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Abstract 

The design of an externally cooled fixed-bed reactor for CO2 methanation has been performed using 
microscopic forms of reaction engineering models that account for both particle-scale and reactor-scale 
transport-kinetic interactions.  The predictions of various multicomponent specie flux models were 
compared to analyze the transport-kinetics interactions for a spherical catalyst particle shape.  Flux 
models that included Knudsen diffusion resulted in an increase in both the CO2 conversion and CH4 
yield as the pore diameter was reduced from 40 nm to 10 nm.  Both 1-dimensional (1-D) and 2-
dimensional (2-D) models for different catalyst shapes were also simulated to quantify particle-scale 
performance for CO2 methanation.  A spherical catalyst shape was shown to produce a higher CH4 
average concentration, while a 4-hole cylindrical shape has the lowest diffusion limitation.  An 
externally cooled 1-D heterogeneous fixed bed reactor was simulated using spherical catalyst pellets.  
The high exothermicity of the CO2 methanation reaction creates significant hot spot formation.  To 
control the axial reactor temperature within a user-prescribed bounds, the optimal catalyst loading 
profile was determined by using an energy conservation equation-based approach.  It is shown that the 
reactor hot spot temperature can be controlled within a reasonable range.   
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Introduction 

The present utilization of fossil fuels has contributed 
to increased concentrations of CO2 in the atmosphere, 
which is a major greenhouse gas (GHG).  The atmospheric 
CO2 concentration has increased from ~280 ppm prior to 
the industrial revolution to ~400 ppm in 2016.  In the 
United States alone, more than 5,000 MMT of energy-
related CO2 was emitted in 2015.  This constant buildup of 
CO2 concentration has been the main cause for climate 
change, which has been undesirably affecting the 
environment. 

The best pathway to sustainably reduce CO2 with zero 
CO2 emissions is by developing an economical process to 
convert CO2 to value-added products.  CO2 has the 
advantage of being an abundant, non-toxic, and renewable 
carbon source, and captured CO2 availability will only 
increase due to widespread application of CCS (carbon 
capture and storage).  Hence, CO2 is an attractive 

feedstock for many value-added chemicals.  However, 
extensive research is necessary to use CO2 as a C1 building 
block in commercial-scale processes since current methods 
for activation of CO2 require catalysts and process 
technologies that are still in a development stage. 

The Sabatier reaction or the methanation of CO2, 
refers to the catalytic hydrogenation of CO2 at elevated 
temperatures (optimally 300 to 400oC) and elevated 
pressures to produce CH4 and H2O.  It was first reported 
by Sabatier and Senderens in 1902.  CO2 methanation is 
assumed to be comprised of three reactions as proposed by 
Xu and Froment (1989).  All of the key reactions, which 
are shown in Figure 1, are highly exothermic, which can 
be inferred from negative 𝛥𝛥𝛥𝛥298 𝐾𝐾 values.  The kinetic 
model proposed by Xu and Froment (1989) describes CO2 
conversion rates from experimental data from 473 - 673 K 
for an undiluted feed of CO2 and H2.  It considers CO2 



 

methanation, CO methanation, and the reverse water gas 
shift reactions.  Hence, the kinetics proposed by Xu and 
Froment (1989), shown in Eq 1 – 3, were used for this 
study. 

 

 

Figure 1. Triangular Reaction Pathway for CO2 
Methanation. 

Reaction I (CO methanation): 
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Reaction II (CO2 methanation): 
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Reaction III (reverse water-gas shift reaction): 
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The key objectives of this work are listed below:  

1. Investigate the effect of multicomponent flux models, 
namely the Wilke, Wilke-Bosanquet, Maxwell-Stefan, and 
Dusty Gas Models, on spherical catalyst performance.  
2. Investigate the particle–scale transport-kinetic 
interactions for various Ni/MgAl2O4-based catalyst 
particle shapes (sphere, cylinder, hollow cylinder, 4-Hole 
cylinder, modified 4-Hole cylinder and 7-Hole cylinder). 
3. Simulate a 1-D heterogeneous axial dispersion model 
for an externally cooled fixed-bed reactor for a pure 
stoichiometric feed gas of H2 and CO2. 
4. Demonstrate a method for controlling the axial 
temperature profile by using optimal control methods to 
determine the preferred catalyst loading profile. 
 
Results & Conclusions 

COMSOL Multiphysics was used as the numerical 
platform to quantify particle and reactor-scale transport-
kinetic interactions. The intraparticle average 
concentrations of methane for different catalyst particle 
shapes at the reactor entrance conditions are shown in 
Figure 2.  It can be observed that the spherical catalyst 
pellet shape has the highest intraparticle methane 
concentration.  However, the reactor scale temperature 
profile must also be investigated to predict the 

performance of these catalyst shapes on a reactor-scale. 
Figure 3 shows the hot spot temperature location and 
magnitude in a reactor filled with spherical catalyst pellets. 
It can be observed that the hot spot location is at the 
entrance of the reactor, but the magnitude and location 
depend on the reactor feed conditions. Also, the Wilke, 
Maxwell-Stefan, Dusty Gas and Wilke-Bosanquet 
multicomponent flux models were compared for a 
spherical pellet using feed and hot spot conditions. 
Knudsen diffusion was found to have a more pronounced 
effect on CO2 conversion compared to continuum 
diffusion.  Negligible deviations were observed between 
predictions of the Wilke-Bosanquet and Dusty Gas 
models.   

 

 
Figure 2. Average Intraparticle CH4 Concentrations for T = 
473 - 573 K, P = 10 bar and H2/CO2 = 4. 

 

 

Figure 3. Axial Reactor Temperature Profile for Feed 
Temperatures of 468 K, 473 K and, 476 K at 10 bar, Lr = 2 m 
and H2/ CO2 = 4. 
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