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ABSTRACT 

 

Fischer-Tropsch is a process that converts synthesis gas (especially H2 and CO) 

into hydrocarbons by the mean of metal catalysts (such as Fe, Co, Ru, and Ni). Its 

success depends strongly on the catalyst used for the reaction, the reactor where 

the reaction is taking place, and some parameters such as the operating 

temperature, the reactor pressure, and the gas purity, composition (ratio H2:CO) 

and flow rate.   Besides the above parameters, other factors, such as the degree of 

reduction of the catalyst, also play an important role for a successful FT reaction.   

Water can deactivate (by re-oxidation) the catalyst and carbon deposit can reduce 

the catalyst’s activity.  

 

It is well known that FT is a complex reaction because of the range of products that 

it produces as well as the reactions that occur during the process. A good choice or 

combination of catalysts, reactor and operating conditions can help to control the 

product spectrum.  

 

In this thesis we develop a simple graphical technique to represent the mass, 

energy balance and thermodynamic constraints that affect both the catalyst and the 

reactor.    

 

This graphic model is shown to be capable of opening up insights into reactor 

operations and indicating preferred operational regions. The diagrams make it 
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possible to visualize operations and understand the interactions between the 

catalysts and the reactor. The mass and energy balances also provide information 

about the best possible region in which the FT reactor system can be designed and 

operated. 

 

A few catalysts (Fe/TiO2, Co/TiO2 and Fe:Co/TiO2) were prepared for the 

completion of this work. Some of them were tested separately and others were 

mixed in the same reactor.  

 

The results showed that the physical mixture (of Fe/TiO2 and Co/TiO2) and 

bimetallic catalysts behave differently from one another. The addition of Fe Fe/TiO2 

to a constant amount of Co/TiO2 results in an increase of CO hydrogenation activity, 

WGS activity and CH4 selectivity. However, the position of the two catalysts in the 

reactor (one followed by another) shows little effect on the rate of hydrogenation of 

CO and the CO conversion.  
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CATAYSTS USED IN THIS THESIS 

 

Fe/TiO2: iron supported by titanium oxide 

Co/TiO2: cobalt supported by titanium oxide 

 

Chemical mixture (Ch. M): Fe and Co bimetallic catalyst. The two metals are loaded on 

the same support (Fe:Co/TiO2). This makes two metals in one catalyst. 

 

Physical mixture or single bed: Fe/TiO2 and Co/TiO2 catalysts physically mixed and 

loaded in the same catalytic bed.  

 

Co followed by Fe: Co/TiO2 and Fe/TiO2 catalysts are loaded in the same reactor but 

two different catalytic beds, as shown in the following diagram: 
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Fe followed by Co: Fe/TiO2 and Co/TiO2 catalysts are loaded in the same reactor but 

two different catalytic beds, as shown in the following picture: 

  
 

Fe/TiO2 

Co/TiO2

2 

Syngas 

Product 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 17 - 
 

CHAPTER 1 

INTRODUCTION 

 

1.1.  INTRODUCTION 

 

Research conducted by geologists has shown that the production of crude oil from the 

earth’s endowment of conventional reserves will peak within this century. All or very 

nearly all of the prolific petroleum basins around the world are believed to have been 

identified, and most have already been explored, whether partially or almost fully. Most 

of the largest oil fields have been discovered, and are being exploited. Indeed, 

production is clearly past its peak in some of the most high-yielding basins.(65) 

 

When the reserves of world crude oil are depleted, we will have to resort to alternative 

forms of fuel production and new energy technologies.(31) Researchers around the world 

have proposed various alternative forms of fuel production to meet the need. One of 

these energy technologies that are attracting a great deal of attention from scientists 

and engineers nowadays is Fischer–Tropsch synthesis (FTS).  

 

1.2.  HISTORICAL PERSPECTIVE  

 

FTS is a process that converts synthesis gas into aliphatic hydrocarbons by means of a 

metal catalyst. The pioneers of the process were Franz Fischer and Hans Tropsch, of 
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the Kaizer Wilhelm Institute for Coal Research in Germany. In 1923, they proved that 

CO hydrogenation over Fe, Co or Ni catalysts at 180–250°C and atmospheric pressure 

produces a mixture of linear hydrocarbons.(3)(15)(25)(55)(56) 

 

The first four Fischer–Tropsch (FT) production plants were commissioned in Germany 

in 1936. They had a total production capacity of 200 000 tons per year. By the time of 

the Second World War there were nine plants in Germany, and during the war their 

potential capacity was increased to 700 000 tons per year. The catalyst they used was 

mainly Co-based (Co: ThO2: MgO: Kielselguhr).(3)(15)(26) 

 

After World War II, research and development on FTS was pursued vigorously in the 

United States, England and West Germany for a time, but came to an almost complete 

halt in the 1950s.  However, research and development continued at Sasol although it 

had been largely discontinued elsewhere in the world, a few notable exceptions being 

Pichler, Kolbel and their co-workers in Germany.(3)(14)(55)  

 

Since the oil crisis in the Middle East in 1973, interest in FTS as a means of producing 

fuels and chemicals from synthetic gas (H2 and CO) over metal catalysts has been 

rekindled, and academic researchers have become involved to a very much larger 

extent than previously.(1)(4)(15)  

 

Currently FTS is applied at commercial scale in many countries. SASOL operates three 

plants in South Africa, and Shell, an FT process in Malaysia.(15)(55) Recently the 
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University of the Witwatersrand’s Centre for Material and Process Synthesis (COMPS) 

was involved in the conceptual design and building of a demonstration gas-to-liquids 

(GTL) plant in the Shaanxi province in China. In 2007, Qatar and Shell formally 

launched the Pearl Gas-to-Liquids (GTL) project, which is not only the world’s largest 

integrated GTL project, but also the largest energy project ever launched within the 

borders of Qatar. Shell runs a much smaller, 14,700 bpd GTL plant in Bintulu in 

Malaysia.(67)(68) 

 

A large number of research findings on FTS have been published since 1923, most of 

them are focused on catalyst systems and reaction mechanisms.  

 

1.3.  FISCHER-TROPSCH CHEMISTRY 

 

The FTS is a catalyzed polymerisation reaction where CH2 monomers, formed by the 

hydrogenation of adsorbed CO, are used to produce hydrocarbons with a broad range 

of chain length and functionality.(2)(3)(15)(32)(33) FT chemistry, which brings about reactions 

that produce paraffins, olefins and alcohols, may be summarised by the following 

equations.(2)(17)(50)(56) 

 

1.  Paraffins     1.1 

2. Olefins       1.2 

3. Alcohols                 1.3 
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In addition, others, such as WGS and Boudouard reactions, may also occur. The latter 

results in carbon deposition on the catalyst’s surface.(3)(4)(15)(55)(56) 

 

4. WGS reaction                                          1.4 

5. Boudouard reaction            1.5 

6. Catalyst oxidation/reduction    a.    1.6 

     b.    1.7 

7. Bulk carbide formations      1.8 

 

1.4.  FISCHER-TROPSCH PRODUCT SPECTRUM 

 

FTS is one of the most complex catalyzed polymerisation reactions because of the 

number of products being formed during the synthesis. These vary considerably 

according to the catalyst, reaction conditions and process design, but consist mainly of 

linear (and branched) paraffins, olefins and variable amounts of alcohols, aldehydes, 

acids, esters and aromatic compounds.  Generally, the choice of product is determined 

by the ability of the catalyst to enhance chain propagation over chain termination.(15-18)  

 

Anderson, Schultz and Flory (hereafter referred to as ASF) proposed a kinetic model 

that is currently used for describing the product distribution for FTS. However, the 

distribution of hydrocarbon products on Ru, Co and Fe catalysts often fails to follow the 

simple ASF kinetic model,(3)(4)(15)(55) which is shown in the equation below. 
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                                                                             1.9 

 

where Wn is the weight fraction of hydrocarbon product containing n atoms, n is the 

carbon number and α is the chain growth probability. The α value for product distribution 

ranges between 0 and 1.  Lower α values (for the same catalyst) indicate high CH4 

selectivity, while high α values indicate selectivity towards high molecular mass 

hydrocarbon products.   

 

The α value can be obtained by a least-square-linear-regression of the logarithmic form 

of the above equation. 

 

          1.10 

 

Alpha can also be defined in terms of the rate of chain propagation (rp) and chain 

termination (rt), as shown in the following equation: (3)(9)(13)(31)(46)  

 

          1.11 

 

1.5.  FISCHER-TROPSCH REACTORS 

 

The laboratory reactors used by Fischer and Tropsch consisted of simple glass tubes of 

about 5 mm internal diameter (ID) in which the catalyst was held in a fixed 
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position.(3)(15)(55)(46) Nowadays, many commercial types of reactor are used for FT, all of 

them falling into the two main categories of low-temperature FT technology (LTFT) and 

high-temperature FT technology (HTFT).(13)(46)(55)  

The LTFT reactors are operated at low temperatures (200–240ºC, 27 bar), generally for 

the manufacture of high molecular mass products, while HTFT reactors, which can be 

operated at high temperatures (300–350ºC, 20 bar), are used with Fe-based catalysts, 

mainly to produce low molecular mass products.(13)(15)(24)(55) 

 

1.5.1. Fixed bed reactor 

 

Fixed bed reactors are used for LTFT processes. They are normally operated at 220°C 

and 25 bar using Co or Fe catalysts, usually to produce wax and middle distillates. In 

these reactors, the catalyst is placed in the annular space between the tubes. The feed 

gas flows downward through the catalyst bed in a manner similar to a plug flow profile. 

Heat is removed by the cool H2O flowing inside the inner tube.  The use of a high gas 

linear velocity through the catalyst bed ensures that the heat of reaction is removed 

along the length of the tubes, making this a near-isothermal reactor.  Fixed bed reactors 

were commissioned at Sasol in 1955.(13)(15)(35)(46)(55) A schematic drawing of a fixed bed 

reactor is given in figure 1.1.  
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                     Figure 1.1. Fixed Bed Reactor (ARGE)(15) 

 

1.5.1.1.  Advantages 

 

The main advantages of fixed bed reactors are the following: ( 4)(13)(15)(16)(46)(18) 

 They operate at a lower temperature to yield products that cover a wide range of 

molecular masses. 

 They have good operational flexibility. 

 They have good reactor flow ideality. 
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 Any traces of H2S in the feed will affect only the top layer of the catalyst bed, 

leaving the rest of the catalyst unaffected. 

 They do not require expensive demonstration units for scale-up purposes. 

 They do not require a facility for the separation of the catalyst and liquid 

products. 

 No catalyst attrition occurs in these reactors. 

 

1.5.1.2.  Disadvantages 

 

There are also some disadvantages for using fixed bed reactors, which can be 

summarised as follows: (4)(15)(16)(18)(31)(46)(55) 

 

 Temperature control is a problem, due to poor heat transfer. 

 They have a narrow application range of H2:CO ratios. 

 They require substantial tail gas recycling to prevent the inhibition of reaction rate 

by H2O product. 

 Their construction is expensive. 

 Catalyst loading and unloading is a tedious affair. 

 

1.5.2. Slurry Bed Reactors 

 

In these reactors gas is bubbled through a suspension of finely divided catalyst 

(typically < 50 μm) in a liquid that has a low vapour pressure at the temperature that is 
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being used. The heat of reaction is removed by circulating the slurry through external 

heat exchangers, or by heat exchangers immersed directly in the slurry bed.(15)(55) This 

type of reactor has an advantage over the fixed bed kind in that it can be used at higher 

temperatures, as carbon deposition on the catalyst will not detract from its performance. 

A slurry bed reactor was commissioned at Sasol in 1993, and used for the LTFT 

process.(15)(24)(31)(46)(55)  

 

A schematic drawing of a slurry bed reactor is shown in Figure 1.2. 

 

 

  Figure 1.2. Slurry Bed Reactor (15) 
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1.5.2.1.  Advantages 

 

The advantages of slurry bed reactors are the following: (13)(15)(46) 

 They have excellent temperature control. 

 They have a wide range of H2:CO ratio applications. 

 Catalyst loading and unloading are straightforward. 

 Longer runs can be maintained by withdrawing some of the old catalyst and 

replacing it with fresh catalyst during the run. 

 They have a lower differential pressure, which reduces the cost of gas 

compression. 

 They do not require a large quantity of catalyst. 

 They are extremely adaptable to different operating conditions. 

 They have a simpler structure than other forms of reactor; hence their capital 

cost per unit volume is the lowest. 

 

1.5.2.2.  Disadvantages 

 

The disadvantages of slurry bed reactors can be summarised as follows: (13)(15)(24)(46)(55) 

 Determination of the true residence time required by the reactants requires 

information that is not readily available. 

 They are not easy to scale up, and therefore require a carefully-planned scale-up 

strategy. 

 They operate at a narrow gas velocity range. 
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 Their design parameters are not readily available. 

 A separation unit is required to divide the catalyst from the products. 

 

1.5.3. Fluidized Bed reactors 

 

There are two types of fluidized bed reactors, namely fixed (FFB) and circulating (CFB). 

In the FFB reactor the catalyst bed remains stationary, with gas passing upwards 

through it, while in the CFB reactor the catalyst is entrained in the fast- moving gas 

stream.(15)(46)  

 

Hydrocarbon Research Inc (15)(39) and the Standard Oil Company in the USA developed 

the first FFB units.  A demonstration unit was constructed at Brownsville in 1950, but it 

was shut down in 1957 for economic reasons.   

 

The American Kellogg Company (15)(43) originated the CFB reactor. At Sasol I in South 

Africa, this design was scaled up from their 10 cm ID prototype to a 230 cm ID 

commercial units. After several mechanical and process modifications, the system, 

which is known as the Sasol Synthol process, can reliably achieve CO + CO2 

conversions of 85%. The fresh feed and recycle gases are fed in at about 22 bar at the 

bottom, where they meet a downward-flowing stream of the hot, finely-divided catalyst. 

The rate of flow of catalyst from the stand-pipe is controlled by the slide valves. The 

combined gas and catalyst stream sweeps through the reaction zones, while the two 

banks of heat exchangers inside the reactor remove 30–40% of the heat of reaction. 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 28 - 
 

The balance goes out with the recycle gas and reaction products. The catalyst and gas 

disengage in the wide settling hopper above the standpipe. The gas leaves the reactor 

via the cyclones, which remove the entrained finer catalyst particles and return them to 

the settling hopper.(15)(46)  

 

The new reactors at Secunda are modified versions of the circulating fluid reactor. (15) 

 

 

 

 

Figure 1.3.: Circulating Fluidized Bed Reactor (CFB). (15) 
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1.5.3.1.  Advantages 

 

The advantages of CFB reactors are the following: (4)(15)(16)(18)(46) 

 They have excellent temperature control. 

 They are free from diffusion limitation. 

 Catalyst loading and unloading is uncomplicated. 

 Longer runs can be maintained by the withdrawal of some of the old catalyst and 

replacement with fresh catalyst during the run. 

 They have a low differential pressure, thus reducing the cost of gas compression. 

 

1.5.3.2.  Disadvantages 

 

Despite their strengths, CFB reactors have some weaknesses: (15)(24)(46)(55) 

 Restoration of uniform fluidisation of the entire catalyst bed is difficult, which 

requires a gas by-pass. 

 They require a facility to separate catalyst and products. 

  They are not easy to scale-up, so a scale-up strategy has to be carefully 

planned.  

 The system requires catalysts that can resist attrition.  

 They require a great deal of maintenance.  

 They have poor operational flexibility. 

 Any trace of H2S in the feed deactivates the catalyst completely. 
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1.6.  FISCHER-TROPSCH CATALYSTS 

 

The research presented in this thesis concentrates on the use of Co, Fe and Co:Fe 

bimetallic catalysts for FT synthesis.  However, a brief overview of the range of catalysts 

is provided, although the literature referred to focuses on those used in this research. 

 

Most of the publications on FT catalysts indicate that only the four group VIII metals, Fe, 

Co, Ni and Ru, have sufficiently high activities for the hydrogenation of CO to warrant 

possible application in the FT synthesis. (13)(15)(47)(52)(55) Therefore, FT catalysts can be 

categorized in four groups: 

 Ru-based; 

 Ni-based; 

 Co-based; 

 Fe-based. 

  

Historically, Fe catalysts have been used in industrial applications owing to their low 

cost. (2)(3)(13)(15)(17)(46)(55) Co catalysts seem to be the next most popular candidate for use 

in the FT reaction, as they show greater stability than Fe catalysts and can be employed 

at lower temperatures and pressures to produce wax. (1)(3)(46) Co catalysts provide the 

best compromise between performance and cost for the synthesis of hydrocarbons. 

(13)(32)(46).   

 

The relative prices of metals used in FT synthesis are given in Table 1.1. 
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Table 1.1. The relative prices of metals used in Fischer-Tropsch synthesis (13) 

Metal Relative Prices (August, 1999) 

Fe 

Co 

Ni 

Ru 

Rh 

1 

1200 

160 

41200 

660000 

 

1.6.1. Cobalt-based catalysts 

 

Co catalysts (Co:ThO2: Kieselguhr) were the first to be used in FT synthesis on a 

commercial scale. (2)(3)(15)(25)(46)  These catalysts proved to have a number of advantages 

over Fe catalysts used for the same purpose:   

 They are more active;  

 They do not deactivate rapidly;  

 They are not (or are less) water gas shift active under the same operating 

conditions;  

 They can operate at low temperatures and pressures; (2)(3)(52) 

 They do not oxidise during synthesis (as Fe catalysts do);  

 Their selectivity towards gasoline and diesel is high; 

 Their oxygenate production is low. (3)   

 Lower olefin to paraffin ratios are attainable; 

 The C2H4 fraction tends to be zero. (52) 
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However, in some respects Fe catalysts have an advantage over Co catalysts. The CH4 

selectivity is appreciably higher in Co than in Fe,(2)(3)(4)(46)(52) which increases the 

reforming costs. Co is also more expensive than Fe. Because of its relatively high price, 

Co is typically used in the form of a supported catalyst. The scientific literature on the 

subject describes numerous different supports that have been used for the preparation 

of Co-based-catalysts, each of them shows different effects on carbon monoxide (CO) 

hydrogenation activity and hydrocarbon selectivity.(13)(46)  

 

A summary of some of the experiments done using different supports for Co catalysts is 

given in table 1.2. 
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Table 1.2: Various supports and Co loadings reported in the literature (13) 

Support Meatal Lading (%) Reference 

SiO2 

SiO2 

Al2O3 

SiO2 

SiO2 

Al2O3 

TiO2, SiO2, Al2O3 

SiO2 

TiO2, SiO2, Al2O3 

Al2O3 

16-19 

1-10 

2.5-10 

4.6 

3 

1.5-30 

10-24 

5-20 

10 

3-10 

Coulter (1995) 

Ho (1990) 

Van deLoosdrecht (1997) 

Niemela (1997) 

Reinikainen (1998) 

Wang (1991) 

Iglesia (1992) 

Backman (1998) 

Price (1994) 

Johnson (1991) 

  

 

In 1984, Reuel et al(52) investigated the effects of some supports on the activity of FT 

Co-based catalysts. They found that at 1 bar and 225ºC the catalyst activity was in the 

order of TiO2<SiO2<Al2O3< C <MgO.(15)(13)(46)(51) However, studies conducted by Price(48) 

at 8bar and 220°C indicated a slight difference. The catalyst activity was displayed in 

the order of SiO2<TiO2<Al2O3. The slight discrepancy in these results can be attributed 

to differences in the operating conditions used by the two researchers. In general, the 

choice of support was found to influence product selectivity in the following order: 

Al2O3>TiO2>SiO2. 
(13)(15)(31)(46) 
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Most of the time, Co-based-catalysts are prepared by impregnation, using the incipient 

wetness method. (13)(15)(54)(58) This involves dissolving Co(NO3)2, Co EDTA or another Co 

salt  in H2O to make a volume of solution sufficient to fill the pores of the support. Other 

Co sources, such as Co2(CO)8, can also be used to load cobalt onto the support. (64)   

 

One of the major problems arising from FT synthesis is the huge number of products 

the reaction makes. Numerous studies in connection with FT product selectivity have 

been published. In some of these publications, researchers have described their 

attempts to control FT product selectivity by using zeolites.(4)(59)  Bianchi and 

Wang(13)(15)(31)(46) obtained a non-ASF product spectrum limited to C7 
(59), while 

Jothimurugesan(37) reported that TiO2 supported Co catalyst mixed with HZSH-5 zeolite 

was found to reduce CH4 selectivity significantly, and to increase product selectivity 

towards long chain hydrocarbons and aromatic compounds. 

 

1.6.2. Fe-based-catalysts 

 

Fe catalysts are the most commonly used in major FT processes in South Africa.(13)(15-

17)(55) One of their advantages is their low cost relative to the price of the other. Fe 

catalysts can be used in two temperature ranges. The first is below 280°C (normally in 

the range 200° - 240°C), used in fixed and slurry bed reactors to make liquid paraffin 

and wax products. The second range is above 320°C (generally 300° - 350°C) in the 

CFB reactors, mainly to produce low molecular weight olefinic hydrocarbons. (13)(15)(16)  
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Various promoters, such as Cu, K, Mn, Al2O3 and SiO2, are added to Fe.  Each of these 

has a specific effect on the catalyst’s performance. For example, K and other alkaline 

metals have a strong influence on product selectivity because the activity of the catalyst 

is dependent on its alkalinity, which peaks at a certain level.(13)(15)  

 

1.6.3. Ru based-catalysts 

 

Ru is the most active of the four metals mentioned in the previous section, but its high 

cost rules out large scale application.(13)(45)(46) Most of the research reported in the 

literature (3)(4)(13)(18)(40)(61) indicates that Ru-based catalysts display a low selectivity 

towards CH4 and have the ability to produce long chain hydrocarbons.  Furthermore, 

these catalysts display the highest CO conversion, produce little or no oxygenate, and 

are very easy to reduce.(46) 

  

1.6.4. Ni based-catalysts 

 

Ni is also very active, but has two major drawbacks.  Being a powerful hydrogenating 

catalyst it produces much more CH4 than Co or Fe catalysts.  Ni forms volatile 

carbonyls, which resuls in continuous loss of the metal at the temperatures and 

pressures at which practical FT plants operate. (1)(8)(9)(13)(15)(28)(42)(45-46)   
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1.6.5. Catalyst Synthesis: preparation methods 

 

There are a variety of ways in which a metal precursor may be distributed onto the 

support surface. In this thesis, we will mention only three of them: the precipitation 

(used to prepare Fe-based-catalysts), the incipient wetness and the sol-gel methods.  

 

Originally used to prepare Fe- and Co-based catalysts with relatively high loadings, the 

precipitation method, which entails the precipitation of the metal precursor from a 

soluble salt, is mostly used for the preparation of Fe based catalysts at present. The 

control of the pH during the precipitation can result in the formulation of well-dispersed 

low loaded catalysts. (1)(13)  

 

The preparation of catalysts by the incipient wetness method is a far more 

straightforward process, involving simple dissolution of a metal salt in a volume of 

distilled H2O sufficient to fill the pores of the support. It is also possible to use a non-

aqueous solution to dissolve the salt. An arguable advantage of non-aqueous solvents 

is that they evaporate from the support more easily, so that in many cases it is possible 

to obtain a uniform deposit of the catalyst onto the support.(4)(13) Beuther(13)(15)(46) 

investigated the use of non-aqueous solvents in 1986, and discovered that using a 

mixture of C2H5OH and OC(CH3)2 as a solvent brought about in an improvement in the 

CO hydrogenation activity of a Ru-promoted Co/Al2O3 catalyst. Ho(30) used C2H5OH to 

prepare a series of Co/SiO2 catalysts, and found its use as a solvent resulted in a slight 

increase in dispersion over that in catalysts prepared using distilled H2O.  
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The third method of preparing catalysts is the sol-gel method, in which an alkoxide is 

hydrolysed with H2O. Sol-gel catalysts have a number of advantages over 

conventionally-prepared ones: they have superior homogeneity and purity, better micro-

structural control of metallic particles, and higher Brunauer, Emmet and Teller isotherm 

(BET) surface areas. In addition, their pore size distribution is well defined, and they 

offer supported metals improved thermal stability. (13)(19-22) 

 

A number of other methods used for catalyst preparation that have not been mentioned 

in this work have been reported in the scientific literature. (4)(13)(35) 

 

1.6.6. Catalyst promotion and reduction 

 

1.6.6.1.  Catalyst promotion 

 

It has been established that the synthesis performance of Co and Ru is not very 

sensitive to the presence of promoters.(2)(3)(4)(13)(46) With Fe catalysts, however, 

promoters and supports are essential ingredients.  It is well known that the stronger 

bases of the Group I metals, especially K2O, are key promoter components, in that they 

markedly influence the activity and (especially) the selectivity of Fe catalysts. The 

relative effectiveness of the Group I alkali was tested using a Fe-Cu-SiO2 precipitated 

catalyst.(2-3)(13)(15)(46) Equivalent amounts of Li, Na, K and Rb were added by 

impregnation. It was found that promotion with K produced the highest activity. As 

expected from the relative basicities of the promoters, the selectivity to wax increased in 
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the order Li, Na, K and Rb. This behaviour was dictated by the basicity of the 

promoters.(2-3)(13)(15) 

 

The influence of K2O promotion on the product selectivity has long been established, (1-

3)(15)(16)(17)(18) as it shifts the product spectrum towards the longer chained molecules. 

The higher the alkali level the greater the shift, regardless of whether the Fe is 

supported or not. The influence of alkali content on synthesis performance of 

precipitated Fe catalysts is displayed in table 1.3. 

 

Table 1.3: Influence of alkali content on synthesis performance of precipitated Fe 

catalysts. (15) 

Catalyst type K2O H2/CO wax selectivity Activity 

Unsupported 

Fe2O3 

 

 

 

SiO2 supported 

Fe2O3 

 

0 

1.0 

1.6 

2.0 

3.0 

12 

16 

21 

24 

32 

1.9 

1.9 

1.9 

1.9 

1.9 

2.2 

2.4 

2.3 

2.2 

2.4 

5 

34 

41 

53 

63 

18 

20 

30 

38 

44 

26 

47 

50 

53 

40 

112 

109 

85 

83 

75 
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1.6.6.2.  Reduction 

 

The objective of the reduction of catalysts in FT synthesis is to generate a high metallic 

surface areas required for active catalysts.(13)(15) Both the activity and selectivity of a 

catalyst may be influenced by the reduction conditions. Pichler(2)(3)(4) reported that 

unreduced precipitated Fe catalysts were initially inactive in FT synthesis, and that 

reduction at a relatively high temperature of 360°C did not improve the activity. 

Scheuermann(2)(15), however, found that reduction at 180° - 220°C resulted in active 

catalysts, while reduction at 300°C produced poor catalyst activity. 

Catalysts are not always reduced with H2. Other reducing agents than H2 may be used 

to generate the active metallic sites for the FT reaction. Pichler(15) used CO at about 10 

kPa, and Ruhrchemie pre-treated their test catalysts with synthesis gas at atmospheric 

pressure.(2)(15) Pre-reduction with H2 at about 297°C resulted in a more active catalyst, 

but it was found to have lower wax selectivity than that a catalyst pre-treated with 

synthesis gas at 230°C.(2)(3)(13)(15) 

 

The space velocity of the reducing agent is one of the most important factors 

determining the degree of reduction. A high flow rate in the reduction agent is desirable 

during the reduction process because it permits the rapid removal of H2O vapour from 

the reactor. This results in a larger surface area after reduction.(13)(15) 
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The addition of a second metal to the catalyst can also influence the rate of reduction. 

For instance, the addition of Cu to a Fe catalyst was found to increase its reducibility, 

which made it possible to carry out the reduction at a low temperature. (2)(3)(4)(13)(19-22) 

 

The time taken for reduction also may affect catalyst activity and selectivity. It has been 

found that when a catalyst is reduced under standard conditions for varying lengths of 

time, the activity of the catalyst in FT synthesis first increases with the degree of 

reduction and then decreases. This indicates that excessive reduction time may result in 

lowered synthesis activity.(13)(15)(16)(17)  

   

1.6.7. Bimetallic catalysts 

 

FTS is very complex owing to its wide product spectrum. Several studies have been 

conducted to ascertain how catalyst selectivity and the FT product distribution can be 

improved. (13)(15-17)(19-22)(53) The experimental findings revealed that both can be 

improved by either modifying the supported metal through the addition of a promoter or 

by the addition of another FT metal, which results in the formation of a bimetallic 

catalyst.(13)(19-22)  

 

The presence of two or more metals in a catalyst often leads to better FT 

catalysts,(1)(13)(19-22) as a bimetallic formulation takes advantage of the synergy between 

the two metals. This results in highly active, selective and stable catalysts.  Schanke et 
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al.(53) reported that the selectivity of alloys is often different from that of both the 

individual components and a physical mixture of those metals.  

 

Bimetallic systems were also shown to be more stable than monometallic catalysts 

under industrial conditions.(1)(13)(19-22) The new attributes these catalysts offer are 

derived from changes in their electronic and geometric structures. Research carried out 

by Lu(43) and Ramachandran(49) on bimetallic systems showed that the added metal had 

no effect on the activity and selectivity of a catalyst. Other scientists have disagreed. 

They hold that the composition of a bimetallic system can have a great effect on the 

properties of a catalyst, and that the activity or the selectivity undergoes a shift to a 

maximum/minimum or moves towards an asymptote as the composition is 

changed.(13)(19-22)(34)(47)(56)(62)  

 

Most of the group 8 – 10 metals have been used in various combinations in both 

supported and unsupported bimetallic systems. Fe bimetallic systems have elicited the 

most intense interest because of their industrial significance.(5)(13)(19-22)(27)(34)(41)(56) There 

are also reports published in the scientific literature in which Co has been used in 

bimetallic systems.(13)(19-22) Another finding worth noting is that the secondary metals 

used in Co bimetallic systems improve the reduction of Co by means of a spillover 

mechanism or the formation of alloy phases.(13)(19)(28)(32-33)(38)(53)(57) 

 

Several researchers have investigated the possible utilisation of Fe:Co bimetallic 

systems. Most of them indicated catalytic behaviour in FT that was different from the 
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combined characteristics of both metals in isolation.(10-14)(18)(19-22)(23)(26-57) In 2002 

Duvenhage and Coville(19-22) published the results of their research on the use of 

Fe:Co/TiO2 catalysts in the FT reaction. In particular they noted the effect of preliminary 

metal loading, reduction and calcination on the FT synthesis reaction and the long term 

stability on FT product activity and selectivity.  

 

1.7.  FT MECHANISM AND KINETICS 

 

The FT reaction is first-order with respect to H2 since it is assumed that the rate-

determining step is the hydrogenation of a surface intermediate at a low synthesis gas 

conversion.  The zero order rate with respect to CO means that the CO probably 

occupies all the sites available for adsorption.(15) 

  

1.7.1 Mechanisms of reactions 

 

The mechanism of heterogeneous catalytic reactions may be divided into five 

steps:(2)(3)(13)(15)(31)(46)  

1. transport of reactants to the surface; 

2. adsorption; 

3. reaction on the surface; 

4. desorption of products; and 

5. transport of the products from the surface. 
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The slowest of these steps determines the kinetics, and step 3, as well as subsequent 

reactions, determines the distribution of products.(2)(3)(15) 

 

The FT process is very complex and its mechanism is not well understood. Several 

possible routes have been proposed in the literature on the subject but none of them 

describes the FT process fully.(9)(13)(31)(46) There are three main FT mechanisms: the 

carbide, the ENOL and the insertion routes. All of the other mechanisms are extensions 

or combinations of these three. (2)(3)(15) 

 

1.7.1.1. Carbide mechanism 

 

- CO chemisorbs onto the catalyst surface, where it dissociates. 

- The chemisorbed H2 then combines with the O to form H2O, leaving carbide species 

on the surface. 

- Theses carbides are then hydrogenated (which is assumed to be the rate-determining 

step) to form C2H4 groups. 

- -CH2- groups add to form higher hydrocarbons.(2-3)(15) 

 

Initiation:(2-3)(15) 
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Propagation:(2-3)(15) 

 

 

 

Termination:(2-3)(15) 

 

 

This mechanism does not explain the formation of oxygenates, which do not count 

towards the product distribution. Kummer et al.(15)(31)(38)(46) showed, using 14C, that 

appreciable amounts of radioactive CH4 were formed, by the hydrogenation of carbide 

but that this did not contribute significantly to chain propagation. 
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1.7.1.2. ENOL mechanism 

 

The ENOL route was proposed by Anderson.(2-3) In terms of this mechanism, the CO 

does not dissociate but hydrogenates to form an oxy-methylene species that condenses 

onto the metal surface where it is incorporated into the chain-growing hydrocarbon.  The 

rate-determining step is assumed to be the hydrogenation of the chemisorbed CO.(2-

3)(13)(15)(31)(46)  

 

Initiation:(2)(15) 

 

 

Propagation: (2)(15) 
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Termination: (2)(15) 

 

 

Although this mechanism can explain many of the characteristics of the product 

spectrum, there is experimental evidence to suggest that this is not the correct 

mechnism. Using primary alcohols labelled with 14C in the presence of synthesis gas, 

Kummer et al.(15)(38)(46) showed that alcohols can initiate chain growth but do not 

contribute to their propagation, although chain initiation by olefins may occur and olefins 

may be incorporated into the growing chain. None of these findings can be explained by 

the ENOL theory. (2-3)(4)(15)(16) 

 

1.7.1.3. Insertion mechanism 

 

When this mechanism is used, the CO does not dissociate, but instead inserts into a M-

C or a M-H bond.  The rate-determining step is assumed to be the hydrogenation of the 

CO-H2* complex. At present this is the most widely-accepted mechanism for 

FTS.(13)(15)(31)(46) 
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An advantage of the insertion mechanism is that it can explain the formation of products 

other than olefins and paraffins, such as alcohols. Although there is no convincing 

evidence that this is the true mechanism, the theory is based on well-established 

reactions in homogeneous chemistry.(2)(15)(31)  

 

1.7.2. Rate inhibition by H2O 

 

When co-feeding H2O vapour with the synthesis gas, H2O can be seen to be an inhibitor 

because the conversion is reduced. It has been shown that H2O also acts as an inhibitor 

to nitride Fe, but after stopping the co-feeding of H2O the conversion of H2 + CO quickly 

returns to normal. The conversion dropped from 80% to 38% as the addition of H2O 

increased from 0 to 30 mole percent.(15) Satterfield (15)(46) obtained the same result when 

using an alkali-promoted fused-Fe catalyst. However, when the H2O vapour comprised 
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more than 42 mole percent of the synthesis gas, the conversion did not revert to its 

original value. 

 

1.7.3. Rate inhibition by CO2 

  

Hunter(31) reported that CO2 also acts as an inhibitor in FTS. An addition of 35 mole 

percent of CO2 to the synthesis gas resulted in a loss of 40% of activity in the Fe 

catalyst.  A further report showed that adding 52 mole percent of CO2 reduced the 

activity of the catalyst by approximately half of the original value.  However, Dry (15) 

found that there was no reduction in catalyst activity when 5 - 28 mole percent of CO2 

was added to the synthesis gas. 

 

Based on the results of co-feeding both H2O and CO2, Karn(37) deduced that the 

inhibition effect of CO2 is much smaller than that of H2O.  It is also possible that the 

effect of CO2 is actually caused by H2O vapour that has been produced by the WGS 

reaction, as the CO2 reacts with the H2. Otherwise the inhibition of the CO2 may be 

attributable to competition between the molecules of CO2 and CO for sites on the 

catalyst surface. 

 

1.7.4. Olefin Selectivity 

 

Research has been carried out to develop catalysts that are specific to olefin formation. 

As the production of olefins is a primary reaction, and paraffins are produced mainly 
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through the hydrogenation of olefins, both the reactor conditions and the catalyst used 

are important in determining the olefin to paraffin ratio.(15)(31) 

 

The conditions in the reactor that influence the production of olefins most are space 

velocity, temperature, the H2:CO inlet ratio and the alkali content of the catalyst. Both 

Dry(15) and Hunter(31) have reported that a rise in the partial pressure of H2O increases 

olefin selectivity. Dry also showed that CO2 partial pressure improved selectivity towards 

olefins.  However, these increases could also have resulted to a decrease in the 

conversion of the synthesis gas. Hunter(31) carried out a series of experiments at 

constant CO conversion to find the actual effects of H2O and CO2 (interrelated through 

the WGS reaction) on olefin selectivity. He found that the addition of 0 – 40% CO2 to the 

inlet gas had only a small effect on olefin selectivity. Through other experiments he 

found that it was not until a conversion of 90% of the CO had been achieved that a 

marked change in selectivity could be observed. However, it is more likely that this 

result was brought about by the high H2O partial pressure, rather than the CO2 content, 

as the CO2 pressure does not continue to change above a CO conversion of 90%, 

which prevents the adsorption of the olefins onto the catalyst surface. Therefore, at 

conversions of CO less than 90%, the effect of H2O and CO2 on olefin selectivity can be 

ignored.(15)(31)      
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1.8.  AIM AND OUTLINE OF THIS THESIS   

  

Most of the publications on FT catalysts indicate that only the four group VIII metals, Fe, 

Co, Ni and Ru, have sufficiently high activities for the hydrogenation of CO to warrant 

possible application in FTS. (1)(2)(19-22) Ni and Ru are more active than Fe and Co, but 

their use has been limited to academic laboratory research owing to their high cost.   

This explains why Co and Fe are the most important catalysts used on a commercial 

scale. (3)(12)(19)(29)(36)(46)  

 

Compared to Fe-based catalysts, those based on Co present higher activity, do not 

deactivate rapidly, have low WGS activity, and can operate at lower temperatures and 

pressure. Furthermore, unlike the Fe catalysts, Co does not oxidise during synthesis.  In 

contrast, Fe catalysts have high WGS activity, high selectivity to both olefins and 

oxygenated products, and appear to be stable when synthesis gas with a high H2:CO 

ratio is converted. (1)(19)(20)(42)  

 

This thesis is directed towards an investigation of the influence of Fe on Co supported 

on TiO2 for the hydrogenation of CO2. It will also look at a novel graphical model 

developed to represent the mass, energy and thermodynamic constraints on the 

catalyst and reactor. Data collected from comparative and kinetic studies carried out by 

the researcher will be used in a graphical model to determine the best means to 

approach WGS equilibrium.  
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CHAPTER 2 

GRAPHICAL METHODS FOR THE 

REPRESENTATION OF THE FT REACTION 

SYSTEMS 

 

 

Preliminary versions of this chapter were presented at the 24th Annual 

International PITTSBURG COAL CONFERENCE: Coal – Energy, Environment and 

Sustainable Development, September 10-14, 2007, Sandton convention centre, 

Johannesburg and the Joint Symposium of SAIChE AND SAIMM, University of 

Pretoria, July 2007 under the title: Optimization of the Fischer-Tropsch Process: 

Choice of operating regions for reactor design. 

 

Abstract  

 

The successful FT reaction is very largely dependent on catalysts, reactor and 

operating conditions such as temperature, pressure, space velocity and conversion. It is 

also important to understand how the catalyst and the operating conditions interact.   In 

this chapter we develop a simple graphical technique to represent the mass, energy 

balance and thermodynamic constraints that affect both the catalyst and the reactor.    
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This graphic model is shown to be capable of opening up insights into reactor 

operations and indicating preferred operational regions. The diagrams make it possible 

to visualize operations and understand the interactions between the catalysts and the 

reactor. The mass and energy balances also provide information about the best 

possible region in which the FT reactor system can be designed and operated.   

 

2.1 INTRODUCTION 

 

FTS is a process that converts synthesis gas into transportation fuel by means of metal 

catalysts such as Co, Ni, Ru and Fe.  This process was discovered in 1923 by Franz 

Fischer and Hans Tropsch, working at the Kaiser Wilhelm Institute for Coal Research in 

Germany in 1923.(2)(22) Their research proved that CO hydrogenation over Fe, Co or Ni 

catalysts at 180-250ºC and atmospheric pressure results in a product mixture of linear 

hydrocarbons. The FT product spectrum consists of a complex multi-component mixture 

of linear and branched hydrocarbons and oxygenated products, most notably linear 

paraffin and α-olefins.(51)  

 

FT synthesis is very complex because of its product distribution and the number of 

secondary reactions which occur during the FT process. Some reactions, such as 

carbon deposition, may cause the deactivation of the catalyst. Products such as H2O 

may affect the syngas conversion, the product selectivity and catalyst deactivation 

rates, which are in turn governed by the FTS reaction mechanism and the choice of 

both catalyst and support. Depending on the cluster size and H2O partial pressure, H2O 
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may cause the oxidation of Co active sites.(18)(19)(37) In the case of Fe-based FT 

catalysts, the effect of H2O is reasonably well understood: it may re-oxidize Fe during 

synthesis.(23) 

  

Current developments in research aim at improved FTS technology to produce high-

molecular-weight waxes, followed by their hydro-conversion to liquid fuels. It is 

important to optimize the FT process to prevent side reactions and keep the production 

of useless products (such as CH4 and CO2) as low as possible. It is also desirable to 

determine the best operating region before designing the optimal reactor system.    

 

Many papers have been published on the subject since the discovery of the FT process 

by Fischer and Tropsch. Most of these(1–30) deal with the preparation and improvement 

of catalysts, FT kinetics and reactors. Very little is known, however, on the optimization 

of the FT process using graphical methods.(27)(44)(49)  

 

This chapter is devoted to proposing a graphical model that can be used to determine 

the best operating regions for the reactor, based on the extent of both FT and WGS 

reactions.  

 

The following criteria can help in identifying regions: 

- where the amount of hydrocarbons is maximized in the product; 

- where reactions such as carbon deposition, WGS reaction are minimized; 

- where CH4 formation is minimized; 
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- where Co or Fe is stable. 

  

2.2 MASS BALANCES 

 

2.2.1 Mass Balance as a synthesis tool 

 

Several reactions occur in FT. Some of them are desirable, while others are not. The 

chemistry of FTS can be described by the following equations: (2)(11)(15)(16)(17)(22) 

 

Paraffins  (2n+1) H2 + nCO = CnH2n+2 + nH2O          2.1 

Olefins  2nH2 + nCO = CnH2n + nH2O          2.2 

Alcohols  2nH2 + nCO = CnH2nOH + (n-1) H2O     2.3 

 

The FT reaction is not selective in that it produces a range of products (i.e. n = 1,.., ), 

the distribution of which is described by . These products consist mainly of linear 

paraffins, olefins and variable amount of alcohols, aldhehydes, acids, esters and 

aromatic compounds.(1) The most important of these, and the most applicable to a 

process that wishes to produce hydrocarbons, is equation (2.1), which can be 

summarized as: 

 

2H2 + CO = -CH2 - + H2O        ε1     2.4 
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A second reaction that occurs to varying degrees, depending on the catalyst, is the 

WGS:  

 

CO + H2O = CO2 + H2   ε2     2.5  

 

Other reactions will be examined later, but in terms of the mass balance, reactions 2.4 

and 2.5 are those most influential to determining the composition of the reacting 

material.  If we define the extent of the FT reaction (equation 2.4) as 1 and that of the 

WGS reaction (equation 2.5) as   2, we can write the mass balance that describes the 

composition of the reacting material in terms of these extents. So we can then relate the 

moles of CO in the reacting mixture (NCO) to the extents as follows: 

 

NCO=NCO
o- 1- 2≥0         2.6 

Or  rearranging:  

1   NCO
o- 2          2.7 

 

where NCO
o is the moles of CO in the feed. The mass balance can then be graphically 

represented as a straight line in 1- 2 space, where the slope is -1 and the intercept is 

NCO
o, as shown in Figure 2.1.    

 

It can be observed in Figure 1 that three features are important to subsequent uses of 

the mode: 

- The slope of the line is fixed, and does not depend on the feed composition.  
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- The intercept depends on the feed composition, and thus increasing the moles of 

CO in the feed to the reactor moves the mass balance line for CO upwards as 

shown, but does not change the slope.    

- Only points that lie below the line correspond with the positive number of moles 

of CO, and thus the only feasible region is shown by the shaded area in Figure 

2.1. 

 

The mass balance for the other species can be written in a similar way.  The mass 

balance for H2 becomes:   

 

NH2=NH2
o-2 1+ 2≥0        2.8 

 

Or rearranging:  

1   1/2NH2
o+1/2 2  

 

The mass balance for hydrocarbons becomes:  

NCH2 =NCH2
o+ 1≥0        2.9 

 

Or rearranging 

1≥- NCH2
o 

 

The mass balance for H2O becomes:  

NH2O=NH2O
o+ 1- 2≥0        2.10 
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Or  rearranging:  

1≥  -NH2O
o+ 2  

 

Finally, the mass balance for CO2 becomes:  

NCO2=NCO2
o+ 2≥0        2.11 

 

Or  rearranging:  

2≥  -NCO2
o 

 

These have been plotted in Figure 2.2 for a feed of NCO
o=1, NH2

o=2 and NCH2
o=  NH2O

o= 

NCO2
o= 0. Figure 2.1 shows that only points that lie below CO=0 line correspond to 

positive moles of CO, and that the further away we are from this line, the more CO we 

produce. Figure 2.2 gives the overall mass balance. It can be noticed from Figure 2.2 

that for equations 2.8 and 2.11, only points that occur above the H2=0 and CO2 lines 

correspond to positive moles of H2 and CO2 respectively. For equation 2.9, only the right 

path of the CH2=0 is feasible. The further we move toward the right side of this line, the 

more we produce hydrocarbon products. For equation 2.10, the further we move 

downward from the line H2O=0, the more we produce H2O in the reactor. It can be seen 

from Figures 2.1 and 2.2 that all possible compositions are confined to the shaded 

region.   
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The area inside the triangle in Figure 2.2 represents the mass balance region, where all 

moles of species are positive or equal to zero. Only extents within this region are 

feasible. The maximum number of moles of hydrocarbons that can be produced from 

this feed correspond with point A, as shown in Figure 2.2.   

 

However, after having identified the region, we need to decide in which part of it we 

would like to operate. We cannot fully answer this question yet: but what we can say is 

that we would like to achieve as large an 1 as possible.  This would mean that we could 

design our reactor system to achieve the point A shown in Figure 2.2, using only the FT 

reaction.  

 

2.2.2 Effect of changing the feed composition on the mass balance region 

 

The feed gas used in this research consists of H2 and CO, the only species that can be 

varied in the feed gas, CO2 and H2O are part of the product and not the feed.   

 

If the amount of H2 that is fed into the reactor is kept constant, while the amount of CO 

is increased, the CO=0 line shifts towards the right, as shown in Figure 2.3. Its slope will 

remain the same, but its X and Y interception point will change. This will expand not 

only the CO-feasible, but the overall mass balance region, as plotted in Figure 2.3.     
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It can be observed in Figure 2.3 that the increase in the amount of CO in the reactor 

shifts the CO=0 straight line upward, expanding the mass balance region and increasing 

the partial pressure of carbon dioxide in the reactor.  This shows that the rise in the 

amount of CO in the reactor favours WGS reaction and decreases the overall 

conversion. The excess CO will react with H2O to produce more CO2, which explains 

the higher number of moles of CO2 as depicted in Figure 2.3. Point A, which gives the 

maximum hydrocarbons that can be produced, moves along the H2=0 straight line, 

away from the X-intercept and CO2=0 line. However, a supplement of H2, which will 

come from the WGS reaction, is required to complete the FT reaction. This is possible 

only for catalysts that are FT and WGS active. The maximum production of 

hydrocarbons that could be achieved is given at maximum ε1, corresponds to point A.  
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Figure 2.3. The effect of changing the amount of CO fed on the overall 

mass balance region. Feed ratio: (2:2) H2:CO. 
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2.3 CHEMICAL EQUILIBRIUM 

 

2.3.1 Method 

 

For a reaction: 

A + B = C + D      2.12 

The equilibrium constant for the formation of C and D can be defined as the following: 

 

                   2.13, 

 

where  and  are the partial pressures of species A, B, C and D respectively. 

 

The partial pressures can be expressed by: 

 

                                        2.14,      

where P is the reactor pressure,  the number of mole of the specie  and N the total 

number of moles in the reactor. The equilibrium constant, a function of temperature, is 

determined from the Van’t Hoff’s expression, (6)(8)(9) given by: 

 

                                                                           2.15. 
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Using equations 2.13 and 2.15, we end up with an equilibrium-constant expression in 

terms of extents, as in the following: 

 

                                                                  2.16 

 

We can then plot the above equation for different values of P, T to determine what the 

reaction equilibrium will look like in the ε1-ε2 space. 

 

2.3.2 Water gas shift reaction 

 

WGS is an inorganic chemical reaction in which H2O and CO react to form CO2 and 

H2O: 

 

CO + H2O → CO2 + H2 

 

The WGS reaction is part of steam reforming of hydrocarbons, and is involved in the 

chemistry of catalytic converters.(34)(56) Water is a primary product of the FT reaction, 

and CO2 can be produced by the WGS reaction. WGS activity over potassium-promoted 

Fe catalysts can be high, but is negligible over Co or Ru catalysts.(51)(56) 

 

Some metals, such as Co, are not typically WGS-active, and catalyze only the FT 

reaction. Other catalysts, such as Fe, may be WGS-active, and able to catalyze both 

the FT and the WGS reactions.  The later is defined by equation 2.5. 
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Let us consider initially that the WGS reaction is at equilibrium. In this case the 

composition of the gas in the reacting process will need to satisfy: 

 

                                                                                           2.17. 

 

Using the relationships in the equations (2.13), (2.14), (2.15) and (2.16), we can 

calculate the reaction trajectory that satisfies the above equation.   We can then plot the 

equilibrium curve for the WGS reaction in the ε1-ε2 space, using equation (2.17), arriving 

at the following expression: 

 

                2.18. 

 

The WGS reaction equilibrium is plotted in Figures 2.4 and 2.5.  
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In an isothermal plug flow reactor operating at temperature T=250°C, the composition of 

the reacting gas would follow in 1- 2 space. If the catalyst is very WGS active, the 

profile would follow the dotted line shown in Figure 2.4. Conversely, the output from any 

isothermal reactor, no matter how complicated the flow pattern, would lie on this curve, 

as long as the catalyst was at WGS equilibrium and the reactor’s operating temperature 

was T=250°C.   

 

It can be noted that the isothermal WGS equilibrium curves initially move along the 

 straight line.  Thus we would find that at first the H2O formed by the FT 
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Figure 2.4. WGS equilibrium at 250°C and H2:CO=2:1. 
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reaction would mostly be converted in the WGS reaction to CO2. The H2 in the reacting 

gas would occur mainly in the form of H2, making it H2-rich, even if it was initially at 

stochiometric proportions. Another point of interest is that at the other end of the curves, 

they asymptote along the NCO=0 curve. This demonstrates that the CO has been used 

up and the reverse WGS reaction has taken place. At this stage the reacting gas would 

mainly consist of CO2 and H2, together with increasing quantities of H2O.  If the WGS 

reaction is at equilibrium, we might expect to find the FT rates fairly low in this region, as 

the CO concentration is depleted. This would imply the need for a very long residence 

time to achieve the intercept point along this section of the curve.  

 

2.3.2.1 Effect of temperature on the water gas shift reaction 

 

The effect of temperature on the WGS activity was investigated, and the results 

portrayed in Figure 2.5. 
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The graphic above shows that the lower the temperature, the closer the WGS 

equilibrium isotherm moves to the apex, where both NCO=0 and NH2O=0 intercept.  As 

the operating temperature is reduced, we find that the concentration of both CO and 

H2O at the turning-point on the curve becomes lower and lower.  The reacting gas in the 

region would be mainly CO2 and H2.  However, if the operating temperature is 

increased, the equilibrium curves move away from the boundaries and the 

concentration of both CO2 and H2 starts to reduce. This serves as evidence that WGS 
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Figure 2.5. Effect of temperature on the water gas shift equilibrium. T=200°C, 

250°C and 300°C. H2:CO=2:1 
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reaction is sensitive to temperature, and has tendency to shift towards reactants as the 

temperature increases. 

  

Before we consider what the impact of the WGS equilibrium is on the synthesis in the 

reactor, it might be relevant to ask what the effect of temperature on WGS equilibrium 

would be if the CO partial pressure in the reactor is increased. 

 

2.3.2.2. Effect of temperature on WGS equilibrium at different feed gas ratios  

 

The effect of temperature at low and high H2:CO ratios was explored and the results are 

shown in Figures 2.6.A and 2.6.B.  
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It is noticeable in Figure 2.6.A that the equilibrium curves remain close to the H2O=0 

and CO=0 intercept at low temperatures. But, when the operating temperature 

increases, the equilibrium lines move away from the boundaries. This phenomenon was 

discussed in the previous section. However, contrary to the situation mapped in Figure 

2.6.A, that in Figure 2.6.B shows a very slight displacement of the isotherms from the 

boundaries as the temperature is increased. The equilibrium curves remain close to the 

boundaries at all three operating temperatures. This means that temperature has a 

marginal effect on WGS reaction at low H2:CO ratios, whereas its effect is significant 

when the ratio is high. The same effect has been reported by other researchers, such 

as Huff(35), Bukur(15) and Hunter(36). 
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2.3.2.3. Effect of H2:CO ratio on water gas shift reaction 

 

As mentioned above, the feed components to the process consist mainly of H2 and CO. 

Therefore, any variation in the amount of either H2 or CO in the reactor will affect the 

WGS equilibrium, as represented by the plotting of different feed ratios in Figure 2.7. 

 

   

Figure 8 shows that decrease of H2: CO in the feed gas shifts the equilibrium line to the 

right.   
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The above Figure shows that the WGS reaction is sensitive to variations in the feed 

ratio H2 and CO in the feed gas. For a mixture in the ratio of 1:1 H2:CO, the maximum 

number of hydrocarbons that can be produced is 1 mole, given by point A. At that stage, 

all the CO and H2 has been converted to hydrocarbons and H2O, making the number of 

mole of CO2 at point A zero. This can be achieved by using catalysts specific to the FT 

reaction. If the partial pressure of CO in the feed gas is increased (meaning that the 

H2:CO ratio decreases), the WGS equilibrium line shifts to the right, next to the CO=0 

straight line, expanding the low CO and the mass balance regions. The maximum 

number of moles of hydrocarbons that can be produced for a feed of 2:2 H2:CO is 4/3, 

represented by point B. At this stage the partial pressure of H2O in the reactor 

decreases, because H2O reacts with CO to produce CO2 and H2. This results in the 

production of more CO2 and H2 in the reactor. The supplement H2, produced by WGS 

reaction, is then consumed in the FT reaction, since there is enough CO available in the 

reactor to allow it. No CO or H2 exits the reactor, because both have been converted 

into the hydrocarbons, CO2 and H2O. This can be done only with catalysts that bring 

about both FT and WGS reactions. These results correspond with those reported by 

other researchers,(9) and are well supported in the literature on the subject(15)(35)(36).  

 

Note for a (2:1) mixture (2 moles of H2 and 1 mole of CO) the maximum number of mole 

of -CH2- achieved by the following reaction (CO + 2H2 → CH2 + H2O) is 1 mole, which is 

represented by point A in Figure 2.7.  In contrast for a feed of (1:1) H2 (2 moles of CO 

and 2 moles of H2), the maximum –CH2- achieved is 4/3 moles given at point B and this 

is represented by following reaction. 
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This corresponds to the overall extent of the FT reaction (ε1) of 4/3 and an extent of the 

WGS reaction of 2/3. The two main reactions which occur in FT Synthesis can be 

summarised as follows: 

 

 

 

 

The addition of these two reactions leads to the overall reaction represented by the 

following equation: 

 

 

 

For a feed of (1:1) (H2:CO) ratio (2moles of hydrogen and 2 moles of CO),  

 

 

The second equation (**) can be rewritten as a function of extent 1  as represented 

by the equation (***). 

 

 

Substituting the equation (***) in the equation (*) and solving the obtained equation for 
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2.3.2.2 Effect of pressure on WGS equilibrium 

 

The effect of pressure on the WGS equilibrium was also investigated since the degree 

to which equilibrium is attained. However, as it turns out in the equation 2.18, pressure 

does not appear in the WGS expression. Therefore, the change in overall pressure 

seams to have a little effect on WGS equilibrium.  

 

2.3.3 Carbon deposition 

 

Carbon deposition onto the surface of solid catalysts is commonly observed in 

hydrocarbon processing. Carbon deposits can affect both the activity of catalysts as well 

as the flow of gas through a catalyst bed. The deposited carbon originates from the CO 

in the synthesis gas. After chemisorptions on the catalyst the CO can dissociate to 

atomic C and O2.  The O2 reacts with either H2 or CO.(57)  The overall reaction is  

 

                              CO + CO (or H2) → C + CO2 (or H2O). 

 

When only CO is present the reaction is called the Boudouard reaction.  If metallic Fe or 

Co is present the atoms of C migrate into the Fe lattice and interstitial carbides are 
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formed. After the saturation of the metal lattice nuclei of elemental C are formed and 

these continue to grow. Such deposits of C within the carbide crystals introduce severe 

stresses which result in the disintegration of the catalyst particles.(22) 

  

The kinetics of carbon deposition has been extensively studied over the past 30 years. 

In most of studies, either a single gas (9)(10)(40)(45) or simple gas mixture such as CO-H2 

(54) or CH4-H2 
(8) were decomposed over metal foils, thin films, or supported particles. 

Single or binary gases were used by investigators to simplify system complexity, even 

though, most carbon deposition of industrial importance occurs in systems with multiple 

gas-phase components.(57)  

 

This section will apply an innovative graphical method, based on thermodynamic 

constraints, to investigate the carbon-depositing phenomenon in FTS. 

  

There are many reactions that may deposit C. Some of these may be summarised by 

the equations (2.19), (2.20) and (2.21). The corresponding equilibrium constants are 

given in the expressions (2.22), (2.23) and (2.24) respectively: 

 

2CO = CO2 + C                              2.19 

CO + H2 = C + H2O      2.20 

CO2 + 2H2 = C + 2H2O     2.21 

           2.22 
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                                             2.23 

                           2.24 

 

Using equations 2.6, 2.7, 2.8, 2.9 and 2.10, we can solve and simplify the three above 

expressions as follows: 

               2.25     

                                             

° − 1∗ 2+ 2∗ ∗ ° ∗ ° 2−2∗ ° ∗ 1− 2 1+2∗ 12− 1∗ ° 2− 1∗ ° + 12=

               2.26      

                                                                                                      

4∗ ∗ ∗ ° 2∗ 1+4∗ ∗ ∗ 12+2∗ 1∗ ° 2+2∗ 1∗ ° −2∗ 12∗ 2+ 12∗ 1− ° 2− °

=0                2.27                                   

 

The expressions obtained for 2.25-2.27, were solved numerically at different 

temperatures and then plotted in ε1-ε2 space. The result is shown in Figures 2.8, 2.9 

and 2.10.  
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2.3.3.1 Effect of temperature 

 

The effect of temperature on carbon depositing reaction was investigated and the 

results are plotted in figure 2.8, 2.9 and 2.10. 

 

 

 

 

It can be seen in the above Figure that the equilibrium curves are nearly linear, and all 

pass through CO=CO2=0 vertex, as expected. CO is stable in the region below the 

curve, while C would be stable above the curve in the triangle formed by the equilibrium 

line, the CO=0 boundary and the H2O=0 boundary. Let us name the carbon depositing 

zone as the region, in which C is stable, and in which C may deposit. At a low 

temperature (200°C) the equilibrium line moves next to the CO=0 boundary, and the 

carbon depositing zone is almost nonexistent. When the temperature is increased the 
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equilibrium line moves away from the CO=0 boundary, which causes the carbon 

depositing zone to expand.  

 

This may suggest that the rate of carbon deposition is temperature-dependant and that 

C deposits only at relatively high temperatures.  Therefore, it is advisable to operate at 

generally low temperatures to prevent a carbon depositing reaction.  

 

Similar results have been reported in articles published by other researchers.(22)(55) 

Experiments carried out by Dry et al.(21) revealed that under typical conditions for 

fluidized Fe catalysts, the rate of carbon deposition increases by 50% for a 10 K rise in 

average bed temperature. Dry also found that, when using a fixed bed reactor for FT, C 

may deposit at around 300°C when Fe-based-catalyst was being tested.  

  

The Boudouard reaction is not the only reaction that deposits C on the catalyst. The 

same effect can be obtained via the following reaction: 

 

                    CO + H2 = C + H2O  
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It is apparent in Figure 2.9 that the equilibrium curves are linear and pass through the 

CO=H2O intercept. CO is stable in the region below the curve, while C would also be 

stable above the curve in the triangle formed by the equilibrium line, the CO=0 and 

CO2=0 boundaries. The carbon-depositing zone occurs in the mass balance region in 

which C is stable. At 200°C the equilibrium line moves next to the CO=0 boundary, and 

the carbon-depositing zone is hardly discernible. When the temperature is increased the 

equilibrium line moves away from the CO=0 boundary, which extends the carbon-

depositing zone. This confirms the assumption made above that increasing the 

temperature expands the zone in which C deposition is possible.  
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Carbon deposition may also occur when C is stable for CO2 and H2 feed mixture via the 

reaction CO2 + 2H2 = C + 2H2O. This reaction was tested, and the results are shown in 

Figure 2.10. 

 

 

 

 

 

The same trend as has been identified in the two previous cases was observed in the 

reaction results in this example. As can be seen from Figure 2.10, C is stable in the 

region between the equilibrium line, the CO=0 and CO2=0 straight lines, and CO2 and 

H2 are stable in the region above the equilibrium curves. This result fits the observed 

link between temperature and the rate of carbon deposition obtained in all three cases, 
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with higher temperatures increasing the probability that C will be deposited. The 

published work of other researchers confirms this finding.(4)(20)(22)(40)(50) 

  

2.3.3.2 Effect of pressure on carbon deposition equilibrium 

 

The effect of pressure on carbon deposition was also studied. As can be seen in the 

expressions (2.25), (2.26) and (2.27), the carbon-depositing reaction is a function of 

pressure; therefore any change in pressure affects the isothermal equilibrium, as shown 

in Figures 2.11, 2.12 and 2.13, which suggest that when the pressure increased, the 

carbon deposition equilibrium moves next to the CO=0 or CO2=O straight lines, 

reducing the carbon deposition region. This affects the number of moles of CO involved 

in the reaction.   
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It can be seen from Figure 2.11 that the equilibrium curve splits the mass balance 

region into two zones, one above the equilibrium line and one below. As demonstrated 

in the previous section, C is stable in the region above the equilibrium curve, and CO is 

stable below the equilibrium line. As the pressure increases in the reactor, the 

equilibrium curve moves next to the CO=0 line, and the region in which carbon is stable 

starts to shrink. However, when the pressure decreases, the equilibrium curve moves 

away from CO=0, and this increases the region in which carbon may deposit. This 

supports the assumption that the carbon-depositing reaction is pressure-dependent and 

that high pressure inhibits carbon deposition. 
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Figure 2.11. Effect of pressure on carbon deposition at 550°C for the reaction 

(2CO = CO2 + C). H2:CO=2:1.  
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For the Boudouard reaction represented by the following equation: 

 

2CO → CO2 + C, 

 

we can write the equilibrium constant Keq as follows: 

 

 

 

This expression can be rewritten after cancelling P: 

 

 

 

Where Keq is the equilibrium constant, xCO is the mole fraction of CO, xCO2 the mole 

fraction of CO2, and P the total pressure. It can be seen from the above equilibrium 

expression that Keq is inversely proportional to the pressure. This means that if the 

reactor pressure is increased, Keq will decrease, and therefore less carbon may be 

deposited.  However, the reverse is true, when the reactor pressure is lowed, Keq rises 

and more carbon is deposited.  

 

Carbon-deposition may also occur in the two following reactions: 

 

CO + H2 = C + H2O 
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CO2+2H2=C+2H2O 
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Figures 2.12 and 2.13 show trends similar to that presented in Figure 2.11. As for 

Figure 2.11, the mass balance region in Figures 2.12 and 2.13 is divided into two 

shaded zones. These represent the regions in which carbon deposits expand when the 

pressure decreases, and contract when the overall pressure is raised. This confirms the 

earlier assumption, that carbon deposition is inversely dependent on pressure, and 

increasing the pressure discourages carbon deposition. Similar finding have been 

reported for earlier investigations by Arnold et al and Hall, (6)(31) to the effect that when 

the throughput of the reactor was increased by either increasing the total pressure or 

decreasing the recycle to fresh gas ratio, the rate of carbon deposition decreased. This 

effect is illustrated in Figures 12 and 13, and can be explained using the equilibrium 

expression Keq.  
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The equilibrium expressions for the two reactions (CO + H2 = C + H2O and 

CO2+2H2=C+2H2O) can be written as follows: 

 

 

 

 

 

These two expressions indicate that Keq is inversely proportional to the pressure, and 

therefore, any increase in pressure results in a decrease of the equilibrium constant Keq.  

 

2.3.3.3 Effect of feed gas composition on carbon deposition equilibrium 

 

CO and H2 are the two feed components that appear in the three carbon depositing 

expressions. Therefore, it is expected that any variation in the amount of either CO or 

H2 may affect the position of the carbon deposition equilibrium curve. If the number of 

moles of CO in the reactor is increased, the equilibrium curve shifts upwards as shown 

in Figures 2.14 and 2.15, or downwards, as in Figure 2.16.  
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In Figures 2.14 and 2.15, C deposits in the region lying between the equilibrium line, the 

CO=0, and H2O=0 (Figure 2.14) or CO2=0 (Figure 2.15) boundaries. Both figures 

indicate that the carbon deposition region expands when the partial pressure of CO is 

decreased, and vice versa. This may suggest that the rate of carbon deposition 

quickens when the gas feed ratio (H2:CO) declines.  The strong inverse dependence of 

the rate of carbon deposition on the feed gas ratio (H2:CO) has been reported by 

researchers conducting similar investigations.(6)(31) However, Dry’s findings showed that 

the value of the simple ratio H2: CO of the gas in the reactor does not correlate with the 

rate of carbon deposition.(24)  

 

Figure 2.14 Effect of varying the amount of CO in the feed on the carbon 

deposition  for the reaction (2CO=CO2+C). P=20 bar. T=700°C.  
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As in the previous Figures, 2.16 also splits the mass balance regions into two, one 

above the equilibrium curve and one below it. The region above represents the area in 

which CO2 is stable, while the one below corresponds with that in which carbon may 

deposit. The later expands when the H2:CO ratio is decreased in the feed, and shrinks 

when it increased. This shows once again the inverse dependency of the rate of carbon 

deposition on H2 partial pressure. However, the partial pressure of CO2 seems to be of 

little consequence, since the variation of CO2 partial pressure was seen as having no 

clear effect on the equilibrium curves. This result fits the observed link between CO2 

partial pressure and the rate of carbon deposition reported by Dry.(24) Figure 2.16 also 

suggests that the rate of carbon deposition via the reaction CO2 + 2H2 = C + 2H2O is 

directly proportional to the partial pressure of CO in the feed gas, which seems to 

contradict our first conclusion. The explanation is that the CO2 consumed in this 

reaction is produced by the WGS reaction, and that the rate of the later is directly 

dependent on the partial pressure of CO in the reactor and a high number of moles of 

CO in the feed.  As mentioned previously, carbon deposition via CO2 + 2H2 = C + 2H2O 

occurs only with WGS catalysts.  
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Reaction: 2.24. 
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3.4. Methane formation  

 

2.3.4 CH4 production 

 

CH4 is a flammable gaseous hydrocarbon that is a product of the decomposition of 

organic matter and of the carbonization of coal.(60) It is used as fuel and as a starting 

material in chemical synthesis, and is the simplest of the alkanes. The production of 

CH4, especially from CO and H2, is called methanation.(58)(59) 

 

In FTS it is preferable to keep the production of CH4 to a minimum, as it has very little 

use as a fuel or a chemical feedstock, and it is expensive to be reformed.(36) The 
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Figure 2.16 Effect of varying the amount of CO in the feed on the carbon-depositing 

reaction. 
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reactions that produce CH4 can be summarized by the equations (2.28) and (2.29). 

Their equilibrium constants are given in the expressions (2.30) and (2.31) respectively. 

 

               2.28 

                                                     2.29 

 

                                                           2.30 

 

                    2.31, 

 

where , ,  and  are partial pressures of , ,  and  

respectively. These partial pressures can then be expressed in terms of extent 1 and 

extent 2. Using the relationships in equations (2.28) and (2.29), we can solve for the 

reaction trajectory that satisfies the above equations, which in turn makes it possible to 

plot the equilibrium curve for the CH4 production reaction in the ε1-ε2 space, applying the 

equations (2.30) and (2.31).  The results are expressed in the following: 
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           2.32 

 

           2.33, 

 

where x is the mole fraction of CH4. 

 

2.3.4.1 Effect of temperature on CH4 equilibrium curves 

 

As expressions 2.32 and 2.33 show, CH4 production is a function of temperature, 

pressure and the number of moles of H2 and CO in the feed gas. Therefore, a variation 

of any of these parameters may alter the position of the equilibrium curves.  The effect 

of temperature on CH4 production equilibrium for the two reactions (2.28 and 2.29) is 

presented in Figures 2.17 and 2.18. 
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Figure 2.17 Dependence of methanation on temperature for the reaction 

CO+3H2=CH4+H2O. X=15%, P=20 bar, H2/CO=2:1.  

 

CO2=0 

Figure 2.18 Dependence of methanation on temperature for the reaction 

                   (CO2+4H2=CH4+2H2O).     P=20 bar and feed ratio H2/CO=2:1 
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The graph in Figure 2.17 shows that CH4 is produced in two regions: the first comprises 

the area delineated by the CH4 equilibrium line and the CO=0 boundary, and the second 

is located between the equilibrium curve, the CO2=0 and H2=0 boundaries. It also 

makes clear that the regions in which CH4 is produced expand when the temperature is 

increased. However, the expansion is less remarkable for the region situated between 

the equilibrium line and the CO=0 boundary, where the FT reaction is run at low CO 

partial pressure.  

 

The effect of temperature on the production of CH4 by hydrogenation of CO over a 

metallic catalyst, as depicted in Figure 2.17, can be explained as follows.  Methanation 

is strongly dependent on temperature, and its rate of production accelerates with a rise 

in temperature, which in turn probably increases the amount of dissociation of the CO. 

This results in more active C on the catalyst surface, which is then available for direct 

hydrogenation to CH4. This finding is corroborated by the results reported by other 

researchers.(1)(3)(47)(52) Studies conducted by Gall et al.(30)(31) on the influence of 

temperature on FT product selectivity led to the same conclusion. They reported that as 

the operating temperature was increased, product selectivity shifted to lighter molecular 

mass compounds, and this result was consistent for all FT catalysts. They also found 

that for catalysts such as Ni and Ru, CH4 is the main product formed when operating at 

higher temperatures (≥573 K).(30) The results of research undertaken at Sasol and 

reported by Dry show the same trends: that a rise in temperature was accompanied by 

greater CH4 selectivity.(22) 
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Figure 2.17 suggests also that methanation is led by H2, and that the rate of adsorption 

of H2 might be rate-determining. This could explain the enormous difference in size 

between the two regions, and the location of the second in the low CO partial pressure 

zone. What is amazing is that even if the operating temperature is increased, one of the 

two regions where CH4 is produced remains next to the CO=0 boundary in the low CO 

partial pressure zone. This might indicate that CH4 is produced at low CO and high H2 

partial pressures, since it is well known that high partial pressure of CO inhibits the 

methanation reaction. Similar results have been obtained by other researchers: for 

example, Kolbel (38) found, when using Co catalyst at 453 K and atmospheric pressure 

that changing the H2/CO ratio of the feed gas from 0.56 to 2 resulted in no change in the 

CH4 selectivity.  When hydrogenating CO on Ni(53), a zero order dependency of the rate 

on the partial pressure of CO between 135-175ºC was found. Other experiments with 

Co catalysts showed, however, that lowering the H2/CO ratio of the feed gas resulted in 

lower CH4 selectivity.(4)(41)(52) Further research carried out on the kinetics for the 

methanation reaction showed a negative order with respect to CO partial pressure, and 

no retarding effect of H2.
(41) The results of experiments for the hydrogenation of CO 

conducted by Schoubye (48) showed a negative slope for the rate of methanation versus 

partial pressure of CO. This was caused by his introduction of a dissociative, poisoning 

adsorption of CO, which slowed down the adsorption rate of H2 (the rate-determining). 

This meant that the rate was proportional to the fraction of the surface that was free 

from adsorbate.   
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Figure 2.18 presents a case of the methanation that occurs only when the catalyst is 

WGS active or when the feed gas is composed of H2 and CO2. In this thesis, only the 

first of these is investigated, since the feed to the reactor is composed of H2 and CO. 

The rate-determining step involves only one site, and the presence of CO poisons the 

hydrogenation of CO2 almost completely. This could mean that the adsorption of CO2 on 

the clean surface is rate-determining under such conditions. At high concentrations of 

CO2, the surface reaction or a desorption step would probably control the rate. Figure 

2.18 also shows the dependency on temperature of the rate of methanation. In Figure 

2.17, it can be observed that the rate of methanation is directly proportional to the 

temperature and in Figure 2.18 that a high temperature favours methane production. 

 

2.3.4.2. Effect of pressure on CH4 formation equilibrium 

 

The effect of overall pressure on the methanation reaction was also investigated for the 

two reactions given above, and the results plotted in Figures 2.19 and 2.20. 
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Figure 2.19 Dependency of the methanation reaction on pressure for the reaction        

                    (CO+3H2=CH4+H2O). T=35°0 C and H2/CO=2:1. 
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It is evident in Figures 2.19 and 2.20 that when the reactor pressure is increased, the 

equilibrium curve shifts next to the H2=0, CO2=0 or CO=2 boundaries, reducing the size 

of the region where CH4 is produced. This result suggests that the rate of methanation 

is pressure-dependent, and that we make more CH4 at low pressure. This agrees with 

the results published in the literature on the subject. Using supported Co catalysts, 

Ruhrchemie(4) and the US Bureau of Mines(5) demonstrated that when the synthesis 

pressure was increased from 0.1 to 0.7 MPa, the selectivity hardly changed. Martin(42) 

reported that raising the operating pressure of a Co catalyst from 0.1 to about 1.5 MPa 

shifted the hydrocarbon selectivity towards the heavier products. Roelen(4) found that 

greater wax selectivity was achieved over precipitated Fe catalysts at higher pressures 

of up to about 2.0 MPa. Friedman and Schlesinger (28) investigated the influence of 
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Figure 2.20 Effect of pressure on methanation for the reaction 

(CO2+4H2=CH4+2H2O). 

                     T=700C and H2/CO=2:1. 
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pressure up to 10.3 MPa over nitride-fused Fe catalysts, and reported that the 

hydrocarbon selectivity shifted to the heavier products as the pressure increased. Hall 

[31] found that for Fe catalysts operating in both fixed and slurry beds, the average 

molecular mass of the products increased when the pressure was raised from 2.0 to 4.0 

MPa.  The experiments done by Pichler(43) demonstrated that when the pressure over a 

Ru catalyst was increased to about 100 MPa, the wax selectivity increased markedly. 

Most of the research discussed above indicates that on increasing pressure, 

hydrocarbon selectivity shifts towards the heavier products. 

 

However, the observed influence of pressure is not likely to be attributable to the value 

of the total pressure per se, but rather to one or more of the reactant or product partial 

pressures.  The US Bureau of Mines (28) found that at about 580 K an increase in the 

partial pressure of either H2O or CO2 resulted in a significant rise in the CH4 selectivity 

of a Fe catalyst. In a contrary finding, other research carried out at the same institution 

demonstrated that when using a fused Fe catalyst at 513 K, the CH4 production 

appeared to be inversely proportional to the concentration of CO2 and H2 in the reactor.  

Therefore the influence of the total pressure might be ascribed to the partial pressure of 

H2 or CO, which rises as the total pressure increases.  

 

2.4 ENERGY BALANCE 

 

Mass balance provides information on the possible region in which an FT reactor can be 

designed and operated for optimal results. However, these data do not sufficiently 
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explain the interaction between the catalysts, the reactor design and the heat transfer 

characteristics. For a complete understanding of FT process, consideration of the mass 

balance needs to be complemented by information on the energy balance. As 

mentioned in section 2.1, the major reactions which occur in FT are reactions (2.4) and 

(2.5).   

 

2H2 + CO = -CH2 - + H2O           

CO + H2O = CO2 + H2                                       

 

2.4.1 ΔH = 0 

 

Let us assume that the system is adiabatic; that is, it undergoes changes, but no heat is 

allowed to enter or leave the reactor.(46) If we also assume that the temperature of the 

inlet and the exit gas is the same at ambient, and Cp products ≈ Cp reactants, we can 

set up the energy balance using equations 2.4 and 2.5.  The expression obtained can 

be solved numerically and then plotted in  space, as shown in Figure 2.21. 

  

                                  2.34, 

 

where: 

= enthalpy of formation of CO; 

=enthalpy of formation of CO2; 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 107 - 
 

=enthalpy of formation of CH2; 

=enthalpy of formation of H2O. 

 

As can be reasoned from expression 2.34, the heat exchange is a function of the 

enthalpies of formation of CO, hydrocarbons and CO2. Any variation in the amount of 

CO in the feed gas may be expected to affect the isothermal equilibrium lines. 

 

 

 

 

Figure 2.21 shows that the enthalpy balance line is straight and passes through the 

origin (ε1=0, ε2=0). At this point, no hydrocarbon is produced in the reactor, which 
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Figure 2.21 Energy balance ΔH=0. Feed H2/CO=2:1 and P=20 bar  
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means we cannot design or run the reactor at that point because no reaction takes 

place at (ε1=0, ε2). This suggests two important reasons why the FT reactor cannot run 

adiabatically: 

 

- Firstly, the FT reaction is strongly dependent on catalyst activity, and the catalyst 

is not active below a certain temperature. Thus, we need to heat up the reactor to 

start the reaction. 

- Secondly, the FT reaction is exothermic. Therefore, heat needs to be removed 

during the reaction to prevent the deactivation of the catalyst.   

 

This result is supported by the published results of other researchers in the same 

field.(2)(12)(13)(25) 

 

2.4.2 ΔH = Q 

 

In contrast, we now assume that energy is exchanged with the surroundings, and that 

the feed and products are at the same temperature and Cp products ≈ Cp reactants. As 

in section 2.4.1, we can set up the energy balance using equations 2.4 and 2.5, and 

then plot the expression obtained in  space.  The result is shown in Figure 2.22. 

 

                                       2.35, 
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where Q is the heat exchange between the reactor and the surroundings. 

 

 

 

As mentioned in section 2.4.2, no reaction takes place at the origin (ε1=0, ε2=0). 

Therefore, the heat exchange with the surroundings is 0 at that point, since no heat is 

generated. The research into mass balance suggested that the amount of hydrocarbon 

produced increases from left to right, and the maximum amount of product that may be 

produced is represented by point (ε1=1, ε2=0). This means that the heat generated by 

the FT reaction increases from left to right, and the maximum heat generated occurs at 

point (ε1=0, ε2=0) (Figure 2.22). Thus the further we move towards the right, the more 

we exchange energy with the surroundings. This suggests that energy in the form of 

-3

-2

-1

0

1

2

3

4

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ex
te

n
t 

2
 

Extent 1

CO2=0

Figure 2.22 Energy balance (ΔH=Q). Feed gas ratio H2:CO=2:1. 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 110 - 
 

heat caused by the FT reaction needs to be removed from the system when the reactor 

is operated in the right-hand path of the mass balance region.  

 

2.5 CONCLUSION 

 

Graphical techniques give insights into reactor operations and allow the regions of 

optimal performance to be identified. The diagrams are useful and enable us to 

visualize the operations, and to understand the interactions between catalysts and 

reactors. Other information that is crucial to the design of an FT reactor concerns what 

mass and energy balance tell us about the best possible region of operation.  In these 

ways, we can optimize the FT process, and estimate the maximum product that can be 

achieved. 

 

The diagrams used in this chapter can also be used to represent WGS, carbon 

deposition and methanation equilibria, and to explain how these change with 

temperature, pressure and feed gas ratio. Graphs are particularly useful in determining 

the operating conditions (temperature, pressure and gas feed ratio H2/CO) that can be 

adjusted to minimize the effect of WGS reaction, to prevent carbon deposition and to 

reduce the production of CH4.  

 

The results obtained are in strong agreement with kinetics results reported in the 

scientific literature, and no contradictory evidence was found.  The study of WGS 

equilibrium established that it is sensitive to temperature, that a low feed gas ratio 
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(H2/CO) favours its rate reaction, and the reactor pressure seems to have little effect on 

it. 

 

The carbon-depositing reaction is directly dependent on temperature, and inversely 

dependent on the pressure in the reactor. Therefore, it is preferable for the reactor to be 

operated either at low temperature or high pressure to prevent carbon deposition.  The 

investigation of the effect of feed gas ratio (H2/CO) revealed a strong inverse 

dependency of the rate of carbon deposition on the feed gas ratio (H2: CO). 

 

The methanation reaction is assumed to be led by the rate of adsorption of H2 on the 

catalyst. It is strongly dependent on temperature, and its rate rises commensurately with 

the temperature. Although high reactor pressure inhibits the rate of methanation, the 

observed influence of pressure is not likely to be ascribable to the value of the total 

pressure as such, but to one or more of the reactant or product partial pressures. This 

suggests that we need to operate the reactor at high pressure to lower the rate of 

methanation. 

 

The study of energy balance revealed that the FT reactor cannot be run adiabatically, 

and that energy in form of heat needs to be removed from the system when operating in 

the right path of the mass balance region. 
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CHAPTER 3 

EXPERIMENTAL 

 

3.1 INTRODUCTION 

 

The Fischer-Tropsch reaction system is possibly one of the most complex reaction 

systems that can be studied because of the large number of products that are formed 

during the process. It is known that a large variety of factors influences both the activity 

and selectivity of catalysts in this system.  

 

There are a large number of experimental techniques that may be used to examine both 

the catalysts and their activity in the FT system. The experimental techniques used for 

FTS studies have been explained in detail by very few authors. In most of the reports, 

the analytical techniques are restricted to the analysis of the gas products only.  The 

author used various techniques to characterise the catalysts and to correlate and 

quantify the observed selectivity and activity.(17)  

 

This chapter describes the experimental methods used in this study, including catalyst 

preparation, evaluation and characterisation, product analysis, and calculations. 
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3.2 CHEMICALS AND GASES USED 

 

A number of chemicals and gases were used for the synthesis of the catalysts as well 

as for the catalyst testing.  

 

3.2.1 Gases 

 

Most of the gases used in this study were supplied by Afrox (African Oxygen) Ltd. A few 

cylinders were supplied by Air Liquid. All the gas cylinders used in this study were 

accompanied by a certificate that indicated the purity of each component in each 

cylinder. Feed gas used in all our experiments consisted of a pre-mixture of hydrogen, 

carbon monoxide and nitrogen. The gas composition of each syngas (synthesis gas) 

cylinder was kept at 60% H2, 30% CO and 10% N2. Ultra high purity (UHP) grades 

(>99.997%) He and Ar were used as carrier gases. Catalyst reduction was performed 

using ultra high purity H2. Dry air was used for the catalyst calcination reaction and in 

the gas chromatography analysis.  

  

3.2.2 Catalyst support and metals loaded 

 

The catalyst support used for the preparation of our catalysts was TiO2 supplied by 

Aeroxide. The two metals loaded onto TiO2 were Co and Fe. These two metals were 

loaded onto the support as Fe(NO3)3.9H2O and Co(NO3)2.6H2O, both supplied by 

SAARCHEM.  



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 121 - 
 

3.3 CATALYST PRE-TREATMENT AND FT REACTORS 

 

One gram of catalyst was loaded in the fixed bed reactor. The reduction was performed 

at atmospheric pressure for 24 hours. The reduction temperature and the flow rate were 

350°C and 30 ml/min respectively. The choice of the above conditions was based on 

the reduction temperature that we obtained from the TPR patterns and previous work 

done on FT.(13)(17)(24)(26) 

 

Once the reduction was completed, the reactor temperature was lowered to room 

temperature. A leak test was performed at 20 bar to ensure that no gas leakage 

occurred during the reaction. The feed gas was introduced to the reactor to reach the 

operating pressure of 20 bar and then the reactor was heated to the reaction 

temperature (210°C-250°C). Once steady state was reached, the time was noted and it 

was taken as the starting time for the actual experimental run. At this time, the reaction 

temperature and pressure and reactor exit flow rates were recorded. While the reaction 

was in progress, gas analysis was performed every two hours. Liquid and wax products 

were weighed and analysed at the end of the mass balance.(17) This procedure was 

applied to all experimental runs performed in this study. 

 

3.3.1 Experimental set-up 

 

The FT reaction was performed in a fixed bed reactor and the analyses were carried out 

using online and off-line gas chromatographs. Schematic drawings of the experimental 
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set-up, the online multiple GC and the fixed bed reactor are shown in Figures 3.1, 3.2 

and 3.3. 

 

 

Figure 3.1. Experimental set-up used for catalyst evaluation  
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Figure 3.2. Multiple GC valve 
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3.3.2 Product analysis 

 

The FT products consist essentially of gas, oil, wax and water. Gas products were 

analysed online using FID and TCD gas chromatographs. Oil and gas were collected 

from the traps and analysed in an off-line FID gas chromatograph. Online analyses 

were performed regularly every two hours, using ASCO solenoid valves and online gas 

chromatographs, which were controlled by their respective OMRON timers. Off-line 

analysis of oil and wax products was performed manually at the end of the mass 

balance of each run by injecting the sample in the FID with a syringe. This method was 

chosen as it has been found to work well for a number of previous FT syntheses.(17)(24) 

 

Figure 3.3. Fixed bed reactor 
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3.3.3 TCD and FID chromatographs 

 

The gas products from the fixed bed reactor were sent to the gas chromatographs 

through a heated line (150°C). This gas entered the gas chromatographs through a six-

port sample valve. The sampling valve was heated to 150°C while the TCD and FID 

detectors were heated to 200°C.  

 

The TCD gas chromatograph was fitted with a dual filament type detector, connected to 

an electrometer amplifier. Both the detector and the amplifier provided excellent 

sensibility for the detection of H2 concentration in the range used in the study. A 

carboxen s/steel column (5 m, 1/8 inch, O.D*2.2 mm. P/W carboxen – 100, 60/80 mesh) 

was used to separate H2, N2 and CO gases. Ultra high purity He and Ar were used as 

carrier gases in this gas chromatograph.(17)( 24)  A typical chromatogram from a TCD is 

given in Figure 3.4. 

 

An online FID gas chromatograph, using a Pye Unicam detector (Philips detector), was 

connected to an amplifier. A PPQ column was used in the FID gas chromatograph to 

analyse gaseous hydrocarbon products (C1-C10). The three-metre column length was 

able to separate the hydrocarbons from C1 to C11. Ultra purity Air was used as a carrier 

gas in this column.(17) A computer using Clarity software was connected to both the 

online TCD and FID. An example of an online FID gas chromatogram is given in Figures 

3.5a 3.5b. 
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Long chain hydrocarbons analyses (oil and wax) were performed using a off-line FID.  A 

3-meter Supelco port column was used for this purpuse. The gas chromatograph was 

connected to a computer to pick up the amplified signal from the detector. A 0.1µl 

sample was injected via syringe into the gas chromatograph for both oil and wax 

products. Ultra high purity Air gas was used as a carrier gas in this gas chromatograph. 

The temperature programs used in all the gas chromatographs were ramped to higher 

temperatures to prevent the accumulation of long chain hydrocarbons in the 

column.(17)(24)  An example of off-line FID chromatograph is shown in Figure 3.6. 

 

 

 

 

Figure 3.4. An example of a TCD chromatogram using a s/steel carboxen column (5m, 1/8 

inch) 

 

H2 

N2  CO 
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 Figure 3.5b. An example of a online FID chromatogram using a PPQ column (3m, 8/10 

mesh) 

 

Figure 3.5a. An example of a online FID chromatogram using a 2m*1/8″*2,1mm 

Porapack Q column using a Dani multi GC valves 1000. 

 

C2 

C3 C4 

C5 C6 
C7 C8 

C2 
C3 C4 

C5 C6 C7 C8 C9 
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Figure 3.6. An example of an off-line chromatogram using a Supelcoport 

column. 
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3.4 MASS BALANCE 

 

The mass balance analysis was carried out as follows. The analysis of feed and 

products in both the TCD and FID gas chromatographs give an area number for all the 

individual components in the mixture. These area numbers were recorded by a 

computer using Clarity software and then converted to moles of the products. Reactants 

were calibrated in the TCD gas chromatograph with the aid of premixed gases 

containing H2 (60%), CO (30%) and N2 (10%). Another gas containing H2, CO, CO2, 

CH4, C2H6 and C2H4 was used to calibrate the FID gas chromatograph as well as the 

TCD.(13)(17) Response factors obtained from Dietz (6)(13)(17) were used to calculate the 

molar composition of the hydrocarbon products according to the method described by 

Scanlon and Willis.(13)(17)(25) The molar composition of hydrocarbons was determined 

using Equation 3.1. 

 

   3.1, 

 

where XHC,i is the mole fraction of the ith hydrocarbon, XC2,cal is the mole fraction of the 

C2 hydrocarbon in the calibration gas, AHC,i is the area of the ith hydrocarbon, AC2,cal is 

the area of the relevant C2 hydrocarbon and RFi is the response factor of the ith 

hydrocarbon. The area from a GC. trace, for C2H6 in the calibration gas, was used to 

calibrate for alkanes; similarly, C2H4 in the calibration gas was used to calibrate for the 
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olefins. The mass fraction of each component was determined by dividing its peak area 

by the total of all the peak areas.(13)(17) 

The conversion of CO was determined using Equation 3.2. 

 

                        3.2; 

 

where COin is the area of the CO peak in the feed, COout is the area of the CO peak in 

the gaseous product stream, and N2in and N2out are the areas of N2 peak in the feed and 

in the product stream, respectively. 

 

The percentage mass balance was determined using Equations 3.3 and 3.4. 

 

                              3.3 

 

                           3.4; 

 

where MTout and MTin are the total mass in the reactor exit stream and feed stream 

respectively. The Ni refers to the total moles of the ith element in the stream. The 

subscript gas refers to gaseous products in the reactor exit stream, while oil and wax 

refer to oil and wax products respectively, and f refers to the reactor feed stream. 

 

The product distributions were calculated using Equation 3.5. 
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                                                                                       3.5, 

 

where Si is the product selectivity and mi the mass of component i. 

 

The partial pressure of each component in the reactor exit was determined by Equation 

3.6. We assumed that the gas behaves ideally under the reactor’s operating conditions. 

 

                                                                                                       3.6; 

 

where pi is the partial pressure of component i, yi is the mole fraction of component i 

and P is the overall pressure. 

 

The chain growth probability α was calculated using the Schultz-Flory model. Equation 

3.7 was fitted with the exponential of the slope giving the required parameter.(13)(17) 

 

                                                         3.7 

 

Where Wn is the mass fraction of the hydrocarbon with n number of carbon atoms and α 

is the Schultz-Flory parameter. 
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3.5 CATALYST PREPARATION AND CHARACTERISATION 

 

3.5.1 Catalyst preparation 

 

All the catalysts investigated in this study were prepared using a single-step incipient 

wetness impregnation (for Co/TiO2 and Fe/TiO2) and co-impregnation (for bimetallic 

system) of the support with a Co(NO3)2.6H2O or (and) an Fe(NO3)3.9H2O 

solution.(5)(7)(9)(13)(23)(26)(28)  

 

TiO2 support powder was mixed with deionised H2O in a mass ratio of 1:1 to form a 

homogeneous paste. The paste obtained was dried in air at 120°C for 4 hours and 

thereafter calcined in air at 400°C for 6 hours. The formed solid was crushed and sieved 

to sizes between 0.5 and 1 mm. 

 

Once the support had been prepared, the required amount of Co(NO3)2.6H2O or (and) 

Fe(NO3)3.9H2O in distilled H2O was dissolved. The volume of solvent used to 

completely dissolve the salts was approximately 20 ml to 30 ml. The prepared salt 

solution was then mixed with the calcined support. The mixture was dried in air at 120°C 

for 4 hours before being calcined in air at 400°C for 6 hours. After calcination, the 

catalyst was ready to be used for FT after reduction in H2. The final metal loaded onto 

the support for the monometallic catalysts (Fe/TiO2 and Co/TiO2) was 10wt%. For the 

bimetallic catalysts (Co-Fe/TiO2) the percentage of Co loaded was constant (10wt %) 
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while Fe varied between 0.1wt % and 10wt %). Thus, the total metal loaded for the 

bimetallic systems varied between 10wt% and 20wt%.  

 

3.5.2 Catalyst characterisation 

 

Characterisation is an important field in catalysis. It is used to determine the effect of 

different preparation and pre-treatment methods on the catalyst. Spectroscopy, 

microscopy, diffraction and methods based on adsorption and desorption or bulk 

reactions (reduction, oxidation) all offer tools to investigate the nature of an active 

catalyst.(5)(19)(20) With such knowledge we hope to understand catalysts better, so that 

we can improve them or even design new catalysts.(19)(20) 

 

The properties of a heterogeneous catalyst’s surface are determined by its composition 

and structure on the atomic scale. The purpose of catalyst characterisation should be to 

examine the catalyst surface under conditions in which the catalyst operates.(19) In this 

work, we used only the following characterisation methods: TPR, XRD, BET, SEM and 

XPS.   

 

3.5.2.1 Temperature programmed reduction (TPR) 

 

The TPR system used for the completion of this study consisted of the gas selection 

values, high purity gases and purification units, a mass flow controller, a quartz glass 

reactor and a TCD detector.  
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A temperature programming unit permitted finely controlled temperature ramping while 

a thermocouple situated inside the catalyst bed recorded the actual catalyst bed 

temperature.(18) The whole unit was controlled by a personal computer using Clarity 

software. The equipment permitted various temperature controlled analyses, thereby 

providing information on the reduction or oxidation of the metal species.(19) The TPR 

method used in this study has been described by other authors (7)(14) in the literature on 

the matter.  

 

We performed our TPR under the following conditions:  

- Mass of catalyst: 15 mg 

- Ramping temperature: 10 degrees per minute. 

- Flow rate: 5 millimetres per minute. 

- Gas pressure: 1 bar.  

 

3.5.2.2 X-ray diffraction (XRD) 

 

The XRD analysis was performed using a Philips spectrometer. A Philips (PW1830 

generator) spectrometer equipped with a Cu radiation source was used to analyse 

powdered disk samples in the 9.5 to 150 2θ range at a generator voltage of 40 kV and a 

generator current of 20 mA. A scan rate of 2 seconds per step (step size approximately 

0.02º 2θ) was used during a continuous scan over the above range.(17)(19)   
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3.5.2.3 Braunauer, Emmett and Teller (BET) 

 

The BET surface area and pore volume of each of our catalyst systems were 

determined by classic gas phase surface area and pore volume equipment constructed 

in the Department of Chemistry. The values are reported in m2/g (for the area) and m3/g 

(for pore volume). Approximately 0.5 g of sample was subjected to classic N2 adsorption 

surface area measurements at liquid N2 temperatures. 

 

Figure 3.8. A Philips (PW1830 generator) spectrometer 
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3.5.2.4 Scanning electron microscopy (SEM) 

 

In this work, we used SEM (JSM-840) visual characterisation with a Link analytical 

energy dispersive analysis facility to obtain information on the homogeneity of the 

catalyst surface.(18) Samples subjected to these studies were used in the granular form 

(0.5-1.0 mm) and coated with gold for improved visibility.  All samples were performed 

at a beam energy of 20 kV. 

 

3.5.2.5 X-ray photoelectron spectroscopy (XPS) 

 

XPS is one of the characterisation methods used for the completion of this work. It 

permits the characterisation of the catalyst surface during either catalyst activation or a 

catalytic reaction.(7)(18) The equipment used consisted of a VG MKII X-ray source with 

dual anode, which allowed the use of either magnesium or aluminium radiation. The VG 

“Clam 100” was attached to a “solar 300” UHV chamber. The system also allowed for in 

situ reduction and reaction. The reaction set-up has been described (7)(15) previously. 

The operation method involves loading the sample through the introduction chamber.(22) 

The sample, mounted on a motor driven (4) cylindrical rod(14), could be moved 

horizontally between the reaction chamber (16) and the UHV chamber (20), which is 

separated from the introduction chamber by a vision-sealed gate-valve.(6) The UHV unit 

was kept at a pressure of 5x10-8 mbar by using a Leybold-Hereaus TMP 150 

turbomolecular pump.(7)(15)  
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CHAPTER 4 

PHYSICAL MIXTURE OF Co/TiO2 AND Fe/TiO2 

 

Abstract 

 

Co/TiO2 and Fe/TiO2 catalysts containing 10 wt% of Co or Fe were prepared by a 

single-step incipient impregnation of Co(NO3)2.6H2O or Fe(NO3)3.9H2O respectively on 

a TiO2 support. They were characterised by XRD, TPR, BET and SEM, and tested 

separately in a fixed bed reactor. Other runs were performed on the physical mixtures of 

the two catalysts using different Co/TiO2:Fe/TiO2 ratios. The same operating conditions 

were applied to the two catalysts tested in the same reactor, with one following the other 

(in different catalyst beds). The reduction was performed in situ for 24 hours at 350°C 

under atmospheric pressure using pure H2. 

 

The addition of Fe/TiO2 to a constant amount of Co/TiO2 results in an increase of CO 

hydrogenation activity, and water gas shift (WGS) activity. However, the position of the 

two catalysts in the reactor (one followed by the other) shows little effect on the rate of 

hydrogenation of CO and the CO conversion.  
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4.1 INTRODUCTION 

 

Most of the publications on FT catalysts indicate that only the four group 8-10 metals, 

Fe, Co, Ni and Ru, have sufficiently high activities for the hydrogenation of CO to 

warrant possible application in the FT synthesis.(1-2)(12-15)
 

 

Ni and Ru are the most active compared to Fe and Co, but their use has been limited to 

academic laboratory studies for several reasons such as the cost. Note also that Ni 

makes essentially only methane. Ni is used commercially for the production of methane. 

Therefore Co and Fe are the most important catalysts used on a commercial 

scale.(5)(8)(12)(19)(27)(32)  

 

Compared to Fe, Co catalysts present higher activity; they have low WGS activity; and 

they can operate at lower temperatures and pressure. They are more active than Fe 

catalysts and they do not deactivate rapidly. Furthermore, Co catalysts are not oxidised 

during synthesis, whereas the Fe catalysts undergo oxidation. By contrast, Fe catalysts 

have high WGS activity, high selectivity to both olefins and oxygenated products, and 

appear to be stable when synthesis gas with a high H2:CO ratio is converted.(1)(12-

13)(29)(45-46)  

 

However, Co catalysts have some disadvantages in comparison with Fe catalysts. The 

CH4 selectivity is appreciably higher than that of Fe. This increases the reforming costs 

and losses. Co is also more expensive than Fe. 
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Several studies have been conducted to combine the separate advantages of Fe and 

Co in FT synthesis. Most of those studies have been focused on bimetallic FT catalysts. 

Fe:Co/TiO2 bimetallic catalysts will be discussed in the next chapter.  

 

For further investigation of the FT reactivity patens of a Co catalyst, we have chosen, in 

this chapter, to report on the effect of adding an Fe catalyst as well as the effect of the 

position of the two catalysts (in the reactor) on the catalyst activity, the CH4 production, 

the WGS activity and the product spectrum.   

  

4.2 CATALYST ACTIVITY 

 

In this section we discuss the effect of operating temperature, inlet flow rate, and reactor 

pressure, as well as the effect of the amount of Fe added, on the CO hydrogenation 

activity of Co/TiO2, Fe/TiO2 and their physical mixtures.   

 

4.2.1 Effect of operating temperature  

 

The operating temperature has a significant effect on the CO hydrogenation activity. 

Both CO conversion and the CO hydrogenation rate increase with reactor temperature. 

This increase in activity and CO conversion is expected to follow an Arrhenius type 

relation.(12) High operating temperature augments the dissociation of CO and also 

enhances the rate of hydrogenation. Vannice(44) demonstrated that chemisorbed CO 

presumably becomes activated by a strong interaction of the C and /or O atom with the 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 143 - 
 

catalyst surface.(13-16) This should lead to the weakening of the C-O bond and hence to 

subsequent reaction with H2. The observed increase in activity with increasing operating 

temperature can hence be understood. At high heats of adsorption the C-O bond might 

be expected to be completely severed, and this could result in high activity. However, it 

was found that above a certain temperature, the activity declined. This can be ascribed 

to the fact that since H2 chemisorption is needed for reaction, the CO chemisorption 

must not be too strong as the H2 will not be able to compete for adsorption sites.(13) 

Thus, in ideal conditions, plotting turnover numbers against temperature or the heat of 

adsorption of CO should lead to a “volcano plot” or a parabola(44); this is irrespective of 

the catalyst or the position of catalysts in the reactor.    

 

Besides CO dissociation, the increase in the catalyst activity with temperature could 

also be attributed to diffusional effects. It has been demonstrated that when liquid wax is 

present on the catalyst surface, the reactants first have to dissolve in the liquid and then 

diffuse into the pores where they react.(4)(13)(19)( 32)(34)(45) The reaction creates a diffusion 

gradient; the higher the reaction rate the higher the concentration of the diffusing 

components and therefore the greater the amount of product diffusing per unit time.  

 

It is well known that the FT product distribution is sensitive to temperature, and a low 

temperature favours long chains. Thus, reactants’ diffusion is much easier and faster at 

high temperatures because the process conditions are such that the wax selectivity is 

low. This can explain why the rate of hydrogenation of CO and the CO conversion 

increase when temperature increases.  
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The CO conversion and CO hydrogenation rate versus temperature are plotted in 

Figures 4.1 and 4.2 respectively. These results were expected and are similar to those 

obtained by Chronis(10), Dixit(12), and Hurlbut(23). 
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Figure 4.1. Dependency of CO conversion on temperature. Catalysts: Co/TiO2, 

and Fe/TiO2. P=20 bar and Flow rate: 30 ml/min. 

     P=20bar and Fr=30ml/min.  
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4.2.2 Effect of reactor pressure  

 

The dependency of CO conversion and CO hydrogenation activity on reactor pressure 

is given in Figures 4.3 and 4.4 respectively. The general trend detected is that the CO 

hydrogenation activity as well as the CO conversion increase with an increase in the 

reactor pressure. A similar dependency was observed by Chronis(10). This result was 

expected since an increase in overall pressure results in an increase in the partial 

pressures of the reacting gases. Thus, increasing the partial pressure of the reacting 

gases in the reactor increases the concentration of the reactants in the catalyst pores 

and active sites. The increase of pressure also reduces wax production, and this allows 

easier diffusion of reacting gases into catalysts pores. This in turn results in an increase 
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Figure 4.2. Dependency of CO hydrogenation rate on temperature. Catalysts: 

Co/TiO2 and Fe/TiO2. P=20 bar and Flow rate: 30 ml/min. 

    P=20bar and Fr=30ml/min.  
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in hydrogenation activity. The same trend was reported by Dry(13), Chronis(10) and 

Hunter(22). 

 

          

 

 

 

 

4.2.3 Effect of flow rate on catalyst activity 

 

The dependency of the hydrogenation activity and the CO conversion on the inlet flow 

rate is shown in Figures 4.5 and 4.6. As can be seen, CO conversion decreases as the 

inlet flow rate is increased, while the rate of CO increases with the inlet flow rate. An 

increase in flow rate results in a decrease of the residence time of gaseous reactants on 

catalyst active sites. This reduces the CO conversion. However, the trend observed for 

the rate of hydrogenation of CO can be ascribed to the fact that by increasing the inlet 
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Figure 4.4. Dependency of CO 

hydrogenation rate on reactor pressure. 

Catalysts: 1g Co + 1g Fe (single bed). 

T=250°C and Fr=60 ml/min. 
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flow rate, the amount of gas entering the reactor is also increased. This increases the 

rate of CO consumption. 
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Figure 4.5. Effect of inlet flow rate on CO conversion. Catalysts: 1g Co+1g Fe 

(single bed). T=250°C and P= 20 bar.  
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4.2.4 Effects of Fe added and the position of the two catalysts in the reactor 

 

The effect of adding Fe on the catalyst activity is shown in Figures 4.7 and 4.8. As can 

be seen, CO conversion increases as more Fe is added to the Co catalyst, while the 

rate of CO shows a slight decrease. The observed trend can be explained as follows. 

When more Fe is added to one gram of Co, the catalyst bed and active sites increase. 

This results in more active sites available for the hydrogenation of CO. The trend 

observed for the hydrogenation rate of CO might be because it was calculated per gram 

of catalyst. Thus, any increase in the total amount of catalyst loaded results in the slight 
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diminution of the rate since the rate of hydrogenation of CO is inversely proportional to 

the total amount of catalyst used for the reaction.  

 

The position of the two catalysts (Co/TiO2 and Fe/TiO2) in the reactor has been also 

investigated in this section, and the result is plotted in Figures 4.9 and 4.10. It seems 

that the hydrogenation activity and the CO conversion are less sensitive to the position 

of the two catalysts in the reactor. No significant difference was observed among the 

three positions in terms of CO conversion and the rate of hydrogenation of CO. The 

value of CO conversion and the hydrogenation rate of CO are almost the same, 

irrespective of the position of the catalysts in the reactor. However, Fe followed by Co 

appears to be a little less active than Co followed by Fe and the single bed. 
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Figure 4.8. Effect of Fe/TiO2 added to 1g Co/TiO2 on the rate of CO.  

P =20 bar and Fr=30 ml/min.  

Figures 4.10. Catalyst position effect 

on the hydrogenation rate of CO. 

Catalysts: Co/TiO2 and Fe/TiO2. 

T=210°C, 220°C, 230°C and 250°C. 

P=20 bar and Fr=30 ml/min. 
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4.3 WATER GAS SHIFT REACTION 

 

The effect of the temperature, the inlet flow rate, the pressure, the amount of Fe/TiO2 

added and the position of Fe and Co catalysts in the reactor on WGS activity was 

studied. If a high WGS activity is achieved then the H2 in the inlet can be supplemented 

by the production of more H2 from the conversion of water and CO to H2 and CO2.
(10)(12) 

The WGS activity is measured by the amount of CO2 produced or by the rate of CO2 

production since our feed is composed of CO and H2. 

 

CO2 selectivity is plotted against temperature in Figures 4.12 and 4.13, which show that 

CO2 selectivity increases with temperature. This shows that WGS activity increases with 

the increase in temperature. The same trend was reported by Hunter(22), Huff(21-22) and 

Chronis(10).  Bukur(8)(10)(22) also reported the same trend, with the equilibrium obtained at 

the temperature between 265 and 280°C. The same trend was also observed by Dry(12). 

 

The plots of the effect of CO2 selectivity versus flow rate (Figures 4.13a and 4.13b) 

show that CO2 selectivity decreases when the inlet flow rate increases and vice versa. 

As we have explained in section 4.2.1, a high inlet flow rate decreases the residence 

time of the gas in the reactor, resulting in less CO being converted. WGS reaction 

seems to be less sensitive to the pressure variations. It can be observed from Figure 

4.13b that CO2 selectivity increases slightly when the pressure is increased. As 

explained in previous sections, this increase of CO2 selectivity with pressure cannot be 
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ascribed to the reactor pressure. It could probably be due to the increase of the partial 

pressure of one of the two reacting gases.    

 

We have also looked at the effect of the addition of Fe/TiO2 on the WGS activity. The 

result, plotted in Figure 4.11, shows an increase of CO2 selectivity with the amount of 

Fe/TiO2 added.  This observation is explained in section (4.2.4). Adding more Fe/TiO2 to 

a fixed amount of Co/TiO2 increases the total amount of catalyst loaded and then the 

catalyst active sites. This increases the rate of hydrogenation of CO. Besides, Fe is 

more WGS active than Co. By adding more Fe to the Co catalyst, the WGS of the entire 

catalyst is increased. 

 

The study of the effect of the position of Fe/TiO2 and Co/TiO2 on the WGS reaction 

revealed a negligible difference between Co/TiO2 followed by Fe/TiO2 and the two 

catalysts mixed in the same catalyst bed. However, Fe/TiO2 followed by Co/TiO2 

produced less CO2 than the other two. We suspect that some CO2 produced by Fe 

might react with H2 to produce CH4. Notice that as FT is a complex reaction with a 

mixture of more than one product, CO2 by itself cannot explain this behaviour. This will 

be explained in detail in the next section. 
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Figure 4.11. Dependency of CO2 selectivity on the amount of Fe/TiO2 added to 1g of 

Co/TiO2. P=20 bar and Fr=30 ml/min.  

Figure 4.12. Effect of the catalysts position in the reactor on CO2 selectivity. T =210°C, 

220°C, 230°C and 250°C. P=20 bar and Fr: 30 ml/min. 
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Figure 4.13a. Dependency of CO2 selectivity on inlet flow rate. T=210°C, 

P=20 bar. Catalyst: Fe/TiO2 and Co/TiO2 mixed in the same bed. 
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4.4 METHANE SELECTIVITY 

 

4.4.1 Effect of temperature 

 

It is preferable that CH4 production be kept to a minimum as CH4 has very little use as a 

fuel or as a chemical feedstock, and it is expensive to reform it. Temperature has a 

significant impact on CH4 production, and CH4 selectivity is directly proportional to the 

temperature. As can be seen from Figures 4.14 and 4.18, an increase in temperature 

considerably increases CH4 selectivity. High temperature possibly augments the 

quantity of dissociation of the CO, resulting in more active carbon on the catalyst 

surface, which is then available for direct hydrogenation to CH4. Kummer et al(10)(22) 
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Figure 4.13b. Dependency of CO2 selectivity on reactor pressure. 

T=210°C, Fr=60 ml/min. Catalyst: Fe/TiO2 and Co/TiO2 mixed in the 

same bed. 
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showed, using 14C, that appreciable amounts of radioactive CH4 were formed by the 

hydrogenation of carbide, but that this carbide did not contribute considerably to chain 

propagation. Thus, the influence of temperature on selectivity is consistent for all FT 

catalysts. As the operating temperature is increased, the product selectivity shifts to 

lighter molecular mass compounds.(13) 

 

              

 

 

 

4.4.2 Effect of inlet flow rate 

 

When CH4 selectivity is plotted against flow rate, it is noticed that CH4 selectivity 

decreased when the flow rate increased. This can be ascribed to the fact that the 

increase in the inlet flow rate reduces the residence time of the reactants in the reactor. 
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Thus the amount of CH4 being produced decreases. The plot of CH4 selectivity versus 

flow rate is given in Figure 4.15. 

 

                

 

 

 

4.4.3 Effect of pressure 

 

The effect of pressure on CH4 selectivity was also investigated, and the result is plotted 

in Figure 4.16, where it can be seen that CH4 selectivity increases when the synthesis 

pressure decreases and vice versa. This result, furthermore, is in agreement with those 

reported by Bartholomew(6) and Chronis(10). 
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Figure 4.15. Effect of inlet flow rate on CH4 selectivity. T=250°C. P=20 bar. 
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4.4.4 Effects of Fe/TiO2 addition and the position of the catalyst in the reactor 

 

We have also looked at the effect of adding an Fe catalyst to the Co catalyst as well as 

the position of Fe and Co catalysts in the reactor. The results are shown in Figures 4.17 

and 4.18. Note that the amount of CH4 produced increases with the amount of Fe added 

to the fixed amount of Co catalyst. As explained above, the addition of Fe/TiO2 

increases the total amount of catalyst loaded. This augments the total pore volume and 

the total catalyst surface. Therefore, there are more available active sites created for the 

CO and CO2 hydrogenation.  

 

Figure 4.18 shows how the position of the two catalysts in the reactor can affect CH4 

selectivity. The result shows that more CH4 is produced when Fe is loaded in the first 
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catalyst bed and Co in the second than when the two catalysts are mixed in the same 

catalyst bed or when Co comes first. Figure 4.18 gives more or less the same values of 

CH4 selectivity for the single bed catalysts and for Co followed by Fe, and an increase in 

CH4 selectivity when Fe comes first in the reactor. The observed result can be attributed 

to the possible unlikely hydrogenation of CO2 on the Co catalyst since the feed for the 

second catalyst is composed of a mixture of H2, CO, CO2, H2O and hydrocarbons. At 

this stage, we do not have any evidence for what is really happening in the reactor.  

 

Studies of the hydrogenation of CO2 with Co, Ni and Fe catalysts, carried out by 

Koch(29), Fischer(17) and Russel(40), showed that CH4 was the major product formed. The 

US Bureau of Mines(13)(18) found that at about 580K an increase in the partial pressure 

of either H2O or CO2 resulted in a large increase in the CH4 selectivity of an Fe catalyst. 

Zhang et al(48) investigated the CO and CO2 hydrogenation study on supported Co FT 

synthesis catalysts. They found that a striking difference for the Co catalyst, compared 

to the Fe catalyst, was the formation of CH4. Their result showed that under the same 

reaction conditions, the amount of CH4 produced was much higher for the CO2 reactant, 

and whenever CO2 was the reactant, CH4 accounted for greater than 70% (based on 

carbon) of the products. However, under the same reaction conditions and with the 

same catalyst, CH4 accounted for less than 10% of the products with CO as reactant. 

 

A similar study was carried out by Riedel et al(39). They discovered that under 

competitive conversions, CO was converted more rapidly than CO2; this clearly showed 

that CO is adsorbed on the Co catalyst to a greater extent than CO2. Whereas the total 
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carbon oxide (CO and CO2) conversion is about the same as would be expected from 

the trend of the previous runs, the conversion of CO accounted for more than 90% of 

the total conversion of the carbon oxide. They concluded that CO conversion exceeds 

that of CO2 by a factor of 4–10 under competitive adsorption conditions.  

 

Van Herwijnen et al (12)(43) studied the kinetics of the methanation of CO and CO2 on a 

Ni catalyst. They reported that the methanation of CO2 does not start until a very high 

conversion of CO is attained. They also found that the first part of the catalyst bed 

almost exclusively converts CO to CH4; that only the second part of the bed causes 

hydrogenation of CO2, and H2O formed by conversion of CO does not affect the rate of 

CO2 hydrogenation. They furthermore suggest that the rate-determining step involves 

only one site and that the presence of CO almost completely poisons the hydrogenation 

of CO2. They concluded that the adsorption of CO2 on the clean surface is rate-

determining under these conditions, and at high concentrations of CO2, surface reaction 

or a desorption step probably controls the rate. 
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Figure 4.17. Effect of the amount Fe/TiO2 added to 1g of Co/TiO2 on CH4 selectivity. 

P=20 bar and Fr: 30 ml/min.  

Figure 4.18. Impact of catalysts positions on CH4 selectivity. P=20 bar and 

Fr=30 ml/min 
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4.5 OLEFIN TO PARAFFIN RATIO 

 

Numerous mechanisms have been proposed to describe FT reaction behaviour but 

none of them can explain in detail all the phenomena observed during FTS. However, 

most researchers agree that the conversion of synthesis gas leads first to the 

production of olefins, which are then hydrogenated to produce long chain paraffins. 

Sometimes the products collected may not be representative of those formed during the 

sampling period, and this may significantly affect the mechanism that is proposed. One 

area of uncertainty is the impact of diffusion and/or solubility (vapour–liquid equilibrium) 

on secondary reactions that alter the initial product distribution.(7) 

 

Many researchers have tried to produce a proper mechanism for FT reaction and most 

of them concluded that the chain length depends on the olefin to paraffin ratio. They 

attributed this dependency to diffusion effects. Iglesia and co-workers(24-28)(35-38)(42) 

studied the influence of chain length dependent diffusion coefficients on secondary 

reactions. They reported an empirical equation describing a strong influence of the 

chain length on the diffusivity for olefins and paraffins. Iglesia et al.(24-28) modeled 

diffusion-limited removal of olefins and diffusion limitation of CO on a Co and Ru 

catalyst in a packed bed reactor. No reactant depletion was observed at particle 

diameters smaller than 0.2 mm. However, selectivity changes due to product limitations 

are still present. They concluded that olefin readsorption and chain initiation are the 

most important secondary reactions.(7) 
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Kuipers et al.(7)(31) measured the olefin to paraffin ratio for the FTS on a polycrystalline 

cobalt-foil (without diffusion limitations) and still obtained an exponential decrease of 

this ratio with chain length. So, one can conclude that the chain length dependency of 

the olefin to paraffin ratio can hardly be due to diffusion effects only, but the preferential 

physisorption and that increase of the solubility with chain length influences the 

selectivity as well.(31)    

 

The effect of temperature, space velocity, pressure and different catalysts on the olefin 

to paraffin ratio was studied for the hydrocarbons from C2 to C8. The choice of this 

range of hydrocarbons was dictated by the fact that the column used in this work can 

separate hydrocarbons only from C2 to C8.  

 

When one calculates the equilibrium constant of olefins to paraffins, it appears that 

paraffins are thermodynamically preferred. Thus, since the hydrogenation of the olefin is 

also kinetically dependent, the olefin to paraffin ratio will tend to zero only if enough H2 

is available and if the residence time is long enough.  

 

From the plots of the olefin to paraffin ratio against carbon numbers at different 

temperatures and for different catalysts (Figures 4.19, 4.20 and 4.21), it can be seen 

that the C2 olefin to paraffin ratio is much lower than the C3, C4, C5, C6, C7 and C8 ratios. 

The C3 ratio displays the highest value of olefin to paraffin; the C4 ratio is lower than C5; 

and both C4 and C5 ratios are greater than C6, C7 and C8 ratios. The value of the C4 

olefin to paraffin ratio being lower than the C5 was also observed by other 
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researchers(10)(22). It appears that the olefin to paraffin ratio is high for light 

hydrocarbons, and the ratio decreases with the chain length increase. Only C2 is an 

exception to this observation for these catalysts systems. This behaviour could be 

attributed to a second hydrogenation, diffusion effects, or α-olefin readsorption.  

 

The contribution of α-olefin readsorption reactions to chain growth increases as the 

residence time and the concentration of the reactive products increase.(35-38) Catalyst 

pores are filled with high molecular weight liquid hydrocarbon products during FT 

synthesis; therefore, intraparticle olefin diffusivity decreases markedly with increasing 

molecular size.(11) Larger olefins remain longer within catalyst particles and are more 

likely to readsorb and initiate chains on FT synthesis sites.(24-28) The long chain olefins 

have long pore residence time, and this ensures that olefins will readsorb many times 

and initiate chains; only chains that terminate as un-reactive paraffins exit the catalyst. 

Indeed, the higher paraffinic content of long chain hydrocarbons is not the result of 

direct secondary hydrogenation of α-olefin to the corresponding paraffin of equal size, 

but reflects instead the enhanced readsorption of α-olefin and surface chain initiation 

steps that lead to the ultimate desorption of these α-olefins as larger products.(35-38)  
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Figure 4.19. Olefin to paraffin ratio 

versus carbon number. Catalyst: 1gCo 

followed by 1gFe. P=20 bar and Fr=30 

ml/min. 

Figure 4.20. Olefin to paraffin ratio versus 

carbon number. Catalyst: 1gFe followed 

by 1gCo. P=20 bar and Fr=30 ml/min. 

Figure 4.21. Olefin to paraffin ration versus carbon 

number. Catalyst: 1gFe+1gCo, Single bed. P=20 bar 

and Fr=30 ml/min. 
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4.5.1 Effect of temperature 

 

Figures 4.22 and 4.24 show that the olefin to paraffin ratio decreases with an increase 

in the temperature and its value tends to zero at higher temperatures. It can also be 

noticed that the olefin to paraffin ratio decreases faster between 210°C and 230°C and 

less rapidly above 230°C. This is in line with thermodynamic expectations. The effect of 

temperature is expected since the rate of hydrogenation would tend to increase with 

increasing temperature. The maximum value for the olefin to paraffin ratios observed at 

low temperatures may be attributed to the low rate of hydrogenation of olefins as well as 

to the diffusion effects. As explained above, the FT reaction produces a lot of wax and 

liquid at low temperature, and the accumulation of the liquid product on the surface of 

the catalyst causes diffusion restriction of gas reactants. However, high temperature 

reflects diffusional restriction and this increases the rate of hydrogenation of olefins.  

 

The trend observed in this work was also obtained by Hunter(22), but he found a 

maximum at temperatures between 240 and 250°C. Similar results were also reported 

by Satterfield(10)(22), Bukur et al.(8), Dry(13) and Madon(35-38). Madon also found a 

reduction in the C2 olefin to paraffin ratio with an increase in temperature but little effect 

on the C3 and C4 ratios. Dry also found a decrease in the olefin to paraffin ratio as the 

temperature increases. In contrast, Satterfield and Donnelly showed an increase in 

olefin to paraffin ratio with an increase in temperature. Sasol’s high temperature 

operation produces olefins as the predominant product.(49) This incongruity may be due 

to different catalyst pretreatments.   
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Figures 4.22 and 4.23 clearly show that the C4 olefin to paraffin ratio is lower than both 

the C3 and C5 ratios. This was also observed by Hunter(22).  

         

 

 

 

 

4.5.2 Effect of flow rate 

 

 It can be seen from Figures 4.25 and 4.26 that the olefin to paraffin ratio is lower when 

the flow rate is 30 ml/min and increases when the inlet flow rate is increased to 60 

ml/min and 120 ml/min. As expected, the olefin to paraffin ratio increases as the space 

velocity is increased. This is because the bed residence time of the olefins is 

decreased, resulting in less time for the hydrogenation and the readsorption of olefins 

on the catalyst surface. An increase in the inlet flow rate decreases the intraparticle 

(pore) residence time, and the decreased intraparticle residence time increases the 
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Figure 4.22. Olefin to paraffin ratio 

versus temperature. Catalyst: 

1gCo+1gFe: Single bed. P=20bar and 

Fr=30 ml/min. 

Figure 4.23. Olefin to paraffin ratio 

versus temperature. Catalyst: 

1gCo+1gFe: Co followed by Fe. P=20 

bar and Fr=30 ml/min. 
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diffusion that increases the rate of removal of reactive olefins from the catalyst pores. 

This result is supported in the literature (10)(22)(35-38). Plotting the olefin to paraffin ratio 

data using the corrected space velocity (rate per gram of catalyst), Hunter (22) obtained 

exactly the same trend. However, when using the non corrected space velocity, Hunter 

obtained the opposite trend to that proposed in this work. He attributed this dissimilarity 

to the fact that the activity of the catalyst used in his work was different, probably 

because of a slight difference in the pre-treatment.  

 

As described in the previous sections, it can also be noticed from Figures 4.24 and 4.25 

that the C4 olefin to paraffin ratio is lower than that for C5.  
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Figure 4.24. Effect of inlet flow rate on 

olefin to paraffin ratio. 1gCo+1gFe 

(single bed). P=20 bar and T=250°C. 

Figure 4.25. Olefin to paraffin ratio 

against inlet flow rate. 1gCo+1gFe 

(single bed). P=20 bar and 

T=250°C. 
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4.5.3 Effect of pressure 

 

The effect of pressure on the olefin to paraffin ratio was also studied at 250°C, and the 

result is plotted in Figures 4.26 and 4.27. Note that the choice of the two pressures used 

in this work was arbitrary. It can be observed from Figures 4.26 and 4.27 that when the 

overall pressure is increased, the olefin to paraffin ratio decreases.  

 

The observed influence of pressure on the olefin to paraffin ratio is not likely to be due 

to the value of the total pressure per se but rather due to one or more of the reactant or 

product partial pressures. The influence of the total pressure may be ascribed to the 

partial pressure of H2, which increases as the total pressure is increased.(12) Thus, there 

is enough H2 available for the hydrogenation of olefins. This results in more paraffin 

being produced. The C5 ratio remains greater than the C4 ratio, and the C2 ratio is lower 

than all other olefin to paraffin ratios.  
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4.5.4 Effect of catalyst 

 

The effect of the addition of an Fe catalyst on the olefin to paraffin ratio was also 

investigated, and the result is plotted in Figures 4.28 (28a – 28d) and 4.29 (29a -29f). 

For the data presented in Figure 4.28 the two catalysts (Fe/TiO2 and Co/TiO2) were 

mixed on the same catalyst bed. For data displayed in Figure 4.29 the two catalysts 

(Fe/TiO2 and Co/TiO2) were loaded in the same reactor but in two separate catalyst 

beds, one followed by the other.  

 

Results plotted in Figures 4.28 (28a – 28d) show a decrease of olefin to paraffin ratio 

with the increase in the amount of Fe added to one gram of Co catalyst. The addition of 
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Figure 4.26. Effect of pressure on 

olefin to paraffin ratio. 1gCo+1gFe 

(single bed). T=250°C and Fr=60 

ml/min 

Figure 4.27. Olefin to paraffin ratio 

against pressure. Catalyst: 

1gCo+1gFe (single bed). T=250°C 

and Fr=60 ml/min. 
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Fe catalyst to one gram of Co increases the amount of catalyst in the reactor and this 

increased the catalyst bed length, the total pore volume, the catalyst active sites, as well 

as the diffusional effects. We suspect that the increase in the length of the catalyst bed 

in the reactor possibly increased the bed residence time for the olefins on the catalyst 

surface. This could result in more paraffin being produced since there is enough 

hydrogen available (in the reactor) for the hydrogenation of olefins. 
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Figure 4.28b. Effect of the added 

amount of Fe/TiO2 on olefin to paraffin 

ratio. C4. T=230°C, P=20 bar and 

Fr=30 ml/min. 
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Figures 4.29a–4.29f show that the single bed mixture has a slightly higher tendency 

towards olefins than Co followed by Fe. Note that the difference is quite significant for 

C3 and marginal for C2 and above C4. However, Fe followed by Co shows a significant 

tendency toward olefins. 
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and Fr =30 ml/min. 

Figure 4.28d. Effect of the added 

amount of Fe/TiO2 on olefin to paraffin 

ratio. C5. T=230°C, P=20 bar and 

Fr=30 ml/min. 
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Figure 4.29a. Dependency of the olefin 

to paraffin ratio on the position of Fe 

and Co catalysts. C3. T=230°C, P=20 

bar and Fr=30 ml/min.  

Figure 4.29c. Dependency of the 

olefin to paraffin ratio on the position 

of Fe and Co catalysts. C5. T=230°C, 

P=20 bar and Fr=30 ml/min.  

Figure 4.29b. Dependency of the olefin 

to paraffin ratio on the position of Fe 

and Co catalysts. C4. T=230°C, P=20 

bar and Fr=30 ml/min.  

Figure 4.29d. Dependency of the olefin to 

paraffin ratio on the position of Fe and Co 

catalysts. C6. T=230°C, P=20 bar and 

Fr=30 ml/min. 
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4.6 ALPHA CHAIN GROWTH PROPAGATION 

 

In this section, we investigate the effect of temperature, pressure, inlet flow rate as well 

as the effect of Fe addition on α. It is very important to study these effects in order to 

know how to select operating conditions such that the required product can be 

achieved. 

 

4.6.1 Effect of flow rate and Pressure 

 

The effect of flow rate and pressure was studied and the results are plotted in Figures  
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Figure 4.29e. Dependency of the olefin 

to paraffin ratio on the position of Fe 

and Co catalysts. C7. T=230°C, P=20 

bar and Fr=30 ml/min.  

Figure 4.29f. Dependency of the olefin to 

paraffin ratio on the position of Fe and Co 

catalysts. C8. T=230°C, P=20 bar and 

Fr=30 ml/min. 
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4.30 and 4.31. Figure 4.30 shows that α decreases slightly when the flow rate is 

increased. This indicates that high space velocity shifts the product distribution towards 

light hydrocarbons and olefins. The decrease of α with the space velocity can be 

understood since a high space velocity decreases the residence time of gas reactant in 

the reactor, resulting in less hydrogenation of olefins and olefin readsorption. However, 

a decrease in inlet flow rate leads to an increase of intraparticle (pore) residence time, 

and this reflects diffusional restriction that lowers the rate of removal of reactive olefin 

from the catalyst pores. Diffusion-enhanced readsorption of α-olefin leads to an 

increase in chain growth probability.(24-28)(31)(35-38) A similar result was found by 

Chronis(10).  

 

Research conducted by Bukur(8), however, shows no effect since chain growth probably 

depends more on the catalyst surface; and once a chain has desorbed, it is not 

reabsorbed into a growing chain. The same trend was also proposed by Satterfield(8)(22). 

He concluded that α is independent of space velocity. Hunter(22) corroborated this result 

but not totally. He found that α remained relatively unchanged with only a small increase 

being noted when the space velocity was decreased. 

 

We also studied the effect of reactor pressure on α value, and the result is shown in 

Figure 4.31. It can be observed that the alpha value increases slightly as the pressure is 

increased. A similar result was reported by Chronis (10), Bartholomew (6) and Sarup (8).   
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Figure 4.30. Effect of inlet flow rate on α. Catalyst: 1gFe+1gCo 

(single bed). T=250°C and P=20 bar. 

Figure 4.31. Effect of pressure on α. Catalyst: 1gFe+1gCo (single 

bed). T=250°C and Fr=60 ml/min 
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4.6.2 Effect of temperature, Fe addition and catalysts’ (Fe and Co) position in the 

reactor 

 

The effect of temperature on α is plotted in Figures 4.33 and 4.35, which shows that an 

increase in temperature decreases α. This implies that temperature increase shifts the 

product spectrum towards the lower hydrocarbon numbers. This result is in agreement 

with those obtained by Chronis (10), Hunter (22) and Donnelly (22). 

 

There are two possible reasons to explain the observed trend.(35-38) The first is that 

some cracking of the higher hydrocarbons may occur when the temperature is 

increased and the second is that the rate of termination may be more temperature 

dependent than the rate of propagation. The cracking of the higher hydrocarbons would 

increase the mass fractions of the lower carbon number species and decrease those of 

the higher carbon number species. This results in an increase in the slope on the 

Schulz-Flory plot and therefore decreases the α value.(10)(22)(24-28)(31)  

 

The second explanation can be applied only if the activation energy for the rate of 

propagation is less than that for the rate of termination. This is expected to be the case 

from a thermodynamic point of view since smaller molecules are preferred at higher 

temperatures.(24-28)(31)  

 

The effect of the amount of Fe catalyst added was also investigated in this work. The 

result is plotted in Figure 4.34, which shows that the α value increases when the amount 
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of Fe is increased. This implies that chain growth probably depends more on the 

catalyst surface. The addition of Fe catalyst to one gram of Co also increases the total 

catalyst surface as well as the catalyst pore volume. This results in more catalyst active 

sites available for the chain propagation.  

 

The position of the two catalysts (Co/TiO2 and Fe/TiO2) seems to have little effect on the 

α value. As can be seen in Figure 4.35, Co followed by Fe and Co mixed with Fe on the 

same catalyst bed give more or less the same values of α. Fe followed by Co seems to 

be an exception since α values obtained from this run are slightly different from those 

for Co followed by Fe and for the two catalysts mixed in the same bed.    
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4.7 CONCLUSION 

 

The general trend observed is that as temperature increases, the CO hydrogenation 

rate, the CO conversion, the WGS activity and the CH4 selectivity increase, the olefin to 

paraffin ratio goes down, and the product spectrum shifts towards light hydrocarbons.  

 

Increasing the reactor pressure results in the increase of the CO hydrogenation rate and 

WGS activity. CH4 selectivity and olefin to paraffin ratio decrease with an increase of the 

overall pressure and the product spectrum shifts towards heavier hydrocarbons.  

Increasing the inlet flow rate results in less CO hydrogenation activity, less CH4 being 

produced, and less WGS activity. The olefin to paraffin ratio increases with inlet flow 

rate increase, and the product spectrum shifts towards light hydrocarbons. 
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CH4 production increases with an increase in both temperature and the amount of 

Fe/TiO2 added. The effect of temperature could possibly be ascribed to a greater 

dissociation of CO resulting in more active carbon on the catalyst surface for direct 

hydrogenation. Increasing the inlet flow rate decreases the quantity of CH4 as the 

residence time of reactants is reduced.  

 

The addition of Fe/TiO2 to a constant amount of Co/TiO2 results in an increase of CO 

hydrogenation activity, WGS activity and CH4 selectivity. We produce less olefin and 

more long chain hydrocarbons when more Fe/TiO2 is added to Co. 

  

The rate of CO hydrogenation and the CO conversion are less sensitive to the position 

of the two catalysts in the reactor. They exhibit a little variation when the position of the 

two catalysts in the reactor is changed. Fe followed by Co, however, appears to be less 

active compared to Co followed by Fe and compared to the single bed. Co followed by 

Fe and Co mixed with Fe on the same catalyst bed give more or less the same values 

of α. Fe followed by Co seems to be an exception since α values obtained from this run 

are slightly different from those of Co followed by Fe and for the two catalysts mixed in 

the same bed. Fe followed by Co shows a significant tendency toward olefins compared 

to the other two positions. 
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CHAPTER 5 

CHEMICAL MIXTURE: 

Co: Fe/TiO2 BIMETALLIC CATALYST 

 

Abstract 

Bimetallic catalysts were prepared by co-impregnation of Co(NO3)2.6H2O and 

Fe(NO3)3.9H2O on a TiO2 support. They were characterised by XRD, TPR, BET, SEM 

and XPS. They were tested in a fixed bed reactor at different temperatures (210ºC, 

220º, 230ºC and 250ºC). All the runs were performed at 20 bar. The flow rate of the gas 

entering the reactor was 30 ml/min.  

 

5.1 INTRODUCTION 

 

Several researches have been conducted to combine the separate advantages of Fe 

and Co in FTS. Most of those studies were focused on bimetallic FT catalysts, and they 

indicate that the addition of a second metal component to a catalyst can systematically 

improve or alter the surface characteristics of the catalyst.(24) Numerous studies have 

shown that the addition of a mixture of two active FT metals can produce catalysts with 

chemical, physical and catalytic properties that are not directly related to the properties 

of the separate metals.(6)(12)(20)(25)(27)(34) Studies conducted on Co and Fe indicated a 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 189 - 
 

catalytic behaviour in FTS that is different from the sum of both isolated metals.(6-10)(12) 

Some other researchers also reported the same finding.(16-19)(33-35)   

 

In earlier studies Duvenhage (15-18) reported experimental findings on the use of 

Fe:Co/TiO2 catalysts in the FT reaction.  In particular, the author reported on preliminary 

metal loading effects, as well as on the reduction and calcination effects on the FT 

reaction and the long-term stability effects on the FT product selectivity.(15-19)  

 

Duvenhage showed that the two metals, when intimately mixed together, had different 

catalytic characteristics, when compared with bimetallic catalysts containing the two 

metals that were physically mixed together (mixture of the salts). The Fe:Co catalysts 

acted more like Co containing catalysts in terms of selectivity, when the two starting 

metal salts were co-impregnated onto TiO2. The author also found that when the Fe:Co 

ratio of the co-impregnated catalysts was varied (constant total metal loading of 10%), a 

non-linear relationship between metal content and catalyst FT activity and selectivity 

was observed with a maximum activity for the 5:5 Fe:Co bimetallic catalysts. The 

bimetallic catalysts can be viewed as Co catalysts that have been promoted by Fe; and 

the promotion leads to varied activity and selectivity characteristics relative to reference 

Co/TiO2 catalysts. 

 

For further investigation of the FT reactivity patens of Co catalysts, we have chosen, in 

this chapter, to investigate the effect of the addition of Fe content on the catalytic activity 
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(CO conversion and rate of CO), the product spectrum, the olefin to paraffin ratio, the 

CH4 selectivity and the WGS activity.  

 

5.2 CATALYST ACTIVITY 

 

The catalyst activity was evaluated as a function of CO conversion and the rate of 

hydrogenation of CO. The effect of Fe addition is given in Figures 5.1 and 5.2, which 

show that CO conversion and the rate of hydrogenation of CO are notably high for 

Co/TiO2 (Fe=0%). They increase slightly with the addition of 0.1% of Fe and then 

decrease with the addition of more Fe. The general trend is that the overall activity of 

the Fe:Co/TiO2 system decreases with an increase in Fe content. This result is in 

agreement with those reported in the literature (20) and can be compared to that of an 

inactive material being mixed with an active metal, resulting in some degree of dilution 

of the more active Co phase. This results in a loss of catalyst activity. Less Fe content 

enhances the overall activity whereas more Fe inhibits the bimetallic system activity. 

This can be attributed to the possible enrichment of Fe at the surface of the catalyst. 

The higher the Fe loading the more severe is this phenomenon.(15)  

 

Note also, in Figures 5.1 and 5.2, that the slope of the curves decreases with an 

increase in temperature. The slope is -0.843 at 210°C and -2.809 at 250°C. This change 

in the shape of the curves is due to the Fe activity, which is high at higher temperatures. 

This means that the effect of Fe on the bimetallic system is significant at higher 

temperatures.  
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Figure 5.1. Effect of the addition of Fe on CO conversion. P=20 bar and Fr=30 

ml/min. T=210°C, 220°C, 230°C and 250°C. 

Figure 5.2. Effect of the addition of Fe on the hydrogenation rate of CO. P=20 

bar and Fr=30 ml/min. T=210°C, 220°C, 230°C and 250°C. 
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5.3 METHANE SELECTIVITY 

 

The effect of Fe content on the methanation activity of the bimetallic system has been 

investigated for different operating conditions and temperatures, and the results are 

plotted in Figures 5.3a and 5.3b. From the plot of CH4 selectivity against the percentage 

of Fe content in the catalyst, it can be seen that CH4 selectivity as well as the rate of 

CH4 decrease with an increase in the percentage of Fe content in the bimetallic system. 

Also, as for the CO conversion, CH4 selectivity shows a slight increase when a small 

amount of Fe (0.1%) is added before decreasing with further Fe addition. This 

observation has not been raised by other researchers who have been working in Co:Fe 

bimetallic catalysts.  

 

However, the general trend observed in this work was expected and is supported by the 

literature (5)(15)(16). Fe is known for its low CH4 production and Co for its higher selectivity 

towards CH4 
(1)(13)(31). Thus, increasing Fe content in the bimetallic system results in a 

decrease in CH4 selectivity. The observed decrease of CH4 selectivity can also be due 

to the loss of the catalyst activity. The lower the CO conversion, the lower the CH4 

selectivity. This phenomenon is presented in Figure 5.4 in which the CO conversion is 

plotted against the corresponding CH4 selectivity. A linear relation is observed, showing 

an increase in CH4 selectivity with CO conversion increase.  
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Figure 5.3a. CH4 selectivity versus amount of Fe in the catalyst. P=20 bar, Fr=30 

ml/min. T=210°C, 220°C, 230°C and 250°C. 

Figure 5.3b. Rate of CO versus amount of Fe in the catalyst. P=20 bar and Fr=30 

ml/min. T=210°C, 220°C, 230°C and 250°C. 
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5.4 WATER GAS SHIFT ACTIVITY 

 

There is an indication of the expected increase in WGS activity with Fe content, 

although a decrease in catalyst activity is observed. However, the pure Co, the 0.1% 

and the 1% Fe content systems exhibited no WGS activity below 250°C. This behaviour 

can be understood since the Fe loaded onto the support is insignificant compared to 

that of Co. The amount of Co loaded in these two systems is about 100 and 10 times 

(respectively) greater than that of Fe. Thus, Co appears to be largely dominant in these 

two bimetallic catalysts (0.1% and 1% Fe). Therefore, the two bimetallic systems 

behave like a pure Co based catalyst. It is likely that the WGS activity measured at 

250°C for the two bimetallic systems may be attributed to the oxidation of the catalyst at 

high temperature. This phenomenon was observed for all the runs performed on Co 
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Figure 5.4. CH4 selectivity against the corresponding CO conversion. Catalyst: 

Fe:Co/TiO2 (1-10%). P=20 bar and Fr=30 ml/min. T=210°C, 220°C, 230°C and 

250°C. 
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catalysts. The WGS activity is expressed as a function of CO2 and plotted in Figures 

5.5a and 5.5b. 
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Figure 5.5a. CO2 selectivity versus amount of Fe in the catalyst. P=20 bar and 

Fr=30 ml/min. T=210°C, 220°C, 230°C and 250°C. 

Figure 5.5b. Rate of CO2 formation versus amount of Fe in the catalyst. P=20 bar and 

Fr=30 ml/min. T=210°C, 220°C, 230°C and 250°C. 
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5.5 OLEFIN TO PARAFFIN RATIO 

 

As expected, the olefin to paraffin ratio increases with an increase in Fe content in the 

Fe:Co bimetallic systems.(15)(27) A break down of the C2–C8 spectrum for the (0:10), 

(0.1:10), (1.0:10), (5:10) and (10:10) systems show the trends for the olefin to paraffin 

ratio. As explained in chapter 4, the choice of this range of hydrocarbons for this study 

was dictated by the fact that the column used in this work could separate hydrocarbons 

only from C2 to C8.  

 

The plot in Figure 5.6 of the olefin to paraffin ratio against carbon number for different 

Fe loadings content shows that the C3 ratio has the greatest value, followed by C5 and 

C4, with C4 being lower than C5 for the 5:10% and 10:10% bimetallic systems. Figure 

5.6 shows that the same trends are followed that have been described previously in 

chapter 4, namely that the olefin to paraffin ratio decreases with the chain length of 

hydrocarbons. Only C2 is an exception. The C2 olefin to paraffin ratio is lower than that 

of C8. The C4 olefin to paraffin ratio is lower than the C3 ratio and similar to the C5 ratio 

and the result is supported by the literature (11)(21).  As explained in chapter 4, this could 

be ascribed to the second hydrogenation, the diffusion effects, and α-olefin 

readsorption.   

 

The effect of Fe addition was also investigated in this section. As can be seen in 

Figures 5.7a-5.7f, the olefin to paraffin ratio, especially C3, increases with an increase in 

Fe loadings and a decrease in activity. As observed by Arcuri et al. (2), for a SiO2 
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supported system, significant amounts of C3H6 and C5H10 were also observed here. The 

(0.1:10) system displays similar olefin to paraffin ratios to those of the (0:10) system. 

This can be ascribed to the low Fe content in the bimetallic catalyst. The general trend 

is that the olefinity of the catalyst increases with an increase in Fe content. Except for 

C3 and C4, there is a break at the (5:10) system and this gives 2 slopes for the olefin to 

paraffin ratio curves, with the first gradient (1:10) to (5:10) being greater than the 

second (5:10) to (10:10). This means that olefin to paraffin increases rapidly for the 

systems between (1:10) and (5:10) and then the rate of increase drops for the systems 

above (5:10). This observation is in agreement with the result reported by other 

researchers in the literature (2). Olive (30) found that the total C2–C5 olefinity increased to 

a maximum for the (5:10) system. And Olive ascribed the higher olefinity of (5:10) 

system to the lower residence time.  
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Figures 5.7c and 5.7d. Olefin to paraffin ratio versus Fe loadings. T=230°C, 

P=20 bar and Fr=30 ml/min. C5 and C6. 

Figures 5.7a and 5.7b. Olefin to paraffin ratio versus Fe loadings. T=230°C, P=20 bar 

and Fr=30 ml/min. 

C3 and C4. 
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5.5 ALPHA VALUES 

 

Anderson, Schulz and Flory (ASF) proposed a kinetic model that is currently used for 

describing the product distribution for FT Synthesis. (4) The ASF kinetic model is given in 

Equation 5.1 

 

                                                           5.1 
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where Wn is the weight fraction of hydrocarbon product containing n atoms, n is the 

carbon number and α is the chain growth probability. Alpha (α) is obtained by the plot of 

Log(Wn/n) against carbon number.  

As expected, α decreases with an increase in Fe content (0 to 10%). The observed 

decrease is ascribed to the decrease in activity due to the increasing Fe content. It was 

initially thought that Co, a known wax producer (13-15), may have been stabilized by the 

presence of Fe. Indeed, Ishihara and co-workers (22) found a (3:1) Fe:Co/SiO2 system 

and a (1:1) Fe:Co/TiO2 system were superior higher hydrocarbon producing systems 

when compared with the single metal systems. The catalyst used by Ishihara et al. was 

reduced for only one hour at 250ºC, and as the level of reduction is not reported it can 

be assumed that very low uneven levels of reduction would be obtained. This catalyst 

exhibits very unstable behaviour over the first 24 hours, and stability is achieved only 

after 150 hours on line.(15) 

 

The α function obtained from the Fe loaded is plotted in Figure 5.8 which shows that α 

decreases with the increase in Fe content in the bimetallic system. This was expected 

since Co is found to have the highest selectivity towards heavier hydrocarbons. 

Therefore the addition of Fe to the bimetallic system shifts the product spectrum 

towards light hydrocarbon selectivity. However, the (0:10) and (0.1:10) Fe: Co/TiO2 

bimetallic systems exhibit similar values of α to those of Co/TiO2.   
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5.6 SURFACE AREA ANALYSIS - BRUNAUER, EMMETT, AND TELLER (BET) 

METHOD 

 

BET is one of the methods performed in catalysis to determine the surface area and the 

porosity of a catalyst. For a supported metal catalyst, the BET method yields the total 

surface area of support and metal.(28-29) The BET surface areas were measured using 

an ASAP 2000 porosimeter; the data are portrayed in Table 5.1. As expected, there is a 

drop in surface area when the metals are loaded onto the support. And this is 

reasonable since the metals were present as the oxides when the BET was measured. 

For example, a 10% Co metal catalyst would have nearly 20% Co oxide and if the Co 

oxide was dispersed so that it was just covering the surface, the weight of the support 
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Figure 5.8. Alpha versus Fe loadings. P=20 bar and Fr=30 ml/min. 
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would be only 80% of the fresh support. Thus, the 10% Co oxide would be expected to 

have a surface area of about 40, and it does. 

 

Co/TiO2 exhibits the lowest surface area and pore volume similar to that of Fe/TiO2. 

Bimetallic systems show greater surface areas and lower total pore volume than those 

of pure Fe/TiO2 and Co/TiO2.  

 

Table 5.1 BET catalyst surface areas and porosity 

CATALYST METAL LOADED   (%) AREA (m2/g) PORE VOLUME 

(m3/g) Co Fe 

TiO2 0 0 50.02  

Co/TiO2 10 0 38.75 0.35 

Fe/TiO2 0 10 40.93 0.35 

Co-Fe/TiO2 7.5 2.5 40.26 0.34 

Co-Fe/TiO2 5 5 40.60 0.33 

Co-Fe/TiO2 2.5 7.5 42.00 0.33 

 

 

5.7    TEMPERATURE PROGRAMMED REDUCTION (TPR) 

 

The TPR spectra of the Co/TiO2, Fe/TiO2 and Fe: Co/TiO2 catalysts (calcined at 400ºC) 

are shown in Figures 5.9a-e.  
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There are two major peaks, which appear at more or less 400ºC and 500ºC in the TPR 

spectra. These peaks represent the two-step reduction of Co3O4 to Co (or Fe3O4 to Fe). 

The first peak corresponds to the reduction of Co3O4 to CoO and the second peak to the 

reduction of CoO to Co metal.(3)(26) The shape of the high temperature peak suggests 

that a number of species are involved in the reduction process. No major peak that 

would be associated with the reduction of Co(NO3)2.6H2O or Fe(NO3)3.9H2O was 

observed in the TPR spectrum at temperatures lower than 400ºC. This indicates that the 

calcination temperature was sufficiently high to decompose the nitrate, as was found by 

other researchers (5)(11)(15)(32) using similar calcination conditions. The TPR traces are 

very similar in shape to that obtained for the Co supported catalyst, and all the bimetallic 

systems reduced in the same range of temperature as the pure Co and Fe catalysts. 

When one compares the TPR trace of (7.5:2.5) Fe:Co/TiO2 to that of pure Co supported 

catalyst, it can be observed that the reduction of the (7.5:2.5) Fe:Co/TiO2 system starts 

at a lower temperature than that of pure supported Co, but its second peak comes out 

at more or less 557ºC. One can conclude that the addition of Fe makes Co more 

reducible. But there is no evidence that such a reaction occurs and we can not at this 

stage say what effect the addition of Fe has on the reduction of Co.  

 

Of interest is that the intensity and the resolution of the first peak decreased as the Fe 

loading was increased. Also, the temperature at which the second peak appears, 

increases (560ºC for (2.5:7.5) and 557ºC for the (7.5:2.5) Fe: Co/TiO2 catalyst). Only 

the (5:5) Fe:Co/TiO2 system escapes to the rule.  
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Figures 5.9a, b and c. TPR profile for single metal and bimetallic catalysts. 

 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 205 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.8  X-RAY DIFFRACTION (XRD) 

 

XRD studies on 10% Fe/TiO2, 10% Co/TiO2 and the Fe:Co/TiO2 bimetallic catalysts 

revealed predictable results, which are portrayed in Figure 5.10. Spectra for the metal 

impregnated supports revealed the corresponding metal oxides, although the spectrum 

is dominated by the presence of TiO2. Spectra of Co/TiO2 and Fe/TiO2 clearly displayed 

 

Co-Fe/TiO2 Catalyst 50%-50% 

1 

2 

2 

Figure 5.9d and e. TPR profile for (5:5) and (7.5:2.5) Fe:Co/TiO2 bimetallic catalysts. 
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peaks representative of Fe2O3 and Co3O4 between 30 and 90 2θ. As can be seen in 

Figures 5.10a-c, mixing of the metals reveals a combination of metal oxide spectra.  
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Figures 5.10a-c. XRD spectra for Co/TiO2, Co:Fe/TiO2 and Fe/TiO2 
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5.9 X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

 

It is well known from the literature (15-17)(23)(27), that Fe has a tendency to move from a 

bimetallic mixture towards the surface of the mixture. Nakamura et al.(15)(27) reported this 

phenomenon when they were working on precipitated Fe:Co bimetallic systems using 

Auger electron spectroscopy (AES).  Ar+ bombardment revealed that the concentration 

of Fe atoms decreased slightly from the surface towards the bulk. Similar results were 

reported by Larkins and Khan (15)(23) while studying the Kolbel-Engelhard synthesis 

reaction over iron-based TiO2, SiO2, Al2O3, MgO and ZrO2 supported bimetallic 

systems. CO and H2 desorption studies by Ishihara et al. (15)(22) on Co/SiO2, Fe/SiO2 and 

Fe:Co/SiO2 systems also indicated that the bimetallic system desorption profile was 

similar to that of Fe/SiO2. The authors suggested that this arose from enrichment of the 

Fe phase in the surface of the bimetallic system. However, in contradiction to this, 

Tricker et al.(15)(36) observed Fe:Co/Al2O3 spinel systems to be enriched with Co at the 

surface for both Fe(90)Co(10) and Fe(80)Co(20) systems.(15) The XPS spectra are given 

in Figure 5.11. 
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Figure 5.11: XPS spectra of the (5:10) Fe:Co/TiO2 bimetallic catalysts (15) 
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5.10 CONCLUSION 

 

The effect of Fe content on the overall activity of a Fe:Co/TiO2 bimetallic catalyst, the 

CH4 production, the WGS activity, and the olefin to paraffin ratio has been discussed in 

this chapter. The study has revealed that the overall activity of the Fe:Co/TiO2 system 

decreases with an increase in Fe content. The result obtained can be compared to that 

of an inactive material being mixed with an active metal, resulting in some degree of 

dilution of the more active Co phase. This results in a loss of catalytic activity. Less Fe 

enhances the overall activity whereas more Fe inhibits the bimetallic system activity.  

 

Fe is known for it low CH4 selectivity and Co for it higher selectivity towards CH4. 

Therefore, increasing the Fe content of the bimetallic system results in a decrease in 

CH4 production. There is an indication of the expected increase in WGS activity with 

iron content, although a decrease in catalyst activity is observed. 

 

As observed in chapter 4, the olefin to paraffin ratio decreases with the chain length of 

hydrocarbons. However, the olefinity of the catalyst increases with an increase in Fe 

content. The more Fe loaded, the higher the olefin to paraffin ratio. Finally, α decreases 

with an increase in Fe content in the bimetallic system. The observed decrease might 

be ascribed to the decrease in activity owing to the enrichment of Fe on the surface of 

the bimetallic catalyst. 
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The BET analysis revealed a drop in surface area when the metals are loaded onto the 

support. Bimetallic systems exhibited greater surface areas and lower total pore volume 

than those of pure Fe and Co supported catalysts. 

 

The TPR traces of bimetallic catalysts are very similar in shape to that of pure Co 

supported catalyst, and reduced in the same range of temperature that Co catalyst 

does.  

 

The X-ray diffraction spectra for the bimetallic catalysts revealed the corresponding 

metal oxides, although the spectrum is dominated by the presence of TiO2. The XPS 

results are consistent with Fe enrichment at the surface of the bimetallic catalyst and 

confirm the tendency of Fe to migrate from a bimetallic mixture towards the surface of 

the mixture. 
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CHAPTER 6 

DISCUSSION 

 

This chapter was published in SACEC Conference proceedings, 2009, South 

Africa under the title: Fe-Co/TiO2-catalysts for the Fischer-Tropsch synthesis: 

role of Fe. 

 

6.1 INTRODUCTION 

 

The FT reaction is known for its very large product distribution, as described by the 

Anderson-Schultz-Flory model.(3) It is possible to alter this distribution for FT catalysts to 

favour certain areas of the product spectrum through the use of additives or by mixing 

two different FT catalysts together. An additive is a metal that is also active in the 

catalytic reaction and changes the properties of the catalyst.(7)(14)   

 

Chapter 4 investigated the effect of adding Fe to Co as well as the effect of the position 

of the two catalysts (Co and Fe) in the reactor on the catalytic activity, the CH4 

production, the WGS activity and the product spectrum for the physical mixture. Chapter 

5 examined the effect of adding Fe to Co on the bimetallic catalyst (chemical mixture). 

Some characterisation methods were used to support the results.  
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In this chapter we discuss the results obtained in chapters 4 and 5 and try to fit the 

experimental data in the graphical model developed in chapter 2. A comparison is made 

between the physical mixture of Fe/TiO2 and Co/TiO2 and the Fe:Co bimetallic catalyst.  

 

6.2 RESULTS 

 

When the two catalysts, Co and Fe, were mixed in the same reactor, it was observed 

that the catalytic activity of the physical mixture increased with the addition of Fe 

content. Meanwhile the overall activity of the Fe:Co/TiO2 bimetallic catalyst decreased 

when the Fe content was increased. The catalytic activity is expressed in CO 

conversion, and this is plotted against Fe loadings in Figure 6.1. A similar trend was 

observed for the product spectrum.  

 

The increase in Fe content has different effects in the physical mixture of the two 

catalysts and in the Fe:Co/TiO2 bimetallic catalyst on CH4 selectivity. For the same 

amount of Fe added the bimetallic catalyst produces less CH4 than the physical mixture. 

The two curves diverge progressively with the addition of Fe (Figure 6.2). The general 

trend observed when plotting the CH4 selectivity against Fe added for the two systems 

is that CH4 selectivity increases for the physical mixture whereas it is reduced for the 

Fe:Co/TiO2 bimetallic catalyst. 
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The Fe loading dependencies for the WGS activity of the two mixtures is given in Figure 

6.3. The general trend detected is that WGS activity increases as the amount of Fe in 

the mixture increases. A similar dependency was reported by other researchers.(6)(8)(14-

17) The physical mixture showed an increase in α with Fe addition, whereas α decreased 

when Fe was increased in the Fe:Co/TiO2 bimetallic catalyst. This result is shown in 

Figure 6.4. 
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Figure 6.1. CO conversion versus Fe 

loadings. T=230°C. P=20 bar. Fr.=30 

ml/min. 

Figure 6.2. CH4 selectivity against the 

amount of Fe added. T=230°C, P=20 bar 

and  Fr=30 ml/min. 
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The addition of Fe in the Fe:Co/TiO2 bimetallic system results in an increase of the 

olefin to paraffin ratio. However, the physical mixture of Co and Fe catalysts showed an 

opposite trend. A decrease in the olefin to paraffin ratio was observed with the increase 

in the amount of Fe added to one gram of Co catalyst. The olefin to paraffin ratio for the 

physical mixture and the Fe:Co/TiO2 bimetallic system is given in Figures 6.5-6.10.  
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Figure 6.3. CO2 against Fe loadings. 

T=230°C, P=20 bar and Fr=30 ml/min. 
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Figure 6.5. C3 Olefin to Paraffin ratio 

against Fe loadings. T=230°C, P=20 

bar and Fr=30 ml/min. 

Figure 6.7. C5 Olefin to Paraffin ratio 

against Fe loadings. T=230°C, P=20 

bar and Fr=30ml/min. 

 

Figure 6.6. C4 olefin to paraffin ratio 

against Fe loadings. T=230°C, P=20 

bar and Fr=30 ml/min. 

Figure 6.8. C6 Olefin to Paraffin ratio 

against Fe loadings. T=230°C, P=20 bar 

and Fr=30 ml/min. 
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6.3 DISCUSSION 

 

The increase in CO conversion for the physical mixture can be related to the increase of 

the catalyst bed and active sites, which depend directly on the total amount of catalyst 

loaded in the reactor. The addition of Fe in the physical mixture implies the addition of a 

certain amount of Fe-based-catalyst to one gram of Co. This therefore increases the 

total amount of catalyst in the reactor, which becomes one gram of Co catalyst plus the 

amount of Fe catalyst added. This results in more active sites being available for the 

hydrogenation of the CO. Hence, the overall activity of the catalyst is increased. 

Furthermore, CH4 selectivity is also increased for the physical mixture and it has been 

found that CH4 selectivity increases in direct proportion to an increase in CO 
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Figure 6.10. C8 Olefin to Paraffin ratio 

against Fe loadings. T=230°C, P=20 

bar and Fr=30 ml/min. 
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conversion, irrespective of the catalyst (Figure 6.11). This agrees with the results 

reported by other researchers in the literature.(4)(7)(11-13)(19)(20)(23) 

 

 

 

 

It is difficult to point to any one process being responsible for the increased CH4 

selectivity under these circumstances. In the absence of mass transfer, and heat 

transfer, the increase of CH4 yield is most probably due to the increased surface 

mobility of the CH4 precursor. Several active sites present on the catalyst may result in 

the sites that favour CH4 formation in comparison to chain growth; or these active sites 

probably increase with the amount of catalyst in the reactor or the length of the catalyst 
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bed, irrespective of the nature of the catalyst used for the FT reaction. This can explain 

the increase in CH4 production with the addition of Fe in the physical mixture. 

 

The total mass of the bimetallic catalyst loaded in the reactor remains unchanged 

although the amount of Fe in the system is increased. The length of the catalyst bed 

does not change either. Besides, the characterisation (XPS) has shown that Fe tends to 

migrate to the surface of Co in a bimetallic catalyst.  Furthermore, Fe is less active than 

Co under the same operating conditions. Fe is also known for its low CH4 selectivity, 

and Co for its higher selectivity towards CH4.
(2)(14-17)(31)(36) Thus, increasing the Fe 

content of the bimetallic system results in the dilution of the Co active phase. This 

results in a decrease in the catalytic activity and also the CH4 production. Similar results 

were reported by other researchers.(6)(14-17)(21) 

 

The trend detected when plotting Fe loading dependencies for the WGS reaction was 

also expected since Fe is known as a WGS catalyst. Therefore, any addition of Fe in 

the mixture enhances the WGS activity of the entire system.  

 

Studies conducted on the WGS reaction over supported Fe and Co catalysts have 

shown that Co catalysts are not WGS active, whereas Fe-based-catalysts are WGS 

active. Most of the authors agree that the composition of Fe-based catalysts changes 

during FT synthesis. Zhang and Schrader(58)(59) concluded that two active sites operate 

simultaneously on the surface of Fe catalysts: Fe0/Fe-carbides and Fe3O4. The carbide 

phase is active in the dissociation of CO and formation of hydrocarbons, whereas the 
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oxide phase adsorbs CO associatively and produces predominantly oxygenated 

products. Lox et al.(32)(33) and Shroff et al.(52) concluded that Fe3O4 phase has negligible 

catalytic activity in FT reactions, whereas carbide formation results in a high FT activity. 

Several authors proposed that Fe3O4 is the most active phase for the WGS reaction 

(5)(6)(17)(20)(21) on Fe catalysts. Rao et al.(41-44) studied the Fe phase of Fe/Cu/K/SiO2 

catalysts from the demonstration unit at LaPorte, Texas (August, 1992) with Mossbauer 

spectroscopy. The changes of the Fe3O4 phase corresponded with the WGS reaction 

activity during time-on-stream. Lox et al.(32, 33) showed that Fe3O4 coexists with various 

Fe carbides on the catalyst during synthesis gas reactions. Rethwisch and Dumesic(46) 

studied the WGS reaction on several supported and unsupported Fe oxide and Zn oxide 

catalysts. They suggested that the WGS reaction over unsupported Fe3O4 proceeds via 

a direct oxidation mechanism, whereas all supported Fe catalysts operate via a 

mechanism with formate species due to the limited change in the oxidation state of the 

Fe cations. It is generally accepted that the WGS and FT reactions proceed on different 

active sites on Fe-based catalysts.(8)(23)  

 

From the above, one can conclude that the WGS reaction on supported Fe catalyst 

during the FTS proceeds on the Fe3O4 phase by the reaction of undissociated CO via a 

formate intermediate.  

 

When mixing Co and Fe, we noticed that the physical mixture displayed a high WGS 

activity compared to the Fe:Co/TiO2 bimetallic catalyst. For the Fe:Co/TiO2 bimetallic 

systems no WGS activity was detected at very low Fe addition. This remained constant 
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until a certain percentage of Fe in the system was attained and then WGS increased at 

various Fe loadings. The slightly higher WGS activity of the physical mixture compared 

to that of the Fe:Co/TiO2 for the same amount of Fe added can be explained as follows: 

the addition of Fe/TiO2 to a fixed amount of Co/TiO2 increases the total amount of 

catalyst loaded and this increases the catalyst active sites. This has a positive effect on 

the overall activity of the catalyst. As explained above, the WGS activity of the catalyst 

increases with the catalyst activity (Figure 6.12).  This agrees with the result reported by 

other researchers in the literature.(7)(10) The slightly higher WGS activity of the physical 

mixture may also be ascribed to the possible oxidation of Co at high temperatures 

(250°C), which was discussed in chapter 4. 
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Figure 6.12. CO2 selectivity versus corresponding CO conversion. T=210°C, 
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In general, the extent of secondary reactions increase follows the order: 

Fe R˂u C˂o.(23)(49)(50) Because of the relatively low tendency of Fe towards secondary 

reactions, high olefin yields can be obtained with Fe-based catalysts. The extent of 

secondary reactions can also be observed from the dependency of the olefin to paraffin 

ratio or olefin content on chain length.(28)(29) Olefins from the Fe catalyst exceed 50% of 

the hydrocarbon products at low carbon numbers, and more than 60% of these are α-

olefins. For Co catalysts, both the fraction of total olefins and α-olefins are smaller, and 

both decrease with the carbon number.(55)  

 

The process conditions as well as the catalyst influence the olefin to paraffin ratio. An 

increase in temperature, for example, results in an increase in catalyst activity and a 

decrease in olefin to paraffin ratio. Several authors have reported a decrease in the 

olefin to paraffin ratio when the activity of the catalyst is increased. It appears that high 

catalyst activity enhances secondary reactions. This favours the production of paraffin.   

 

When Fe and Co are mixed in the same catalyst, the extent of secondary reactions is 

reduced because of the presence of Fe in the system. Therefore, the addition of Fe in a 

bimetallic system will result in an increase of the olefin to paraffin ratio. Besides, a 

characterisation techniques has confirmed the enrichment of Fe on the surface of the 

bimetallic system, and this is more pronounced when the amount of Fe is increased in 

the system. 
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However, the physical mixture of the catalysts showed an opposite trend. There was an 

observed decrease of the olefin to paraffin ratio with the increase in the amount of Fe 

added to one gram of Co catalyst. By adding more Fe catalyst to one gram of Co, the 

amount of catalyst in the reactor increases, and this increases the catalyst bed length, 

the total pore volume, the catalyst active sites, as well as the diffusional effects. This 

possibly increases the bed residence time for the olefins on the catalyst surface as well 

as the olefin readsorption rate and could result in more paraffin being produced since 

there is enough hydrogen available (in the reactor) for the hydrogenation of olefins.  

 

Most of the studies conducted on Fe- and Co-based-catalysts have shown that Co 

catalysts display higher α values than Fe-based-catalysts for the same process 

conditions. This can be ascribed to the relatively lesser tendency of Fe for secondary 

reactions (incorporation of C2H4 in growing chains, rapid readsorption of C2H4, 

hydrogenolysis of C2H4 and hydrogenation of C2H4 to C2H6). Insertion of olefins 

reverses the chain termination step to olefins and causes an increase in the chain 

growth probability and a decrease in the olefin content of the products.  

 

The observed increase of α with the amount of Fe added for the physical mixture 

implies that chain growth probably depends more on the catalyst surface. Thus, by 

adding more Fe catalyst to one gram of Co, the total catalyst surface and the catalyst 

pore volume are increased; and this results in more catalyst active sites available for the 

chain propagation. As expected, α decreases with an increase in Fe content (0% to 

10%) for the Fe:Co/TiO2 bimetallic system. The observed decrease in α for the 
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Fe:Co/TiO2 systems is ascribed to the decrease in activity due to the enrichment of Fe 

on the surface of the catalyst. It was initially thought that Co, a known wax producer (14-

17), may have been stabilised by the presence of Fe. Indeed, Ishihara and co-workers 

(14) found (3:1) Fe:Co/SiO2 and (1:1) Fe:Co/TiO2 systems were superior hydrocarbon 

producing systems when compared with the single metal systems. The catalyst used by 

Ishihara et al.(10) was reduced for only one hour at 250ºC. Although the level of 

reduction is not reported, it can be assumed that very low uneven levels of reduction 

would be obtained. This catalyst exhibits very unstable behaviour over the first 24 

hours, and stability is achieved only after 150 hours on line. 

 

This was expected since Co is found to have the highest selectivity towards heavier 

hydrocarbons. So the addition of Fe content to the bimetallic system shifts the product 

spectrum towards light hydrocarbon selectivity. However, the (0:10) and (0.1) 

Fe:Co/TiO2 bimetallic systems exhibit similar values of α to those of Co/TiO2.   

 

When one plots α against CO conversion, a straight line is obtained with a negative 

slope (Figure 6.13). This means that an increase of CO conversion results in a shift 

towards products with a lower carbon number on Fe and Co catalysts. This can be 

understood since the increase of the CO conversion was due to the increase in reactor 

temperature. It is well known that high temperature shifts product distribution towards 

light hydrocarbon chains.  
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6.4 GRAPHICAL REPRESENTATION 

 

For a clear understanding of this work, we have fitted the experimental data in graphical 

models, as shown in Figures 6.14-6.19. 

 

6.4.1 Effect of temperature and catalyst on the WGS reaction 

 

The effect of temperature on the WGS is plotted in Figure 6.14, which shows that 

increasing the reaction temperature results in the increase of the approach to the WGS 

equilibrium. The higher the temperature, the closer the experimental K moves towards 
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Figure 6.13. Alpha versus corresponding CO conversion. T=210°C, 220°C 

and 230°C, P=20 bar, Fr=30 ml/min and feed composition: (2:1) H2:CO. 
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the WGS equilibrium. An increase in the approach to equilibrium is expected at higher 

temperatures since the rates of both forward and backward reactions are increased. 

Bukur(5) and Hunter(24) also reported the same trends, with equilibrium being obtained at 

temperatures between 280 and 300°C. 

 

It can also be observed that the rates of both WGS and FT reactions are lower at low 

temperatures and they increase with an increase in temperature. The rates of both 

WGS and FT reactions at 250°C are greater than the rates of both reactions at 230°C or 

220°C. The partial pressures of H2O, CO2 and –CH2- are lower at 220°C; but the partial 

pressures of CO and H2 are very high. When the temperature is increased to 230°C and 

then to 250°C, the extents of CO2 and FT and the partial pressure of H2O, all increase in 

the reactor. However, the CO and H2 partial pressures decrease. This suggests that the 

FT and WGS activities are lower at a low temperature (220°C) and increase with an 

increase in temperature. Fewer hydrocarbons and less H2O are produced at low 

temperature (220°C) since few moles of CO and H2 have reacted. The increase in 

temperature enhances the rate of hydrogenation of CO as well as the rate of WGS, as 

explained in chapters 4 and 5. Therefore, the amount of CO decreases in the reactor 

because CO is consumed by the two reactions. H2 partial pressure also decreases in 

the reactor because the number of moles of H2 consumed (by the FT reaction) is double 

(2 moles) the number of moles (1 mole) of H2 produced (by the WGS reaction).  
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When we investigated the effect of the catalyst on the WGS reaction (Figure 6.15) it 

was observed that the catalyst that contained the highest amount of both Fe and Co for 

the physical mixture, and bimetallic catalysts (the chemical mixture) displayed the 

highest approach to WGS equilibrium. Catalysts with low Fe loadings (for both the 

physical mixture and bimetallic catalysts) showed low activity in the WGS reaction, and 

therefore a low degree of approaching WGS equilibrium. This means that the highest 
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Figure 6.14. Effect of temperature on the approach to the WGS equilibrium. 

Catalyst: Fe/TiO2. P=20 bar, Fr=30 ml/min and Feed composition (2:1) H2:CO. 

Mass of catalyst: 1g. 
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amount of Fe may favour both forwards and backwards reactions. This observation 

provides the evidence that the presence of Fe in the mixture or the bimetallic system 

was advantageous for the approach to WGS equilibrium. Our results, with an 

acceptable error, suggested that catalysts with high Fe loadings display high WGS 

activity. 

 

Figure 6.15 also shows that the physical mixture of the two catalysts (Co/TiO2 and 

Fe/TiO2) with a (1:1) ratio produced higher rates for both WGS and FT reactions than 

the mixture that contains a (0.5:1) Fe:Co ratio. However, the bimetallic catalysts 

(chemical mixture) containing a (1:1) Fe:Co ratio displayed a higher rate of WGS 

reaction and a lower rate of FT reaction than the one containing a (0.5:1) Fe:Co ratio. 

This could be explained by the different activities displayed by the two mixtures. 

Physical mixtures seem to be more active than bimetallic catalysts and therefore 

produce higher conversions and rates of CO than the bimetallic systems do. Since the 

rate of hydrocarbons is calculated by subtracting the rate of CO2 from the rate of CO, it 

is obvious that the physical mixtures produce a higher number of hydrocarbons than the 

bimetallic catalysts.  
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The position of the two catalysts (Co- and Fe-based catalysts) in the reactor (one 

followed by another or the mixture of both of them in the same catalyst bed) was also 

investigated, and the result is given in Figure 6.16. Note that Co followed by Fe and the 

two catalysts (Fe/TiO2 and Co/TiO2) mixed in the same catalyst bed display similar 

extents of WGS and FT reactions. However, Fe followed by Co shows an extent of 

WGS which is slightly different from that of the first two mixtures. We suspect that some 

CO2 might react with H2 to produce CH4 for Fe followed by Co. It can also be noticed 

from Figure 6.16 that the three mixtures have a higher extent of FT than pure Fe 
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Figure 6.15. Effect of the addition of Fe (in chemical and physical mixture) on 

the approach to WGS equilibrium. T: 230°C, P: 20 bar, Fr=30 ml/min and feed 

composition (2:1) H2:CO. Mass of catalyst loaded: 1g (1:1) Fe:Co/TiO2, 1g 

(1:0.5) Fe:Co/TiO2, 1g Co/TiO2 + 1g Fe/TiO2 physical mixture or single bed and 

1g Co/TiO2 + 0.5g Fe/TiO2 physical mixture or single bed. 
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catalyst. This difference in extent of FT reaction among the three mixtures and the pure 

Fe can be ascribed to the presence of Co in the mixtures.  
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Figure 6.16. Effect of the position of the catalysts on the approach to the WGS 

equilibrium. Mass of catalyst loaded: 1g Co/TiO2, 1g Fe/TiO2, 1g Co + 1g Fe single 

bed, 1g Co/TiO2 followed by 1g Fe/TiO2 and 1g Fe/TiO2 followed by 1g Co/TiO2. 

T=250°C, P=20 bar, Fr=30 ml/min and feed composition: (2:1) H2:CO. 
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6.4.2 Effect of temperature and catalyst on methanation reaction 

 

The effect of temperature and catalyst on CH4 is presented in Figures 6.17, 6.18 and 

6.19. In these three Figures, the rate fractions of CH4 (rCH4/rCO) and CH2(rCH2/rCO) 

are plotted against the rate fraction of CO2 (rCO2/rCO) for the range of temperatures 

between 220°C and 250°C, all in a triangular graphic. The sum of the three rate 

fractions equals 1.  

 

Figure 6.17 shows that the rate fractions of both CH4 and CO2 increase with 

temperature, whereas the rate fraction of hydrocarbons (-CH2-) decreases when 

temperature is increased, irrespective of the catalyst.  The study of bimetallic catalysts 

(chemical mixture) revealed that the rate fractions of both CH4 and –CH2- decrease with 

the addition of more Fe in the catalyst, whereas the rate fraction of CO2 increases with 

Fe addition. All the bimetallic systems produce greater rate fractions of both CH4 and 

H2- and lower rate fractions of CO2 than pure Fe supported catalyst. Fe is a WGS 

catalyst and, is less active in the CH4 reaction, and it produces less wax than Co-based-

catalysts, which are more sensitive towards long chain hydrocarbons. Figure 6.16 

suggests that the mixture of Co and Fe in a bimetallic catalyst reduces the high activity 

of Co in the CH4 reaction as well as the high activity of Fe in the WGS reaction. This 

contributes to keeping the rate fraction of –CH2- higher than that of Fe and lower than 

that of Co. This information is extremely interesting and at this stage already makes a 

contribution to the understanding of FT catalysts and, in particular, to the design of FT 

catalysts that are less WGS active than Fe and less CH4 active than Co. 
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Figure 6.18 shows the effect of Fe addition on the physical mixture of Fe/TiO2 and 

Co/TiO2. It was observed that the (1:1) Fe:Co mixture produces a higher rate fraction of 

CH4 than the (0.5:1) Fe:Co mixture and the (0.5:1) Fe:Co mixture shows a higher rate 

fraction of CH4 than the pure Fe/TiO2. However, the pure Fe/TiO2 produces a higher 

rate fraction of CO2 and a lower rate fraction of –CH2- than the physical mixtures of 

Co/TiO2 and Fe/TiO2. The (0.5:1) Fe:Co mixture produces a lower rate fraction of CO2 

and greater rate fraction of –CH2- than the (1:1) Fe:Co mixture. 

 

We have also plotted the effect of the position of the catalysts in the reactor on the CH4 

selectivity in a triangular graph (Figure 6.19). Note that the single catalyst bed mixture 

and the Co followed by Fe are in the same position. No major difference was observed 

between these two mixtures in terms of rate fractions of CH4, CO2 or –CH2-. However, 

Fe followed by Co seems to behave differently from the single catalyst bed mixture and 

the Co followed by Fe. Its rate fraction of CH4 is a bit higher than the rate fractions of 

CH4 for the other two mixtures (single bed mixture and Co followed by Fe), and its rate 

fraction of CO2 a bit lower. As discussed earlier, we suspect that some CO2 might react 

with H2 over Co catalyst to produce more CH4. But we have no evidence of such a 

reaction at this stage.  

 

 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 236 - 
 

 

 

 

 

 

 

 

210C
220C

230C
250C

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

rC
H

4/
rC

O

rCO2/rCO

Fe/TiO2
Ch.Mix 1:1
Ch.Mix 0.5:1
Co/TiO2

210C
220C

230C

250C

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

rC
H

4
/r

C
O

rCO2/rCO

Fe/TiO2

Ph.Mix 0.5g+1g

Ph. Mix. 1g+1g

Co/TiO2

Figure 6.17. Effect of temperature and catalyst on methanation reaction in bimetallic 

catalysts. T=210°C, 220°C, 230°C and 250°C, P=20 bar, Fr=30 ml/min, gas 

composition: (2:1) H2:CO and 1g of catalyst. 

Figure 6.18. Effect of temperature and catalyst on methanation reaction in the 

physical mixture. T=210°C, 220°C, 230°C and 250°C, P=20 bar, Fr=30 ml/min, 

gas composition: (2:1) H2:CO. 
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6.4.3 The effect of partial pressures of H2 and CO on the rates of CO 

consumption and CH4 production 

 

The effect of the partial pressures of H2 and CO on the rate of CO consumption and the 

rates of CH4 and CO2 production was studied at different temperatures and flow rates 

for different catalysts (Figures 6.20-6.24). The partial pressures of H2 and CO were 

calculated from an analysis of the reactor exit gas. The input and output of the reactor 

for a specific catalyst lies on the mass balance line.   
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Figure 6.19. CH4 plot. The effect of the position of the catalysts in the reactor. P=20 

bar, Fr=30 ml/min, 1g Fe/TiO2 and 1g Co/TiO2. 
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Figures 6.20-6.24 show that the rate of CO consumption decreases monotonically along 

each mass balance line as the partial pressures of H2 and CO are decreased, and 

increases when the partial pressure of H2 is increased, irrespective of the catalysts.  

The H2 partial pressure is more or less double that of the partial pressure of CO at each 

temperature for all the catalysts. The Co catalyst shows a higher rate of CO 

consumption than the Fe catalyst for the same temperature and flow rate. When the two 

catalysts (Co and Fe) are loaded in the same reactor, the rate of CO consumption 

seems to remain unchanged when Co comes first or when they are mixed together in 

the same catalyst bed. Fe followed by Co shows   a lower rate of CO consumption than 

the other two. The slope of the mass balance lines is in the range between 0.4 and 0.5 

except for pure Fe catalyst whose mass balance line’s slope tends to 0.6. 

 

As explained in chapter 4, the operating temperature has a significant effect on the rate 

of consumption of both CO and H2. Both of them increase with reactor temperature. 

High operating temperature augments the dissociation of CO and also enhances the 

rate of hydrogenation. Ngwenya(35), Chronis(7), Niemela(37), Hunter(24) and Dry(10) 

observed similar behaviour for Co and Fe FT catalysts. Vannice(57) demonstrated that a 

chemisorbed CO presumably becomes activated by a strong interaction of the C and /or 

O atom with the catalyst surface. This should lead to the weakening of the C-O bond 

and hence to a subsequent reaction with H2. At high heats of adsorption the C-O bond 

might be expected to be completely severed, and this could result in a high rate of CO 

consumption. However, it was found that above a certain temperature, the rate of 

consumption of CO and H2 declined (10). This can be ascribed to the fact that since H2 
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chemisorption is needed for reaction, the CO chemisorption must not be too strong as 

the H2 will not be able to compete for adsorption sites.  

 

Besides CO dissociation, the increase in the rate of consumption of CO with 

temperature could also be attributed to diffusional effects. It has been demonstrated that 

when liquid wax is present on the catalyst surface, the reactants first have to dissolve in 

the liquid and then diffuse into the pores where they react. The reaction creates a 

diffusion gradient; the higher the reaction rate, the higher the diffusion rate. This can 

also explain why a higher rate of CO hydrogenation is obtained at higher partial 

pressures of CO and H2. Since the diffusion rate is high, more CO and H2 diffuse into 

the catalyst pores where they react. This probably increases the rate of hydrogenation 

of CO and then the number of moles of CO that are hydrogenated. 

 

The results in Figures 6.20-6.24 show that the highest rates of CO consumption along a 

mass balance line are obtained at high partial pressures of H2 and CO and high reaction 

temperatures. The implication is that, if one would like to operate the reactor at the 

highest rate of CO consumption, one should operate it at low conversions and high 

temperatures.  

 

The study of the effect of catalyst on the rate of CO consumption has shown that the 

highest rates of CO consumption are obtained with pure Co catalyst and the lowest 

rates of CO consumption are obtained with pure Fe catalyst. A probable explanation for 

this is that Co FT catalysts are known for their high activity compared to Fe FT 
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catalysts. Therefore, mixing the two catalysts in the same reactor has an impact on the 

overall rate of CO consumption. However, the way the two catalysts are loaded in the 

reactor can help to control the product spectrum. 

 

As noted in chapters 4 and 5, the position of the catalysts (Co and Fe) in the reactor 

seems to have little effect on the rate of CO consumption, except when Fe comes 

before Co. A possible explanation is that Fe is a WGS catalyst and the hydrogenation of 

CO over an Fe FT catalyst also produces CO2. Therefore, there is competition between 

CO and CO2 on the active sites of the Co catalyst. This can explain the lower overall 

rate of CO consumption displayed by Fe followed by Co compared to the other two 

mixtures (single bed and Co followed by Fe). 
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Figure 6.20. Effect of partial pressure of H2 and CO on the rate of CO 

consumption. T=210°C, 220°C, 230°C and 250°C. P=20 bar. 1g Co followed by 

1g Fe. 
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Figure 6.21. Effect of partial pressure of H2 and CO on the rate of CO 

consumption. T=210°C, 220°C, 230°C and 250°C. P=20 bar. Single bed (1g Co 

+ 1g Fe). 

Figure 6.22. Effect of partial pressure of H2 and CO on the rate of CO 

consumption. T=210°C, 220°C, 230°C and 250°C. P=20 bar. 1g Fe followed by 

1g Co. 
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Figure 6.23. Effect of partial pressure of H2 and CO on the rate of CO 

consumption. T=210°C, 220°C, 230°C and 250°C. P=20 bar. Co/TiO2 

 

Figure 6.24. Effect of partial pressure of H2 and CO on the rate of CO 

consumption. T=210°C, 220°C, 230°C and 250°C. P=20 bar. Fe/TiO2 

 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 243 - 
 

We can now examine the implication of these results on process synthesis. The choice 

of the catalyst and the position of the two catalysts (in the case of a mixture of two 

different catalysts) in the reactor play an important role and should be taken into 

account when operating at a high rate of CO consumption.  For the purpose of 

efficiency we suggest the use of Co followed by Fe as it produces a high rate of CO 

consumption. However, to avoid the deactivation of the Fe catalyst with H2O resulting 

from the hydrogenation of CO over the Co catalyst, we suggest loading the two 

catalysts in two separate reactors-in-series, as shown in Figure 6.25. The advantage of 

this set-up is that H2O from the first reactor (Co/TiO2) can be removed before the gas 

enters the second reactor in which Fe is loaded. In this way, one can prevent the rapid 

deactivation of the Fe catalyst by H2O.  

 

 

 

 

 

 

 

 

The partial pressure of H2O as a function of the partial pressure of H2 for different 

catalysts is plotted in Figure 6.26, which shows that Co catalyst produces more H2O 

than the Fe catalyst under the same operating conditions. This is because some H2O 

has been consumed by the WGS reaction. Besides, it is well known that Fe catalyst 

Co catalyst Fe catalyst 

H2O 

Products 

Figure 6.25. Co and Fe catalysts loaded in two separate fixed bed reactors-in-

series. 

H2 
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deactivates faster than Co catalyst and the higher partial pressure of H2O could 

enhance the deactivation of the catalyst to some extent. This is where the proposed set-

up becomes important. H2O must be removed before the gas enters the second reactor 

to prevent the deactivation of Fe catalyst. 

 

The steep slope of the mass balance line observed for Fe catalyst (Figure 6.24) might 

be attributed to the WGS reaction which consumes CO and some H2O that have been 

produced by the FT reaction. In other words, since Fe is a WGS catalyst, CO is 

consumed by two major reactions (FT and WGS reactions) during the FT process. 

Therefore, the partial pressure of CO required for the process is increased. However, 

when Fe is loaded in the first position (Fe followed by Co), both partial pressures of CO 

and H2 increase because H2 is consumed for the hydrogenation of both CO and CO2 

over the Co catalyst. 
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In order to determine the optimal reactor structure, Levenspiel(56) plotted the reciprocal 

rate of CO consumption versus concentration. A similar graph was also plotted by 

Ngwenya(57). For the purpose of this study, we decided to plot the reciprocal rates of CO 

(1/-rCO) (Figure 6.27), CH4 (1/rCH4) (Figure 6.28) and CO2 (1/rCO2) (Figure 6.29), at 

various partial pressures of H2, different temperatures and for different catalysts. As can 

be seen in Figure 6.27, the reciprocal rate of CO consumption (1/-rCO) decreases as 

the partial pressure of H2 increases, and increases when the partial pressure of H2 is 

decreased. The highest rates of CO consumption are obtained in the region of high 
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Figure 6.26. Effect of H2 partial pressure on H2O production. T=210°C, 

220°C, 230°C and 250°C. P=20 bar and Fr=30 ml/min.  
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partial pressures of H2 irrespective of the catalyst, as noticed earlier when we discussed 

the results in Figure 6.20-6.25.   

 

We also studied the effect of H2 partial pressure on the reciprocal rate of CH4 

production, and the results are plotted in Figure 6.28. The rate of CH4 production 

increases when the partial pressure of H2 is increased and decreases when the partial 

pressure of H2 is decreased. This suggests that for a mixture of H2 and CO, the rate of 

CH4 production decreases when the H2:CO ratio is decreased. These results agree with 

those reported by Ngwenya(57), Hunter(22) and Chronis(7). Generally, it is accepted a high 

partial pressure of H2 favours high rates of CH4 and a high partial pressure of CO 

favours wax selectivity. Figure 6.28 suggests also that the rate of CH4 production is 

quite high when Fe comes first. Figure 6.28 gives more or less the same values for the 

rate of CH4 production for the single bed catalysts and for Co followed by Fe, and an 

increase in the rate of CH4 production when Fe comes first in the reactor. When we look 

at the rate of CO2 production, given in Figure 6.29, we realise that Fe followed by Co 

produces less CO2 than the other two mixtures. The observed result can be attributed to 

the possible hydrogenation of CO2 on the Co catalyst since the feed for the second 

catalyst is composed of a mixture of H2, CO, CO2, H2O and hydrocarbons.  We suspect 

that some CO2 produced by Fe might react with H2 to produce CH4. The higher rate of 

CH4 observed for this mixture compared to the other two (single bed mixture and Co 

followed by Fe) confirms our assumption. Notice, however, that as FT is a complex 

reaction with a mixture of more than one product, CO2 alone cannot explain this 

behaviour. A more effective design would be to remove the CO2 before the gas from the 
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first reactor enters the second reactor. In this way, one can reduce the overall amount of 

CH4 produced during the FT process since the reforming of CH4 is very expensive. 

However, this is not economically viable because the removal of CH4 requires a gas 

separator and this will increase the process operating and capital costs. 
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Figure 6.29. The (1/rCO2) at various H2 partial pressures. T=210°C, 220°C, 230°C 

and 250°C. 
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We also investigated the effect of partial pressures of H2 and CO on the rate of CO 

consumption at different inlet flow rates and CH4 production, and the results are plotted 

in Figures 6.30-6.31. As these graphs show, the rate of CO consumption and CH4 

production increase when the H2 and CO partial pressures are decreased and vice 

versa.  

 

The reversal proportionality of the rate of CO consumption and CH4 production to the 

partial pressures of CO and H2 can be attributed to the change of the inlet flow rate of 

the synthesis gas. It is well known that the rate is directly proportional to the amount of 

gas entering the reactor. Therefore, any increase in the inlet flow rate positively affects 

the rate of CO consumption.  

 

However, the increase of the inlet flow rate decreases the residence time of the 

reactants in the reactor. Thus, the reactants will not have enough time to react. This 

decreases the number of moles of CO and H2 being consumed.  

 

In summary, the inlet flow rate differently affects the rates of CO consumption and CH4 

production (which increase with the inlet flow rate because they are directly related) and 

the partial pressures of CO and H2 (which decrease when the inlet flow rate is 

increased). This result was discussed in detail in chapters 4 and 5 and is supported by 

other researchers in the literature. (7)(10)(24)(35)  
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Figure 6.30. Effect of partial pressures of H2 and CO on rate of CO at 

various flow rates (30 ml/min, 60 ml/min and 120 ml/min). T=250°C. 

P=20 bar. Catalyst: 1g Co/TiO2 + 1g Fe/TiO2 (single bed). 

Figure 6.31. Effect of partial pressures of H2 and CO on rate of CH4 at 

various flow rates (30 ml/min, 60 ml/min and 120 ml/min). T=250°C. 

P=20 bar. Catalyst: 1g Co/TiO2 + 1g Fe/TiO2 (single bed). 
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6.5 CONCLUSION 

 

From the above discussion, the following can be concluded: 

 The addition of Fe to Co results in an increase of the CO hydrogenation activity, 

the WGS activity, and slightly shifts the product spectrum towards heavier 

hydrocarbons for the physical mixture of Fe and Co catalysts.   

 The study of the chemical mixture has revealed that the overall catalytic activity 

and the CH4 selectivity of the system decrease and the product spectrum shifts 

slightly towards light hydrocarbons, with an increase in Fe content. Meanwhile 

the water gas shift activity of the system increases with the addition of Fe.  

 The olefinity of the product increases with an increase in Fe content for the 

chemical mixture but diminishes when more Fe is added to the physical mixture. 

The higher the Fe loading, the higher or the lower the olefin to paraffin ratio for 

the chemical and physical mixtures respectively. 

 The addition of Fe results in an increase in the CO hydrogenation activity, the 

WGS activity, and the CH4 selectivity, and slightly shifts the product spectrum 

towards heavier hydrocarbons for the physical mixture of Fe and Co.   

 However, the study of the Fe:Co/TiO2 bimetallic system has revealed that the 

overall catalytic activity and the CH4 selectivity of the system decrease and the 

product spectrum shifts slightly towards light hydrocarbons, with an increase in 

Fe content. Meanwhile the WGS activity of the system increases with the 

addition of Fe.  
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 The olefinity of the product increases with an increase in Fe content for the 

Fe:Co/TiO2 bimetallic system (chemical mixture) but diminishes when more Fe is 

added to the physical mixture. The higher the Fe loading, the higher or lower the 

olefin to paraffin ratio for the Fe:Co/TiO2 bimetallic system and physical mixture 

respectively. 

 The physical mixtures of Fe/TiO2 and Co/TiO2 in the same catalytic bed display 

high conversion and α. This could be interesting for the production of wax. But 

their high CH4 production may make things a bit complicated. 

 The Fe:Co/TiO2 systems have low activity but they produce less CH4 than the 

physical mixture systems. They could be used to reduce the high tendency of Co 

towards CH4. It is well known that CH4 is an undesirable product in FT and  it is 

preferable to lower its  production to reduce the reforming cost. 

 The physical mixture is better than the bimetallic system for the production of 

paraffin, and the bimetallic system is better than the physical mixture for the 

production of olefin compounds. 

 The highest rates of CO consumption are obtained at high partial pressures of H2 

and CO and at high reaction temperatures. 

 The inlet flow rate differently affects the rates of CO consumption and CH4 

production and the partial pressures of CO and H2. The first two increase with the 

inlet flow rate whereas the CO and H2 partial pressures decrease when the flow 

rate is increased. 
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CHAPTER 7 

OLEFIN - PARAFFIN EQUILIBRIUM 

 

7.1. INTRODUCTION 

 

FT synthesis is a very complex application of catalysis owing to the large number of 

reactions that occur during the process and the complexity of the products that are 

produced. Much research has been done since 1924 to try to describe FT reaction 

behaviour but none of the proposed mechanisms can explain in detail all the 

phenomena observed during FT synthesis. However, most researchers agree that the 

reaction leads first to the production of olefins, which are then hydrogenated to produce 

saturated hydrocarbons.(2)(7-12)(15-18)(23) The products collected are not always 

representative of those formed during the sampling period, and this may significantly 

affect the mechanism that is proposed. One area of uncertainty is the effect of diffusion 

and/or solubility (vapour-liquid equilibrium) on secondary reactions that alter the initial 

product distribution. (7-12)  

 

Many researchers have proposed a mechanism for the FT reaction and most of them 

have come to the conclusion that the olefin to paraffin ratio depends on the chain 

length. They attribute this dependency to diffusion effects. Iglesia et al. (7-12)(15-18) studied 

the influence of chain length dependent diffusion coefficients on secondary reactions. 

They reported an empirical equation describing a strong influence of the chain length on 
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diffusivity of olefins and paraffins.  Iglesia et al.(7-12) modelled diffusion-limited removal of 

olefins and diffusion limitation of CO on Co and Ru catalysts in a packed bed reactor. 

No reactant depletion was observed at particle diameters smaller than 0.2 mm. 

However, selectivity changes due to product limitations are still present. They concluded 

that olefin readsorption and chain initiation are the most important secondary reactions. 

 

Kuipers et al.(12) measured the olefin to paraffin ratio for the FTS on a polycrystalline Co-

foil (without diffusion limitations) and still obtained an exponential decrease of this ratio 

with chain length. One might conclude that the chain length dependency of the olefin to 

paraffin ratio is due not only to diffusion effects, but that the preferential physisorption 

and increase of the solubility with length influence the selectivity as well.(7-12)(15-18) 

 

From the above literature review, one might conclude that the olefin to paraffin ratio 

might be a helpful way of explaining what happens on the surface of the catalyst during 

the FT reaction. Chemistry (adsorption of reactants, diffusion, FT reaction, 

hydrogenation and insertion of olefins, diffusion of products and desorption) can help to 

explain the complex phenomena that occur on the surface of an FT catalyst during the 

process. However, a fact that is not often considered is that VLE may play a role in FT 

synthesis. The fact that we have two phases present, with chemical reactions taking 

place in the same catalyst pores, can suggest another way of looking at this 

phenomenon, which is by an investigation of the vapour-liquid equilibrium. But this is not 

the aim of this chapter.  
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The olefin to paraffin ratio was discussed in chapters 4 and 5, where the effect of 

temperature and inlet flow rate was also pointed out. It was found that the olefin to 

paraffin ratio decreases with an increase in temperature and its value tends to 0 at 

higher temperatures. Also, the increase of the rate of hydrogenation with temperature 

was pointed out as a possible cause of this behaviour. It was also noticed that the olefin 

to paraffin ratio increases as the inlet flow rate is increased. This is because the bed 

residence time of the olefins was decreased, resulting in less time for the hydrogenation 

and the readsorption of olefins on the surface of the catalyst.  

 

This chapter, in contrast to chapters 4 and 5, will look at a way of representing the olefin 

- paraffin system in a ternary diagram. The catalyst pore is considered be similar to a 

distillation column in which distillation and chemical reactions (such as hydrogenation of 

CO and secondary reactions) are occurring simultaneously.  

 

7.2. EQUILIBRIUM CONSTANT 

 

As noted earlier, most researchers agree that the conversion of synthesis gas leads first 

to the production of olefins, which are then hydrogenated to produce long chain 

paraffins. Therefore, the reaction producing hydrocarbons can be summarised as 

follows: 

 

          (1)       Production of olefins 

                      (2)       Hydrogenation of olefins  
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Reaction (2) is thought to be kinetic limited and as it depends largely on the amount of 

H2 in the reactor, the operating temperature and the residence time. The olefin to 

paraffin ratio tends to zero only if there is sufficient H2 in the reactor and the residence 

time is long enough for a total hydrogenation of olefins. The calculation of the 

equilibrium constant also shows that paraffins are thermodynamically preferred.(1) 

Therefore, olefins could be the intermediate product in the production of saturated 

chains. The equilibrium constants of olefins and paraffins (for C2 and C3) versus 

temperature are plotted in Figures 7.1 and 7.2. 
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Figure 7.1: C2 olefin and paraffin equilibrium constants as a function of 

temperature. 2CO+4H2→C2H4+2H2O and 2CO+5H2→C2H6+2H2O 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 266 - 
 

         

 

 

 

7.3. SIMPLE DISTILLATION WITH CHEMICAL REACTION 

 

The FT product spectrum is composed of a large number of hydrocarbons (light, 

intermediate and long chain), alcohols, and other organic components. In order for the 

reaction to occur, H2 and CO must diffuse to the catalyst surface and adsorb onto it. 

After reaction, the products must desorb from the surface and diffuse away from the 

solid surface. Frequently, this transport of reactants and products from one phase to 

another plays a dominant role in limiting the reaction rate. Understanding these 

transport phenomena and surface chemistry issues such as dispersion is an important 

area of heterogeneous catalyst research. Catalyst surface area may also be 

considered.(6)(23)(29) 
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Figure 7.2: C3 olefin and paraffin equilibrium constants as a function of temperature. 

3CO+6H2→C3H6+3H2O and 3CO+7H2→C3H8+3H2O 
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As noted earlier, we can compare the phenomena that take place in the FT catalyst’s 

pores to a simple distillation with chemical reaction. During FT synthesis catalyst pores 

are filled with high molecular weight liquid hydrocarbon products, and products leave 

the pores in vapour form. Syngas entering the reactor diffuses to the catalyst surface 

and adsorbs onto it. Products leave the catalyst pores in vapour form while the FT 

reaction is taking place. Heat supplied for the start-up of the reaction, as well as the 

heat produced by the reaction, serve to boil the liquid products. The light products (with 

the low boiling point) leave the catalyst pore before the heavy ones because of their 

Figure 7.3. A schematic of heterogeneous catalysis mechanism. (29) 
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lowest boiling points.(1)(4)(5) Larger hydrocarbons remain longer within the catalyst 

particles due to their higher boiling points. The FT catalyst pores can then be compared 

to a distillation column in which vapour product leaving each plate is at equilibrium with 

the liquid product.  

 

7.4. TERNARY DIAGRAM 

 

A triangle plot or ternary graph is a graph that contains three variables.(27)(3)(13)(19-25) It is 

often used in distillation experiment to calculate the composition of a ternary mixture 

and is plotted as a normal equilateral triangle, as shown in Figure 7.4 below. Instead of 

using the normal equilateral triangle, we use, in this chapter, a right triangle. The sum of 

the three variables, at each point of the triangle, is equal to a constant. For instance, in 

a triangular plot in which each variable represents a molar fraction, the sum of the three 

species at any point of the triangle is one.(26)(27)  
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In a ternary graph, each side of the triangle represents a range of proportions that vary 

from 0 to 100%. When the proportion increases, we move from the base to a point 

opposite that side. The composition of points that lie inside the area of the triangle can 

be determined by using either the triangular grid or two-line methods.(26)(27) The two-line-

method, which is used in this chapter, is illustrated in Figure 7.4. For the understanding 

of the grid-method, the reader is referred to the literature on the matter.(26)(27)(13)(19-25)  

 

Let us choose point P as a mixture of three species, and then plot three lines through P 

and parallel to the three sides of the triangle, as shown in Figure 7.4. Each of these 

lines gives the concentration of one species in the mixture represented by P. The line a-

P 

A 

B C 

a a 

b 

b 

c 

c Figure 7.4. Ternary diagram for the system A-B-C (26) 
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a shows the concentration of the species A in the mixture P, b-b gives the concentration 

of B in P, and c-c the proportion of C.(26)  

 

The mole fractions of the three species at P can be determined using the expressions 

given below. The mole fraction of A is given by: (26) 

 

 

 

Similarly, the mole fraction of B can be determined as follows: 

 

 

 

The mole fraction of C is calculated as follows: 

 

 

    

7.5. EXPERIMENTAL DATA 

 

Assume that FT products are a mixture of light, intermediate and heavy components 

representing olefins and paraffins. Olefins are hydrogenated to paraffins of the same 
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carbon number or inserted to produce longer hydrocarbon chains. The products leave 

the catalyst pores in vapour form while the reaction is taking place.  

 

The olefin - paraffin system was studied for a range of hydrocarbons between C2 and 

C8. The choice of this range was motivated by the limitations the analytical equipment. 

The column that was used to analyse gas, oil and wax products could separate olefins 

and paraffins only up to C8. The experimental results were plotted in a triangular 

diagram in which CnH2n represents the light component, CnH2n+2 the intermediate and 

Cn+1H2(n+1)+2  (or Cn+1H2(n+1) ) the heavy one.  

 

The values plotted on the diagram were calculated from the number of moles of olefins 

and paraffins produced during the run. Each point represents the fraction of light, 

intermediate and heavy components. The sum of the three fractions for each point 

equals one.  

 

7.5.1. Olefin - paraffin system for a mixture of CnH2n, CnH2n+2  and Cn+1H2(n+1)+2 

 

The Olefin/Paraffin system for a mixture of CnH2n, CnH2n+2 and Cn+1H2(n+1)+2 was studied 

and the results are shown in Figures 7.5-7.7. The three sides (edges) of the equilateral 

triangle represent each component of the mixture. The concentration of each 

component varies from 0% to 100%. The right corner of the horizontal side represents 

100% olefin (CnH2n), the left corner represents 100% of the heavy paraffin component 

(Cn+1H2(n+1)+2) and the upper corner of the vertical side 100% of the intermediate paraffin 
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component (CnH2n+2). The sum of the three species at each point of the graph is 

constant and equal to 100% or 1.  

 

It can be seen from Figures 7.5-7.7 that nearly all the points lie on a straight line for all 

the catalysts and mixtures. The slope of the line is negative for all the mixtures, 

irrespective of the catalyst, and increases with the carbon number of the species in the 

mixture. The mixture of long chain hydrocarbons seems to have a higher slope than the 

mixture of light components. The y-intercept varies between 0.5 and 0.7. Points situated 

next to the olefin (CnH2n) corner have the highest values of olefin and the lowest 

concentration of paraffin species (CnH2n+2 and Cn+1H2(n+1)+2). However, when one moves 

towards the left corner or away from the right corner, the concentration of paraffin 

species (CnH2n+2 and Cn+1H2(n+1)+2) increases, while the proportion of olefin (CnH2n) 

decreases in the mixture.  

 

This suggests that olefins are the major component in the left part of the diagram, and 

the rate of hydrogenation of olefins to paraffins is higher in the right region of the graph. 

As the proportion of paraffin species increases, the concentration of olefin decreases in 

the mixture. However, olefins do not necessarily hydrogenate to the corresponding 

paraffin.  Some olefins are readsorbed and then inserted to produce longer hydrocarbon 

chains.  

 

Figures 7.5-7.7 also suggest that the hydrogenation of olefin to paraffin is kinetics 

limited. It depends strongly on the partial pressure of H2 in the reactor, the operating 
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temperature and the inlet flow rate. But the polymerization of paraffin to a long paraffin 

chain seems to be limited by the equilibrium. Therefore, the α-olefin readsorption 

reactions might dictate the hydrocarbon chain growth.   
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Figure 7.5. Olefin-paraffin system for a mixture of C3H6, C3H8 and C4H10 
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Figure 7.6. Olefin-paraffin system for a mixture of C4H8, C4H10 and C5H12 

Figure 7.7. Olefin-paraffin system for a mixture C5H10, C5H12 and C6H14 
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7.5.2. Olefin-paraffin system for a mixture of CnH2n, CnH2n+2 and Cn+1H2(n+1) 

 

The triangular phase diagrams reported in this section (Figures 7.8-7.12) not only 

summarise the information given in chapters 4 and 5, but give much new information on 

and insights into olefin-paraffin system. The principle and the theory behind these 

diagrams (Figures 7.8-7.12) are the same as discussed in the previous section. 

 

In these diagrams the composition of a phase containing three components, CnH2n, 

CnH2n+2 and Cn+1H2(n+1), is represented on triangular axes. At the corners of the triangle 

the composition is 100% of the corresponding component. So pure “CnH2n+2” exists at 

the top corner, pure CnH2n at the left corner, and pure Cn+1H2(n+1) at the right corner of 

Figures 7.8-7.12 below. Points on the line opposite a corner contain none of the 

material corresponding to the corner. For instance, the points on line CnH2n – Cn+1H2(n+1) 

have no CnH2n+2. The same can be applied to the points on lines CnH2n - CnH2n+2 and 

Cn+1H2(n+1) - CnH2n+2. 

 

All mixtures containing only two components lie on an edge of the triangle. So mixtures 

of CnH2n and Cn+1H2(n+1) (no CnH2n+2) lie on the horizontal line ( line CnH2n – Cn+1H2(n+1)), 

mixtures of CnH2n - CnH2n+2 on the vertical axis, and mixtures of Cn+1H2(n+1) - CnH2n+2 on 

the hypotenuse.   

 

The closer a point is to a corner, the more of the corresponding component is in the 

mixture. For example, as we move from the CnH2n corner to CnH2n+2 along the edge, the 



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 276 - 
 

concentration of CnH2n+2 increases. So at the CnH2n corner the mole fraction of CnH2n+2 

is zero and at CnH2n+2 the mole fraction of CnH2n+2 is 1. One-third of the way from CnH2n 

to CnH2n+2 the mole fraction of CnH2n+2 is 0.333. 

 

It can be seen from Figures 7.8-7.12 that nearly all the points lie on a straight line for all 

the catalysts and mixtures, irrespective of the operating temperature, the reactor 

pressure and the inlet flow rate. The slope of the line is negative. The x-intercept is next 

to 0.4 except for C2.  

 

A possible interpretation of these graphs (Figures 7.8-7.12) is that the rate of 

hydrogenation of olefins to paraffins increases from the bottom to the upper corner. As 

the proportion of paraffin species increases, the concentration of the olefin decreases in 

the mixture. The hydrogenation of olefins to the corresponding paraffins is kinetics 

limited, whereas the insertion of olefin to long chain olefin might be equilibrium limited. 

  



Graphical methods for the representation of the Fischer-Tropsch reaction 

 

 

Thierry Musanda Mukenz Page - 277 - 
 

 

 

y = -2.9322x + 1
R² = 0.8829

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.2 0.4 0.6 0.8 1

C
3
H

8

C4H8C3H6

Figure 7.8. Olefin-paraffin system for a mixture of C3H8, C3H6 and C4H8 
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Figure 7.9: Olefin-paraffin system for the mixture of C4H10, C4H8 and C5H10 

Figure 7.10: Olefin-paraffin system for a mixture C5H8, C5H10 and C6H12 
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Figure 7.11: Olefin-paraffin system for a mixture of C6H12, C6H14 and C7H14 

Figure 7.12: Olefin-paraffin system for a mixture of C2H4, C2H6 and C3H6 
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7.6.  CONCLUSION 

 

The following conclusion can be drawn from the above discussion: 

 The FT reaction can be compared to a simple distillation with chemical reaction, 

and the vapour-liquid equilibrium principle can be used to study the olefin-paraffin 

system. 

 FT catalyst pores can be compared to a distillation column in which vapour 

product leaving each plate is in equilibrium with the liquid product. 

 Olefins do not necessarily hydrogenate to the corresponding paraffins. Some are 

readsorbed and then inserted to produce longer hydrocarbon chains. 

 The hydrogenation of olefins to paraffins is kinetic limited and depends strongly 

on the partial pressure of H2 in the reactor, the operating temperature and the 

inlet flow rate.  

 The insertion of light paraffins (or olefins) into longer chain paraffins (or olefins) 

seems to be equilibrium limited. 

 The conversion of synthesis gas over FT catalysts leads first to the production of 

olefins, which are then hydrogenated to produce long chain paraffins. 

  The results obtained are in agreement with those reported by other researchers 

in the literature. 
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CHAPTER 8 

CONCLUSION 

 

Graphical techniques give insights into reactor operations and regions of preferred 

operations. The diagrams are useful for visualizing operations and understanding the 

interactions between catalysts, operating conditions and parameters and reactor. The 

mass balance and the energy balance give information about the possible region in 

which the FT reactor can be designed and operated. Graphical techniques can also 

help to estimate the maximum product that can be achieved during FT synthesis. 

 

The maximum number of hydrocarbons that could be produced for a feed of (2:1) 

H2:CO is 1 mole; and this can be achieved with catalysts that catalyse the FT reaction 

only. However, the maximum number of moles of hydrocarbons that could be produced 

for a feed of (2:2) H2:CO is 4/3. Since the number of moles of CO needed for the FT 

reaction is 1 mole of CO for 2 moles of H2, the excess CO will react with H2O to produce 

CO2 and H2. The supplement of H2 formed from the WGS reaction is then consumed by 

the FT reaction since there is enough CO available in the reactor. This can be achieved 

only with catalysts that catalyse both FT and WGS reactions.  
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The study of the energy balance revealed that the FT reactor cannot be run 

adiabatically for two main reasons:  

 

- Firstly, the FT reaction depends strongly on catalyst activity and the catalyst is 

not active below a certain temperature. Thus, one needs to heat up the reactor to 

start the reaction. 

- Secondly, the FT reaction is highly exothermic. Therefore, energy in the form of 

heat needs to be removed from the system when operating in the right path of 

the mass balance region to prevent the deactivation of the catalyst.   

 

Graphical techniques can also be used to present WGS, carbon deposition and 

methanation equilibria and to understand how these change with temperature, pressure 

and feed gas ratio. For instance, an increase in the operating temperature results in an 

increasing tendency towards equilibrium for both WGS and methanation reactions. 

Graphs are useful for determining the operating conditions (temperature, pressure and 

gas feed ratio of H2:CO) that could be used to minimize the effect of the WGS reaction, 

to prevent carbon deposition, and to keep the production of CH4 as low as possible.  

 

The results obtained are in strong agreement with kinetic results reported in the 

literature and no contradiction has been noted. The study of WGS equilibrium has 

shown that the WGS reaction is sensitive to temperature. A low feed gas ratio (H2:CO) 

favours the rate of the WGS reaction, and the reactor pressure seems to have little 

effect on WGS equilibrium. 
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The carbon depositing reaction is directly dependent on temperature and inversely 

dependent on the reactor pressure. Therefore, it is preferable to operate at low 

temperature or high pressure to prevent carbon deposition.  The investigation of the 

effect of feed gas ratio (H2:CO) has revealed a strong inverse dependency of the rate of 

carbon deposition on the feed gas ratio.  

 

The methanation reaction seems to be led by the rate of adsorption of H2 on the catalyst 

surface. It is strongly dependent on temperature and its rate increases with 

temperature. High reactor pressure inhibits the rate of methanation. However, the 

observed influence of pressure is not likely to be due to the value of the total pressure 

per se but rather due to one or more of the reactant or product partial pressures. This 

suggests that one needs to operate the reactor at high pressure to lower the rate of 

methanation. 

 

The kinetic study of all our catalysts and mixtures has confirmed these results. The 

general trend observed is that as temperature increases, the CO hydrogenation rate, 

the CO conversion, the WGS activity and the CH4 selectivity increases; the olefin to 

paraffin ratio decreases; and the product spectrum shifts towards light hydrocarbons. 

This is irrespective fo the type of the catalyst used. 

 

Increasing the reactor pressure results in the increase of the CO hydrogenation rate and 

WGS activity. CH4 selectivity and the olefin to paraffin ratio decrease with an increase of 
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the overall pressure, and the product spectrum shifts towards heavier hydrocarbons.  

Increasing the inlet flow rate results in less CO hydrogenation activity, less CH4 being 

produced, and less WGS activity. The olefin to paraffin ratio increases with the inlet flow 

rate, and the product spectrum shifts towards light hydrocarbons. The olefin to paraffin 

ratio decreases with the chain length of hydrocarbons. 

 

CH4 production increases with an increase in both temperature and the amount of 

Fe/TiO2 added. The effect of temperature could possibly be ascribed to a greater 

dissociation of CO, resulting in more active carbon on the catalyst surface for direct 

hydrogenation. Increasing the inlet flow rate decreases the quantity of CH4 produced as 

the residence time of the reactants is reduced.  

 

The addition of Fe/TiO2 to a constant amount of Co/TiO2 results in an increase of CO 

hydrogenation activity, WGS activity, and CH4 selectivity. Less olefin and more long 

chain hydrocarbons are produced when more Fe/TiO2 is added to Co/TiO2. 

  

The rate of CO hydrogenation and the CO conversion are less sensitive to the position 

of the two catalysts in the reactor. They exhibit a little variation when the position of the 

two catalysts in the reactor is changed. Fe followed by Co, however, appears to be less 

active compared to Co followed by Fe and to the single bed. Co followed by Fe and Co 

mixed with Fe on the same catalyst bed give more or less the same values of α. Fe 

followed by Co seems to be an exception since α values obtained from this run are 

slightly different from those of Co followed by Fe and for the two catalysts mixed in the 
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same bed. Fe followed by Co shows a significant tendency toward olefins compared to 

the other two positions. 

 

The study of the Fe:Co/TiO2 bimetallic catalyst has revealed that the overall activity of 

the Fe:Co/TiO2 system decreases with an increase in Fe content. The result obtained 

can be compared to that of an inactive material being mixed with an active metal, 

resulting in some degree of dilution of the more active Co phase. This results in a loss 

of catalytic activity. Less Fe enhances the overall activity whereas more Fe inhibits the 

bimetallic system activity.  

 

Fe is known for its low CH4 selectivity and Co for its higher selectivity towards CH4. 

Therefore, increasing the Fe content of the bimetallic system results in a decrease in 

CH4 production. There is an indication of the expected increase in WGS activity with Fe 

content, although a decrease in catalyst activity is observed. 

 

The olefinity of the Fe:Co bimetallic catalyst increases with an increase in Fe content. 

The more Fe loadings, the higher the olefin to paraffin ratio. Finally, α decreases with an 

increase in Fe content in the bimetallic system. The observed decrease might be 

ascribed to the decrease in activity due to the enrichment of Fe on the surface of the 

bimetallic catalyst. 

 

The TPR traces of bimetallic catalysts are very similar in shape to that of pure Co 

supported catalyst, and reduced in the same range of temperature that Co catalyst 
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does. The X-ray spectra for the bimetallic catalysts revealed the corresponding metal 

oxides, although the spectrum is dominated by the presence of TiO2. The XPS results 

are consistent with Fe enrichment at the surface of the bimetallic catalyst and confirm 

the tendency of Fe to migrate from a bimetallic mixture towards the surface of the 

mixture. 

 

The physical mixture of Fe/TiO2 and Co/TiO2 in the same catalytic bed produces high 

CO conversion and α values. This could be interesting for the production of wax. But 

their high CH4 production may make things a bit complicated. 

 

The Fe:Co/TiO2 systems have low activity but they produce less CH4 than the physical 

mixture ones. They could be used to reduce the high tendency of Co towards CH4. It is 

well known that CH4 is an undesirable product in FT, and it is preferable to keep its 

production lower to reduce the reforming cost. 

 

The physical mixture is better than the bimetallic system for the production of paraffin, 

and the bimetallic system is better than the physical mixture for the production of olefin 

compounds. 

 


