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Abstract 

Fischer-Tropsch synthesis (FTS) is conducted on the catalysts such as Al2O3, SiO2, TiO2 and 

ZrO2 supported with metals like Co, Fe or Ru. While hydrogen to CO ratio is low, the Iron 

supported catalysts are more useful to produce alkenes, branched hydrocarbons and oxygenates 

due to Iron's water-gas-shift (WGS) activity. The aim of this article is to produce C5
+ 

hydrocarbon product from synthetic gas using Fe-Cu-Sr/ γ-Al2O3 nano-sized catalyst. The nano 

iron-based catalyst was synthesized by wet impregnation method. The synthesized catalyst 

(18Fe/4Cu/2Sr/ γ-Al2O3) was characterized by XRD, BET, ICP, SEM and H2-TPR techniques. 

Effect of reaction pressure on the product selectivity and catalyst activity was investigated in 

CO hydrogenation reaction. The nano catalyst was loaded in a fixed-bed reactor and tested in 

pressure of 16 and 20 atm, at temperature of 290 oC, with H2/CO ratio of 1 and GHSV of 2 l.h-

1.g cat-1. The results demonstrated that with increasing reaction pressure, the CO conversion 

and C5
+ selectivity increased from 63.8% and 44.03% to 78.3% and 46.2%, respectively.  

Keywords: CO Hydrogenation, Nano iron based catalyst, Reaction Condition, product 

selectivity. 
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     Introduction 

Fischer-Tropsch synthesis (FTS) is a set of chemical reactions in which the CO and H2 mixture 

produce a set of hydrocarbons such as fuels. This process was discovered in 1913 with 

collaboration of Franz Fischer and Hans Tropez in Germany[1, 2]. During the FTS, many 

reactions occur simultaneously. In principle, the reactive molecules CO and H2 are separated, 

forming CHx species and bonding together to form hydrocarbons through chain growth[3, 4]. 

The most desirable reaction is the production of alkanes, which is shown below: 

(2n + 1) H2 + n CO → CnH2n+2 + n H2O  

In addition to alkanes, adverse reactions lead to the formation of alcohols, and other oxygenated 

hydrocarbons [5, 6]. Natural gas resources are abundant and cost-effective around the world, it 

has attracted the attention of the oil and petrochemical communities to conduct vast studies 

aiming the improvement of FTS performance to provide clean and sustainable fuels and 

chemicals. Syngas which is produced by partial oxidation of methane, are processed through 

FTS to produce hydrocarbons, alcohols and waxes. Upgrading of FT products via 

hydrocracking and isomerization processes are always integrated into GTL to produce further 

desired products such as gasoline and diesel and to increase their selectivity, [7-11]. Most group 

VIII transition metals are active in the FTS process, but often, Fe and Co catalysts are used in 

the industry because of their ability to create desirable and cost-effective long-chain 

hydrocarbons. Recently, iron-based catalysts have been compared to cobalt-based catalysts due 

to their advantages such as cheapness and availability of the metal, good resistance to reaction 

conditions, and high selectivity for olefins and alcohols, which are widely used as chemical 

raw materials [12-16]. Co catalysts are usually more resistant to water and consequently can 

conserve their activity at presence of water. However, iron-based catalysts for the water-gas 

shift (WGS) reaction are more active than cobalt-based catalysts. This is useful for converting 

syngas from coal or biomass that have a lower H2/CO ratio. Cobalt catalysts are active in the 

suitable temperature and H2/CO ratio, while iron-based catalysts can operate under a wide 

range of temperature and H2/CO ratio without significantly increasing CH4 selectivity[17, 18]. 

Iron-based catalysts produce more olefinic products and less choice of CH4 than cobalt-based 

catalysts. Reports suggest that when iron and cobalt are used together, they simply do not show 

the added properties of individual metals [19, 20]. One of the practical ways to increase the 

economic potential of the FTS process is to produce linear alpha-olefins because they are 

important chemical mediators for surfactants, functional plastics and elastomers and are also 

used as an additive to improve octane number of fuels[21-23]. Most studies show that catalyst 

performance is enhanced by promoting with additives such as K, Mn, Cr, Ru, and pt. Among 
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these promoters, potassium has been used as a promoter in iron catalysts. Potassium can 

increase catalytic activity in FTS and WGS reactions. Also, Copper is usually added as a 

chemical promoter to iron-based catalysts in FTS synthesis, which enhances hematite reduction 

process. The manganese promoter causes very stable activity and high selectivity in the 

formation of light olefins in iron catalysts. Some other similar metals like Zr, V, Ta, Mo and 

La, have a positive effect on catalyst activity for CO hydrogenation and WGS activity [24-26]. 

γ-Al2O3, TiO2 and SiO2 are the common supports that used to increase the dispersion of Fe 

particles to stabilize and prevent the activation of active iron phases. However, they have high 

interaction with Fe precursors, and create a mixed oxide which is rarely reducible regarding to 

the lower activity. Thus, the interaction between active component and support should be 

carefully adjusted[27, 28]. In this study, iron-supported γ-Al2O3 catalyst was prepared via 

impregnation method. After characterization by XRD, BET, SEM and H2-TPR analysis, the 

catalyst performance was studied in a fixed-bed reactor. Pressure effect was investigated on 

the product distribution as well as feed conversion in the FT reaction. 

 

Experimental 

Materials and Methods 

Catalyst preparation 

Nano-sized iron-based catalysts were prepared by wet impregnation method. The preparation 

process included dissolving 9.12g of Fe (NO3)3.9H2O and 1.06g of Cu (NO3)2.4H2O in 

deionized water and then adding 0.34g of Sr(NO3)2 as the promoter. The solution was added to 

5.32g of nano γ-Al2O3 support in two steps. The sample was dried in an oven at 120 °C for 16 

hours and then calcined at 400 °C for 3 hours. The fresh catalyst was sieved to particles with 

diameters of 250–300 μm. 

 

Catalyst characterization 

Brunauer –Emmett–Teller (BET) surface area, pore volume and mean pore size of the catalyst 

were determined by N2 physisorption using a Micromeritics ASAP 3020 automated system.  

 An XRD spectrum of fresh catalyst was conducted with a Philips PW1840 X-ray 

diffractometer with monochromatized Cu (Kα) radiation to determine the catalyst phase. 

 Morphology of the calcined catalyst was investigated by the Phenon scanning electron 

microscopy (SEM).  

Temperature-Programmed Reduction of H2 (H2-TPR) is based on passage of the reducing gas 

(hydrogen) through the sample and the reaction with its structural oxygen during heating 
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operation of the sample. The TPR evaluations of the calcined catalyst was done by a 

Micromeritics TPD-TPR 290 system. For 50 mg of catalyst, the TPR was conducted in a 5% 

H2-95% Ar gas mixture. The catalyst was heated up to 900 from 50 °C at a temperature rate of 

10 °C/min. Typically, fresh catalyst was placed in a U-shaped quartz tube and was then heated 

under diluted H2 atmosphere under heating. The consumption of H2 was sensed by thermal 

conductivity detector [29]. 

 Finally, the amount of hydrogen consumed can be plotted in terms of temperature. To confirm 

the elemental content of prepared catalysts, digested catalysts were analyzed in a Perkin Elmer 

Optima 8000 DV ICP analyzer.   

 

Catalyst activity test 

As shown in Figure 1, the experiments were carried out at different pressures in a fixed-bed 

reactor with an inner diameter of 0.95 cm and a length of 75 cm under Fischer-Tropsch 

synthesis conditions. The catalyst (2 gr) was loaded to the reactor and reduced at 400 °C and 

atmospheric pressure by a 20% H2-80% N2 mixed gas for 2.5 h. The heat required for the 

reaction is supplied by a three-zone furnace equipped with a temperature controller. The 

carbide stage was performed in a stream of synthesis gas with H2 to CO ratio of 1 for 23 h at 

atmospheric pressure at 270 °C. Then, pressure of the reactor was kept 16 and 20 bar and 

temperature raised to 290 °C and the reaction was conducted with synthesis gas as feed stream 

with H2/CO = 1 and GHSV of 2 l/(h·g). 
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Figure 1. Schematic diagram of experimental set up: (1) Valve, (2) Carbonyl Trap, (3) Mass flow controller, (4) 

Stationary Mixer, (5) Pressure Regulator, (6) Temperature Indicator, (7) Reactor, (8) Electrical Jacket, (9) (Sic) 

carborundum, (10) Catalyst, (11) Hot trap, (12) Cold trap, (13) Back pressure Regulator, (14) Gas 

Chromatography, (15) Flowmeter, (16) Vent. 

 

Results and discussion 

After the calcination process, the catalyst was characterized using XRD, BET, SEM, H2-TPR 

and ICP techniques. 

 

Power X-Ray analysis  

XRD patterns of the prepared catalyst was shown in Fig 2. From the XRD results, catalyst 

phases, and according to the reference articles and JCPDS database, the type of element in the 

catalyst can be determined and also size of the particles can be calculated [28]. In the prepared 

catalyst, Fe and γ-Al2O3 were used above 10 wt%. As the figure, it can be seen the distinct 

peaks at 2θ equal to 24.3°, 33.3°, 35.8°, 40.8°, 49.6°, 54.1°, 57.6° and also 64.1° which are 

related to hematite and 66.5° and 46.1° are related to γ-alumina. This proves the presence of 

the two phases according to the peaks that appear and Considering that no peaks from other 

oxides appear, it indicates that the active component of the catalyst is Fe2O3[30]. Since the 

amount of promoter in the catalyst is very small, no related peaks appear and only prevents 

particles from sticking together with the support-metal interaction [1, 24, 31, 32]. 
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Figure 2. XRD pattern of the catalyst. 

 

XRD pattern indicates the average particle size. In addition, the average particle size can also 

be obtained by the Debye-Scherrer equation, d = kλ/β(θ)Cosθ, from the peak width in a wide 

angle X-ray scattering (WAXS) measurement of the material, where λ is the X-ray wavelength 

(nm), β(θ) is the full width at half maximum (rad) of the identified peak, θ is the diffraction 

angle, and k is the typical constant of the equipment. Particle size of the catalyst is caculated 

32nm. 

 

Surface area analysis of calcined samples 

Surface area, pore volume and pore size of the catalyst determined from the BET analysis are 

shown in Table 1. 

 

Table 1. Textural properties of fresh catalysts. 

Catalyst System Surface Area (m2/g) Average pore size (A °) Pore Volum (cm3/g) 

γ-Al2O3 207.6 131.5 0.68 

18Fe/4Cu/2Sr/ γ-Al2O3 156.3 99.7 0.39 

 

According to the results obtained from BET, the promoter decreased surface area and pore 

volum of the catalyst because of blocking support cavities [31]. Al2O3 increases the area of 

iron catalysts[33]. The Fe/γ-Al2O3 catalyst has a high surface area. The addition of Sr and Cu 

to the catalyst decreased the BET surface area and pore volume, indicating that these metals 
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were effectively introduced into the porous structure of the catalyst. This reduction may be due 

to the formation of larger hematite crystals[34]. The pore size of the γ- Al2O3 supported catalyst 

was determined by N2 adsorption-desorption measurement shown in fig.3. As this Figure, the 

obtained isotherm is type IV with an H2-type hysteresis loop (according to Brunauer-Deming-

Deming-Teller classification (BDDT)), which is a characteristic feature of mesoporous 

structure. The hysteresis loop is caused by the occurrence of capillary condensate[35]. 

 

Figure 3. Nitrogen absorption and desorption of the 18Fe/4Cu/2Sr/ γ-Al2O3 catalyst 

 

           Scaning Electron Microscopy 

SEM image of the prepared alumina-supported iron catalyst is presented in fig. 4 that gave 

information about the morphology and particle size of the catalyst. In fig.5 particle size 

distribution of the prepared catalyst is shown. According to SEM image, the particle size is 

about 10 - 80 nm and the dispersion of the active particles on the alumina support is well done. 

In addition, it can be observed particles of the catalyst were uniformly distributed on the 

support. 
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Figure 4. SEM image of the 18Fe/4Cu/2Sr/ γ-Al2O3 catalyst. 

 

 

 

 

 

 

 

Figure 5. Histogram for the 18Fe/4Cu/2Sr/ γ-Al2O3 catalyst. 

 

Inductively Coupled Plasma−Atomic Emission Spectrometer analysis 

The quantities of loaded promoters on the catalysts were measured using ICP-OES and are 

presented in Table 3. As seen in the table, the measured amount of the elements were relatively 

close to the caculated theoretical one. The results show that the read values are consistent with 

the theoretical content. 

Table 3. Compositions of the samples determined by ICP. 

Catalyst Al % Fe % Cu % Sr % Ce % 

18Fe/4Cu/2Sr/γ-Al2O3 34.8 17.4 3.7 1.9 - 

 

H2-Temperature programmed reduction  

Figure 6 is related to the reduction profile of the calcined powder catalyst and shows different 

reduction peaks and provides useful information on the dispersion of supported iron oxide 
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phases. The H2-TPR profiles displayed hydrogen consumption peaks from Fe2O3 hematite to 

metallic iron.  

 

 

 

 

 

 

 

 

 

Figure 6. H2-TPR profile of the18Fe/4Cu/2Sr/ γ-Al2O3 catalyst. 

 

The first peak is attributed to the reduction of CuO to Cu, the second peak is related to the 

reduction of Fe2O3 to Fe3O4 and third peak is related to the reduction of Fe3O4 to Fe. The 

reduction of Fe3O4 to Fe depends on the particle size and the interaction with the structural 

promoters. Table 2 shows the quantitative results of H2 consumption for the fresh catalyst in 

H2-TPR analysis. 

 

Table 2. Quantitative results of H2 consumption for the 18Fe/4Cu/2Sr/ γ-Al2O3 catalyst. 

Catalyst Temp(°C) 
H2 consumption 

mmole H2 mmole H2/g 

Fe/Cu/Sr/γ-Al2O3 
226.9 0.08 2.36 

407.5 0.12 3.54 

Amount of the hydrogen consumption in the first step is related to the reduction of CuO and 

FeO, and the amount of hydrogen consumption at a temperature of 400 °C is related to the 

reduction of FeO to Fe. The results showed that the incorporation of Cu and Sr in the iron-

based catalyst increases the absorption rate of H2 and facilitates the reduction of the iron-based 

catalyst[36]. 

 

 

Reactor system and product analysis 

In Table 3, the effect of pressure on the selectivity of products over Fe-Cu catalysts during the 

FTS reaction is presented. In this table, the selectivity for light hydrocarbons (methane and C2–

C4), and heavy hydrocarbons (C5
+) are given. Results showed as pressure increases, formation 
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of the heavy hydrocarbons increases while hydrogenation reaction is inhibited. In other words, 

higher pressure leads to lower CH4 selectivity and higher C5
+ selectivity. 

Also in Table 3, FT performance of the prepared catalyst is compared to that of some typical 

catalysts in other references. From the table 3, it can be seen that the prepared catalyst has an 

appropriate performance in the present work in comparison to the previous given results. It can 

be concluded from the results that operating conditions such as pressure, temperature, space 

velocity and feed ratio affect significantly on the conversion and selectivity of the products. 

  

Table 3. Comparison of product selectivity of the literature overview catalysts and present work. 
 

 

a nl.hr1.gCat-1, b Not Given, c Present work. 

Yield and CO conversion obtained from different pressure are presented in Figure 7. Contrary 

to CH4 selectivity, higher pressure leads to increase the yield and CO conversion. This is 

agreement to what is observed in previous studies [45]. 

 

Catalyst 

P 

(atm) 

T 

(°C) 

H2/CO 

GHSV 

(l.hr1.gCat-

1) 

Selectivity No. 

refer

ence

s C1 C2-C4 C5
+ CO2 

Fe/Cu/K 14.8 250 1 2a 11.6 30.4 58 48.2 [37] 

Fe/Zr/SiO2 15 270 0.4 1 7.89 24.95 67.16 30.58 [38] 

Fe/SiO2 20 300 2 8 14.6 37.6 47.8 19.1 [39] 

Fe/Cu/La 18 290 1 3a 12.32 26.19 38.06 23.43 [40] 

Fe/Zr 20 250 2 0.008 28 39.4 30.8 5.17 [41] 

Fe/SiO2 20 270 2 N.G.b 15 40 33.2 12 [42] 

FeAl-Sol 23 200 3 5 3.1 11.9 85 18.1 [29] 

FeNi/SiO2 35 250 0.69 1 17.66 36.17 12.28 39.16 [43] 

Fe/Cu/La/Si 17 290 1 5.04a 10.3 17.99 44.03 24.62 [44] 

Fe/Cu/Sr/γ-
Al2O3 

16 290 1 2 13.36 17.99 44.03 24.62 
This 
work 

Fe/Cu/Sr/γ-
Al2O3 

20 290 1 3 11.57 13.73 46.2 28.5 
This 
work 
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Figure 7. CO conversion and yield of the 18Fe/4Cu/2Sr/ γ-Al2O3catalyst. 

 

Performance of the catalyst during time on stream for two pressures is shown in Figure 8. CO 

conversion during time on stream decreased because of deactivating small active phase 

particles. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. CO conversion and yield of the18Fe/4Cu/2Sr/ γ-Al2O3 catalyst. 

The results of the reactor tests showed that choosing the appropriate reduction temperature and 

the amount of hydrogen from the H2-TPR results play important rule to have a good catalyst 

performance. 

 

Conclusion 

In this work, nano-sized iron catalyst was synthesized through impregnation method. The effect 

of pressure was investigated on the product distribution of the iron catalyst in Fischer-Tropsch 

synthesis, it was found that increasing reaction pressure has significant influence on decreasing 
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methane product of the FTS, which can be related to the decline of H2/CO in the active phase. 

Increasing pressure caused enhancement of heavy hydrocarbons’ yield and CO conversion. 
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