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Carbon dioxide and water are renewable and the most abundant feedstock for production of chemicals 

and fungible fuels. However, the current technologies for production of hydrogen from water are not 

competitive. Therefore, reacting carbon dioxide with hydrogen is not economically viable in the near 

future. Other alternatives include natural gas, biogas or biomass for production of carbon dioxide, 

hydrogen and carbon monoxide mixtures that react to yield chemicals and fungible fuels. The latter 

process requires a high performance catalyst that enhances the reverse water-gas-shift (RWGS) reaction 

and Fischer-Tropsch synthesis (FTS) to higher hydrocarbons combined with an optimal reactors system. 

Important aspects of a novel catalyst, based on a Fe spinel and a three-reactor system developed for this 

purpose published in our recent paper and patent were investigated in this study. Potassium was found 

to be a key promoter that improves the reaction rates of RWGS and FTS and increases selectivity to 

higher hydrocarbons while producing mostly olefins. It changed the texture of the catalyst, stabilized the 

Fe-Al-O spinel thus preventing decomposition into Fe3O4 and Al2O3, increased the content of Fe5C2 

while shifting Fe in the oxide and carbide phases to a more reduced state and the relative exposure of 

carbide iron on the catalysts surface and increased the CO2 adsorption and adsorption strength. A 

detailed kinetic model of the RWGS, FTS and methanation reactions was developed for the Fe spinel 

catalyst based on extensive experimental data measured over a range of operating conditions. 

Significant oligomerization activity of the catalyst was found. Testing the pelletized catalyst with CO2, 

CO and H2 mixtures over a range of operating conditions demonstrated its high productivity to higher 

hydrocarbons. The composition of the liquid (C5+) was found to be a function of the potassium content 

and the composition of the feedstock.    

 
1. Introduction 

Crude oil is the dominant feedstock for production of liquid fuels, as clearly stressed in a recent IEA 

report1. Most of the foreseen output rise over the next three decades will be produced in the Middle 

East. Biofuels share is currently only 8%, expected to remain at this level until 2040, supported by 

increasing subsidies. The IEA report sends a very strong message regarding the CO2 emissions, 

expected to increase dramatically, unless low-carbon investments will increase by a factor of four 
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beyond current values. All those projections indicate that the search for alternative, renewable and 

sustainable sources for production of fungible and competitive fuels needs to be accelerated. Biomass 

has been the main source for renewable fuels, mainly ethanol and biodiesel. A fierce debate related to 

future use of biomass has been conducted over the past decade. A recent report2 presents a less 

optimistic view of the future of bioenergy in Germany concluding that with the exception of the use of 

biogenic waste, the larger scale use of biomass as energy source is limited. Proper assessment of the 

impact of biofuels is critical3.  

Liquid fuels are mixtures of hydrocarbons that meet specific standards updated from time to time. 

Carbon dioxide, an environmentally damaging greenhouse gas, and water are the most abundant and 

low-cost sources of carbon and hydrogen needed for production of hydrocarbons. The current scientific 

and technological challenge is to develop and implement environmentally-friendly processes that 

convert CO2 and H2O into commercially-viable, fungible and compatible fuels, using green energy. A 

viable route is the reaction of captured carbon dioxide from flue gases with hydrogen produced from 

water. Methods for both CO2 capture and water splitting have been recently reviewed4.  

Solar water splitting using photoelectrochemical cells, called artificial photosynthesis has been 

extensively studied, aimed at developing efficient, robust and scalable processes for production of low-

cost, commercially-competitive hydrogen5-8. In spite of the extensive scientific effort to provide 

innovative solutions, the question raised in a recent publication8 “Will Solar-Driven Water-Splitting 

Devices See the Light of Day?” remains open. The solar thermochemical cycle method is another 

promising route being pursued, although no large scale facilities have been developed9. Actually the 

only commercially-proven technology and operated at large scale for water splitting is electrolysis10. 

The cost of hydrogen produced by this method depends mainly on the cost of electricity, estimated to be 

~$3/kg at the electricity cost of <$0.055/kWh. This is by far higher than the cost of hydrogen11 (~$1/kg) 

produced using the dominant commercial technology, steam reforming of natural gas. The projected 

cost of hydrogen11 produced by other water splitting methods is also significantly higher ($3.5/kg - 

$10/kg). 

An economic analysis12 of the production of liquid solar fuels from carbon dioxide and water was 

reviewed recently. Employing a modified Fischer-Tropsch process for reacting captured carbon dioxide 

from flue gas with hydrogen produced by electrolysis for water (using electricity from wind energy) 

yielded an estimated cost of $5.25/gal of gasoline. The relative high cost of the fuel resulted from the 

high cost of hydrogen. Another study13 reviewed sustainable hydrocarbon fuels production by recycling 

CO2 and H2O with renewable or nuclear energy concluded that $3/gal gasoline could be achieved at 

electricity cost of $0.04-0.05/kWh. The significantly different production cost of the fuels estimated by 

the two studies results from the different assumptions made in estimating the cost of the electrolysis and 

the Fischer-Tropsch processes. 
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A recent paper14 reviews the catalytic CO2 hydrogenation to hydrocarbons and describes a novel Fe 

spinel catalyst coupled with a system of three packed-bed reactors in series with interim removal of 

water and condensed hydrocarbons that reached a CO2 conversion of 89% and C5+ hydrocarbons 

productivity of >0.5 kg/kg cat/h. The pure-spinel catalyst displayed a significantly higher activity and 

selectivity than the other Fe catalysts published in the literature. This process produces hydrocarbons 

mixtures that can readily be converted to liquid fuels.  

Although the CO2 hydrogenation process is a very promising route to renewable and fungible fuels, 

its implementation is limited by the availability of low-cost hydrogen produced from water. Only 

specific locations with access to extremely low-cost electricity (<$0.03/kWh) will operate such 

competitive processes unless a significantly higher-cost fuel is acceptable for specific purposes like 

military use. Therefore, other sources of hydrogen should be sought like fossil natural gas or renewable 

biogas or biomass. Natural gas has been applied commercially15 as feedstock for production of fuels 

through conversion to syngas followed by the Fischer-Tropsch synthesis (FTS). The syngas is generated 

by steam reforming, partial oxidation and autothermal reforming that produce a mixture of hydrogen 

and carbon monoxide at a molar ratio close to 2. Carbon dioxide generated in those processes is 

normally separated because it could be detrimental to selectivity or at best is a diluent. Biomass is a 

potential renewable feedstock for gasification to syngas, containing CO, CO2 and H2, which is fed to the 

FT process. Comprehensive reviews16,17 describes the potential catalysts, effect of impurities, the 

economics and the challenges of such processes. A comparison of several routes for production of fuels 

from biomass, carbon dioxide and electricity18 based on economical evaluation indicated that the 

thermochemical route (gasification and conversion to fuels) is by far the preferred route.  Biogas is 

another renewable feedstock that can be readily converted to syngas. This syngas contains a significant 

amount of CO2, as pointed out in a recent review19. Therefore, the development of suitable FT catalysts 

that handle mixtures of CO2, CO and H2 and are the basis for environmentally-acceptable and 

competitive processes is a major challenge.   

Iron-based catalysts20,21 that display significant reverse water gas shift (RWGS) activity are 

employed in processes for converting CO, CO2 and H2 mixtures to fuels and chemicals. Specifically, a 

recent paper20 discusses the K/Fe−Cu−Al catalyst performance along with carbon deposition by 

variation of the CO2/CO ratios. The authors report that in experiments operated for 40 h at 300ºC, 20 

bar, CO2:CO:H2 molar ratio of 1:1:7 and weight hourly space velocity (WHSV) of the carbon oxides of 

about 0.83 h-1, the conversion of CO was 96% while the conversion of CO2 was only 12%. The 

selectivity to methane was about 10% while the selectivity to C5+ was about 60%. The significant 

conclusion of this study was that operating at a high CO2/(CO + CO2) ratio and high pressure and 

temperature prevents carbon deposition on the Fe-based catalyst. A recent patent22 extends the 

information on the novel catalytic system14 from mixtures of CO2 and H2 to CO2, CO and H2 mixtures. 
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Potassium was identified as an important component of the Fe-based catalysts for the FTS. In a 

recent review23, the authors concluded that the presence of potassium reduces the formation of CH4 

while increasing the selectivity to higher hydrocarbons. A similar effect was reported in an early study24 

of CO2 hydrogenation. This effect was related to the enhanced carburization of the Fe catalyst in the 

presence of potassium. A recent study25 reported the effect of potassium on the CO2 in the 

hydrogenation of mixtures of CO and CO2. Apparently, increasing the K content did not increase the 

catalyst activity while the average product molecular weight increased. 

It is generally accepted that K acts as electronic promoter when adsorbed at the surface of 

Feo/FeOx/FeCx phases particles lowering the iron work function due to interaction between alkali metal 

valence state and conduction band states in catalytic phases26,27. Donating electron density to the vacant 

d-orbital of iron enhances the dissociative adsorption of CO while lowering the H2 adsorption ability27. 

Depressing hydrogenation activity is associated with lower rates of CH4 formation, higher selectivity to 

olefins and long-chain hydrocarbons. The oxidative action of CO2 and excessive water on Fe-carbide 

phases28 during CO2 hydrogenation creates more oxidized iron on the catalysts that may modify the 

action of the K promotor. 

 The hydrogenation of mixtures of CO and CO2 is a complex process that requires optimization 

through modeling and simulations. A recent study29 describes the simulation that includes steam 

reforming of natural gas with addition of CO2. The FTS was simulated using experimental results 

previously published20 by the authors. While numerous kinetic models have been proposed for Fe-based 

FT catalysts, limited information was published on the kinetic behavior of catalysts for the 

hydrogenation of CO2. A kinetic study30 of CO2 hydrogenation proposed two rates expressions, one for 

reverse WGS and the other for the FT. The experiments were conducted at 10 bar and stoichiometric 

H2/CO2 ratio of 3. The highest measured CO2 conversion was 45% at 300ºC to 60% at 400ºC due to the 

equilibrium limitation of the reverse WGS. Another kinetic study31 was conducted at high H2/CO2 molar 

ratios of 4 and 8 that produced a light product (α = 0.2-0.3). A similar kinetic model that included two 

reactions (reverse WGS and FT) was used. The highest CO2 conversion was 44% at H2/CO2 molar ratio 

of 8. Increasing temperature and residence time did not increase the conversion.  

A more detailed kinetic study of FTS on K/Fe–Cu–Mn–Al 2O3 catalysts has been published32. It 

includes 10 reactions of CO and H2, nine of them to light paraffins (C1-C4) and olefins (C2-C4). The last 

reaction represents the production of C5+ hydrocarbons lumped in one component C6H14. The selection 

of hexane means that the liquid product was very light and mostly paraffinic. No oxygenates were 

mentioned in this study. 

Potential applications of catalytic processes for converting mixtures of CO2, CO and H2 to 

hydrocarbons and oxygenates to be readily converted to liquid fuels and chemicals requires sustained 

research aimed at improving the performance of the catalysts (selectivity to higher hydrocarbons and 
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olefins, activity and stability) and optimization of the processes. One of the most important components 

of Fe-based catalysts is potassium. Developing a better understanding of the effects of potassium as 

promoter is a key factor in improving performance. Optimization of the process requires a reliable 

kinetic model to be implemented in modeling and simulations. The scope of this study is to determine 

some of the fundamental effects of potassium of the Fe spinel catalyst, to develop a detailed kinetic 

model of the CO2 hydrogenation on the Fe spinel catalyst and present effects of the feed composition 

and operating conditions on the performance of the pelletized Fe spinel catalyst in a fixed bed reactor.    

2. Experimental  

Catalysts preparation  

The K-promoted, pure Fe–Al–O spinel Fe(Fe0.5Al 0.5)2O4 catalyst used in this study was prepared and 

characterized according to procedures described elsewhere14.  Potassium was added to the dried Fe-Al-

O spinel precursor by incipient wetness impregnation with an aqueous solution of K2CO3, followed by 

overnight drying at 110°C and calcination in air at 450ºC for 6 h. Three Fe-based spinel catalysts with 

different K content were prepared: unpromoted 100Spinel/0wt% K (Cat.Fe-0K), 100Spinel/2wt% K 

(Cat.Fe-2K) and 100Spinel/4wt% K (Cat.Fe-4K).  

Catalysts characterization 

The spent catalysts were characterized after He treating and passivation. After testing, the catalysts 

were treated in He flow at 300°C for 3 h for removal of residual adsorbed organics and passivated in 

CO2 flow at 25ºC for 1 h. The textural properties of the catalysts, surface area, pore volume and pore 

size, were calculated from N2 adsorption-desorption isotherms using conventional BET and BJH 

methods. The isotherms were recorded on a NOVA 3200e (Quantachrome) at the temperature of liquid 

nitrogen after degasing in vacuum at 100ºC. The phase composition of the catalysts was determined 

based on their X-ray diffraction patterns. XRD measurements were conducted at the Phillips 1050/70 

powder diffractometer fitted with graphite monochromator, at 40 kV and 28 mA using software 

developed by Crystal logic. The phase identification was performed by using a SBDE ZDS computer 

search/match program coupled with the ICDD. The relative content of iron oxide and carbide phases 

was obtained by Rietveld refinement of the XRD profile by using the DBWS-9807 program. The 

elemental composition of the catalysts was measured by the EDS method (Quanta-200, SEM-EDAX, 

FEI Co instrument).  The CO2-TPD measurements were performed using Chemisorption Analyzer 

Autochem II 2920 instrument, Micrometrics Co. The samples were saturated with CO2 at 40ºC before 

recording the desorption spectra with a heating rate 5ºC min-1 in 5%CO2/He flow of 25 ml min-1. XPS 

data were collected using  X-ray photoelectron spectrometer ESCALAB 250  ultrahigh vacuum (1x10-9 

bar) apparatus with an Al Kα X-ray source and a monochromator. The spectral components of C and Fe 

signals were found by fitting a sum of single component lines to the experimental data by means of non-
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linear least-square curve fitting. The EX05 argon gun system performed controlled removal of surface 

layers allowing the depth profile analyses of elements. 

Catalysts performance testing 

Measurements of the catalysts activity and selectivity including data for the kinetic model were 

carried out in two units:  

1. A computer-controlled bench rig equipped with three continuous-flow fixed bed reactors 

connected in series including devices for removing water and organic liquid between 

reactors14 for the kinetic runs (packed with 50 – 200 µm powder) and CO2, CO and H2 

mixtures (packed with 1.4-1.7 mm pellets) runs. The pellets were prepared by pressing the 

powder catalyst. The catalyst was mixed with silica powder diluent and packed in the 

reactors.  

2. One fixed-bed reactor packed with diluted (silica) powder catalyst followed by a cooler and 

a gas-liquid separator for studying the effect of potassium. 

The hydrocarbon liquid mixture and oxygenates from aqueous products were separated and analyzed 

by GC-MS (Agilent Technologies 6890N network GC system equipped with 5973 Network mass-

selective detector). CO2, H2, CO and C1-C6 hydrocarbons were analyzed on line using GC instrument 

Agilent Technologies, model 7890A equipped with 5 valves / 7 columns (PLOT and packed)/2 TCD/ 

FID detectors. The organics content in aqueous product was measured by TOC analysis (instrument 

TOC-VCPN Shimadzu Co.).  

3. Results and Discussion 

3.1 Effects of potassium as promoter of the Fe-spinel catalyst 

The catalysts were activated in situ by H2/CO carburization with a stream of 0.03:0.03:0.14 NmL 

min-1 g-1
cat of CO, H2 and He, respectively, at 300°C for 3 h. The catalysts were tested at constant 

conditions of 20 bar, 320°C and H2/CO2 molar ratio of 3. The WHSV of CO2 was adjusted to reach 

about 30% CO2 conversion so as to achieve differential operation of the reactor and calculate directly 

the reaction rates. The catalysts reached steady state yielding constant CO2 conversion / products 

selectivity after 120 h on stream. After the end of the run, the catalysts were treated with He and then 

passivated with CO2 before discharged from the reactor. 

Effect of potassium on the performance of Fe-Al-O spinel catalyst in CO2 hydrogenation 

The performance measured with the three catalysts, Cat.Fe-0K, Cat.Fe-2K and Cat.Fe-4K, listed in 

Table 1 demonstrates a significant effect of potassium on the catalyst activity and selectivity. The 

RWGS rate of reaction was calculated from the differential measurements of the CO2 conversion (30%) 

and WHSV. The rate of methanation was calculated from the molar flow rate of methane and the 
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catalyst weight. Similarly, the rate of FTS reaction was calculated from the molar flow rate of all 

hydrocarbons (without methane) and oxygenates and the catalyst weight. 

Adding 2 wt% potassium increased dramatically both the RWGS and FTS rates of reaction and 

decreased the rate of methanation. Further increasing the potassium content decreased the reaction rate 

of RWGS. The methanation rate displayed an extreme drop thus increasing the selectivity of the desired 

products. The FTS reaction rate decreased mildly. Actually, the ratio of the FTS/RWGS reaction rates 

increased gradually as the potassium content increased which has a very important impact on the 

process. The effect of potassium on selectivity was very impressive and dominant. Beyond the drop in 

the methane selectivity, the significant increase in the selectivity to higher hydrocarbons (C5+) is a 

substantial factor. Those findings are in agreement with the results presented in other studies of Fe-

catalysts in CO and CO2 hydrogenation23,33.   

 

Table 1 Effect of potassium on the performance of Fe-Al-O spinel catalyst in CO2 hydrogenation 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

 

Effect of potassium on the texture, chemical/ phase composition and surface chemistry of Fe-Al-O spinel 

The texture measurements of the spent catalysts after operation of 120 h listed in Table 2 indicate a 

significant decrease of the surface area, pore volume and diameter as potassium content increased. This 

may be attributed to increasing crystal size or aggregation of nanoparticles of the Fe-oxide and carbide 

phases produced from Fe-Al-O spinel during activation and self-organization in presence of K as was 

observed in34 for other Fe-catalysts. It may also be attributed to the blocking of pores with coke or wax 

which was increasingly deposited as the potassium content increased. 

 

 

Catalyst 

Reactions rates, 
mmol gcat  

-1h-1 
Products selectivity,  

wt% 

RWGS FTS CH4 
FTS/ 

RWGS 
CO CH4 

C2-C4 C5+ 

 
Olefins Paraffins Oxygenates 

Cat.Fe-0K 125 62 46 0.50 15 40 15 15 8 7 

Cat.Fe-2K 179 112 34 0.63 22 23 24 11 4 16 

Cat.Fe-4K 123 95 6 0.77 22 6 24 5 10 33 
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Table 2 Effect of potassium on the texture parameters of Fe-Al-O spinel spent catalysts 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

 

 

  

      

 

 

 

The chemical composition of spent catalysts expressed as the weight ratio related to Fe is shown in 

Table 3. The catalyst containing 2 wt% K accumulated about the same amount of total carbon as the 

catalyst with no K. Increasing the amount of potassium to 4 wt% increased the total carbon content from 

0.23 to 0.42. In all cases, the atomic ratio C/Fe was greater than unity, much higher than in any of iron 

carbide phases FeCx stable at testing conditions (i.e. Fe5C2, Fe7C3). It means that the spent catalysts 

contained a significant amount of coke or wax carbon deposited during self-organization.  

Table 3 Chemical composition of Fe-Al-O spinel spent catalysts 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

Catalyst 

Chemical composition  

wt ratio Atomic ratio 

Fe Al C K Fe Al C K 

Cat.Fe-0K 1 0.21 0.25 0.0 1 0.44 1.2 0.0 

Cat.Fe-2K 1 0.22 0.23 0.05 1 0.45 1.1 0.08 

Cat.Fe-4K 1 0.20 0.42 0.10 1 0.42 1.9 0.13 

 

The quantitative XRD phase analysis revealed a strong effect of potassium promoter on the phase 

composition of the spent catalysts as illustrated by the results listed in Table 4. The calculations of the 

phases content and their average crystal size were conducted based on their X-ray diffraction patterns 

shown in Fig. 1. All catalysts contain two Fe-carbide phases: χ- Fe5C2 and Fe7C3 formed as a result of 

spinel activation and self-organization when part of iron was removed from the spinel phase. This 

decreases the x value in the formula of spinel phase Feǀǀ[(FeǀǀǀxAl 1-x)2]O4 from 0.5, in fresh catalyst, to 0.2 

- 0.3 in Fe-poor spinel residua measured according to the positions of characteristic reflections in X-ray 

diffractograms.  

Catalyst  Surface area,  
m2 g-1 

Pore volume, 
cm3 g-1 

Average pore 
diameter, 

nm 
Cat.Fe-0K 

 
78 0.23 6.0 

Cat.Fe-2K 
 

55 0.16 5.6 

Cat.Fe-4K 
 

42 0.10  4.6 
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Fig. 1.XRD patterns of Fe-Al-O spinel catalyst after reaching steady state in catalytic testing run. (a) 

“Cat.Fe-0K”, (b) “Cat.Fe-2K”, (c) “Cat.Fe-4K”. Testing conditions: P= 20 bar, T= 320°C, H2/CO2=3, 

120 h on stream 

Table 4 Phase composition of Fe-Al-O spinel spent catalysts 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

A very significant result is the removal of Fe from Fe-Al-O spinel in catalyst Cat.Fe-0K that was 

partially decomposed into Fe-poor spinel (27 wt%), amorphous alumina whose reflections cannot be 

observed in the diffractogram and magnetite (18 wt%). Adding potassium prevents the formation of 

magnetite phase while the content of Fe-poor spinel increased to 41-42 wt%. Potassium also enhances 

carburization of the Fe-Al-O spinel precursor to the active χ- Fe5C2 phase35. Interestingly, the content of 

χ- Fe5C2 phase decreased as the potassium content increased from 2 wt% to 4 wt%. A relatively little 

Catalyst  
Spinel 

wt% 

Crystal 

size, nm 

Magnetite 

wt% 

Crystal 

size, nm 

χ- Fe5C2 

wt% 

Crystal 

size, nm 

Fe7C3 

wt% 

Crystal 

size, nm 

χ- Fe5C2/           

(χ-Fe5C2+ Fe7C3)  

Cat.Fe-0K 27 8 18 35 34 25 21 35 62 

Cat.Fe-2K 41 5 0 - 47 30 12 40 80 

Cat.Fe-4K 42 6 0 - 42 35 16 40 72 
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change in the crystal size of the two iron carbide phases in two potassium promoted catalysts was 

observed.  

The XPS spectra of the spent unpromoted and K-promoted Fe-Al-O spinel catalysts, as-received and 

after Ar-etching, are shown in Fig. 2 and 3. The BE for detected peaks and surface concentrations of 

corresponding atoms are given in Tables 5 and 6. Two main peaks were detected in the XPS spectra of 

iron. The first is attributed to the iron carbides at lower binding energy around 707.1-707.5 eV 

corresponding to near-metallic state of iron and the second belongs to iron ions in oxide phases with 

higher binding energy in the range of 710.4.5-711.5 eV. The latter peaks represent superposition of 

signals contributed by Fe2+ with BE of 709.5 and of Fe3+ with BE of 711.2 eV36,37. Insertion of 2 wt% 

potassium shifted the BE of carbide and oxide iron atoms to lower values: from 707.5 (707.4 after 

etching) to 707.3 eV and from 711.5 (710.8 after etching) to 710.8 (710.4 after etching) eV. This 

corresponds to formation of more reduced states of iron in carbides and in Fe-poor spinel due to 

electron-donation of K-promoter26,27. 

 

Table 5 Binding energies and concentrations of surface atoms Fe-Al-O spinel spent catalyst 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

Catalyst name C 1S core Fe 2P 3/2 core 
BE, eV % Atomic BE, eV % Atomic Fecarb/Feox 

Cat.Fe-0K 
 

284.3 11 
707.5 4 

0.04 
284.8 31 
285.5 19 

711.5 96 286.5 17 
288.6 22 

Cat.Fe-2K 
 

284.1 18 707.3 10 
0.11 284.8 48 

710.8 90 
285.4 34 

Cat.Fe-4K 

284.0 19 707.1 11 

0.12 285.1 55 
710.7 89 

286.3 26 
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Table 6 Binding energies and concentrations of surface atoms Ar-etched Fe-Al-O spinel spent catalyst 

Testing conditions: 20 bar, 320°C, molar H2/CO2 = 3, 120 h on stream 

 

Insertion of K increased the surface concentration or relative exposure of carbide iron. 

Deconvolution of XPS envelops recorded for C 1S core show the coexistence of three groups of signals: 

peaks with BE 283.6-284.3 eV corresponding to Fe-carbide carbon, 284.8-285.1 eV belonging to C-C 

sp2 and sp3 in carbon and hydrocarbons   (-CH2=CH) deposits and 285.4-288.6 eV characteristic for 

adsorbed carbon oxygenates moieties containing C=O, C-O, CH2-O, O-C=O and other oxygen 

groups36,38,39. Insertion of potassium increases the relative exposure of carbide carbon at the spent 

catalysts surface (from 11 to 19%). This is in agreement with growing of the exposure of carbide iron. 

Potassium also significantly increases the relative exposure of carbon belonging to graphite and 

hydrocarbons deposits from 31% (36% after etching) in the unpromoted catalyst to 48-55% in the 

catalysts containing 2-4wt% K. At the same time insertion of potassium removes the oxygenated 

moieties with high C 1S BE from 58% (39% after etching) in the unpromoted catalyst to 26-34% in the 

K-promoted catalysts. 

 

 

Catalyst 
C 1S core Fe 2P 3/2 core 

BE, eV % Atomic BE, eV % Atomic Fecarb/Feox 

Cat.Fe-0K 
 

284.3 26 707.4 23 

0.30 284.8 36 
710.8 77 

285.6 39 

 
Cat.Fe-2K 

 

283.6 16 707.3 36 

0.56 284.8 53 
710.4 64 

285.5 31 

Cat.Fe-4K 

284.0 19 707.5 34 

0.52 285.1 55 
710.8 66 

286.3 26 
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Fig. 2. XPS spectra recorded with as-received spent Fe-Al-O spinel catalysts : a) – C 1S core; b) – Fe3/2 

core: 1 – unpromoted catalyst; 2 –  2 wt%K; 3 – 4 wt% K 
 
 

 
Fig. 3. XPS spectra recorded with spent Fe-Al-O spinel catalysts after Ar-etching: a) – C 1S                                                 
core; b) – Fe3/2 core: 1 – unpromoted catalyst; 2 – 2 wt% K; 3 – 4 wt% K.  
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Potassium is expected to increase the basicity of Fe-Al-O spinel thus increasing the surface coverage 

with acidic CO2 reagent molecules. The CO2-TPD spectra illustrated in Fig. 4 indicate that the 2 wt% K 

catalysts displayed one CO2 desorption peak centered at ~150oC which represent relatively weak surface 

basic sites. Increasing of K content to 4 wt% further increased the weak basicity by a factor of 2.5. 

Furthermore, at high K content of 4 wt% appeared two additional CO2 desorption peaks centered at 550 

and 850oC, corresponding to very strong basic sites. These results may be explained assuming strong 

interaction between Fe-Al-O spinel and potassium. At low concentrations of K, it mainly stabilizes the 

Fe-Al-O spinel phase, as detected by XRD. But at high concentration of 4 wt%, potassium may exist in 

a free form of adsorbed K2O, displaying strong surface basicity. 

 

Fig. 4. CO2-TPD spectra recoded with fresh K/Fe-Al-O spinel catalysts 

3.2 Kinetic model  

Kinetic data were measured for the 4 wt% spinel Fe catalyst in a three-reactors-in-series system over 

a range of operating conditions (300-340ºC, 20-28 bar, molar H2/CO2 = 2.9, WHSV = 1-6 h-1). In 

essence two processes took place in series: RWGS and FTS. Oligomerization of light olefins was also 

found to be important. In contrast to the recent kinetic model32 that employed power law expressions for 

all 10 reaction rates of FTS, our model consists of LHHW (Langmuir-Hinshelwood-Hougen-Watson) 

expressions that include an adsorption term in the denominator. This term contains two components: 

H2O and CO2. The reactions were selected so as to reflect the main findings of the kinetic study: the 
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RWGS reaction, methanation reaction, 7 FTS reactions and 4 oligomerization reactions. The 7 FT 

reactions (3-9) produce light paraffins (C2-C5), four light olefins (C2, C3, C4 and C5), C6+ represented by 

decene and oxygenates represented by butanoic acid. The oligomerization reactions (10-13) convert the 

light olefins to C6+ products represented by decene. The reactions are listed in Table 7. The mass 

balances expressed by equation (1) assume plug-flow with no internal or external mass and heat transfer 

resistances: 

���
�� �
���	


= � ∙ ���2,� ∙ ��                                                             (1) 

where �  is the mass fraction of component i, WHSV is the weight hourly space velocity of CO2, Ri is 

the rate of change in the reaction where component i is a reactant/product, ���2,� is the mass fraction 

of CO2 at inlet and �� is the molecular weight of component i.   

The kinetic expressions are also listed in Table 7. Kinetic modeling of the experimental data was 

conducted employing MATLAB, using 216 data points measured at the outlet of the first, second and 

third reactor. The MATLAB function “ode113“ solved the differential equations system. Kinetic models 

were fitted to the data using “Fmincon“ function used to find the minimum SSE value. The kinetic 

constants, including pre-exponent coefficient and activation energy, are listed in Table 8. The adsorption 

constants, including the adsorption pre-exponential factor and the heat of adsorption, are listed in Table 

9. A parity plot of � of all components at the outlet of each reactor that reflects the good agreement of 

the experimental data with values calculated with the model (R2 calculated using regression statistics is 

0.99) is depicted in Fig. 5. The predicted and experimental weight fractions of CO2 and CO at the outlet 

of each one of the three reactors at 320ºC and 20 and 28 bar, depicted in Fig. 6, are in good agreement. 

They illustrate the significant contribution of each reactor and the relatively weak effect of total 

pressure. 

 Table 7 Key components and reactions and rate expressions of the kinetic model 

 

 

 

     * C2-C5 paraffins; ** C6+; *** oxygenates 

1. CO2 + H2 ↔ CO + H2O                                    �� =		 �� 	 ∙
��	∙	��	�	��∙�� !"
�#$���#$�∙��

                                   

2. CO + 3H2 → CH4 + H2O                                   �% =		 �% 	 ∙ ��	∙��&.�
�#$�∙��#$�∙��

										 

Comp.  Name Formula Comp. Name Formula 
1 Carbon Dioxide CO2 7 Propylene C3H6 
2 Hydrogen H2 8 Propane* C3H8 
3 Carbon Monoxide CO 9 1-Butene C4H8 
4 Water H2O 10 Pentene C5H10 
5 Methane CH4 11 Decene** C10H20 
6 Ethylene C2H4 12 Butanoic acid*** C4H8O2 
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3. CO + 2H2 → 
�
%C2H4 + H2O                                �( =		 �( 	 ∙ 	 ��	∙��&.�

�#$�∙��#$�∙��
					 

4. CO + 2H2 → 
�
(C3H6 + H2O                                �) =		 �) 	 ∙ 	 ��	∙��&.�

�#$�∙��#$�∙��
						 

5. CO + 
*
(H2 → 

�
(C3H8 + H2O                                �+ =		 �+ ∙ 		��	∙��&.�

�#$�∙��#$�∙��
 

6. CO + 2H2 → 
�
)C4H8 + H2O                                �, =		 �, 	 ∙ 	 ��	∙��&.�

�#$�∙��#$�∙��
 

7. CO + 2H2 → 
�
+C5H10 + H2O                               �* =		 �* ∙ 		��	∙��&.�

�#$�∙��#$�∙��
 

8. CO + 2H2 → 
�
�-C10H20 + H2O                            �. =		 �. ∙ 		��	∙��&.�

�#$�∙��#$�∙��
 

9. CO + 
,
)H2 → 

�
)C4H8O2 +  

%
)H2O                          �/ =		 �/ ∙ 		��	∙��&.�

�#$�∙��#$�∙��
 

10. C2H4 → 
�
+C10H20                                                 ��- =		 ��- 	 ∙ 	�0�.�

�#$�∙��#$�∙��
 

11. C3H6 → 
�
(.(C10H20                                               ��� =		 ��� 	 ∙ �1�.2

�#$�∙��#$�∙��
    

12. C4H8 → 
�
%.+C10H20                                               ��% =		 ��% 	 ∙ �3�.0	

�#$�∙��#$�∙��
 

13. C5H10 → 
�
%C10H20                                                ��( =		 ��( 	 ∙ ��&�.�

�#$�∙��#$�∙��
 

Table 8 Kinetic constants of the rate expressions 

kj  k0j  Units Ej, kJ mol-1 kj  k0j  Units Ej, kJ mol-1 
k1 5.5E+06 mol g-1 h-1 MPa-2 72.2 k8 4.0E+03 mol g-1 h-1 MPa-1.2 33.4 

k2 1.0E+09 mol g-1 h-1 MPa-1.2 98.0 k9 3.6E+03 mol g-1 h-1 MPa-1.2 31.5 

k3 1.2E+04 mol g-1 h-1 MPa-1.2 45.0 k10 2.7E+03 mol g-1 h-1 MPa-1.3 25.8 

k4 1.2E+05 mol g-1 h-1 MPa-1.2 53.6 k11 1.4E+04 mol g-1 h-1 MPa-1.8 35.5 

k5 1.8E+04 mol g-1 h-1 MPa-1.2 46.4 k12 3.7E+04 mol g-1 h-1 MPa-1.6 40.7 

k6 1.1E+03 mol g-1 h-1 MPa-1.2 31.5 k13 6.0E+07 mol g-1 h-1 MPa-1.3 88.8 

k7 9.0E+02 mol g-1 h-1 MPa-1.2 31.5     
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Fig. 5. Parity plot of the calculated and experimental data 

 

Table 9 Adsorption constants of CO2 and H2O 

K i k0i,MPa-1 ∆Hai,kJ mol-1 
K1 2.1E-02 33.4 
K4 2.4E-02 31.5 

 

 

Fig. 6. Calculated vs. experimental weight fraction of CO2 (a) and CO (b) at the outlet of the three 

reactors system at molar H2/CO2 = 2.9, 320oC, WHSV = 3 h-1 
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The kinetic developed for the catalyst containing 4 wt% K will be further extended to account for the 

significant effect of potassium. Furthermore, it will be employed to evaluate the effectiveness factor of 

the reactions in the model for pelletized catalyst. CO in the process feed will also be examined. This will 

facilitate the application of the kinetic model to simulate the performance of the process at operating 

conditions that are relevant to commercial applications.  

3.3 Conversion of CO2, CO and H2 mixtures to higher hydrocarbons 

The process described in this study was conducted with a feed containing CO2 and H2 and a mixture 

that contained CO2, CO and H2. The data presented here were measured with pelletized (1.4-1.7 mm) 

catalysts containing 3 wt% and 4 wt% K over a range of feed compositions and operating conditions to 

examine the potential of the process at conditions relevant for commercial applications. Furthermore, 

the data will be employed in the simulations of the process. 

Experiments were carried out in the three-reactor system at 20 and 30 bar, 320 and 330°C, over a 

range of operating conditions, including feed composition and WHSV. The results of 5 runs, 4 of them 

at 20 bar and run P-63-300 at 30 bar, are listed in Table 10. The oxygenates listed in Table 10 are 

dissolved in water. The composition of the organic liquid collected in runs P-63-164 and P-65-69 is 

given in Table 11. WHSV is calculated as mass flow rate of CO2 and CO divided by the mass of 

catalyst. The other parameters are defined in Table 10. sCOx is defined so that a molar H2/sCOx = 1 is 

stoichiometric for all feed compositions. The mass balance in all 4 runs was >94%.  

Run P-63-164 was carried out with catalyst containing 4 wt% K at 20 bar with stoichiometric feed. 

The conversion was relatively high and the selectivity to C5+ was >50 wt%. P-63-300 was conducted 

with sub-stoichiometric ratio. Thus the CO2 conversion was lower than that of H2. WHSV and the 

pressure were increased from 1.1 h-1 and 20 bar to 1.3 h-1 and to 30 bar, respectively. Increasing WHSV 

should lower the conversion while increasing pressure should increase the conversion. Apparently, the 

two changes offset each other thus the conversion changed little. The selectivity in the runs is rather 

similar, although the methane selectivity in run P-63-300 is slightly lower and the C5+ selectivity 

slightly higher. 

 Introducing CO to the feed in the system packed with catalyst containing 4 wt% K led to a gradual 

deterioration of the catalyst performance as shown in run P-65 depicted in Table 10. This was rectified 

in Run P-66 by replacing the catalyst in the first reactor with a 3 wt% K catalyst that displayed stable 

performance. The performance of two reactors in series, P-66-396 R1 (after one reactor) and R2 (after 

two reactors) listed in Table 10, indicates that the conversion of CO is much higher than the CO2 

conversion in both reactors. The selectivity in both reactors is similar.  
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Table 10 Performance of CO2 and CO hydrogenation process on pelletized catalyst  

  

Run 
  

WHS
V 
h-1 

Temp 
°C 

H2/sCOx 
molar  

CO2/CO
x 

molar  

x1 
% 

x2 
% 

x3 
% 

S4 
% 

S5 
% 

S6 
% 

S7 
% 

S8 
% 

S9 
% 

S10 
% 

P-63-164 1.0 320 1.0 1.0 82 81.7 - 10.5 6.2 18.5 2.0 2.7 51.9 8.2 

P-63-300 1.3 320 0.9 1.0 77.6 87.9 - 9.6 5.5 15.6 2.1 2.6 54.1 10.5 

P-65-45 0.9 330 1.1 0.7 63.8 70.9 92.0 11.6 7.0 19.7 1.8 2.5 49.1 7.9 

P-65-69 0.9 330 1.1 0.7 61.6 68.7 90.3 11.3 6.6 17.9 1.8 2.5 51.8 8.1 

P-65-93 0.9 330 1.1 0.7 58.6 68.6 90.0 12.0 6.7 18.2 2.0 3.1 50.4 7.8 

P-65-141 1.0 330 1.1 0.7 48.3 63.0 83.2 13.8 7.5 12.7 2.4 3.5 50.7 9.8 

P-66-396 R1 1.0 320 0.7 0.8 20.6 33.9 48.7 12.9 7.7 22.4 1.9 2.9 45.0 7.2 

P-66-396 R2 1.0 320 0.7 0.8 39.0 66.8 86.7 11.1 6.9 21.0 2.3 2.9 47.8 7.9 

The reactants are defined as: CO2 ≡ A1; H2 ≡ A2; CO ≡ A3 while the products are listed as: CH4 ≡ A4; 
C2H4 ≡ A5; C3H6+C4H8 ≡ A6; C2H6 ≡ A7; C3H8+C4H10 ≡ A8; C5+ ≡ A9; oxygenates ≡ A10; H2O ≡ A11 ;  
sCOx = 3*CO2 + 2*CO ;  COx = CO2 + CO ; xj is the  conversion of reactant j ; Sj is the selectivity of 
product j expressed as the mass fraction of the carbon converted to that product. 

     The composition of the organic phase in runs P-63-164 and P-66-396 is listed in Table 11. As 

expected, the liquid contained much more olefins (>65 wt%) than paraffins (<25 wt%). A comparison of 

the products distribution between naphtha and distillates in the two experiments and the data measured 

with the 3 wt% K catalyst published elsewhere14 is depicted in Fig. 7. Surprisingly, the first reactor 

packed with 3 wt% K catalyst in run P-66-396 yielded a slightly heavier product compared with the 

product in the second reactor of the same run and in the three combined reactors in run P-63-164, 

packed with 4 wt% K catalyst. This is probably due to the fact that the feed to the first reactor contained 

a significant concentration of CO. Furthermore, the product obtained with a stoichiometric mixture of 

H2 and CO2 in a three-reactor unit packed with a 3 wt% K catalyst14 yielded a much lighter product than 

produced with a 4 wt% K catalyst.  
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Table 11 Composition of the organic liquid in runs P-63-164 and P-66-396 

  
P-66-396 

P-63-164 
Reactor 1 Reactor 2 

C5-C10 

Non α-olefins 10.8 9.2 10.1 
α-olefins 16 19.9 21.4 
Non n-

paraffins 
5.1 8.4 6.1 

n-paraffins 5 5.9 6.0 
Aromatics 2.2 2 2.6 
Oxygenates 1.6 1.7 3.3 

C11-C22 

Non α-olefins 10.5 12.4 12.7 
α -olefins 20.7 18 17.1 
Non n-

paraffins 
9.5 5.9 5.8 

n-paraffins 7.8 5.8 5.4 
Aromatics 2.3 3 4.8 
Oxygenates 1.3 3.2 3.0 

>C22 
Non α-olefins 1 0.6 0.4 
α-olefins 5.5 3.4 1.3 
Paraffins 0.7 0.6 0.0 

 

 

 

Fig. 7. A comparison of the liquid organic product between the first two reactors in run P-66-169, P-63-

164 and Ref [14]. First reactor in P-66-169 is loaded with 3 wt% K, second reactor in P-66-169 is 

loaded with 4 wt% K. P-63-164 is loaded with 4 wt% K.  
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4. Conclusions 

Potassium was found to be a key promoter that enhances significantly the reaction rates of RWGS 

and FTS and increases the selectivity to higher hydrocarbons while producing mostly olefins. The 

methanation rate was decreased extensively on the promoted catalysts. Those effects are a result of the 

lower hydrogenation activity, consistent with the observation of more reduced states of iron atoms at the 

spent steady state Fe-Al-O catalysts surface after addition of potassium. They could be attributed to the 

donation of electron density to vacant d-orbital of iron in both Fe-poor spinel and carbide phases thus 

enhancing the dissociative adsorption of CO while lowering the H2 adsorption ability. The stabilization 

of Fe-poor spinel phase that prevented decomposition to magnetite phase contributed to the higher 

activity and selectivity of the catalyst. Furthermore, potassium enhanced the catalysts surface coverage 

with CO2 as shown by CO2-TPD data. The FTS reactions were accelerated by the enrichment of catalyst 

surface with carbide iron, especially more active Fe5C2 phase as established by the XRD and XPS data.  

A detailed kinetic model was developed based on extensive experimental data. It includes the 

RWGS, methanation, 7 FTS, 4 oligomerization and oxygenates formation reactions. The fit of the 

kinetic model to the experimental data was very good. Specifically, the significant oligomerization 

activity of the catalyst that converts light olefins to higher hydrocarbons should be mentioned. Running 

mixtures of CO2, CO and H2 in the three reactor system packed with pelletized catalyst yielded a high 

productivity of higher hydrocarbons. The composition of the C5+ product was a function of the 

potassium content and the composition of the feed. A heavier product was measured with a catalyst 

containing 4 wt% potassium compared with the 3 wt% potassium catalyst and with a feed containing 

CO2, CO and H2 compared with a feed containing only CO2 and H2. 
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