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Abstract 

Structure-sensitive reactions involving the Mars and van Krevelen mechanism over 

metal and metal oxide catalysts are ubiquitous in reaction kinetics and engineering. 

The kinetic equations of such reactions are re-written to account for modern operando 

spectroscopy and microscopy observations. Emphasis is placed on reactions with 

nucleophilic (lattice) oxygen, oxygen reduction reversibility, an interconversion 

scheme, non-linear water adsorption, remote-control model, and non-uniform sites. 

The multiplicity of propane conversion over MoVTeNbOx catalysts is proven through a 

combination of non-linear competitive water adsorption, presence of multiple active 

sites, a re-structuring active site, and oxygen adsorption. The modified remote-control 

kinetics for the Mars and van Krevelen mechanism can account for the observations 

of steady-state multiplicities and hysteresis. The results have implications for improving 

catalytic activity, reducing operating process costs, and active site engineering of 

selective oxidation catalysis.  
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1. Introduction 

The Mars and van Krevelen rate expression1 that explains a surface redox 

mechanism has been used to describe rates of oxidation reactions over metals and 

oxides for over 65 years. There was, however, limited mechanistic understanding of 

the coupling of chemical dynamics and solid-state kinetics for regulation of the 

performance (activity, selectivity, and stability) of heterogeneously catalysed 

reactions. Limited or no operando spectroscopic and microscopic evidence was 

obtained for the dynamics of this mechanism in the 1950s. Consequently, there are 

limited attempts to produce a realistic kinetic expression of this mechanism.  

About 15 years ago, Vannice2 noticed this problem and attempted to produce 

a realistic model of the initial reaction studied by Mars and van Krevelen. Vannice re-

investigated the kinetics involved in the oxidation of benzene to benzoquinone, maleic 

anhydride, carbon dioxide, carbon monoxide and water as well as toluene to 

benzaldehyde and benzoic acid, naphthalene to naphthoquinone and phthalic 

anhydride. Inconsistencies in the Mars and van-Krevelen rate expression were 

highlighted due to specification of which oxygen adspecies are involved in the reaction, 

lumped kinetic steps and a lack of input of competitive adsorption of the involved 

intermediate species or final products. Having highlighted these inconsistencies, 

adequate kinetic rate expressions were produced for situations including a Hougen-

Watson model where the product desorption is the rate determining step, and the 

addition of molecular or dissociation O species and conditions when a Langmuir-

Hinshelwood rate expression is more realistic to depict occurrences where the rate 

determining step is an elementary step occurring on the surface, while all other steps 

are quasi-equilibrated. Vannice2 concluded that although the Mars and van Krevelen 
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mechanism can adequately describe most oxidation reactions, its kinetics has “no 

physical relevance” and must be viewed only as a mathematical fitting function.  

Catalytic activity and product selectivity during oxidation catalysis depends 

greatly on the morphology, composition and oxidation state of the catalyst.3, 4 As 

particle morphology changes, hysteresis loops or steady-state multiplicities may 

occur. Multiplicity of steady-state has been observed during the oxidation of ethene on 

platinum catalysts.5 Multiplicity of steady-state means that different values of the 

reaction rate correspond to the same composition of the reaction mixture or to the 

same temperature i.e., various steady-state reaction rates corresponds to singular 

values of rate constants.6 Multiplicity of steady-state is usually accompanied by 

hysteresis.7 Multiplicity of steady-states has been found for the oxidation of hydrogen 

over nickel catalysts8, 9, the oxidation of carbon monoxide over platinum-group metals 

both at atmospheric and under high-vacuum conditions10, 11, the hydrogenation of 

carbon monoxide over Ni-Al12, the oxidation of ammonia13, and sulphur dioxide over 

platinum14, and the reaction of nitrous oxide with carbon monoxide over platinum.15   

In order to decipher this complex phenomena, various suggestions have been 

made, including the interaction between adspecies via competitive adsorption as well 

as the reversible change in the number of active sites, variation in the rate coefficients 

under the influence of changes in surface coverages or subsurface concentrations, 

adsorption-induced desorption due to superheating at local points on the catalyst 

surface, branching chain processes on the catalyst surface, phase transformation at 

the catalyst surface, interaction between kinetic and diffusional processes (in this 

case, interaction between kinetics and surface diffusion processes lead to self-

sustaining waves or self-organising processes) and the effects of heat and mass 

transfer processes.7 
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Kinetic instabilities can occur in a number of surface reactions on transition 

metals involving oxygen,16-20  but it is still unsettled as to how these instabilities should 

be described in terms of a kinetic model. Eigenberger studied kinetic instabilities in 

heterogeneous catalysed reactions with Langmuir-type kinetics6, 21 as well as the 

dynamic behaviour of the catalytic fixed-bed reactor in the region of multiple steady-

states.22, 23 Eigenberger considered the conditions under which steady-state rate 

multiplicity (ignition-extinction phenomena) occurs for a general reaction of pA + qB ↔ 

C. They showed that rate multiplicity is generally linked to the competing 

chemisorption of A and B on the same active sites and does not occur for an Eley-

Rideal type mechanism. This general scheme produced a triangular site dependency 

which was used to describe rate multiplicities occurring over platinum if isothermality 

occurs and mass transfer limitations are excluded. Product desorption has no 

considerable influence. An excess in pellet temperature in the case of an exothermic 

reaction and internal pore diffusion leads to increase in hysteresis between ignition 

and extinction.24 Competitive adsorption between the two reactants in the general 

model as well as the secondary role played by the product specie leads to the 

assumption that the reactants are responsible for the occurrence of observed 

oscillations, while the third component is in equilibrium or in quasi-steady state. This 

assumption21 reduces the kinetic model to a second order system and allows the 

application of the Bendixon-Dulac25 criterion to study whether oscillations can occur 

or not. In the general scheme above, although rate multiplicities are observed, no 

description of oscillatory instabilities were obtained. Nonetheless, it was observed that 

a periodic succession of ignited and extinguished states can develop if a slow 

chemisorption step, which acts as a buffer or storage for provision of empty sites after 

the reaction is extinguished and which consumes empty sites after an ignition has 
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taken place.  This latter model was successfully used to describe oscillations of carbon 

monoxide oxidation on platinum in a loop reactor.21  

Recently, Rupprechter and co-workers26, 27 reported the direct observation of 

multi-frequential oscillations occurring during the hydrogen oxidation reaction over a 

heterogeneous rhodium surface composed of µm-sized domains of different 

crystallographic orientations. Photoemission electron microscopy studies in 

combination with microkinetic modelling27 reveal that each particular domain exhibits 

its own local oscillation frequency which appears to be governed by the local rhodium 

surface structure, with structure-sensitive subsurface oxygen formation serving as 

feedback mechanism. Moreover, using high spatially and temporally resolved in situ 

field electron microscopy studies26 of oscillatory hydrogen oxidation over rhodium, 

various forms of spatial coupling was observed. These include interfacet coupling, 

entrainment, frequency locking, and reconstruction-induced collapse. 

On the reactor-scale, multiple steady-states can exist.22, 23 Eigenberger showed 

that multiple steady-states occur due to heat conduction which flows in the opposite 

direction to fluid flow (this reactor dynamic is observed through the change in catalyst 

temperature), and also from the fact (described above) that reaction takes places on 

the surface and/or inside the catalyst pellet. The latter results in differentiable 

temperature and concentration profiles in the pellet, despite unchanging conditions in 

the surrounding gas phase. Catalyst behaviour in the region of multiple-steady-states 

is essentially affected by the boundary conditions of the catalyst phase. The ubiquitous 

two-fold stable steady-state exists only if the fixed-bed is composed of three parts; the 

first and the third parts consists of inert material and the second contains the active 

catalyst. There are, however, limited studies that link multiplicity of steady-state on the 

catalyst grain-scale to the multiplicities observed on the reactor scale.  
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Previous work on steady-state multiplicities using the “classical kinetic” 

approach generally investigate carbon monoxide oxidation on platinum through a 

general scheme. A lot of work has focused on the kinetic factors such as the influence 

of competitive adsorption, product desorption, and transport limitations such as 

conduction and convection in an opposite direction to fluid flow. The novelty in this 

work is that we incorporate observations from operando microscopy and spectroscopy 

studies, which were not available in the 1970s and the 1980s when factors leading to 

instabilities were investigated. There exist limited investigations that incorporate the 

effect of recent state-of-the-art operando spectroscopy and microscopy observations, 

which affirm the Mars and van Krevelen mechanism that is prevalent in oxidation 

catalysis.  

In order to determine the relevant rate expressions, the following descriptors 

are incorporated: the inclusion of lattice oxygen, the reversibility of the oxygen 

reduction mechanism,28 non-uniform and restructured surfaces due to adsorption-

induced dynamical changes,29 an interconversion model involving hydrocarbon 

oxidation with two metal-oxygen species of different nature effected by strain effects 

in catalysis, and a remote control model30 on the regulation of active sites using partial 

pressures of educts. Archived studies were mainly conducted for carbon monoxide 

oxidation over metal catalysts or for reactions where selectivity issues were not 

prominent. This work is novel in this additional aspect as we address phenomena 

relating to rate analysis (section 2.5) and link this directly to coverage-dependent 

multiplicity effects (section 3.6).  

Furthermore, of the various reasons for multiplicity and hysteresis, emphasis is 

placed on coverage-dependent steady-state rate multiplicities in which a single rate 

coefficient leads to multiple rates. The role of the variation in the rate coefficients under 
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the influence of changes in surface coverages in determining the presence of steady-

state multiplicities and the ensuing hysteresis is investigated.  

The theoretical proofs are compared to recent experimental results of the partial 

oxidation of propane over the meta-stable MoVTeNbOx catalysts published in refs.31, 

32 For the first time, we show that steady-state multiplicities occur when a redox site 

and a restructured site is involved, as well as non-linearity in the chemical process due 

to steam adsorption occurs. Such cases explain the recent hysteresis observed in 

alkane oxidation over mixed metal oxide catalysts and increased acrylic acid selectivity 

due to tellurium enrichment.31, 32 Steady-state multiplicities allow for improvement in 

catalyst performance, process operation at lower stringent operating conditions and 

has huge cost implications for the industrial selective oxidation process.   
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2. Mars and van Krevelen Mechanism 

The first set of kinetic studies conducted for selective oxidation was based on 

the Mars and van Krevelen mechanism.1 Mars and van Krevelen highlighted two 

pathways leading from aromatic oxidation to oxidation products. The original paper 

stated that:  

1. Aromatic compound + oxidized catalyst → oxidation products + reduced catalyst  

2. Reduced catalyst + oxygen → oxidized catalyst  

Following these statements, the following rate equations were written:  

𝑛𝑅 = 𝑘1𝑃𝑅𝜃                                                                                                                                         (2.1) 

𝑛𝑂2 = 𝑘2𝑃𝑂2
𝑛 (1 − 𝜃)                                                                                                                          (2.2) 

Then a statement was made that if “for the oxidation of one aromatic molecule, 

β molecules of oxygen are required“, then the following formula holds: 

𝑛𝑅 =
𝑛𝑂2

𝛽
                                                                                                                                             (2.3) 

𝛽𝑘1𝑃𝑅𝜃 = 𝑘2𝑃𝑂2
𝑛 (1 − 𝜃)                                                                                                                 (2.4) 

𝜃 =
𝑘2𝑃𝑂2

𝑛

𝛽𝑘1𝑃𝑅 + 𝑘2𝑃𝑂2
𝑛                                                                                                                           (2.5) 

 𝑛𝑅 =
𝑘1𝑘2𝑃𝑂2

𝑛 𝑃𝑅

𝛽𝑘1𝑃𝑅 + 𝑘2𝑃𝑂2
𝑛                                                                                                                        (2.6) 

Then for β = 1, and n = 1,  

 𝑛𝑅 =
𝑘1𝑘2𝑃𝑂2𝑃𝑅

𝑘1𝑃𝑅 + 𝑘2𝑃𝑂2
                                                                                                                         (2.7) 
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The assumption of β = 1 shows that Mars and van Krevelen1 imply that “for the 

oxidation of one aromatic molecule, one molecule of oxygen is required”. 

Consequently, we can write the stoichiometry that Mars and van Krevelen1 used in the 

derivation of their equations:  

1.  𝑅 + 𝑆 − 𝑂2 ⟶ 𝑅 − 𝑂2 + 𝑆 

2.  𝑆 + 𝑂2 → 𝑆 − 𝑂2 

R is a reactant molecule, and S is an active site. Clearly, the Mars and van 

Krevelen rate expression did not consider the reduction of molecular oxygen to lattice 

oxygen. Recent investigations28 show that the Mars van Krevelen rate expression1 

does not include nuanced descriptions of selective oxidation such as re-structuring, 

competitive adsorption (no adsorbed products) and reactions with other forms of 

adsorbed species. A modification of the kinetics of the Mars and van Krevelen 

equation is necessary and provided in five possible ways that incorporate recent state-

of-the-art operando spectroscopic and microscopic experimental findings.  

 

2.1. Inclusion of lattice oxygen 

It is widely assumed that oxygen, upon adsorption on the catalyst surface can 

accept electrons in a step-by-step manner until its transformation into its fully reduced 

form. Oxygen species are distributed spatially and temporally on the catalyst surface 

in their adsorbed form, electrophilic forms, and nucleophilic forms. Oxygen species 

differ in charge, coordination, and bond energy. The subject of many studies is the 

investigation of the key oxygen specie under catalytic conditions and which of these 

oxygen species governs selectivity.28 Generally, it is widely believed that in most partial 

oxidation reactions, nucleophilic (lattice) oxygen species are responsible for selective 
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oxidation, while electrophilic oxygen species (superoxides, peroxides, charged oxygen 

ion, adsorbed molecular oxygen) are responsible for complete oxidation. In the 

scheme below, emphasis is based on reaction between the educt and lattice oxygen.  

1. 𝑅 + 𝑆 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆  

2. 𝑆 + 0.5𝑂2 → 𝑆 − 𝑂  

 𝑛𝑅 =
𝑘1𝑘2𝑃𝑂2𝑃𝑅

0.5𝑘1𝑃𝑅 + 𝑘2𝑃𝑂2
                                                                                                                  (2.8) 

However reactions with half a molecule of oxygen33 are unlikely, thus further 

modifications are required. ki represent rate constants for the forward step “i”. Po2 is 

the partial pressure of oxygen, PR is the partial pressure of the reactant gas.  

 

2.2. Reversibility of the oxygen reduction mechanism 

The first step in the incorporation of molecular oxygen is a reversible oxygen 

adsorption step. Consequently, dissociation occurs leading to other O species.34 Over 

vanadium pyrophosphate catalysts, the reversibility of the oxygen exchange within one 

redox cycle is demonstrated.35  

1. 𝑅 + 𝑂 − 𝑆 → 𝑅 − 𝑂 + 𝑆 (RDS) 

2. 𝑆 + 𝑂2 ⇌ 𝑆𝑂2 

3. 𝑆𝑂2 + 𝑆 ⇌ 2𝑆𝑂 

RDS represents the rate-determining step. The rate of reaction is dependent on the 

first order of propane and a complex order with respect to oxygen, as observed by ref 

36  

𝑛𝑅 =
𝑘1𝑃𝑅𝐾𝑆𝑂

0.5𝐾𝑆𝑂2
0.5 𝑃𝑂2

0.5

1 + 𝐾𝑆𝑂2𝑃𝑂2 + 𝐾𝑆𝑂
0.5𝐾𝑆𝑂2

0.5 𝑃𝑂2
0.5 =

(𝑘1𝐾𝑆𝑂
0.5𝐾𝑆𝑂2

0.5 )𝑃𝑅𝑃𝑂2
0.5

1 + 𝐾𝑆𝑂2𝑃𝑂2 + 𝐾𝑆𝑂
0.5𝐾𝑆𝑂2

0.5 𝑃𝑂2
0.5                                     (2.9) 
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KSO2 can be provided by adsorption calorimetry and a variation of PR and PO2 with nR 

could be used to extract k1 and KSO. However, the aforementioned equation does not 

account for product adsorption or competitive adsorption which has been observed 

between acrylic acid and steam. No active site dynamics were accounted for. KSO2 is 

the adsorption constant for oxygen on site “s”. KSO is the adsorption constant of O 

specie on site “s”. Vannice2 obtained further rate expressions allowing for product 

desorption (following the Hougen-Watson methodology) as the rate determining step. 

  

2.3. Non-uniform and re-structured active sites 

Clean and modified surfaces have widely been demonstrated during oxidation 

catalysis either on single films or on real industrial catalysts.4 Adsorption-induced 

reconstructions, and restructuring have also been demonstrated.3, 37  During oxidation 

catalysis, overlayer formation and restructuring occurs.29 The following scheme may 

be tenable:  

1. 𝑅 + 𝑂 − 𝑆1 → 𝑅 − 𝑂 + 𝑆1 

2. 𝑅 + 𝑂 − 𝑆2 → 𝑅 − 𝑂 + 𝑆2 

3. 𝑆1 + 𝑂2 ⇌ 𝑆1𝑂2 

4. 𝑆1𝑂2 + 𝑆1 ⇌ 2𝑂 − 𝑆1 

5. 𝑂 − 𝑆1 ⇌ 𝑂 − 𝑆2   (restructuring)  

S1 is site 1 and S2 is site 2.  We obtain after subsequent analysis (with RDS of alkane 

oxidation on both sites) giving:  

𝑛𝑅 =
(𝑘1𝐾𝑂−𝑆1

0.5 𝐾𝑂2−𝑠1
0.5 + 𝑘2𝐾𝑂−𝑆2𝐾𝑂−𝑆1

0.5 𝐾𝑂2−𝑠1
0.5 )𝑃𝑅𝑃𝑂2

0.5

1 +   𝐾𝑜−𝑆2𝐾𝑜−𝑆1
0.5 𝐾𝑂2−𝑠1

0.5 𝑃𝑂2
0.5  +   𝐾𝑜−𝑆1

0.5 𝐾𝑂2−𝑠1
0.5 𝑃𝑂2

0.5  +  𝐾𝑂2−𝑆1𝑃𝑂2

                        (2.10) 
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This equation still gives a first order with respect to propane and complex order 

with respect to oxygen as observed by ref.36 We do note that in the aforementioned 

analysis, several parameters are to be determined from only modulating nR, PR and 

PO2. The inverse methodology proposed by Froment and Bischoff could be used.38 
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2.4. Interconversion model  

An interconversion model is largely used to explain a changing number of sites or 

ratios of sites during oxidation catalysis.39 This is largely important since the bulk oxide 

catalyst can serve as a reservoir for generation of active sites on the catalyst surface.  

The following scheme is tenable:  

1. 𝑅 + 𝑂 − 𝑆1 → 𝑅 − 𝑂 + 𝑆1 

2. 𝑅 + 𝑂 − 𝑆2 → 𝑅 − 𝑂 + 𝑆2 

3. 𝑆1 + 𝑂2 ⇌ 𝑆1𝑂2 

4. 𝑆1𝑂2 + 𝑆1 ⇌ 2𝑂 − 𝑆1 

5. 𝑆2 + 𝑂2 ⇌ 𝑆2𝑂2 

6. 𝑆2𝑂2 + 𝑆2 ⇌ 2𝑂 − 𝑆2 

7. 𝑂 − 𝑆2 + 𝑂 − 𝑆1 + 𝐻2𝑂 ⇌ 𝐻2𝑂 − 𝑆2 + 𝑂2 + 𝑆1 

𝐹𝑟𝑜𝑚 3: 𝜃𝑂2−𝑆1
= 𝐾3𝑃𝑂2𝜃𝑆1 

𝐹𝑟𝑜𝑚 4: 𝜃𝑂−𝑆1
= (𝐾4𝜃𝑆1𝜃𝑂2−𝑆1

)
1 2⁄

= (𝐾4𝐾3𝑃𝑂2)1/2𝜃𝑆1 

𝐹𝑟𝑜𝑚 5: 𝜃𝑂2−𝑆2
= 𝐾5𝑃𝑂2𝜃𝑆2 

𝐹𝑟𝑜𝑚 6: 𝜃𝑂−𝑆2
= (𝐾6𝜃𝑆2𝜃𝑂2−𝑆2

)
1 2⁄

= (𝐾6𝐾5𝑃𝑂2)1/2𝜃𝑆2 

𝐹𝑟𝑜𝑚 7: 𝜃𝐻2𝑂−𝑆2 =
𝐾7𝜃𝑂−𝑆2𝜃𝑂−𝑆1

𝜃𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
 

For non-competitive adsorption, site balance over site 1 is given as:  

𝜃𝑆1 + (𝐾4𝐾3𝑃𝑂2)1/2𝜃𝑆1 + 𝐾3𝑃𝑂2𝜃𝑆1 = 1 
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𝜃𝑆1 =
1

1 + (𝐾4𝐾3𝑃𝑂2)1/2 + 𝐾3𝑃𝑂2
 

Over site 2, we obtain:  

𝜃𝑆2 + (𝐾6𝐾5𝑃𝑂2)1/2𝜃𝑆2 + 𝐾5𝑃𝑂2𝜃𝑆2 +
𝐾7𝜃𝑂−𝑆2𝜃𝑂−𝑆1

𝜃𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
= 1 

𝐾7𝜃𝑂−𝑆2𝜃𝑂−𝑆1

𝜃𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
= 𝐾7(𝐾4𝐾3𝑃𝑂2)1/2𝐾5𝑃𝑂2𝜃𝑆2

𝑃𝐻2𝑂

𝑃𝑂2
= 1 

𝜃𝑆2 =
1

1 + (𝐾6𝐾5𝑃𝑂2)1/2 + 𝐾5𝑃𝑂2 + 𝐾7(𝐾4𝐾3𝑃𝑂2)1/2𝐾5𝑃𝐻2𝑂
 

Thus, rate of reaction over site 1 is given as:  

𝑛𝑅 = 𝑘1𝑃𝑅(𝐾4𝐾3𝑃𝑂2)1/2𝜃𝑆1 =
𝑘1𝑃𝑅(𝐾4𝐾3𝑃𝑂2)1/2

1 + (𝐾4𝐾3𝑃𝑂2)1/2 + 𝐾3𝑃𝑂2
                                                 (2.11) 

And over site 2, it is given as:  

𝑛𝑅 = 𝑘2𝑃𝑅(𝐾6𝐾5𝑃𝑂2)1/2𝜃𝑆2 =
𝑘2𝑃𝑅(𝐾6𝐾5𝑃𝑂2)1/2

1 + (𝐾6𝐾5𝑃𝑂2)1/2 + 𝐾5𝑃𝑂2 + 𝐾7(𝐾4𝐾3𝑃𝑂2)1/2𝐾5𝑃𝐻2𝑂

                                 (2.12) 

 

2.5. Remote-control model  

During oxidation catalysis over MoVTeNbOx catalysts, the catalyst surface can be 

depicted as having (1) primary redox component represented by Vanadium (2) a 

secondary hydroxyl component, which can only be formed as a result of the primary 

redox cation and (3) primary re-structuring site (Figure 1).  At an initial stage, only the 

redox and hydroxyl groups are present. High selectivity of acrylic acid in the presence 

of steam during the partial oxidation of propane over MoVTeNbOx catalysts has been 

attributed to the formation of mobile Te-containing clusters through the hydrolysis of 

oligomeric (TeO)n species in the channels of the M1 structure, which migrate to the 

surface. Enhanced volatility of TeO2 in water vapor has been attributed to the formation 
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of gaseous  TeO(OH)2.40, 41 This mechanism for surface enrichment of tellurium was 

earlier proposed by Glemser et al.42, 43 However, the kinetics of this mechanism has 

not been critically evaluated. The mechanism of re-structuring, due to adsorption of 

educts, intermediates, and products, varies between selective oxidation catalysts. For 

the determination of steady-state multiplicity, the mechanism of Glemser and co-

workers 42, 43 was examined in section 3.5. It was observed that the presence of a 

linear reaction step breaks the coverage-dependent multiplicity function. However, the 

mechanism was re-modified in section 3.6 to remove all linear steps, albeit the surface 

enrichment of tellurium. The new mechanism is presented in Figure 1. 

 
Figure 1: A pictorial description of primary (redox, and re-structuring functions) and 
secondary (hydroxyl) active sites during oxidation catalysis over mixed metal oxide 
catalysts. Here, for MoVTeNbOx, M represents Vanadium, L represents Tellurium 
 

 



 

16 December 20, 2021 

The quantity of active sites can be regulated through the presence of oxygen 

and steam (Figure 1).  The interconversion reaction is given by:  

 𝑂 − 𝑆1 + 𝐻2𝑂 ⇌ 𝑂 − 𝑆2 + 𝑂2 

Following the methodology of Froment et al.39, 44-47, we obtain:  

𝑃𝑂2

𝑃𝐻2𝑂
= 𝐾4

𝜃𝑂−𝑆1

𝜃𝑂−𝑆2

 

 𝜃𝑂−𝑆2
= 𝐾4𝜃𝑂−𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
                                                                                                                  (2.13) 

The following scheme in this remote-control mechanism is given as:  

1. 𝑆1 + 𝑂2 ⇌ 𝑆1𝑂2 

2. 𝑆1𝑂2 + 𝑆1 ⇌ 2𝑂 − 𝑆1 

3. 𝑅 + 𝑂 − 𝑆1 → 𝐼 − 𝑂 + 𝑆1 

4. 𝑂 − 𝑆1 + 𝐻2𝑂 ⇌ 𝑂 − 𝑆2 + 𝑂2 

5. 𝑂 − 𝑆2 +  𝐼 − 𝑂 → 𝑃 − 𝑂 + 𝑂 − 𝑆2 

An intermediate requires the one site, namely O-S1, then the remote-control 

mechanism operates, and the generated site formed as a result of remote control is 

used to convert the intermediates to products.  

𝜃𝑂2−𝑆1 = 𝐾1𝑃𝑂2𝜃𝑆1;  𝜃𝑂−𝑆1 = (𝐾2𝜃𝑂2−𝑆1𝜃𝑆1)1/2 

Site balance gives:  

𝜃𝑆1 + 𝜃𝑂2−𝑆1 + 𝜃𝑂−𝑆1 = 1 

𝜃𝑆1 + 𝐾1𝑃𝑂2𝜃𝑆1 + (𝐾2𝐾1𝑃𝑂2)1/2𝜃𝑆1 = 1 

𝑛𝐼−𝑂 =
𝑘3𝑃𝑅(𝐾2𝐾1𝑃𝑂2)1/2

1 + 𝐾1𝑃𝑂2 + (𝐾2𝐾1𝑃𝑂2)1/2
                                                                                           (2.14) 
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On site 2, the product is formed and subsequently, 

We know from the remote-control model that: 

𝜃𝑂−𝑆2
= 𝐾4𝜃𝑂−𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
 

Thus, rate of product formation is given as:  

𝑛𝑃−𝑂 = 𝑘5𝑃𝐼−𝑂𝜃𝑂−𝑆2 = 𝑘5𝐾4𝑃𝐼−𝑂𝜃𝑂−𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
= 𝑘5𝐾4𝑃𝐼−𝑂(𝐾2𝐾1𝑃𝑂2)1/2𝜃𝑆1

𝑃𝐻2𝑂

𝑃𝑂2
 

𝑛𝑃−𝑂 =
𝑘5𝐾4𝑃𝐼−𝑂(𝐾2𝐾1𝑃𝑂2)1/2 𝑃𝐻2𝑂

𝑃𝑂2

1 + 𝐾1𝑃𝑂2 + (𝐾2𝐾1𝑃𝑂2)1/2
                                                                                        (2.15) 

Figure 1 is a schematic for understanding how the site distribution on an “active 

surface” of a MoVTeNbOx catalyst can be tuned to produce the required acrylic acid 

selectivity from propane. This schematic assumes that electron transfer is concurrent 

with oxygen adsorption/reduction mechanism and O-speciation.  

Understanding if electron transfer precedes the adsorption step is key to further 

elucidation of the site distribution required to produce a particular product distribution. 

Three regimes could be adequately distinguished: (1) electron transfer is concurrent 

to each step in the oxygen reduction mechanism, (2) the barrier to electron transfer is 

greater than the barrier to the steps involved in oxygen reduction, and (3) the barrier 

to electron transfer is less than the barrier involved in oxygen reduction steps. The 

competition between these effects is depicted in the surface coverage of adsorbed 

oxygen, electrophilic oxygen species and nucleophilic (lattice) oxygen species.  
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3. Multiplicity of steady-states during selective oxidation of propane 

Various acrylic acid selectivities were observed at the same propane 

conversion.48 The selectivity-conversion steady-state data showed a hysteresis effect 

typically attributed to non-linear mechanisms7 and two selectivity values at constant 

conversion (figures 2 - 4) under the same conditions. Multiplicity occurs when surface 

reactions are rate-controlling steps on the catalyst grain level.38  

 
Figure 2: Acrylic acid selectivity-propane conversion curve at constant temperature. 
Diagram reproduced from supplementary information in Figure 2 in ref. 31 
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Figure 3: Hysteresis loop obtained during propane conversion over MoVTeNbOx 
catalysts. Adapted from Figure 4 in ref.31 
 

 

Figure 3: Catalyst behaviour under reducing and oxidising conditions: (a) propane 
conversion; (b) Concentration of formed products: “Steady State 1” feed 
(C3H8/O2/He/H2O = 3/12/75/10), “Reduction” feed (C3H8/O2/He/H2O = 3/0/87/10), and 
“Steady State 2” feed (C3H8/O2/He/H2O = 3/12/75/10); reaction temperature is 573 K. 
Reprinted from Ref.32 
 

Six possible steady-state solutions based on coverage-dependent multiplicity are 

provided.  
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3.1. Steady-state solution 1 

In the kinetic equations described below, ki
+ signifies the rate constant for the forward 

reaction of the “ith” step. Conversely, ki
- signifies the rate constant for the reverse 

reaction of the “ith” step. Given the following reaction steps: 

1.    2𝑆 + 𝑂2 ⇌ 2𝑆𝑂 

2.    𝑅 + 𝑆 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆 

𝑑𝜃𝑆𝑂

𝑑𝑡
= 2𝑘1

+𝑃𝑂2(1 − 𝜃𝑆𝑂)2 − 2𝑘1
−𝜃𝑆𝑂

2 − 𝑘2
+𝑃𝑅𝜃𝑆𝑜 = 0 

𝑛𝑅 = 𝑘2
+𝑃𝑅𝜃𝑆𝑂 

2𝑘1
+𝑃𝑂2(1 − 𝜃𝑆𝑂)2 − 2𝑘1

−𝜃𝑆𝑂
2 − 𝑘2

+𝑃𝑅𝜃𝑆𝑜 = 0 

2𝑘1
+𝑃𝑂2(1 − 2𝜃𝑆𝑂 + 𝜃𝑆𝑂

2 ) − 2𝑘1
−𝜃𝑆𝑂

2 − 𝑘2
+𝑃𝑅𝜃𝑆𝑜 = 0 

2𝑘1
+𝑃𝑂2 − 4𝑘1

+𝑃𝑂2𝜃𝑆𝑂 + 2𝑘1
+𝑃𝑂2𝜃𝑆𝑂

2 − 2𝑘1
−𝜃𝑆𝑂

2 − 𝑘2
+𝑃𝑅𝜃𝑆𝑜 = 0 

(2𝑘1
+𝑃𝑂2 − 2𝑘1

−)𝜃𝑆𝑂
2 − (𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2)𝜃𝑆𝑜 + 2𝑘1

+𝑃𝑂2 = 0 

𝜃𝑆𝑜 =
(𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2) ± √(𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2)2 − [(4)(2𝑘1

+𝑃𝑂2 − 2𝑘1
−)(2𝑘1

+𝑃𝑂2)

(4𝑘1
+𝑃𝑂2 − 4𝑘1

−)
 

𝜃𝑆𝑜 =
(𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2) ± √(𝑘2

+𝑃𝑅)2 + 8𝑘1
+𝑘2

+𝑃𝑅𝑃𝑂2 + 16𝑘1
+𝑘1

−𝑃𝑂2

(4𝑘1
+𝑃𝑂2 − 4𝑘1

−)
 

𝜃𝑆𝑂has two solutions, namely:  

𝜃𝑆𝑂 =
(𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2) + √(𝑘2

+𝑃𝑅)2 + 8𝑘1
+𝑘2

+𝑃𝑅𝑃𝑂2 + 16𝑘1
+𝑘1

−𝑃𝑂2

(4𝑘1
+𝑃𝑂2 − 4𝑘1

−)
                            (2.16) 

And  

𝜃𝑆𝑂 =
(𝑘2

+𝑃𝑅 + 4𝑘1
+𝑃𝑂2) − √(𝑘2

+𝑃𝑅)2 + 8𝑘1
+𝑘2

+𝑃𝑅𝑃𝑂2 + 16𝑘1
+𝑘1

−𝑃𝑂2

(4𝑘1
+𝑃𝑂2 − 4𝑘1

−)
                             (2.17) 
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Solution 2.16 always exists and inserting it into the rate equation would produce 

the first steady-state rate observed at a particular temperature. Solution 2.17 would 

only exist when (𝑘2
+𝑃𝑅)2 ≫ 8𝑘1

+𝑘2
+𝑃𝑅𝑃𝑂2 + 16𝑘1

+𝑘1
−𝑃𝑂2. This occurs when oxygen lean 

conditions are used such that PO2 tends to zero and/or oxygen adsorption on surface 

vacancies is slow, such that 𝑘1
+is small. The results obtained by ref40, 48, 49 were of 

oxygen rich conditions indicating that, if the above model is correct, slow oxygen 

adsorption occurs over MoVTeNb oxide (M1 phase) catalysts at these conditions for 

this hysteresis to occur. Nonetheless, the solutions show that at steady-state, two 

different coverages are obtained alluding to the dynamic nature of these active sites 

(vide infra). It is important to note here that this model does not include the influence 

of steam during selective oxidation, which plays a huge role in the hysteresis and 

multiplicity effects observed by ref40, 48, 49.  



 

22 December 20, 2021 

3.2. Steady-state solution 2 

Here, we consider if catalyst restructuring in a simple macrokinetic model would lead 

to active site dynamics. Suppose we have the following global scheme:  

1.      2𝑆1 + 𝑂2 ⇌ 2𝑆1 − 𝑂 

2.     𝑆1 − 𝑂 + 𝑆2 ⇌ 𝑆2 − 𝑂 + 𝑆1 

3.     𝑅 + 𝑆1 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆1 

4.     𝑅 + 𝑆2 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆2 

𝑛𝑅 = 𝑘3
+𝑃𝑅𝜃𝑆1−𝑂 + 𝑘4

+𝑃𝑅𝜃𝑆2−𝑂                                                                                                   (2.18) 

𝑑𝜃𝑆1−𝑂

𝑑𝑡
= 0 = 2𝑘1

+𝑃𝑂2(1 − 𝜃𝑆1−𝑂)2 − 2𝑘1
−𝜃𝑆1−𝑂

2 − 𝑘2
+𝜃𝑆1−𝑂(1 − 𝜃𝑆2−𝑂)

+ 𝑘2
−𝜃𝑆2−𝑂(1 − 𝜃𝑆1−𝑂) − 𝑘3

+𝑃𝑅𝜃𝑆1−𝑂 

2𝑘1
+𝑃𝑂2 − 4𝑘1

+𝑃𝑂2𝜃𝑆1−𝑂 + 2𝑘1
+𝑃𝑂2𝜃𝑆1−𝑂

2 − 2𝑘1
−𝜃𝑆1−𝑂

2 − 𝑘2
+𝜃𝑆1−𝑂 + 𝑘2

+𝜃𝑆1−𝑂𝜃𝑆2−𝑂

+ 𝑘2
−𝜃𝑆2−𝑂 − 𝑘2

−𝜃𝑆2−𝑂𝜃𝑆1−𝑂 − 𝑘3
+𝑃𝑅𝜃𝑆1−𝑂 = 0 

(2𝑘1
+𝑃𝑂2 − 2𝑘1

−)𝜃𝑆1−𝑂
2 − (4𝑘1

+𝑃𝑂2 + 𝑘2
+ − 𝑘2

+𝜃𝑆2−𝑂 + 𝑘2
−𝜃𝑆2−𝑂 + 𝑘3

+𝑃𝑅)𝜃𝑆1−𝑂 + 2𝑘1
+𝑃𝑂2

+ 𝑘2
−𝜃𝑆2−𝑂 = 0 

but 

𝑑𝜃𝑆2−𝑂

𝑑𝑡
= 0 = 𝑘2

+𝜃𝑆1−𝑂(1 − 𝜃𝑆2−𝑂) − 𝑘2
−𝜃𝑆2−𝑂(1 − 𝜃𝑆1−𝑂) − 𝑘4

+𝑃𝑅𝜃𝑆2−𝑂 

𝑘2
+𝜃𝑆1−𝑂 − 𝑘2

+𝜃𝑆1−𝑂𝜃𝑆2−𝑂 − 𝑘2
−𝜃𝑆2−𝑂 + 𝑘2

−𝜃𝑆2−𝑂𝜃𝑆1−𝑂 − 𝑘4
+𝑃𝑅𝜃𝑆2−𝑂 = 0 

𝜃𝑆2−𝑂 =
𝑘2

+𝜃𝑆1−𝑂

(𝑘2
+𝜃𝑆1−𝑂 + 𝑘2

− − 𝑘2
−𝜃𝑆1−𝑂 + 𝑘4

+𝑃𝑅)
 

We observe here that 𝜃𝑆2−𝑂 has only one solution. In the above scheme, kinetic 

linearity in observed with respect to 𝜃𝑆2−𝑂.  

Assuming that 𝑘4
+ is large, then  

𝜃𝑆2−𝑂 =
𝑘2

+𝜃𝑆1−𝑂

𝑘4
+𝑃𝑅

                                                                                                                             (2.19) 
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Substituting 𝜃𝑆2−𝑂 in the above, we obtain  

(2𝑘1
+𝑃𝑂2 − 2𝑘1

−)𝜃𝑆1−𝑂
2 − (4𝑘1

+𝑃𝑂2 + 𝑘2
+ − 𝑘2

+ (
𝑘2

+𝜃𝑆1−𝑂

𝑘4
+𝑃𝑅

) + 𝑘2
− (

𝑘2
+𝜃𝑆1−𝑂

𝑘4
+𝑃𝑅

) + 𝑘3
+𝑃𝑅) 𝜃𝑆1−𝑂

+ 2𝑘1
+𝑃𝑂2 + 𝑘2

− (
𝑘2

+𝜃𝑆1−𝑂

𝑘4
+𝑃𝑅

) = 0 

(2𝑘1
+𝑃𝑂2 − 2𝑘1

− +
(𝑘2

+)2

𝑘4
+𝑃𝑅

−
𝑘2

−𝑘2
+

𝑘4
+𝑃𝑅

) 𝜃𝑆1−𝑂
2 − (4𝑘1

+𝑃𝑂2 + 𝑘2
+ + 𝑘3

+𝑃𝑅 −
𝑘2

−𝑘2
+

𝑘4
+𝑃𝑅

) 𝜃𝑆1−𝑂

+ 2𝑘1
+𝑃𝑂2 = 0 

𝜃𝑆1−𝑂 =

(4𝑘1
+𝑃𝑂2 + 𝑘2

+ + 𝑘3
+𝑃𝑅 −

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

) ± √(4𝑘1
+𝑃𝑂2 + 𝑘2

+ + 𝑘3
+𝑃𝑅 −

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

)
2

− (4𝑘1
+𝑃𝑂2)2 + 16𝑘1

−𝑘1
+𝑃𝑂2 −

8𝑘1
+(𝑘2

+)2𝑃𝑂2

𝑘4
+𝑃𝑅

+
8𝑘1

+𝑘2
−𝑘2

+𝑃𝑂2

𝑘4
+𝑃𝑅

(4𝑘1
+𝑃𝑂2 − 4𝑘1

− +
2(𝑘2

+)2

𝑘4
+𝑃𝑅

−
2𝑘2

−𝑘2
+

𝑘4
+𝑃𝑅

)

 

𝜃𝑆1−𝑂 =

(4𝑘1
+𝑃𝑂2 + 𝑘2

+ + 𝑘3
+𝑃𝑅 −

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

) ± √8𝑘1
+𝑘2

+𝑃𝑂2 + 8𝑘1
+𝑘3

+𝑃𝑂2𝑃𝑅 + 2𝑘2
+𝑘3

+𝑃𝑅 −
8𝑘1

+𝑘2
−𝑘2

+𝑃𝑂2

𝑘4
+𝑃𝑅

−
2𝑘2

−(𝑘2
+)2

𝑘4
+𝑃𝑅

−
2𝑘2

+𝑘2
−𝑘3

+

𝑘4
+ + (𝑘2

+)2 + (𝑘3
+𝑃𝑅 )2 + (

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

)
2

+ 16𝑘1
−𝑘1

+𝑃𝑂2 −
8𝑘1

+(𝑘2
+)2𝑃𝑂2

𝑘4
+𝑃𝑅

+
8𝑘1

+𝑘2
−𝑘2

+𝑃𝑂2

𝑘4
+𝑃𝑅

(4𝑘1
+𝑃𝑂2 − 4𝑘1

− +
2(𝑘2

+)2

𝑘4
+𝑃𝑅

−
2𝑘2

−𝑘2
+

𝑘4
+𝑃𝑅

)
 

𝜃𝑆1−𝑂 =

(4𝑘1
+𝑃𝑂2 + 𝑘2

+ + 𝑘3
+𝑃𝑅 −

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

) ± √8𝑘1
+𝑘2

+𝑃𝑂2 + 8𝑘1
+𝑘3

+𝑃𝑂2𝑃𝑅 + 2𝑘2
+𝑘3

+𝑃𝑅 −
2𝑘2

−(𝑘2
+)2

𝑘4
+𝑃𝑅

−
2𝑘2

+𝑘2
−𝑘3

+

𝑘4
+ + (𝑘2

+)2 + (𝑘3
+𝑃𝑅)2 + (

𝑘2
−𝑘2

+

𝑘4
+𝑃𝑅

)
2

+ 16𝑘1
−𝑘1

+𝑃𝑂2 −
8𝑘1

+(𝑘2
+)2𝑃𝑂2

𝑘4
+𝑃𝑅

(4𝑘1
+𝑃𝑂2 − 4𝑘1

− +
2(𝑘2

+)2

𝑘4
+𝑃𝑅

−
2𝑘2

−𝑘2
+

𝑘4
+𝑃𝑅

)
 

Assuming 𝑘3
+ and 𝑘4

+are large, then 

𝜃𝑆1−𝑂 =
(𝑘3

+𝑃𝑅) ± √8𝑘1
+𝑘3

+𝑃𝑂2𝑃𝑅 + 2𝑘2
+𝑘3

+𝑃𝑅 + (𝑘3
+𝑃𝑅)2

(4𝑘1
+𝑃𝑂2 − 4𝑘1

−)
                                                (2.20) 

In the above, 𝜃𝑆1−𝑂 can only have one positive solution. Consequently, 𝜃𝑆2−𝑂 will only 

have one positive solution and only one steady-state will be observed. Hysteresis 

cannot be observed if alkane oxidation is fast on both the original (clean) and the 

restructured (modified) surface.  
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3.3. Steady-state solution 3 

Multiplicity in the values of 𝜃𝑆2−𝑂 may be observed if molecular oxygen adsorption 

occurs on the restructured surface leading to a non-linear scheme. The following 

scheme applies:  

1.        2𝑆1 + 𝑂2 ⇌ 2𝑆1 − 𝑂 

2.        2𝑆2 + 𝑂2 ⇌ 2𝑆2 − 𝑂 

3.        𝑆1 − 𝑂 + 𝑆2 ⇌ 𝑆2 − 𝑂 + 𝑆1 

4.        𝑅 + 𝑆1 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆1 

5.        𝑅 + 𝑆2 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑆2 

𝑛𝑅 = 𝑘4
+𝑃𝑅𝜃𝑆1−𝑂 + 𝑘5

+𝑃𝑅𝜃𝑆2−𝑂                                                                                                    (2.21) 

𝑑𝜃𝑆1−0

𝑑𝑡
= 2𝑘1

+(1 − 𝜃𝑆1−𝑂)2𝑃𝑂2 − 2𝑘1
−𝜃𝑆1−𝑂

2 − 𝑘3
+𝜃𝑆1−𝑂(1 − 𝜃𝑆2−𝑂) + 𝑘3

−𝜃𝑆2−𝑂(1 − 𝜃𝑆1−𝑂)

− 𝑘4
+𝑃𝑅𝜃𝑆1−𝑂 = 0 

(2𝑘1
+𝑃𝑂2 − 2𝑘1

−)𝜃𝑆1−𝑂
2 − (4𝑘1

+𝑃𝑂2 + 𝑘3
+ − 𝑘3

+𝜃𝑆2−𝑂 + 𝑘3
−𝜃𝑆2−𝑂 − 𝑘4

+𝑃𝑅)𝜃𝑆1−𝑂

+ (2𝑘1
+𝑃𝑂2 + 𝑘3

−𝜃𝑆2−𝑂) = 0 

At high k4
+ or k5

+; 

𝜃𝑆1−𝑂 =
−𝑘4

+𝑃𝑅 ± √(𝑘4
+𝑃𝑅)2 − 8𝑘1

+𝑘4
+𝑃𝑂2𝑃𝑅 − 2𝑘3

+𝑘4
+𝑃𝑅 + 2𝑘3

+𝑘4
+𝑃𝑅𝜃𝑆2−𝑂 − 2𝑘3

−𝑘4
+𝑃𝑅𝜃𝑆2−𝑂

4𝑘1
+𝑃𝑂2 − 4𝑘1

−                                     (2.22) 

𝜃𝑆1−𝑂 has only one real solution when ((𝑘4
+𝑃𝑅)2 + 2𝑘3

+𝑘4
+𝑃𝑅𝜃𝑆2−𝑂) ≫ (8𝑘1

+𝑘4
+𝑃𝑂2𝑃𝑅 +

2𝑘3
+𝑘4

+𝑃𝑅 + 2𝑘3
−𝑘4

+𝑃𝑅𝜃𝑆2−𝑂) 

𝜃𝑆2−𝑂 =
−𝑘5

+𝑃𝑅 ± √(𝑘5
+𝑃𝑅)2 + 8𝑘2

+𝑘5
+𝑃𝑂2𝑃𝑅 + 2𝑘3

−𝑘5
+𝑃𝑂2 + 2𝑘3

+𝑘5
+𝑃𝑅𝜃𝑆1−𝑂 − 2𝑘3

−𝑘5
+𝑃𝑅𝜃𝑆1−𝑂

4𝑘1
+𝑃𝑂2 − 4𝑘1

−              (2.23) 

𝜃𝑆2−𝑂 has only one real solution when  ((𝑘5
+𝑃𝑅)2 + 8𝑘2

+𝑘5
+𝑃𝑂2𝑃𝑅 + 2𝑘3

−𝑘5
+𝑃𝑂2 +

2𝑘3
+𝑘5

+𝑃𝑅𝜃𝑆1−𝑂) ≫ 2𝑘3
−𝑘5

+𝑃𝑅𝜃𝑆1−𝑂 

Consequently, this model system has only one real solution and does not provide a 

basis for multiplicity of steady-state observed.  
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3.4. Steady-state solution 4 

Multiplicity could occur due to the presence of water vapour in a single active site. 

Considering the following stoichiometry given as:  

1.    2𝑆 + 𝑂2 ⇌ 2𝑆𝑂 

2.    𝐻2𝑂 + 𝑆 − 𝑂 + 𝑆 ⇌ 2𝑆 − 𝑂𝐻 

3.    𝑅 + 2𝑆 − 𝑂𝐻 → 𝑅𝐻2 + 2𝑆 − 𝑂 

𝑛𝑅 = 𝑘3
+𝑃𝑅𝜃𝑆𝑂𝐻

2                                                                                                                                (2.24) 

𝑑𝜃𝑆𝑂

𝑑𝑡
= 2𝑘1

+𝑃𝑂2(1 − 𝜃𝑆𝑂 − 𝜃𝑆𝑂𝐻)2 − 2𝑘1
−𝜃𝑆𝑂

2 − 𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂(1 − 𝜃𝑆𝑂 − 𝜃𝑆𝑂𝐻) + 𝑘2

−𝜃𝑆𝑂𝐻
2

+ 2𝑘3
+𝑃𝑅𝜃𝑆𝑂𝐻

2  

(1 − 𝜃𝑆𝑂 − 𝜃𝑆𝑂𝐻)2 = 1 − 𝜃𝑆𝑂 − 𝜃𝑆𝑂𝐻 − 𝜃𝑆𝑂 + 𝜃𝑆𝑂
2 + 𝜃𝑆𝑂𝜃𝑆𝑂𝐻 − 𝜃𝑆𝑂𝐻 + 𝜃𝑆𝑂𝜃𝑆𝑂𝐻 + 𝜃𝑆𝑂𝐻

2

= 1 − 2𝜃𝑆𝑂 − 2𝜃𝑆𝑂𝐻 + 2𝜃𝑆𝑂𝜃𝑆𝑂𝐻 + 𝜃𝑆𝑂
2 + 𝜃𝑆𝑂𝐻

2  

𝑑𝜃𝑆𝑂

𝑑𝑡
= 2𝑘1

+𝑃𝑂2 − 4𝑘1
+𝑃𝑂2𝜃𝑆𝑂 − 4𝑘1

+𝑃𝑂2𝜃𝑆𝑂𝐻 + 4𝑘1
+𝑃𝑂2𝜃𝑆𝑂𝜃𝑆𝑂𝐻 + 4𝑘1

+𝑃𝑂2𝜃𝑆𝑂
2

+ 4𝑘1
+𝑃𝑂2𝜃𝑆𝑂𝐻

2 − 2𝑘1
−𝜃𝑆𝑂

2 − 𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂 + 𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂
2 + 𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂𝜃𝑆𝑂𝐻

+ 𝑘2
−𝜃𝑆𝑂𝐻

2 + 2𝑘3
+𝑃𝑅𝜃𝑆𝑂𝐻

2  

𝜃𝑆𝑂
2 (4𝑘1

+𝑃𝑂2 − 2𝑘1
− + 𝑘2

+𝑃𝐻2𝑂) − 𝜃𝑆𝑂(4𝑘1
+𝑃𝑂2 − 4𝑘1

+𝑃𝑂2𝜃𝑆𝑂𝐻 + 𝑘2
+𝑃𝐻2𝑂 − 𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂𝐻)

+ 2𝑘1
+𝑃𝑂2 − 4𝑘1

+𝑃𝑂2𝜃𝑆𝑂𝐻 + 4𝑘1
+𝑃𝑂2𝜃𝑆𝑂𝐻

2 + 𝑘2
−𝜃𝑆𝑂𝐻

2 + 2𝑘3
+𝑃𝑅𝜃𝑆𝑂𝐻

2 = 0 

𝑑𝜃𝑆𝑂𝐻

𝑑𝑡
= 2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂(1 − 𝜃𝑆𝑂 − 𝜃𝑆𝑂𝐻) − 2𝑘2
−𝜃𝑆𝑂𝐻

2 − 𝑘3
+𝑃𝑅𝜃𝑆𝑂𝐻

2 = 0 

𝜃𝑆𝑂𝐻
2 (2𝑘2

− + 𝑘3
+𝑃𝑅) + 2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂𝜃𝑆𝑂𝐻 − 2𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂 + 2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂
2 = 0 

𝜃𝑆𝑂𝐻 =
−2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂 − √4(𝑘2
+)2𝑃𝐻2𝑂

2 𝜃𝑆𝑂
2 + 32𝑘2

−𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂 − 16𝑘2

+𝑘2
−𝑃𝐻2𝑂𝜃𝑆𝑂

2 − 8𝑘3
+𝑘2

+𝑃𝑅𝑃𝐻2𝑂𝜃𝑆𝑂
2

2𝑘2
− + 2𝑘3

+𝑃𝑅
                  (2.25) 

OR 

𝜃𝑆𝑂𝐻 =
−2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂 + √4(𝑘2
+)2𝑃𝐻2𝑂

2 𝜃𝑆𝑂
2 + 32𝑘2

−𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂 − 16𝑘2

+𝑘2
−𝑃𝐻2𝑂𝜃𝑆𝑂

2 − 8𝑘3
+𝑘2

+𝑃𝑅𝑃𝐻2𝑂𝜃𝑆𝑂
2

2𝑘2
− + 2𝑘3

+𝑃𝑅
                    (2.26) 
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𝜏 = −16(𝑘1
+𝑃𝑂2)2 + 32(𝑘1

+𝑃𝑂2)2𝜃𝑆𝑂𝐻 − 32𝑘1
+𝑃𝑂2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂𝐻 − 8𝑘1
+𝑃𝑂2𝑘2

+𝑃𝐻2𝑂𝜃𝑆𝑂𝐻
2

− 2(𝑘2
+𝑃𝐻2𝑂)2𝜃𝑆𝑂𝐻 + (𝑘2

+𝑃𝐻2𝑂)2 + (𝑘2
+𝑃𝐻2𝑂𝜃𝑆𝑂𝐻)2 − 64(𝑘1

+𝑃𝑂2𝜃𝑆𝑂𝐻)2

− 16𝑘1
+𝑃𝑂2𝑘2

−𝜃𝑆𝑂𝐻
2 − 32𝑘1

+𝑃𝑂2𝑘3
+𝜃𝑆𝑂𝐻

2 + 16𝑘1
+𝑃𝑂2𝑘1

− − 32𝑘1
+𝑃𝑂2𝑘1

−𝜃𝑆𝑂𝐻

+ 32𝑘1
+𝑃𝑂2𝑘1

−𝜃𝑆𝑂𝐻
2 + 8𝑘1

−𝑘2
−𝜃𝑆𝑂𝐻

2 + 16𝑘1
−𝑘3

+𝑃𝑅𝜃𝑆𝑂𝐻
2 − 4𝑘2

+𝑃𝐻2𝑂𝑘2
−𝜃𝑆𝑂𝐻

2

− 8𝑘2
+𝑃𝐻2𝑂𝑘3

+𝑃𝑅𝜃𝑆𝑂𝐻
2  

Depending on the magnitude of 𝜏, 𝜃𝑆𝑂 has two possible solutions (even when 𝜃𝑆𝑂𝐻 has 

only one possible solution).  

In the four models (steady-state solutions 3.1-3.4) described above, in 

accordance with archived literature7, multiplicity of steady-states requires non-linearity 

of the chemical equations (steady-state solution 3.1 and 3.4). This means oxygen 

adsorption should be lumped. Micro-deconvolution of the oxygen adsorption step 

involves non-linearity and would provide information on rules governing targeted 

selectivity as suggested by Panov.28  

Experimental data shows accurately an hysteresis loop48, 50 associated with 

selective oxidation showing that the non-linearity of the oxygen mechanism is not the 

only factor governing hysteresis and multiplicity.7 The presence of steam leading to 

non-linearity leads to the multiplicity observed under steady-state conditions. Also, 

different active centres may be responsible.51 Decoupling the lumped oxygen 

adsorption step does not lead to solution linearity.  

𝑑𝜃𝑆2−0

𝑑𝑡
= 2𝑘2

+(1 − 𝜃𝑆2−𝑂)2𝑃𝑂2 − 2𝑘2
−𝜃𝑆2−𝑂

2 + 𝑘3
+𝜃𝑆1−𝑂(1 − 𝜃𝑆2−𝑂) − 𝑘3

−𝜃𝑆2−𝑂(1 − 𝜃𝑆1−𝑂)

− 𝑘5
+𝑃𝑅𝜃𝑆2−𝑂 = 0 

(2𝑘2
+𝑃𝑂2 − 2𝑘2

−)𝜃𝑆2−𝑂
2 − (4𝑘2

+𝑃𝑂2 + 𝑘3
− + 𝑘3

+𝜃𝑆1−𝑂 − 𝑘3
−𝜃𝑆1−𝑂 − 𝑘5

+𝑃𝑅)𝜃𝑆1−𝑂

+ (2𝑘2
+𝑃𝑂2 + 𝑘3

+𝜃𝑆1−𝑂) = 0 
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At high k4
+ or k5

+; 

𝜃𝑆2−𝑂 =
−𝑘5

+𝑃𝑅 ± √(𝑘5
+𝑃𝑅)2 + 8𝑘2

+𝑘5
+𝑃𝑂2𝑃𝑅 + 2𝑘3

−𝑘5
+𝑃𝑂2 + 2𝑘3

+𝑘5
+𝑃𝑅𝜃𝑆1−𝑂 − 2𝑘3

−𝑘5
+𝑃𝑅𝜃𝑆1−𝑂

4𝑘1
+𝑃𝑂2 − 4𝑘1

−             (2.27) 

𝜃𝑆2−𝑂 has only one real solution when ((𝑘5
+𝑃𝑅)2 + 8𝑘2

+𝑘5
+𝑃𝑂2𝑃𝑅 + 2𝑘3

−𝑘5
+𝑃𝑂2 +

2𝑘3
+𝑘5

+𝑃𝑅𝜃𝑆1−𝑂) ≫ 2𝑘3
−𝑘5

+𝑃𝑅𝜃𝑆1−𝑂 

Consequently, this model system has only one real solution and does not provide a 

basis for multiplicity of steady-state observed.  

 

3.5. Steady-state solution 5 

Multiplicity of steady-state can be obtained with respect to “modified” surfaces in 

selective oxidation. A suitable scheme is given below for the selective oxidation of 

propane to acrylic acid over MoVTeNbOx catalyst particles (M=vanadium, 

L=Tellurium):  

1.             2𝑀 + 𝑂2  ⇌ 2𝑀𝑂 

2.             𝑅 + 𝑀 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑀 

Following the proposal by Glemser et al.42, 43 and Sanfiz et al.40, 52 , in the presence of 

steam, the tellurium cations could be adsorption sites for oxygen.  

3.           𝐿 + 𝑂2 ⇌ 𝐿𝑂2 

4.          2𝐿 + 𝑂2 ⇌ 2𝐿𝑂 

5.          𝐻2𝑂 + 𝐿𝑂2 ⇌ 𝐿𝑂(𝑂𝐻)2,𝑎𝑑𝑠 

6.          𝐿𝑂(𝑂𝐻)2,𝑎𝑑𝑠 ⇌ 𝐿𝑂2,𝑟𝑒𝑠𝑡 + 𝐻2𝑂 

7.          𝑅 + 2𝐿𝑂2,𝑟𝑒𝑠𝑡 → 𝑅 − 𝑂2 + 2𝐿𝑂 

The adsorption of steam and oxygen leads to non-linearity on the tellurium 

active sites (reactions 1 and 7 in the scheme above). Although, the presence of two 

adsorption sites (MO and LO2,rest) can lead to multiplicity and hysteresis effects53 
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shown over MoVTeNb oxide catalysts,40, 49, 50 reaction 3 introduces linearity in the 

scheme, which leads to the absence of coverage-dependent multiplicity. The 

mechanism proposed by Glemser and co-workers42, 43 has been further re-modified to 

remove all linear steps, albeit the surface enrichment of tellurium. The kinetics is 

considered in section 3.6.   

3.6. Steady-state solution 6 

Solution 5 was adapted to produce solution 6.  

1.             2𝑀 + 𝑂2  ⇌ 2𝑀𝑂 

2.             𝑅 + 𝑀 − 𝑂 ⟶ 𝑅 − 𝑂 + 𝑀 

3.            2𝐿 + 𝑂2 ⇌ 2𝐿𝑂 

4.            𝐻2𝑂 + 2𝐿𝑂 ⇌ 𝐿𝑂(𝑂𝐻)2 + 𝐿 

5.            𝐿𝑂(𝑂𝐻)2 ⇌  𝐿𝑂2,𝑟𝑒𝑠𝑡 + 𝐻2𝑂  

6.             2𝐿𝑟𝑒𝑠𝑡 + 𝑂2  ⇌ 2𝐿𝑂𝑟𝑒𝑠𝑡 

7.             𝑅 + 𝐿 − 𝑂𝑟𝑒𝑠𝑡 ⟶ 𝑅 − 𝑂 + 𝐿𝑟𝑒𝑠𝑡 

A combination of equations 1 and 2, and 6 and 7 highlights steady-state 

multiplicity as given in steady-state solution I. Steady-state multiplicity is obtained 

when it is assumed that: 

[𝐿𝑂(𝑂𝐻)2], 𝑎𝑛𝑑 [𝐿𝑂2,𝑟𝑒𝑠𝑡] ~ 0 𝑎𝑛𝑑 𝑃𝑂2 → 𝑚𝑖𝑛 

Since the multiplicities arising from 1 and 2, and 6 and 7 are clear (vide infra), we 

analyse equations 3, 4 and 5:  

𝑑𝜃𝐿𝑂

𝑑𝑡
= 2𝑘3

+𝑃𝑂2𝜃𝐿
2 − 2𝑘3

−𝜃𝐿𝑂
2 − 2𝑘4

+𝑃𝐻2𝑂𝜃𝐿𝑂
2 + 2𝑘4

−𝜃𝐿𝑂(𝑂𝐻)2
𝜃𝐿 

With the assumption above and 𝜃𝐿 = 1 − 𝜃𝐿𝑂 − 𝜃𝐿𝑂(𝑂𝐻)2
≈ 1 − 𝜃𝐿𝑂, we obtain:  

𝑑𝜃𝐿𝑂

𝑑𝑡
= 2𝑘3

+𝑃𝑂2𝜃𝐿
2 − 2𝑘3

−𝜃𝐿𝑂
2 − 2𝑘4

+𝑃𝐻2𝑂𝜃𝐿𝑂
2

= 2𝑘3
+𝑃𝑂2 − 4𝑘3

+𝜃𝐿𝑂𝑃𝑂2 − 2𝑘3
−𝜃𝐿𝑂

2 − 2𝑘4
+𝑃𝐻2𝑂𝜃𝐿𝑂

2 = 0 
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𝑑𝜃𝐿𝑂

𝑑𝑡
= (2𝑘3

+𝑃𝑂2 + 2𝑘4
+𝑃𝐻2𝑂)𝜃𝐿𝑂

2 + 4𝑘3
+𝑃𝐻2𝑂𝜃𝐿𝑂 − 2𝑘3

+𝑃𝑂2 = 0 

𝜃𝐿𝑂 =
− 4𝑘3

+𝑃𝐻2𝑂  ± √(4𝑘3
+𝑃𝐻2𝑂)2 + 4(2𝑘3

+𝑃𝑂2 + 2𝑘4
+𝑃𝐻2𝑂)(2𝑘3

+)

4𝑘3
+𝑃𝑂2 + 4𝑘4

+𝑃𝐻2𝑂
                             (2.28) 

In 2.28, 𝜃𝐿𝑂 has one solution and 𝜃𝐿𝑂𝑟𝑒𝑠𝑡
= 𝑓(𝜃𝐿𝑂) has two feasible solutions 

because of the multiplicity effect in step 6 of scheme 3.4.  

Thus, it is proven that with restructuring, and in the presence of steam and with 

two different sites, it is possible to obtain steady-state multiplicity at the catalyst grain 

level.  
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4. Conclusions  

The Mars and van Krevelen mechanism is widely established for the selective 

oxidation or oxidative dehydrogenation reactions over multifunctional and multi-

component transition metal and metal oxide catalysts. Following the work of Mars and 

van Krevelen, and Vannice and co-workers, the kinetics is re-evaluated to introduce 

recent results from modern operando spectroscopy and microscopy investigations that 

were not available when the 1954 work of Mars and van Krevelen was published. 

These include reactions with nucleophilic (lattice) oxygen, reversibility of the oxygen 

reduction mechanism, an interconversion scheme, non-linear water adsorption, 

remote-control model, and non-uniform sites. Experimental observations of the 

multiplicity of propane conversion over MoVTeNbOx is proven theoretically through 

non-linear competitive steam adsorption, the presence of multiple active sites, a re-

structuring active site, and oxygen adsorption. Coverage-driven multiplicity depends 

on the active-site restructuring mechanism, which differs from one catalyst to the other.  
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