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Abstract�� Fischer-Tropsch synthesis is an im-

portant chemical process for the production of liquid 
fuels. In recent years, the abundant availability of 
natural gas and the increasing demand of gasoline, 
diesel and waxes have led to a high interest in fur-
ther developing this process. The dependencies of 
liquid hydrocarb on product distribu tion of iron 
catalyzed Fischer-Tropsch synthesis on operating 
pressure and temperature have been studied. The 
study followed an experimental planning and the 
results were analyzed based on surface response 
methodology. The effects of different operating con-
ditions on product distribution were compared based 
on number average carbon number and distribution 
dispersion. Results showed that high temperature 
(270ºC) and pressure (27 atm) favor the production 
of heavy waxes that can be converted to liquid fuels 
thr ough hydrocracking, while greater direct selectiv-
ity towards liquid fuels are favored by low tempera-
ture (240ºC) and high pressure (30 atm). 
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I. INTRODUCTION 
In recent years, the Fischer-Tropsch synthesis (FTS) has 
become a subject of renewed interest particularly in 
converting natural gas (NG) into liquid transportation 
fuels. This can became a major advantage when dealing 
with natural gas because its storage is a big logistic 
problem, especially regarding exploration in off-shore 
exploitation platforms. A palliative transportation solu-
tion, which has been in relatively widespread use for 
years involves the conversion of NG into liquefied natu-
ral gas (LNG). However the LNG approach has a sig-
nificant drawback since it is a relatively expensive proc-
ess and the storage vessels requires rigorous thermal 
design and construction specs due to the required low 
temperatures. For that reason, if the FTS process is fur-
ther developed and performed efficiently, it may be-
come an economically viable alternative for delivering 
natural gas across large distances. 

Natural gas can be converted to carbon monoxide 
and hydrogen (synthesis gas) via the existing processes, 
such as steam reforming, carbon dioxide reforming, 
partial oxidation and catalytic partial oxidation, fol-
lowed by the FT synthesis reaction: 

� � OHCHH2CO 222 ����o��  (1) 

 The study of the Fischer-Tropsch synthesis (FTS) 
with iron-based catalysts has been done by many inves-
tigators (Raje and Davis, 1997; van Steen and Schulz, 
1999; Donnelly and Satterfield, 1989; Eliason and Bar-
tholomew, 1999; Li et al., 2002), and it has been shown 
that iron-based catalysts has satisfactory performance in 
the production of liquid fuels in the range of gasoline 
and diesel. Most researches have focused on the conver-
sion of the FTS and on the overall rate of reaction (Raje 
and Davis, 1997; Eliason and Bartholomew, 1999) and 
many overall reaction rate equations of the FTS reaction 
have been proposed.  
 In recent years the focus on FTS researches have 
shifted towards a better understanding of the FT kinetic 
mechanism (Huff and Satterfield, 1984; Mandon and 
Taylor, 1981; Maitlis et al., 1999) and product distribu-
tion (Patzlaff et al., 1999; Donnelly and Satterfield, 
1989; van der Laan and Beenackers, 1999; Fernandes, 
2005, 2006; Fernandes and Sousa, 2006). Studies have 
shown that iron-based catalyst produces paraffins, espe-
cially low molecular weight paraffins (light gases, gaso-
line and diesel cuts), and a large quantity of olefins de-
pending on the operating conditions that are employed. 

van Berge (1997) has shown that in comparison to 
cobalt-based catalysts, iron-based catalysts present bet-
ter performance and higher productivities than the Co-
based catalyst at high pressures (over 10 atm, preferably 
above 20 atm) and space velocities, thus this evidence 
has to be further studied. In this study we have exam-
ined the number of carbon distribution of the liquid 
product of a FT reaction carried out under pressures 
between 20 and 30 atm, range of pressure which few 
papers are available in the literature. 

II. E XPERIMENTAL 
A. Catalyst Preparation 
An iron catalyst with a 100Fe/5Cu/6K/139SiO2 compo-
sition (molar basis) was prepared by successive impreg-
nation with aqueous solution of Fe(NO3)3.9H2O, 
Cu(NO3)2.3H2O and K2CO3 to incipient wetness of SiO2 
(Grace-Davison Syloid 74) in a rotary evaporator 
(Tecnal model TE-211, Brazil ) operated at 60ºC under 
500 mmHg (vacuum maintained with a vacuum pump 
Tecnal model TE-058).  

After impregnation of each salt, the catalyst was 
dried in a drying oven (Fanem model AH-T, Brazil) at 
60ºC for 12 hours. After impregnation of the last salt, 
the catalyst was dried at 60ºC for 24 hours and calcined 
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in air at 350ºC for 5 hours (heating rate of 10ºC between 
60 and 350ºC). The catalyst was analyzed for iron, cop-
per, silica and potassium by fluorescence spectroscopy. 

The calcined catalyst was reduced in situ in a mix-
ture of H2 and CO in a molar proportion of 1:1 for 8 
hours at 240ºC and 20 atm. 

B. Fischer-Tropsch Reaction 
The FTS was carried out in a stirred, semi-batch oper-
ated 1 L autoclave reactor with catalyst being suspended 
in purified n-paraffin mixture of known composition 
(Synth, Brazil  - melting point range between 60 and 
62ºC). The n-paraffin mixture is inert under the present 
reaction conditions. 
 The reaction was conducted with 10 grams of cata-
lyst suspended in 300 grams of paraffi n in a high-
pressure autoclave reactor (Parr Instruments model 
4571). Tests were conducted at total pressure ranging 
from 20 to 30 atm, 240 to 270ºC, and a 1:1 H2:CO mo-
lar feed ratio. Synthesis gas was prepared by mixing H2 
and CO via two mass flow controllers, enabling the de-
sired H2/CO ratio to be obtained. The feed was intro-
duced into the reactor below the agitator. The reaction 
was conducted under constant mechanical agitation (800 
rpm), and the impeller used was a gas entrainment im-
peller which provides constant recirculation of the syn-
gas into the slurry phase. 

The tests followed a 22 experimental planning with 
central composite. Conditions for each run are listed in 
Table 1. Experiments were done in duplicate and the 
results were based on the mean values. 
C. Data Analysis 
The data at any set of process conditions were obtained 
during 6.5 hours mass balance periods when the liquid 
products were allowed to accumulated in the reactor.  
The liquid-phase products were analyzed in a Shimadzu 
(Model QP5050) gas chromatograph with mass spec-
trum (CGMS) equipped with thermal conductivity  
(TCD) and flame-ionization (FID) detectors. Tempera-
ture programming (30ºC to 300ºC) with a packed OV-5 
column (30 m x 0.25 mm ID x 0.25 Pm film) allowed 
the identification of liquid-product Fischer-Tropsch 
hydrocarbons (C10 to C40). A microcomputer used to 
perform data acquisition and process control also con-
trolled automatic chromatograph sampling. 

Table 1. Operating conditions of the experimental planning. 
Run Pressure [atm] Temperature [ºC] 

1 
2 
3 
4 
5 

20 
20 
25 
30 
30 

240 
270 
255 
240 
270 

III. RES ULTS AND DISCUSSION 
Iron catalysts form mostly straight-chain hydrocarbons. 
Fischer-Tropsch liquid products of particular value are 
diesel and kerosene (jet fuel), which range from about 
C10 to C25. Heavier waxy products (C25+) are of low 
value as final products but can be hydrocracked to lower 

molecular weight fuels such as gasoline, diesel and 
kerosene. As a specific chain-length is not possible to be 
produced, our aim is to study operating conditions that 
can produce diesel range hydrocarbons and heavy waxy 
products. 

The liquid products obtained in all experiments con-
sisted mainly of n-paraffi ns. The amount of olefins pro-
duced was negligible and was related to the mode of 
operation of the reactor which allows readsorption of 
olefins by the catalyst and its conversion to n-paraffi ns 
due to the high concentration of hydrogen in the reactor. 
The conversion of syngas into hydrocarbons was be-
tween 38 to 40% of the gas fed into the reactor, which 
were at the same conversion level reported in the litera-
ture (van Berge, 1997; Davis, 2003). 

The distribution of the liquid products of the Fischer-
Tropsch synthesis presents a bell shaped curve as shown 
in Fig. 1. 

 
Figure 1. Distribution of the liquid product for run carried out 
at 240ºC and 20 atm. 

The effect of temperature and pressure over the liquid 
product distribution was evaluated using surface analy-
sis methodology. Figures 2 to 5 show the mass fractions 
of four cuts of hydrocarbons as a function of tempera-
ture and pressure. 
 As shown in Figs. 2 and 3, the effect of temperature 
and pressure on the chain length is very complex. At 
low temperature (240ºC) an increase in pressure leads to 
increasing mass fractions of low molecular weight hy-
drocarbons, thus favoring the production of lighter frac-
tions rather than waxy products. Decreasing pressures 
favor an increase in liquid products of the range be-
tween C21 and C25 at high temperature (270ºC). 
 An increase in waxy hydrocarbon products was fa-
vored by mid-range pressures (between 24 and 27 atm) 
and was only slightly influenced by temperature (Fig. 
4). However, increasing pressure and temperature have 
allowed the production of waxy products with more 
than 35 carbons in greater quantities (Fig. 5). Figure 5 
also denotes that the temperature sensitivity for produc-
tion of heavier hydrocarbons is at its peak at a pressure 
of about 27 atm, where the partial derivative with re-
spect to the temperature of the response surface reaches 
its maximum. 
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Figure 2. Mass fraction of hydrocarbons C20- obtained under 
different temperatures and pressures. 

 
Figure 3. Mass fraction of hydrocarbons in the range of C23 
and C25 obtained under different temperatures and pressures. 

 
Figure 4. Mass fraction of hydrocarbons in the range of C29 
and C31 obtained under different temperatures and pressures. 

 The effect of pressure and temperature on the prod-
uct distribution can be better examined analyzing the 
number average number of carbons. The number aver-
age number of carbons is a statistical index calculated 
dividing the fi rst moment by the zeroth moment of the 
product distribution. This index represents the hydro-

carbon chain length in which the mass fraction of the 
distribution is centered and can be used as a parameter 
to evaluate the polymerization degree of the Fischer-
Tropsch reaction. 

 
Figure 5. Mass fraction of hydrocarbons C31+ obtained under 
different temperatures and pressures. 
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 The distribution can be further evaluated by the 
product distribution dispersion (or standard deviation) 
which is an index of how narrow or how broad the 
product distribution is. The dispersion can be calculated 
by: 
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Table 2 and Fig. 6 show the number average number 
of carbons for the reactions carried out with catalyst 
produced in this study. The results show that the catalyst 
has produced hydrocarbons with long chain length with 
a number average as high as 31 carbons. Analyzing the 
response surface, the maximum number average number 
of carbons would be obtained operating the reactor at 
270ºC and 27 atm. As may be inferred from Fig. 6, this 
maximum point is not an absolute one, and the surface 
behavior indicate that higher molecular weight products 
might be obtained by increasing the reaction tempera-
ture. 

The results for the product distribution dispersion 
index show that when the number average number of 
carbons is maximum, the dispersion index is relatively 
low, meaning that the product distribution is narrow. 
The value of 1.004 represents that the product distribu-
tion is within 5 carbons of distance from the number 
average number of carbons. For Run #3 presented in 
Table 2, this would mean that the liquid Fischer-
Tropsch product consists mainly of hydrocarbon chains 
between C26 and C36, which was consistent with the 
experimental findings. 

The other runs have presented dispersion index 
around 1.02, value that represents a broader product 
distribution where the distribution is within 8 carbons of 
distance from the number average number of carbons. 
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Table 2. Number average number of carbons and distribution 
dispersion. 

Run Number average 
number of carbons 

Distribution disper-
sion index 

1 
2 
3 
4 
5 

27.5 
22.8 
31.1 
22.4 
29.3 

1.021 
1.014 
1.004 
1.021 
1.030 

The experimental results did not show significant n-
paraffi ns with more than 35 carbons which can be 
caused by space limitation inside the catalyst pores, 
which may also explain why the distribution dispersion 
index is much lower for the highest number average 
number of carbons. 

This hypothesis is also supported by the skewness of 
the distribution (Eq. 4) which indicates if the distribu-
tion is well centered on the number average carbon 
number or if the distribution is shifted to the right or to 
the left. 

 
Figure 6. Number average number of carbons obtained under 
different temperatures and pressures. 
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The results for the distribution skewness are pre-
sented in Table 3 and also show a value close to unit for 
the highest number average number of carbons indicat-
ing that the distribution is well centered. Other runs 
have presented skewness higher than 1.00 indicating a 
shift towards higher hydrocarbons chain lengths. 

Table 3. Distribution skewness. 
Run Distribution skewness 

1 
2 
3 
4 
5 

1.018 
1.013 
1.006 
1.022 
1.023 

The ratio of mass of hydrocarbon per mass of carbon 
monoxide fed to the reactor is a valuable information 
that can be used for process optimization. The conver-
sion of syngas into hydrocarbons did not change much 
with operating condition and was between 38 to 40% of 

the gas fed into the reactor. Operating at higher pres-
sures resulted in the highest conversions into hydrocar-
bons. As such the concentration of gases in the reactor 
and the productivity increased with increasing operating 
pressures. 

The mass of hydrocarbon per mass of carbon mon-
oxide fed to the reactor is presented in Table 4. The re-
sults on mass of hydrocarbon per mass of carbon mon-
oxide fed to the reactor confirm the results observed 
previously where at low temperature an increase in 
pressure favors the production of lighter products rather 
than waxy products. Decreasing pressures favor an in-
crease in liquid products of the diesel range at high tem-
perature (270ºC). 

The increase in waxes was favored by high pressures 
and high temperature, where C34+ hydrocarbons pre-
sented higher productivity. 

Table 4. Productivity of the reaction based on the mass of 
carbon monoxide fed to the reactor [gram of hydrocarbon / 
gram of carbon monoxide]. 

 Run 1 Run 2 Run 3 Run 4 Run 5 
C20- 
C20-C22 

C23-C25 

C26-C28 

C29-C31 

C32-C34 

C34+ 

0.000 
0.046 
0.055 
0.109 
0.135 
0.050 
0.006 

0.006 
0.149 
0.139 
0.112 
0.000 
0.000 
0.000 

0.000 
0.000 
0.000 
0.045 
0.204 
0.123 
0.013 

0.093 
0.039 
0.162 
0.024 
0.000 
0.000 
0.000 

0.000 
0.000 
0.028 
0.000 
0.095 
0.185 
0.074 

V. CONCLUSIONS 
Fischer-Tropsch synthesis can be used to produce trans-
portation fuels and olefins from natural gas and the po-
lymerization conditions can be set to maximize the pro-
duction of a certain product generated by the FTS reac-
tion, such as diesel or heavy waxy products. 

The process conditions (pressure and temperature) 
have a complex relationship with the liquid product dis-
tribution produced using iron catalyst. Surface re-
sponses showed that the system can be optimized to-
ward lower number average number of carbons leading 
to higher selectivity of diesel cut or to higher selectivity 
of heavy waxy products condition which high pressure 
and temperature should be employed. 

Analysis of the distribution dispersion and skewness 
indicated that the carbon monoxide polymerization de-
gree may be limited by pore size. 

Further research will be carried out to improve the 
catalyst, studying the effect of potassium content on the 
product distribution and reaction conversion. 
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NOMENCLA TURE 
n number of carbons 
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Nn number average number of carbons 
Sk skewness 
Z distribution dispersion 
In mass fraction of the hydrocarbon with n num-

ber of carbons 
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