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Abstract 

In this work, 29 elements (Li, K, Cs, Mg, Ca, Sr, Ba, La, Ce, Zr, Nb, Cr, Mo, W, Mn, Co, Ni, 

Pd, Cu, Ag, Au, Zn, Ga, In, Sn, Pb, P, Sb, Bi) were evaluated as promoters for silica supported 

iron catalysts and tested in high temperature Fischer-Tropsch synthesis using a high-throughput 

experimentation unit. The selected promoters cover 1A-5A and 1B-8B groups of the Periodic 

Table and include alkali/alkaline metals, transition metals, precious metals and lanthanides. 

Several selectivity trends were observed in high temperature Fischer-Tropsch synthesis. The 

increase in CO conversion results in higher CO2 selectivity, which reaches about 50% at the 

CO conversion higher than 20-30%. High methane selectivity (>15%) was observed at the CO 

conversion lower than 10% and it decreases with increase in the CO conversion. The C2-C4 

olefin selectivity drops, while the selectivity to the C5+ hydrocarbons increases at higher CO 

conversion. The selectivity to the C2-C4 paraffins is only slightly affected by the conversion 

level. The selectivity enhancement to light olefins requires maintaining low selectivity to 

methane and light paraffins and at the same time, slowing down the chain growth leading to 

the C5+ hydrocarbons. 

A major several-fold increase in Fischer-Tropsch reaction rate was observed over the catalysts 

promoted with metals with low melting points such as bismuth, lead, tin and antimony. These 

elements can be considered as both electronic and structural promoters of iron catalysts. The 

catalysts promoted with Sn, Sb, Bi and Pb exhibited better stability during the reaction. These 

promoters produce different effects on the selectivity. The effect of the promotion with tin and 

antimony on the olefin selectivity was not noticeable, while the presence of bismuth and lead 

in iron catalysts results in the major enhancement of the selectivity to light olefins, lower 

methane and C2-C4 paraffin selectivities measured at the same conversion.  

Keywords: renewables; Fischer-Tropsch; iron catalysts; promotion; high throughput; light 
olefins  
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Introduction 

The interest in high temperature Fischer-Tropsch (FT) synthesis has been growing during last 

decades, because this reaction provides an opportunity for conversion of alternative and 

renewal feedstocks [1,2] (e.g. biomass, organic and plastic waste) into value-added chemicals 

such as light olefins. In addition, FT synthesis produces ultra clean chemicals (without sulfur, 

nitrogen and undesirable aromatics). Iron catalysts have shown so far the highest activity and 

olefin selectivity in FT synthesis [3–5]. Recent years have shown a shit of research interest 

from bulk to supported iron FT catalysts. Indeed, supported iron catalysts provide higher 

surface area and iron dispersion, more efficient use of active phase and promoters, better 

mechanical resistance and potentially enhanced activity, selectivity and stability. The catalytic 

performance of supported iron catalysts can be further improved by several strategies such as 

promotion[6,7], nanoconfinement[8–10] of active phase and by optimization of the interaction 

of iron species with the support[11]. 

The FT reaction involves iron carbide species [12–16], which form in-situ in the iron catalysts 

during activation in carbon monoxide or syngas. FT synthesis is a complex catalytic reaction; 

in addition to iron carbide, the presence of different iron oxide species and metallic iron can 

affect the overall catalytic performance[17,18]. Electronic and structural promoters have been 

intensively used in order to increase iron dispersion, extent of iron carbidisation, FT reaction 

rates and light olefin selectivity over Fe-based catalysts. Addition of promoters can affect iron 

dispersion, iron carbidisation, electronic properties of the active species and the rate of primary 

and secondary elementary steps of FT synthesis. Several elements have been considered 

previously for promotion of iron catalysts. Most of earlier publications have been focused on 

the promotion of iron catalysts with alkali metals[6,19–25] and copper[6,24,26,27]. More 

recently, the group of de Jong [28–30] and Sasol researchers[31] reported that simultaneous 
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addition of sodium and sulfur improves selectivity to olefins in their synthesis from syngas 

over iron catalysts.  

Note however that promoter effect on the FT reaction selectivity over iron catalysts is rather 

complex, since the rate of several FT elementary steps could be affected. In many cases, direct 

comparison of iron catalysts promoted with different elements is not obvious, because of 

different supports, promoter content, catalyst preparation and activation procedures. Very few 

information is available in the literature about influence of the promoters on the catalytic 

performance of iron catalysts on the same support, prepared using the same method, at the same 

concentration level and tested under exactly the same conditions. Recently, we have 

discovered[9,10,32,33] that the catalytic performance of iron catalysts can be significantly 

improved by using bismuth or lead as promoters; the reaction rate has increased several times 

over the promoted catalysts.  

High throughput experimentation (HTE)  [31–33] represents nowadays a powerful tool for the 

design of new efficient heterogeneous catalysts. The goal of this paper is to explore the 

potential of HTE for identification of efficient promoters and selectivity trends in FT synthesis. 

The conducted experiments cover numerous promoters from 1A-5A and 1B-8B groups of the 

Periodic Table, which include alkali/alkaline metals, transition metals, precious metals and 

lanthanides for iron FT catalysts. 29 elements (Li, K, Cs, Mg, Ca, Sr, Ba, La, Ce, Zr, Nb, Cr, 

Mo, W, Mn, Co, Ni, Pd, Cu, Ag, Au, Zn, Ga, In, Sn, Pb, P, Sb, Bi) at the same molar 

concentration in the catalyst were evaluated in high temperature FT synthesis. The supported 

iron catalysts were prepared by incipient wetness impregnation of silica with aqueous solutions 

of hydrous iron nitrate. In this work, tin and antimony in addition to Bi and Pb, are identified 

as highly efficient promoters of iron catalysts. The promotion with tin and antimony results in 

the several fold increase in the reaction rate. The catalytic results and in particular those 
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relevant to the selectivity measure a function of carbon monoxide conversion and stability are 

compared and discussed with those obtained for the reference non-promoted iron catalyst.  

 

2. Experimental 

2.1 Catalyst preparation 

Commercial amorphous silica (CARIACT Q-10, Fuji Silesia) was used as the catalytic 

support. Generally, distilled water is served as solvent. In the case of Nb and Sb, ethanol 

(Verbiese) is applied as to the insolubility of Nb and Sb salts in water. The following precursors 

were used for the portion of silica supported iron catalysts: LiNO3 (Fluka), KNO3 (Sigma-

aldrich), CsNO3 (Aldrich), Mg(NO3)2.6H2O (Sigma-aldrich), Ca(NO3)2.4H2O (Sigma-

aldrich), Sr(NO3)2 (Sigma-aldrich), Ba(NO3)2 (Sigma-aldrich), La(NO3)3.6H2O (Fluka), 

Ce(NO3)3.6H2O (Fluka), ZrO(NO3)2·xH2O (Fluka), NbCl5 (Alfa Aesar), Cr(NO3)3.9H2O 

(Sigma-aldrich), (NH4)6Mo7O24·4H2O (Fluka), (NH4)10(H2W12O42)· xH2O (Aldrich), 

Mn(NO3)2.4H2O (Alfa Aesar), Co(NO3)2.6H2O (Sigma-aldrich), Ni(NO3)2.6H2O (Sigma-

aldrich), Pd(NO3)2.xH2O (Aldrich), Cu(NO3)2.3H2O (Acros organics), AgNO3 (Sigma-

aldrich), HAuCl4 (Aldrich), Zn(NO3)2.6H2O (Sigma-aldrich), Ga(NO3)3.xH2O (Sigma-

aldrich), In(NO3)3.xH2O (Sigma-aldrich), SnCl2·2H2O (Sigma-aldrich), Pb(NO3)2 (Sigma-

aldrich), (NH4)2HPO4 (Sigma-aldrich), SbCl3 (Sigma-aldrich), Bi(NO3)3.5H2O (Sigma-

aldrich), ammonium thiosulfate (Alfa Aesar) 

Except for the Sb-promoted iron catalyst, all the other promoted catalysts were prepared 

by single-step co-incipient wetness impregnation. The Fe catalysts promoted with Sb were 

synthetized twice via alternating the impregnation sequence. In first case, silica was 

impregnated first with the Fe precursor and then with Sb and in the second case, silica was 

impregnated first with Sb and then with Fe. The concentrations of the impregnating solutions 

were calculated in order to obtain about 10 wt. % iron in the final catalysts, the ratio of Fe to 
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promoter (M) was 100:2. After the impregnation, the catalysts were dried overnight in an oven 

at 100 °C. Then they were calcined in air at 400 °C for 6 h with 1 °C/min temperature ramping.  

 

2.2 Catalyst characterization 

The ex situ X-ray powder diffraction (XRD) experiments were conducted using a Bruker 

AXS D8 diffractometer with Cu Kα radiation (λ = 0.1538 nm). The XRD patterns were 

collected in the 20−70° (2θ) range, with the 0.02° step size and 0.5 s step time. The 

identification was carried out by comparison with the JCPDF standard spectra software. The 

average crystallite size of Fe2O3 or iron carbides was calculated using the diffraction peaks 

according to the Scherrer equation.  

Relative content of oxide was determined with the use of an energy dispersive micro-X-ray 

Fluorescence spectrometer M4 TORNADO (Bruker). This instrument is equipped with 2 

anodes: a Rhodium X-ray tube 50 kV/600 mA (30 W) and a Tungsten X-Ray tube 50 

kV/700 mA (35 W). For sample characterization, the X-rays Rhodium with a polycapillary lens 

enabling excitation of an area of 200 μm was used. The detector used was a Silicon-Drift-

Detector Si(Li) with <145 eV resolution at 100000 cps (Mn Kα) and cooled with a Peltier 

cooling (253°K). The measurement was done under vacuum (20 mbar). The elements, that can 

be measured by this instrument unit range from sodium (Na) to uranium (U). Quantitative 

analysis was done using fundamental parameter (FP) (standardless). The quantification was 

made based on the identified element. 

The H2 temperature-programmed reduction (H2-TPR) experiment was carried out using the 

AutoChem II 2920 apparatus (Micromeritics) using 0.05 g of the sample in a flow of H2/Ar (5 

vol. % H2) stream (30 ml/min). The temperature was increased from room temperature to 900 

°C at the rate of 10 °C/min. The 5 vol.% H2/Ar gas for TPR analysis was dehydrated using a 

trap filled with molecular sieve. 
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The magnetic characterization was performed using a Föner vibrating-sample magnetometer 

[37–39] equipped with an in-situ cell. 0.01g of the sample was placed in the in-situ cell and 

heated to 350 °C under the flow of pure CO (0.3°C/min, VCO=30 ml/min). After reaching 

350°C, the samples were kept in the flow of CO until reaching a constant value of 

magnetisation. After the activation, the sample was cooled to the room temperature in the flow 

of CO. The pre-treatment with syngas (H2/CO=1, Vsyngas=30 ml/min) was performed with the 

samples already activated in CO and using similar procedure as pre-treatment in CO. The 

thermomagnetic curves (magnetisation versus temperature) were measured during cooling 

down the catalyst from 350°C to room temperature in syngas.  

 

2.3 Catalytic tests 

The catalytic tests were carried out in the high throughput experimentation unit (HTE, 

Flowrence, Avantium) and in a conventional fixed-bed reactor. The schema of the HTE unit is 

shown in Figure S1, Supplementary Information (SI).. The feed gas is homogeneously split 

by calibrated high pressure-drop capillaries into 16 reactors. Each four reactors formed one 

independent block, where the temperature can be separately controlled. High boiling point 

product (liquid phase) is constantly collected at 60 °C, before the rest gas phase flows through 

GC for analysis. Catalyst loading was completed in a stainless steel tube with inner diameter 

of 2.0 mm, length of 15 cm. Both ends (height of 1.5 cm) of the reactor tube were filled with 

inert SiC (size of 0.105 mm), where the catalyst (amount: 100 mg; size: 50 – 150 μm) was 

loaded in between. Prior to FT synthesis, all catalysts were treated in CO atmosphere (5 

mL/min) at 350 °C for 10 h and cooled to 180 °C. The activation procedure for silica supported 

iron catalysts was optimized in our earlier report [40]. After pressurized in H2/CO (1:1) to 10 

bar, temperature was stepwise (1 °C/min) increased to 350 °C. The catalytic performance was 

measured under five different GHSV: 3.4 L/h gcat → 4.5 L/h gcat → 6.75 L/h gcat → 2.25 L/h 
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gcat → 1.5 L/h gcat. No liquid phase was collected within all the HTE tests over iron catalysts. 

The gaseous products were analyzed online using a gas chromatograph (GC). Permanent gases 

(He, H2, O2, N2, CH4, and CO) were separated by a Hayesep Q/molsieve column and 

determined by a TCD; CO2 and C2-C3 hydrocarbons by a PPQ/PPQ column and TCD; C5-C12 

hydrocarbons by a CP-Sil5/CP-Sil5 column and FID, respectively. 

The conventional fixed-bed reactor used for FT synthesis had the inner diameter of 2 mm. 

Typically, 100 mg of the fresh catalyst was loaded into the stainless steel tube. The catalysts 

were activated by heating up to 350 oC at a rate of 2 oC min-1 and dwelling at 350°C for 10 h 

under CO flow (10 mL min-1) at atmospheric pressure. After cooling down to 180 oC, syngas 

with H2/CO = 1/1 was introduced into the reactor. The Brooks mass flow meters were used to 

control the flow rate. The required reaction pressure was achieved by a back-pressure valve. 

Nitrogen with a flow of 1 mL min-1 in the syngas mix was used as an internal standard for the 

calculation of CO conversion. Once the pressure and flow rate have been stabilized, the 

temperature was raised (1oC min-1) to 350 oC to start the reaction. The reagents and reaction 

products were analyzed by a gas chromatograph (Varian CP-3800), which was equipped with 

a thermal conductivity detector (TCD) and a flame ionization detector (FID). A packed CTR-

1 column was connected to the TCD, and a Rt-Q-PLOT capillary column was connected to the 

FID. Iron time yields (FTY) were expressed as moles of CO converted per gram of total iron 

per second. The CO2 free hydrocarbon selectivities on carbon basis were calculated taking into 

account only hydrocarbon production in FT synthesis.  

 

3. Results and discussion 

3.1. Silica supported iron catalysts promoted with 29 elements 

3.1.2. Conversion and reaction rate  
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All the catalysts were tested in high temperature FT synthesis under identical conditions 

(H2/CO=1, P=10 bar, T=350 °C) in both HTE and conventional fixed reactors. The carbon 

monoxide conversion was negligible over the Cr-, Nb-, Ga-, Pd-, Co-, In-, Mo-, Zn-promoted 

catalysts. All other examined catalysts presented measurable CO conversions within the tested 

GHSV ranges. High temperature FT synthesis over all catalytic leads to light C2-C4 olefins, 

light C2-C4 paraffins, methane, CO2 and C5+ longer chain hydrocarbons. The carbon monoxide 

conversions measured at iso-WHSV= 3.4 L/g·h in the HTE unit over different promoted iron 

catalysts are shown in Figure 1. Most of the promoted Fe catalysts exhibit the CO conversion 

from 10% - 30% , which is similar or slightly higher than the unprompted Fe/SiO2 counterpart 

(Figure 1). Interestingly, the Bi-, Pb-, Sn- and Sb-promoted catalysts exhibit rather different 

catalytic activity. Under the same conditions, the carbon monoxide conversion on these 

catalysts was much higher (30-85%). The catalytic tests in the HTE setup clearly identify Bi-, 

Pb-, Sn- and Sb as the most promising promoters in order to obtain iron catalysts with higher 

activity in FT synthesis. The catalytic results for the Bi-, Pb-, Sn- and Sb-promoted iron 

catalysts are presented in detail in section 3.3.  

 

3.1.2. Selectivity trends in high temperature FT synthesis 

The selectivities to CO2, methane, C2-C4 light olefins, light paraffins and C5+ hydrocarbons for 

all investigated catalysts measured at different WHSV are displayed in Figure 2 and plotted as 

functions of carbon monoxide conversion. The selectivity to carbon dioxide (Figure 2a) 

displays scattered points at low conversion. The CO2 selectivity increases as function of 

conversion over all catalysts and reaches the stoichiometric value of 50% at CO conversion 

higher than 30%. Carbon dioxide in FT synthesis over iron catalysts is principally produced 

via water gas-shift (WGS) reaction: CO+H2O=CO2+H2. Thus, some variation of the activity of 

the promoted catalysts can be assigned to their different activities in WGS. The CO2 selectivity 
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close to 50% at high CO conversion suggests that FT synthesis over iron catalysts occurs 

simultaneously with the WGS reaction with almost complete conversion of water by its 

reaction with CO, which was not consumed in FT synthesis at higher CO conversion:  

2nCO + nH2 = CnH2n+nCO2 

2nCO+ (n+1)H2=CnH2n+2+nCO2 

Figure 2b displays methane selectivity observed on the promoted iron catalysts as a function 

of conversion. Higher methane selectivities were observed at rather low carbon monoxide 

conversion (<10%). The methane selectivity decreases with increase in conversion and at 

higher conversion scatters between 5 and 15% as a function of catalysts. The lowest methane 

selectivity was observed over the Pb and Bi-promoted catalysts and the highest over the Sn- 

and Zr-promoted counterparts.  

The selectivity to light olefins (Figure 2c) also decreases as a function of carbon monoxide 

conversion. The maximum light olefin selectivity close to 60 % is observed at the relatively 

low CO conversion (< 2-3 %). Indeed, the selectivity to the specific hydrocarbon range in FT 

synthesis is limited by the Anderson–Schulz–Flory (ASF) statistics, which predicts the 

maximum selectivity of 55% for the C2-C4 hydrocarbons. In this work, we observed the 

maximum C2-C4 light olefin selectivity up to 60%. Again, the bismuth and lead promoted 

catalysts do not follow the general trend; the light olefin selectivity is higher at the same 

conversion level on the Bi and Pb-containing iron catalysts than on any other counterparts. The 

decrease in both methane and light olefin selectivities with the carbon monoxide conversion 

suggests that all these compounds could be primary products of FT synthesis over iron 

catalysts. 

Interestingly, only very slight effect of carbon monoxide conversion on the selectivity to the 

C2-C4 paraffinic hydrocarbons was observed over various promoted iron catalysts (Figure 2d). 

The selectivity data scatter between 5 and 20%. Interestingly, the C2-C4 paraffin selectivity 
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only slightly increases as a function of carbon monoxide conversion. Taking into account that 

the selectivity to light olefins decreases with the CO conversion, while the selectivity to light 

paraffins is only slightly affected by the conversion, one can suggest that secondary olefin 

hydrogenation could be not the main reason for the decrease in the light olefin selectivity with 

conversion.  

Carbon monoxide conversion affects to a greater extent the C5+ hydrocarbon selectivity 

(Figure 2e). The C5+ selectivity is close to zero at the CO conversions lower than 10%. It 

steadily increases with the CO conversion and reaches 25-30 % at the CO conversion higher 

than 20%. Interestingly, the C5+ selectivity remain nearly constant, when the CO conversion 

higher than 30%. It worth noting that the decrease in the C2-C4 light olefin selectivity clearly 

coincides with the increase in the C5+ selectivity. 

FT synthesis is a “non-trivial surface polymerization reaction”[41]. Carbon monoxide 

adsorption over surface sites of iron catalyst results in the formation of C1 surface monomers, 

which can be produced either by direct or hydrogen-assisted CO dissociation [42,43]. The 

shape of the methane selectivity versus conversion curve (Figure 2b) suggests than methane, 

which is produced with high selectivity at low conversion, could form directly from the 

hydrogenation of the C1 surface monomers. The shape of the selectivity versus conversion 

curves can also be explained from the polymerization mechanism of FT synthesis. Indeed, at 

very low conversions, the concentrations of adsorbed C1 monomer can be not sufficient for 

noticeable polymerization to form longer chain surface fragments and respectively longer chain 

hydrocarbons. This could explain lower selectivity to long chain C5+ hydrocarbons at lower 

CO conversion levels. 

Oligomerization of the surface C1 monomers results in the C2-C4 fragments on the catalyst 

surface. The C2-C4 surface fragments can then undergo the following reaction pathways 

(Figure 3). First, they can desorb with possible partial hydrogenation yielding light olefins. 



12 
 

Second, they can be fully hydrogenated to give paraffins. Finally, they can react with another 

C1 surface monomer, producing longer chain fragments and hydrocarbons. Importantly, the 

experimental results (Figure 2) indicate that the increase in CO conversion results in decrease 

in the selectivity to the C2-C4 light olefins, increase in the selectivity to longer C5+ 

hydrocarbons, while the selectivity to the C2-C4 hydrocarbons is not much affected by the 

conversion. The schema shown in Figure 3 suggests that higher selectivity to light olefins 

requires lower selectivity to the C5+ hydrocarbons. Indeed, on all studied iron promoted 

catalysts higher carbon monoxide conversion results in the increase in the C5+ hydrocarbon 

selectivity at the expense of the light olefin selectivity. Interestingly, the light paraffin 

selectivity is not much affected by the conversion. This suggests that full hydrogenation of 

adsorbed C2-C4 species and olefins does not become significant with conversion. To 

summarize, in order to attain high light olefin selectivity, the catalyst should have low 

selectivity to methane and lighter paraffins and at the same time slow down the surface 

polymerization reaction of C2-C4 surface species with the C1 monomer leading to longer chain 

hydrocarbons. 

Figure 1 indicates a major increase in FT reaction rate over the iron catalyst promoted with 

Sn, Sb, Bi and Pb compared with any other promoters investigated in this work. In order to 

provide further insights into the enhancement of the catalytic activity on promotion, the 

structure of tin and antimony promoted catalysts was studied in detail by a combination of 

characterization techniques. The characterization data for tin and antimony promoted catalysts 

are compared with those for the bismuth and lead promoted counterparts.  

 

3.2. Characterization of the Sn- and Sb--promoted catalysts 

The XRF elemental analysis data for the Sn, Sb, Bi and Pb promoted catalysts are displayed 

in Table 1. All catalysts present similar iron content (around 10 wt. %), while the Sn, Sb, Pb, 
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and Bi promoters contents were close to 0.8 wt. %. The XRF results are therefore similar to the 

catalyst inventory composition. Figure 4a shows the XRD profiles of reference catalyst and 

those co-impregnated with the Sn, Sb, Pb, and Bi promoters. All the studied calcined catalysts 

exhibit the characteristic diffraction peaks of hematite phase (Fe2O3, JCPDS13-0534). No XRD 

patterns attributed to the crystalline phases of the promoters were observed. The Scherrer 

equation has provided information about the iron oxide particle size. The addition of promoters 

Bi, Pb, and Sb (impregnated in second position) to the silica supported iron catalyst results in 

hematite crystallites with the sizes between 15-17 nm, which are comparable to the reference 

catalyst (17 nm). On the other side, Sn promoted catalyst has the smallest particle size (11 nm). 

Consequently, with exception for Sn, these promoters seem have no effect on iron oxide 

dispersion.  

We also carried out XRD measurements (Figure 4b) for unprompted and promoted iron 

catalysts after FT reaction. Diffraction peaks around 2θ angle 44° for all catalysts are attributed 

to the iron carbide phase. In this case, the width of the iron carbide XRD peak has been clearly 

dependent on the promoters. The apparent sizes of iron carbide nanoparticles calculated from 

XRD peak for promoted catalysts were between 4 and 6 nm, while for unprompted reference 

catalysts the iron particle size was 12 nm. The results can be interpreted in terms of the better 

stability of the iron particles promoted with Sn, Sb, Bi and Pb versus sintering in the presence 

of carbon monoxide and reaction mixture. Recently we found that promotion of iron catalysts 

with mobile promoters such as Bi and Pb results in less significant iron sintering and better 

catalyst stability [9,32]. Figure S2, SI shows very broad XRD peaks of iron carbide in the 

unprompted Fe/SiO2 catalyst activated in CO. These peaks are getting much narrower in the 

spent catalyst. Interestingly, iron sintering in the unprompted Fe/SiO2 catalyst does not occur 

during the activation in CO but in the course of FT reaction.  
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Figure 5 shows the H2-TPR profiles measured for iron catalysts promoted with Sn, Sb, Pb, 

and Bi. The TPR profiles display several hydrogen consumption peaks, which are attributed to 

the multi-step iron reduction from Fe2O3 hematite to metallic iron. 

Fe!O" → Fe"O# → FeO → Fe 

In agreement with previous reports[44–47], the first peak at 350-420 oC can be associated to 

the reduction of hematite (Fe2O3) to magnetite (Fe3O4), the second peak can be correlated to 

the reduction of magnetite (Fe3O4) to wustite (FeO), whereas the third peak at 650-700oC can 

be attributed to the reduction of wustite (FeO) to metallic iron (Fe). Interestingly, the promotion 

with mobile promoters only slightly affects the positions of TPR peaks for iron catalysts. The 

H2 consumption showed in Table 1 reveals that Sb promoted catalysts have the easiest 

reducibility among the studied solids, this might be due to hindering interaction between iron 

and silica support. In general, all the promoted catalysts present a better reducibility than the 

reference unprompted iron catalyst. Fascinatingly, for Sb promoted catalysts the impregnation 

order has a significant effect on iron reducibility. It seems that the Sb impregnation after 

impregnation with iron favors iron reducibility and formation of iron metal species. The 

characterization data suggest that the promotion of iron catalysts with Bi and Pb only slightly 

affects iron dispersion and iron reducibility. Iron dispersion is enhanced over Sn promoted 

catalyst, while iron reducibility is strongly modified in the Sb- containing counterpart. 

Further information about the genesis of active phases in unpromoted iron catalyst and 

catalysts promoted with tin and antimony was obtained using the in-situ magnetic method [37–

39]. The Pb and Bi promoted silica supported iron catalysts were previously [33]characterized 

by the in-situ magnetic method. The dependence of magnetization on the temperature during 

exposure of unprompted Fe/SiO2 and tin- and antimony-promoted iron catalysts to CO is shown 

in Figure 6. The catalysts exhibit some small magnetization at room temperature. Some 

magnetization at room temperature can be due to the presence of ferromagnetic magnetite 
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phase, which forms together with the hematite phase after the catalyst calcination. Heating of 

the catalysts in CO results in the increase in magnetization, which can be possibly due to the 

reduction of hematite into magnetite and formation of ferromagnetic iron carbide. Indeed, 

previously we showed [48] that carbidization of hematite proceeds via intermediate formation 

of magnetite. The magnetization drops at higher temperature for Fe/SiO2 and FeSn/SiO2 

(Figures 6a and b) while the magnetization remains high for the catalyst promoted with 

antimony (Figures 6c and d). The decrease in the magnetization for the Fe/SiO2 and FeSn/SiO2 

samples seems to be due to the formation of ferromagnetic phase which the Curie temperature 

lower than 250°C, which can be Hägg iron carbide (TCurie=205-256°C or cementite 

(TCurie=208°C)[11]. Higher magnetization observed for FeSb/SiO2 and SbFe/SiO2 samples 

seems to be due to the presence of the ferromagnetic phase with higher Curie temperature, 

possible magnetite (TCurie=585°C).  

The variation of magnetization during subsequent treatment of iron catalysts in syngas 

(H2/CO=1) is shown in Figure 7. All the samples display some magnetization at room 

temperature, which can be due to the presence of iron carbide or magnetite, which formed 

during the exposure to pure CO. Heating in syngas results in initial increase in the 

magnetization for Fe/SiO2 and FeSn/SiO2 samples (Figures 7a and b) due to further formation 

of iron carbide. The magnetization then drops at the temperatures higher than 250°C, which 

indicates iron carbides with Curie temperature lower than 250°C. Interestingly, for the 

FeSb/SiO2 and SbFe/SiO2 samples (Figures 7c and d), the magnetization also drops during 

the temperature ramp in syngas without any initial increase. Magnetite formed in this sample 

during their pretreatment in CO. The decrease in magnetization during subsequent exposure to 

synags can be attributed to the carbidization of magnetite and formation of iron carbides. This 

suggests that the unprompted iron catalysts and catalysts promoted with tin can be carbidized 

in CO, while the presence of syngas is required for carbidization of the catalysts promoted with 
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antimony. It should be also noted that the unprompted Fe/SiO2 catalyst did not show 

magnetization at 350°C. This indicates that almost all magnetite has been converted to iron 

carbides, while the catalysts promoted with tin or antimony exhibited residual magnetization 

even at high temperature. Thus, the presence of some amounts of residual magnetite is expected 

after activation in CO and syngas in the Sn- and Sb-promoted catalysts. 

Information about the ferri- and ferromagnetic phases in the activated catalysts was further 

extracted from the thermomagnetic curves (Figure S3, SI). After the catalyst activation in CO 

and subsequently in syngas, the catalyst temperature was decreased from 350°C to ambient. 

All the catalysts showed an increase in magnetization during this temperature decrease. This 

suggests the presence of iron carbides with the Curie temperature between 200 and 250°C. 

Note that the magnetization increases in somewhat lower temperature for the unprompted 

Fe/SiO2 than for the promoted samples. This could be indicative of the cementite type carbide 

in this sample with lower Curie temperature (TCurie=208°C). In the promoted catalysts, the 

major iron carbide phase could be Haag Fe5C2 carbide.  

 

3.3. Catalytic performance of the Sn-, Sb-, Bi and Pb-promoted catalysts. 

The results of THE catalytic tests have clearly indicated unusually high FT reaction rates of 

Sn-, Sb-, Bi and Pb-promoted iron catalysts compared to other counterparts (Figure 2 and 

Table 2). All these four metals have relatively low melting points (Sn 232°C, Sb 630°C, Bi 

271°C and Pb 328°C) compared to most of other metals and possibly exists either in the liquid 

state or are highly mobile under FT reaction conditions. The reasons for the increase in FT 

reaction rate over the bismuth and lead promoted catalysts have been already discussed in our 

previous reports[9,10,32,33]. During the activation, bismuth and lead form the core-shell 

structures with iron species. The kinetic and isotopic tracing experiments [33] indicated that 

the Bi and Pb promoters facilitated carbon monoxide dissociation by scavenging O atoms from 
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the surface of iron carbide. Iron time yield (FTY) in the catalysts promoted with Bi, Pb, Sn and 

Sb increased 3-5 times (Table 2). The observed strong enhancement of FT reaction rate over 

the Bi and Pb-promoted iron catalysts obtained in this work is in agreement with previous 

reports.  

Interestingly, in the present work, the Sb- and Sn-promoted catalysts also achieved remarkable 

reaction rate, which is much higher than for any other promoted iron catalysts (Figure 2). For 

the best of our knowledge, these are the first results relevant to the use of the Sn and Sb 

promoters for iron FT catalysts. The elements such as Sn and Sb are also (as Bi and Pb) located 

in groups IV and V of the Periodic Table and have similar properties. They exhibit several 

oxidation states. Their melting points are respectively situated at 232 and 630°C. High 

temperature FT synthesis proceeds in the temperature range between 300 and 350°C. This is 

higher that the Tamman temperature of all these metals (~0.5 of the melting point temperature 

measured in K). This suggests noticeable bulk mobility of these metals under the reaction 

conditions. Importantly, the carbon monoxide conversions and reaction rates for all non-

promoted, Bi-, Pb-, Sn- and Sb-promoted catalysts observed either in the HTE or in 

conventional fixed bed reactors are respectively rather similar (Figure 2 and Table 2).  

Catalyst deactivation remains one of the main challenges of FT synthesis. Deactivation results 

in the loss of catalytic activity with time on steam, low productivity and necessity to replace or 

to regenerate the catalysts. Figure 8 shows variation of the carbon monoxide conversion with 

time on stream over the Sn-, Sb-, Bi- and Pb-promoted catalysts during the first 48 h of reaction. 

In agreement with previous reports[33], the reference non-promoted catalyst showed 

continuous decrease in the activity occurring until it reached a stable conversion around 11 %. 

On the other hand, the iron catalysts promoted with Sn, Sb, Bi and Pb reached stable 

conversions after 10 h of reaction and they did not showed appreciable deactivation during 48 

h on stream. Better stability of iron catalyst with the Sb, Sb, Bi and Pb promoters can be 



18 
 

attributed to less significant iron sintering. Indeed, formation of protective layer of quasi-liquid 

metal earl can slow down iron carbide sintering. 

The catalytic tests show strong effect of the promotion with bismuth, tin, antimony and lead on 

the FT reaction rate (Figure 2, Table 2). High selectivity to light olefins is an extremely 

important reaction parameter and a major challenge of FT synthesis. In order to obtain more 

information about the effect of promotion with Bi, Sb, Sn and Pb on the reaction selectivities, 

the selectivity to different products was measured at a wide range of CO conversion. The 

selectivity conversion-curves (Figure 9) clearly emphasize the unique nature of bismuth and 

lead as the promoters, which at the same time increase both carbon monoxide conversion and 

light olefin selectivity. The data point for the light olefin selectivity plotted as a function of 

conversion over the catalysts promoted with bismuth and lead are clearly above the values 

observed for the Sn and Sb promoted counterparts (Figure 9a). The methane selectivity curves 

indicate lower values over Bi- and Pb-promoted catalysts observed at the same CO conversion 

compared with the Sb promoted and in particular Sn-promoted samples (Figure 9b). At the 

same time, the Bi and Pb –promoted catalysts exhibit lower selectivity to the C2-C4 paraffins 

compared with the Sb and Sb promoted counterparts (Figure 9c). The C5+ selectivity 

conversion curves measured for all four promoted catalysts do not indicate any major 

differences. They show general increase in the C5+ selectivity with conversion. This suggests 

that the gain in the selectivity over the Bi and Pb promoted catalysts can be principally 

attributed to the decrease in the selectivity to methane and light paraffins. Indeed, the 

promotion of silica supported iron catalysts with Bi and Pb leads to a major increase in both 

FT reaction rate and light olefin selectivity, while tin and antimony when added to the silica 

supported iron catalysts has a major impact the FT reaction rate, but at the same time, they do 

not increase the light olefin selectivity.  
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3.4. Mobile promoters for iron FT catalysts 

The catalytic performance of iron catalysts can be significantly modified by addition of 

promoters. The promoters for iron FT catalyst can be either electronic or structural. The 

structural promoters do not affect the intrinsic activity of the active sites such as for example 

turnover frequency (TOF), but they modify the catalyst texture, enhance iron dispersion and 

improve the catalyst stability. Structural promoters of iron catalysts such as silica, alumina, or 

other support materials are essential to improve attrition resistance and stability especially for 

fluidized bed or slurry bed applications. However, structural promoters often hinder iron 

carbidization and decrease the activity due to the metal–support interactions and formation of 

iron support mixed compounds. 

The electronic promoters interact directly with the active sites and affect the active sites 

intrinsic activity. The conventional electronic promoters for iron FT catalyst can be divided 

into three major groups: alkali metals, transition metals and combined promotion with sodium 

and sulphur. Promotion of iron catalysts with alkali metals has been a subject of numerous 

publications [12,19,20,22,23,25,49]. Alkali ions added to iron catalysts lead to the following 

effects on the catalytic performance: (1) an increase in the average molecular weight (chain 

length) of hydrocarbon products (i.e., decrease in production of methane and light gases), (2) 

an increase in olefin selectivity, (3) an increase in activity for the water gas shift (WGS) 

reaction, (4) an increase in carbon deposition and catalyst deactivation rate, and (5) an increase 

in reaction rate at low potassium concentrations, followed by decrease at higher concentrations. 

The promotion with alkali metals increases olefin to paraffin ratio in the reaction products, 

while at the same time does not lead to higher selectivity to light olefins[25]. The promotion 

with alkali metals varies as a function of catalytic support[11]. In the presence of oxide support, 

a part of iron and alkali species can form mixed oxide compounds and affect the amount of 

active iron carbide phase. Direct interaction of iron species and alkali can result in the electronic 
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interaction with iron and modifies the intrinsic reaction rate and selectivity. It was 

suggested[23] that alkali ions could enhance carbon monoxide dissociation because of election-

dative effect on iron coming from basic oxygen species. 

The second group of promoters include transition metals and more particularly copper. 

Numerous studies have shown [7,27,50] that the addition of copper can result in an 

enhancement of the activity of Fe-based FT catalysts. The major copper function is to decrease 

the temperature required for the reduction of iron oxides, while the reports about the effect of 

copper on the selectivity are still controversial. Wachs et al. [51] and O’Brien et al. [52] 

observed that copper had no effect on product selectivity. An increase in the average molecular 

weight of hydrocarbon products was reported over Cu-promoted iron catalysts by Bukur [6]. 

Coville [53] et al observed that the addition of Cu decreased the methane selectivity and had 

no significant effect on the catalytic activity. Mn-promoted Fe catalysts usually show higher 

light olefin selectivity compared to unpromoted Fe catalysts[54–57]. Molybdenum promoted 

Fe showed significant increase in the catalytic activity [58,59] an better olefin selectivity and 

enhanced stability[60] . Adding Cr enhanced the selectivity of precipitated Fe catalysts for 

longer chain hydrocarbon products [56,61]. 

The third type of promotion of iron catalysts has been recently proposed by de Jong[28–30] et 

al. The suggested promotion involved combined promotion of iron catalysts with sodium and 

sulphur. The promotion with sulphur and sodium to iron catalysts bulk or supported iron 

catalyst improves the C2–C4 olefin selectivity and decreases methane production. The overall 

activity is only slightly improved. At the same time, the catalyst stability has been diminished; 

the iron catalysts simultaneously promoted with Na and S suffer from strong carbon deposition.  

We uncovered a new type of promotion of iron catalysts with metals, which have low melting 

points such as tin, antimony, lead and bismuth. The presence of small amounts of these 

elements in iron catalysts results in a several fold increase in FT reaction rates (Figure 2); the 
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effect of these promoters on the FT reaction rate is one of the strongest ever observed in the 

literature for the promoted iron catalysts. The promotion with these elements has two particular 

features. First, these metals are highly mobile the under the conditions of high temperature FT 

synthesis. Their migration during catalyst activation and catalytic reaction has been clearly 

observed by TEM[32]. Second, these metals have several oxidation states. The mechanistic 

study[33] suggests that these elements can facilitate CO dissociation by scavenging oxygen 

from the surface of iron carbide by the promoters resulting in their re-oxidation. 

Our results suggest that these elements can be considered as both electronic and structural 

promoters of iron FT catalysts. Though the presence of these metals has relatively small effect 

on iron dispersion in freshly prepared iron catalysts, however they stabilize iron carbide 

nanoparticles from sintering. Figure 4 shows major sintering of iron carbide in the unprompted 

Fe/SiO2 catalyst after conducting FT reaction, while iron carbide remains highly dispersed in 

the promoted samples. The FT reaction rate remains stable over the promoted catalysts for at 

least 50 h (Figure 8). Previously we found that the promotion of Bi also resulted in better 

stability of cobalt catalysts in low temperature FT synthesis[41], where both carbon deposition 

and metal sintering were hindered. 

While the initial dispersion is only slightly affected the by the promotion, the increase in FT 

rate is principally attributed to the increase in the intrinsic activity. Our previous results [9] 

suggest 3-5 time increase in TOF on promotion with Bi on iron catalysts supported over carbon 

nanotubes. This effect is probably due to the localization of the promoters in the close proximity 

to the iron carbide resulting in formation of core shell structures.  

The effect of these promoters in the hydrocarbon selectivity is however rather different. Our 

catalysts clearly suggest a significant increase in the selectivity to light olefins over the Bi and 

Pb-promoted samples, while the effect on the selectivity is much less important over Sn- and 

Sb promoted counterparts. Different selectivity to light olefins observed over Bi-, Pb-promoted 
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catalysts on the one hand, and over Sn and Sb counterparts on the other hand can be due to 

different hydrogenation activity. Indeed, the Sb and Sn promoted catalysts exhibit much higher 

methane selectivity and selectivities to light paraffins (Figure 9). At the same time, the 

selectivity to light olefins is not improved on the Sn and Sb promotion. 

 

Conclusion 

HTE approach allows identification of new efficient promoters and selectivity trends over 

iron catalysts used high temperature FT synthesis. The catalytic tests conducted both in HTE 

and conventional catalytic reactors suggest that the selectivity of FT synthesis over silica 

supported iron catalysts is a function several parameters relevant to the presence of promoters 

and reaction operating conditions. The light olefin selectivity close to 60% is observed at low 

carbon monoxide conversion and then decreases with conversion. The methane and light 

paraffin selectivities follow similar trend. The selectivity to carbon dioxide increases with 

carbon monoxide conversion and reaches the stoichiometric values of 50% at carbon monoxide 

conversion higher than 30%. The selectivity to C5+ long chain hydrocarbons increases with 

carbon monoxide conversion. 

In order to obtain high selectivity to light olefins, the selectivity to light olefins and long 

chain C5+ hydrocarbons should be minimized in particular at higher CO conversion. 

Iron catalysts promoted with metals with low melting points such as Bi, Pb, Sn and Sb results 

in a major increase (several fold) in FT reaction rate. Two types of the promotion were 

observed. The promotion with Sn and Sn results only in the enhancement of the FT reaction 

rate, while the light selectivity is not much affected. The promotion with Bi and Pb leads to the 

increase in both the FT reaction rate and selectivity to light olefins.  
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