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و¬½؟®¬¾ك Effect of promoters such as Barium and Lanthanum has been investigated on the conventional nanostructured iron catalyst in 

Fischer-Tropsch synthesis (FTS). The nanosized iron-based catalysts were prepared by a microemulsion method with the general formulation 

of 100Fe/4Cu, 100Fe/4Cu/2La, 100Fe/4Cu/ 1La/1Ba, and 100Fe/4Cu/2Ba. The phase, structure, and morphology of the catalysts were char-

acterized by X-ray diffraction, N2 adsorption, transmission electron microscopy, temperature-programmed desorption of CO2, and tempera-

ture-programmed reduction. The results indicated that the addition of promoters could improve the activity of Fe catalysts for FTS and WGS 

(water-gas shift reaction) and lower the gas fraction at the outlet. In addition, both Ba- and La-promoted Fe catalysts exhibit the highest ac-

tivity due to the synergetic effect. 

§«ص  nanosized iron catalyst; microemulsion method; Fischer-Tropsch synthesis; promoter effect و¼®±©
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Fischer-Tropsch synthesis (FTS, CO + (1 + ²/2)H2

CH² + H2O) has been recognized as a heterogeneous surface 
catalyzed polymerization process. During the reaction, hy-
drogenation of CO over the transition metal surface occurs 
to form CH¨ monomers and then produce variety of hydro-
carbons with a wide range of chain lengths and functional 
groups. FTS is an important process to produce hydrocarbon 
fuels from coal or syngas. Although several metals are ac-
tive for FTS, only iron and cobalt catalysts are economically 
feasible in industrial application. Except low cost and 
availability, the high water-gas shift (WGS, CO + H2O
CO2 + H2) activity makes Fe-based catalysts more suitable 
for the conversion of low H2/CO ratio syngas. Because the 
reserves of coal and natural gas are in abundance compared 
to crude oil, FTS can supply ample liquid fuels for the 
world for extended period of time compared to petroleum 
refining [1–14]. 

Potassium has been widely used as a promoter for 
Fe-based catalysts. It increases the alkene yield and lowers 
the fraction of CH4 [15,16]. Potassium can also improve the 
activity of Fe-based catalysts in FTS and WGS reactions 
[17–22]. Copper is normally added to the catalysts as a 
chemical promoter to facilitate reduction of hematite [23]. 
Mn-promoted Fe catalysts have stable activity and high 

selectivity for the formation of light olefin [24–27]. A posi-
tive effect of other transition metals such as La, Mo, Ta, V, 
and Zr for FTS and WGS activation has also been reported 
[3,27–33]. Nanoparticles may offer different morphology 
and increase surface area that, in theory, should enhance the 
reaction rates as a result of more available catalyst sites. 
Therefore, for exothermic reactions such as CO hydrogena-
tions, nanocatalysts are supposed to be more effective and 
selective. Although numerous studies on Fe-based FTS 
catalysts have been reported, the investigations on the effect 
of lanthanum and barium on the catalysts are limited, and no 
literature about the effect of combination of lanthanum and 
barium on the catalysts is reported as well.  

In this study, the microemulsion method has been applied 
to prepare four different Fe catalysts in order to investigate 
the effects of lanthanum, barium, and their mixture on cata-
lyst morphology, activity, and product selectivity in Fischer- 
Tropsch synthesis. The catalysts were tested in a fixed-bed 
stainless steel reactor under FTS conditions. 

1 Experimental

ïٍï  ²±·¬؟®؟°«®° ¬§´؟¬؟ف 
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Nanostructure iron catalysts were prepared through wa-
ter-in-oil microemulsion method by adding water solution 
of a metal precursor, FeCl3·6H2O (Merck, > 99%), to a 
mixture of an oil phase containing 1-butanol (Aldrich, > 
99%) and chloroform (Aldrich, > 99%) with a ratio of 1:1, 
and sodium dodecyl sulfate (SDS) as a surfactant. Hydra-
zine (25%–30%) was added as precipitating agent and the 
solution was stirred for 4 h. The resulting mixture was left 
aside to decant overnight. The solid was recovered by cen-
trifugation and washed thoroughly with distilled water, 
ethanol, and acetone. Finally, the samples were dried over-
night at 110 oC and subsequently calcined in air at 400 oC
for 4 h. Nanostructured copper oxide, lanthanum oxide, and 
barium oxide were prepared similarly. In the subsequent 
step, the two preparations were mixed together. The pro-
moted catalysts were dried at 110 oC for 15 h and calcined 
at 400 oC for 4 h in air. Figure 1 shows the catalyst prepara-
tion flow diagram. The catalyst compositions were desig-
nated in terms of the atomic ratios as 100Fe/4Cu, 
100Fe/4Cu/2La, 100Fe/4Cu/1La/1Ba, 100Fe/4Cu/2Ba. All 
samples were pressed into pellets, crushed, and sieved to 
obtain particle sizes in the range of 30–40 mesh. 

SDS  +
Organic  solvents

Fe(III)
Solution

N2H4·H2O
Solution 

at RT
Mechanical 

stirring for 4 h
Nanoparticles

Formation

Calcination
at 400 oC
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Washing/
Centrifuging

Cooling at
RT

.ïٍ  Catalyst preparation flow diagram ¹ٍ·ع
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BET surface area and pore volume were determined by 
N2 physisorption using a Micromeritics ASAP 2010 auto-
mated system. A 0.5 g catalyst sample was degassed in the 
system at 100 °C for 1 h and then at 300 oC for 2 h prior to 
analysis. Average particle size of the calcined powders was 
measured by LEO 912AB TEM. The XRD patterns of fresh 
catalysts were conducted with a Philips PW1840 X-ray dif-
fractometer with monochromatized Cu (ص ) radiation. Tem-
perature-programmed reduction (TPR) profiles of the cal-
cined catalysts were recorded using a Micromeritics 
TPD-TPR 290 system. The TPR of 50 mg of each sample 
was performed in 5% H2-95% Ar gas mixture. The samples 
were heated from 50 to 900 oC at 10 oC/min.  

The surface basicity was measured by tempera-

ture-programmed desorption of carbon dioxide (CO2

chemisorbed at 100 oC) on the reduced and purged catalyst 
(0.5 g) packed in a shallow-bed quartz reactor with a low 
dead volume from 80 to 430 oC at 5 oC/min. Helium was 
used as a carrier gas. A thermal conductivity detector was 
used to measure the CO2 desorbed in the TPD quantita-
tively. The composition of catalyst was determined by 
atomic absorption instrument (Perkin-Elmer model 2380).  

ïٍ²±·¬؟®«°± ¼²؟ ³«¬§ ®±¬½؟«خ  ي °®±½»¼«®»  

As shown in Fig. 2, the catalytic reaction experiments 
were conducted in a fixed-bed stainless steel reactor. Flow 
rate of inlet gases and reactor pressure were controlled by 
electronic mass flow and pressure controllers, respectively. 
A four heating zone furnace with temperature controller and 
indicator supplied the required reaction heat. The catalyst 
(1.1 g) was loaded in the reactor and reduced by a 10% 
H2-90% N2 flow gas for 3 h. The catalyst activation was 
followed in a stream of synthesis gas with H2/CO = 1 and 
space velocity of 1.5 nl/(h·g) for 24 h at 270 oC in atmos-
pheric pressure. After the activation process, the reactor 
pressure and temperature raised to 18 bar and 290 oC, re-
spectively. The reaction was initiated in synthesis gas 
stream with H2/CO = 1.1 and GHSV of 3 nl/(h·g). 

The products were analyzed by a gas chromatography 
(Varian CP 3800) equipped with three subsequent connected 
columns. Two packed columns connected to two thermal 
conductivity detectors (TCD), which used for analyzing H2,
CO, CO2, CH4, and other non-condensable gases. A Petrocol 
Tm DH100 fused silica capillary column was attached to a 
flame ionization detector (FID) for analyzing organic liquid 
products [34,35]. The activities and product selectivities 
were assessed after 72 h from initial time. 

2 Results and discussion

Alkaline metals are usually used as promoters since they 

can modify the adsorption pattern of the reactants (H2 and 

CO) on the active sites. Taking K-promoted Fe based cata-

lyst for example, chemisorption of CO over the catalyst is 

enhanced since iron intends to withdraw electronic density 

from potassium, and consequently, strengthen the Fe–CO 

bond [36]. At higher amount of alkali metals, CO dissocia-

tion proceeds faster than carbon hydrogenation. Therefore, 

it produces an excessive amount of carbon deposition and 
consequently deactivates the catalyst surface [37]. In this 

paper, using La and Ba as promoters, four catalysts were 

prepared including 100Fe/4Cu, 100Fe/4Cu/2La, 

100Fe/4Cu/1La/1Ba, and 100Fe/4Cu/2Ba, and confirmed by 

elemental analysis. 
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Table 1 shows the results of the BET surface areas, pore 
volumes, and pore sizes of the catalysts. By adding lantha-
num, barium, and their combination particles to the conven-
tional catalyst, the BET surface area and pore volume de-
creased. Furthermore, it might promote the aggregation of 
the catalyst crystallites and block up the pores. Therefore, 
the prepared catalysts did not have high surface area, which 
was different with silica [34]. 

 ï  BET surface area, pore volume, and pore size of the catalysts «´¾؟ج

Particle size (nm)
Catalyst

BET surface 

area (m2/g)

Pore volume 

(cm3/g) ¼TEM ¼XRD

100Fe/4Cu 48.2 0.25 24.5 25.1

100Fe/4Cu/2La 44.1 0.22 26.6 26.9

100Fe/4Cu/1La/1Ba 46.4 0.23 25.3 26.3

100Fe/4Cu/2Ba 45.2 0.21 28.1 28.3

The catalysts were characterized by XRD after calcina-
tions. Figure 3 shows the XRD patterns of the prepared 
catalysts. As shown in this figure, no new phase was de-
tected when La and Ba were added. All the catalysts showed 
cubic hematite crystal structure according to the JCPDS 
database. The characteristic peak at 2  = 33.3o correspond-
ing to the hematite (104) plane was used to calculate the 
average metal particle size by the Scherrer equation [38].  

The particle sizes of the samples determined by XRD are 
summarized in Table 1. In general, particle sizes estimated 
from different techniques can provide different physical 
meanings. The XRD particle size (¼XRD) obtained from 

XRD pattern indicates the average particle size. In addition, 
the average particle size can also be obtained by the 
Scherrer equation, ¼ = µ / ( )Cos , from the peak width in 
a wide angle X-ray scattering (WAXS) measurement of the 
material, where  is the X-ray wavelength (nm), ( ) is the 
full width at half maximum (rad) of the identified peak, is
the diffraction angle, and µ is the typical constant of the 
equipment.  

The TEM images of the catalysts are illustrated in Fig. 4. 
Although TEM revealed that the nanoparticle size was in 
the range of 10–30 nm, no distinguished difference was 
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observed.  
Carbon dioxide uptakes are often used as a probe to de-

termine the intensity and strength of the surface basicity 
sites in solid materials [39]. Table 2 shows the quantitative 
results on CO2-TPD. As represented CO2-TPD curves in 
Fig. 5, there are several peaks. A small peak at about 120 oC
and a long tail at a temperature above 250 oC are traced in 
all profiles. The small peak at low temperature corresponds 
to weak CO2 physical adsorption. The peak tail above 250 
oC is attributed to the slow decomposition of metal carbon-
ates formed during CO2 adsorption [40]. In the temperature 
range 100–400 oC, two distinct peaks are attributed to the 
desorption of CO2 which interacted moderately with the 
surface basic sites. The CO2-TPD results indicate that the 
amount of carbon dioxide desorption in the promoted cata-
lysts was more than the non-promoted catalyst. The desorp-
tion temperature of CO2 over Ba-promoted catalysts in-
creased and the peak tail above 280 oC was broader. The 
CO2-TPD results (in Fig. 5) show that the catalyst basicity 

increases in the order 100Fe/4Cu < 100Fe/4Cu/2La < 
100Fe/4Cu/1La/1Ba < 100Fe/4Cu/2Ba, which is consistent 
with the oxides structure and their contents [37].  

Figure 6 shows the H2-TPR profiles of the catalysts. 
H2-TPR determines the reduction behavior of the catalysts. 
The first stage is ascribed to the transformations of CuO to 
Cu. The second stage is attributed to the transformation of 
Fe2O3 to Fe3O4, and the third stage represents the transfor-
mation of Fe3O4 to Fe. It is well known that CuO can be 
easily reduced at lower temperature in H2 atmosphere 
[41,42]. Table 3 shows the quantitative results of H2 con-
sumption for fresh catalysts in H2-TPR.

100 200 300 400 500 600 700 800 900
Temperature (oC)

(4)

(3)

(2)

(1)

 êٍ  H2-TPR profiles of the catalysts. (1) 100Fe/4Cu; (2) ¹ٍ·ع

100Fe/4Cu/2La; (3) 100Fe/4Cu/1La/1Ba; (4) 100Fe/4Cu/2Ba. 

Contrary to the catalysts basicity, H2 concentration on the 
surface decreases in the order 100Fe/4Cu/2Ba 
>100Fe/4Cu/1La/1Ba >100Fe/4Cu/2La >100Fe/4Cu. With 
the catalyst basicity increasing, the H2 adsorption on the 
surface was considerably suppressed. Therefore, the catalyst 
reducibility declined at higher temperatures [43]. Promoters 
result in enhancement of the reduction temperature, catalyst 
activity, and reaction time. Copper accelerates the deactiva-
tion of the catalyst [44], whereas adding both barium and 
lanthanum as promoters, apparently, improves the FTS ac-
tivity of iron-based catalysts. Thus, promoted iron catalysts 
have higher FTS and WGS activity than non-promoted 
catalysts. 

(a) (b) (c) (d)

.TEM images of the catalysts. (a) 100Fe/4Cu; (b) 100Fe/4Cu/2La; (c) 100Fe/4Cu/1La/1Ba; (d) 100Fe/4Cu/2Ba  ٍى ¹ٍ·ع

 î  CO2-TPD of quantitative results «´¾؟ج

Catalyst CO2 desorption (mmol/gcat)

100Fe/4Cu 123

100Fe/4Cu/2La  575

100Fe/4Cu/1La/1Ba  747

100Fe/4Cu/2Ba 1062 
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Temperature (oC)

(1)

(2)

(3)

(4)

;ëٍ  CO2-TPD profiles of the catalysts. (1) 100Fe/4Cu ¹ٍ·ع (2) 

100Fe/4Cu/2La; (3) 100Fe/4Cu/1La/1Ba; (4) 100Fe/4Cu/2Ba. 
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H2O plays an important role in changing the iron phase 
composition during FTS process. Reversible WGS reaction 
accompanied with FTS on iron-based catalyst has been rec-
ognized well (Eqs. (1) and (2)) [45]. 
 ®WGS = ®CO2 (1)
 ®FTS = ®CO – ®WGS (2)
As the WGS reaction consumes the water produced by FTS, 
an inequality is always observed: 
 ®WGS ®FTS (3)

Figure 7 shows FTS and WGS rates. During FTS process, 
part of produced water from FTS reaction was consumed by 
WGS reaction. 

Fe3O4 is the active site for WGS reaction on iron-based 
catalyst [46], while lanthanum or barium is only an elec-
tronic donor. The incorporation of lanthanum and/or barium 
into iron-based catalysts can promote CO adsorption and 
concentrate CO species, which results in WGS reaction 
shifting to right to improve the WGS activity. The high 
WGS activity decreases the H2O pressure and stabilizes the 
iron carbides [47]. The double promotions of Ba and La 
significantly improved the FTS and WGS activities, which 
are due to the synergistic effect and basicity of promoters. 

Product selectivities are indicated in Table 4. It shows the 
selectivity for gaseous, light hydrocarbons (methane and 
C2–C4), and heavy hydrocarbons (C5+). All of these results 

imply that the chain growth reaction is facilitated and the 
hydrogenation reaction is restrained while the promoter was 
added into the catalysts. Both the amount of the promoters 
and the reaction conditions influenced the product selectiv-
ity. The mole fraction of hydrocarbons was obtained by the 
Anderson-Schulz-Flory (ASF) equation [2] as a function of 
the carbon number · and the chain growth probability  (Eq. 
(4)):
 ¨· = (1 ) · 1 (4)

Figure 8 shows the promoters effect on CO conversion 
versus time on stream. The results show that the promoters 
facilitate the CO dissociative adsorption, leading to a higher 
coverage of carbon species on the surface and thus conduct 
to the chain growth reaction.  

 Quantitative results of H2 consumption for fresh catalysts in  ي «´¾؟ج

H2-TPR

H2 consumption 
Catalyst Peak (oC)

molH2/molM
a molH2/molFe

100Fe/4Cu 282 0.27  

 323  0.34 

 522  0.47 

100 Fe/4Cu/2La 292 0.31  

 383  0.39 

 565  0.49 

100Fe/4Cu/1La/1Ba 300 0.32  

 400  0.41 

 620  0.54 

100Fe/4Cu/2Ba 295 0.29  

 412  0.41 

 680  0.43 
aM = Fe + Cu. 

 The activity and selectivity of the catalysts  ى «´¾؟ج

 Selectivity (mol%) 
Catalyst

CO conversion 

(%)  CH4 C2–C4 C5–C12 C13–C19 C19+ CO2
a

100Fe/4Cu 59.6  15.96 32.92 15.79 10.35 7.69 17.29 0.61 

100Fe/4Cu/2Ba 68.5  10.44 24.15 26.46 11.39 7.25 20.31 0.71 

100 Fe/4Cu/2La 71.8  12.32 26.19 20.91 10.64 6.51 23.43 0.66 

100Fe/4Cu/1Ba/1La 79.6  10.81 25.30 21.80 10.50 6.56 25.03 0.68 

Reaction conditions: time on stream 72 h , 290 oC, 1.8 MPa, H2/CO = 1.1, SV = 3 nl/(g·h). 
*Selectivity for oxygenates was negligible (< 2.5%) in all cases.
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3 Conclusions

Nanostructured iron catalysts were successfully prepared 
by the microemulsion method. The effect of lanthanum and 
barium was investigated on the phase structure of nanosized 
iron catalysts and the performance of CO hydrogenation. By 
adding Ba and La promoters into nanosized iron catalysts, it 
was found that there was significantly influence on the 
catalytic activity during the Fischer-Tropsch synthesis. The 
improvement of the catalytic performances can be attributed 
to the effect of the promoters on H2 and CO adsorption, 
which further significantly affects the FTS performances of 
the catalysts. As compared with individual promoter of Ba 
or La, double promoters of Ba and La significantly improve 
the FTS and WGS activities, which are due to the synergis-
tic effect and the basicity of promoters. 
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