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Abstract: 35 

CO2 methanation via the Sabatier reaction with (green) H2 is promising due to its role in achieving a 36 

carbon-neutral energy balance in the context of Power-to-Gas technologies. Since Ni-based catalysts 37 

are relatively inexpensive compared to other metals and exhibit high catalytic activity, they are most 38 

commonly used. Due to the exothermic nature of the reaction, strong temperature and concentration 39 

gradients occur, which influence the catalyst structure. Thus, revealing the effects of structural 40 

changes of the catalyst along the reactor bed on local activity and selectivity is essential. A 1D packed-41 

bed reactor model used for numerical simulations, coupled with detailed microkinetics and mass 42 

transport limitations. The simulation results are compared with axially-resolved concentration and 43 

temperature profiles over 17 wt% Ni/γ-Al2O3 and 17 wt% Ni3.2Fe/γ-Al2O3 catalysts at oven 44 

temperatures of 623 K and 723 K. Using additional information from structural spatially-resolved 45 

synchrotron-based operando X-ray adsorption spectroscopy studies, the oxidation state of Ni was 46 

considered in modeling the reactor by changing the catalytically active surface area along the reactor. 47 

Predicted surface coverages are compared with surface species experimentally determined by diffuse 48 

reflectance infrared Fourier transform spectroscopy. Overall, this study demonstrates the importance 49 

of combining modeling with spatially-resolved and temperature-dependent experiments to improve 50 

multiscale models and make predictions more accurate.     51 

Keywords:  52 

CO2 methanation; Catalytic oxidation; Ni-Fe/Al2O3; Chemical Kinetics; Operando characterization; 53 

Spatially-resolution of fixed bed reactor. 54 
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1. Introduction 63 

Carbon dioxide (CO2) emissions from fossil fuel combustion increase concerns about global climate 64 

change, resulting in increased interest worldwide in reducing GHG emissions, particularly CO2 [1]. 65 

However, CO2 is a convenient, inexpensive, and abundant source of C1 for chemical processes [2–4]. 66 

To meet the world's increasing energy demands, its transformation into fuel with renewable hydrogen 67 

from electrolysis provides solutions to the problem of global warming [5,6]. In many parts of the world, 68 

a natural gas pipeline already exists for the storage of renewable energy, and the production of 69 

synthetic natural gas (SNG) from hydrogen derived from electrolyzers is of particular interest for the 70 

storage of renewable electrical energy in the form of hydrocarbons [7–9]. In the last decade, research 71 

efforts have been focused on developing catalysts which are able to utilize this excess renewable 72 

hydrogen to reduce dependence on fossil fuels. CO2 released from industrial flue gases can be 73 

hydrogenated with these catalysts [10], a closed carbon cycle can be created [11,12]. Methanation of 74 

CO2 via the Sabatier reaction (Eq. (1)) with (green) H2 is promising in terms of achieving a carbon-75 

neutral energy balance in the context of Power-to-Gas process [4,9,13–15].  76 

 CO2 + 4H2 ⇌ CH4 + 2H2O, ∆RH298 K = −165.0 kJ mol−1 (1) 

Due to the exothermic nature of the Sabatier reaction, lower temperatures favor the formation of CH4 77 

[4]. However, the reaction is kinetically hindered and needs highly active catalysts [16]. Nickel-based 78 

catalysts are commonly used because they are relatively inexpensive and highly efficient [4,14,15,17–79 

20]. The catalyst activity and stability depend on the choice of metal oxide used as support [21–23], 80 

and Al2O3-supported catalysts offer the highest CH4 yield because of the presence of basic adsorption 81 

sites[24–27]. One drawback of Ni-based catalysts is the deactivation by oxidation [4]. Mutz et al. 82 

[28,29] and Vogt et al. [30,31] observed that Ni/γ-Al2O3 catalysts, in the presence of O2 impurities in 83 

the feed, experienced strong deactivation during fluctuating CO2 methanation conditions which 84 

resembles the transient availability of renewable energies. Partial oxidization of the Ni catalyst can be 85 

prevented by removing water or traces of oxygen in the feed and reactivation can be achieved by re-86 

reduction [32]. Recently, it has been demonstrated that combining Fe with Ni to improve the catalytic 87 

performance of a methanation catalyst under steady-state and dynamic conditions is a promising 88 

strategy to improve its stability and performance [20,33,34]. This observation has been predicted for 89 

CO hydrogenation by theoretical modeling first [4,10,21,35,36]. However, during CO2 methanation, 90 

the Ni-Fe alloy structure is dynamic. The Ni phase remains reduced while Fe oxidizes [37–39]. Using 91 

ex-situ studies, Burger et al. concluded that Fe segregates to surface of the particles under Fe2+ 92 
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formation, which might provide the particle surface with redox active sites that could enhance CO2 93 

activation under certain conditions [33].  94 

At an industrial level, CO2 methanation is generally performed in fixed-bed reactors [40–42]. It is 95 

expected that strong thermal and concentration gradients will form along the catalyst bed due to the 96 

highly exothermic nature of the Sabatier reaction. At 473-773 K, the highly exothermic CO2 97 

methanation reaction is thermodynamically favored [43]. However, at temperatures above 623 K, CO 98 

is produced as by product due to the endothermic reverse water-gas shift reaction (Eq. (2)) which 99 

reduces CH4 yield. 100 

 CO2 + H2 ⇌ CO + H2O, ∆RH298 K = 41.0 kJ mol−1 (2) 

As Ni-Fe systems are exceedingly dynamic, gradients can affect the catalyst structure, resulting in 101 

deactivation phenomena, e.g. thermal degradation and oxidation [44–46]. Consequently, a detailed 102 

understanding of the reactions taking place along the catalyst bed will be essential for determining 103 

changes in the catalyst composition, activity and selectivity [36,46–48]. The high exothermicity of the 104 

process necessitates the consideration of heat management and the coupling of heat and mass 105 

transfer to describe the Sabatier process [49–51]. Additionally, the high reaction rate under 106 

methanation conditions might affect catalyst performance due to transport limitations. Although CO2 107 

methanation occurs in a simple way, it is difficult to establish the mechanism of the reaction since 108 

various intermediates have been reported and the rate-determining step may change at different 109 

conditions [4,14,19,41,52]. For CO2 methanation, three pathways have been identified: the 110 

carbide/redox pathway with CO* formation via direct CO2 dissociation, and the H-assisted CO2* 111 

dissociation pathway via carboxyl or formate [33,37,40,53–59]. Different reactor concepts were 112 

developed due to the thermodynamic limitations of methanation reaction and catalyst deactivation 113 

at high temperatures, which makes handling the large heat release rate a challenge even at steady 114 

state [52,58,60,61]. Most often fixed-bed reactors are used in power-to-gas plants. A number of fixed-115 

bed reactor models have been reported in the literature, most of which rely on a 1D [62,63] or 2D 116 

[49,50] homogeneous or heterogeneous models as 3D [41,64–66] ones require longer computational 117 

time.  Furthermore, only a few models incorporate detailed chemical kinetics and catalyst structural 118 

information [67].  119 

In this work, we examine the Sabatier reaction on a 17 wt% Ni/γ-Al2O3 and a 17 wt% Ni3.2Fe/γ-Al2O3 120 

catalyst by comparing modeling results with experimental data. The aim of this study is to analyze the 121 

concentration profiles and surface coverages in a packed-bed reactor using a 1D heterogeneous 122 
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reactor model with detailed surface chemical kinetics scheme for the methanation of CO and CO2 over 123 

Ni-based catalyst proposed by Schmider et al. [42]. The 1D approach is used as a viable compromise 124 

between computational costs and physical accuracy, and the model is used to compute spatially-125 

resolved reaction rates and surface coverages. Axially-resolved experiments served as a basis to 126 

evaluate the model and additional structural information along the catalyst bed from operando X-ray 127 

absorption spectroscopy (XAS) was employed to improve the simulation results. For further model 128 

validation, predicted surface coverages were substantiated with diffuse reflectance infrared Fourier 129 

transform spectroscopy (DRIFTS) studies. 130 

2. Experiments 131 

2.1. Catalyst preparation and characterization 132 

A 17 wt% Ni/γ-Al2O3 and 17 wt% Ni3.2Fe/γ-Al2O3 catalyst were prepared through homogeneous 133 

precipitation with urea over an 18 h period. Thereafter, the solids were washed and dried overnight 134 

at 383 K, followed by 4 h of calcination under static air conditions at 773 K (5 K min-1). N2-physisorption 135 

yielded a specific surface area of ≈220 m2 g-1 for both catalysts. The 17 wt% metal loading was 136 

confirmed by inductively coupled plasma optical emission spectroscopy (ICP-OES), and a metal particle 137 

diameter of 3.8±0.9 nm was determined by transmission electron microscopy (STEM) for both 138 

catalysts. A more detailed description of catalyst preparation and characterization can be found 139 

elsewhere [20,48]. 140 

2.2. Catalyst testing 141 

Kinetic experiments were conducted on a recently developed lab-scale test setup that enables 142 

simultaneous acquisition of spatially-resolved temperature and concentration profiles. A schematic 143 

representation of the experimental setup used for these axially-resolved measurements along the 144 

catalyst bed for the CO2 methanation is shown in Figure 1. Serrer et al. [48] provide an in-depth 145 

description of the experimental setup and the performed measurements. Here we will only briefly 146 

describe the setup.  147 

The powdered catalyst was first pressed and then sieved into a fraction of 300-450 μm. A 36 mm 148 

catalyst bed was obtained by filling a glass quartz reactor (inner diameter 6 mm, length 33 cm) with 149 

250 mg of catalyst diluted with SiC in a ratio of 1:4. A glass capillary with two sampling holes (Polymicro 150 

technologies, 60 cm length and 320 μm inner diameter) was placed in the center of the reactor to 151 

record the temperature through a type K thermocouple in the capillary and enable sampling of axial 152 

concentrations. Both, oven and reactor were mounted on a motorized linear stage setup (Zaber), 153 

whereas the capillary was fixed at both ends. The oven reactor unit was then moved during the 154 
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experiments to obtain axially resolved measurements. A micro GC (Agilent 490) was used for 155 

qualitative analysis of the total gas composition via end-of-pipe measurements and mass flow 156 

controllers (Bronkhorst) to tune the gas flow. A mass spectrometer (MS) (ThermoStar GSD 320, 157 

Pfeiffer Vacuum) was used to analyze the gas composition in the capillary at the sampling orifice. A 158 

gas-phase mixture at the rate of 500 mL min-1 containing 25 vol% of CO2 and H2 in a ratio of 4:1 in N2 159 

was fed into the reactor under atmospheric conditions. Prior to the experiments, the catalyst was 160 

reduced with 50% H2 in N2 at 773 K for 2 h. 161 

 162 

Figure 1: Experimental setup for spatially-resolved activity measurements along the catalyst bed. 163 

2.3. Spatially-resolved operando XAS 164 

A spatially-resolved structural analysis of the catalysts was achieved through operando X-ray 165 

absorption spectroscopy (XAS). The experiments were conducted in quartz microreactors [68] 166 

containing a packed bed with 1 cm length filled with sieved 100-200 μm catalyst particles of either the 167 

17 wt% Ni/γ-Al2O3 or 17 wt% Ni3.2Fe/γ-Al2O3, diluted with γ-Al2O3 in a ratio of 1:1.3, as shown in Figure 168 

2.  169 

Gases were analyzed using a micro-GC (Agilent 490) and a MS (ThermoStar GSD 320, Pfeiffer Vacuum) 170 

after being heated using a hot air blower (Oxford GSB-1300) [69]. The catalysts were activated at 773 171 

K for 2 h with H2:N2 in a 1:1 ratio prior to the XAS experiment at ambient pressure. For the catalytic 172 

activity measurements, the catalysts were heated under reducing conditions to the desired 173 

temperature and then switched to CO2 methanation conditions (50 mL min-1, 25% H2:CO2 = 4:1, N2) to 174 

test their catalytic activity. XAS measurements were performed at the SuperXAS beamline at the Swiss 175 

Light Source, Paul Scherrer Institute (PSI) in a quick scanning XAS (QEXAFS) mode [70]. The catalyst 176 

bed in quartz capillary was measured at three different positions, beginning, centre, and end. Quick 177 
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EXAFS spectra were acquired at Ni and Fe K-edges (for more details on the XAS measurements, cf. ref. 178 

[48]). 179 

 180 

Figure 2: Micro capillary reactor setup for quick EXAFS experiments. 181 

2.4. DRIFT spectroscopy 182 

A commercial Bruker Vertex 70 FT-IR spectrometer equipped with a Hg-Cd-Ted detector and cooled 183 

by liquid nitrogen was utilized for the diffuse reflectance Fourier transform infrared spectroscopy 184 

(DRIFTS) measurements. Prior to the DRIFTS measurements, the catalyst was pre-reduced in 50% 185 

H2/N2 for 2 h at 773 K. A Harrick Praying™ high-temperature reaction cell was used to clean the surface 186 

of pre-reduced catalysts at 673-723 K over 2 h at a N2:H2 ratio of 1:1. DRIFTS spectra were measured 187 

under CO2 methanation conditions (115 mL min-1, 25 vol% H2:CO2=4:1 in N2) at 523, 623, and 723 K. 188 

More information on the DRIFTS setup is provided in ref. [48]. 189 

3. Modeling approach and numerical simulation 190 

3.1. Simulation of spatially-resolved concentration profiles 191 

CO2 methanation experiments were modeled and simulated within the DETCHEM software package 192 

[71–73]. The CO2 methanation experiments are simulated with a 1D heterogeneous packed-bed 193 

reactor model using a continuum modeling approach. Under the assumption that no changes occur in 194 

the radial fluid properties, one-dimensional equations for the mass, species, and heat balance can be 195 

solved. In addition, our model includes fluid-solid heat and mass transfer. Equation (3) shows the 196 

continuity equation. Due to total mass conservation under steady-state conditions, the right-hand side 197 

term of Eq. (3) is equal to zero. 198 
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𝑑𝜌𝑢

𝑑𝑧
= 𝑎v ∑ 𝑀𝑖𝑅𝑖

surf

𝑖∈𝑆g

 (3) 

where 𝑢 is the superficial velocity of gas, 𝑅𝑖
surf is the effective molar production of rate of gas-phase 199 

species 𝑖 by surface reaction, 𝑎v is the ratio of particle surface area to reactor volume, 𝑀𝑖 is the molar 200 

mass of species 𝑖, 𝜌 is the gas-phase density, 𝑧 is the axial coordinate, and 𝑆g is the set of gas-phase 201 

species. The species mass balance is given in Eq. (4).  202 

 𝜌𝑢
𝑑𝑌𝑖

𝑑𝑧
= 𝑎v (𝑀𝑖𝑅𝑖

surf − 𝑌𝑖 ∑ 𝑀𝑗𝑅𝑗
surf

𝑗∈𝑆g

 ) (4) 

where 𝑌𝑖  is the mass faction of gas-phase species 𝑖. In present modeling approch, external fluid-solid 203 

mass transfer is included through Eq. (5). By considering the external fluid-solid mass transfer 204 

coefficient 𝑘𝑖,fs, the approximated resistance to species mass transport is calculated more precisely 205 

between the composition at the catalyst surface and the mean composition. 206 

 𝑀𝑖𝑅𝑖
surf = 𝑘fs,𝑖(𝜌s,𝑖𝑌s,𝑖 − 𝜌𝑖𝑌𝑖) (5) 

DETCHEMPBR includes various empirical correlations for the calculation of the mass transfer at fluid-207 

solid interface. For calculation of 𝑘fs,𝑖, the method proposed by Gnielinski et al. [74–76] was used, 208 

assuming the catalyst bed consists of spherical particles (see SI from Eqs. (S1)-(S9)). The pressure drop 209 

in the reactor is calculated via Eq. (6). 210 

 
𝑑𝑝

𝑑𝑧
= 𝑓

𝜌𝑢2

𝑑p
 (6) 

where 𝑝 is the pressure, 𝑓 is the friction factor, and 𝑑p is the particle diameter. The friction factor 𝑓 is 211 

calculated based on Ergun equation [77], as shown in Eq. (7).  212 

 𝑓 =
(1 − 𝜀)

𝜀3
[150

(1 − 𝜀)𝜇

𝜌𝑢𝑑p
+ 1.75] (7) 

where 𝜇 is the fluid viscosity, and 𝜀 is the bed porosity. For the present simulation study, no energy 213 

balance is solved. Instead, the actual measured temperature profile in the reactor is used via an 214 

additional subroutine. Although an energy balance is not solved in this study, for reference purposes, 215 

the energy balance equations for the gas and solid phase are provided in the SI (see Eqs. (S10)-(S11)). 216 
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3.2. Chemical kinetics 217 

The flow model is coupled with a thermodynamically consistent microkinetic surface reaction scheme 218 

proposed by Schmider et al. [42] to compute spatially-resolved reaction rates and surface coverages. 219 

Schmider et al. [42] validated their derived microkinetic model against several published studies and 220 

achieved a good agreement across all experiments. The mean-field microkinetic model contains 19 221 

species and 42 reactions for the methanation of CO and CO2 over Ni-based catalyst. Methanation of 222 

CO2 is described by a direct dissociative pathway that involves CO* and a hydrogen-assisted pathway 223 

that involves carboxyl (COOH*) as an intermediate. The effective molar production rate 𝑅𝑖
surf of gas-224 

phase species 𝑖 by surface phase reaction is calculated using Eq. (8). 225 

 𝑅𝑖
surf = 𝜂𝑖𝐹cat/geo𝑠̇𝑖 

(8) 

where 𝜂𝑖  is the effectivness factor of gas-phase species 𝑖, 𝐹cat/geo is the ratio of active catalytic surface 226 

area to the geometric surface area of the catalyst particle, and 𝑠̇𝑖 is the molar production rate of gas-227 

phase species 𝑖 by surface reaction (Eq. (9)).  228 

 𝑠̇𝑖 = ∑ 𝜈𝑖𝑘𝑘𝑘

𝑘∈𝑅s

∏ 𝑐
𝑗

𝜈𝑗𝑘
′

𝑗∈𝑆g∪𝑆s

 (9) 

where 𝑅s and 𝑆s are the sets of surface reactions and surface species, respectively, 𝜈𝑖𝑘 are 229 

stoichiometric coefficients, 𝜈𝑗𝑘
′  are the reaction orders (equal to the stoichiometic coefficient of the 230 

reactants), and 𝑐𝑖 is the concentration of species 𝑖 given as mol m-2 for adsorbed species and mol m-3 231 

for gas-phase species and 𝑘𝑘 represent the rate constant of reaction 𝑘. The mean-field approximation 232 

enables the modeling of local interactions between adsorbate and their effect on 𝑘𝑘 by incorporating 233 

an extra factor in the Arrhenius expression, represented as Eq. (10). 234 

 𝑘𝑘 = 𝐴𝑘𝑇𝛽𝑘exp (−
𝐸a,𝑘

𝑅𝑇
) ∏ exp (

𝜖𝑖𝑘𝜃𝑖𝑘

𝑅𝑇
)

𝑖∈𝑆𝑠

 , (10) 

where 𝐴𝑘 is the pre-exponential factor, 𝛽𝑘 is a temperature dependency parameter, 𝜃𝑖𝑘 is the surface 235 

coverage of species 𝑖 in reaction 𝑘, 𝐸a,𝑘 is the activation energy of reaction 𝑘, 𝜖𝑖𝑘 is the coverage 236 

dependency of the activation energy, 𝑇 is temperature and 𝑅 is the universal gas constant. For 237 

adsorbed species, surface concentrations can be written in terms of fractional surface coverages 𝜃𝑖 of 238 

species 𝑖, via Eq. (11). 239 
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 𝜃𝑖 =
𝜎𝑖𝑐𝑖

𝛤cat
 , (11) 

where 𝜎𝑖 is the number of sites occupied by the one particle of the species 𝑖, 𝛤cat is the surface site 240 

density of active catalyst surface area (mol m-2). The actual amount of catalytically active surface area 241 

is considered via 𝐹cat/geo, the ratio of active catalytic surface area to the geometric surface area of the 242 

catalyst particle, described in Eq. (12). The catalytic surface area 𝐴cat is the microscopic area provided 243 

by the active catalyst for the catalytic reaction, whereas the geometric surface area 𝐴geo is the 244 

microscopic area of the gas-phase surface interface of the particles. 𝐹cat/geo is calculated from 245 

measured dispersion 𝐷 via CO chemisorption.  246 

 𝐹cat/geo =
𝐴cat

𝐴geo
=

𝐷𝑛cat

𝛤cat𝐴geo
 , (12) 

where 𝑛𝑐𝑎𝑡 is the molar amount of active catalyst. For present study, the microkinetic surface reaction 247 

scheme by Schmider et al. [42] was used unmodified for simulating both Ni/γ-Al2O3 and Ni3.2Fe/γ-Al2O3 248 

catalyst systems. 249 

3.3. Mass transfer 250 

Since a reaction-diffusion model is computationally expensive, a zero-dimensional diffusion is used 251 

instead [78–81]. The model considers the mass transport limitation by pore diffusion within the 252 

spherical particles based on the effectiveness factor η approach, calculated as described in Eq. (13) 253 

[82,83]. 254 

 𝜂𝑖 =
3

𝜙𝑖
2

(𝜙𝑖 coth 𝜙𝑖 − 1) (13) 

The Thiele modulus 𝜙 for species 𝑖 is calculated using Eq. (14). 255 

 𝜙𝑖 =
𝑑pore

2
√

𝑘eff,𝑖

𝐷eff,i
 (14) 

where 𝑘eff is the effective rate constant for an assumed first-order reaction of species 𝑖. The 𝜙 is 256 

utilized to determine the 𝜂 with the assumption that CO2 is the limiting species, as its diffusion 257 

coefficient is smaller compared to H2 which diffuses much faster. This assumption is in line with 258 

previous literatures approch [49,62,63]. The effective diffusion coefficient 𝐷eff,𝑖  of species 𝑖 is 259 
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calculated taking into account both effective Knudsen diffusion 𝐷knud,𝑖 and molecular diffusion 𝐷mol,𝑖 260 

(see SI Eqs. (S12)-(S14)).  261 

3.4. Numerical solution algorithms 262 

 263 
The 1D packed-bed reactor model was implemented as FORTRAN code and coupled with the 264 

DETCHEM software package [71,73]. The system of equations was solved numerically along the 265 

reactor axis with inlet boundary conditions (provided in Table S1), using the differential-algebraic 266 

solver (LIMEX) [84]. Properties such as density, viscosity, specific heat, molar weight, velocity, 267 

pressure, surface reaction rates and mass transfer coefficients were updated after each integration 268 

step. 269 

4. Results 270 

4.1. XAS analysis 271 

 

 

(a) (b) 

Figure 3: Relative changes in oxidation state of the (a) 17 wt% Ni/γ-Al2O3 and (b) 17 wt% Ni3.2Fe/γ-Al2O3 catalyst at inlet, 272 

middle, and outlet position of the reactor, calculated by linear combination analysis of measured XANES spectra. Adapted 273 

and reproduced with permission from ref. [48] under Creative Common Attribution License. 274 

Structural information about the catalyst and present surface species are necessary to validate and 275 

improve the 1D packed-bed reactor model. Therefore, the recently published operando XAS and 276 

DRIFTS results by Serrer et al. [48] are used in this part to be able to follow the further steps. Operando 277 

QEXAFS measurements were performed to monitor structural changes along a fixed-bed micro reactor 278 

at three different positions (inlet, middle, and outlet) during CO2 methanation at 623 K. The study was 279 
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performed for monometallic Ni and bimetallic Ni-Fe catalysts and the results are shown in Figure 3. 280 

Ni/γ-Al2O3 shows the generation of small amounts of Ni2+ at the inlet and middle (≤1.5%), whereas the 281 

outlet remains reduced (Figure 3 (a)). The Ni3.2Fe/γ-Al2O3 showed a similar trend but much smaller 282 

changes in the relative degree of oxidation of the Ni (Figure 3 (b)).  283 

In contrast, large degrees of Fe oxidation were observed. A relative increase in Fe2+ was measured 284 

from 13%, 33%, and 38% between inlet, middle, and outlet, respectively. Consequently, Fe and Ni 285 

oxidation along the catalyst bed followed a reverse trend indicating that Fe prevents Ni from oxidation. 286 

Thus, the increase in stability of active Ni0 due to the addition of Fe was confirmed [85]. FeOx clusters 287 

were observed in previous studies, which are highly dynamic and enhance CO2 activation [36,48]. 288 

Along the catalyst bed, an increase in FeOx species concentration is found. The oxidation of active sites 289 

along the catalyst bed during the reaction reduce the active surface area. This dynamic transformation 290 

of the active site has to be considered in the microkinetic model for a thorough description of the 291 

catalyst morphology [9,86]. It is possible to include this information from operando experiments into 292 

the model by considering the actual catalytically active surface area as a function of bed length.  293 

4.2. DRIFTS analysis 294 

Surface species information is essential for the evaluation of microkinetic modeling results. DRIFTS is 295 

well-suited for this purpose and we extended a study that was performed by Serrer et al. [48] under 296 

CO2 methanation conditions over the Ni/γ-Al2O3 and Ni3.2Fe/γ-Al2O3 catalyst. Additional DRIFT spectra 297 

were recorded at 723 K for Ni/γ-Al2O3 within this work and the spectra are shown in Figure 4.  298 

 299 

Figure 4: DRIFT spectra of 17 wt% Ni/γ-Al2O3 (green line) at 523 K, 623 K and 723 K and 17 wt% Ni3.2Fe/γ-Al2O3 (gray line) 300 

catalyst at 523 K and 623 K during CO2 methanation. 301 
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The C-H stretching vibrations of CH4* were detected at 3017 cm-1. At 623 K, it has been observed that 302 

the CH4* band intensity is higher for the Ni3.2Fe/γ-Al2O3 catalyst compared to the Ni/γ-Al2O3 catalyst 303 

indicating a higher activity for the Ni-Fe system. C-H stretching intensity increases with increasing 304 

temperature for the Ni/γ-Al2O3.  305 

At 523 K, the DRIFT spectra of Ni/γ-Al2O3 show the formation of formate (HCOO*) at 1591 cm-1 and 306 

CO* intermediates (linear 2041 cm-1 and bridged 1936 cm-1 CO*), which leads to the conclusion that 307 

CO2 activation takes place via a combination of the H-assisted and direct CO2 dissociation pathway. 308 

According to Galhardo et al. [87], formate can act as a spectator species and does not participate in 309 

the reaction. Lim et al. [88] proposed that, HCOO* species are more strongly bound to the surface of 310 

catalysts than CO*, which makes them less reactive for further hydrogenation. The intermediate 311 

COOH* is postulated to be more reactive compared to HCOO* in the H-assisted pathway [32,42,87–312 

89]. DRIFT analysis performed by Weber et al. [90] at 303 K showed the formation of both 313 

intermediates HCOO* and COOH* on a Ni/γ-Al2O3 catalyst. With increasing temperature, CO2 314 

hydrogenation is initiated, resulting in a decline in coverages. DRIFTS spectra in this study are recorded 315 

at higher temperatures than 303 K and COOH* is not observed, possibly because of its high reactivity 316 

and the corresponding short lifetime. In contrast, the HCOO* species tend to accumulate on the 317 

catalyst surfaces at lower temperatures (523 K) due to their higher stability (Figure 4). The entropy 318 

term of adsorbates increases at higher temperatures, which decreases the binding strenght and leads 319 

to desorption. Therefore, the intensity of the formate band decreases. The H-assisted pathway via 320 

formation of COOH* is often reported to be in competition with the unassisted dissociation of CO2* 321 

[32,89]. With increasing temperature, terminally adsorbed CO* increases, while bridged CO* species 322 

remain unchanged. Thus, at increased temperatures, direct dissociation of CO2* to CO* is strongly 323 

favored in agreement with microkinetic modeling studies [30,32,89]. 324 

A shift in the DRIFTS band from 2041 cm-1 at 523 K over 2031 cm-1 at 623 K to 2011 cm-1 at 723 K 325 

indicates oxidation of surface Ni0 to Ni2+ [56,91,92]. As shown by the QEXAFS measurement (see Figure 326 

3), the oxidation of Ni surface sites occurs primarily at the start and middle of the catalyst bed. This 327 

can be a result of CO2* dissociation forming O* and CO*, where the adsorbed O* leads to oxidation 328 

[36]. Another possible explanation is the presence of O2 and H2O impurities in the feed [23]. DRIFT 329 

spectra of the Ni3.2Fe/γ-Al2O3 (Figure 4) catalyst show a similar intensity for the formate band as for 330 

the monometallic catalyst. This suggests that Fe does not promote H-assisted CO2 dissociation 331 

pathways. Despite the reduced amount of Ni atoms on the catalyst, there was no change in the 332 

intensity of the formate band. This could point to the formation of formate on the hydroxylated 333 

alumina surface or the FeOx surface, which can explain the large reservoir [50,89]. A decrease in CO* 334 
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band intensity was observed at 623 K compared to the monometallic catalysts. Therefore, the 335 

presence of Fe on the catalyst surface inhibits CO* formation or CO adsorption due to a reduction of 336 

exposed Ni surface area. The addition of Fe leads to a lower degree of oxidation of surface Ni atoms, 337 

consistent with results from previous studies [55,85]. One hypothesis is that O* diffuses to the Fe 338 

clusters, where it leads to FeOx formation. This agrees with previous studies showing a highly dynamic 339 

FeOx morphology in the bimetallic catalysts [36,48]. Moreover, CO2 adsorbs preferably on FeOx 340 

clusters since it offers an adsorption site with high basicity [24,25]. The dynamic redox nature of FeOx 341 

clusters (wustite Fe(II) like structure and Fe(III)) promotes the dissociative CO2* activation and protects 342 

Ni from adsorbed CO2* or CO* [36,48,85]. Due to the protective effect of Fe, CO2 methanation activity 343 

is higher for a bimetallic catalyst.  344 

As discussed above and shown by DRIFTS results, CO2 methanation over both (Ni/γ-Al2O3 and Ni3.2Fe/γ-345 

Al2O3) catalysts occurs primarily through a combination of the H-assisted and direct CO2* dissociation 346 

pathways. Consequently, the microkinetic model proposed by Schmider et al. [42] for Ni-based 347 

catalysts is applied in the present simulation study. 348 

4.3. Experimental results 349 

The microkinetic model and computer code were used to numerically simulate spatially-resolved CO2 350 

methanation experiments. We conducted additional spatially-resolved experiments at an oven 351 

temperature of 723 K in addition to previous data published by Serrer et al. [48] at 623 K. Figure 5 352 

illustrates spatially-resolved CO2 conversion and selectivity to CH4 profiles for the catalysts under CO2 353 

methanation. The catalyst bed starts at a position of 0 mm and ends at 36 mm. Experimental data 354 

points are plotted with an error margin of 2.5% based on the accuracy of the GC and errors in spatially 355 

measured points. 356 

The temperature profiles reveal a strong hot spot formation in the initial bed zone around 3-9 mm 357 

because of the exothermic reaction, leading to a 41% conversion of CO2 within the hot spot zone. The 358 

fact that most of the conversion occurs in the first part of the catalyst bed slows down the reaction in 359 

the subsequent part of the catalyst bed, resulting in a decrease in temperature and reaction rate. A 360 

small amount of CO is produced at the hot spot through the reverse water-gas shift reaction and is 361 

converted to CH4 along the catalyst bed. The addition of Fe enhances CO2 methanation at an oven 362 

temperature of 623 K, thus producing a higher hot spot temperature and CO2 conversion than for the 363 

monometallic catalysts (Figure 5 (a)). At 623 K, bimetallic catalysts increase the hot spot temperature 364 

by 5 K, resulting in 42% CO2 conversion. Compared with the monometallic catalyst, the bimetallic 365 

catalyst exhibits 10% enhanced selectivity towards CH4 within the hot spot zone at 623 K (Figure 5 (b)). 366 
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For both catalysts, 80% CO2 conversion and 94% CH4 selectivity were achieved at reactor the exit 367 

because the thermodynamic equilibrium is reached. 368 

 369 

Figure 5: Experimentally obtained spatially-resolved axial profiles of (a) CO2 conversion at 623 K, (b) selectivity to CH4 at 623 370 

K, (c) CO2 conversion at 723 K, and (d) selectivity to CH4 at 723 K (primary y-axis, left) and temperature (secondary y-axis, 371 

right) at an oven temperature of 623 K over 17 wt% Ni/γ-Al2O3 and Ni3.2Fe/γ-Al2O3 catalyst at inlet gas feed composition of 372 

25 vol% of CO2:H2 = 1:4 in N2. Dotted line: bed region (0 mm to 36 mm).  373 

In contrast, CO2 methanation is not improved by the addition of Fe at an oven temperature of 723 K. 374 

Hot spots form earlier with the monometallic catalyst than with bimetallic catalyst (Figure 5 (c)). At a 375 

bed length of 3 mm, the hot spot temperature of 764 K was recorded for the monometallic catalyst 376 

compared to a temperature of 701 K for the bimetallic catalyst. The monometallic catalyst achieved 377 

60% CO2 conversion and 69% CH4 selectivity within the hot spot zone, whereas the bimetallic catalyst 378 

showed 45% CO2 conversion and 54% selectivity for CH4 (Figure 5 (c) and (d)). Again, both catalysts 379 

reach the same conversion at the reactor exit due to thermodynamic equilibrium. This explains also 380 

that the CO2 conversion at an oven temperature of 723 K (≈70%) is lower compared to 623 K (≈80%). 381 
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Figure S1 show spatially measured concentration and temperature profile over the Ni/γ-Al2O3 or 382 

Ni3.2Fe/γ-Al2O3 catalyst at oven temperature of 623 K and 723 K. 383 

4.4. Modeling results 384 

The thermodynamic consistency of the microkinetic surface reaction scheme proposed by Schmider 385 

et al. [42] used in this study was thoroughly evaluated through a comprehensive thermodynamic 386 

analysis, as depicted in Figure S2. The unmodified microkinetic model was utilized to simulate both 387 

Ni/γ-Al2O3 and Ni3.2Fe/γ-Al2O3 catalyst systems. The active catalytic surface area was considered in the 388 

simulations via Fcat/geo as described in Eq. (12). Based on measurements, the different Fcat/geo values of 389 

103 and 78 were used for Ni/γ-Al2O3 and Ni3.2Fe/γ-Al2O3, respectively. 390 

 391 

Figure 6: Comparison of experimentally and numerically obtained spatially-resolved mole fractions (primary y-axis, left) and 392 

temperature (secondary y-axis, right) profile obtained at an oven temperature of 623 K over (a) 17 wt% Ni/γ-Al2O3 and (b) 393 

17 wt% Ni3.2Fe/γ-Al2O3 catalyst at inlet gas feed composition of 25 vol% of CO2:H2 = 1:4 in N2. Dotted line highlights the bed 394 

region (0 mm to 36 mm). 395 

A comparison of experimental and simulated axial mole fraction and temperature profiles during CO2 396 

methanation over the Ni/γ-Al2O3 catalyst is depicted in Figure 6 (a) and over Ni3.2Fe/γ-Al2O3 in Figure 397 

6 (b) for an oven temperature of 623 K. All species profile show consistent agreement between model 398 

prediction and experiment. Additionally, the small amount of CO measured during the experiments is 399 

in line with the model predictions. However, in the initial and middle bed zones, there are small 400 

deviations between experimental and numerical results. A better agreement is observed during hot 401 

zones for bimetallic catalysts compared to monometallic catalysts, which can be explained by different 402 

degrees of Ni oxidation, as observed by XAS measurements. As shown in Figure 3 (a), the Ni catalyst 403 

oxidizes at an oven temperature of 623 K, resulting in a lower active catalytic surface area. Also, 404 

compared to monometallic catalysts, the bimetallic catalysts exhibit a lower oxidation rate of Ni due 405 
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to Fe's protective effect (Figure 3 (b)). Consequently, the active surface area of the catalyst changes 406 

very little due to Ni oxidation. For the monometallic catalysts, the numerical simulation shows higher 407 

conversion compared to the experiments since the present numerical simulation assumes a constant 408 

active catalytic area via the Fcat/geo parameter. The simulation for the bimetallic catalysts with a 409 

constant active catalytic surface area matches the experimental data more closely than for the 410 

monometallic catalysts. 411 

An additional study was conducted at an oven temperature of 723 K over shown in Figure 7. The 412 

exothermic nature of the Sabatier reaction leads to a decrease in CO2 conversion and CH4 selectivity 413 

at a higher oven temperature (723 K), as discussed earlier. Moreover, CO formation is increased due 414 

to the RWGS reaction. The hot spot moves closer to the bed entrance in comparison to 623 K indicating 415 

a faster reaction rate. Both catalysts performed very similarly toward the bed end in terms of CO2 416 

conversion due to the thermodynamic equilibrium. However, the Ni/Al2O3 (Figure 7 (a)) catalyst is 417 

found to form hot spots earlier than Ni3.2Fe/Al2O3 (Figure 7 (b)) catalyst due to its higher activity at 418 

723 K. This result is in agreement with the observation that the addition of Fe at elevated 419 

temperatures does not provide a significant promoting effect [20]. Thus, the Ni concentration in a 420 

catalyst defines CO2 methanation activity. In the present study, the monometallic catalyst contains 17 421 

wt% Ni, while the bimetallic catalyst contains 13 wt% Ni. Therefore, the monometallic catalyst with a 422 

higher Ni concentration has a higher CO2 methanation efficiency than the bimetallic catalyst. However, 423 

the role of Fe at higher temperatures needs further investigation.  424 

 425 

Figure 7: Comparison of experimentally and numerically obtained spatially-resolved mole fractions (primary y-axis, left) and 426 

temperature (secondary y-axis, right) profile obtained at an oven temperature of 723 K over (a) 17 wt% Ni/γ-Al2O3 and (b) 427 

17 wt% Ni3.2Fe/γ-Al2O3 catalyst at inlet gas feed composition of 25 vol% of CO2:H2 = 1:4 in N2. Dashed line: simulation with 428 

variable catalytic surface area. The solid line represents the simulation with constant catalytic surface area. 429 
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As a next step, for a more rigorous description of the catalyst under operating conditions, we included 430 

the structural information of the catalyst (i.e. oxidation state) in the simulation studies to fully 431 

comprehend the CO2 methanation. Based on the XAS measurements, simulations are performed in 432 

the following section by incorporating the oxidation state of Ni. To achieve this, the catalyst bed was 433 

divided into three equal sections, each with a different catalytic surface area, where the Fcat/geo 434 

parameter is varied along the reactor bed based on XAS data. Therefore, the bed was divided equally 435 

into three sections for the second set of simulations, shown in Figure 7 by the highlighted region 436 

(dashed line). Figure S3 and S4 compare simulations and experiments at 623 K for Ni/γ-Al2O3 and 437 

Ni3.2Fe/γ-Al2O3 catalysts, showing the impact of changing catalytic surface area. The simulations were 438 

performed by varying the Fcat/geo value in the first two regions of the catalyst bed, i.e. 0 mm to 12 439 

mm and 12 mm to 24 mm, while retaining the measured value for the last region. At 723 K, for Ni/γ-440 

Al2O3 catalyst, the Fcat/geo values are 92.7 (0 mm to 12), 98.9 (12 mm to 24 mm), and 103.0 (24 mm to 441 

36 mm) (Figure 7 (a) highlighted region). For the Ni3.2Fe/γ-Al2O3 catalyst, the Fcat/geo values are 73.3, 442 

76.4, and 78 (Figure 7 (b) highlighted region).  443 

Comparing simulated and experimental results in the axial direction of the catalyst bed reveals 444 

deviations during hot spot, as shown in Figure 7 (solid line). The Ni catalyst tends to be slightly oxidized 445 

in the initial (hot spot) and middle region of the catalyst bed (shown in Figure 3) [48]. The XAS results 446 

indicate that almost 0.5-1.5% of Ni undergo oxidation at 623 K. It was reported that 7-9% Ni oxidation 447 

was observed for monometallic catalysts in contrast to 4-6% for bimetallic catalysts at 723 K [48]. The 448 

results indicate that either FeOx species clean Ni surfaces of oxygen, or dissociative CO2 activation 449 

occurs at FeOx centers. As a result, combined XAS and CO2-TPO studies suggest increased Ni oxidation 450 

at an increase in hot spot temperature. In the simulations, the change in oxidation state can be 451 

accommodated by adjusting the active catalytic surface area via the model parameter Fcat/geo from the 452 

measured value for a completely reduced catalyst (dashed line, Figure 7). The inclusion of oxidation in 453 

the microkinetic model enables a considerable improvement in the agreement between simulation 454 

and experiment. Yet, there are still some differences between numerical and experimental results. 455 

The difference between the two lies primarily in the first 12 mm of the catalyst bed, where most 456 

oxidation occurs. There is an overestimation of the numerical prediction since oxidation is a 457 

continuous function of axial position instead of a discrete function. Further, limited heat transfer can 458 

also account for the additional differences because grains themselves may be hotter than 459 

thermocouple measurements. 460 
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 461 

Figure 8: Numerically obtained spatially-resolved surface coverage (primary y axis, left) and temperature (secondary y axis, 462 

right) profile of 17 wt% Ni/γ-Al2O3 catalyst at inlet gas feed of 25 vol% of CO2:H2 = 1:4 in N2 only in bed region (0 mm to 36 463 

mm). Solid line: simulations with constant catalytic surface area; dashed line: simulations with varied catalytic surface area. 464 

Comparative analysis is performed between the predicted surface coverage profiles at an oven 465 

temperature of 623 K and 723 K, shown in Figure 8. Figure 8 (b) shows a comparison of the constant 466 

and varied catalytic surface areas at 723 K. The microkinetics used in the present study were 467 

developed for CO2 methanation on a Ni catalyst. Therefore, Fe is not considered. As a result, only the 468 

fractional surface coverages over the Ni surface are shown in Figure 8. The microkinetic model predicts 469 

coke formation by including C* as an active intermediate species. At 623 K and 723 K, the profile shows 470 

that the catalyst is primarily covered with CO*, C* and H*. Simulation results indicate CO* coverage 471 

of 37% and 38% and C* coverage is 32% and 34% at an oven temperature of 623 K and 723 K, 472 

respectively. The high CO* coverage predicted by the model is consistent with DRIFTS measurements 473 

and the literature [52,93,94]. At 723 K, the higher activity of Ni causes hot spots to form earlier in the 474 

catalyst bed. This results in an earlier decline in the H* profile compared to 623 K. Additionally, a small 475 

fraction of H* is present at 623 K and 723 K due to CO formation during RWGS reaction, shown in 476 

Figure 6 and Figure 7. As the CO formation takes place rapidly in the hot spot zone, the CO* coverage 477 

fraction increases. Downstream of the hot spot, CO* decreases more slowly at 723 K oven 478 

temperature compared with 623 K. This decrease in CO* allows more Ni* to be available, increasing 479 

the adsorption of H*, which then reacts with CO2 to form CH4. At 723 K, the lower H*/CO* ratio on 480 

the catalyst surface causes a decrease in CH4 selectivity. The species coverage shows only a slight 481 

difference when the catalytic surface area is varied at 723 K (Figure 8 (b)). Under all conditions, 482 

simulation results indicate that O* coverage is below 0.5%. Oxidation usually occurs at the step and 483 

edge sites, which is not covered by the present microkinetic model.  484 
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The approach presented in this study enhances modeling predictions by incorporating catalyst 485 

structural information. This model opens up exciting possibilities for multiscale modeling to achieve 486 

accurate predictions of hot-spots, improved reactor design, optimized heat management, and 487 

successful scale-up. To take the predictions to the next level, a more comprehensive, first principles-488 

based description that considers the actual shape of catalytic particles is necessary [86,89,95,96].  489 

5. Conclusion 490 

CO2 methanation over Ni based catalysts was studied experimentally and numerically. In the spatially-491 

resolved experiments over 17 wt% Ni/γ-Al2O3 and 17 wt% Ni3.2Fe/γ-Al2O3 catalysts at an oven 492 

temperature of 623 K and 723 K, it was observed that strong concentration and temperature gradients 493 

formed along the catalyst bed, affecting catalyst structure and causing catalyst oxidation. The model 494 

approach uses a 1D packed-bed reactor model with detailed microkinetics and mass transfer. The 495 

predictions of the model are compared with axially-resolved concentration gradients and temperature 496 

profiles for CO2 methanation. Spatially-resolved structural information from synchrotron-based 497 

operando QEXAFS measurements and surface species analyzed by DRIFTS measurements recorded at 498 

different temperatures were used to understand the impact of spatial variation of the active catalytic 499 

surface area in operation. These effects were then incorporated in the formulation of catalysts’ 500 

conditions of the model approach.  501 

Simulated and experimental spatial profiles were in reasonable agreement at 623 K for both catalysts. 502 

However, visible deviations from experimental results in the hot spot area were observed at 723 K. 503 

Operando XAS revealed catalyst oxidation at the inlet and in the middle of the catalyst bed under CO2 504 

methanation conditions leading to a decrease in active surface area. The simulations were shown to 505 

be improved by varying the active catalytic surface area based on operando XAS data to mimic the 506 

oxidation degree. This demonstrates the importance of taking oxidation of the active site or, in 507 

general, the structural change of the active site motif into account in microkinetic models through a 508 

combination of operando experiments and ab-initio calculations. As a final conclusion, we can state 509 

that combination of microkinetic modeling that also account for oxidation states lea to much better 510 

understanding of intrinsic kinetics.  511 
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Abbreviations 533 

XAS X-ray absorption spectroscopy 

QEXAFS  Quick scanning extended X-ray absorption fine structure 

XANES X-ray near edge absorption spectra 

DRIFTS Diffuse reflectance infrared Fourier transform spectroscopy 

ICP-OES Inductively coupled plasma optical emission spectroscopy 

STEM Scanning transmission electron microscopy 

GC Gas chromatography 

MS Mass spectrometer 
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PBR Packed-bed reactor 

List of symbols 534 

Latin symbols 

𝐴 Pre-exponential factor s-1 

𝐴cat 
Microscopic area provided by the active catalyst for the 
catalytic reaction 

m2 

𝐴geo 
Microscopic area of the gas-phase surface interface of the 
particles 

m2 

𝑎v Ratio of particle surface area to reactor volume m-1 

𝑐p Specific heat capacity at constant pressure J kg-1 k-1 

𝑐𝑖 Concentration of adsorbed species or gas-phase species 𝑖 
mol m-2 or  
mol m-3 

𝐷 Dispersion - 

𝐷eff Effective diffusion coefficient m2 s-1 

𝐷knud Knudsen diffusion coefficient m2 s-1 

𝐷mol Molecular diffusion coefficient m2 s-1 

𝑑t Diameter of reactor tube m 

𝑑p Particle diameter m 

𝑑pore Pore diameter of particle m 

𝐸a Activation energy kJ mol-1 

𝐹cat/geo 
Active catalytic surface area to the geometric surface area of 
the catalyst particle 

- 
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𝑓 Friction factor - 

ℎ Specific enthalpy J mol-1 

ℎfs Fluid-solid mass transfer coefficient W m-2 K-1 

𝑘 Rate constant s-1 

𝑘eff Effective rate constant s-1 

𝑘fs Fluid-solid mass transfer coefficient m s-1 

𝑀 Molar mass kg mol -1 

Nu Nusselt number - 

𝑛cat Molar amount of active catalyst mol 

Pr Prandtl number - 

𝑝 Pressure Pa 

𝑅 Universal gas constant J mol-1 K-1 

𝑅surf 
Effective molar production of rate of gas-phase species by 
surface reaction 

mol m-2 s-1 

Re Reynolds number - 

𝑅s Set of surface reactions - 

Sh Sherwood number - 

Sc Schmidt number - 

𝑆g Set of gas-phase species - 

𝑆s Set of surface species - 

𝑠̇ 
Molar production rate of gas-phase species by surface 
reaction 

mol m-2 s-1 



 
 

24 
 

𝑇 Gas-phase temperature K 

𝑇s Solid-phase temperature K 

𝑇w Reactor wall temperature K 

𝑈 Overall heat transfer coefficient W m-2 K-1 

𝑢 Superficial velocity of gas m s-1 

𝑌 Mass faction of gas-phase specie - 

𝑧 Reactor axial coordinate m 

Greek symbols 

𝛽 Temperature dependency parameter - 

𝛤cat Surface site density of active catalyst surface area mol m-2 

𝜀 Bed porosity - 

𝜀p Porosity of particle - 

𝜖 Coverage dependency of the activation energy kJ mol-1 

η Effectiveness factor - 

𝜃 Fractional surface coverage of species - 

𝜆 Thermal conductivity W m-1 K-1 

𝜇 Gas mixture viscosity kg m–1 s–1 

𝜈 Stoichiometric coefficients - 

𝜌 Gas mixture density kg m-3 

𝜎 Number of sites occupied by the one particle of the species - 
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𝜏p Tortuosity of particle - 

𝜙 Thiele modulus - 
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