface area on specific productivity is 

interesting when the performance is normalised for surface area. In the case of 

calcined specific surface area, the is correlated to particle size, as shown in Figure 

4.19 below. Uncalcined surface area also correlated with mean particle size, which is 

not going to influence the performance of the catalyst directly as the uncalcined 

catalysts were not used in testing.  

 

Figure 4.19: Mean particle size relationship to a) calcined and b) uncalcined specific surface area, demonstrating 
aliasing between characterisation data used for statistical analysis. C) Relationship between uncalcined and 
calcined specific surface area. 
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Figure 4.19: Mean particle size relationship to a) calcined and b) uncalcined specific 

surface area, demonstrating aliasing between characterisation data used for statistical 

analysis. C) relationship between uncalcined and calcined specific surface area. 

However, the statistical analysis suggests that the change in calcined surface area 

affected the surface structure. An increase in calcined specific surface area decreased 

the specific productivity, which suggests that  the density of active sites decreases 

with increasing surface area, which led to a lower specific productivity. Thie result is 

the inverse of the positive particle size-specific productivity relationship, which is 

positive. Conclusions are difficult to draw due to the relationship between particle size 

and performance, as well at the relationship between surface area and mean particle 

size.  

4.6.2 Initial statistical analysis of catalyst performance ï inclusion of mass loss as a 

factor 

As shown in Section 4.4.4, mass loss influences the productivity. Mass loss is related 

to both crystallite size and precipitate structure (dependence on carbonate content). 

Therefore, mass loss was included here in the statistical analysis of physiochemical 

properties influence on performance and influential parameters and correlation both 

changed. The correlation changed from an R2 value of 0.99 to 0.91, whilst the p value 

changed from <0.001 to 0.0013, meaning the predictive strength of the model 

decreased. However, as the qualitative analysis of the performance showed, the mass 

loss is important to performance, and the statistical analysis agrees. The influential 

physiochemical properties were Fe:Mo ratio, mass loss, and uncalcined mean particle 

size.  The result is more logical than without mass loss (Section 4.6.1), as normalised 

surface area should not influence specific productivity. Therefore, the structure-
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performance relationships are predicted, with magnitude of each physiochemical 

property, to a reasonable degree of accuracy. 

The reduced correlative and predictive strength when including mass loss may be due 

to the relationship between specific surface area and mean particle size.  Mean 

particle size relates to uncalcined and calcined surface area (Figure 4.19), and 

therefore the statistical strength of the model may be increased.  The improved 

statistical strength was apparent due to the inclusion of surface area in the 

physiochemical properties, implying influence to the performance, despite the 

productivity being surface normalised. So, the interpretation of data collected was 

improved with mass loss included.  

4.6.3 Accuracy of statistical analysis 

Despite the statistical model including mass loss being a more realistic comparison of 

performance, the model using mass loss cannot be used as a predictive tool when 

surface normalised productivity was used because the mean absolute error was 

relatively larger when compared to the model without mass loss (that could be used 

as a predictive tool, but was not accurate when compared to the structure-performance 

relationships). This is due to the mean absolute error (MAE value) for the model 

including mass loss (Model II, shown in Table 4.5) increasing when compared to the 

model without the inclusion of mass loss (Model I shown in Table 4.5). The MAE is the 

average variance between the dataset and the predicted values (e.g., the mean 

absolute error between actual specific H2CO productivity and predicted specific H2CO 

productivity). The MAE value relates to the accuracy of the model when accounting 

for errors in the model in comparison to experimental error. Therefore, errors in the 

measurement of specific H2CO productivity are required to compare with the MAE 

values found for each model. With errors supplied to TotalEnergies for the gas flow 
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rates, weighing of the catalyst, conversion and surface area, the mean absolute error 

was calculated to be 0.02 gH2CO m
-2 hr-1, whilst when normalising per gram of catalyst, 

absolute error was found to be 0.15 gH2CO gcat
-1. As shown in Table 4.5, the MAE are 

close to experimental error for model I and II (in the absence of mass loss as a 

physiochemical property), whilst the inclusion of mass loss increased the MAE value 

to roughly double the error (0.0448 compared to 0.02 g m-2 hr-1). 

Table 4.5: Statistical fitting parameters for validation of each model in regard to specific productivity, with model I 
not including mass loss as a physiochemical property, whilst model III includes mass loss. 

Model Productivity  (gH2CO 

m-2 h-1) (I) 

Productivity (gH2CO 

m-2 h-1) (II) 

R2 0.98896 0.91 

RMSE 0.0031 gH2CO m
-2 h-1 0.0079 gH2CO m

-2 h-1 

p-value <0.0001 0.0013 

MAE 0.0194 gH2CO m
-2 h-1 0.0448 gH2CO m

-2 h-1 

 

The result was difficult to rationalise. One possible explanation was that the 

relationship between mean particle size and specific surface area increased the 

accuracy of the model. The specific surface area correlates the mean particle size, 

and both structural properties are in the equation means the statistical strength of the 

analysis increases. As specific surface area was not influential in model III, the error 

may increase due to the non-coalescing factor being included. The specific 

productivity is also likely to have a larger  error in experimental measurement (due to 

the use of BET measurements to calculate specific productivity), which may have been 

underestimated at 10 m2 g-1 +/- 0.5 m2 g-1, particularly because the N2 physisorption 

highlighted a low monolayer formation.  
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The increased error for specific H2CO productivity was particularly apparent when 

modelling the structure-performance relationship when using mass normalised 

productivity. As shown in Table 4.6, the MAE was improved for model III compared to 

model I. The mass normalised productivity had a different structure-performance 

outcome compared to specific productivity, with Fe:Mo ratio, uncalcined mean particle 

size, uncalcined specific surface area and calcined specific surface area for model I 

(absence of mass loss as physiochemical property) all influential the performance. 

Model II included mass loss as a factor, but still included uncalcined specific surface 

area. As mean particle size was still present in both and uncalcined specific surface 

area not being a direct factor on catalyst productivity testing, the structure-

performance relationship may suggest that a property relating to uncalcined specific 

surface area was influential. The uncalcined specific surface area is related to the 

mean particle size and therefore the uncalcined specific surface area may be 

statistically important because mean particle size is influential in the performance, but 

other factors such as density (a change in porosity) is can also influence specific 

surface area, and therefore further characterisation of porosity of the catalysts may 

provide insight into the influence of the porosity of H2CO productivity.  

Table 4.6: Statistical fitting parameters for validation of each model in regard to mass normalised productivity, with 

model I not including mass loss as a physiochemical property, whilst model III includes mass loss. 

Model Productivity_((gH2CO 

g-1 h-1) (I) 

Productivity_(gH2CO 

g-1 h-1) (II) 

R2 0.98067 0.98356 

RMSE 0.0374 gH2CO g
-1 h-1 0.0345 gH2CO g

-1 h-1 

p-value 0.0002 0.0001 

MAE 0.146 gH2CO g
-1 h-1 0.126 gH2CO g

-1 h-1 
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The inclusion of mass loss in forming the models improved the MAE very slightly. 

Combining the understanding of MAE for model I and II for both mass normalised and 

specific productivity, suggests that model II (inclusion of mass loss) was an improved 

fit for the experimental data, whilst specific productivity may be subject to scrutiny in 

regard to specific surface area weakening the accuracy of the model and MAE was 

potentially overfitted due to the coalescing of factors in model I.  

To summarise the QSAR, model I did not include mass loss as a structural property 

due to the statistical limitations in initial testing, and had an improved predictive 

strength (p value) compared to model II, which did include mass loss as a structural 

property. However, the p value of model I was improved by the relationship between 

mean particle size, uncalcined and calcined specific surface area, which all feature in 

the structure-performance relationship found for specific H2CO productivity. The 

relationship between the factors therefore leads to a smaller MAE. The MAE was 

marginally improved from model I to model II when measuring mass normalised H2CO 

productivity. The difference in MAE for mass normalised and specific H2CO 

productivity is hypothesised to be due to the error in measuring the surface area, which 

the specific H2CO productivity is dependent on, being undervalued.   

4.7 Conclusions and future work 

Initial testing of catalysts was limited regarding detection of dimethoxymethane and 

therefore selectivity trends were not sufficiently measured. After further extension of 

product detection to include all products which have previously been measured at 

225ÁC, aproduct carbon balance >90% was achieved. A product carbon balance of 

>90%(or total carbon balance of >95% in this testing)  is regarded as high in  testing 

for methanol oxidation to formaldehyde,13,47 and is notable given the difficulty with the 

polymerisation of H2CO occurring due to cold spots. The initial testing did highlight an 
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increased activity of novel SAS prepared iron molybdate catalysts when compared to 

the conventional coprecipitated iron molybdate catalyst.  

Using the definitive screening design approach to form catalysts with different Fe:Mo 

ratio, morphology, precipitate structure, and reduction properties, led to isoconversion 

studies to measure performance. A small conversion range of 10-18% was achieved, 

with mass-normalised and surface-normalised productivity varying across the 

catalysts. Many of the novel SAS precipitated FeMoOx catalysts were an improvement 

on the standard CP catalyst. The best performing SAS precipitated FeMoOx catalyst, 

DSD4, improved mass normalised activity by 134%. 

Linking quantified characterisation data to specific productivity highlighted the 

influence of the physical properties of the catalyst. Firstly, the uncalcined particle size 

correlated strongly to the specific productivity, with an increase in particle size leading 

to an increase in specific productivity. The result is hypothesised to be due to a larger 

surface area of Fe2(MoO4)3 for larger particle sizes, supplying a greater area for 

oxygen diffusion to the selective amorphous MoOx surface layer, whilst the oxygen 

capacity (increased size of oxygen reservoir) may be important in higher conversions, 

as mentioned in Bowkerôs five rules.35 Further testing at higher conversions and 

duration would confirm the relevance of these catalysts for industrial application. 

However, the insight shown here concludes that an increased bulk diffusion of oxygen 

through Fe2(MoO4)3 correlated with increased specific H2CO productivity. 

The other significant trend was the strong correlation between mass loss on 

calcination and specific productivity, with a lower mass loss leading to increased 

specific productivity. The result is hypothesised to be due to the change in crystallite 

size of the catalysts, which is dependent on the hypothesised difference in exothermic 
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nature of the calcination for different SAS precipitates formed in our study. The lower 

mass loss is hypothesised to have a less exothermic decomposition, due to the lower 

carbonate content, which leads to the formation of larger crystallites, influencing the 

final catalytic performance. Further work to characterise the amorphous SAS 

precipitates would also be undertaken, with limited information provided via FTIR 

spectroscopy, as well as TGA being coupled with DTA to provide information on the 

exothermic decomposition of SAS precipitates.  

Possible further work would include the operation of the catalysts at conversions of 

90% which would be relevant for a state-of-the-art advance, with many catalysts in the 

field being tested at these conditions due to the high conversion being important for 

industrial applications.4,15,22,48 Typically, a high performing FeMoOx catalyst for 

selective methanol oxidation would achieve 90% selectivity to H2CO at 90% 

conversion. The novel SAS catalysts do show good promise due to the well mixed 

nature and increased productivity at lower conversions when compared to CP.  

Further optimisation of catalysts could also be achieved through the definitive 

screening design (Sections 3.5 and 4.6). The trends from parameter-characterisation 

relationships to characterisation-performance relationships could be linked, to 

increase productivity of the catalyst by changing the parameters according to the 

statistical design. The optimisation process could lead to a high level of productivity 

with all four parameters optimised; however, the definitive screening design did lead 

to a wide range of catalyst properties, which can also be used to tailor future design 

of FeMoOx catalysts. 

Overall, a strong insight into the role of different phases (Fe2(MoO4)3 and MoOx) has 

been shown dthrough the range of catalysts formed, with key descriptors (mean 
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particle size and mass loss on calcination) showing strong trends for specific 

productivity, whilst mass-normalised performance showed a large increase when 

compared to the standard CP catalyst.  
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5. The oxidative dehydrogenation of propane to propene using 

iron molybdate catalysts.  

5.1 Introduction 

Propene is a chemical used for a variety of applications. The main  use of propene is 

as the monomer for polypropylene (PP), but it is also used as a feedstock to produce 

propene oxide, acrylic acid and acrylonitrile. Propene is predominantly formed from 

steam cracking (SC) or fluid catalytic cracking (FCC) of naphtha, and the process is 

tailored to control the product distribution to form ethene, propene and gasoline.1 The 

variation in product distribution can lead to propene being formed in lower quantities 

than demand requires.  Steam cracking and fluid catalytic cracking processes require 

high temperatures of 750-875ÁC, requiring a large energy consumption.2 In 

comparison, on purpose technologies generally require lower operating 

temperatures.3 Therefore, to ensure a reliable supply of propene and reduced energy 

consumption, on purpose technologies should be explored further. 

The gap between supply and demand has appeared as the production of propene is 

mostly controlled by the price of gasoline and ethene.4 Controlled by the demand for 

other products formed during FCC, the supply of propene can be unstable, and 

therefore on-purpose technologies are required to ensure that the ñpropene gapò does 

not grow further. 4On-purpose technologies such as dehydrogenation processes do 

exist, with multiple processes in industry currently, such as Oleflex, Dow FCdh, Uhde 

STAR process, CATOFIN and K-Pro.3 Apart from the K-Pro technology, the catalysts 

used are either Pt or Cr, which both offer limited sustainability due to scarcity. 

Therefore, it is important to explore new catalyst technologies. 
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Selective dehydrogenation of propene has three main categories: oxidative, soft 

oxidative and nonoxidative. Nonoxidative dehydrogenation (DDH) is the most explored 

for industrial technologies due to the improved selectivity compared to oxidative 

dehydrogenation (ODH). However, oxidative dehydrogenation is exothermic, making 

it thermodynamically favourable, with the potential to have the highest productivity.3 

The use of O2 for ODH enables lower reaction temperatures, with coke removed during 

operation and there is no need to regenerate the catalyst if the catalysts effectively 

dissociate O2. However, due to the availability of O2 in the feed, and therefore on the 

surface, overoxidation of reactants to COx can occur.  

Iron molybdates are highly reducible and have acidic surfaces, and are effective 

catalysts for the oxidative dehydrogenation of methanol to formaldehyde. Literature 

has shown Mo catalysts to be important for propane and propene oxidation, and 

therefore FeMoOx catalysts with an amorphous Mo overlayer warranted exploration to 

consider the structure-property relationships for the reducible support and amorphous 

surface for the oxidative dehydrogenation of propane.  

5.2 Initial method development for ODHP-O2 

Initial testing of catalysts was undertaken to develop a reliable testing protocol. Using 

a single bed reactor, different conditions were mapped using coprecipitated iron 

molybdate (CP) as a test catalyst. Please note, the method development shown in 

Section 5.2 was developed before the use of the definitive screening design of SAS 

precipitated iron molybdate catalysts, which were tested in Section 5.3 to 5.5. The 

initial testing aimed to understand the reaction space by varying temperature, whilst 

having a O2 conversion lower than 100%, to ensure the reaction space was operating 

under oxidative dehydrogenation conditions. Extensive research on iron molybdates 

shows that the catalysts would change phase in nonoxidative conditions by using 
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lattice oxygen to undertake the reaction at elevated temperatures.5 A C3H8 conversion 

above 5% was targeted for reliability in measurements of catalytic performance, and 

limited overoxidation to COx products was another target.  

Initial testing was undertaken, at a temperature range of 450 ï 600 ÁC. Despite the 

C3H8:O2 ratio being 2:1 (the stoichiometric ratio for ODHP), the conversion of oxygen 

is much higher than of propane, as shown in Figure 5.1.a. As propane conversion 

increased, as did O2 conversion. The molar ratio of O2 conversion compared to C3H8 

conversion was much higher, with a C3H8:O2 conversion ratio between 1:2.2 and 1:2.8, 

respectively. The result was important, as a higher O2 molar conversion would indicate 

overoxidation; the availability of O at the surface would be increased per adsorbed 

C3H8 and other intermediates during the reaction. The O2:C3H8 conversion ratio  is 

shown in figure 5.1.b.  

 

Figure 5. 1: a) C3H8 and O2 conversion as a function of temperature for CP. b) C3H8:O2 molar conversion ratio 
influence on COx selectivity. Conditions: WHSV of 2.16 gC3H8 gcat-1 hr-1, 60 mL total flow, C3H8:O2:N2 ratio of 

2:1:17.  

Isotopic tracer studies have previously confirmed that the Mars Van Krevelen process 

applies for MoOx catalysts for ODHP, with lattice oxygen responsible for the hydroxyl 

groups formed during the reaction. The hydroxyl groups recombine to form H2O, with 

the predicted mechanism as such:6 
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1. Non-dissociative adsorption of propane onto catalyst via interaction with 

lattice oxygen (O*):  

ὅὌ ὕᶻᵶὅὌὕᶻ 

2. Hydrogen abstraction from propane using lattice oxygen neighbouring the 

adsorption site:   

ὅὌὕᶻ ὕᶻᴼὅὌὕᶻ ὕὌᶻ 

3. ɓ-hydride elimination, leading to propene desorption:     

ὅὌὕᶻᴼὅὌ ὕὌᶻ 

4. Hydroxyl recombination to form water and reduced metal centre (*):  
ὕὌᶻ ὕὌᶻᵶὌὕ ὕᶻ  

 
5. Mo redoxidation via O2 dissociation at the surface (*): 

ὕ ᶻ ᶻO ὕᶻ ὕᶻ 

Where the C3H8O* represents adsorbed propoxide species, OH* represent adsorbed 

hydroxyl species, and * represent an oxygen vacancy relating to Mo4+ or two Mo5+. 

The adsorption of C3H8 has been hypothesised to occur on the electrophilic O of the 

Mo=O terminating bond, dissociating secondary C-H bonds, as the secondary C-H 

bond has a smaller bond energy when compared to C-H bonds on the methyl groups 

of C3H8.7 At this stage, C3H6 ideally desorbs by the selective route, leaving a hydroxyl 

group bound to the Mo cation.8 A C3H8:O2 ratio of 2:1 likely leads to higher selectivity; 

however, Figure 5.1.b shows that O2 is converted in much higher ratios, which can be 

hypothesized to continue the oxidation of the C3H7O* intermediate (i.e., Step 3 not 

occurring until different intermediates are formed).  

Studies on ɔ-Al2O3 supported Mo also consumed higher levels of oxygen, and 13% 

Mo containing catalysts (the highest level of Mo in the study and closest to the 

theoretical monolayer coverage on Al2O3) consumed 33.9% O2 and converted 13.6% 

C3H8 when using a 1:1 ratio in the gas feed, for a WHSV of 0.56 gC3H8 gcat
-1 hr-1.9 

Selectivity to C3H6 using Mo/Al2O3 catalysts was 32.4%,9 despite the lower C3H8:O2 

ratio in our study presented, leading to the understanding that the reducible phase, 
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Fe2(MoO4)3 in our study, was involved in the reaction by providing oxygen, leading to 

overoxidation, as shown by the selectivity to C3H6 being lower when compared to 

Mo/Al2O3 formed by Abello and coworkers. The lower selectivity in our work showed 

the catalyst properties were the source of overoxidation as a lower concentration of 

O2 was used in our study..  

When compared to VOx catalysts, Mo containing catalysts are likely to be less 

productive to C3H6 because of the stronger binding of propene to Mo than V, which is 

caused by the higher electron deficiency of Mo (and therefore a more basic lattice 

oxygen).8 The stronger binding of propane with Mo-based catalysts therefore leads to 

greater overoxidation to COx products; however, V containing catalysts have a lower 

apparent activation energy for propane due to the sum of adsorption enthalpy and 

enthalpy of formation for the transition states being lower.8 The apparent activation 

energy was given by the sum of the enthalpy of propane adsorption and of the C-H 

bond activation energy; the apparent activation energy directly correlated with propane 

dehydrogenation. The high Lewis acidity of the surface Mo for catalysts in our study 

may also lower the activity and selectivity, as previously explained. The result was 

supported by EPR measurements for MgMoO4 and MoO3 catalysts formed by 

mechanical mixture,10 showing that the catalysts containing a higher Mo5+ content 

exhibit increased conversion and selectivity. 10Clearly shown in Figure 5.2.a ia 

overoxidation to COx products, with COx contributing to the majority of carbon 

products. The result was more apparent as selectivity was not normalised for observed 

products, but for carbon selectivity. To measure the influence of WHSV on COx 

selectivity, WHSV was varied over the range 1.08, 2.16 and 3.23 gC3H8 gcat
-1 hr-1. As 

shown in Figure 5.2.a, COx selectivity strongly depends on WHSV, with a higher 

WHSV leading to less overoxidation. The result is likely to occur due to reduced 
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contact time of propane with the catalyst at higher WHSV; however, as shown in Figure 

5.2.b, WHSV also influenced product carbon balance, with a higher WHSV leading to 

a lower carbon balance. I It is likely that different undetected products were formed, 

rather than a low carbon balance due to reactor set up.  

 

Figure 5. 2: a) Dependence of COx selectivity on WHSV and b) dependence of product carbon balance on 
WHSV. Conditions: 500 ÁC, C3H8:O2:N2 ratio of 2:1:17, 0.1g of CP catalyst.  

FeMoOx catalysts have previously been shown as active for propene conversion to 

acrolein, with a 34% conversion of propene leading to a 10% selectivity to acrolein at 

450 ÁC, with a GHSV of 296 h-1.11,12 Therefore, the FeMoOx catalysts may form 

acrolein here, a product not detected under the current methods, whilst the difference 

in reaction conditions when comparing our study to other ODH studies12ï14 may have 

led to the differences in product distribution in our study. The loss of propene selectivity 

in the oxidative reaction space was due to overoxidation and different selectivity 

patterns, as the propene may be further oxidised to oxygenates other than COx 

products. Clearly, oxygenates were being formed for a higher WHSV, as the carbon 

balance is low.  

The selectivity trends highlighted a key issue with using FeMoOx catalysts in that they 

produce a low carbon balance. When compared to Fe2O3 and VO4, the low carbon 
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balance was not due to the reactor set up, as both Fe2O3 and VO4 had greater carbon 

balances than CP, as shown in Figure 5.3 (same conditions as in Figure 5.2.b). The 

result suggests that CP forms other products that were not detected. In certain cases, 

when O2 conversion was at 100%, coking could have occurred, lowering the carbon 

balance. However, when operating in the oxidative region, a product distribution 

beyond current detection was possible, with the formation of acrolein and acrylic acid. 

Acrylic acid can also dimerise and condense in the lines; therefore, the lines were 

heated to 140ÁC to alleviate condensation. However, even if condensation were to 

occur, the product distribution which could be detected with the current method did  

not include acrylic acid due to the limitations of the gas chromatogram operation. 

 

Figure 5. 3: Carbon balance for Fe2O3 and VO4. Conditions: 500 ÁC, C3H8:O2:N2 ratio of 2:1:17, WHSV of 3.23 
gC3H8 gcat

-1 hr-1. 

The detection of the full product range was difficult to negate as the method for the 

gas chromatograph (GC) was limited in detection for acrolein, acetone or acrylic acid 

(all potential products)15 even when an extended GC method and increased GC oven 

temperature was tested. The GC temperature was limited by the HayeSep Q column, 

which was used to separate the permanent gases and COx products, and the 

temperature was not high enough to effectively elute acrolein, acetone and acrylic acid 
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from the Porapak Q column. Visually, small dark spots on the Porapak Q column could 

be seen, suggesting the build-up of product.  

To confirm the missing products as specieswere as expected, a different GC with a 

Poraplot Q column, was used for CP. The qualitative testing, in the absence of 

HayeSep T and Q columns, resulted in no separation of COx products but allowed 

higher temperatures to detect the oxygenated products. The qualitative testing 

detected the formation of acrolein, as shown in Figure 5.4, highlighting the selectivity. 

The initial conditions of a WHSV of 2.16 gC3H8 gcat-1 hr-1 and a temperature of 500ÁC 

were used, with the flow rate halved after 75 minutes. An increase in C3H6 was seen 

for a lower WHSV, correlating with lower acrolein formation. The increase in C3H6 

selectivity for a lower WHSV  agreed with previous testing (Figure 5.2) in which an 

increase in WHSV led to a decreased carbon balance, whilst showing selectivity to 

oxygenates was possible using FeMoOx catalysts. 

 

Figure 5. 4: Product selectivity for acrolein, methane and ethane using a different testing rig to confirm the 
presence of acrolein. Conditions: 500 ÁC, WHSV of 2.16 gC3H8 gcat

-1 hr-1 for 75 minutes and then a change to 1.08 

gC3H8 gcat
-1 hr-1, C3H8:O2:N2 ratio of 2:1:17 

As initial testing highlights that the catalysts form oxygenates, which were 

undetectable with the current GC configuration, testing at a WHSV of ~1.08 gC3H8 gcat
-
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1 hr-1 was selected to maximise carbon balance. A lower WHSV increases 

overoxidation, so a molar C3H8:O2 ratio of 4:1 was selected in an attempt to limit 

overoxidation. A temperature of 500 ÁC was selected as catalysts formed via SAS 

precipitation precursors typically had a greater surface area, therefore conversion 

would be unlikely to be lower than in initial testing with the coprecipitated iron 

molybdate catalyst at temperatures of 500ÁC. Ideally, if all products could be 

measured, a higher WHSV would be used due to the improved C3H8:O2 conversion 

ratio, limiting overoxidation to COx, but in the proposed testing regime, the majority of 

product carbon can be detected.  

To conclude initial testing, overoxidation to COx products and undetected products 

were the main limitations, that oxygenates can be formed. However, further 

exploration of the catalyst properties to build underlying structure-property 

relationships was undertaken. Further testing of catalysts was achieved through high 

throughput reactor testing (HTR) to screen catalysts efficiently.  

5.3 Time online studies for ODHP using iron molybdate catalysts. 

Time online studies were made possible using the high throughput reactor (HTR). The 

reactor set up is such that 16 catalyst beds can be used to test in parallel, giving a 

large range of data in a short test time (Section 2.4). The reactor consists of four beds 

per thermal block, with four blocks allowing testing to be undertaken, with one bed per 

block being used as a blank to ensure each block is under the same conditions. The 

configuration is shown in Figure 2.3. 

5.3.1 Initial reaction space development 

To expand on previous reaction space development for a single bed reactor and the 

testing of iron molybdates formed from SAS precipitates, reaction parameters were 
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further explored. CP, DSD3 and DSD10 were tested.: DSD3 and DSD10 were 

selected due to the difference in surface area and mean particle size, with 

benchmarking against the coprecipitated sample. Samples were loaded with either 0.1 

g or 0.2 g, leading to a WHSV of 2.06 or 1.03 gC3H8 gcat
-1 hr-1, respectively.  

Figure 5.5 highlights the catalytic performance of CP, DSD3 and DSD10 depending 

on WHSV. Although the conditions were similar to previous testing, mapping of 

conditions for iron molybdates with different properties needed to be undertaken, to 

ensure O2 conversion was below 100%. As shown in Figure 5.5.b, the O2 conversion 

was initially 100% for all catalysts operating at 1.03 gC3H8 gcat
-1 hr-1. The result is 

roughly consistent with CP operating in the single bed reactor at 1.08 gC3H8 gcat
-1 hr-1 

due to the change in C3H8:O2 ratio from 2:1 to 4:1, going from ~50% conversion to 

100%, whilst 2.06 gC3H8 gcat-1 hr-1 followed a similar trend to CP for O2 conversion when 

comparing to Figure 5.1.a, going from 22% to 60% for a change of C3H8:O2 ratio of 2:1 

to 4:1, respectively. 

The difference in conversion for the change in C3H8:O2 ratio (expected to be 44% using 

data in Figure 5.1.a) may be due to the slight discrepancies between internal 

diameters of the reactor tubes for the single bed reactor and high throughput reactor, 

which changes the temperature profile across the cross section of the catalyst bed, as 

well as a change in GHSV as the same total mass of SiC and catalyst were used for 

a narrower tube in the high throughput reactor. The change of heating profile parallel 

to the flow of the bed may also have influenced conversion; the heating apparatus for 

the high throughput reactor had a larger isothermal zone compared to the single bed 

reactor.  
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Figure 5. 5: Initial testing of CP, DSD3 and DSD under different WHSV (in brackets) for ODHP using the high 
throughput reactor. Conditions: 500 ÁC, C3H8:O2 ratio of 4:1, 10 mL total flow, 19% C3H8, 4.8% O2, 76.2% diluent 

gas. 

The initial reaction space testing shows that product carbon balance of 100% was 

going to be difficult to achieve. The incomplete carbon balance can come from multiple 

sources, such as undetected products (e.g., in this case, acrolein, acetone and acrylic 

acid) or coking. Coking can be significantly reduced if oxygen conversion is below 

100%, as the oxygen converts the coke to CO and CO2. CO and CO2 (COx) were 

products that were detectable, and therefore the missing carbon can be roughly 

assigned to missing products. However, to ensure coking was limited, the O2 

conversion would have an upper limit of 95%.  
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However, the O2 conversion was much higher in our work than C3H6 conversion, 

shown in Figure 5.5.c. The mmol of O2 converted is ~2-3 times larger than mmol of 

C3H6. Therefore, a lower oxygen content was required, yet without reaching 100% O2 

conversion, but butthe WHSV must remain low enough to keep conversion above 5%. 

Therefore, the temperature was dropped by 50 ÁC to 450 ÁC, with a reduction of O2 in 

the feed to have a C3H6:O2 molar ratio of 9:1 (calculated considerring molar ratios of 

the gas feed prior and activity difference between C3H8 and O2). A lower oxygen 

content leads to decreased molecular interaction with the surface, potentially allowing 

propene to desorb before overoxidation could occur. However, the reduced O2 in the 

feed, potentially lowering overoxidation,  is caveated by the use of lattice oxygen for 

C3H8 and C3H6 oxidation.  WHSV was reduced to 1.66 and 0.83 gC3H8 gcat
-1 hr-1 from 

2.06 and 1.03 gC3H8 gcat
-1 hr-1 to increase the relative mass of catalyst per mass of 

propane, and therefore to increase the conversion, to compensate for the decreased 

oxygen activity and lower temperature of 450ÁC.  

As shown in Figure 5.6.b, the O2 conversion was still at 100% for all samples when 

testing with a WHSV of 0.83 gC3H8 gcat
-1 hr-1 at the lower partial O2 pressure, therefore 

operating in nonoxidative conditions outside the scope of the study. DSD3 operating 

under 1.66 gC3H8 gcat
-1 hr-1 also still exhibited a high O2 conversion, which correlated to 

a similar conversion of C3H8 under a different WHSV; however, DSD3 is an outlier, as 

C3H8 conversion was the same for both 0.83 and 1.66 gC3H8 gcat
-1 hr-1, as shown in 

Figure 5.6.a, unlike the dependence for conversion with CP and DSD10 catalysts; 

these have the typical response in which doubling the WHSV leads to halving the 

conversion. 
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The selectivity to C3H6 highlights interesting trends, shown in Figure 5.6.c. CP and 

DSD10, with a WHSV of 1.66 gC3H8 gcat-1 hr-1, exhibits superior selectivity to other tests, 

despite having 100% O2 conversion. The result was likely due to operating in 

nonoxidative environments, leading to limited overoxidation via a reduced surface O2 

concentration. However, the operation of iron molybdates under oxygen lean 

conditions has been shown to reduce the structure to less active and selective phases 

for the oxidative dehydrogenation of methanol to formaldehyde, forming Fe2MoO4, 

MoO3 and Fe2O3,16 with Fe2O3 known to combust propane to COx products. These 

phases can regenerate the active mixed phase, Fe2(MoO4)3, but  they should be in 

contact with one another (with MoO3 needed locally), otherwise FeMoO4 is 

hypothesised to oxidise to Fe and Mo rich phases.16 These phases may not be present 

at the surface initially, but the segregation of phases over time will lead to iron rich and 

molybdenum rich zones on the loss of Mo, which has been shown in both methanol 

oxidation17 and supported Mo catalysts for propane oxidation.18 Therefore, operating 

in oxidative conditions to preserve the catalyst structure was important. Under 

oxidative conditions, C3H6 selectivity was moderately dependent on O2 conversion, 

with DSD3 having similar O2 conversion and C3H6 selectivity despite the change in 

WHSV. The selectivity may depend on the catalyst properties, with productivity 

structure-performance relationships explored in Section 5.4; the conclusion can be 

drawn due to the low C3H8 and O2 conversion of DSD10 (1.66 gC3H8 gcat
-1 hr1) but  low 

C3H6 selectivity under oxidative conditions. However, in contrast to the conversion 

selectivity trend for DSD10, CP has a low conversion yet a moderate selectivity in 

comparison to other catalysts in the test.  
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Figure 5. 6:Initial testing of CP, DSD3 and DSD10 under different WHSV (in brackets) for ODHP using the high 
throughput reactor with a) C3H8 conversion, b) O2 conversion, c) C3H6 selectivity, d) COx selectivity, e) mass 
normalised activity and f) product carbon balance. Conditions: 450 ÁC, C3H8:O2 ratio of 9:1, 10 mL total flow, 18% 

C3H8, 2% O2, 76.2% diluent gas. 
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Using the testing conditions considered for CP, DSD3 and DSD10 as a basis for 

settings to set all SAS prepared iron molybdates (DSD1-13) for ODHP, testing 

conditions were set to 450 ÁC with a C3H8:O2 ratio of 4:1 and the lowest WHSV of 0.83 

gC3H8 gcat
-1 hr-1. The settings should maximise C3H8 conversion whilst ensuring O2 

conversion was not above 95%, so the catalysts operate through oxidative 

dehydrogenation. The previous testing conditions show that O2 was much more 

reactive with the catalyst than C3H8. The high O2 conversion and the predominant Mo6+ 

species at the surface of the catalysts in this study, which has a greater Lewis acidity 

than V5+, 19 typically found in literature as the best metal oxide catalysts for ODHP,20 

leads to lower desorption rates of C3H6 on Mo catalysts. The result is overoxidation on 

the FeMoOx catalysts, and the selectivity in our study is inherently limited. 19However, 

key reaction descriptors can be determined particularly with a focus on the influence 

of Fe2(MoO4)3 as a reducible support. Therefore, all SAS prepared iron molybdate 

catalysts were tested under a set of conditions with the aim to build structure-property 

relationships. 

Figure 5.7.a shows conversion of propane was at a maximum of 8.65% for FeMoOx 

catalysts under the test conditions. All catalysts had a decrease in conversion through 

the testing of ~22 hours.  The C3H8 conversion again correlated with O2 conversion. 

In regard to the redox cycle of the MvK mechanism, the FeMoOx catalysts easily 

activate O2 to fill the surface vacancies, more rapidly than the desorption of C3H6, 

which leads to overoxidation. 

Selectivity to C3H6 either stayed fairly consistent or increased over the 22 hours online.  

However, overall selectivity to C3H6 was low, with a range between 4-21% depending 

on which sample tested, with the major product being COx. The overoxidation occurred 

despite previous work to lower overoxidation by lowering O2 partial pressure below the 
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stoichiometric ratio for selective oxidative dehydrogenation to C3H6 of C3H8:O2, and a 

lower temperature of 450 ÁC. In general, iron molybdates under ODHP conditions 

favoured the overoxidation path, despite efforts to increase C3H6 selectivity,. The result 

is likely to occur due to the high oxygen mobility of the Fe2(MoO4)3, allowing for Mo4+ 

to be reoxidised to Mo6+ rapidly, as well as the high Lewis acidity of Mo6+/Mo4+ strongly 

interacting with electron rich -́bond of C3H6, limiting desorption of the target product.21 

Kinetic studies have previously shown that the route to overoxidation is via 

propene22,23 and therefore the strong interaction was likely to be the main influence on 

this pathway. 

Overall, after analysing the kinetics and mechanism of previous work, the specific 

structure of iron molybdate catalysts, with the segregation of Mo to the surface, 

consisting of mostly Mo6+, analogous to MoO3, supported on a highly reducible 

support, Fe2(MoO4)3, it can be concluded the C3H8 activation and C3H6 desorption 

were limited. The highly reducible support and surface Mo6+  leads to a very low C3H6 

yield and the rate of O2- supply to the surface was much greater than the rate of 

desorption. The catalyst properties leads to high levels of overoxidation. 

It is important to consider the results of all DSD samples which have been screened. 

Despite low conversion and selectivity overall, clear differences in the performance of 

catalysts can be seen, such as DSD8 having a low C3H8 and O2 conversion, but a low 

C3H6 selectivity, leading to the understanding that catalyst properties influence 

productivity.  
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Figure 5. 7: a) C3H8 conversion for CP and DSD1-6. b) C3H8 conversion for DSD7-13. c) O2 conversion for CP and 
DSD1-6. d) O2 conversion for DSD7-13. e) C3H6 selectivity for CP and DSD1-6. f) C3H6 selectivity for DSD7-13. g) 
COx selectivity for CP and DSD1-6. h) COx selectivity for DSD7-13. i)  Carbon balance for CP and DSD1-6. j) 
carbon balance for DSD7-13. Conditions: 16% C3H8, C3H8:O2:N2 ratio of 1:0.25:4.94, 450 ÁC, 0.83 gC3H8 gcat

-1 hr-1. 

Key relates number to DSD sample. Conditions for DSD sample preparation are shown in Table 2.2. 
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5.3.2 Reproducibility across different HTR tests 

To test consistency across multiple HTR tests, DSD12 was tested in two different runs 

of the high throughput reactor. Standardised activity and productivity (mmol gcat
-1 hr-1) 

were used for direct comparisons between DSD samples for structure-performance 

relationships. Data shown for reaction space testing (Section 5.3.1) was shown as 

non-standardised data, as conversion needs to be assessed to ensure the testing 

operated in oxidative conditions. Error in regard to measurements was minimised by 

having conversion about 5%, whilst maximising selectivity to detectable products. 

Within the operating conditions, the limitation of reliability in testing was a consistent 

oxygen flow through the mass flow controller. The WHSV needs to be low for sufficient 

C3H8 conversion, but also a high C3H8:O2 ratio is needed to limit overoxidation, and 

thus a very low flow rate of O2 was required at the lower limit of the mass flow controller 

for the HTR. The low O2 flow rate  caused a larger relative standard deviation 

(particularly for test 1 shown in Figure 5.8), with a relative standard deviation of 11.6% 

of O2 flow through the blank bed. The result does not suggest the error in the 

measurement is as large as 11.6%, but the variation in O2 flow is large over the period 

of 22 hours. The variation in O2 flow rate  contrasted with the test 2 relative standard 

deviation for O2 flow of 2.7%. The O2 flow rate over time for the different tests is shown 

in figure 5.8. The DSD12 (test 1) flow does vary significantly, but the flow did not drop 

until 7.6 hours, whilst C3H8 conversion (Figure 5.7.a) for the same test showed a 

consistent drop from 0.4 hours until 13.2 hours, suggesting any change in performance 

was not due to the fluctuation of O2 flow rate.   
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Figure 5. 8: Oxygen flow rate over the testing period, measured via blank catalyst beds. Conditions: 16% C3H8, 
C3H8:O2:N2 ratio of 1:0.25:4.94, 450 ÁC, 0.83 gC3H8 gcat

-1 hr-1. DSD12 1 relates to the first test of DSD12 under 

operating conditions, whilst DSD 2 relates to the second test of DSD12 under the same conditions during a 
different test. 

Whilst differences are shown in Figure 5.8 for flow rates, the propene productivity was 

similar for both tests (Figure 5.9), highlighting that C3H6 productivity may be 

independent of O2 activity. The consistency in C3H8 productivity  was important, as 

structure-property relationships can be built with catalysts based on C3H6 productivity.. 

To conclude, the differences between catalytic performance of the HTR tests were 

unlikely to be due to the variation in O2 flow rate (Figure 5.8).  

  

Figure 5. 9: Comparison in performance of DSD12 repeats over two different HTR runs. Conditions: 16% C3H8, 
C3H8:O2:N2 ratio of 1:0.25:4.94, 450 ÁC, 0.83 gC3H8 gcat

-1 hr-1. DSD12 1 relates to the first test of DSD12 under 

operating conditions, whilst DSD12 2 relates to the second test of DSD12 under the same conditions.  
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5.4. Performance of iron molybdate catalysts for the oxidative dehydrogenation 

5.4.1 Catalyst activity: relationship between O2 activity and catalytic performance 

Iron molybdate catalysts consumed much more oxygen in initial testing than the 

stoichiometric ratio for oxidative dehydrogenation to C3H8, with O2 deemed much more 

reactive with the catalyst surface than C3H8. The result is important as the specific 

oxygen consumption correlated with specific activity, as shown in Figure 5.10. The 

result was likely to occur from filling of oxygen vacancies formed during the redox cycle 

for the oxidative dehydrogenation of propane, coupled with the trends in overoxidation 

in regard to a large supply of oxygen reacting with surface species before propane 

desorbed. The C3H8 and O2 activity  are related to the consumption of the reactants at 

different stages of the redox cycle, in which C3H8 is dissociated at the Mo=O bond, 

which is further dehydrogenated using lattice oxygen, forming an oxygen vacancy that 

is filled by O2 dissociation. Only one oxygen vacancy is formed for every C3H8 

molecule converted to C3H6, but the subsequent reactions that occur at the surface (to 

form oxygenates instead of C3H6) consume surface oxygen, creating more oxygen 

vacancies and therefore more O2 dissociation occurs.  

 

Figure 5. 10: a) The relationship between specific oxygen activity and specific C3H8 activity for CP and DSD1-6. b)  
The relationship between specific oxygen activity and specific C3H8 activity for DSD7-13. Conditions: 16% C3H8, 
C3H8:O2:N2 ratio of 1:0.25:4.94, 450 ÁC, 0.83 gC3H8 gcat

-1 hr-1. Multiple points per catalyst relate to different 

measurements for time on stream. 



236 
 

From the samples tested in the same HTR run, the macroscopic view is that C3H8 

activity was influenced by the specific oxygen activity. Therefore, the oxidation state 

of the metal cations at the surface is deemed important to the reactivity, with a higher 

oxidation state of Mo needed to activate C3H8. It is well established that FeMoOx 

catalysts operate via a Mars Van Krevelen mechanism,24 in which the lattice oxygen 

reacts with C3H8 for oxidative dehydrogenation, whilst gaseous oxygen replenishes 

the oxygen at the surface, reoxidising the catalyst to the Mo6+ active site. The gaseous 

oxygen activity is not directly related to the conversion of C3H8, but important in 

reforming the original catalytic structure. Further testing of the catalysts under oxygen 

lean conditions would highlight the MvK mechanism clearly.  

5.4.2 Are the productivity trends only dependant on oxygen consumption? 

Oxygen availability at the surface leads to overoxidation, due to the strength of the 

bond between surface C3H6 and Mo6+, with oxygen diffusion from the bulk Fe2(MoO4)3 

contributing as well as rapid replenishment of O vacancies by gaseous O2 dissociation. 

However, the varying properties of catalysts (mean particle size and carbonate content 

of SAS precipitates) have been shown to be significant in the selective oxidation of 

methanol to formaldehyde (Sections 4.4.2 and 4.4.4), and therefore it could be 

expected that the differences in catalyst physiochemical properties would influence 

reactions such as ODHP. 

To analyse the effects of oxygen consumption, specific oxygen consumption for each 

catalyst was plotted against specific C3H6 productivity (Figure 5.11), with the rationale 

of surface normalised measurements being more insightful than methanol oxidation 

isoconversion studies, as the surface areas are significantly different and the mass of 

catalyst was consistent in this area of the study.  
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As Figure 5.11 shows there is no correlation between oxygen consumption and 

specific C3H6 productivity. The results suggest that the surface concentration of O2 is 

not a determining factor in oxidative dehydrogenation of propane to propene, and the 

bulk catalyst properties are likely to be influential. The results suggest that, as found 

for selective methanol oxidation, that surface properties were not of significant 

influence for the catalysts for the oxidative dehydrogenation of C3H8 to C3H6, at least 

in the range of current catalysts. This was likely due to similar surface properties of 

the range of catalysts formed in this study, meaning that the dependence C3H6 

productivity on bulk properties can be measured. Using methanol oxidation as a test 

reaction, which is well mapped to show iron molybdate performance, the structure-

performance relationships can be expected for ODH as, and Section 5.5 will go into 

further detail on these structure-performance relationships.  

 

 

Figure 5. 11: a) Specific C3H6 productivity relationship to specific O2 activity for CP and DSD1-6. b) specific C3H6 
productivity relationship to specific O2 activity DSD7-13. Conditions: 16% C3H8, C3H8:O2:N2 ratio of 1:0.25:4.94, 
450 ÁC, 0.83 gC3H8 gcat

-1 hr-1. 

 

When the same analysis was undertaken for specific COx productivity (Figure 5.12), a 

strong linear relationship exists. The COx productivity highlighted the difficult balance 












































































































