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Abstract  

Efficient and sustainable optimization of heterogeneous catalytic processes requires a deep 

understanding of catalyst structure-activity relationships that occur inside catalytic reactors in 

space and time. Here we introduce a catalytic profile reactor capable of simultaneously meas-

uring spatially-resolved temperature, concentration, and X-ray absorption spectroscopy (XAS) 

profiles through a catalytic fixed-bed. Using the oxidative dehydrogenation of ethane to eth-

ylene over MoO3/γ-Al2O3 as a test reaction, we obtained a detailed picture of local catalyst 

structure and activity under realistic and well-defined reaction conditions. The concentration 

and temperature profiles obtained were used to develop a kinetic model. The fit of kinetic mod-

els to complete reactor profiles significantly speeds up the development and accuracy of kinetic 

models required for any reactor design. Further, the kinetic model includes the oxidation state 

of molybdenum as a descriptor. Hence, we could predict local catalyst oxidation states and 

validate our model experimentally with spatially-resolved XAS. This provides a quantitative link 

between catalyst structure and reactivity and allows including catalyst dynamics in reactor sim-

ulations. In the current work a widely applicable methodological approach is presented to un-

derstand and optimize heterogeneous catalytic processes, e.g. in selective oxidation. 
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1 Introduction 

Light olefins are considered as one of the basic building blocks of the chemical industry [1]. 

Many different derivatives used in our daily lives are produced from ethylene and propylene. 

Lower olefins are conventionally produced via steam cracking of a wide range of hydrocar-

bon (HC) feedstocks [2,3]. Steam cracking is one of the most energy demanding processes in 

the chemical industry [3]. To meet global demand, ethylene production is expected to increase 

to more than 200 million tons by 2025 [4]. Changing current processes from endothermic to 

exothermic pathways reduces the energy required in operation, meeting one of the future chal-

lenges of efficient energy consumption. Thus, the selective production of olefins from light al-

kanes through oxidative dehydrogenation (ODH) in the presence of oxygen and highly selec-

tive solid catalysts has evolved to be an attractive alternative to conventional processes [5–8].  

A crucial step to substitute existing energy intensive technologies is to optimize performance 

of heterogeneous catalysts. In addition to design, scale-up and implementation, every indus-

trial catalyst typically undergoes an optimization process of several years. Depending on the 

process scale, even small increases in yield, selectivity or catalyst stability, or enabling milder 

operating conditions in terms or pressure or temperature, can have a disproportionately posi-

tive effect on energy consumption. The traditional approach to catalyst optimization is by cor-

relating in- and outlet measurements of the reactant and product phase, while often treating 

the reactor itself as a black box [9]. This unsustainable methodology reflects still the present 

situation in industrial chemistry and results in a deficiency in fundamental understanding of 

catalysts. Catalysts are not static materials and show rather dynamic behavior. In simplified 

terms this means that chemical composition, surface or bulk structure, type and number of 

active sites and defects, as well as electronic properties of a catalyst change in response to 

temperature, total pressure or composition of the reaction mixture [10–13]. Catalyst dynamics 

have a direct impact on catalytic performance, since structural changes on the atomic level 

also induce changes of the chemical properties, and therefore catalyst performance. Thus, 

knowledge of catalyst structure-function relationships is required, particularly taking into con-

sideration spatial heterogeneities which often exist within catalysts and reactors at work. 

To overcome the lack of such knowledge in ODH processes, many studies focused on the 

investigation of transition metal oxides in ODH of lower alkanes to olefins [5,8,14]. Transition 

metal oxide catalysts based on Mo- [15,16] and V [17–19] have shown promising performance 

in oxidation catalysis, but are rather complex chemical systems. These catalysts participate 

actively in oxidation reactions and show considerable changes in their redox states. Particular 

focus is given to the role of different oxide species on catalytic performance, including the 

lattice, the catalyst surface and the bulk phase oxygen [18, 19]. This could provide essential 

information to overcome major challenges as for example avoiding the total combustion of 

lower alkanes to carbon oxides. Basic understanding in selectivity on oxidation was given by 

Haber’s concepts of electrophilic and nucleophilic oxygen [20,21] and Grasselli’s ideas on site 

isolation [22]. 
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In order to incorporate the aforementioned catalyst dynamics in mathematical models and to 

promote a knowledge-based approach to optimize heterogeneous catalytic reactors, a detailed 

picture of the catalyst in its actual working state is required. This is a challenging task since 

reactors are normally opaque and hardly accessible for most catalyst characterization tech-

niques. Thus, the development and application of appropriate in situ and operando reactors in 

combination with high spatially and temporally resolved measurements became a focus of at-

tention [9,23,24]. While in situ and operando methodology has proven highly valuable for ad-

dressing catalyst structure in an active state, most studies still neglect heterogeneity or transi-

ent behavior in catalytic activity. Since structure and activity are inseparably linked, the lack of 

spatially-resolved activity measurements still acts as a barrier in catalyst diagnostics and opti-

mization. In recent years, there were many exciting developments in the field of spatially-re-

solved operando spectroscopy of heterogeneous catalysts at synchrotron facilities [25–30].  

The development of quartz capillary microreactors with plug flow geometry overcame existing 

limitations of many spectroscopic cells, which are often kinetically ill-defined [31,32]. One major 

drawback remains that small sample geometries often restrict product concentration and tem-

perature measurements to the inlet and outlet of the reactor, while local catalyst activity re-

mains unknown. Pioneering work was done by Goguet et al. [33,34] who demonstrated for the 

first time simultaneous measurement of X-ray absorption spectroscopy (XAS), concentration- 

and temperature profiles through a powdered catalyst bed under industrial conditions. Here 

one drawback remains the applied heating system of an unidirectional hot air blower similar to 

those used in capillary microreactors [35]. By means of hot air, especially in setups using larger 

sampling geometries, a uniform heating along the catalyst bed and pre-heating gases to higher 

reaction temperatures are difficult to achieve [36]. Since catalyst structure and local kinetics 

depend strongly on temperature, uniform and well-defined temperature conditions along the 

catalyst bed as well as in the gas phase are crucial steps in such operando measurements. 

Further, quantification of condensable products is often limited due to a missing trace heating. 

This stimulated the development of a flexible spatial profile reactor for synchrotron measure-

ments using a more sophisticated heating concept. The next level of advanced operando stud-

ies is to use the observed data for optimization of catalytic fixed bed reactors by developing 

macrokinetic models. 

This study introduces the design and application of a kinetically well-defined operando spatial 

profile reactor in lab-scale. The profile reactor is optimized for measuring simultaneously con-

centration, temperature and XAS through a fixed-bed under industrially relevant conditions. 

The reaction under investigation is the ODH of ethane to ethylene (C2H6 + ½ O2 -> C2H4 + H2O 

ΔHr°=-105kJ∙mol-1) over MoO3/γ-Al2O3. The chemical system lends itself as a model system 

and combines the advantages of being relatively well-studied, with relatively low degree of 

complexity due to only one transition metal of interest. The setup used addresses the challenge 

to obtain local catalyst activity data, thereby improving the relevance of operando studies. 

Sample geometries with reaction tubes of up to 4.8 mm inner diameters are used. A uniform 

heating along the catalyst bed is achieved via direct contact between the reaction tube and a 

heating block with a sufficient long pre-heating zone for gases. Further, all lines are heated 

and make quantification with condensable reactants and products feasible.  
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The aim of this study is to correlate the chemical structure of the catalyst in response to 

changes in local operation conditions, derived from XAS, with the local chemical potential of 

the reaction mixture. In addition, a set of catalytic performance studies were performed to ob-

tain a detailed picture of the catalyst under various reaction conditions. Based on the experi-

mental concentration-, temperature- and XAS profiles, a kinetic model of the reaction could be 

developed which involves the oxidation state of the catalyst as catalyst descriptor. This pro-

vides a quantitative link between catalyst structure and reactivity and allows including catalyst 

dynamics in reactor simulations. The fit of kinetic models to complete reactor profiles signifi-

cantly speeds up the development and accuracy of kinetic models required for any reactor 

design. The chosen catalyst system is a useful benchmark to demonstrate the power of this 

methodology in combined kinetic and spectroscopic studies, particular by means of synchro-

tron radiation. 
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2 Experimental 

2.1 Catalyst Synthesis 

Catalyst samples were prepared by wet impregnation. Two different target weight loadings of 

10 and 30 wt% MoO3 supported on γ-Al2O3 were produced. Alumina spheres were provided 

by Sasol with 1 mm diameter and a specific surface area of 160 m2/g. Prior to impregnation, 

γ-Al2O3 was crushed and sieved to a particle size of 200-400 µm. Ammonium heptamolybdate 

tetrahydrate (AHM, (NH4)6Mo7O24 x 4 H2O, 99.0%) from Merck was used as a molybdenum 

precursor. The required mass of AHM was dissolved in deionized water at a pH of 5.2. This 

solution was added in 15-20 impregnation steps to the support. In between each impregnation 

step the solvent was removed in a rotary evaporator (40 °C, 100 mbar, 5 h). After impregnation 

the catalyst was dried at 120 °C overnight and then calcined at 540 °C for 3 h in synthetic air 

flow. The calcined catalysts were used for further catalytic tests as-prepared. 

2.2 Catalyst Characterization 

Standard powder X-ray diffraction (XRD) measurements for qualitative phase composition 

analysis were conducted using an Empyrean diffractometer from Malvern Panalytical. XRD 

patterns were recorded over a 2θ range from 10 to 80° using the Kα lines of copper and a 

PIXcel1D detector. HighScore Plus software and reference patterns from the ICDD database 

were used for qualitative phase analysis. The specific surface area was determined by N2-

physisorption at 77 K by standard BET analysis with a Quantachrome autosorb iQ instrument. 

2.3 Spatial Profile Measurement Technique 

The working principle of the spatial profile measurement technique with the profile reactor used 

in this work is similar to that described in previous publications [24,37]. The main difference is 

that the catalyst bed is translated vertically, instead of a roto-translational movement of the 

capillary. The working principle of spatial profiling is illustrated in Figure 1a and shortly sum-

marized as follows: the catalyst bed is packed in a thin-walled reactor tube made of fused silica 

(OD 6 mm, ID 4-5.6 mm), fixed in position with silica wool plugs. The gases of interest are 

directed into the reaction tube, regulated by a set of mass flow controllers (MFCs). A preheating 

zone of 4 cm ensures that the gases are heated to the desired reaction temperature before 

reaching the beginning of the catalyst bed. A stainless steel or fused silica sampling capillary 

(OD 700 µm, ID 520 µm), fixed in space, with side-sampling orifices (4 x 50 µm) runs through 

the center of the tube. A thermocouple is located inside the sampling capillary, with the tip 

aligned to the orifice (OD 250 µm). Small gas samples are continuously extracted through the 

orifice and analyzed. Sampling flow rates of approximately 5 % of the total flow rate are taken 

to ensure negligible disturbances to the hydrodynamic conditions of the reactor. Spectroscopic 

information is obtained by directing X-rays onto the sample. The probe volume, formed by 

sampling orifice, thermocouple and X-ray beam remains fixed in space. The reactor tube con-

taining the catalyst bed is shifted laterally along this probe volume with micrometer resolution. 
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This allows composition and temperature measurement at the very same position at which the 

catalyst is probed spectroscopically. 

 

Figure 1: a) Working principle of the spatial profile measurement technique using the spatial profile reactor applied 
in this work. b) Methodology of simultaneously measured concentration and spectroscopic profiles. 

2.4 Spatial Profile Studies 

An overview of the experimental setup used to obtain temperature, concentration and spectro-

scopic gradients inside the fixed bed is given in Figure 1b. The setup consists of four main 

parts: (i) gas dosing system; (ii) spatial profile reactor; (iii) gas analytics and (iv) a spectrome-

ter (X-ray absorption). The reactants were dosed by a set of MFCs (Bronkhorst GmbH). For 

catalyst characterization under reaction conditions the Compact Profile Reactor (CPR, REAC-

NOSTICS GmbH) was used (Figure S1). Gases were analyzed quantitatively by gas chroma-

tography (GC, Agilent 7890B) or mass spectrometry (MS, Hiden HPR 20). Temperature pro-

files are measured in the center of the catalyst bed with a sheath-thermocouple type K using 

Inconel as sheath material (TMH GmbH). All transfer lines and the reactor housing were heated 

up to 200 °C to prevent water condensation in the lines. The developed CPR control system 

by REACNOSTICS GmbH allows to run the experimental setup (i), (ii) and (iii) fully automa-

tized. XAS was carried out at beamline P64 of the PETRA III synchrotron radiation source at 

DESY (Hamburg, Germany). Further details about the experiments performed in this work are 

described in the respective experimental subsections. 

2.4.1 Catalyst Activity 

Catalyst activity profiling were performed in this work using the fully automatized experimental 

setup consisting of three MFCs (i), CPR (ii) and a MS for quantitative gas analysis (iii) as 

described in the previous Section 2.4. The MS was equipped with a heated capillary inlet to 

prevent water condensation. A Faraday detector operating in Multiple Ion Detection (MID) 

mode was monitoring the following mass to charge ratios (m/z): C2H4 (27), CO (28), C2H6 (30), 

O2 (32), Ar (40) and CO2 (44). Signal contributions from other reaction components to peaks 
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27 and 28 were corrected by subtracting the contributions of HCs and CO2 to these signals. 

Further details in quantification are shown in supplementary information. By using the de-

scribed methodology carbon and oxygen balances for all profile runs were closed with average 

deviations of up to 5 %.  

All catalytic tests were performed using a 30 wt% MoO3 supported on γ-Al2O3 catalyst. The 

reaction tube had an inner diameter of 4 mm. Reactor pressure was 1 bar. Reaction tempera-

tures were measured in the reactor heating block and in the center of the catalyst bed. Meas-

ured temperatures in the catalyst bed are 10-15 K below the set temperatures depending on 

the level of conversion. Temperatures in the heating block were used as reference points in all 

measurement plans. Before starting each individual profile run, the catalyst was pretreated to 

a reference state for 1 hour in a mixture of O2:inert = 20:80 at 480 °C. After that, the reactant 

feed mixture was adjusted according to the experimental kinetic plan, and a time of 90 minutes 

was given to reach steady state. 

Catalyst activity profiling measurements can be divided into two parts. The first part investi-

gates the influence of the main reaction parameters e.g. effect of feed concentrations (C2H6, 

O2) and reaction temperature on catalytic performance. Key objectives were to test for catalyst 

stability, reproducibility of the sampling technique through the catalyst bed and to define scan 

ranges of the aforementioned parameters. Based on the previous tests, the second part in-

cludes two face centered central composite design plans with each two factors. Both plans 

include the variation of O2 feed concentration as factor. The second factor is to test for varia-

tions in either C2H6 or C2H4 as feed component. Reactor temperatures were varied in five steps 

from 480 to 530 °C for each HC but not included as parameter in the measurement plan. Goal 

is to develop a kinetic model capable of representing the oxidation zone (gaseous O2 present), 

which is relevant in industrial applications. Therefore, feed concentration variations are re-

quired to determine reaction orders as well as the variation in temperature to calculate activa-

tion energies. The kinetic model development is presented in Section 2.4.2. 

1st part: Catalytic tests were conducted using a catalyst bed length of 30 mm and a catalyst 

sieve fraction of 200-400 µm. A total flow rate of 30 ml/min that corresponds to a maximum 

GHSV of 4714 h-1 at the reactor outlet was applied. An overview of the experimental plan is 

shown in Figure 2. Ten profile runs were performed, including eight individual runs (P1-8) and 

two replicates (R1 + R8). Inlet concentrations of O2 (factor 1) and C2H6 (factor 2) ranged from 

7.5 to 12.5 % or 75 to 125 mbar, respectively. The temperature as the third factor was varied 

from 480 to 530 °C in two levels. 



 
 

- 7 - 

 

 
Figure 2: Schematic representation of the two-level, three-factor experimental design plan with 23 = 8 spatial profile 

measurements. Factor 1: Vol% of O2 in the reaction mixture from 7.5-12.5 %; Factor 2: Vol% of C2H6 in 
the reaction mixture from 7.5-12.5 %; Factor 3: Reactor target temperature from 480-530 °C. Reaction 
conditions: 1 bar, catalyst bed length 30 mm, 30 ml/min. 

2nd part: A catalyst bed length of 32 mm was applied (maximum GHSV C2H6: 4399 h-1; 

C2H4: 5944 h -1). Due to a high C2H4 reactivity, the flow rate was increased from 30 to 40 ml/min 

in the C2H4 measurement plan. Concentration profiles were measured on 19 positions along 

the catalytic bed, with steps of 3 mm between sampling points. A higher point density of 1 mm 

was used in the first 6 mm of the catalytic bed in order to properly measure the initial rate of 

consumption/production of relevant compounds. 

An overview of all experiments performed in the second part is given in Figure 3. The left 

picture shows 13 profile runs (P5-13) that were performed to study the effect of O2 and C2H6. 

The four profile runs at the cube corners (P5-8) were measured in the 1st part. To obtain the 

face centered central composite design, all axial measurement points projected on the sur-

faces (P9-P12) and the central point (P13) were measured in addition. Further, four replicates 

of the central point (R13a-d) were made. Replicates were uniformly distributed through the 

campaign to test for stable operation. The effect of C2H4 was studied within 13 profiles (P14-

22) and again four replicates of the central point (R18a-d). In the end of each measurement 

plan four more runs were subsequently conducted at the central point at different temperatures 

480, 500, 520 and 540 °C (T13a-d and T18a-d), respectively. 
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Figure 3: Schematic representation two three-level, two-factor experimental design plans with 32 = 9 spatial profile 

measurements. Factor 1: Vol% of O2 in the reaction mixture at 7.5, 10, 12.5 %; Factor 2: Vol% of C2Hx in 
the reaction mixture from 7.5, 10, 12.5 % (left) and 2.5, 5, 7.5 % (right). Reaction conditions: 530 °C, 1 bar, 
catalyst bed length 32 mm, C2H6: 30 ml/min; C2H4: 40 ml/min. 

The presence of external and internal transport limitations were excluded by calculating the 

dimensionless Mears and Weisz‐Prater criteria. Radial temperature gradients of the reactor 

itself are negligible and evaluated by following the criterion of Mears [38]. Further information 

is given in the supplementary material. 

2.4.2 Kinetic Modeling 

Reactor Model 

A 1D pseudo-homogeneous Plug Flow reactor with constant density, constant temperature 

and constant pressure was modeled in order to perform parameter estimation: 

 𝑑𝐶𝑖
𝑑𝑧
=
(𝑅𝑖,𝑛𝑒𝑡 ∗ 𝜌𝑏𝑒𝑑)

𝑈𝑧
 (1) 

Where 𝐶𝑖 is the molar concentration of component 𝑖, 𝑅𝑖,𝑛𝑒𝑡 is the weight base net rate of  

consumption / production of component 𝑖, 𝜌𝑏𝑒𝑑 is the bed bulk density, 𝑧 is the axial position 

along the catalytic bed and 𝑈𝑧 is the gas velocity in axial direction. Finally, the net rate of 

species 𝑖 is determined: 

 𝑅𝑖,𝑛𝑒𝑡 =∑𝜈𝑖𝑗 ∗ 𝑟𝑗
𝑗

 (2) 

Where 𝜈𝑖𝑗 is the stoichiometric coefficient of species 𝑖 in reaction 𝑗, and 𝑟𝑗 is their respective 

rate. 

Profile Data Fitting  

The general fitting problem consists of solving a set of ordinary differential equations (ODEs) 

derived out of Eq.(1) for all components involved in the reaction system. Thus, in this work a 

Matlab script (Matlab®, v2019a) was developed to perform an integral data analysis of the 

concentration profile measurements presented in Section 2.4.1. The Matlab script solves a set 



 
 

- 9 - 

 

of ODEs with molar concentrations as response variables by an already implemented solver 

ode23s. Once the ODEs are solved, the optimization algorithm lsqcurvefit was used to evalu-

ate the difference between the experimental data and the currently predicted data. The optimi-

zation algorithm includes a nonlinear fitting procedure according to Eq.(3) that calculates the 

difference between predicted molar concentration 𝐹(𝑝, 𝑝𝑑𝑎𝑡𝑎𝑖) and its experimental values 

𝑐𝑑𝑎𝑡𝑎 from the profile measurements. The goal is to find the kinetic parameter 𝑝 that minimizes 

Eq. (3). 

 min
𝑝
‖𝐹(𝑝, 𝑝𝑑𝑎𝑡𝑎) − 𝑐𝑑𝑎𝑡𝑎‖2

2 =min
𝑝
∑(𝐹(𝑝, 𝑝𝑑𝑎𝑡𝑎𝑖) − 𝑐𝑑𝑎𝑡𝑎𝑖)

2

𝑝

 (3) 

Additionally, a constrained nonlinear optimization algorithm was applied in the program in order 

to ensure that estimated kinetic parameters are non-negative numbers. As soon as the algo-

rithm finds a reasonable solution, the optimization stops and the final values of kinetic param-

eters (fitting parameters) as reaction order, pre-exponential factor and activation energies are 

obtained. 

Initial guesses of pre-exponential factors and activation energies were important in the fitting 

procedure because they allow to find the global minimum of the system instead of local mini-

mum points. Activation energy guesses are obtained from Arrhenius plots by using concentra-

tion profiles obtained from the temperature runs P14-17 (C2H6) and P27-30 (C2H4) in the range 

of 480-540 °C. The experimental concentration profiles were fitted simultaneously as complete 

reactor profiles in the developed script. In simple terms, each species concentration profile 

includes eleven data points measured through the catalyst bed (eleven distinguished conver-

sion levels). The optimization algorithm minimizes in an iterative process (predicted vs. exper-

imental) the sum of squares of all data points within one species concentration profile for five 

different species (C2H6, C2H4, CO, CO2 and O2) at four temperatures together (in total 20 pro-

files). Hence, the profile data at 480-540 °C are not evaluated successively which as a result 

provide only one set of fitting parameters. In the present work the set temperature was used 

for fitting the profiles but in principle it is possible to incorporate the temperature profile in the 

fitting. This will be subject of further work. 

In order to avoid parameter correlation between the pre-exponential factor and activation en-

ergy of the Arrhenius equation, a reparametrized form of this equation was employed.  

 𝑘 = 𝑘𝑟𝑒𝑓 exp [−
𝐸

𝑅
(
1

𝑇
−
1

𝑇𝑟𝑒𝑓
)] (4) 

Where 𝑘𝑟𝑒𝑓 represents the specific reaction rate at the reference temperature 𝑇𝑟𝑒𝑓 which for 

this study is represented as the average temperature in the range of 480-540 °C. 

 𝑘𝑟𝑒𝑓  = 𝐴𝑜 exp [−
𝐸

𝑅 𝑇𝑟𝑒𝑓
] (5) 

Mars-van Krevelen Model 

In order to obtain a deeper physical insight into our reaction system, a Mars-van 

Krevelen (MVK) approach was followed [39]. The kinetic model developed in this work consid-

ers a set of reactions presented in Table 1. The main reaction is the ODH of ethane to ethylene 
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(Reaction step 1). Additionally, the network includes the partial and total combustion of ethane 

and ethylene to COx as shown in Reactions 2-5. Finally, the reoxidation of the catalyst by gas 

phase oxygen is taken into account and represented by Reaction step 6. Here, the reaction 

constant is represented by 𝑘𝑖 , the molar fraction of component 𝑖 in the gas phase by 𝑦𝑖 and 

the fraction of oxidized catalyst sites by 𝜃𝑜𝑥. From a chemical point of view, the latter is defined 

in the way that 𝜃𝑜𝑥 = 1 represents the catalyst in its fully oxidized state und thus MoO3. In-

versely, if 𝜃𝑜𝑥 = 0 the catalyst is reduced, corresponding to MoO2. Further, each reaction has 

two fitting parameters (A0 and Ea). In addition, Reaction 6 contains the reaction order n as 

fitting parameter, describing how sensitively the reoxidation depends on the partial pressure 

of oxygen. 

Table 1: Considered reaction steps in the MVK model for ODH of ethane. 

Reaction step Rate expression 

1 𝐶2𝐻6 + 𝑂𝑙  
 𝑘1  
→   𝐶2𝐻4 +  𝐻2𝑂 + 𝑙  

𝑟1 = 𝑘1 𝑦𝐶2𝐻6𝜃𝑜𝑥 

2 𝐶2𝐻6 + 5𝑂𝑙  
 𝑘2  
→   2𝐶𝑂 + 3𝐻2𝑂 + 5𝑙 

𝑟2 = 𝑘2 𝑦𝐶2𝐻6𝜃𝑜𝑥 

3 𝐶2𝐻6 + 7𝑂𝑙  
 𝑘3  
→   2𝐶𝑂2 + 3𝐻2𝑂 + 7𝑙 

𝑟3 = 𝑘3 𝑦𝐶2𝐻6𝜃𝑜𝑥 

4 𝐶2𝐻4 + 4𝑂𝑙  
 𝑘4  
→   2𝐶𝑂 + 2𝐻2𝑂 + 4𝑙 

𝑟4 = 𝑘4 𝑦𝐶2𝐻4𝜃𝑜𝑥 

5 𝐶2𝐻4 + 6𝑂𝑙  
 𝑘5  
→   2𝐶𝑂2 + 2𝐻2𝑂 + 6𝑙 

𝑟5 = 𝑘5 𝑦𝐶2𝐻4𝜃𝑜𝑥 

6   𝑙 + 0.5𝑂2(𝑔)
𝑘ox 
→   𝑂𝑙 𝑟𝑜𝑥 = 𝑘𝑜𝑥 𝑦𝑂2

𝑛 𝜃𝑟𝑒𝑑 

To derive the modeling equations for each one of the fitted components in Eq.(1), the following 

assumptions were made in the MVK approach: 

1. Only one active lattice oxygen species exists.  

 1 =  𝜃𝑜𝑥 + 𝜃𝑟𝑒𝑑 (6) 

2. The catalyst is in steady state, meaning that the rate of catalyst oxidation equals the 

rate of catalyst reduction. This can expressed by the following equation: 

 𝑅𝑜𝑥 = 𝑅𝑅𝑒𝑑 (7) 

By considering the aforementioned assumptions and the site balance equation, the following 

equation for the determination of the oxidized sites coverage was derived.   

 𝜃𝑜𝑥 =
𝑘𝑜𝑥 𝑦𝑂2

𝑛

𝑘𝑜𝑥 𝑦𝑂2
𝑛 + (𝑘1 + 5𝑘2 + 7𝑘3) 𝑦𝐶2𝐻6 + (4𝑘4 + 6𝑘5) 𝑦𝐶2𝐻4

 (8) 
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2.4.3 Operando X-ray Absorption Spectroscopy 

During the operando XAS experiment the 10 wt% MoO3 supported catalyst was used. The 

reaction tube had an inner diameter of 4.8 mm. The reactant feed consisted of ethane, oxygen 

and as diluent a mixture of He in Ar with gas compositions of C2H6:O2:inert = 10:10:80. The 

reaction conditions were set to 530 °C at ambient pressure and a total flow rate of 20 ml/min 

corresponding to a GHSV of 1646 h-1. Gas compositions of He, C2H6, C2H4, O2, CO and CO2 

were analyzed with a GC with four gas channels installed. A MolSieve column was used to 

separate the permanent gases He, H2, CO and a Plot Q column to separate C2H6, C2H4 and 

CO2, connected to a thermal conductivity detector (TCD). Water and CO were calculated with 

the atom species balance of the reaction mixture. Helium was used as internal standard. 

 

XAS experiments were carried out at beamline P64 at the PETRA III synchrotron radiation 

source (DESY, Hamburg, Germany) [40]. A picture of the experiment is shown in supplemen-

tary materials (Figure S2). A modified CPR optimized for synchrotron X-rays at beamlines was 

used allowing measurements in transmission mode for XAS. The modification consists of a 

slotted heating block for the X-ray beam to penetrate through the catalyst bed. Precise align-

ment of the X-ray beam, the thermocouple and the orifice in the sampling capillary was ensured 

by laser alignment in combination with micrometer precision stages. The position of the meas-

urement volume in the catalyst bed was carefully determined moving the reactor relative to the 

X-ray beam in horizontal and vertical direction. 

XAS experiments in terms of X-ray absorption near edge structure (XANES) and extended X-

ray absorption fine structure (EXAFS) were carried out in transmission mode around the Mo K-

edge (20 keV). Energy of the incident X-rays was selected by a Si(111) double crystal mono-

chromator and higher harmonics were rejected by a pair of Rh-coated mirrors. Scans were 

performed in continuous mode (1300 eV in 300 s). The beam size was approx. 0.5 mm2. The 

incident and transmitted beam intensity were monitored using a series of three ionization 

chambers. Spectra of a Mo foil placed between the second and third ionization chamber (ref-

erence channel) were measured simultaneously with operando data for energy calibration.  

Athena software was used for calibrating and normalizing all spectra, and for subtracting EX-

AFS background [41]. The k1-, k2-, and k3-weighted EXAFS functions were Fourier trans-

formed (FT) in the k range of 2.5-15.0 Å−1 and multiplied by a Hanning window with sill size of 

1 Å-1. The FT EXAFS spectra are shown without phase shift correction. The structural models 

were based on MoO2 and MoO3 oxide structures (ICSD collection codes 23722 and 80577). 

The structure refinement was performed using the Artemis software (IFFEFIT) [41]. Firstly, the 

corresponding theoretical backscattering amplitudes and phases were calculated by FEFF 6.0 

[42]. The theoretical data were then adjusted to the experimental spectra by the least square 

method in R-space between 1.0 and 3.2 / 4.5 Å (beginning / end of the catalyst bed). The 

amplitude reduction factor (S0
2 = 0.95) was estimated by fitting the Mo foil reference spectrum 

to the corresponding structural model (ICSD collection code 52267) and then the coordination 

numbers, interatomic distances, energy shift (δE0) and mean square deviation of interatomic 

distances (σ2) were refined. The absolute misfit between theory and experiment was ex-

pressed by ρ. 
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Linear combination analysis of the XANES profile was performed in the range of 19980 to 

20030 eV using internal references (spectra measured at positions at 2 and 34 mm corre-

sponding to the beginning and end of the catalyst bed). Error bars from the fits with internal 

references were within ±0.4%.  
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3 Results and Discussion 

3.1 Catalyst Characterization 

The resulting diffraction patterns of the ex-situ analysis of the 10 and 30 wt% calcined catalyst 

confirm orthorhombic crystal structure of MoO3 for both weight loadings (ICCD: 98-015-8256) 

[15]. Diffraction patterns are shown in supplementary materials (Figure S3). BET analysis 

showed that coating reduced the specific surface area of the 10 wt% MoO3 catalyst to 

147.66 m2/g and of the 30 wt% to 137.91 m2/g, compared to the initial value of 160 m2/g for 

the pure support. The observation is in accordance to literature and could be attributed to the 

blocking of narrower alumina support pores, which is more strongly apparent with higher weight 

loadings [15,43]. Corresponding adsorption/desorption curves are shown in the supplementary 

information (Figure S4).  

Pictures of the freshly synthesized material during calcination at 540 °C in synthetic air flow (a), 

at room temperature after calcination (b) and the color gradient upon reaction (c) are displayed 

in Figure 4 (representing the 30 wt% catalyst). The catalyst shows the characteristic yellow 

color of monoclinic β-MoO3 during calcination (a) [44,45]. Afterwards, during cooling down the 

catalyst turns white, indicating a phase transformation of monoclinic to orthorhombic α-

MoO3 (b) [44,45]. Upon reaction a color gradient from gray to black along the axial position of 

the catalyst bed and in the flow direction is observed (c). The clear manifestation of the color 

gradient is further discussed in Section 3.3.2. 

     

Figure 4: The pictures show the 30 wt% MoO3 supported catalyst on γ-Al2O3 and the clear manifestation in color at 
different conditions. a) During calcination at 540 °C and synthetic air flow. b) At room temperature after 
calcination. c) Color gradient upon reaction in flow direction. 
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3.2 Catalyst Activity Profiling 

3.2.1 Stability and Reproducibility Tests 

The first experimental part comprises eight profiles and two replicates (Section 2.4.1). In be-

tween the original profile (P8) and its replicate (R8) was 40 hours measurement time. Results 

obtained from the profile (P8) and its replicate (R8) at 530 °C are displayed for all components 

in Figure 5. By using spatially resolved concentration measurements, local gas compositions 

through the catalyst bed could be obtained. To illustrate this point, the traditional black box 

approach of reactor in- and outlet measurements can only provide global information outside 

the lower (0 mm) and upper (30 mm) range of the black lines, which make accurate correlation 

between catalyst-structure function relationships more difficult. The reaction mixture is com-

posed of the feed components C2H6 and O2 (a), the main products ethylene and water (b), as 

well as the undesired carbon oxides CO (c) and CO2 (d). A good match is shown between 

replicates and original data throughout all species. Minor deviations are observable in CO that 

contains mass contributions from C2H6, C2H4 and CO2 in quantification with MS. H2O was the 

only species calculated from mass balance. The replicate experiments allow to deduce stable 

catalyst performance through various reaction conditions in the measurement campaign (gas 

compositions, temperatures). Additionally, they demonstrate stable and reproducible operation 

of the spatial profile reactor (precise positioning, heating) and of the profile measurement tech-

nique. Thus, strong impacts on the catalyst bed by repetitive moving of the sampling capillary 

through the catalyst bed can be excluded. For example the latter could have led to changes in 

the catalyst particle size by crushing catalyst particles. As a result smaller particles could block 

the sampling orifice resulting in variations of sampled gas amounts which in turn disturb hy-

drodynamic conditions of the reactor. Further, smaller particles compact the bed leading to 

different catalyst mass per sample position. The aforementioned effects have strong impacts 

on profile shape and would be clearly observable if they had occurred. 

MS analytical deviations at low conversion levels (< 5%) disturb the shape of the selectivity 

profiles in the very beginning of the catalyst (Figure 5 f). For example the ethylene profile shows 

a maximum at position 6 mm, which is an analytical artifact. At early bed positions, the molec-

ular flow of reactants tends to zero, therefore minor deviations of these values lead to a large 

impact on selectivity, obtained via Equation S5. In the same way, selectivity profiles of CO and 

CO2 are affected. 

The parameter field of C2H6 and O2 inlet concentrations with 7.5 and 12.5 %, respectively, were 

in a good range to separate conversion profiles clearly from each other. Temperature studies 

revealed that further tests should not be performed below 480 °C since conversion levels of 

C2H6 and O2 less than 10 % were obtained. The results of P1 and its replicate R1 at 480 °C 

are shown in supplementary information (Figure S5). In addition, precise calibration of the re-

action system is observable by almost equimolar inlet compositions. 
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Figure 5: Profile runs measured in the 1st measurement design plan are shown of the original profile (P8) and its 
replicate (R8) measured at the central point. a-d) Profiles of all species in molar flow rates; e) Conversion 
profiles of C2H6 and O2; e) Selectivity profiles of C2H4 and COx. Reaction conditions: C2H6/O2:12.5:12.5, 
530 °C, 1 bar, 30 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

The temperature profile results obtained at the central points in the C2H6 and C2H4 kinetic plan 

are shown in the supplementary information (Figure S6). Temperature replicates show a good 

match with minor deviations in the range of 1 °C indicated by error bars. The experimental set 

temperature assigned to both experiments was 530 °C. The measured temperature in the ca-

pillary in the center of the catalyst bed is about 10 °C lower (pos 0 mm) than the set tempera-

ture. Depending on the degree of conversion and involved reactions, the temperature raises 

slightly within the catalyst bed. Temperature raises are below 5 °C feeding C2H6 or below 10 °C 

feeding C2H4 and hence, fair isothermality is observed. Temperature profiles obtained at dif-

ferent temperature levels are presented in Section 3.2.3.  

3.2.2 Variation in Feed Concentrations 

In order to test for feed effects and activation energies required in the kinetic model, factors 

were varied in the second experimental part on three concentration and five temperature lev-

els. Furthermore, it was observed that experiments feeding C2H4 were needed to evaluate the 

contributions of this species towards COx production. Thus, two face centered central compo-

site design plans, one for each HC, were performed. One measurement plan consists of thir-

teen profiles, including four replicates of the central point and additionally four profile runs at 

480, 500, 520 and 540 °C at the end of the measurement campaign. Further details are stated 

in Section 2.4.1. The four replicates were evenly distributed throughout the measurement plan 
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to ensure system stability over the whole measurement campaign of 10 days of operation. The 

original profiles and replicates for all species across both measurement plans exhibit only mi-

nor deviations, as demonstrated in the previous Section 3.2.1. The data are shown in Figure 

S7 and Figure S8. 

Figure 6 shows an overview of the profile runs in the second measurement plan performed 

with variation in O2 (1st row) and C2H6 (2nd row) from 7.5 to 12.5 % for each species. Apparently, 

no effect of O2 feed variations on C2H6 consumption (a) or C2H4 production (c) are observable. 

These observations indicate that C2H6 consumption rate has a low reaction order with respect 

to O2 concentration. Thus, processes related to oxygen can be considered as fast. 

 

Figure 6: Feed variations of O2 (1st row) and C2H6 (2nd row) at reactant concentrations of 7.5, 10 and 12.5 % (P9-
13). All percentage values are in a molar base. (a,d) C2H6; (b,e) O2; (c,f) C2H4 concentration profiles. 
Reaction conditions: 530°C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

When looking at species concentration profiles performed with different C2H6 feed composi-

tions (Figure 6, 2nd row), a clear impact on O2 and C2H4 are observed. An increasing C2H6 

concentration enhances O2 consumption (e) and olefin formation (f) along the catalytic bed. 

The increase in O2 consumption slows down with increasing C2H6 concentration as seen by 

comparing the 7.5, 10 and 12.5 % C2H6 profiles in Figure 6 e). 

Figure 7 shows an overview of C2H6 (a, d) and O2 (b, e) conversion profiles as well as C2H4, 

CO, CO2 selectivity profile runs with variation in O2 (1st row) and C2H6 (2nd row) from 7.5 to 

12.5 % for each species. As expected, product selectivity of C2H4 within one profile decreases 

with an increase in ethane consumption (along the catalyst bed), while selectivity towards the 
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undesired carbon oxides CO and CO2 increases. In response to the applied feed variations, 

no clear change on selectivity in between the different profile runs is observable. 

 

Figure 7: Feed variations of O2 (1st row) and C2H6 (2nd row) at reactant concentrations of 7.5, 10 and 12.5 % (P9-

P13). All percentage values are in a molar base. (a,d) C2H6; (b,e) O2 conversion profiles. (c,f) C2H4, 
CO, CO2 selectivity profiles. Reaction conditions: 530°C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% 

MoO3/γ-Al2O3. 

Similar observations are made varying C2H4 and O2 feed compositions. Changes in oxygen 

feed composition from 7.5 up to 12.5 % showed no effect over ethylene and COX concentration 

profiles stating that C2H4 consumption rate is of low reaction order with respect to O2 concen-

tration. This result points out to the fact that C2H4 side reactions involve a similar mechanism 

as in the case of ODH of ethane. Whereas an increase in feed C2H4 from 2.5 to 7.5 % leads 

to an increase on its rate of consumption from 34.5 to 45.3 % and oxygen conversion levels 

from 19.8 to 73.1 %. Ethylene is rapidly and mainly converted to CO resulting in almost un-

changed selectivity profiles above 85 %. Again, in response to the applied feed variations of 

C2H4 and O2, no change on selectivity in between the different profile runs is observable. The 

previous described results of the C2H4 measurement design are shown in supplementary ma-

terial in Figure S9 and S10. 

3.2.3 Variation in Temperature 

Figure 8 and Figure 9 present the effect of an increasing reaction temperature on reactant 

consumption and (by)-product formation. Spatial profiling demonstrates well the expected im-

pact of this variable over the rate of consumption/production of all species. Figure 8 shows in 

molar flow rates, that higher reaction temperatures enhance reactant consumption of C2H6 and 
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O2 (a-b), while increasing the production of the target compound C2H4 (c) as well as side (d) 

and undesired (e,f) products. 

 

 

Figure 8: Species concentration profiles for all components measured at 480 (T13a), 500 (T13b), 520 (T13c), 530 
(P13) and 540 °C (T13d) obtained in the C2H6 measurement plan. Reaction conditions: C2H6/O2:10:10, 
1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

In addition, Figure 9 shows the corresponding conversion profiles of C2H6 (a) and O2 (b) as 

well as selectivity profiles of C2H4 (c), CO (d) and CO2 (e). Selectivity profiles reveal clearly the 

effect of reaction temperature on product selectivity. Ethylene selectivities decrease strongly 

with higher temperatures (c), while selectivities of COx increase (d, e). As already discussed 

in Section 3.2.1, the shape of selectivity profiles is disturbed in the beginning of the catalyst 

bed due to an analytical artifact. A linear regression analysis at positions above 10 mm allows 

to estimate the expected selectivity at zero contact time. By using this methodology, product 

selectivities of CO, CO2 and C2H4 add up to approximately 100 % at the inlet of the catalyst 

bed. Furthermore, Figure 9f shows the corresponding temperature profiles from 480-540 °C. 
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Figure 9: C2H6 (a), O2 (b) conversion profiles and C2H4 (c), CO (d), CO2 (e) selectivity profiles measured at 
480 (T13a), 500 (T13b), 520 (T13c), 530 (P13) and 540 °C (T13d) (f) obtained in the C2H6 measurement 
plan. Reaction conditions: C2H6/O2:10:10, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

Similar observations are made in feeding C2H4 and varying reaction temperatures (Figure 

S11). As described previously in Section 3.2.2, CO is produced with selectivities higher than 

85 %. Reaction temperature shows only minor effect on changing reaction rates towards 

CO2 (Figure S12). 

3.2.4 Mars-van Krevelen Model  

Since it is well established in research of ODH that reactions over transition metal oxides pro-

ceed usually by the MVK mechanism, it is used to macroscopically model the chemical system 

under investigation. The experimental data obtained in the catalyst activity studies served as 

basis to develop the kinetic model. Experiments were performed solely in the presence of gas 

phase oxygen up to 60% oxygen conversion. Therefore, the kinetic model includes only reac-

tions with gas phase oxygen (Table 2). Furthermore, the goal is to derive a rate law that de-

scribes the observed data as simple as possible. For this, it is of central importance that the 

reactor is in steady state, because then all reaction steps have to be in steady state. Stable 

and reproducible operation within the time of the measurement campaign was observed (Fig-

ure 5). Figure 10a-c) shows the modeled and the measured concentration profiles (P13) for all 

species at 530 °C and C2H6/O2:10/10. Visual inspection of the results suggests that the fitting 

procedure was successful throughout all species except of CO2. An evaluation of the goodness 

of fit was addressed by parity plots and calculating the mean absolute percentage error 

(MAPE). Results are shown in Figure S13. 
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Figure 10: Measured species profiles of all components (P13) and the corresponding modeling results are shown. 
Reaction conditions: C2H6/O2:10/10, 530°C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-
Al2O3. 

Table 2 shows the results of the kinetic model parameters obtained from the fitting process. 

The main reaction of ethane ODH shows an apparent activation energy of 102.4 kJ·mol-1. The 

partial and total combustion of C2H6 towards CO and CO2 show high activation energies of 

117.9 kJ·mol-1 and 123.3 kJ·mol-1. Lower activation energies of the entire reaction network are 

related to ethylene side reactions and the reoxidation of the catalyst. The relative low energy 

barrier determined for the reoxidation step of the catalyst structure suggests that this step is 

not rate determining, indicating that the structure is able to rapidly provide and incorporate 

oxygen. An analysis of the magnitude of reaction rates involved in the process indicates that 

indeed the reoxidation of the catalyst (r6) is the fastest process in the whole proposed reaction 

scheme (Figure 11a). Previous results supporting this idea have been reported as it is in the 

case of Ressler et al. [46] who determined that reduction and reoxidation of MoOx proceeds 

rapidly (solid state reaction is in the same order as gas phase reactions) at temperatures in 

the range of 773 K. 

With regard to side reactions, the partial oxidation of ethylene requires 53.6 kJ·mol-1 while the 

energy required for total combustion is 88.8 kJ·mol-1. These estimated values seem to be in 

agreement with profile observations shown in the previous Section 3.2.2. A comparison of 

activation energies and reparametrized exponential factors of individual reaction pathways that 

produce COx from HCs suggests that ethylene is the main contributor towards carbon monox-

ide in the range of operation conditions evaluated. This observation is congruent with results 

of previous studies where only minor parallel formation of carbon oxides coming from ethane 

was reported [37,47]. 
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Table 2: Activation energies, reparametrized pre-exponential factors and oxygen reaction order, including their con-
fidence intervals obtained via nonlinear least square method for the MVK model. Note that the reactions 
indicated do not represent elementary steps. 

Reaction Ea 

[kJ/mol] 

Ao 

[mol/(kg s)] 
n 

[-] 

       𝐶2𝐻6 + 𝑂𝑙  
 𝑘1  
→   𝐶2𝐻4 +  𝐻2𝑂 + 𝑙  102 ± 3 15.4E-03 ± 0.53E-03 - 

𝐶2𝐻6 + 5𝑂𝑙  
 𝑘2  
→   2𝐶𝑂 + 3𝐻2𝑂 + 5𝑙 118 ± 6  0.96E-03 ± 0.50E-03 - 

𝐶2𝐻6 + 7𝑂𝑙  
 𝑘3  
→   2𝐶𝑂2 + 3𝐻2𝑂 + 7𝑙 123 ± 6 0.31E-03 ± 0.34E-03 - 

𝐶2𝐻4 + 4𝑂𝑙  
 𝑘4  
→   2𝐶𝑂 + 2𝐻2𝑂 + 4𝑙   54 ± 2 50.9E-03 ± 5.66E-03 - 

𝐶2𝐻4 + 6𝑂𝑙  
 𝑘5  
→   2𝐶𝑂2 + 2𝐻2𝑂 + 6𝑙   89 ± 4 7.03E-03 ± 3.60E-03 - 

   𝑙 + 0.5𝑂2(𝑔)
𝑘ox
→   𝑂𝑙   69 ± 3 248.0E-03 ± 40.50E-03 0.3 ± 0.04 

Finally, in relation to the reaction order of oxygen involved in the reoxidation of the catalyst, a 

value of 0.3 was obtained. Hence, in this model the amount of oxygen in the gas phase has 

indeed a minor effect on the rate of reoxidation of the catalyst. A closer look at the magnitude 

of the kinetic parameters involved in this reaction step indicates that the process of providing 

oxygen through the catalyst is fast in comparison to other steps in the reaction mechanism. 

The observations suggest that C2H6 consumption rate has a low reaction order with respect to 

O2 concentration. An evaluation of the reaction order of O2 as a function of its molar fraction, 

by using Eq.(9), is presented in Figure 11b. 

 𝑛𝑜2 = 𝑦𝑜2
𝜕 ln 𝑟𝑛𝑒𝑡 𝐶2𝐻6

𝜕𝑦𝑜2
 (9) 

 

Figure 11: Evaluation of the rate determining step in the proposed MVK reaction scheme (a) and oxygen reaction 
order over ethane and oxygen consumption rate (b).  
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Spatially resolved measurement data provide insights into the reaction mechanism immedi-

ately upon application as shown in the example above. Initial consumption/production rates 

can be easily obtained from a simple linear regression analysis of the profiles at zero contact 

time. In combination with a reliable gas analytic system, this feature can be easily used to 

obtain experimental estimations of apparent activation energies as well as primary and sec-

ondary product formations. In a typical kinetic study setup under differential conditions, eleven 

parallel reactors would be needed in order to be able to reproduce one of the profiles obtained 

using the spatial profile measurement technique with the CPR. This advantage makes it pos-

sible to propose a kinetic model in a relatively short time interval (two weeks) and to reduce 

the required amount of experimental work heavily. 

However, the results presented so far are only derived from gas phase analysis. Thus, infor-

mation obtained are limited to a macroscopic understanding of the catalytic system under 

steady state conditions. Further knowledge about the catalyst itself apart from the percentage 

of oxidized sites remains unknown. Operando studies were performed to address the catalyst 

structure simultaneously. 

3.3 Operando Study 

3.3.1 Spatial Concentration Profiles 

In Figure 12 species concentration profiles measured simultaneously with the XANES/EXAFS 

profile at the Mo K-edge through the 10 wt% MoO3/ γ-Al2O3 catalyst bed are presented. 

 

Figure 12: Species concentration profiles measured simultaneously with the XANES/EXAFS profile. Reaction con-
ditions: C2H6/O2:10/10, 530°C, 1 bar, 35 mm catalyst bed, 20 ml/min, 10 wt% MoO3/γ-Al2O3. The sample 
is mounted vertically during the measurements. 

The reaction mixture is composed of the feed components C2H6 and O2, the main products 

C2H4 and H2O as well as the undesired carbon oxides CO and CO2. Measurements performed 

under ethane ODH conditions over MoO3/γ-Al2O3 have common characteristics and compare 

well with the spatial concentration profiles presented in Section 3.2.2 (under oxidative condi-

tions) as well as with a spatial profile study described in literature [37].  
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Ethane is readily oxidized to CO until 16 mm (labelled alpha). This point corresponds to a gas 

phase oxygen partial pressure of 6 mbar, indicating virtually complete oxygen consumption 

compared to the initial value of 94 mbar. In the presence of gas phase oxygen (i.e. from 0-

16 mm along the bed) the main reaction products are H2O, CO, CO2 and C2H4. The latter 

shows a maximum in the profile that results from the plateau in C2H4 formation (from 10 mm 

bed position on) combined with further consumption. The maximum overlaps in position with 

complete oxygen conversion, onset of hydrogen formation and color inflection of the catalyst, 

denoted as alpha in Figure 12. In the absence of gas phase oxygen (i.e. from 16-35 mm along 

the bed) CO2 and H2 profiles increase towards the end of the catalyst bed. Since CO and H2O 

concentration profiles are calculated from species balance und sum up measurement errors 

contributing from all other species, very small changes in H2O and CO are difficult to evaluate. 

The change in color indicates that MoO3 is reduced to MoO2. This in turn creates a different 

phase composition with different catalytic properties. As example, MoO2 has metallic proper-

ties. According to literature, MoO2 is suitable to catalyze steam reforming as well as water-gas 

shift reactions [48]. This is in agreement to our species profile observations described above. 

In conclusion, at low oxygen partial pressure the overall reaction mechanism changed and the 

catalyst adapted dynamically to the new gas composition, showing a change in color to black. 

Operando XAS measurements were simultaneously performed during profile measurements, 

to unravel the changes in catalyst structure observed around the inflection point and to com-

plement the mechanistic investigation in the kinetic study. 

3.3.2 Spatial Spectroscopic Profile  

XANES 

The catalyst sees strongly varying gas compositions along the flow direction. The previous 

Section 3.3.1 showed that the reaction mechanism changed as oxygen partial pressure de-

clined to a lower limit. The gas concentrations illustrate only one part of the chemical system. 

The question arises how the catalyst adapted to the changing local conditions, which is focus 

of the following section. 

 

Seventeen XANES/EXAFS spectra at the Mo K-edge were recorded under ODH reaction con-

ditions through a 35 mm long and 4.8 mm thick catalyst bed. The spectra were taken at the 

same positions as the sampling points of the species concentration profiles discussed in the 

previous Section 3.3.1. Figure 13 shows the normalized Mo K-edge XANES spectra measured 

as function of position (a) and a linear combination analysis revealing the bulk Mo average 

oxidation state (b). Noticeable is the sharp decrease in the average Mo oxidation state at po-

sition 16 mm (α), whereas the spectra before and after this position are almost constant. 
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Figure 13: Operando XANES measurement at the Mo K-edge. a) Normalized XANES spectra as a function of the 

catalyst bed position; b) Linear combination analysis using spectra at the beginning (2 mm) and end 
(34 mm) of the catalyst bed as internal references and fraction of oxidized sites over catalyst surface 
obtained from the kinetic model. Reaction conditions: C2H6/O2:10/10, 530 °C, 1 bar, 35 mm catalyst bed, 
20 ml/min, 10 wt% MoO3/γ-Al2O3. 

To evaluate average oxidation states from the measured XANES profile, orthorhombic MoO3 

and monoclinic MoO2 corresponding to Mo(VI) and Mo(IV) were used as references. In Figure 

14a the sample spectra at position 2 mm and position 34 mm as well as the bulk MoO3 and 

MoO2 reference spectra are shown. The discrepancy between the reference spectra and sam-

ple spectra reveals a different structure of the supported MoOx species relative to the bulk 

reference compounds. The spectrum measured at 2 mm is identical to the one of the calcined 

catalyst (not shown) and shows the same features and the same energy position E0, allowing 

an assignment to Mo(VI) oxidation state. The spectrum at position 34 mm reveals the rising 

edge position and the white line shape (strongly absorbing feature(s) just above the rising 

edge) similar to the MoO2 reference spectrum, however with a small contribution of an edge 

feature at 20006 eV as in the Mo(IV) spectra. To determine the exact oxidation state of this 

internal reference state the spectrum was fitted in the rising edge region (20008-20030 eV) to 

a linear combination of 2 mm (best available Mo(VI) reference) and the MoO2 reference spec-

trum. This resulted in an average oxidation state of +4.5 at the end of the catalyst bed. 

 

 

Figure 14: Normalized XANES spectra measured operando at Mo K-edge at the beginning (2mm) and end (34 mm) 
of the catalyst bed. a) Reference spectra of orthorhombic MoO3 and monoclinic MoO2 corresponding to 
Mo(VI) and Mo(IV) illustrated by dotted lines. b) Linear combination analysis of the spectrum at position 
16 mm (position α, full oxygen conversion) between the spectra at position 2 and 34 mm. 



 
 

- 25 - 

 

The calcined catalyst changes its structure similar to monoclinic β-MoO3 readily at the very 

beginning of the catalyst bed upon reaction as shown by a quick change in color from yellow 

to gray. The catalyst readily exchanges lattice with gas phase oxygen and provides lattice 

oxygen for ODH reactions [49]. Since optical properties of molybdenum oxides change strongly 

as a function of the oxygen vacancy concentration, the dark color results from induced oxygen 

defects in the catalyst material [50]. The oxygen vacancy concentration is thermodynamically 

determined by the oxygen partial pressure and increases with decreasing oxygen partial pres-

sure [51,52]. Thus, MoO3 is reduced to a certain degree in response to the local gas phase 

composition and temperature. 

Although the oxygen partial pressure declines rapidly until position 16 mm (α), the average 

bulk oxidation state of Mo remains almost unchanged. This indicates that only a low concen-

tration of oxygen vacancies is formed in the deep bulk. Reduction and reoxidation are obvi-

ously restricted to a near surface region. It has been speculated in literature that one of the 

well-defined molybdenum suboxides constitutes the active phase in ODH [53]. The slight de-

crease in the average Mo oxidation state before position 16 mm could also be explained by 

gradual reduction of a molybdenum suboxide phase present. 

Below a certain oxygen partial pressure, the structure cannot compensate oxygen vacancies 

anymore and structural changes are induced rapidly, occurring in between position 14 and 

18 mm. Linear combinations of spectra at the beginning (2 mm) and end of the catalyst 

bed (34 mm) show that the spectrum at position 16 mm can be created by mixing of the two. 

Therefore, position 16 mm is a weighted average of the two. Consequently, two isosbestic 

points arise, illustrated in Figure 14b. This shows that no stable or new intermediate phase can 

be detected with XANES.  

The increasing oxygen vacancy concentration in steady state at each position with the declin-

ing gas phase oxygen concentration could lead to the formation of different suboxides like 

Mo18O52, Mo8O23, Mo5O14 and Mo4O11, that have average oxidation states around 5.6-5.8 [54]. 

The formation of only near-stoichiometric MoO3-x (x close to 0) compounds could compensate 

for oxygen vacancies in the bulk. According to Ressler et al. [54] applied reaction temperatures 

above 700 K make the participation of a considerable amount of lattice oxygen feasible. In 

combination with a rapid formation and growth of MoO2 nuclei, a fast and complete transition 

of MoO3 into MoO2 occurs, as can be seen in the present data as well. Beyond alpha, the 

catalyst possesses a dark blue color, characteristic for MoO2, that turned even darker towards 

the end of the bed. The average Mo oxidation state stabilizes close to Mo(IV). 

Thermal treatment of MoO3 under low oxygen partial pressures induces oxygen defects. In 

contrast, a phase diagram developed in the studies of Lee et al. [45] illustrates stable bulk 

molybdenum oxide phases as a function of temperature and partial pressure of oxygen. The 

current operando study was performed above 800 K and oxygen depletion follows a zeroth 

order. In addition, the presence of lower alkanes increases the reductive potential of the gas 

phase resulting in even more oxygen vacancies. Thus, the catalyst went quickly through the 

formation of MoO3 to MoO2. An increased sampling point density could have made the detec-

tion of a stable intermediate phase possible.  
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EXAFS 

Fourier transformed (FT) k2‐weighted EXAFS functions and the corresponding fits for probed 

positions at 2 and 34 mm are shown in Figure S14 in the supplementary material. Backscat-

tering peaks corresponding to the first shell in both operando EXAFS spectra are similar to the 

first shell peaks in the spectra of bulk reference compounds. However, virtually no further shells 

can be observed which suggests a lack of long range ordering for the MoOX active species. 

The corresponding fitting parameters are listed in Table 3. Position 16 mm is again a perfect 

linear combination of the two spectra at the beginning and end of the catalyst bed and there-

fore, not separately discussed.  

EXAFS revealed bond distances of three Mo-O paths 1.72±0.02 Å, 1.95±0.02 Å and 

2.31±0.07 Å at position 2 mm. The sample is built of two to three MoO4 distorted tetrahedra 

with an additional oxygen atom at a longer distance which can be considered as very strongly 

distorted octahedra. The structure found in the EXAFS refinement agrees well with structural 

XRD analysis performed by Kihlborg [55] and structural descriptions available [56].  

Table 3: Amplitude reduction factor 0.95 obtained from fitting Mo foil reference spectrum. CN=coordination num-
ber, R=mean half-path length (interatomic distance for single scattering paths), σ2=Debye-Waller factor, 
ΔE=fitted energy shift, ρ difference between the data and the fit. 

Position Path CN R, Å σ2, 10-3·Å2 ΔE, eV ρ, % 

2 mm 

  

Mo-O 3.3±0.4 1.72±0.02 7.9±1.4 1.6±5.0 0.2 

Mo-O 0.8±0.9 1.95±0.02 7.9±1.4 

Mo-O 0.6±0.6 2.31±0.07 7.9±1.4 

Mo-O-O 20.9±13.4 3.00±0.07 5.8±13.1 

Mo-Mo 2.0 (fixed) 3.22±0.03 23.6±5.6 

34 mm Mo-O 2.7±0.3 2.02±0.01 3.8±1.4 12.5±1.5 2.1 

Mo-Mo 0.3±0.2 2.56±0.04 3.8±1.4 

Mo-O 6.2±5.7 3.36±0.05 22.8±24.6 

Mo-Mo 1.1±0.7 3.74±0.02 3.8±1.4 

Mo-O-Mo 9.3±3.5 4.53±0.04 3.8±1.4 

The EXAFS region in the Mo K-edge spectra exhibited pronounced changes at position 

16 mm (α), indicating the quick structural transformation as already observed in XANES spec-

tra (Figure 13). The coordination number in the first shell decreases from 3.3 to 2.7 and the 

local structure around Mo abruptly changes to the one similar to MoO2, reflecting structural 

transformation in agreement with the XANES data. 

Operando spectroscopy provides one additional dimension of data revealing local and simul-

taneously measured information on catalyst properties. Obtained information agrees with cat-

alytic performance studies as well as the kinetic model and complements it with mechanistic 
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understanding of underlying physico-chemical phenomena. This chemical understanding can 

be used to derive and tune models in a more efficient way, and also to validate them. 

3.4 Conclusion 

The limitations of spatially resolved operando XAS in heterogeneous catalysis were success-

fully pushed forward by development of the measurement concept used in this study. We in-

troduce a profile reactor capable of measuring temperature, concentration and XAS profiles 

through a catalytic fixed-bed simultaneously and with high resolution. The advantages of the 

spatial profile reactor over contemporary setups, such as capillary microreactors, were shown 

by providing high-quality and informative data over short measurement campaigns. The major 

advantages include a fully automated system allowing uniform and industrially relevant reac-

tion conditions, compatible with realistic sample geometry and many reaction systems, includ-

ing condensable reactants. The use of synchrotron-based characterization techniques such as 

XAS significantly expands the characterization portfolio and can be extended to synchrotron 

XRD or small angle X-ray scattering techniques. Furthermore, the use of a standardized and 

highly reproducible reactor system improves the comparability of research studies from a tech-

nical perspective.  

The spatially resolved structure-activity profiling concept was validated using ethane ODH to 

ethylene over a MoO3/γ-Al2O3 catalyst. At the point of full gas phase oxygen depletion the 

catalyst changes optical properties, performance and structure, in comparison to the stable 

behavior shown before or after oxygen depletion. The change in color from yellow to grey at 

the catalyst bed inlet suggests a fast introduction of oxygen defects in the structure. This color 

remains stable until the sharp change in color from grey to dark blue/black occurred. At the 

same position localized kinetic measurements reveal a change in the reaction mechanism. 

The desired target product ethylene is not further produced, but instead consumed. In combi-

nation the operando spectroscopic XANES and EXAFS profile reveal a steep gradient in aver-

aged Mo oxidation state from (VI) to (IV) as well as a change in structure from MoO3 to MoO2. 

However, the oxidation state and structure remain stable until very low oxygen partial pres-

sures. Activation energies obtained in the kinetic model complete the observations by showing 

that the reoxidation of the catalyst is not the rate determining step. Thus, it can be concluded 

that the exchange between gas phase oxygen and catalyst is a fast process. The structure 

and the reaction mechanism do not change as long as oxygen can be refilled in the structure. 

Also the catalyst activity studies are congruent to this information, showing a low order kinetic 

behavior in oxygen, when evaluating ethane and ethylene rates of consumption. It suggests 

that the rate determining step must be related to ethane or ethylene activation. Regarding 

unwanted products, ethylene was found to mainly contribute to formation of carbon oxides in 

the presence of gas phase oxygen. Moreover, minor contributions from ethane towards CO2 

are predicted by the model. In the absence of gas phase oxygen, steam reforming and water-

gas shift reactions contribute to the production of undesired carbon oxides. Overall, the obser-

vations support an MVK type mechanism.  
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The correlative and locally measured kinetic and spectroscopic data show highly complemen-

tary information. This demonstrates the strength of correlative catalyst structure-activity profil-

ing in providing a clearer picture of the overall catalyst performance. Therefore, a strong moti-

vation to extend the methodology to other spectroscopic methods as well as to examine a wide 

range of chemical reaction systems is encouraged. From a methodological point of view, spa-

tial profiling demonstrates its power in reducing the experimental workload by half of the meas-

urement time required in comparison to standard kinetic studies. Additionally, it increases the 

amount of spatially and temporally information used in the development of the model, since it 

does not follow the typical end-of-pipe approach used in traditional kinetic measurements. 

Thus, the applied methodology improves the predictive capability of the models. Here a kinetic 

model for ethane ODH over MoO3 could be developed in two weeks and catalyst dynamics 

could be implemented in the model. This offers a great advantage in industrial applications as 

well as optimizing catalytic processes and catalysts in a more time and resource efficient way. 
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2 Experimental 

2.4 Spatial Profile Studies 

 

Figure S 1: Compact profile reactor used for combined operando concentration-, temperature- and XAS-profile 
measurements. 
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2.4.1 Catalyst Activity 

Quantification via MS  

Contributions were calculated from the fragmentation pattern of each of the involved 

component: 

 
𝐼𝑖 = ∑ 𝑆𝑖

𝑐  

𝑛

𝑗=1

𝐼𝑐 
(S1) 

Here 𝐼𝑖 is the corrected signal intensity at mass 𝑖. 𝑆𝑖
𝑐 represents the contribution of species c 

to peak 𝑖 and 𝐼𝑐 is a non-overlapping signal of component c. 

The previously listed species were calibrated with exception of water. Calibration experiments 

were done by sampling at reaction conditions. Volumetric flow rates were calculated by using 

the internal standard method (Ar): 

 𝐼𝑐

𝐼𝐼𝑆
= 𝑚𝑐 ∗

𝑉�̇�

𝑉𝐼𝑆
̇

 
(S2) 

Where 𝐼𝐼𝑆 represents the signal intensity of the internal standard, 𝑚𝑐 is the calibration slope, 

𝑉�̇� and 𝑉𝐼𝑆
̇  represent the volumetric flow rate of component 𝑐 and internal standard, 

respectively.  

Water was calculated from H atom species balance of the reaction mixture according to Eq.(S), 

where 𝑛𝐴,𝑖𝑛̇  and 𝑛𝐴,𝑜𝑢𝑡̇  represents the moles of atom A entering and leaving the system. By 

using this methodology carbon and oxygen balances for all profile runs were closed with 

average deviations of up to 5 %.  

 ∑ 𝑛𝐴,𝑖𝑛̇ − ∑ 𝑛𝐴,𝑜𝑢𝑡̇ = 0 (S3) 

To evaluate catalytic performance in all profile runs, conversion (𝑋𝑖) was obtained by averaging 

the sampling points before and after the catalytic bed. This response parameters are calculated 

on basis of the molecular flow rates. Where 𝑛𝑖,𝑜̇  and 𝑛𝑖̇  are the inlet and outlet molecular flows 

of reagent 𝑖 (C2H6; O2). 

 𝑋𝑖(%) =
𝑛𝑖,𝑜̇ − 𝑛𝑖̇

𝑛𝑖,𝑜̇
∗ 100 (S4) 

Selectivity of product 𝑘 (C2H4; CO; CO2) is determined:  

 𝑆𝑘(%) =
𝑚𝑘 ∗ �̇�𝑘

∑ 𝑚𝑘 ∗ �̇�𝑘

∗ 100 
(S5) 

Where 𝐹�̇� is the molecular flow of product 𝑘 and 𝑚𝑘 is the number of carbon atoms in species 

𝑘 respectively. 

Transport limitations 

Mass transfer limitations were evaluated by using the experimental rates of consumption of 

C2H6. The mass transfer coefficient was calculated by using the Thoenes and Kramers 
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correlation for flow through packed beds [1]. Diffusion coefficients where computed according 

to the kinetic theory of gases using the approach from Chapman-Enskog theory [2].  

Weisz-Prater [3]: Intraparticle mass transport 

 

 ℛ𝑟𝑥  𝑟𝑝
2  

𝐶𝑠  𝐷𝑒
≤ 0,3 

(S6) 

ℛ𝑟𝑥: Observed reaction rate per unit particle volume [mol∙m-3∙s-1] 

𝐶𝑠: Reactant concentration at the external surface of the particle [mol∙m-3] 

𝑟𝑝: Particle radius [m] 

𝐷𝑒: Effective diffusion coefficient [m2∙s-1] 

 

Mears [3]:  Interparticle mass transport 

 

 
𝑟𝑣,𝑜𝑏𝑠 𝜌𝑏 𝑟𝑝 𝑛  

𝑘𝑐   𝐶𝑠
< 0,15 (S7) 

𝑛: Reaction order [-] 

𝜌𝑏: Bulk density of catalyst bed [kg∙m-3] 

𝑘𝑐: Mass transfer coefficient [m∙s-1] 

 

Potential heat transfer limitations were evaluated by assuming that only the main reaction, the 

oxidative dehydrogenation takes place, and that surface catalyst temperature is similar to the 

bulk gas temperature. The heat transfer coefficient was estimated according to literature [4]. 

 

Anderson [3]: Intraparticle heat transport 

 

 
|Δ𝐻𝑟| 𝑟𝑣,𝑜𝑏𝑠 𝜌𝑏 𝑟𝑝

2 

 𝜆 𝑇𝑠
<

𝑇𝑠 𝑅

𝐸𝑎
 (S8) 

|Δ𝐻𝑟|: Heat of reaction [J∙mol-1] 

𝜆: Thermal conductivity [W∙m-1∙K-1] 

𝐸𝑎: True activation energy [J∙mol-1] 

𝑅: Universal gas constant [J∙mol-1∙K-1] 

𝑇𝑠: Temperature of the catalyst surface [K]  

 

Mears [3]: Interparticle heat transport 

 
|Δ𝐻𝑟| 𝑟𝑣,𝑜𝑏𝑠 𝜌𝑏 𝑟𝑝 

ℎ 𝑇𝑏
< 0.15

𝑇𝑏 𝑅

𝐸𝑎
 

 

(S9) 

ℎ: Heat transfer coefficient [W∙m-2∙K-1] 

𝑇𝑏: Temperature of the bulk fluid [K]  

 

Mears [5]: Radial temperature gradient at reactor scale 
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Potential radial temperature gradients at reactor scale were evaluated by the criterion for 

minimal radial temperature profiles according to Mears. Only the main and strongly exothermic 

reaction of ethane ODH is considered to take place. For laboratory reactors that fulfill the 

criteria Rep < 100 and 0.05 < dp/dt < 0.2 the dimensionless Biot number at the wall is between 

0,8 < Bih,w < 10. A high Biot number of 10 is assumed to calculate for the case that the effective 

thermal conductivity of the bed is low and temperature gradients are more severe. 

 

 
𝐸𝑎

𝑅𝑇𝑤

|
𝑟𝑣,𝑜𝑏𝑠(−∆𝐻𝑟)𝑑𝑡

2

4𝜆𝑏,𝑒𝑓𝑓𝑇𝑤

| (
1

8
+

1

𝐵𝑖ℎ,𝑤

𝑑𝑝

𝑑𝑡

) < 0.05 (S10) 

 

𝑇𝑤: Temperature of the wall [K]  

𝑟𝑣,𝑜𝑏𝑠: Observed reaction rate per mass of catalyst [mol∙kg-1∙s-1] 

𝜆𝑏,𝑒𝑓𝑓: Effective thermal conductivity [W∙m-1∙K-1] 

𝐵𝑖ℎ,𝑤: Biot number at the wall [-] 

𝑑𝑝: Particle diameter [m] 

𝑑𝑡: Inner diameter of the reaction tube [m] 

 
Table S 1: Overview of dimensionless criteria evaluated to test for the significance of intraparticle mass and heat 
transfer limitations as well as radial temperature gradient at reactor scale. 
 

Criteria Value Upper Limit 

Intraparticle Mass Transport Weisz and Prater 4.64E-03 0.3 

Interparticle Mass transport Mears 8.19E-03 0.15 

Intraparticle Heat Transport Anderson 6.52E-07 0.068 

Interparticle Heat transport Mears 1.97E-04 0.00987 

Radial temperature gradient 
at reactor scale 

Mears 1.56E10-06 0.05 
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2.4.3 Operando X-Ray Absorption Spectroscopy 

 

Figure S 2: Experimental setup used to obtain temperature, concentration and X-Ray absorption profiles using the 
compact profile reactor at beamline P64 at the PETRA III synchrotron radiation source (DESY, Hamburg, Germany). 
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3 Results and Discussion 

3.1 Catalyst Characterization

 

Figure S 3: X-ray diffraction patterns of the ex-situ analysis using the Kα lines of copper. Top: 10 wt% MoO3/γ-
Al2O3; Bottom: 30 wt% MoO3/γ-Al2O3 
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Figure S 4: Nitrogen adsorption-desorption isotherms (type IV). Top: 10 wt% MoO3/γ-Al2O3; Bottom: 30 wt% 
MoO3/γ-Al2O3.  
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3.2 Catalyst Activity Profiling 

3.2.1 Stability and Reproducibility Tests 

 

Figure S 5: Profile runs measured in the first measurement design plan are shown of the original profile (P1) and 
its replicate (R1a). a-d) Profiles of all species are shown in molar flow rates. Reaction conditions: C2H6/O2:7.5:7.5, 
480 °C, 1 bar, 30 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

 

 
Figure S 6: (a) Averaged temperature profiles of the central point for the C2H6 (P13) and C2H4 (P18) measurement 
plan. Error bars are derived from the replicates by calculating the standard error. Reaction conditions: 530 °C, 
C2H6/O2:10:10; C2H4/O2:5:10, 1 bar, 32 mm catalyst bed, 30 ml/min (C2H6-plan), 40 ml/min (C2H4-plan), 30 wt% 
MoO3/γ-Al2O3. 
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3.2.2 Variation in Feed Concentrations 

 
Figure S 7: Profile runs measured in the second measurement design plan are shown of the original profile (P13) 
with standard errors calculated from its replicates (R13a-d). Profiles of all species are shown in molar flow rates. 
Reaction conditions: C2H6/O2:10:10, 530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

 

Figure S 8: Profile runs measured in the second measurement design plan of ethylene are shown of the original 
profile (P18) with standard errors calculated from its replicates (R18a-d). Profiles of all species are shown in molar 
flow rates. Reaction conditions: C2H4/O2:5:10, 530 °C, 1 bar, 32 mm catalyst bed, 40 ml/min, 30 wt% MoO3/γ-Al2O3. 
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Figure S 9: Feed variations of O2 (1st row) at reactant concentrations of 7.5, 10 and 12.5 % and C2H4 (2nd row) at 
reactant concentrations of 2.5, 5 and 7.5 % (P15, P17-19, P21). All percentage values are in a molar base. (a,d) 
C2H4; (b,e) O2; (c,f) CO concentration profiles. Reaction conditions: 530°C, 1 bar, 32 mm catalyst bed, 40 ml/min, 
30 wt% MoO3/γ-Al2O3. 

 

Figure S 10: Feed variations of O2 (1st row) at reactant concentrations of 7.5, 10 and 12.5 % and C2H4 (2nd row) at 
reactant concentrations of 2.5, 5 and 7.5 % (P15, P17-19, P21). All percentage values are in a molar base. (a,d) 
C2H4; (b,e) O2 conversion profiles. (c,f) CO selectivity profiles. Reaction conditions: 530°C, 1 bar, 32 mm catalyst 
bed, 40 ml/min, 30 wt% MoO3/γ-Al2O3. 
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3.2.2 Variation in temperature 

 

Figure S 11: Species concentration (a-e) and temperature profiles (f) for all components measured at 480 (T18a), 
500 (18b), 520 (T18c), 530 (T18) and 540 °C (T18d) obtained in the C2H4 measurement plan. Reaction conditions: 
530°C, 1 bar, 32 mm catalyst bed, 40 ml/min, 30 wt% MoO3/γ-Al2O3. 

 

Figure S 12: C2H4 (a), O2 (b) conversion profiles and CO (c) selectivity profiles measured at 480 (T18a), 500 (18b), 
520 (T18c), 530 (T18) and 540 °C (T18d) obtained in the C2H4 measurement plan. Reaction conditions: 530°C, 
1 bar, 32 mm catalyst bed, 40 ml/min, 30 wt% MoO3/γ-Al2O3. 
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3.2.4 Mars-Van Krevelen Model 

 

Figure S 13: Predicted components versus corresponding experimental results (P13) are shown (parity plots). 
Reaction conditions: C2H6/O2:10/10, 530°C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoO3/γ-Al2O3. 

3.3.2  Spatial Spectroscopic Profile  

 

Figure S 14: FT k2‐weighted EXAFS spectra measured operando during the oxidative dehydrogenation of ethane 

to ethylene over MoO3/γ‐Al2O3 at Mo K edge (530 °C, C2H6:O2 = 10:10) a) at the beginning (position 2 mm) and b) 
at the end (position 34 mm) of the catalyst bed. c) Reference spectra of bulk MoO3 and MoO2. 
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