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ABSTRACT 

The increasing energy demand and the use of fossil fuels as main primary energy source has had 

significant environmental drawbacks. A reduce of the energy consumption and an increase of its 

conversion efficiency should be applied, as well as the use of renewable energies. A very interesting 

and ecological process is the gasification of biomass to obtain synthesis gas which can be afterwards 

used for the synthesis of fuels. This alternative produces considerable less CO2 emissions, the primary 

greenhouse gas responsible for the climate change. However, this process is still far from being 

competitive with fossil fuels, requiring research and development. 

This thesis deals with the study of catalysts for the Fischer-Tropsch synthesis in the Biomass-To-

Liquid process. In this work two groups of catalysts were tested. On the one hand, two series of 

catalysts with cobalt loadings of 6 and 12 wt.% over SiO2 and some of them grafted with 5wt.% of 

TiO2 were tested. On the other hand, other two series of mesoporous short channel SBA-15, all of 

them with cobalt loadings of 12wt.% and some with 5wt.% of titania. The first series was supported on 

SBA-15 DeWitte and the second one on SBA-15 Martinez. 

Characterisation of the catalysts was performed, determining its physical properties. 

Chemisorption, nitrogen adsorption and temperature programmed reduction were used for this 

purpose. Furthermore, all catalysts were tested for the FT reaction, performed in a fixed-bed reactor at 

210 ºC and 20 bar (industrially relevant conditions). Synthesis gas (H2 and CO) in stoichiometric 

quantity and N2 were feed in presence of water. Selectivity to C5+ and rate to hydrocarbons were used 

for the comparison of the catalysts. 

On the one hand, the influence of water addition to the feed, titania content and cobalt loading to 

the catalyst were studied, as well as the effect of a change in GHSV. The FT reaction was carried out 

along 5 periods of 24 hours each, in which conditions such as GHSV and water content in the feed 

were modified, evaluating the effect of these parameters. It was found that water causes an increase of 

the CO conversion, has a positive kinetic effect on the rate to hydrocarbons and increases the 

selectivity to C5+. However, this fact is followed by a quick deactivation. Most of that deactivation is 

irreversible since it is not completely recovered after water removal. 

On the other hand, differences between the supports were studied. SBA-15 supported catalysts 

show CO diffusion limitations at longer channel lengths than what applies for conventional 3D porous 

supports. In addition, titania grafting increases the rate to hydrocarbons, showing to be an interesting 

support modification. 
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CHAPTER 1: INTRODUCTION 

1.1. A general view of the Fischer-Tropsch synthesis 

In the Fischer-Tropsch (FT) synthesis, hydrocarbons of different chain length, from C1 to C30+, 

are produced from synthesis gas (H2 + CO) at elevated pressure and over a catalyst. This reaction 

generates a significant amount of fairly pure paraffins wax [1]. The products obtained from the FTS 

are usually well described by the ASF (Anderson-Schulz-Flory) distribution, which will be discussed 

more in detail in section number 3.2.4. FT product distribution. Basically, this distribution shows that 

the way to obtain the minimum amount of methane and other very light compounds is working with a 

high chain growth probability, which implies obtaining a high selectivity of long and heavy 

hydrocarbon chains. Consequently, the highest yield to FT diesel is achieved by first making the FT 

synthesis of the waxes and afterwards hydrocracking them selectively into the diesel fraction (C12-

C18). 

FT synthesis is one of the most established processes to produce liquid fuels (apart from the ones 

where crude oil is the feedstock) due to the fact that gasoline or diesel oil are produced from FT waxes 

and therefore becoming an important process in the petroleum industry [2]. 

Since FT synthesis is performed from synthesis gas, its manufacture is also a very important 

technology in the overall scheme. In addition, the products obtained in the Fischer-Tropsch reaction 

have to undergo an upgrade process to make them appropriate for their purposes. Figure 1 shows and 

overall process of the complete Fischer-Tropsch technology. 

 

 

Figure 1. Overall process scheme of the Fischer-Tropsch technology [3] 
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1.2. History of the Fisher-Tropsch technology 

The Fischer-Tropsch technology is not so recent, being first applied in Germany in the 1930’s 

with roots in coal. This early technology was expensive and not very efficient, hence not being able to 

compete with the abundant crude oil, which had become essential for the industrialized countries due 

to its high energy density compared to wood and coal. However, even if commercial applications of 

FT technology did not seem possible at that time, research and technological development continued 

[4]. 

Germany was the first industrialized country which synthesized petroleum. Not having petroleum 

reserves was not a problem for the country until the start of the 20
th
 century, when the appearance of 

automobiles, trucks, airplanes and ships, as well as Germany’s industrialization, made the country 

become very dependent on gasoline and diesel oil engines. Therefore, German scientists and engineers 

invented and developed two processes to synthesize petroleum, ensuring that Germany would not lack 

fuels. The first process was developed by Friedrich Bergius in 1913, which consisted on high pressure 

coal hydrogenation to obtain petroleum-like liquids. This fit perfectly for the country, since Germany 

had abundant coal reserves.  

A decade after, Franz Fischer and Hans Tropsch invented a process to synthesize liquid fuel from 

coal at the Kaiser-Wilhelm Institute. In addition, they developed cobalt catalysts, which were critical 

for the FT success and also investigated the catalytic reduction of carbon monoxide with excess of 

hydrogen, mixture which they called “synthesis gas” [5]. They found that iron, cobalt and nickel are 

the most effective catalysts in hydrocarbon synthesis, being the second one more active for the 

production of C2+ hydrocarbons and the third one for methane. Besides, they discovered the positive 

effect of the addition of small amounts of alkali in the selectivity of liquid hydrocarbons, and that 

carriers, such as ZnO and Cr2O3, improve the CO conversion [6]. 

In 1993, modern GTL industry began with the inauguration of three plants, the first one by Sasol 

in South Africa using Fe-based catalysts and circulating fluidized bed reactors, and the second one by 

Shell in Malasia using Co-based catalysts and fixed bed reactors. This technology would be the basis 

for a much larger Shell plant in Qatar. 

In 2003 Sasol started a new GTL project in Ras Laffan (Qatar) in partnership with Qatar 

Petroleum, and was inaugurated in 2006. This plant uses natural gas as feedstock to produce diesel, 

works with cobalt-based catalyst at LTFT and uses the Sasol Slurry Phase Distillate (SPD) Process [7]. 

Shell also started a GTL project in Qatar with Qatar Petroleum in 2004, which started its production in 

early 2011 (www.shell.com). 

 

1.3. Current situation 

Nowadays, GTL products compete with crude oil derived fuel; therefore their development 

depends on the future prices of crude oil and environmental policies. As the price of crude is highly 

unpredictable, constructing an FT plant can become a risk. In the early 1970’s crude was sold at less 

than $10 per barrel, which by the early 1980’s had raised up to $30. It afterwards continued 

fluctuating, going down to $10 in the late 1990’s and rising again to nearly $100 in the year 2010. 

However, the approximate estimation of the recoverable crude oil reserves is about 210
12

 barrels, 

which at the current consumption means it will last another 40 years [8]. Consequently, as it can be 

expected and as Figure 2 shows, the price of crude oil will continue rising to much higher values than 

the ones in the past. 
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Figure 2. Crude oil prices from 1861 to 2010  

(Source: British Petroleum, http://www.bp.com) 

 

In Figure 3 it is possible to appreciate that more than half of the energy consumed in the world in 

the year 2010 comes from fossil fuels. However, these are a finite supply, which has resulted in an 

increased interest in the FT technology. Consequently, this industry has quickly grown since there is 

currently no shortage of natural gas, as the rate of discovery of new natural gas exceeds the increase in 

the rate of consumption (www.iea.org; wwweea.eu). 

 

Figure 3. (a) Total primary energy consumption in the world in 2010 (Source: BP) 

            (b) Total primary energy consumption in Europe in 2009 (Source: EEA) 

  (c) Total primary energy supply in Sweden in 2009 (Source: EIA) 

 

The graph below gives evidence of transportation fuels’ dependence on oil. Worldwide, 94% of 

these fuels are produced by using oil products as feedstock, compared to a 3% or 2% of natural gas or 

biofuels respectively. 
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Figure 4. Distribution of transportation fuels in the world in 2009 (Source: EIA) 
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CHAPTER 2: SCOPE OF THE WORK 

The work presented in this thesis is focused on cobalt based catalysts for the Fischer-Tropsch 

reaction in the Biomass-To-Liquid (BTL) process. In the FT synthesis a large number of hydrocarbons 

is produced, being the longest and heaviest chains the most desire ones, since the most valuable diesel 

is produced through the hydrocracking of these big chains of hydrocarbons (wax). Consequently, the 

production of catalysts with high constant CO conversion and selectivity to waxes is an issue to be 

investigated 

This master thesis project addresses the FT reaction over cobalt based catalysts, in particular 

characterisation and testing of catalysts 

The aim of this thesis is the study and comparison of several catalysts which differ in the type of 

support, metal loading and content of titania. The main goal of these experiments is to determine 

firstly, the effect of titania on the support, and secondly the effect of water addition to the feed on the 

reaction rate. In addition, the influence of the GHSV was studied as well as the repercussion of pore 

diameter on a mesopore structure (typical of SBA-15). 
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CHAPTER 3: STATE OF THE ART 

3.1. Synthesis gas production 

Obtaining synthesis gas becomes a vital aspect of the FT process, as it is the feed for this 

synthesis. There are different technologies used for the synthesis gas production, which mainly depend 

on the physical state of the feedstock used, and each process results in a specific gas composition. 

There are four main techniques to produce syngas from hydrocarbon fuels, being them gasification, 

steam reforming, partial oxidation of natural gas and autothermal reforming. 

In addition, the composition of the syngas will determine the operating conditions, such as the 

temperature, pressure and the type of reactor. 

 

3.1.1. Gasification 

Through gasification, solid or heavy liquid carbonaceous feedstocks are converted to synthesis 

gas. The most common one is coal, although there are other possible energy sources such as petroleum 

coke, heavy oils, biomass and waste. The hydrogen content on the feedstock becomes one of the main 

parameters to be taken into account, since the higher it is the more desirable the feed is. Gasification is 

a clean and efficient technique, but expensive, especially for what concerns biomass.  

It is a fact that working with coal as the feed is more expensive than natural gas. However, it can 

still be worthwhile when the price of coal is low enough and gasification is performed on a large scale. 

In an oxygen and steam fed gasifier, the main reactions occurring are written below: 

  C + H2O  CO + H2 ;ΔH = 119 KJ/mol 

C + ½ O2  CO ;ΔH = -123 KJ/mol 

(1) 

(2) 

The rates and conversion of this reactions depend on the temperature, pressure and the type of 

coal used, being temperature a positive factor for the conversion of carbon to carbon monoxide and 

hydrogen from the point of view of thermodynamics. However, the conversion has also a dependence 

on the kinetics and diffusion limitations, parameters which must also be taken into account [4]. 

 

3.1.2. Steam reforming 

Steam reforming is a process that uses gaseous and light liquid feedstock, which can vary from 

natural gas and Liquefied Petroleum Gases (LPG) to light liquid fuels, obtaining hydrogen and carbon 

oxides. This technology can be performed in different types of reactors, depending on the application 

of the final products. 

The general reaction of hydrocarbons is written below [4]: 

 CnHm + nH2O  nCO + (   
 ⁄ )H2 (3) 

Usually, the feed used in steam reforming contains high concentrations of CH4 (up to 95,70% in 

natural gas) [4], hence it is called Methane Steam Reforming [9]. 

It has also been observed that the presence of CO2 in this type of reforming increases the 

conversion of CH4 and has a direct impact on the H2O/CO ratio. This reaction, referred as “dry 

reforming”, is the following: 

 CH4 + CO2  2CO + 2H2 (4) 
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In addition, dry reforming collects great interest as it is based on the consumption of two main 

greenhouse gases to produce synthesis gas [9]. However, methane steam reforming is highly 

endothermic and can suffer from carbon deposition, which can lead to the cover of active sites and 

decrease the catalytic performance [10]. 

The usual composition in the steam reforming process to obtain synthesis gas is 10.4% CO, 6.3% 

CO2, 41.2% H2 and 42.0% H2O at 1000 ºC [11], apart from some small amounts of methane. 

 

3.1.3. Partial oxidation of natural gas 

An alternative technique to produce syngas with the desired H2/CO ratio is partial oxidation with 

oxygen or air. One of the main advantages of this process is the possibility of operating at high 

pressure and temperature. The exothermicity of the reaction allows adiabatic operation, avoiding 

metallurgical problems [12]. 

 CH4 +½ O2  CO + 2H2 (5) 

However, care must be taken in order to avoid carbon deposition (Equation 6), and methane 

cracking (Equation 7). 

 2CO  C + CO2 (6) 

 CH4  C + 2H2 (7) 

Besides, carbon can be gasified by oxygen as the following Equation shows. 

 C + O2  CO2 (8) 

On the one hand, the H2/CO ratio can be adjusted by controlling the feed (O2/CH4 ratio). If only 

O2 and CH4 are fed, low H2/CO ratio is obtained and coke deposition occurs. If, on the other hand, air 

is used, separation of N2 from the synthesis gas is expensive. 

 

3.1.4. Autothermal reforming (ATR) 

Autothermal reforming (ATR) combines non-catalytic partial oxidation and CH4 reforming, and 

the whole hydrocarbon conversion is performed in one reactor [13]. This process is the main 

technology for GTL applications, since it produces syngas with a H2/CO ratio equal to 2 (Equation 9). 

Its advantages in comparison with the other techniques made ATR become the principal process for 

the production of synthesis gas. 

ATR’s feed is assumed to be pure methane, though other hydrocarbons can be used [13]. Methane 

autothermal reforming (MATR) is performed with CO2 and oxygen, which in the recent years has 

drawn significant interest as an alternative route to convert natural gas (methane) to syngas. The ATR 

process is very economical due to its low energy consumption. This is the result of the opposite 

contribution of the exothermic methane oxidation and the endothermic CO2 reforming, which can be 

appreciated in the equations below [14, 15].  

Methane partial oxidation 

Methane dry reforming 

CH4 + ½O2  CO + 2H2 ΔH298K = -38 KJ/mol (700 ºC) 

CH4 + CO2  2CO + 2H2 ΔH298K = 247 KJ/mol (700 ºC) 

(9) 

(10) 

In addition, the relative concentrations of O2 and CO2 in this process can be manipulated, which 

allows a wider range of H2/CO ratio in the syngas production; and oxygen present in the feed avoids 

catalyst´s deactivation by carbon deposition. 
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3.1.5. Composition of synthesis gas. H2/CO ratio. 

The production of purified synthesis gas adequate for a FT reactor can involve economic 

expenses, sometimes reaching up to 70% of the capital and operating costs [4]. Consequently, the 

efficiency of the FT reactions must be as good as possible, by means of a high conversion of the 

syngas to hydrocarbons and a controlled selectivity which leads to a maximized production of the 

desired products. 

In order to achieve the desired results, there are several parameters which are set, being one of 

them the ratio between H2 and CO. This ratio depends, in part, on the selectivity of the products. The 

following table (Table 1) shows the relation between the H2/CO ratio and the different possible 

products which can be obtained during the FT process. 

Table 1. H2/CO ratio for FT reactions [4] 

FT product H2/CO ratio 

CH4 3 

C2H6 2.5 

Alkanes (CnH(2n+2)) n 

Alkenes (CnH(2n)) 2 

Alcohols (CnH(2n+1)OH) 2 

 

While for the production of alkenes and alcohols the usage ratio is 2 regardless the length of the 

chain (n), the H2/CO ratio in the case of the alkanes is dependent on the number of carbon atoms, due 

to the fact that the length of the chain increases inversely proportional to the ratio. In the case of cobalt 

catalysts, this ratio is established between 2.05 and 2.15 [4] under common FT synthesis conditions. 

To obtain the highest conversion of syngas (theoretically 100%), the inlet H2/CO ratio should 

equal the usage ratio (U.R.). This U.R. is calculated as Equation 11 shows [16]. 

 
            

      
                      

   
 (11) 

where S indicates the total carbon atom selectivity and the factor multiplied to each selectivity indicate 

the number of moles of H2 required for one mol of CO to form the product. The factor F varies 

depending on the selectivity for each C2, C3 and C4, as well as on the olefin-to-paraffin ratio or these 

hydrocarbons, being slightly higher than 2. 

If there is no WGS activity, the usage ratio is equal to the stoichiometric one, while as the activity 

of the WGS reaction increases, the U.R. decreases. 

 

3.1.6. Synthesis gas purification 

The synthesis gas produced by any of the processes previously described contains hydrogen, 

carbon oxides, nitrogen, argon and residual methane [11], being the concentration of these gases 

dependent on the feedstock used and the conditions at which the reaction takes places. The 

composition of the synthesis gas (H2/CO, CO2, etc.) depends on the final use of the syngas. It is 

sometimes necessary to remove nitrogen compounds (NH3 and HCN) and other impurities, mainly if 

they have a poisoning effect for the catalysts.  
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If biomass if the feedstock, alkali metals (K, Na) [4] can be found in the product gas. Besides, 

traces of alcohols such as methanol can be formed during the synthesis gas production process. Less 

common, though possible, is the formation of other compounds such as formic acid. The presence of 

any of these compounds in the synthesis gas can cause problems afterwards, hence the importance of 

the gas purification. Ammonia and hydrogen cyanide can be converted to methyl amine, which are 

removed afterwards. 

One the one hand, carbon monoxide is removed through the water gas shift (WGS) reaction by 

being converted to carbon dioxide. This reaction, which is shown below, also causes an increase in the 

H2/CO ratio [11]. 

 CO + H2O  CO2 + H2 ; ΔH = -41 KJ/mol (12) 

On the other hand, the common purification process involves first cooling of the synthesis gas in 

order to separate the condensate which will contain dissolved gasses such as carbon oxides, ammonia 

and formic acid. Hydrogen cyanide, however, is not separated in this step, requiring a second step 

based on flashing or stripping at low temperature (100-120 ºC) [11]. If doing the stripping at higher 

temperature (230-520 ºC), hydrogen cyanide is converted to formic acid through the following 

reactions: 

 HCN + H2  HCONH2 (13) 

 HCONH2 + H2O  HCOOH + NH3 (14) 

Finally, traces of ammonia remaining in the synthesis gas are removed with cold water. 

 

3.1.7. General synthesis gas production process 

The general process scheme of the production of syngas can be found below (Figure 5). The 

natural gas feedstock is desulphurised, and steam is added in a low steam-to-carbon ratio. This mixture 

is taken to a pre-reformer and preheated, and afterwards it reacts with O2 to form synthesis gas with 

the desired composition. Afterwards, the gas obtained is cooled in order to remove the H2O formed, 

obtaining the dry syngas. 

 

Figure 5. Typical process flow diagram for synthesis gas production for GTL [11] 
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3.2. Fischer-Tropsch technology 

The Fischer-Tropsch (FT) process consists in the production of long or short hydrocarbons by 

using carbon monoxide and hydrogen as reactants (synthesis gas). Among others, one of its main 

interests is the fact that it is a cleaner process than the conventional ones based on petroleum, since 

this technology produces no SOx and NOx [1]. 

The FT reaction can be represented as: 

 nCO + 2nH2   (-CH2-)n + nH2O (15)  

consequently obtaining chains of different lengths (-CH2-)n 

However, there are other reactions which also take place [6]: 

 (WGS) CO + H2O   CO2 + H2 ; ΔH298º= -41 kJ/mol (16)  

 2CO    C + CO2 ; ΔH298º= -172 kJ/mol (17)  

The FT technology is usually named Gas To Liquid (GTL), due to the fact that liquid fuels are 

obtained from natural gas. Besides, other feedstocks can be used, such as coal and biomass in the so 

called Coal To Liquid (CTL) and Biomass To Liquid (BTL) processes, respectively. In addition, the 

FT technology may vary depending on many factors, such as the synthesis gas, the equipment used 

and the catalysts selected. 

   

3.2.1. High and low temperature Fischer-Tropsch synthesis 

The FT synthesis can be carried out at either high or low temperature (HTFT and LTFT 

respectively). The desired products will mainly define which of the two alternatives is chosen for the 

reaction. 

 

A. High temperature Fischer-Tropsch catalysis 

The range of temperature for HTFT is 330 ºC to 360 ºC [8] and the catalyst used is typically iron 

based. [1]. In these conditions all the products are vaporized. Consequently, they are cooled to obtain 

two phases: an oil and an aqueous stream. Both the oil and aqueous products are free of sulphur and 

contain low quantities of nitrogen containing compounds. The oil products are mainly linear, rich in 

olefinic material and poor in aromatics and naphthenics, while the aqueous products contain most of 

the short chains oxygenates (alcohols). 

Regarding the composition of the products, unrefined HTFT products have a low octane index 

but high olefin content. Therefore, the strategy followed consists on exploiting the high olefin content 

and redressing the low degree of branching and content of aromatics. Sometimes, double bond 

isomerization can also be a possibility to be considered as a way to improve the octane of olefin- rich 

material [4]. 

To have an extended idea about the hydrocarbon component classes and amounts for the HTFT 

synthesis´ products, the C7 hydrocarbon compounds are listed in Table 2. 
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Table 2. Percentage of abundance of C7 

hydrocarbons in unrefined HTFT product [4] 

Class 
HTFT abundance 

(%) 

Linear paraffin 8 

Branched paraffin 4 

Linear olefin 50 

Branched olefin 22 

Cycloparaffins <1 

Cyclo-olefins 6 

Aromatics 10 

 

Taking into account the description of the HTFT products, it must be said that refining is 

necessary in order to upgrade them. This can be done through either oligomerisation of light products 

to heavier hydrocarbons to get a higher boiling temperature, hydrocracking of heavy products to 

obtain lighter boiling material, aromatization and isomerization of the products to improve the octane 

and density or hydrogenation to remove undesirable oxygenates, olefins and dienes. 

 

B. Low temperature Fischer-Tropsch catalysis 

The low temperature LTFT works in a range of temperatures usually between 200 ºC and 250 ºC 

[3] with Fe- or Co-based catalysts [1]. While working in this conditions, carbon dioxide is mainly inert 

and the syngas composition is characterized by the H2/CO ratio, which must be between 2.05 and 2.15 

for cobalt-based catalysts [11]. Under these conditions, the two main products obtained are a light 

liquid fraction and a solid one. The first one, named as hydrocarbon condensate, includes hydrocarbon 

species, and the second fraction, called wax, contains heavy paraffins. In Table 3, usual distillation 

ranges for the condensate and wax streams are presented. 

Table 3. Usual distillation range for LTFT product fractions [4] 

Distillation Range 
FT Condensate 

(%vol) 

FT Wax 

(%vol) 

C5-160 ºC 44 3 

160-270 ºC 43 4 

270-370 ºC 13 25 

370-500 ºC - 40 

>500 ºC - 28 

 

In addition to the previously described products, there are other two product streams. On the one 

hand there is a current containing light hydrocarbon gases which come from the FT synthesis. These 

gases are usually collected and sent to the reformer in order to be converted to syngas. On the other 

hand, reaction water is obtained, which includes oxygenates such as alcohols and organic acids [4]. 
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3.2.2. Catalysts used for the FT synthesis 

There are several metals which can be used for the FT synthesis, which are nickel, cobalt, 

ruthenium and iron. However, Ni is found to be unsuitable due to the high methane selectivity, and Ru 

is extremely expensive because of its limited supply. Consequently, the main catalysts used in this 

process are Co and Fe based [17]. Table 4 represents the price ratio of these catalysts. 

Table 4. Relative prices of metals [3] 

Metal Price ratio 

Iron 1 

Cobalt 230 

Nickel 250 

Ruthenium 31 000 

 

On the one hand, iron based catalysts are more abundant and consequently cheaper, and need 

alkali promotion to enhance the activity and selectivity [4]. K2O is often used, though the basicity also 

depends on other components present or added such as SiO2 or Al2O3. The reason why basicity is 

desired is the fact that the higher the basicity of the iron-based catalyst, the higher the probability of 

chain growth [17]. 

On the other hand, cobalt is more hydrogenating than iron, producing more methane and less 

olefins. As the selectivity of methane becomes higher with temperature, this type of catalyst is only 

used in LTFT synthesis [1]. Besides, water does not inhibit cobalt catalysts, consequently showing a 

higher productivity than iron at high syngas conversion [3]. 

 

A. Supports: SiO2 and SBA-15 

On the one hand, amorphous silica (SiO2) is very used as a support, sometimes together with 

titania (TiO2). It should be explained that SiO2 is, among all the most commonly used catalyst 

supports, the less interacting one, nearly considered as inert. Inert oxides usually lead to good 

reducibility, but the use of this type of oxides leads to an easier sintering of the metall [18]. However, 

other oxides such as TiO2 are more interacting, which increase the dispersion but decrease the 

reducibility. Consequently, it is necessary to find a compromise between both the cobalt dispersion 

and the reducibility of the metal. 

On the other hand, SBA-15 support is a type of ordered mesoporous silicas (OMS), which in the 

last decades have generated a big scientific interest. Their main structural features are a high specific 

surface area and a monosized pore diameter, characteristics which have made OMS become an 

important option to be taken into account in heterogeneous catalysis. The high surface area of these 

supports helps to achieve a higher metal dispersion compared to conventional non-ordered carriers 

whose surface area is smaller. However, the structural order of OMS has also some drawbacks. One of 

the most widely employed OMS is SBA-15, whose densely packed, strictly parallel and non-

interconnected 1D network becomes mass transfer limited at much shorter diffusion lengths than what 

applies for conventional 3D porous networks. However, SBA-15 is usually a good option in catalytic 

applications because of its wide pores (5-12 mm) and acceptable (hydro)thermal stability [19]. 
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Figure 6. SBA-15 with hexagonal structure pores (Adapted from[20]) 

 

In Fischer-Tropsch synthesis, commercially applied catalysts are based on cobalt dispersed on 

porous inorganic oxides, such as SiO2 and Al2O3 with metal loadings between 15 and 30 wt.%, and 

SBA-15 has been studied as catalytic support for Co-based FTS catalysts in the last 20 years. In this 

support, impregnation is used due to its compatibility with high metal loadings, low operational cost 

and ease scalability. 

 

B. Catalysts preparation: impregnation and grafting 

There are different methods of preparing a catalyst, being one of them deposition of the active 

component on the carrier through impregnation, which is afterwards followed by drying, calcination 

and activation of the catalyst.  Impregnation is the most common method used to disperse a catalytic 

species on a carrier. The dried support is impregnated with either an aqueous or non-aqueous solution 

which contains the salt of the catalytic element. This salt is dissolved in a solvent, whose volume is the 

same as the one of the catalyst pores, and the solution is added slowly to the support. Thanks to 

capillary forces the liquid is drawn into the pores, as it can be seen in Figure 7. Afterwards, the pellets 

are dried in air, inert gas or vacuum (80-150 ºC) and the crystallites of the precursor are deposited on 

the pores [6]. 

 

Figure 7. Preparation of supported catalyst by impregnation [6] 
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After impregnation is done, the catalyst is calcined at 500-550 ºC during 6 hours, followed by a 

reduction with hydrogen which is done in the reactor prior to reaction. 

The main advantages of impregnation are its simplicity, rapidity and capability of depositing the 

precursor with high metal loadings. However, it also has some negative aspects, such as that the 

material can be deposited in a non-uniformly way along the pores and through the pellet [6]. 

Another less used method is grafting of the support by small amounts of the precursor [21]. TiO2 

is an oxide which has created a high interest in the last decades, being an active catalytic support. 

Grafting is based on the deposition of a thin layer of the compound onto the support after its synthesis. 

 

3.2.3. Reactors used for the FT synthesis 

Regarding to the commercial use, there are four FT reactors, being these fixed bed reactors, slurry 

phase reactors, fluidized bed reactors and circulating fluidized bed reactor, shown in the Figure 8 

below. In turn, there are two different kind of fluidized rectors, which are two-phase reactor at HTFT 

and three-phase reactor at LTFT. 

 

 
Figure 8. Types of FT reactors in commercial use [4] 

 

Fixed and slurry bed reactors are used at low temperatures, between 220 ºC and 250 ºC, while 

fluidized bed reactors belong to high temperature processes, in a range 320 ºC to 350 ºC (LTFT and 

HTFT respectively). The main difference between these two groups of reactors regarding the 

temperature is the physical phase present, being the products of the LTFT reactors liquids (heavy 

hydrocarbons wax and liquids), and gases the ones of the HTFT. In case the objective is the 

production of long chain waxes, the LTFT process is used. However, if the desire products are alkenes 

or straight fuels, the operating conditions are those of HTFT [4]. 
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A. Fixed bed reactors 

The fixed bed reactor is multitubular, the catalyst is placed inside the tubes and the sides are 

surrounded by a cooling medium, usually water. To improve the heat transfer from the catalyst 

particles to the medium the reactor operates at high syngas linear velocities, which ensures a turbulent 

flow, and uses narrow tubes to reduce the distance between the catalyst particles and the tube walls. 

Figure 9 shows a diagram of a fixed bed reactor. 

 

Figure 9. Fixed bed reactor [4] 

 

In additon, part of the tails gas is usually recycled in order to increse the conversion of the feed 

gas, as well as to increase the linear velocity to improve the heat transfer. Regarding the catalyst used, 

it should be taken into account that the more active the catalyst is, the narrower the tubes shoud be, 

since controlling the bed temperature becomes more difficult.  

Multi-tubular reactors are usually not suitable for HTFT process. When using iron based 

catalysts, carbon deposition occurs at high temperature due to the fact that the catalyst is swelled and 

the reactor tubes get blocked. However, this type of reactor has some advantages; it is easy to operate, 

the wax can be removed with no other equipment required and a large scale reactor can be predicted 

by only using one reactor tube as a pilot unit [4]. However, it also has some drawback, such as the 

high differential pressure drop over the reactor caused by narrow tubes and high gas velocities and 

mass transfer limitations. 

 

B. Slurry phase reactors 

In contrast to the previous type of reactor described above, slurry phase reactors need additional 

equipment to complete the separation of the catalyst from the liquid wax. In addition, the presence of 

very low levels of catalyst poison in the fees gas (such as H2S) results in the deactivation of all the 

catalyst in the reactor, and very high loadings of catalyst rapidly increase the viscosity, leading to 

worse heat and mass transfer. Nevertheless, the replacement of the catalyst in this type of reactor can 

be done on-line, as opposite to fixed bed reactors which require the stop of the reactor. 
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Figure 10. Slurry phase reactor [4] 

 

The following table (Table 5) collects the main differences between the fixed bed and slurry 

reactor when using iron catalyst. 

Table 5. Comparison of fixed and slurry reactors with iron catalyst [4] 

 Fixed bed 

reactor 

Slurry phase reactor 

Cost ratio 4 1 

Pressure drop 0,4 MPa 0,1 MPa 

Catalyst consumption ratio 4 1 

Conversion Lower Higher 

 

 

C. Fixed fluidized bed reactors (FFB) 

As previously mentioned, fluidized bed reactors are used at HTFT, mainly producing light 

alkenes and gasoline. Among this type of reactors, fixed fluidized bed (FFB) reactors can be found [4]. 

FFB reactors are cheaper to construct since they are small and do not require expensive support 

structure. In this reactor, the gas enters at the bottom and passes through the fluidized bed. The bed gas 

linear velocity is considerably low and, consequently, it can be said that the bed remains stationary but 

very turbulent. However, it has no erosion problems and the differential pressure is low, which means 

small compression costs [17].  

 

D. Circulating fluidized bed reactors (CFB) 

Circulating fluidized bed (CFB) reactors are another type of fluidized bed reactors. CFS are a bit 

complex to operate, but they work very successfully. The catalyst flows down through the standpipe 

and the feed enters at the bottom at around 200 ºC and 25 bar, collecting a stream of catalyst as shown 

in Figure 11. In order to obtain a high conversion, a high catalyst loading is required, whenever it does 

not exceed the pressure drop over the stand pipe section. It must also be taken into account that 
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operating at high temperatures leads to carbon deposition, which means a progressive decrease in 

conversion with time [17]. 

Most of the catalyst fines still remaining in the gas are removed in the cyclones and afterwards 

returned to the standpipe. If iron catalyst is used at 340 ºC, a considerable amount of carbon is 

deposited in the catalyst, causing particles´ disintegration [4]. 

 

Figure 11. Circulating fluidized bed reactor [4] 

 

The table below shows the advantages of the FFB reactor over the CFB one. 

Table 6. Comparison of FFB and CFB reactors [4] 

 FFB CFB 

Cost ratio 1 2.5 

Pressure drop Low High 

Catalyst consumption Total Small 

Conversion Higher Lower 

 

3.2.4. FT product distribution 

To explain the hydrocarbon product distribution, the FTS can be considered as a polymerization 

process in which the CH2 is the monomer, which are present on the catalyst surface. A CH2 

chemisorbed unit can either react with hydrogen to form methane, which is afterwards desorbed from 

the surface, or combine with another CH2 unit to form an adsorbed C2H4 species. This last unit, in turn, 

can either desorb to obtain ethylene, be hydrogenated to form ethane or combine with another CH2 

unit to form an adsorbed C3H6 unit. The reaction sequences can continue, obtaining a wide range of 

hydrocarbons from methane to high molecular waxes.  

In the Anderson-Schulz-Flory (ASF) model, the probability of chain growth is called alpha (α), 

which is used to describe the product distribution and assumed to be independent form the number of 

carbons. Consequently, the higher the value of alpha the longer the hydrocarbon chains, and the 

probability of chain termination is (1-α) [4]. 
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Initiation: 

 

 

Chain growth and termination: 

 

 

As explained before, α is assumed to be independent of the chain length in the Anderson-Schulz-

Flory (ASF) distribution. If this consideration is made, the products selectivity can be calculated and 

the whole hydrocarbon product spectrum can be obtained. 

The ASF distribution (Figure 12) shows that a higher α implies less methane and more long-chain 

hydrocarbons. For diesel, the carbon range is C12-C18. However, the ASF distribution shows that 

obtaining this range of products in the FTS leads to a high selectivity of methane and short-chain 

hydrocarbons. Consequently, the highest yield to FT diesel is achieved by first performing the FT 

synthesis to obtain waxes (long hydrocarbons) and afterwards hydrocracking them into the diesel 

fraction. 

 

Figure 12. ASF distribution [4] 
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The mathematical expression which relates the weight distribution of Cn with the probability of 

chain-growth is given by Equation 18 [22]. 

 Wn = (1-α)
2
nαn-1

 (18) 

being n the carbon number of the hydrocarbon. 

The length of the hydrocarbon chains depends on the operating temperature and pressure, the 

space velocity, type of reactor, type of catalyst and composition of the feed gas. Nevertheless, the 

distribution of hydrocarbons always follows a specific pattern [4]. 

An increase in the operating temperature has an inverse impact on α, since the formation of 

methane and other small saturated hydrocarbons is thermodynamically more favoured. As the 

temperature increases, the system becomes more hydrogenating, provoking the ratio of alkenes to 

alkanes decreases. Besides, cobalt catalysts are more active for hydrogenation than iron ones, which 

leads to more saturated products. 

Regarding the gas composition, the higher the partial pressure of CO, the higher the catalyst 

surface coverage of CO and, consequently, the higher the probability of chain growth, since CO leads 

to the formation of CH2. In the case of hydrogen, the higher its partial pressure, the higher the 

probability of chain termination by hydrogenation and the selectivity of low molecular mass 

hydrocarbons. 

In terms of pressure, previous studies [23] show that an increase of the total pressure of the 

reaction has a positive effect on the CO conversion. At elevated pressure, the selectivity for the 

methane and branched products decrease, while the selectivity for C5+ and oxygenates increases. 

Consequently, it can be said that the chain growth probability (α) increases with pressure. 

Finally, the influence of gas space velocity should be pointed remarked. Some studies [24] found 

that an increase of this parameter causes an increase in the selectivity to C1-C4 and CO2. Furthermore, 

the selectivity to C5+ decreases. Therefore, gas space velocity has a negative influence on the 

probability of chain growth. 

 

3.2.5. FT mechanism 

 Though there are several mechanisms proposed for the FT process, there is a general consensus 

about carbene (=CH2) species involved in the chain growth mechanism, with CO absorption and 

disociation occurring on the catalyst surface. The FT synthesis can be easily be described as a 

polymerization of methylene units and the main mechanism of all proposed is the alkyl mechanism, 

first proposed by Brady and Petit and described below.  

 

Initiation: 

CO is chemisorbed and bounded to the catalyst surface, which afterwards reacts with surface 

hydrogen to obtain firstly methylene and secondly methyl. 
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Propagation: 

The chain growth occurs by successive insertions of methylene into the metal-alkyl bond. 

 

 

 

Termination: 

There are several possibilities in which the chain termination can occur. Generally it can be 

explain as the active species is either hydrogenated to become a n-paraffin, desorbs an H to become an 

α-olefin or adsorbs OH to obtain alcohols [25].  

 

 

It must be taken into account that the surface of the catalyst is very heterogeneous, which means 

that many active intermediate can be present [17].  

There are some unique aspects of the products of the FT process, such as the fact that all the 

products are mainly linear and the olefin content is much higher than the paraffins ones, being 

predominantly α-olefins. Besides, nearly all the branches are monomethylic, decreasing its degree as 

the chain length increases. Regarding the catalyst, cobalt is more hydrogenating than iron, which 

causes the ratio olefin/paraffin to decrease [17]. 

In summary, it can be said that the main products obtained are paraffins (R-CH3), olefins (R-

CH=CH2) and oxygenated products (R-CH2-OH), as well as water (H2O) [3]. 

 

3.2.6. FT kinetics 

A. Kinetics for cobalt-based catalysts 

The FT synthesis over cobalt-based catalysts has n-alkanes and 1-alkenes as main products, being 

the stoichiometry the following one: 

 nCO +2nH2  (-CH2-)n + nH2O (19) 
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Since cobalt is not very effective for the WGS reaction, only a small fraction of the water 

produced is converted to carbon dioxide. The rate of the FT reaction can be defined as the moles of H2 

and of CO converted pert time and mass of unreduced catalyst. The rate expression consequently is: 

 
  

       

            

   
        

   
  

 (20) 

, being a, b, c and d temperature dependent constants. 

The constant d has been probed in other reports to be insignificant, and experiments done by 

Yates and Satterfield in 1991 showed that CO is more strongly adsorbed than H2. Consequently, some 

simplifications can be made, obtaining the following equation [26]: 

 
  

    
   

        
 
 (21) 

   

B. Kinetics for iron-based catalysts 

In the case of iron-based catalysts, the partial pressure of H2 markedly affects the reaction rate, 

being the predominant factor at low conversions. Besides, the partial pressure of CO has no apparent 

influence on the rate and its activity decreases when increasing the water vapor pressure. If assuming 

that the slowest step in the FT synthesis is the reaction between hydrogen and a chemisorbed molecule 

of CO, it becomes rate controlling. 

 

 

(22) 

Consequently, the overall rate becomes: 

 r = mPH2ɵCO (23) 

, being ɵCO the fractional surface coverage of the catalyst by CO. 

Taking into consideration Langmuir’s adsorption theory, ɵCO and becomes: 

 
    

      
             

         
    

    
    

   

 (24) 

Considering the relative strengths of adsorption of the gases on iron catalysts, this formula can be 

simplified to: 

 
    

   
         

 (25) 

        
    

   
 

Consequently, the rate of the reaction becomes [17]: 
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 (26) 

It should be noted that while the kinetic reaction for iron catalyst (21) contains a PH2O inhibition 

term, the one for cobalt catalyst (17) does not. This explains the fact that, at high conversions, the rate 

decreases when using iron-based catalysts. This phenomenon, however, does not occur with cobalt-

based catalysts. Consequently, for cobalt the increase in conversion is higher with the catalyst bed´s 

length, a fact which does not occur for iron catalysts since the increase in conversion slows down with 

the bed´s length. if the two catalysts have the same activity [8]. This fact can be easily seen in Figure 

13, since for cobalt a double bed length results in a double conversion. 

 

Figure 13. Conversion profiles with cobalt- and iron-based catalysts at LTFT [8] 

 

3.2.7. FT selectivity 

When performing the FT synthesis, not only reactants’ conversion is an important parameter to be 

analysed, but also the selectivity to the products. In the FT reaction, hydrocarbons of different lengths 

can be obtained. To easily define the selectivity of a component, an example is done below with the 

production of propane. 

 3CO + 6H2   C3H6 + 3H2O (27)  

Consequently, the carbon atom selectivity for propane can be defined as the number of moles of 

CO reacted to produce C3H6 divided per the total number of moles of CO reacted. Since 3 moles of 

CO are needed to produce 1 mol of C3H6, the calculation of the selectivity is as follows [4]: 

 
        

      

    
     

     (28) 

The selectivity of a catalyst to higher hydrocarbons is usually given as the selectivity to C5+ (SC5+) 

[1]. Obviously, the higher SC5+ the more efficient is the conversion from synthesis gas to heavy 

hydrocarbons. 
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Once more, the difference between cobalt and iron catalyst is evident when the selectivities 

obtained in both cases are compared using the same type of reactor and similar conditions. These 

results can be seen in Table 7. 

Table 7. Selectivity of FT products [4] 

Products 

Selectivity (%) 

Cobalt 

Slurry Reactor 

220 ºC 

Iron 

Slurry Reactor 

240 ºC 

CH4 

C2H4 

C2H6 

C3H6 

C3H8 

C4H8 

C4H10 

C5-C6 

C7+ 

5 

0.05 

1 

2 

1 

2 

1 

8 

79 

4 

0.5 

1 

2.5 

0.5 

3 

1 

7 

76.5 

Water soluble 

oxygenates 

1 4 

 

3.3. Catalytic reactions 

3.3.1. Introduction to catalysts and catalysis 

In the early 1900s, the use of catalysts for hydrogenation reaction of CO to obtain methanol or 

liquid hydrocarbons lead to the use of synthesis gas for the production of liquid fuels. It was in 1930 

when for the first time a catalyst for the Fischer-Tropsch synthesis was commercialised and around 

those years catalytic cracking began, allowing a more effectively use of petroleum crude feedstock. 

The modern world and society is highly dependent on catalysts and catalytic processes. 

Petroleum, power, chemicals and food industries form four of the world biggest sectors, accounting 

for more than 10 trillion dollars [6] of gross world product, and are highly dependent on catalytic 

processes. The actual studies and investigations aim the development of new catalysts which improve 

the selectivity of the desired products, decrease the undesirable secondary reactions and enable the use 

of milder reaction conditions such as temperature and pressure, among others. 

According to Bartholomew et. al. [6] a catalyst can be defined as “a material that enhances the 

rate and selectivity of a chemical reaction and in the process is cyclically regenerated”. In 

heterogeneous catalysis, reactants are adsorbed on the surface of a catalyst and are activated due to 

chemical interactions with it. Afterwards, they rapidly and selectively react to obtain the products, 

which are desorbed form the catalyst’s surface. Finally, the catalyst returns to its original state to 

adsorb new reactants and repeat the cycle. This way the catalyst enables a quicker reaction and in 

milder conditions. 

The objective of the use of a catalyst is to reduce the activation energy (Eact) required to start a 

reaction (Figure 16). This fact causes an increase of the reaction rate since it is has an inverse and 

exponential dependence with Eact. This is clearly seen in Arrhenius law: 

 k(T) = Aexp(-Eact/RT) (29) 
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where k(T) is the rate constant and A the frequency factor. 

The decrease of the activation energy occurs thanks to the presence of the catalyst’s surface, 

which enables the adsorption and dissociation of the reactants, leading to a quicker transformation to 

products. The energy difference between reactants and products is the heat of reaction: -ΔHr. 

 

 

Figure 16. Catalytic and non-catalytic potential energies along an elementary reaction [6] 

 

Regarding the reaction rate, it depends on the temperature and the concentration of the reactants, 

being it equation as follows [6]: 

 r = k(T)  f(Ci) = k(T)  Πi  (Ci)
αi

 (30) 

where k(T) is the rate constant, previously defined through Arrhenius law. 

Besides, a catalyst can influence the selectivity to certain products in the case that other 

competing reactions take place 

 

3.3.2. Supported catalysts 

To maximize the active sites of the catalyst, it is dispersed onto a support. If this support has a 

large surface area, more catalytic specie will be present as crystallites for the reactants. Besides, 

smaller crystallites provide bigger total surface area per unit mass. Consequently, the maximum 

catalytic surface area is desired to obtain a larger number of active sites on which the reaction occurs. 

Some supports with high surface areas used in industrial reactors are Al2O3, SiO2 and TiO2 between 

others.  

These supports are nanostructures, which contain interconnected pores of different sizes 

(mesopores and macropores). The mesoporous network, which interacts with the metal crystallites, 

enables a good dispersion of these small crystallites and prevents their agglomeration at high 

temperatures. 
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3.3.3. Heterogeneous catalysis 

Not only a good dispersion of the active phases onto the support is important, but also a good 

accessibility of the reactants to them. According to the IUPAC [27], in heterogeneous catalysis “the 

reaction occurs at or near an interface between phases”. There are 7 physical and chemical steps in 

which a gaseous species A flows through a catalyst bed to react on the catalyst surface and form the 

gaseous species B [6]. 

1. The reactant A transfers and diffuses through the gas film (external film diffusion) 

2. Species A diffuses trough the porous network to the catalytic surface (internal pore diffusion) 

3. A is adsorbed onto the catalytic surface (chemical process) 

4. Being A adsorbed, it reacts on catalytic sites to form B (chemical process) 

5. The product, B, is desorbed form the catalytic surface (chemical process) 

6. B diffuses through the porous network (internal pore diffusion) 

7. B diffuses and transfers the gas film (external film diffusion) 

 
Figure 17. Heterogeneous catalytic reaction in a porous supported catalyst [6] 

 

Between these steps, the relatively slowest one in comparison with the others will control the 

overall reaction rate. While diffusional processes do not have a strong dependence on temperature, 

chemical processes are exponentially dependent on temperature, being the slowest steps at low 

temperatures. However, at high temperatures, their rates increase considerably and, therefore, the 

diffusional processes become rate-limiting. 

 

3.3.4. Mass transfer limitations and diffusional resistances 

Usually, industrially used catalysts are porous solids which catalyse the reactions inside the pores 

of the catalyst pellets. In the case of a gaseous reaction (A  B), the gas flows inside the reactor and 

around the pellets. However, it needs to diffuse through the gas film and along the pores to reach the 

catalytic surface and react. The reactant A diffuses form the bulk of the gas through the gas film 

around the pellet. At this point it can either react on the surface of the pellet or diffuse inside the pore, 

reacting on the surface of the pore [6]. Consequently, a decrease in concentration of A is seen along 

the gas film and the interior of the pellet, as it can be seen in Figure 18. 
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Mass transfer limitations have a crucial importance on the reaction’s rate. In homogeneous 

catalytic reactions, all reactants, products and catalyst are in the same physical phase, resulting in a 

negligible mass transfer effect. However, in heterogeneous catalytic reactions the catalyst is usually 

solid and the reactants and products liquids or gases. Therefore, mass transfer and diffusion between 

the phases become rate-limiting. 

A catalysed reaction occurs when the reactant molecules contact the active sites of the catalyst, 

which are located mainly inside the pores. Consequently, for the reaction to take place, the reactant 

molecules must first diffuse through the gas film around the catalyst particle (external diffusion) and 

then the pore (internal diffusion). The external mass transfer depends on the film thickness, and the 

internal diffusion competes with the reaction. 

If mass transfer and diffusional processes (steps 1, 2, 6 and 7 from Figure 17) are fast, there are 

no mass transfer limitations, neither through the gas film nor along the pore. Consequently, the mass 

transfer does not affect the reaction rate. 

However, if these processes are slow (such as in heterogeneous catalysis due to the different 

phases), there is a high external mass transfer resistance which affects the overall reaction rate. 

However, this resistance is highly dependent on the flow conditions, the reactor and the particle size. 

Consequently, it can be reduced by varying these parameters. Regarding the internal diffusion effects, 

if they are significant and there is no external mass transfer limitation, , the concentration profile 

varies along the pore of the catalyst pellet [28]. 

 

 

 

 

 

 

 

 

Figure 18. Diffusion and catalytic reaction in the catalyst [6, 28] 

 

The relation between the surface reaction rate and the diffusion rate is given by the Thiele 

modulus () according to the following equation [28]: 

 

     √
         

   

  
 (31) 

where r1 is the diameter of the pellet,  ks the reaction rate constant, Sv the surface area per unit of 

particle volume, CAS the reactant concentration at the particle surface, V the reaction order, and De the 

effective diffusion coefficient. 
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For low values of  the concentration inside the pore is high due to the high diffusion coefficient 

in comparison to the reaction rate, and the concentration is uniform along the pore and similar to the 

surface concentration (CAS). Therefore, the surface reaction is the rate limiting step. However, for high 

values of  the reaction rate is faster that the diffusion rate, being the last one rate limiting. 

 

3.4. Upgrade of FT Products 

The products obtained after the FT synthesis are completely free of nitrogen and sulphur. For 

HTFT, 32% of the total products are C3-C6 alkenes, which can be oligomerized to obtain a high yield 

of diesel fuel. Acid-catalysed oligomerisation is done through the carbocation mechanism. By carrying 

out the reaction in the medium pore size zeolite, only methyl branching is obtained instead of highly 

branched oligomers. Therefore, the diesel obtained after the hydrogenation has a cetane number 

around 50 [8], being the cetane number (CN) a measure of the ignition quality of a diesel fuel. The 

higher the CN, the better the diesel, since it has a short ignition delay and the combustions starts 

shortly after it is injected. This parameter depends on the chemical composition of the diesel fuel, 

being higher with paraffins [29]. In the market, CN numbers of 45-50 are required. 

LTFT instead is a better route to diesel due to the fact that the products obtained from either iron 

or cobalt catalyst are mainly linear, the main characteristic of the ideal diesel. After a hydrotreatment 

process this diesel has a CN of about 75, which makes it be of very good quality. However, this 

process also has a drawback, which is the lack of aromatics due to the hydrocracking, being 

predominantly linear hydrocarbons. This requires isomerization with Pt-reforming to obtain a high 

octane gasoline [8]. LTFT primary products are ideal to be upgraded to middle distillates, being 

naphtha the main co-product. The most suitable middle distillate is diesel due to its high price in the 

market, making the lighter and heavier fractions undesirable. This wax is used for production of 

lubricant base oils or kerosene [4]. Below, a scheme of the production of synthetic oils from wax can 

be found. 

 

Figure 14. Process scheme for the production of synthetic base oils from wax [4] 

 

 

 

 

Heavy base oil 

Base oils 

Diesel 

Naphtha 

Hydrofinishing 
Catalytic 

Dewaxing Unit 

Atm. 

Dist. 

Vasc. 

Dist. 

Wax 



Cobalt supported on mesoporous silicas for the Fischer-Tropsch synthesis Chapter 4. Experimental Procedure 

28 

 

3.4.1. Hydrocracking and isomerization of Fischer-Tropsch products 

Opposite to petroleum, the LTFT wax is mainly paraffinic, free of sulphur and metals and nearly 

with no relevant quantity of aromatics. These facts make this wax ideal for hydrocracking, where 

conditions can be milder than for the common crude oil, where pressure of 150 bar is needed. 

However, for LTFT products, pressures between 35 and 70 are used [4].  

Hydrocracking is a catalytic oil refinery process where heavy gas oils are converted into lighter 

products, obtaining naphtha, kerosene and diesel oil. It could be described as a combination of 

hydrogenation and catalytic cracking, where a hydrogenation and acid catalyst is required. In this 

process a heavy oil fraction is cracked into lighter products through the break of C-C bonds in 

presence of hydrogen, being the whole process exothermic [30] 

The hydrocracking has to meet several conditions, which are, firstly, that the chain length of the 

hydrocracked fragments is mainly in the desired product range; secondly, that the components 

preferably hydrocracked are the ones higher than the desired range; and thirdly, that the production of 

less attractive species is minimized [4]. 

In addition to hydrocracking, hydroisomerization is also used to obtain high quality diesel fuel. 

This process consists of branching straight hydrocarbons to increase the octane number, and it is very 

much used in the naphtha fraction (C5-C11) [1]. For the isomerization of long paraffins it is important 

to have a high selectivity [31], occurring both hydrocracking and hydroisomerization in the 

hydrocracking process. The isomerization degree of long paraffins also depends on the selectivity of 

the FT reaction to C22+, since the concentration of mono-branched isomers is higher than multi-

branched when working at low conversions. This occurs due to the fact that mono-branched isomers 

are the first formed products and hydrocarbons with high degree of branches are formed by 

consecutive reactions. In general, the cetane number (CN) of a diesel fuel depends on the chain length 

and branching degree of paraffin, having isoparaffins a lower CN than linear paraffins [32]. 

Regarding the catalysts, non-sulphided hydrocracking catalysts containing a noble metal, such as 

platinum, are considered. The reason behind this is the higher activity reached and the better 

characteristics of the products at low temperature [4]. The process starts with the dehydrogenation of 

the alkanes by the metallic part of the catalyst, followed by the isomerization of the olefins and 

continuing with the cracking on the acid sites. Finally, the cracked hydrocarbons are hydrogenated by 

the acid sites and branch or long hydrocarbon chains are obtained [33].  

The product distribution of the hydrocracking process depends on several factors, such as 

temperature and pressure. On the one hand, temperature has a positive effect in the selectivity of light 

products since it improves the hydrocracking of waxes. On the other hand, low pressure results in high 

conversion. A low pressure (3.5 MPa) and a high temperature (370 ºC) result in a vapour phase 

enriched with the lighter hydrocarbons and a liquid one with heavier components. Consequently, the 

hydrocracking and isomerization rates of heavy components increase, resulting in higher conversions 

of waxes [31]. This fact can be explained due to the inhibiting effect that high pressure has on the 

dehydrogenation step, which is the initial step in the general hydrocracking mechanism. 

The following figure (Figure 15) shows the distribution of the products before and after 

hydrocracking. As it can be seen, selective hydrocracking increases the precentage of the diesel 

fraction. 
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Figure 15. Distribution of a Fischer-Tropsch product before and after a selective hydrocracking [34] 

 

3.4.2. Economic point of view 

The main interest in the FT technology is the use of cheap natural gas, coal and/or biomass to 

obtain high quality fuels. If CH4 is used, the cost of the natural gas is estimated in a cost of $5 per 

barrel of product, becoming $10 when taking into account the other running costs. Since the obtained 

diesel’s quality is very high, the price can be higher than the fuel derived from crude oil, reaching $22-

25 when the one obtained from crude oil would be $16-18 [8]. Considering this data, it is easy to 

observe the difference between natural and synthesized fuels, as well as the reason why the FT 

technology is becoming more and more important nowadays. 

 

3.5. Comparison between FT and refinery fuels 

There are some analogies between FT synthesis and conventional crude oil refining. Some 

technologies such as hydrocracking, hydrotreating and oligomerisation and present in both processes, 

and both syncrude and crude oil are refined to the same products. 

However, there are some fundamental differences between these two processes. From the refining 

point of view, FT products have a high oxygenate and alkene content, especially 1-alkene. Besides, 

they also have a high concentration of linear products, being cyclic compounds scarce [35]. 

Nevertheless, the main advantage of the FT synthesis is the absence of sulphur and nitrogen 

content in its products, thus avoiding catalyst poisoning problems or investing in sulphur and nitrogen 

reduction technologies in order to meet the specifications of fuels [4]. The table below shows the 

product compositions from FT synthesis and conventional crude oil (Table 8). 
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Table 8. Comparison between FT and crude oil products [35]  

Compound class HTFT LTFT Crude oil
1
 

Alkanes (paraffins) >10% Major product Major product 

Cyclo-alkanes (naphtenes) <1% <1% Major product 

Alkenes (olefins) Major product >10% None 

Aromatics 5-10% <1% Major product 

Oxygenates 5-15% 5-15% <1% O (heavy) 

Sulphur compounds None None 0.1-5% S 

Nitrogen compounds None none <1% N 

Organometallics Carboxylates Carboxylates Phorphyrines 

Water Major by-product Major by-product 0-2% 
1
 Variations can be found between different crude oil types 

 



Cobalt supported on mesoporous silicas for the Fischer-Tropsch synthesis Chapter 4. Experimental Procedure 

31 

 

CHAPTER 4: EXPERIMENTAL PROCEDURE 

4.1. Catalysts preparation 

In this thesis, two groups of catalysts where tested. The first group is formed by two series of 

catalyst with Co loadings of 6 and 12 wt.% over amorphous SiO2 and over Ti(5 wt.%)SiO2. The 

second group consists of other two series of mesoporous short channel SBA-15, some of them 

containing 5 wt.% and all with cobalt loadings of 12 wt.%. The first series was supported on SBA-15 

DeWitte (SBA_DW) and the second one on SBA-15 Martinez (SBA_M), with channel lengths of around 

0.8 m and 0.4 m respectively. 

Table 9. Composition of all the catalysts 

Group I Group II 

Catalyst 
Co loading 

(%wt) 

TiO2 loading 

(%wt) 
Catalyst 

Co loading 

(%wt) 

TiO2 loading 

(%wt) 

12CoSiO2 12 0 12CoSBA_DW 12 0 

12CoTi5SiO2 12 5 12CoTi5SBA_DW 12 5 

6CoSiO2 6 0 12CoSBA_M 12 0 

6CoTi5SiO2 6 5 12CoTi5SBA_M 12 5 

 

Amorphus silica (SiO2) was prepared according to the method described by Pecchi et al. [36]. 

First, 38 ml of TEOS were dissolved in 20 ml of ethanol. Once a temperature of 45 ºC was reached, 24 

ml of a solution of acetic acid at pH equal to 5 were added, and the resulting solution was left under 

stirring until formation of a gel. The temperature was increased to 80 ºC, keeping the gel at this 

temperature for 1 hour. Afterwards, the solution was slowly evaporated, and the resulting powder was 

calcined at 450 ºC. 

SBA-15 supports were prepared as follows. On the one hand, for the SBA-15_M supports [19], 

P123 and NH4F were dissolved in 1.2 M HCl (aq) at 37 ºC. TEOS was then pre-mixed with decane 

and added to the transparent solution with further stirring during 20 hours at the same temperature. 

The final molar ratios in the synthesis gel were set to 1P123: 77SiO2: 260HCl: 1.8NH4F: 235C10H22: 

11700H2O. The resulting white suspension was then transferred to an autoclave, and hydrothermally 

treated at 100 ºC for 48 hours. Finally, the slid was filtered, washed with deionised water and dried at 

100 ºC overnight, finishing with calcination. 

On the other hand, for the preparation of SBA-15_DW support [37], P123 was dissolved in a 

solution of 1.2M HCl, which was heated to 40 ºC. After the addition of TEOS, the solution was stirred 

for 8 minutes and further aged for 24 hours at 40 ºC under static conditions. The final molar ratios in 

the synthesis gel were set to 1P123: 48.6SiO2: 271.8HCl: 11015H2O. Afterwards, a second ageing step 

was carried out in an autoclave for 24 hours at 200 ºC, after which the silica material was filtered, 

washed with H2O and calcined at 550 ºC during 6 hours. 

The obtained SBA-15 and silica were doped with 5 wt.% TiO2 by post synthesis grafting with 

titanium isopropoxide dissolved in toluene in the presence of acetylacetonate. 

For the preparation of the titania grafted silica, the powder SiO2 was first activated by thermal 

treatment at 100 ºC during 1 hour and suspended in 35 ml of dry toluene. To this suspension, a 

solution of titanium isopropoxide and acetylacetonate (mlTi-isopro./mlacetiacetonate=2.9) dissolved in a 

minimum amount of toluene wass added drop by drop under stirring. The resulting solution was 

refluxed 24 hours at 110 ºC under vigorous stirring [38]. The powder was then filtered, washed 
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thoroughly with ethanol, dried and calcined at 450 ºC during 4 hours. The final support contained a 

TiO2 loading of 5 wt.% as followed from the Ti(IV) precursor amount. 

In the case of the first group of catalysts, loadings of 6 and 12 wt.% of cobalt were prepared by 

wet impregnating the SiO2 and the Ti(IV) doped SiO2 supports with the same aqueous solutions used 

for the SBA-15 supports (Co(NO3)6H2O). The samples were left drying overnight and calcined 

afterwards at 400 ºC for 4 hours. 

For all SBA-15 supports, a cobalt loading of 12 wt.% was chosen and deposited onto the supports 

by means of wetness impregnation technique with aqueous solutions of Co(NO3)6H2O. 

 

4.2. Catalyst characterization 

The characterisation of a catalyst is the measurement of its physical and chemical properties in a 

given reaction. It includes [6]: 

 The nature of its basic building blocks: chemical composition 

 The arrangement of these basic building blocks: structure, crystallite size and morphology, 

size distribution, porosity, surface area 

 Surface chemical properties: valence state, acidity, reactivity with different molecules, etc. 

 Aggregate properties: particle size, magnetic properties, density, mechanical strength, etc. 

 Catalytic properties: activity, selectivity, activity stability 

The data obtained after a characterization of a catalyst can be useful to select an appropriate 

catalyst in order to minimize the deactivation, to design an appropriate model and reactor, to ensure 

quality control in catalyst manufacturing, etc.  

 

4.2.1. Temperature-programmed reduction (TPR) 

This method provides qualitative information about how difficult a catalyst is to be reduced. 

Besides, it also enables the calculation of the rate or degree of reduction (D.o.R.) as a function of 

temperature which enables the study of the oxidation states of the surface and bulk of a solid [6]. It 

also gives information about the optimum temperature to reduce the catalyst. 

When the reduction is done before the reaction takes place, not all the metal is reduced to 0 state. 

Consequently, the percentage of reduced metal must be known. With TPR the catalyst is reduced, first 

at the same temperature as the one prior to the FT test and secondly up to a higher temperature. This 

second part of the reduction aims to reduce the metal which is still oxidized after the reduction 

pretreatment. When the signal given by the equipment is plotted versus the temperature and the area 

under the curve is calculated, the moles of H used in the reduction can be calculated since the relation 

mol H/A.U. (A.U.=area units) can be known by previously doing a calibration. 

 
        

                                

                    
  

   

       
 (32) 

The sample of catalyst, enclosed in a glass U-shaped tube between packed quartz wool, was 

attached to the equipment (Micromeritics AutoChem 2910). First, it was heated by an electrical 

furnace to 110 ºC with a temperature ramp of 10 ºC/min and reduced with H2 during 16 hours at 350 

ºC, reaching this temperature by increasing 1 ºC/min. This way, the same reduction process taking 
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place before catalytic testing was emulated. Afterwards, it was flashed with helium to eliminate the 

adsorbed hydrogen during 40 minutes. 

After the baseline was stabilized, a cold trap was put to eliminate water and other condensable 

products from the product gas mixture. When the baseline was stable, a second reduction with the 

analysis gas (5% H2/Ar) was performed at higher temperature (930 ºC), reached using a ramp of 10 

ºC/min, in which the remaining oxidized metal was reduced. The H2 consumption in time was 

measured through a thermal conductivity detector by comparing the thermal conductivity of the 

products and reference gases. The amount of unreduced cobalt remaining after the standard reducing 

procedure was estimated, allowing the calculation the degree of reduction, defined as D.o.R. 

 

Figure 22. Scheme of the TPR process 

 

 
        

                  

       
 (33) 

 

4.2.2. H2 chemisorption 

This method is used in order to measure the diameter of the active phase particles of the catalyst 

and its dispersion. Since hydrogen chemisorption can estimate the number active sites for a specific 

catalyst in a specific region, it enables the determination of the turnover frequency (TOF). According 

to IUPAC [27], the TOF in catalysis can be defined as the number of molecules reacting per active site 

per unit time. 

In this method, a molecule of H2 is dissociated to two hydrogen atoms, each of which is adsorbed 

onto one metal site (the 1:1 stoichiometry has been verified for hydrogen atoms in metal atoms by 

Bartholomew, 1990, 1994). This metal site must be reduced to adsorb. 

 H2 + 2 Co  2 Co-H (34) 

 

Figure 19. Adsorbed hydrogen atoms to the metal site of the catalyst 
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From the amount of gas adsorbed at monolayer coverage (region of the isotherm where the 

quantity adsorbed increases linearly with the pressure) and the stoichiometry of adsorption, the 

number of surface metal sites can be determined. 

The metal dispersion can also be calculated from the chemisorptive uptake based on the following 

formula [6]: 

 
       

   

 
 (35) 

being C2 a constant equal to 1.18 for cobalt, X the chemisorptive uptake in mol/g and w the weigh 

percentage of the catalytic element present as either metal or oxide 

However, not all the cobalt is reduced, which implies that not all of it adsorbs hydrogen. 

Consequently, the dispersion of the cobalt must be corrected by the so called Degree of reduction 

(D.o.R), measured in the TPR (explained afterwards). 

 Dreal (%) = D(%)  D.o.R (36) 

The particle’s diameter d (nm) of the catalyst can be estimated from the dispersion D (%) 

according to the following expression [6]: 

 
  

 

    
         (37) 

being f a factor which depends on the geometry of the crystallite and the cross sectional area of the 

metal. In the case of Co, this factor is 96. 

First hydrogen if flowed, part of which is both chemisorbed and physisorbed. Then, helium is 

flashed in order to eliminate the remaining hydrogen, process in which the physisorbed hydrogen is 

also removed since it is attached to the cobalt with Vander Waal´s forces (very weak bonds). 

However, the chemisorbed hydrogen stays adsorbed to the cobalt due to the fact that the forces of 

attraction are chemical bond forces. Afterwards, the same hydrogen flowing is repeated in which the 

previously physisorbed removed hydrogen is again adsorbed. Consequently, this second analysis gives 

the physisorbed hydrogen and the difference of both analyses the chemisorbed hydrogen. 

The linear part of the results of the analysis is plotted relating the adsorbed hydrogen with the 

pressure. The difference between both results is also represented in the graph and, by agreement, the 

chemisorbed hydrogen is determined by adjusting the points to a line and extrapolating the 

corresponding data to pressure equal to 0. An example is shown below, in Figure 17. 

However, since the chemisorption of hydrogen is not completely irreversible in the case of Co at 

35 ºC. Consequently only the first analysis is taken into account and its data are the ones used for the 

linear fitting and extrapolation to pressure equal to 0. 

Consequently, in the example below the chemisorbed hydrogen would be 0.0748, since it is the 

value of the linear approximation of the difference for a pressure of 0. 
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Figure 20. Example of chemisorption results 

 

Hydrogen adsorption was measured with a Micromeritics ASAP 2020 equipment at 35 ºC. The 

sample of catalyst was enclosed in a glass tube between quartz wool and attached to the equipment. 

First, an evacuation was done with helium at a temperature of 40 ºC, with a ramp of 10 ºC/min, during 

10 minutes. After pressure stabilization, a leak test was made to ensure vacuum and a reduction with 

H2 was done at 350 ºC during 16 hours, with a temperature ramp of 1 ºC/min. After reduction, the 

sample was evacuated with He during 1 hour at 350 ºC, for 30 minutes at 100 ºC (cooling 10 ºC/min) 

and for 10 minutes at 40 ºC (cooling 10 ºC/min).  

Afterwards, an adsorption isotherm was recorded at 35 ºC in a relative pressure range of 200-500 

mmHg and repeated in the same conditions after flowing helium, obtaining the difference (H2 

chemisorbed) between both measurements. The amount of H2 chemisorbed was determined by 

extrapolating the linear adjust of that difference to pressure 0, and used to calculate the dispersion of 

Co for the catalyst. As previously explained in Chapter 1, stoichiometry H:Co equal to 1 was 

assumed. 

 

4.2.3. N2 physisorption 

This method is based on the adsorption and condensation of N2 at liquid N2 temperature, and it is 

the most common procedure to determine the internal surface area and the diameter of the pores of the 

support. In this process, an equilibrated quantity of nitrogen adsorbed at each incremental pressure is 

recorded, as well as during the reversed process, in which pressure is incrementally decreased. 

Each molecule occupies an area of the surface. By measuring the number of nitrogen molecules 

adsorbed at monolayer coverage, the internal surface area can be calculated. The BET (Brunauer, 

Emmett and Teller) equation describes the relation between the volume adsorbed at a given partial 

pressure and the one adsorbed at a monolayer coverage (Equation 34) [6]. 

     
         

  
 

   
  

         
   

 (38) 
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Being P the partial pressure of N2, P0 the saturation pressure at that temperature, V the volume 

adsorbed at P, Vm the volume adsorbed at monolayer coverage and c a constant. 

The sample, enclosed in a glass sample holder, was attached to the unit (Micromeritics ASAP 

2000) and evacuated in nitrogen while heated at 250 ºC to degas it. Afterwards, it was cooled to -196 

ºC in a container of liquid nitrogen followed by a nitrogen adsorption (at liquid nitrogen temperature) 

at the highest pressure recorded (0.995-0.998). The BET surface area was calculated. Besides, the total 

pore volume was estimated from the adsorption point at P/Pº=0.995-0.998 and the pore size 

distribution was calculated by the Barret-Joyner-Halenda (BJH) method, which gives the volume 

adsorbed as a function of the pore radius (rp). 

 

Figure 21. Physisorption device 

 

4.3. Fischer-Tropsch experiments 

4.3.1. Equipment’s description 

The equipment used for the experiments consists of a reactor, a pump and a gas chromatographer 

(GC). Figure 22 shows a scheme of this equipment.  

The hot box (dimensions 68x53x48 cm) contains the oven where the reactor is placed. The 

reactor is a stainless steel fixed-bed reactor which was used in all the experiments, operating at 

industrial relevant conditions (T=210 ºC, P=20 bar). The reactor is 30 cm long with a diameter of 9 

mm (approximately a volume equal to 20 ml) and, as shown in Figure 23, it consists of several pieces. 

The main part of the reactor contains a spacer and a porous plate on which the catalyst is placed 

between quartz wool.  

Upstream the reactor, a gas feeding section composed by mass flow controllers (MFC) allows a 

correct setting of the gas flows. The gases fed to the equipment are H2, N2 and syngas. The reactor is 

equipped with a sliding thermocouple which allows the measurement of the temperature profile along 

the catalyst bed. The bed’s length is always measured during the loading procedure. Downstream the 

reactor the traps (one at 100 ºC and the other one at room temperature) collect the different fractions of 

the products (waxes and liquid products). 
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Figure 23. Scheme of the equipment used for the experiments 
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Figure 24. (a) Inside of the reactor, containing the spacer the pore plate and the bed with catalyst and quartz 

wool. (b) Upper and lower connections of the reactor which connect it to the inlet gases pipe and the wax trap. 

(c), (d) Whole reactor after attaching all its pieces. 

 

Once the reactor is assembled, it is covered with an aluminium jacketing and placed inside the 

oven, which controls the reactor temperature. In some experiments, water was added to the feed by 

using a high pressure pump. The off gases are analysed by a gas chromatographer. 

The GC system is an Agilent 6890 Series. Apart from the inlet gas coming from the reactor the 

GC has other four inlets which are compressed air, helium, hydrogen and synthetic air. The first one is 

used to move the sampling valves, the second one as carrier gas and H2 and synthetic air for the flame 

ionisation detector (FID). When the sample injector takes a sample of gases, the carrier gasses push 

the sample along the column. The computer program Agilent ChemStation registers the data and the 

gases are evacuated. 

The GC is equipped with a thermal conductivity detector (TCD) and a flame ionisation detector 

(FID). A Carbosieve packed column prior to the TCD separates N2, CO, H2, CO2 and H2O, while a 

GS-Q capillary column prior to the FID separated C1-C9 hydrocarbons.  
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Figure 25. Assemble of a gas chromatographer 

 

The temperature program in the GC oven is as follows. First, the sample is heated at 70 ºC during 

7 min. Then, the temperature is increased to 180 ºC with a ramp of 12 ºC/min, warmed for 5 minutes, 

increased to 200 ºC with the same temperature ramp and left for 13.8 minutes. 

Samples are taken and analysed by the GC every 50 minutes. The components are separated, 

detected and a signal is recorded. Having performed a previous calibration, it is possible to estimate 

the gas composition from the peak area determined by integration of each peak. 

 

 

Figure 26. Image of the GC software, where several compounds have been detected 
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Figure 27. Experimental set-up of the equipment 
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4.3.2. Experimental procedure 

Several experiments were carried out using different catalyst and both with and without external 

water addition to the feed. The catalysts were first prepared as described in 3.1. Catalysts preparation 

and 0.7 to 1.0 g with a mesh of 53-90 m were loaded in the reactor after mixing with SiC to achieve 

isothermal behaviour. The choice of mesh size of 53-90 m was done to ensure that the reaction rates 

and selectivities were not affected by mass transfer rates.  

First, the reduction of the catalyst was done with a H2 flow of 110 Ncm
3
/min at atmospheric 

pressure and temperature of 350 ºC during 16 hours. After the reduction, hydrogen was removed by 

introducing He for approximately 30 min, pressure was set at 20 bar and temperature to 180 ºC for the 

Hot Box and the Evaporator. When pressure was reached, syngas with a H2/CO molar ratio of around 

2.1 was feed and temperature was slowly increased to 210 ºC. 

The experiments were run in 5 different periods, in which the feed was changed. In Period A the 

syngas flow was set to 200 Nml/min during approximately 24 hours, after which it was decreased to 

obtain a CO conversion of around 40% (40-72 Nml/min, Period B). After another 24 hours, 20% of 

water was added to the feed, which meant 0.0075-0.013 ml/min (Period C) during 24 hours and the 

water was increased to 30% (0.02-0.026 ml/min, in Period D) and held for 24 hours more. During 

these periods the temperature of the Evaporator was increased to 450 ºC. Finally, the conditions were 

changed again to dry feed and same syngas flow as period B (Period E). The product gases were 

analysed online by a gas chromatographer and every 24 hours liquid and wax products were emptied. 

Table 10. Conditions of each experimental period for Group II 

Period 
Syngas flow 

(Nml/min) 

Water flow 

(ml/min) 

Water 

% 

A 200 0 0 

B 40-72 0 0 

C 40-72 0.0075-0.013 20 

D 40-72 0.015-0.026 30 

E 40-72 0 0 

 

4.4. Processing data 

4.4.1. Analysis of the outlet gas composition 

The syngas current not only contains hydrogen and carbon monoxide, but also nitrogen as internal 

standard. This means introducing an inert gas whose inlet flow is known and, consequently, also its 

outlet flow. Moreover, it can be used to normalize possible differences of injection values in the GC. 

 

Figure 28. Scheme of the use of an internal standard 

 

being FCO i, FN2 i, FCO out and FN2 out the inlet flows and outlet flows of CO and N2 respectively. 

FCO out 

FN2 i FN2 out 

FCO i  

known 
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FCO out depends on the area (Ai) of the sign which the gas chromatographer measures, as well as on 

the total inlet or outlet flow respectively and a parameter corresponding to each component (α). 

       
                (39) 

where FT out is the total outflow which is unknown, as well as FCO out. 

In the case of nitrogen, the same relation is found. 

       
     

    
       (40) 

However, since nitrogen is an inert gas, FN2 i is equal to FN2 out, which means that in this case both 

FT out and FN2 out are known. 

Finally, combining  (37) and (38) the following expression is obtained: 

 
      

  
              

   
    

 (41) 

Consequently, the outlet flows for each component are determined since FN2 out is equal to FN2 in.  

Finally, a responce factor was defined and calculated as Equation (40) shows. Consequently the 

respond factors of each compound were obtained and are listed in Table 11. 

                    
   
    

 (42) 

Table 11. Responce factors for some compounds 

 Compound  Responce factor 

TCD 

CH4 1.153 

CO 1.016 

CO2 0.662 

FID Cn ; n>1 1/n 

 

4.4.2. Calculation of conversion, selectivities, rates and space velocity 

Once the outlet flow of CO was calculated, its conversion could be determined according to 

Equation 41, using the relation between the flows and the area shown in Equation 39. 
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(43) 

Regarding the selectivity, it can be calculated according to the definition which can be found in 

Chapter 1. The expression for either CO or CH4 used is shown below. 

 
     

   
    

     

      
    

        

    
                        
                    

      
(44) 
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And in general for hydrocarbons: 

 
     

      

    
     

      
              

    
                         
                    

      
(45) 

Big hydrocarbons are grouped as C5+, which include: 

                               
  (46) 

In addition, the rates for both CO and products are calculated as follows: 

 
   (

     
 

      )   
     

       
 
    

                         

                    
       (47) 

 
                          

            

   
  (48) 

, being MWCn the molecular weight of the hydrocarbon. 

For the calculation of the rate of several hydrocarbons, the selectivity is split for each 

hydrocarbons and multiplied by the molecular weight of such hydrocarbon. This can easier be seen in 

the next example, where the rate for C2- and C2= is together determined. 

 
                                    

             
                 

 

   
 (49) 

Finally, the gas hourly space gas velocity can be calculated as: 

 
     

     
  

 (50) 

with wg as the mass of the catalyst. 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1. Catalysts characterization 

Cobalt dispersion, catalysts reducibility, cobalt particle size, pore size and BET surface area were 

studied. The effect of the addition of titania by post synthesis method (grafting) was investigated, as 

well as of cobalt loading. As previously mentioned and summarized below, two groups of catalysts 

were tested.  

Group I:  6 and 12 wt.% cobalt loadings over SiO2 and over TiO2 (5 wt.%) modified SiO2, labeled 

12CoSiO2, 12CoTi5SiO2, 6CoSiO2 and 6CoTi5SiO2. 

Group II: Mesoporous short channel SBA-15 with of 12 wt.% cobalt loading and some of them 

grafted with 5 wt.% of TiO2, labeled 12CoSBA_DW, 12CoTi5SBA_DW, 12CoSBA_M and 

12CoTi5SBA_M (where DW stands for DeWitte and M for Martinez, two different preparation 

methods). 

 

5.1.1. H2 chemisorption 

Hydrogen chemisorption was performed to the catalysts supported on amorphous silica. Figures 

39, 40 and 41 show the results obtained, from which the hydrogen uptake has been calculated through 

a linear fitting of the data belonging to the first analysis for cobalt at 35 ºC (since hydrogen is weakly 

chemisorbed on cobalt at this temperature). Besides, this technique enabled the calculation of the 

cobalt dispersion and the particle size of the crystallite (together with the results obtained from the 

TPR), reproduced in Table 12. 

Table 12. Chemisorption results for the catalysts (Group I) 

Catalyst H2 uptake 

(cm
3
/gcat) 

Metal dispersion 

(%) 

Corrected metal 

dispersion (%)
1
 

Particle diameter  

(nm) 

12CoSiO2 0.96997 4.2505 5.3533 17.93 

12CoTi5SiO2 0.88367 3.8721 8.2385 11.65 

6CoSiO2 0.47263 4.1425 4.7343 20.27 

6CoTi5SiO2 - - - - 
1
The dispersion (D) is corrected with the degree of reduction (Table 14) according to: 

  Dcorrected (%) =D (%)/D.o.R. 

 

It is possible to observe that titania containing catalysts show an improvement of corrected 

dispersion but a lower reducibility compared to the ones without titania. This fact could be explained 

by a larger particle size of Co/Ti5SiO2 compared to those without titania. Cobalt loading does not 

have such a strong impact on dispersion, which is probably more related to the support morfology.  

 

5.1.2. N2 physisorption 

From the nitrogen adsorption technique, adsorption-desorption isotherms were obtained for the 

catalyst belonging to Group II, first performing an adsorption and secondly a desorption. The profiles 

obtained for the catalysts tested are given in Figure 29. As depicted in the figure below, all Co/SBA-15 

catalysts show reversible type IV N2 adsorption-desorption isotherms, displaying a hysteresis region.  
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Figure 29. Adsorption-desorption isotherms of the catalysts 



Cobalt supported on mesoporous silicas for the Fischer-Tropsch synthesis Chapter 5. Results and Discussion 

 

46 

 

Moreover, different features in the hysteresis loops can be noticed, such as changes in shape and 

size. The relatively step condensation shown by the isotherms of SBA-15_M at relative pressures in 

the range 0.65-0.85 and of SBA-15_DW in 0.60-0.75 is indicative of a high pore-size uniformity, as it 

was expected since they are OMS.  

Nevertheless, another difference in the isotherms shape is noticed between SBA_DW and SBA_M 

catalysts. In the case of the second type of catalyst, the closing hysteresis occurs at higher partial 

pressure, which is an indication of a large pore radium [37]. Effectively, bigger average pore radium 

is observed for the SBA_M catalysts when all pore size distributions are compared (Figure 30). 

However, the closing of the hysteresis for SBA_ M catalysts stays unaltered even after cobalt loading 

and grafted with titania.  

Physical properties of all the catalysts are summarized in Table 13, obtained from N2 adsorption 

measurements. Between the catalysts supported on amorphous silica, a slight decrease in BET surface 

area is appreciated after cobalt and/or titania addition. However, the total pore volume remains 

constant for all the catalyst. In the case of the pore diameter, this parameter is not modified by the 

cobalt loading, though it is affected when titania is added. 

In comparison to their respective supports, catalysts supported on SBA-15 suffer from a 

significant decrease in surface area and pore volume, with larger decrease for titania containing 

catalysts. For SBA_M catalysts this decrease is up to 30-34%.  

Table 13. Physical properties of the catalysts (Group II) 

Catalyst 
BET surface 

area (m
2
/g) 

Total pore volume  

(cm
3
/g) 

Adsorption average 

pore diameter (nm)
2
 

Group I    

SiO2 457 0.6 6.5 

6CoSiO2 395 0.5 6.5 

12CoSiO2 336 0.5 6.5 

Ti5SiO2 389 0.6 7.0 

6CoTi5SiO2 350 0.5 7.3 

12CoTi5SiO2 322 0.5 7.7 

Group II    

SBA_DW 857 1.3 6.0 

Ti5SBA_DW 504 0.8 6.7 

12CoSBA_DW 544 0.9 6.6 

SBA_M 804 1.6 8.2 

Ti5SBA_M 528 1.2 8.8 

12CoTi5SBA_M 453 0.9 8.2 
1
The average pore diameter (dp) is estimated from the BET surface area and total pore volume 

according to: dp=4BET surface area/total pore volume 
2
By convention this volume is the one adsorbed at the highest partial pressure of the adsorption 

isotherm 

 

Between the catalysts, surface areas are found in a range of 453-545 m
2
/g. The differences which 

can be perceived are mainly due to differences in microporosity, which has been previously reported 

[19] to exist in the pore walls of SBA-15 materials. Besides, by using the BJH method, the pore size 

distribution has been calculated. The results obtained are shown in Figure 30, which represents the 

volume adsorbed as a function of the pore radius. 
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Figure 30. BJH pore size distribution for 12CoTi5SBA_M and Ti5SBA_DW 

 

Sharp distributions are observed, showing once more the high uniformity of the pore size which 

is even more significant for SBA_DW due to its narrower distribution. As previously mentioned, it is 

clearly seen that the average size of the pore remains constant between catalysts with the same 

support, independently of the cobalt and/or titania content. In addition, the total pore volume decrease 

is easily observable when the supports are loaded with cobalt or contain titania. 

 

5.1.3. Scanning electron microscope analysis (SEM) 

Scanning electron microscope analysis (SEM) were performed to SBA-15 catalysts. SEM was 

used to verify the length of the pore channels for all samples. Figure 31 collects representative SEM 

images for the synthesized SBA-15 supports. It is possible to appreciate the channel lengths for both 

SBA-15 catalysts, being around 0.8 m for the SBA_DW and up to 1.3 m or more for SBA_M. 

  

Figure 31. SEM images for SBA-15 DeWitte and SBA-15 Martinez 
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5.1.4. Temperature-programmed reduction (TPR) 

The reduction behavior of Group I of catalysts as a function of the cobalt loading and presence of 

titania in the support was investigated by temperature-programed reduction (TPR). TPR profiles of 

some catalysts are represented in Figure 32 to enable their comparison and all signals are normalized 

per gram catalyst. The TPR was performed after 16 hours reduction at 350 ºC to simulate the 

reduction which is carried out in the reactor prior to FT reaction. Consequently, the degree of 

reduction could be determined. 

The reduction of Co3O4 is a two-step reaction. First, it is reduced to CoO [39]: 

 Co3O4 + H2  3CoO + H2O (51) 

after which it is reduced to metal state: 

 CoO + H2  Co + H2O (52) 

After the 16 hours reduction, all the cobalt oxide remaining is considered to be CoO. The two 

picks which are recognized are due to hard-to-reduce cobalt with different degree of interaction with 

the support.  
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Figure 32. TPR patterns for the catalysts. Ramp rate=10 ºC/min 
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In Table 14 the degree of reduction (D.o.R.) for some catalysts is presented, calculated from the 

TPR results as explained in Chapter 3. As shown by these data, cobalt loading and addition of titania 

cause a big decrease on the metal degree of reduction. Consequently, it could be suggested that Ti-

addition results in a less reducible catalyst. 

Table 14. Results and calculations form the TPR for the catalysts (Group I) 

Catalyst 
Integrated area 

(A.U./gcat)
a
 

D.o.R 

(%) 

12CoSiO2 2.8565326 79.4 

12CoTi5SiO2 - 47.0
b
 

6CoSiO2 0.87080665 87.5 

6CoTi5SiO2 3.3436624 51.8 
a
A.U. = area units. Calibration: 0.0002855 mol H/A.U. 

b
Determined by XPS 

 

 

5.2. Fischer-Tropsch experiments 

The Fischer-Tropsch experiments were performed with all the catalysts. In these experiments the 

effect of GHSV, the addition of water on the FT reaction and the catalyst composition (titania 

grafting) were studied in a fixed-bed reactor under typical FTS conditions: 483K, 20 bar and 

H2/CO=2.1.Both groups of catalysts were compared, enabling the study of the differences between the 

two supports (SBA-15 and amorphous silica).  

The catalysts supported on amorphous silica were tested only in Period A and B (see Table 10), 

and in all 5 periods for the ones supported on SBA-15. In each period the conditions (either GHSV or 

water addition) were modified. 

 

5.2.1. Effect of GHSV 

GHSV was studied first at around 15000-17000 Ncm
3
/gcath (Period A) and afterwards to a value 

corresponding to approximately 30-40% of CO conversion. The values in Period B were set in a range 

of 3100-7200 Ncm
3
/gcath. The catalytic results are summarized in Tables 17 and 18 and the values 

reported from each period correspond to the pseudo-stationary behaviors. In these tables, the 

conversion of CO is shown for all the 5 periods along with the catalyst time yield, the selectivity (on a 

carbon basis) for CH4, C2-C4 and C5+, and the olefin-paraffin ratio for C3 hydrocarbons. For SBA-15 

supported catalysts, the selectivities and o/p ratio are illustrated in Figure 37 respectively. With these 

data it can be seen that all catalysts have the same trend when either the space velocity (GHSV) is 

decreased or water is added to the process.  

Under conditions of Period A, the conversion of CO for SBA-15 supported catalysts gradually 

increased during the first 5 hours, after which a pseudo-stationary state was observed which a soft 

decrease of activity. After 24 hour GHSV was decreased, causing a slight increase of the space-time 

yield of the catalyst (Figure 35). 

Moreover, a decrease of the GHSV leads to a decrease of the selectivities of CH4 and C2-C4 and 

the olefin/paraffin ratio (Figure 37). However, selectivity of C5+ is increased. These results follow 

others from previous studies with Co-based catalysts. Regarding the activity, Figure 34 shows that 



Cobalt supported on mesoporous silicas for the Fischer-Tropsch synthesis Chapter 5. Results and Discussion 

 

50 

 

during the dry periods both catalysts have the same behavior in their activity, suffering only from a 

slight deactivation.  

Table 15. Composition and quantity of the catalyst 

Sample 
Mass catalyst 

(g) 

Mass SiC 

(g) 

12CoSBA_DW 0.8183 5.1 

12CoTi5SBA_DW 0.3913 5.0 

12CoSBA_M 0.7537 5.4 

12CoTi5SBA_M 0.7563 5.3 

 

Table 16. Space velocities for all catalysts in all the periods 

Sample 
Space velocities (Ncm

3
/gcat h) 

Period A Period B and/or, C, D, E 

Group I   

6CoSiO2 ≈17000 3100 

6CoTi5SiO2 ≈17000 4100 

12CoSiO2 ≈17000 4200 

12CoTi5SiO2 ≈17000 7200 

Group II   

12CoSBA_DW 14664.55 2932.91 

12CoTi5SBA_DW 17358.60 6249.10 

12CoSBA_M 15921.45 4378.40 

12CoTi5SBA_M 15866.72 5553.35 
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Table 17. Catalytic performances in Periods A and B for all catalysts. Experimental conditions: 483 K, 20 bar, H2/CO=2.1 

Catalytic performances 

Sample 

Period A Period B 

XCO 

(%) 

CTY
1
 

(mol CO/ 

gcat h) 

TOF 

(s
-1

) 

SC1 

(%) 

SC2-C4 

(%) 

SC5+ 

(%) 

o/p 

C3 

XCO 

(%) 

CTY
1
 

(mol CO/ 

gcat h) 

SC1 

(%) 

SC2-C4 

(%) 

SC5+ 

(%) 

o/p 

C3 

Group I              

6CoSiO2 3.4 0.005 0.017 14.3 12.3 73.4  14 0.006 12.0 10.1 77.9  

6CoTi5SiO2 8.5 0.013 0.032 12.3 11.4 76.3  ≈30 0.016 10.0 9.2 80.8  

12CoSiO2 8.5 0.013 0.021 13.7 13.2 73.1  ≈30 0.017 10.4 9.2 80.4  

12CoTi5SiO2 18.7 0.030 0.038 10.7 10.6 79.7  ≈30 0.031 9.8 8.7 81.5  

Group II              

12CoSBA_DW 10.0 0.020  11.5 8.4 79.4 3.1 36.8 0.015 9.8 9.2 80.4 2.7 

12CoTi5SBA_DW 13.7 0.032  12.4 11.7 75.3 2.1 34.9 0.030 10.7 10.1 78.7 2.1 

12CoSBA_M 10.1 0.022  14.9 11.2 73.2 2.7 40.6 0.024 10.9 9.1 79.6 2.0 

12CoTi5SBA_M 14.7 0.032  10.4 7.9 81.3 3.4 38.7 0.022 9.5 8.1 82.0 2.8 
1
Catalyst time yield 

 

 

Table 18. Catalytic performances in Periods C, D and E for SBA-15 supported catalysts. Experimental conditions: 483 K, 20 bar, H2/CO=2.1 

Catalytic performances 

 Period C Period D Period E 

Sample XCO 

(%) 

SC1 

(%) 

SC2-C4 

(%) 

SC5+ 

(%) 

o/p 

C3 

XCO 

(%) 

SC1 

(%) 

SC2-C4 

(%) 

SC5+ 

(%) 

o/p 

C3 

XCO 

(%) 

SC1 

(%) 

SC2-C4 

(%) 

SC5+ 

(%) 

o/p 

C3 

 

Group II                 

12CoSBA_DW 33.6 6.1 9.2 83.7 3.6 24.7 5.8 10.2 82.6 4.4 20.0 11.2 13.1 75.0 2.7  

12CoTi5SBA_DW 30.6 6.9 9.2 83.4 2.9 24.7 6.2 9.3 83.6 3.5 23.9 10.6 11.4 77.6 2.1  

12CoSBA_M 40.2 6.9 8.2 84.4 2.4 28.7 6.2 9.0 84.2 3.2 20.3 12.6 13.6 73.3 2.3  

12CoTi5SBA_M 37.6 6.2 8.6 84.8 3.5 29.6 5.4 8.5 85.5 4.1 25.1 11.7 11.8 76.2 2.0  
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5.2.2. Effect of water on catalytic performances 

The effect of water was studied only on SBA-15 supported catalysts by feeding different flows 

of water. The activity and selectivity of the different catalysts were compared at the same CO 

conversion (≈40%) rather than at constant GHSV. This was made in order to avoid the results from 

being affected by the partial pressure of water (since the reaction produces water). Consequently, by 

working at same conversion levels the same quantity of water was produced, enabling the comparison 

of the results. After water feeding, the conditions were adjusted to those used before water addition in 

order to compare the deactivation of the catalysts. 

The formation rate of hydrocarbons along all the periods for each catalyst is given in Figure 35 

as a function of time on stream (T.o.S.). It can be appreciated that presence of 20% water in the feed 

has a positive effect in most of the cases. However, a decrease of CO conversion can be seen when 

water is increased to 30%. This fact is due to the diluting effect of water, resulting in a lower partial 

pressure of syngas. In Period C, the positive effect on conversion compensates this decrease of PCO, 

which does not happen in Period D, consequently obtaining a decrease in conversion. 

 In addition, water decreases the selectivity of methane, as it is illustrated in Figure 37. An 

explanation to the decrease of the hydrocarbon formation rate is the fact that the addition of water 

entails a decrease of the partial pressure of the syngas, consequently being the reaction rate negatively 

affected by water. However, Figure 37 also shows that addition of water provokes an increase in the 

selectivity of C5+ for all the catalysts. Besides, the increase of C5+ is probably due to the competitive 

adsorption of water on the support which increases the H2-coverage, decreasing the rate of formation 

of methane and consequently increasing SC5+. 

In the Fischer-Tropsch process, the WGS reaction (Equation 7) has an important impact and 

contribution to the main reaction of the synthesis gas. High external water pressures favor the rate of 

this reaction, affecting negatively the FT reaction since the syngas partial pressure is lowered. 

However, cobalt based-catalysts have a very low activity for this reaction. 

Regarding the olefin to paraffin (o/p) ratio of C3, it is possible to appreciate a change when water 

is added. The effects of water addition on this parameter is presented in Tables 17 and 18 and 

illustrated in Figure 37, where the olefin-paraffin ratio is represented as a function of time showing 

that water decreases the paraffin selectivity and raises the olefin-paraffin ratio. In Chapter 1, the FT 

reaction and mechanism was explained, including the termination process. One of the possible 

termination reactions is hydrogenation to obtain paraffins. Consequently, since the olefin-to-paraffin 

ratio is reduced due to the effect of water addition, it could be said that water reduces the rate of chain 

termination by hydrogenation. This explanation is supported by Storsæter et. al. [40] since according 

to whom water influences the probability of chain growt. In the same graph it is shown that when the 

conversion increases due to a decrease of the space velocity (Period B), the o/p ratio decreases for both 

catalysts. This can mean an increase of the number of secondary reactions of olefins as it was 

mentioned before. However, the opposite effect of water previously mentioned suggests that water 

also reduces the number of secondary reactions based on hydrogenation of primary olefins. 

In addition, the effect of water on secondary reactions explained above has also a direct impact in 

the selectivity of C5+ and the o/p ratio. Regarding the activity of CO-based catalyst, addition of water 

causes a positive kinetic effect by increasing the conversion. However, this increase is followed by a 

rapid and severe deactivation, as it can be observed during Periods C and D. Afterwards, during Period 

E (dry) it is clearly seen that the lack of water slows down the deactivation, recovering some of the 

activity. This fact shows that a small part of the deactivation caused by the external water addition to 

the feed is reversible (as can be seen from the increase of CO conversion after shutting off the water 
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addition). Nevertheless, it should be taken into account that removal of water stops the dilution of the 

syngas, also raising the partial pressure of syngas. 

Even though Period E and B take place in the same conditions, the conversion obtained in the last 

period does not reach the one recorded before addition of water starts. Consequently, it can also be 

stated that a most of the loss of activity is irreversible. Previous studies [39, 40] have suggested that 

the deactivation of a CO-based catalyst in the presence of water is probably due to reoxidation of the 

metallic cobalt, since the extent of reoxidation depends on the partial pressure of water and the ratio 

between the partial pressures of water and hydrogen (PH2O/PH2) in the feed, sintering or formation of 

silicates [41]. Moreover, the rate of deactivation shows a slight decrease with time, indicating that it 

rate also depends on the remaining activity in addition to the partial pressure of water. 
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Figure 33. CO conversion for all the catalysts along the 5 periods 

 

5.2.3. Effect of titania grafting 

After the addition of small amounts of Ti (5 wt.%) to catalysts supported on SBA-15, the 

conversion of CO was increased from 10-11 to 14-15% in Period A (Table 17). Regarding the 

catalysts supported on amorphous silica, the conversion increment was obtained after the addition of 

titania. This parameter had a stronger raise than the SBA supported catalysts, causing a two-fold 

increase. For both cobalt loadings, the conversion grew from 3.4 to 8.5% and from 8.5 to 18.7% 

respectively. However, barely any differences were found in selectivity results. The selectivity to C5+ 

kept constant after titania loading, only showing a slight increase.  

Finally, the rate to hydrocarbons was studied and its results are summarized in Figure 34 and 35. 

In these graphs the positive effect of titania addition is visible, always producing an important increase 

on the rate to hydrocarbons. The reason why this increase in the rate occurs is probably due to 
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interaction between cobalt and titania. The differences between cobalt loadings are also observed, 

from which it is possible to state that cobalt has a positive effect since the dispersion was not affected. 
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Figure 34. Space-time yields of hydrocarbon for the catalysts supported on SiO2 and TiSiO2 along the 2 periods 
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Figure 35. Formation rate of hydrocarbons for the catalysts supported on SBA-15 along the 5 periods 
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5.2.4. Comparison between SBA and amorphous silica supported catalysts 

As it has been previously mentioned, two different channel lengths SBA were tested. Those with 

longer channels were expected to have problems related to mass transfer limitations, which effectively 

was seen in the results after the experiments. 

In previous studies, Lögdberg [42] found out that in conditions of Period A and B, the selectivity 

to methane and C5+ always followed the same trend. Moreover Lualdi [43] showed the possibility of 

using this correlation to have indication of the occurrence of CO diffusion limitations. However, hen 

mass transfer limitation occurrs, the points were found out of the line and the 99% prediction band 

(Figure 36). 

From Table 17, the corresponding points of the experiments carried out in this study were 

selected and represented in the same graph as Lögdberg, enabling their comparison and the study of 

their diffusion limitations. Interestingly, all the points from Period B were found inside the 99% 

prediction band. However, for 12CoSBA_M presented mass transfer limitation in Period A. As 

previously shown SBA-M has longer channels, which can explain the diffusion limitation of CO at 

low conversions and consequently the higher selectivity to methane (due to an increase of the H2/CO 

ratio inside the pores). However, this effect was not seen in the same catalyst containing titania, 

probably due to the higher conversion level and thus average water partial pressure. One could say that 

titania improves mass transfer and decreases diffusion limitation problems. Nevertheless, the positive 

effect of titania on CO conversion should be taking into account, which provokes an increase of the 

partial pressure of water, facilitating the diffusion of CO. 

In addition, amorphous silica has a 3 dimensional porous network, in contrast to the 1 

dimensional one from SBA-15. This fact results on less mass transfer restrictions. As it can see on the 

image, nearly all the catalysts supported on amorphous silica are found inside the 99% prediction 

band, confirming what it was expected. 
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Figure 36. SC1 vs. SC5+. Catalysts from [42] in period A (open grey symbols) and B (filled grey symbols). 

Colored symbols represent data from the present study. The regression line is based on data points obtained in 

period B in [42] and dashed lines represent the 99% prediction band. 
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Figure 38. Average CO2 selectivity for the five periods 
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CHAPTER 6. CONCLUSIONS 

After the experiments performed with the catalysts previously described, the following 

conclusions were deduced. 

 SBA-15 supported catalysts show high pore-size uniformity, confirmed by the sharp pore size 

distributions obtained, having SBA_M bigger pore diameter than SBA_DW.  

 All catalysts suffer from a decrease in BET surface area and pore volume with cobalt loading, 

and even more if they contain titania. However, their pore diameter remains unchanged. 

 SBA_M catalyst has longer channel lengths than SBA_DW. 

 Titania have a negative effect on the degree of reduction (D.o.R.). 

 A decrease of GHSV leads to lower methane and C2-C4 selectivities, as well as the olefin-to-

paraffin ratio. 

 External addition of water to the feed provokes an increase of CO conversion. However, it 

reduces the partial pressure of CO and H2; and at partial pressure of water equal to 30% the 

dilution effect overcomes the positive kinetic effect. 

 Water leads to lower methane selectivity and higher C5+ selectivity. 

 Water provokes an increase of the olefin-to-paraffin ratio, which could be explained by a 

lower rate of chain termination by hydrogenation.  

 Water causes a positive effect in activity followed by a quick deactivation of the catalyst. 

However, the increase of conversion after water removal suggests that part of the deactivation 

caused by water is reversible, but mainly irreversible. This deactivation could be due to 

reoxidation of the metallic cobalt, sintering or formation of cobalt silicates. 

 Presence of titania content provokes an increase in CO activity. 

 Titania does not show any clear effect on selectivity to C5+ for either amorphous silica or 

SBA-15 supported catalysts. 

 The rate to hydrocarbons is positively affected by titania. The reason may probably be 

interactions between cobalt and titania. 

 SBA_M shows CO diffusion limitations due to its longer channels at low conversion. 
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ACRONYMS 

o ASF : Anderson-Schulz-Flory (distribution) 

o ATR : Autothermal reforming 

o BET : Brunauer Emmett and Teller´s technique to measure the surface area and size of the 

pores of a catalyst. 

o BJH : Barret-Joyner-Halenda. Method  to determine the volume adsorbed as a function of the 

pore radius 

o BTL : Biomass-to-Liquid 

o CFB : Circulating fluidized bed (reactor) 

o CTL : Coal-to-Liquid 

o CN : Centane number 

o D.o.R. : Degree of reduction 

o DW : De Witte (catalyst) 

o FFB : Fixed fluidized bed (reactor) 

o FID : Flame ionisation detector 

o FTS : Fischer-Tropsch synthesis 

o GC : Gas chromatographer 

o GHSV : Gas hourly space velocity 

o GTL : Gas-to-Liquid 

o HTFT : High temperature Fischer-Tropsch 

o LPG : Liquefied petroleum gases 

o LTFT : Low temperature Fischer-Tropsch 

o M : Martinez (catalyst) 

o MATR : Methane autothermal reforming 

o OMS : Ordered mesoporous silica 

o P123 : Pluronic P-123. It is a triblock copolymer. Its chemical formula is 

HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H. 

o SEM : Scanning electron microscope 

o TCD : Thermal conductivity detector 

o TEOS : Tetraethylorthosilicate. Chemical compound whose formula is (OC2H5)4 

o T.o.S. : Time on stream 

o TPR : Temperature-programed reduction 

o UR : Usage ratio 

o WGS : Water gas shift 
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APPENDIX 

Appendix I: Chemisorption analysis and calculation of the chemisorbed hydrogen for each 

catalyst. 
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Figure 39. Chemisorption graphics 
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Figure 40. Chemisorption graphics 
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Figure 41. Chemisorption graphics 
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Appendix II: Calculation of the pore-size distribution through the BJH method 
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From the N2-adsorption, adsorption results are taken in a partial pressure range of 0.2-0.94. Consequently, the following data are known: 

 P/P0: partial pressure 

 Vads: volume adsorbed 

 Pressure: pressure at which the nitrogen is being adsorbed 

 

In addition, the rest of the parameters of the table are calculated as follows. 

 t: Thickness of adsorbed film. In this thesis, it was calculated according to the following expression: t(nm) = 0.354[-5/ ln(P/P0)]
1/3

 

 rk: Pore radius calculated from Kelvin equation (Ln(P/P0) = -2(γVliqcosθ)/rkRT.  

 For liquid nitrogen: γ(surface tension) = 8.72 mN/m Vliq(molar volume of liquid nitrogen) = 34.68 cm
3
/mol and θ(contact angle between the liquid 

and the wall)=0. Consequentl, The Kelvin radius is obtained according to: rk = 0.4078/log(P/P0). 

 δt = ti-1-ti 

 rp: Pore radius corrected for film thickness. rp = rk+t 

 δrp = rpi-1-rpi 

 r-p: Average of present and previous values of pore radius. r-p = (rpi-1+rpi)/2 

 Q: Factor to convert core volume to pore volume. Q = [r-p/(r-p-t)]
2
 

 n: Number of moles of nitrogen adsorbed. n = PVgas/RT 

 Vliq: Volume of liquid nitrogen adsorbed. Vliq = n34.68 

 δVliq = Vliq i-1-Vliq i 

 δvf: Contribution due to thinning of adsorbed nitrogen film. δvf = 0.1(δt)i(ƩδAp)i-1 

 δvk: Correction of δVliq due to thinning of adsorbed film. δvk = δVliq - δvf 

 δvp: Calculated incremental change in pore volume. δvp = δvkQ 

 δAp: Additional cylindrical area exposed during adsorption. δAp = 20δVliq/r-p 

 ƩδAp: Cumulative sum of incremental area exposed 

 δVp/ δrp: Incremental change in pore volume with incremental change in pore radius 

 

Finally, δVp/δrp is plotted along rp, obtaining the pore-size distribution. 



 

 

 

 


