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Propane dehydrogenation

CATOFIN® process
• chromia catalysts alumina support
• 850 K
• 1.2-1.5 bar O2

• <70% conversion
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Atomistic level
Methods:
• Electronic level: Density functional theory (DFT) calculations

• Perdew-Wang 91 functional (GGA)
• DFT+U for the 3d states of Cr, D-J = 4 eV
• The Grimme dispersion (D3) correction

• Surface level: Kinetic Monte Carlo modelling
• A 25 x 25 lattice with two four types of active sites

(oxidised and reduced surface)
• Using DFT calculated kinetic and TD parameters, 107 events

• Meso- and macroscopic: Kinetic modelling (ODEs)

Model:
• Based on the CATOFIN® process

(chromia catalysts, alumina support, 850 K, 1.2-1.5 bar O2, <70% conversion)
• Bulk α-Cr2O3 cut along the (0001) surface
• Cr termination – reduced surface, O termination – oxidised surface
• Added dopants to the surface
• 12 alternating layers (6 for O, 6 Cr)
• A 2x2 supercell (2a = 10.18 Å)
• Vacuum in the z direction: 15 Å, dipole correction included



Page 4Page 4
This project has received funding from the European Union’s Horizon 2020
research and innovation program under grant agreement no 814671

Oxidation state of the surface

Reduced vs. oxidised surface

Left: reduced surface (Cr- terminated), right: oxidised surface (O-terminated)

Wang X.-G. and Smith, J. R. Surface 
phase diagram for Cr2O3(0001): Ab initio 
density functional study. Physical Review 
B, 68, 201402, 2003.

Top view of the 
oxidised surface. For 
the reduced surface, 
an additional layer of 
Cr atoms is situated 
atop. Colour code: red 
- O, blue - Cr, green - O 
(top), teal - Cr (top).
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On the oxidised surface, MvK is possible. Two adjacent H* form H2O* with a surface lattice
oxygen atom, which can desorb, yielding an oxygen vacancy (reduced surface). The
ensuing vacancy can be replenished with CO2 (unfavourable), N2O (possible) or O2 (when
two are adjacent). W/o an oxidant, the surface gets reduced. Included in the model.

H2O desorption yielding the red. surf.
2 H* recombine into H2O* on the ox. surf.

Replenishment with N2O
Replenishment with CO2

Replenishment with O2 (two steps)

Net reactions differ when oxidants are used.

Interconversion between the reduced and oxidised
surface
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Adsorption

• Propane, ethane, methane 
adsorb negligibly

• CHx with double and triple bonds 
adsorb moderately on the 
reduced surface and extremely 
strongly on the oxidised surface

• Oxidised surface expected to be 
more active towards 
dehydrogenation and cracking
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Reaction mechanism

Reaction mechanism:

• Two types of elementary reactions:

• dehydrogenations (C-H bond) and

• cracking (C-C bond).

Vector space for possible 
elementary reactions the same on 
the oxidised and reduced surface.

Reactions that actually happen 
differ between the surfaces.

All possible reaction steps were 
calculated on both surfaces.

They are to be used for modelling 
the effect of the oxidation state.
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Reaction mechanism

• Adsorptions of non-saturated CHx much stronger

• Greater affinity for hydrogen on the oxidised surface, similar 
activation barrier

• Lower mobility of H on the oxidised surface (strongly bound)
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Reaction mechanism

• Reaction endothermic on the reduced surface and 
exothermic on the oxidised surface

• Lower barriers on the oxidised surface
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Reaction mechanism

• Cracking strongly endothermic on the reduced surface, moderately 
exothermic on the oxidised surface

• On average, lower barriers on the oxidised surface

• Only steps with Ea < 3.5 eV shown. Different cracking routes on the surfaces.
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Reaction mechanism
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Effect of oxidant

• Potential energy surface calculated (also ΔG but not shown here)

• Two surfaces: oxidised (red) and reduced (black)

• On the oxidised surface, the reaction is exothermic. On the reduced, 
endothermic.

• Cracking not shown
(calculated).

• Included MvK interconversion
of the surfaces.

• Included burning away surface
deposits of C* (due to coking) with
excess O2 and surface oxygen O*.
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Effect of surface oxidation

Methods (KMC):
• A graph-theoretical approach (ZACROS), stiffness scaling of fast steps (adsorptions, diffusion)
• Rate expressions calculated via the TST from DFT data
• Including the ZPE and Gibbs free energy contributions (in the harmonic approximation)
• LH, ER and non-activated reaction steps, surface interconversion (oxidised, reduced)
• Effect of oxidants used (CO2, N2O, O2)

Model (KMC):
• A quasi-hexagonal lattice with four types of active sites

(Oreduced, Crreduced, Ooxidised,Croxidised,) – see on the right
• In total 324 sites
• Initially clear lattice
• 107 events
• Varying the operating conditions:

• Pressure

• Temperature

• Influx mixture composition

• Oxidant used

• Oxidation state of the surface (ratio)

oxidised

reduced
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Effect of surface oxidation
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Kinetic modelling

Methods and model (MKM):
• Solving a system of continuous differential equations
• Reaction rates are expressed as changes in surface coverage over time, computed based on 

reaction rate constants, reaction orders, surface coverages

• Mass balances of the surface species are sums of reaction rates times stoichiometry factors

• Mass balances for gas phase species:

• CSTR reactor (PFR is analogously solved)
• 20 wt% catalyst loading, specific surface area 200 m2/g, density 3.6 g/mL
• GHSV = 300 h-1

Simulations in progress, results to be 
presented in the next GAM.
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Kinetic modelling
Butane dehydrogenation
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Kinetic modelling
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Full multi-scale

DFT obtained kinetic parameters

microkinetic
modelling: gas 
phase 
composition

KMC reaction 
count and surface 
evolution

CFD 

process
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