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ABSTRACT 22 

CO2-containing synthesis gas is a relevant feedstock for the production of synthetic fuels using 23 

Fischer-Tropsch Synthesis. We report the role of CO2 in CO2, CO and H2 mixed feeds over a 24 

cobalt-based catalyst at 220 °C and 21 bar in a packed bed reactor. The C5+ selectivity remains 25 

above 78 % even for CO2-rich synthesis gas with 75 % CO2/(CO+CO2). Using 13CO2 isotopic 26 

labeling, the increase in methane selectivity is attributed to both CO and CO2 methanation, which 27 

is limited by maintaining a H2/CO outlet ratio below 10 and an outlet CO partial pressure above 28 

0.2 bar, respectively. Operando modulated DRIFTS confirms a positive relationship between CO 29 

surface coverage and CO partial pressure. From DFT and microkinetic modeling, enhanced CO 30 

and CO2 methanation could be attributed to a lower CO surface coverage and a higher H2 surface 31 

coverage. This work identifies boundaries for efficient cobalt-catalyzed mixed-feed FTS for 32 

synthetic fuels production. 33 

 34 
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1. Introduction 41 

The aviation sector currently accounts for 2.4 % of global CO2 emissions, a share likely to 42 

increase as aviation fuel cannot effectively be replaced in the near future with H2 or batteries 1–3. 43 

To reduce the climate impact of the aviation sector, sustainable aviation fuel (SAF) is produced 44 

from renewable H2 and alternative carbon feedstocks, such as municipal waste, biomass, and 45 

CO/CO2-containing waste gas streams, via Fischer-Tropsch Synthesis (FTS) 1,4. FTS converts 46 

synthesis gas (syngas), a mixture of CO and H2, into a range of hydrocarbons 5–7. These 47 

hydrocarbons can be converted into SAF, which has superior combustion properties compared to 48 

conventional aviation fuels 8. Figure 1a presents the general process flowsheet for producing 49 

synthetic kerosene via the Gas-to-Liquids (GTL) and the Power-to-Liquids (PTL) technology. 9–50 

12. In the GTL technology, synthesis gas is produced from natural gas via partial oxidation of 51 

methane (POM) or methane reforming (MR) and converted into hydrocarbons via FTS (Figure 1a) 52 

13. The hydrocarbon products are then isomerized, hydrocracked and upgraded into SAF. In the 53 

PTL route, CO2 and green H2 are used for the SAF production (Figure 1a) 14,15. The synthesis gas 54 

production proceeds via the reverse water gas shift (RWGS) reaction, followed by the same steps 55 

as GTL.  56 

To evaluate syngas production via RWGS, its equilibrium between CO and CO2 versus 57 

temperature is presented in Figure 1b. Higher temperatures favor this endothermic reaction. A 58 

higher H2/CO2 feed ratio increases equilibrium conversion but also raises the output H2/CO ratio. 59 

In the industrially relevant temperature range of 600 to 800 °C, the RWGS unit outlet has a CO2 60 

fraction (fraction CO2/(CO+CO2)) of 20-50 % CO2. In alternative feeds such as CO-rich emission 61 

gas from the steel and cement industries, CO2 is also present in significant amounts 16. Therefore, 62 

either a CO2 scrubber is required, or CO2 needs to be tolerated in the FTS unit. CO2 could 63 
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potentially replace other inert gases that have been proposed to be added to improve the process 64 

for enhanced heat transfer and dilution of the partial pressure of water that is formed 17–19. 65 

FTS is catalyzed by iron or cobalt-based catalysts 5,6. As metallic cobalt-based catalysts are 66 

inactive for RWGS and operate at lower temperatures, they produce mainly paraffinic C5+-67 

hydrocarbons which is ideal for synthetic kerosene 8,20. FTS with a pure CO and H2 feed has 68 

extensively been researched, and also the methanation activity for CO2 hydrogenation over cobalt-69 

based catalysts is well established 5,6,21,22. However, there are dissenting opinions on the role of 70 

CO2 in mixed-feed streams where some groups mentioned that CO2 acts as inert gas, while other 71 

groups reported conversion of CO2 into methane  23–34. Riedel et al. studied mixed-feed FTS at 190 72 

°C and 10 bar using a Co/Mn/Aerosil/Pt catalyst and found that CO2 acts as diluent until CO2 73 

fraction was above 75 %, when CO2 methanation commenced 27. Yao et al. used a Co/TiO2 catalyst 74 

at 200 °C and 21 bar and found that for CO2 fractions above 50 %, CO2 was converted to methane 75 

28. Using isotopic labelled 14CO2 in a mixed-feed at 220 °C and 20 bar over a Co/Pt/Al2O3 catalyst, 76 

the Davis group concluded that CO2 methanation occurred even at CO2 fractions below 50 % 29. 77 

In this study, we define the process boundary conditions where CO2 switches from an inert to a 78 

reactive gas in FTS using an industrially relevant titania-supported metallic cobalt catalyst loaded 79 

in a packed-bed reactor operating at 220 °C and 21 bar. These boundaries allow for operation of 80 

mixed-feed FTS where CO2 and H2 are not converted in undesired methane. We hypothesize that 81 

the conversion level, H2/CO ratios, and H2 partial pressure should all be well-defined to establish 82 

clear experimental boundary conditions 23–34. To align the H2/COx ratio of the RWGS effluent with 83 

the FTS feed, the H2/COx ratio was fixed at 2 35. Upon identifying boundary conditions where CO2 84 

co-feeding increased methane selectivity and descriptors thereof, in-situ DRIFTS, isotopic 85 
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labelling experiments, and microkinetic modeling were employed to unravel the molecular origin 86 

of increased methane production and limited CO2 reactivity.  87 

 88 

Figure 1. Process considerations for synthetic fuels production. a, A block scheme for gas to 89 

fuel production from methane (black) or a sustainable feed such as CO2 emissions and renewable 90 

H2 (green). Apart from the syngas production technology and composition, the processes are 91 

similar. b, Equilibrium composition in terms of CO2 fraction (CO2/(CO+CO2)) and syngas ratio 92 

(H2/CO) for the RWGS versus temperature at 21 bar.  93 

  94 
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2. Methods 95 

Catalyst preparation. A Co/TiO2 catalyst was prepared by incipient wetness impregnation as 96 

reported previously 45. Cobalt nitrate hexahydrate (>99.0 %, <0.001 % Ni) and titanium dioxide 97 

nanopowder (>99.5 %, formally known as P25) from Merck were used. TiO2 was pressed and 98 

sieved to a 75-150 𝜇𝜇m fraction. To achieve a theoretical 6 % wt. Co loading, 0.32 g 99 

Co(NO3)2*6H2O was dissolved in 0.11 mL milliQ water and impregnated on 1 g of sieved TiO2 100 

(pore volume 0.23 cm3 g-1). The impregnated TiO2 was dried at 90 °C for 24 hours and 101 

subsequently pyrolyzed in a tubular oven under a flow of N2 at 80 °C for two hours and followed 102 

by 250 °C for two hours with a ramping rate of 2 °C min-1. The resulting material was sieved again 103 

to obtain a 75-150 𝜇𝜇m catalyst. 104 

Catalyst characterization. Different batches of Co/TiO2 were used in this work, and the 105 

properties were checked to be consistent. To determine the elemental composition, X-ray 106 

fluorescence (XRF) analysis was performed with a Malvern PANalytical Epsilon3XLE 107 

spectrometer. XRF determines the amount of Co3O4 based on fundamental parameters which is 108 

corrected to yield the cobalt loading. The metal loading was determined after calcination of the 109 

catalyst at 500 oC to ensure all cobalt to be oxidized and precursor groups to be removed.  The 110 

elemental composition was further examined using Inductively Coupled Plasma Optical Emission 111 

Spectrometry (ICP-OES) on a Perkin Elmer Optima 7000 DV. The transmission electron 112 

microscopy (TEM) images were made with a 200 kV Tecnai T20 electron microscope. The catalyst 113 

was dispersed in ethanol and placed on a carbon coated Cu grid. Elemental distribution was done 114 

in STEM mode on a SDD EDX detector (XmaxT80, Oxford instruments). X-ray diffraction (XRD) 115 

patterns were obtained on a Bruker Advance D8 diffractometer at 40 kV and 40 mA using Cu-Kα 116 

radiation (λ = 1.5544 Å). The 2θ angle was varied from 3° to 90° with a step size of 0.02 and a 117 
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scan time of 0.9 s. Nitrogen physisorption was measured with a Micromeretics ASAP 2420. The 118 

total surface area was determined by the Brunauer-Emmett-Teller (BET) method. Temperature 119 

Programmed Reduction/Desorption experiments (TPR/TPD) were executed on a Micromeretics 120 

AutoChem II 2920 equipped with a thermal conductivity detector (TCD). For the TPR 121 

experiments, a flow of 5 % H2 in Ar was put over the catalyst (3000 mL gcat-1 h-1) and the 122 

temperature was ramped from 50-650 °C with a ramping of 1 °C min-1. For CO and CO2 TPD, the 123 

catalyst was reduced in situ at 350 °C for 8 hours with a ramping of 5 °C min-1 corresponding to 124 

the pretreatment isupportin the reactor. After this, the sample was cooled down to 50 °C under 125 

helium. The sample was put under a flow of 5 % CO in He for 1 hour for the CO TPD or 10 % 126 

CO2 in He for the CO2 TPD and ramped to 650 °C with 5-10 °C min-1. The H2-chemisorption was 127 

performed on a Micromeritics ChemiSorb HTP. The catalyst was reduced in situ (GHSV of 4800 128 

and 24000 mL gcat-1 h-1) at 350 °C for 8 hours with a ramping of 5 °C min-1 after that the 129 

chemisorption was measured at a temperature of 150 °C with a ramping of 3 °C min-1. The particle 130 

size is corrected for degree of reduction and based on hemispherical particles. TPR-MS was 131 

performed with an in-house developed reactor with a ramp of 5 °C min-1 while scanning for the 132 

masses 14-18, 28, 30, 32, 46, 62 and 63 u corresponding to the mass of hypothetical decomposition 133 

products.   134 

Catalytic evaluation. The catalytic tests were performed in a stainless-steel reactor tube (inner 135 

diameter of 6 or 9 mm) in a MICROACTIVITY-Effi from PIDEngTech. Ar (99.999 %), H2 136 

(99.999 %), CO2 (99.999 %) and CO (99 %) were fed to the setup by mass flow controllers from 137 

Bronkhorst. The catalyst mass was diluted 5 times with silicon carbide (50-75 𝜇𝜇m) to ensure 138 

isothermal operation 55. Plug flow was ensured by keeping the diameter of the particles at least 10 139 

times smaller than the diameter of the reactor and the length of the bed was at least 50 times the 140 
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diameter of the particle 55.  The Weisz-Prater criterion, given in Supporting Information, was used 141 

to confirm the absence of internal mass transfer limitations.  142 

Reduction of the catalyst (0.1-1.0 g) was performed under a flow of 20 mL min-1 of 25 % v. H2 143 

in Ar at 350 °C at 2 bar with a heating ramp of 1 °C min-1 for 8 hours. After reduction, the reactor 144 

was cooled to 220 °C (1 °C min-1) and the pressure was increased to 21 bar (5 bar min-1) for the 145 

FTS experiments. During the reaction, the flows of Ar, H2, CO and CO2 were varied. To enable a 146 

good comparison, the ratio H2/COx was kept at 2/1, and the flow of Ar was equal to the flow of 147 

CO+CO2. This means that for any GHSV, the CO+CO2 content was 25 % v., the Ar content was 148 

25 % v. and the H2 content was 50 % v. The only exception is the experiments where CO2 was 149 

replaced with Ar. All catalyst evaluation data were collected at steady state for at least 4 hours per 150 

reaction condition. A representative run program is included Figure S1. The program steps were 151 

generally repeated in reverse to check for stability and reproducibility as depicted in Figure S2. 152 

The reactor unit was equipped with an online gas chromatographer for the analysis of the product 153 

stream. A Thermo TraceGC 1310, equipped with a ShinCarbon ST and Hayesep Q column and a 154 

thermal conductivity detector was used for the analysis of the permanent gases and a GS-gaspro 155 

and Stabilwax column both equipped with flame ionization detector were used for the  C1-C10 156 

fraction The chain growth probability was determined from the C3-C8 product fraction as heavier 157 

hydrocarbons partly start to be condensed out in the cold trap (70 °C, 1 bar).  158 

The conversion of CO and CO2 were determined by equation 1 and 2 respectively. The C5+-159 

selectivity was calculated using equation 3. The produced gasses were corrected for volume 160 

changes by the internal standard Ar. The value for chain growth probability constant (𝛼𝛼), governed 161 

by the Anderson-Schulz-Flory distribution model, was obtained by determining the slope of 162 

Ln(Wn/n) versus n for C3-C8 and calculating the exponential (equation 4).  163 
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      𝑋𝑋𝐶𝐶𝐶𝐶 =
[𝐶𝐶𝐶𝐶]𝑖𝑖𝑖𝑖 −

[𝐴𝐴𝐴𝐴]𝑖𝑖𝑖𝑖
[𝐴𝐴𝐴𝐴]𝑜𝑜𝑜𝑜𝑜𝑜

∗ [𝐶𝐶𝐶𝐶]𝑜𝑜𝑜𝑜𝑜𝑜

[𝐶𝐶𝑂𝑂]𝑖𝑖𝑖𝑖
     (1)     164 

𝑋𝑋𝐶𝐶𝑂𝑂2 =
[𝐶𝐶𝑂𝑂2]𝑖𝑖𝑖𝑖 −

[𝐴𝐴𝐴𝐴]𝑖𝑖𝑖𝑖
[𝐴𝐴𝐴𝐴]𝑜𝑜𝑜𝑜𝑜𝑜

∗ [𝐶𝐶𝑂𝑂2]𝑜𝑜𝑜𝑜𝑜𝑜

[𝐶𝐶𝑂𝑂2]𝑖𝑖𝑖𝑖
     (2)     165 

[𝐶𝐶5+](%) = 100 % −

[𝐴𝐴𝐴𝐴]𝑖𝑖𝑖𝑖
[𝐴𝐴𝐴𝐴]𝑜𝑜𝑜𝑜𝑜𝑜

[𝐶𝐶1−4] 

[𝐶𝐶𝐶𝐶]𝑖𝑖𝑖𝑖 −
[𝐴𝐴𝐴𝐴]𝑖𝑖𝑖𝑖

[𝐴𝐴𝐴𝐴]𝑜𝑜𝑜𝑜𝑜𝑜
∗ [𝐶𝐶𝐶𝐶]𝑜𝑜𝑜𝑜𝑜𝑜 + [𝐶𝐶𝑂𝑂2]𝑖𝑖𝑖𝑖 −

[𝐴𝐴𝐴𝐴]𝑖𝑖𝑖𝑖
[𝐴𝐴𝐴𝐴]𝑜𝑜𝑜𝑜𝑜𝑜

∗ [𝐶𝐶𝑂𝑂2]𝑜𝑜𝑜𝑜𝑜𝑜
    (3) 166 

𝑊𝑊𝑛𝑛

𝑛𝑛
= (1 − 𝛼𝛼)2𝛼𝛼𝑛𝑛−1       (4) 167 

Isotopic labeling 13CO2 experiments at steady state. A 99.0 atom % 13C labelled CO2 gas 168 

cylinder of 0.42 L from Merck was pressurized with unlabeled CO2 (99.999 %) to 25 bar. The 169 

mixture of labeled CO2 was mounted to the Effi-setup and the setup gas lines were flushed. A 170 

catalytic evaluation was performed at 220 °C and 2 bar with pretreatment as described above. The 171 

experiments were conducted with a feed with a CO2 fraction of 50 % and 90 % at 220 °C with a 172 

GHSV from 300 to 3400 mL gcat-1 h-1. To obtain data on full CO conversion, the temperature was 173 

increased to 260 °C. To detect and quantify the isotopic species, Tedlar gas bags were filled with 174 

the gas mixture and evaluated on an Agilent 6890 GC-MS equipped with a GASPRO column using 175 

a gas tight syringe. The 13CH4 and 12CH4 counts were determined from the 17counts and 16counts 176 

from which the water contribution was subtracted based on the water ratio from NIST database.  177 

In-situ diffuse reflectance infrared Fourier transform spectroscopy. In-situ diffuse 178 

reflectance infrared Fourier transform spectroscopy (DRIFTS) was employed to study formation 179 

of intermediates during the reaction. The reaction was carried out using a Nicolet iS10 FTIR 180 

spectrometer with a MCT detector and a custom-made Harrick Low Dead Volume High 181 

Temperature Reaction Chamber DRIFTS reactor and temperature controller (Figure S3). Spectra 182 
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were recorded in series roughly every 22 s. The sample was first reduced in-situ in the DRIFTS 183 

cell while heating from room temperature to 350 °C at 1 °C/min with a flow of 5 ml/min H2 and 184 

15 ml/min Ar. Once 350 °C was reached, the temperature was held under the same flow for another 185 

2 h. Subsequently, the sample temperature was decreased to 220 °C with a 1 °C/min ramp rate in 186 

20 ml/min Ar. The gas flow was then changed to 90/10 Low (per the flows listed in Table 1), and 187 

the pressure was ramped to 3 bar using a Bronkhorst EL-PRESS back pressure regulator. The 188 

experiments commenced after a stable pressure of 3 bar was reached. After ~1 h, the gas 189 

composition was switched to 90/10 Full. Another ~1 hour was maintained at this condition before 190 

switching to the following condition. Each condition was maintained for at least 60 min while 191 

recording spectra. In the latter part of the experiment, the reaction conditions were repeated in 192 

reverse to assess whether the sequence had an impact on the observed mechanism. The full spectra 193 

are depicted in Figure S4. 194 

Table 1. Flow rates (ml min-1) of different reaction conditions. 195 

 H2 Ar CO CO2 CO inlet (%) H2/CO 

90/10 Low 30.25 15.13 1.51 13.61 2.5 20 

90/10 Full 13.75 6.88 0.69 6.19 2.5 20 

50/50 Low 11.92 5.96 2.98 2.98 12.5 4 

50/50 Full 1.83 0.92 0.46 0.46 12.5 4 

 196 

Thermodynamic calculations. All thermodynamic calculations were performed with Aspen 197 

Plus. For the RWGS equilibrium, an equilibrium reactor was modelled, and the compositions were 198 

calculated with the Peng-Robinson equations of state. A sensitivity analysis was performed to plot 199 

the effect of temperature, pressure and feed ratios on the product distribution of the RWGS. As 200 

methane formation in the RWGS should be suppressed in the syngas production, methanation was 201 
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not included in the thermodynamic calculations and hence there was no effect of pressure on the 202 

equilibrium composition.  203 

Kinetic modeling. For determining the kinetic constant of the Fischer Tropsch reaction, 204 

MATLAB was used to fit two data sets in one routine. The rate orders were used as obtained in 205 

the work of Zennaro as -0.24 and 0.74 for 𝛼𝛼 and 𝛽𝛽 respectively 52. The fitting was carried out using 206 

the lsqnonlin routine, where the mass balance (equation 5) including the change in density 207 

(equation 6) was solved using the built-in ode45 MATLAB function. For ϵ a value of -0.25 is taken 208 

which corresponds to the change in gas density for the production of butene. Subsequently the 209 

resulting kinetic constant, combined with the rate orders were taken as input to plot the integral 210 

conversion as a function of catalyst weight and the CO molar feed rate, taking into account the 211 

feed ratios as employed for the individual experiment. In addition, an error landscape was 212 

constructed by varying the input of 𝛼𝛼 and 𝛽𝛽 to gain insights in fit quality and provide other options 213 

for 𝛼𝛼 and 𝛽𝛽 in this dataset.  214 

𝑑𝑑𝐹𝐹𝐶𝐶𝐶𝐶
𝑑𝑑𝑑𝑑

= 𝑅𝑅𝐶𝐶𝐶𝐶′ = −𝑘𝑘1𝐶𝐶𝐶𝐶𝐶𝐶𝛼𝛼 𝐶𝐶𝐻𝐻2
𝛽𝛽            (5) 215 

𝜙𝜙𝑣𝑣 = 𝜙𝜙𝑣𝑣0 ∗ (1 + ϵ𝑋𝑋𝐶𝐶𝐶𝐶)         (6) 216 

DFT calculations and microkinetic model. Periodic spin−polarized DFT calculations were 217 

conducted using the vdW−DF functional, a plane−wave basis set with a cut−off kinetic energy of 218 

450 eV, and the projector−augmented wave method as implemented in the Vienna Ab−initio 219 

Simulation Package (VASP) 56–60. The construction of the cobalt terrace sites and B5 step sites are 220 

described in an earlier publication, including the microkinetic model construction 53. Microkinetic 221 

simulations, using a mean-field approach, were performed using the Chemkin® software 61. An 222 

isothermal 1D plug flow reactor model was used in the simulations to calculate reaction rates, 223 

surface coverages and concentration profiles along the reactor. We used a COx inlet flowrate of 224 
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290 mmolCOx h-1 and an active site density of 300 mmolactive sites kgcat-1. The equations were solved 225 

up to the specified conversion (XCO = 10 %), to stay in low-conversion kinetic limit, by varying 226 

the amount of catalyst. Chemkin® solves the ordinary microkinetic differential equations using a 227 

modified DASPK solver with a relative tolerance of 10-6 and an absolute tolerance of 10-9 to obtain 228 

convergence62 . An example of the input files for the high coverage simulations is provided in the 229 

Zenodo repository 63. For the initial coverage, θ* and θ# were set to 1. Selectivities and average 230 

TOFs were calculated after 10 % conversion using molar outlet flow rates. Surface coverages are 231 

reported at 10 % conversion.  232 

CO2-FT microkinetic model. For the microkinetic simulations at CO saturation coverage, the 233 

model developed in the Saeys group was used, which is publicly available in the Zenodo repository 234 

and described in a prior publication 53,63. Some minor adjustments were made to the model to 235 

accommodate CO2 hydrogenation (Table S1). The experimental reaction energy of the reverse 236 

water-gas shift is 28.5 kJ/mol 64. The DFT vdW-DF value is 55.1 kJ/mol. Therefore, the CO2 gas 237 

phase energy was corrected by +26.6 kJ/mol, as has become standard in microkinetic DFT 238 

simulations 65–68. In the original FT model, H2 only adsorbs non-competitively with CO* (H_CO*), 239 

i.e., it adsorbs in a unit cell containing 7 CO*’s. This was implemented because CO* adsorption 240 

is significantly more exergonic than H* adsorption at FT conditions. When the CO partial pressure 241 

decreases and the H2/CO ratio increases, H2 adsorption however becomes competitive with CO 242 

adsorption. Therefore, an additional H* intermediate was added that adsorbs competitively with 243 

CO* (H*) in a unit cell with 6 CO*’s. This was implemented by including fast diffusion of H* 244 

surrounded by 7 CO*’s (non-competitive H*) to a unit cell with only 6 CO*’s (competitive H*). 245 

Lastly, CO2 activation on the CO- and C-saturated B5 site was not described in the original model. 246 

Using a BEP relation with α=0.5 the activation energy for 𝐶𝐶𝑂𝑂2# + ∗ → 𝐶𝐶𝑂𝑂# + 𝑂𝑂∗ was determined. 247 
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Since CO2 adsorption on the CO- and C-saturated B5 site is strongly endothermic (92 kJ/mol), the 248 

reaction was modelled as a dissociative adsorption. The high activation barrier (128 kJ/mol) and 249 

strong endothermicity of CO2 adsorption suggest that this route is not viable, no matter the exact 250 

energy of the transition state, making the BEP estimate activation energy a sufficient 251 

approximation. 252 

3. Results and discussion 253 

Catalyst. Co/TiO2 is a relevant FTS catalyst and has been extensively investigated 36–43. A 254 

Co/TiO2 catalyst was prepared by incipient wetness impregnation and characterized using XRF, 255 

ICP, TEM, XRD, N2-physisorption, H2-chemisorption and TPD/TPR. Table 2 provides a summary 256 

of relevant catalyst properties. The cobalt elemental loadings determined by XRF and ICP were 257 

similar at ~5 % wt. (Table 2). XRD and TEM (Figure S5 and S6) of the fresh catalyst suggest a 258 

homogenous dispersion of cobalt as no large cobalt oxide nanoparticles were observed 259 

36,37,39,40,44,45. Chemisorption (Table 2) of the reduced catalyst and STEM-EDX (Figure S6) of the 260 

spent catalyst identified cobalt nanoparticles with an average particle size of 30 nm. This suggests 261 

the stability of cobalt nanoparticles during reaction and, importantly, demonstrates that the catalyst 262 

is independent of the ‘particle size effect’ which is prominent for cobalt nanoparticles less than 6 263 

nm 5,46. TPR (Figure S7) showed peak maxima of CoO reduction at 350 and 380 °C, respectively, 264 

for 1 and 5 °C/min heating rate. H2-chemisorption showed a degree of reduction of 90 % after 150 265 

minutes at 350°C. This required reduction temperature agrees with literature 36,37,43–45, 47. Thus, to 266 

ascertain cobalt reduction before catalytic experiments, reduction was performed at 350 °C and 267 

extended for 8 hours. 268 

 269 

 270 
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Table 2. Catalyst properties determined using XRF, ICP, H2 chemisorption and N2 physisorption.  271 

 Co/TiO2 

Cobalt wt. loading (from ICP, %) 4.8 ± 0.5 

Cobalt wt. loading (from XRF, %) 4.9 ± 0.1 

Chemisorption average particle size (hemisphere) (nm) 31 ± 3 

Chemisorption degree of reduction (%) 90 ± 2 

BET surface area (m2 g-1) 52 ± 3 

BJH pore size (nm) 30 ± 3 

 272 

CO2-containing synthesis gas. The catalytic performance for hydrogenation of CO, CO2 and 273 

mixed-feeds is shown in Figure 2a while the stability and the complete product spectrum are shown 274 

in Figure S8. With a feed of H2/CO2 = 2/1 (CO2 FTS), 96 % methane selectivity and no CO and 275 

C5+ hydrocarbons were observed at 6 % CO2 conversion. With a feed of H2/CO=2/1 (CO FTS), 83 276 

% C5+-selectivity was achieved at 10 % CO conversion. The mixed CO/CO2 FTS feed (H2/CO2/CO 277 

= 4/1/1) showed a C5+-selectivity of 80 % at 31 % CO conversion but no CO2 conversion was 278 

observed. In comparison to CO FTS, the increase in CO conversion with the mixed-feed is 279 

attributed to both higher CO residence time and H2/CO = 4. The 3 % decrease in C5+-selectivity 280 

corresponded to a 3 % increase in methane selectivity (Figure S8)  and a slightly lower chain 281 

growth probability, α (Figure S9). These differences in product selectivity could be due to CO 282 

conversion, H2/CO ratio, CO methanation and/and CO2 methanation, i.e. the Sabatier reaction and 283 

in the following, we will discriminate between these different explanations. Notably, this is the 284 

highest C5+-selectivity reported for mixed CO/CO2 FTS feeds with a CO2 fraction up to 50 % 23–285 

34.   286 
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Figure 2b shows the hydrocarbon selectivity versus conversion for a feed with 50 % CO2 287 

fraction. The hydrocarbon selectivity remained stable between 20 and 80 % CO conversion. An 288 

identical α of 0.86 was attained (Figure S10). No CO2 conversion was observed. This rules out CO 289 

conversion as the origin of the higher methane selectivity in CO/CO2-FTS compared to CO FTS. 290 

To investigate the influence of CO2 fraction in mixed-feed FTS on product selectivity, the CO2 291 

fraction was varied from 0 to 100 %, while the H2/COx ratio and CO conversion were kept at 2 and 292 

10 to 30 %, respectively (Figure 2c). C5+-selectivity remained stable between 78 and 85 % when 293 

the CO2 concentration was varied between 0 up to even 75 %. A decrease in liquid selectivity 294 

occurred only at CO2 fractions of 90 and 100 %, and was mostly the result of increased methane 295 

selectivity from 23 to 96 % with only a small contribution (< 5 %) of the C2-C4 fraction. From 296 

Figure 2d, this decrease in C5+-selectivity appears to correlate with the decreasing outlet partial 297 

pressure of CO, and an increase in H2/CO ratio. 298 

Thus far we demonstrated that the co-feeding of CO2 with syngas was possible with high C5+-299 

selectivity of 78 to 85 % within the set boundaries of feed with a CO2 fraction below 75 % at 10 300 

to 30 % CO conversion (referred as Case 1: FTS). C5+-selectivity decreased from 78 to 54 % when 301 

the fed CO2 fraction increased from 75 to 90 %. Interestingly, α remained between 0.82 and 0.85 302 

(Figure S11), suggesting negligible change in chain growth probability. Instead, this decrease in 303 

C5+-selectivity corresponded to an increase in methane selectivity, which is formed from CO 304 

or/and CO2. From Figure S12, an increase in H2/CO outlet ratio for a feed with 50 % CO2 fraction 305 

corresponded to a decrease in C5+-selectivity and an increase in methane selectivity. α stayed stable 306 

at 0.84 ± 0.01 (Figure S13). Hence, when the H2/CO outlet ratio is significantly higher than 10, 307 

the increase in methane selectivity is attributed to CO methanation (referred as Case 2: CO 308 

methanation). CO and CO2 are proposed to adsorb on the same Co sites, with CO adsorption being 309 
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more favorable, we postulate that sufficient CO prevents CO2 adsorption and reaction 30. Hence, 310 

CO2 methanation occurs only when CO partial pressure is low. For a feed with 90 % CO2 fraction, 311 

methane selectivity increased when CO conversion was above 70 % (Figure S14). At 93% 312 

conversion, chain growth probability dropped to 0.73 (Figure S15), indicating CO2 methanation 313 

(referred as Case 3: CO2 methanation). At 70 % CO conversion, about 0.2 bar (0.75 v%) of CO is 314 

present in the outlet. This indicates that a partial pressure of CO of 0.2 bar should be present to 315 

avoid Case 3: CO2 methanation. The CO partial pressure in the effluent stream depends both on 316 

CO partial pressure in the inlet, and on CO conversion. Hence, a plot of C5+-selectivity and the 317 

effluent partial pressure of CO in the experiments with different CO levels is included in Figure 318 

S16. 319 

For efficient mixed-feed FTS, methane production must be minimized, so Case 1 operation is 320 

ideal. Figure 2e illustrates the three cases, where CO conversion is varied for the fed CO2 fraction 321 

of 50 %. The H2/CO outlet ratio remained below 10 for all conversions except at 80 %. The CO 322 

outlet partial pressure remained above 0.2 bar for all conversions. Therefore, the system operates 323 

in the FTS regime (Case 1) until 80 % CO conversion, where CO methanation (Case 2) becomes 324 

a risk. Figure 2f  illustrates the three cases, where CO conversion is varied for the fed CO2 fraction 325 

of 90 %. The H2/CO outlet ratio is above 10 throughout the conversion range, so the system is 326 

always operated with increased CO methanation (Case 2). This explains the higher methane 327 

selectivity compared to the 50 % CO2 fraction in Figure 2e. Above 90 % CO conversion, the CO 328 

outlet pressure drops below 0.2 bar, shifting the system to Case 3 where CO2 methanation likely 329 

occurs.  This explains the increase in methane selectivity from CO conversion of 90 % onwards to 330 

ultimately 80 %, which indicates that aside from CO methanation, CO2 methanation is likely taking 331 

place. The boundary process conditions for Case 1, 2 and 3 are given in Table 3. 332 
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 333 

Figure 2. CO2 co-feeding with synthesis gas over Co/TiO2 at 220 °C and 21 bar. a, CO2 FTS 334 

with H2/Ar/CO2=2/1/1, CO FTS with H2/Ar/CO=2/1/1 and mixed CO/CO2 FTS with 335 

H2/Ar/CO2/CO=4/2/1/1 at ~4000 mL gcat h-1. b, Selectivity as a function of CO conversion (by 336 

GHSV variation) for  a feed with CO2 fraction of 50 % (H2/Ar/CO2/CO=4/2/1/1,). c, Effect of CO2 337 

fraction in mixed-feed FTS at H2/COx=2 and 10 to 30 % CO conversion. d, Relationship between 338 

partial pressure and H2/CO feed ratio on C5+-selectivity at 10 to 30 % CO conversion. e, Effect of 339 
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conversion on outlet CO partial pressure, outlet H2/CO ratio and methane selectivity for the feed 340 

with a 50 % CO2 fraction. Regimes 1,2 and 3 (FTS, CO methanation and CO2 methanation) are 341 

visualized in green, orange and red. Dashed lines are added to clarify trends. f, Effect of conversion 342 

on outlet CO partial pressure, outlet H2/CO ratio and methane selectivity for the feed with a 90 % 343 

CO2 fraction. Regimes 1,2 and 3 (FTS, CO methanation and CO2 methanation) are visualized in 344 

green, orange and red. Dashed lines are added to clarify trends. 345 

This finding that the main contributor to lower C5+ selectivity in mixed-feed FTS originates from 346 

extra production of methane, is in line with earlier reports 25,27,28. However, the important new 347 

insight is that in our results the drop in selectivity is not seen until reaching 90 % CO2 fraction, 348 

whereas in the cited literature this was already reported for feeds above 40 %. The key difference 349 

is that earlier investigations worked at complete CO conversion, which caused a significant 350 

gradient in CO partial pressure over the packed bed reactor, with complete absence of CO towards 351 

the end of the reactor. This means that CO2 methanation as described in Case 3 occurred. To avoid 352 

this pitfall, CO conversion should be limited which is achieved by varying GHSV. 353 

 354 

Table 3. Boundary conditions which determines role of CO2 in mixed CO/CO2 FTS feeds, and 355 

the origin of higher methane production for the system at 220 °C and 21 bar. 356 

Regime 
Effluent CO 

partial pressure 
(bar) 

Effluent 
H2/CO ratio 

CO2 
function 

Origin of higher 
methane production 

1. FTS Greater than 0.2 Below 10 Inert Normal FTS 

2. Risk of CO 
methanation - Above 10 Inert CO methanation 

3. CO2 methanation Less than 0.2 - Reactive CO2 methanation 
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 357 
Reactivity of CO2. To demonstrate CO2 acts as an inert when the CO partial pressure exceeds 358 

0.2 bar, CO2 was replaced with Ar in the mixed-feeds (Figure 3a). With identical inlet partial 359 

pressure and H2/CO ratio, both feeds indeed gave similar CO conversion and C5+-selectivity, 360 

confirming the inertness of CO2 as described in Case 1 and 2. The complete product distribution 361 

is included in Figure S17. The lower C5+-selectivity for experiments with increased CO2 fractions 362 

is thus caused by a higher H2/CO ratio, and not CO2 methanation. 363 

 364 

Figure 3. Verification of CO2 reactivity. a, CO conversion and C5+ selectivity of two sets of 365 

feeds with same CO concentration upon CO2 replacement with Ar at 220 °C, 21 bar with a GHSV 366 

of 4900-85000 mL gcat-1 h-1. b, Using 13CO2 in mixed-feed FTS at 220 to 260 °C, 2 bar with a 367 

GHSV of 344 to 3444 mL gcat-1 h-1 to demonstrate no CO2 contribution in the formation of methane 368 

under CO conversion below 80 %. The conversion and selectivity are included  in Table S2. 369 

Additionally, 13CO2 labelling experiments were performed to verify our hypotheses for the 370 

various cases. The catalyst was tested with a mixture of 13CO2 in mixed-feeds at 220 °C and 2 bar 371 

(Figure 3b), with conversions and product distribution in Table S2. When CO2 is inert, no 13CH4 372 

besides the natural isotope occurrence would be formed from 13CO2 mixed-feeds. For both feeds 373 
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with 50 % and 90 % CO2 fractions, no additional 13CH4 were observed when CO conversion was 374 

below 40 %.  This confirms the inert nature of CO2 in Case 2 and points to CO methanation as the 375 

cause for the increased methane levels when 90 % CO2 fraction was fed. By increasing the 376 

temperature to 260 °C, CO conversion increased to 80 % and the increase in 13CH4 confirmed that 377 

13CO2 methanation occurred in the absence of sufficient CO as in Case 3.  378 

In-situ DRIFTS. To probe CO surface coverages in mixed-feed FTS, in-situ DRIFTS 379 

experiments were performed. DRIFTS spectra were recorded at 3 bar and 220 °C while the 380 

feedstock was switched with adjustment of the GHSV between “Low” and “High” for a CO2 381 

fraction of 90 % and 50 %). Further details are included in the Methods section. Figure 4a depicts 382 

one representative DRIFTS spectrum at each reaction condition for the CO absorption region 383 

(2250-1700 cm-1). Several peaks can be observed at the different conditions, including adsorbed 384 

CO (denoted as *) at 2037 cm-1 and 2012 cm-1, which are both ascribed to linearly adsorbed CO 385 

48,49. Further adsorbed species were observed in Figure S18. Figure 4b shows the intensities of 386 

these peak positions, normalized to the trough of CO(g) – i.e., its IR-forbidden Q-branch (2143 cm-387 

1), ascribed to adsorbed CO over the course of the experiment. It is important to note that these 388 

intensities should be interpreted qualitatively, where within a given feed composition (i.e., 90 % 389 

CO2 fraction or 50 % CO2 fraction, whether low or high GHSV) time-resolved trends allow us to 390 

correlate species and their behavior.  391 

A clear difference between a CO2 fraction of 90 % and 50 %, is the predominance of the 392 

wavelength at which CO* is observed. For a 50 % CO2 fraction, the peak at 2037 cm-1 dominates, 393 

while for 90 % CO2 fraction, CO* appears at 2012 cm-1. Upon the change from 90 % CO2 fraction 394 

to 50 % CO2 fraction, the observed time-dependent decrease of 2012 cm-1 is anticorrelated to the 395 

increase in 2037 cm-1, indicating a shift of CO* to higher wavenumbers which is likely due to 396 
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higher coverage of CO* on the cobalt surface  50,51. The increase in normalized intensity of CO* 397 

species with increased CO partial pressure, i.e., comparing the feed composition of 90 % CO2 398 

fraction to 50 % CO2 fraction further validates a higher coverage of CO* at higher CO partial 399 

pressures.  400 

 401 

Figure 4. In-situ DRIFTS conducted under Low and High GHSV at 3 bar and 220 °C. a, One 402 

representative spectrum is shown for each gas composition. Intermediate species are labeled in the 403 

graphs. b, Intensity vs time-on-stream of adsorbed CO at 2012, and 2037 cm-1. Intensities are 404 

normalized to the trough of CO(g), 2143 cm-1 to account for the effect of changing concentration of 405 

reactants CO(g) and CO2(g) absorbing in the same region. 406 

Kinetic modeling. As described above, numerous experimental approaches were employed to 407 

identify the descriptors and boundary conditions in which CO2 co-feeding resulted in a higher 408 

methane selectivity. A minimum CO outlet partial pressure of 0.2 bar is required to achieve 409 

sufficient CO surface coverage, essential for suppressing CO₂ methanation. When this condition 410 

is met, the kinetics of mixed CO/CO2 feed FTS resemble conventional CO FTS. Hence the data 411 

for the 50 % CO2 fraction is fitted to a power law kinetic model where 𝑅𝑅𝐶𝐶𝐶𝐶′ = −𝑘𝑘1𝐶𝐶𝐶𝐶𝐶𝐶𝛼𝛼 𝐶𝐶𝐻𝐻2
𝛽𝛽 . With 412 

a negative reaction order for CO, α (0 to -1), the reaction order for H2, β, should be at least 0.5 to 413 
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obtain a reliable fit (Figure S19). Zennaro et al investigated the kinetics of a Co/TiO2 catalyst in a 414 

packed bed reactor and reported 𝛼𝛼 and 𝛽𝛽 values of -0.24 and 0.74 respectively 52. Using these 415 

values to fit our experimental data (Figure 5), the kinetic constant was determined to be 65.8 416 

mol0.5L-0.5 s-1. The good fit supports the reliability of the results and is further evidence for the inert 417 

nature of CO2 in Case 1 and 2. 418 

 419 

Figure 5. Fitting of kinetic data for a feed with a 50 % CO2 fraction at 220 °C, 21 bar with reaction 420 

orders  (α and β) of -0.24 and 0.74 respectively. 421 

Microkinetic modeling. To evaluate the effect of the CO2 fraction in the feed, mixed-feed 422 

hydrogenation was simulated using the recently developed first principles dual-site microkinetic 423 

model for CO hydrogenation 53. This model includes over 600 elemantary reactions up to C16 424 

hydrocarbons, and explicitly includes a high CO coverage of between 0.5 and 0.6 monolayer (ML) 425 

51,54.  Moreover, the CO- and C-saturated B5 site (dual site) are modelled to represent step sites, 426 

with surface diffusion included. To describe reactions at lower CO partial pressures, competitive 427 

H* adsorption was included in addition to the non-competitive adsorption in the original model 53. 428 

To account for CO2 activation, an additional CO2 activation pathway at B5 step sites was included, 429 

and the gas phase energies for the RWGS from DFT were corrected by changing the gas phase 430 

https://doi.org/10.26434/chemrxiv-2025-krwvb ORCID: https://orcid.org/0000-0001-7383-9016 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0

https://doi.org/10.26434/chemrxiv-2025-krwvb
https://orcid.org/0000-0001-7383-9016
https://creativecommons.org/licenses/by/4.0/


 23 

energy of CO2 to accurately reflect thermodynamic equilibrium. This correction is important to 431 

describe CO2 methanation, where the RWGS  is often quasi-equilibrated, but had a limited effect 432 

on the COx hydrogenation kinetics under FT conditions 53. Further details are included in the 433 

Methods section. 434 

Similar to the described experiments, the CO2/CO feed ratio was increased while keeping the 435 

CO conversion constant at 10 % (Figure 6a). The model predicts a very slight decrease in C2+ 436 

selectivity (80.5 % to 80.1 %) and corresponding increase in CH4 selectivity (17.9 % to 18.6 %) 437 

when CO is replaced by CO2 in line with the limited changes observed from experimental results. 438 

The chain growth probability decreases slightly from 0.775 to 0.766 when the CO2 fraction is 439 

increased to 50%, and to 0.733 at a CO2 fraction of 80 %. CO2 activation is very slow under these 440 

conditions (108 times slower than CO activation), and CO2 formation on the terrace site 𝐶𝐶𝑂𝑂∗ +441 

𝑂𝑂∗ → 𝐶𝐶𝑂𝑂2∗ + ∗  is slightly faster than CO2 consumption. The slow CO2 activation is rationalized 442 

from the Gibbs free energy profile at CO saturation coverages (Figure 6b, dotted lines). All four 443 

CO2 activation pathways depicted in Figure 6b at saturation CO coverage have free energy barriers 444 

over 150 kJ/mol. At low CO coverage, several of these free energy barriers are below 100 kJ/mol, 445 

and it follows that the prevalence of CO2 activation is very sensitive to the CO coverage. 446 

Alternative CO2 activation pathways, e.g., via HCOO*, were calculated, but did not contribute 447 

significantly to CO2 activation (Figure S20). 448 

Increasing the CO2 fraction in the feed to 80 % and reducing the CO inlet partial pressure below 449 

1 bar begins to impact the CO coverage due to competitive hydrogen adsorption. At this CO2 450 

fraction, the CO coverage reduces to 0.527 ML, close to the limit of the saturation coverage of the 451 

microkinetic model, 0.5 ML. A separate low CO coverage, dual-site CO2 methanation model was 452 

used to simulate the experiments with a high CO2 inlet fraction 53. In this model, CO2 is readily 453 
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activated to adsorbed CO*, consistent with the low activation energies in Figure 6b, which 454 

undergoes further hydrogenation to methane. The CO* coverage in these models is between 0.25-455 

0.35 ML and methane selectivities over 95 % are predicted for a CO2 conversion of 10 %. 456 

 457 

Figure 6. Microkinetic modeling to simulate the effect of CO2 co-feeding with synthesis gas. 458 

a, Selectivity for CH4 and C2+, and chain growth probability for simulations with an increasing 459 

CO2 fraction (500 K, 20 bar, H2:COx:Ar ratio of 2:1:1, XCO = 10 %), using kinetic and 460 

thermodynamic parameters calculated on CO−saturated cobalt terraces and on carbon and 461 

CO−saturated B5 step sites 53. The grey area indicates the region where the Fischer-Tropsch 462 

microkinetic model is not valid anymore and low CO coverage kinetics become relevant. b, Free 463 

energy diagram for CO2 activation pathways on the terrace site, including OH* assisted pathways, 464 

and CO2 activation on the B5 site. Full lines represent the low CO coverage (0/9 ML CO) DFT 465 

calculations and dashed lines the saturation CO coverage (6/12 ML CO) DFT calculations. Terrace 466 

sites are indicated by * and B5 sites are indicated by #. Balancing OHx* (x=0,1,2) groups are left 467 

out for clarity. 468 

The relatively stable hydrocarbon distribution and chain growth probability for CO2 fractions up 469 

to 80 % agree with experimental results. In addition to the experimentally identified descriptors of 470 
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H2/CO ratio, CO partial pressures and coverages, the microkinetic model identified that a high CO 471 

coverage suppresses CO2 activation and competitive H2 adsorption could increase methane 472 

selectivity in a high CO2 co-feeding environment.  473 

4. Conclusion 474 

The possible involvement of CO2 in mixed-feed FTS was investigated using an industrially 475 

Co/TiO2 catalyst. The identified process boundary conditions for limited methane production are 476 

governed by CO partial pressure and H2/CO ratio. At 220 °C and 21 bar, the boundaries are a CO 477 

partial pressure above 0.2 bar and a H2/CO ratio of below 10/1. CO2 was unreactive up to 90 % 478 

CO2 fraction at CO conversion below 70 %. The inertness of CO2 was first verified by replacement 479 

of CO2 with another inert gas (Ar) and subsequently by 13CO2 isotopic labeling. Operando DRIFTS 480 

correlated the gas composition with CO surface coverage. The good fit of the mixed-feed FTS data 481 

to a power law kinetic model of conventional FTS supports the notion that CO2 is inert under the 482 

above conditions. Mixed-feed hydrogenation was simulated using a first principles dual-site 483 

microkinetic model for CO hydrogenation, including competitive H2 adsorption and CO2 484 

activation. Microkinetic modelling revealed that CO2 activation is slow when there is sufficient 485 

CO coverage, as in Case 1, which preserves the C2+ selectivity. In contrast, insufficient CO 486 

coverage, as occurs in Case 2 and 3, readily allows CO and CO2 methanation. The CO and H2 487 

coverages are crucial descriptors that determine the hydrocarbon distribution and accordingly, CO 488 

partial pressure and H2/CO ratio are key process parameters for efficient mixed-feed FTS.  489 

 490 

 491 

 492 

 493 
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