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Abstract 

This thesis deals with converting a mixture of H2 and CO, also referred to as syngas or producer gas, to higher or 

mixed alcohols and other fuels through a process called Fischer Tropsch Synthesis (FTS). It is a beneficial pathway 

that minimizes the dependence on oil and similar fossil fuels which contribute to rapid climate change by releasing 

harmful greenhouse gases. The syngas used in FTS, is generally obtained through gasification of biomass to make 

the entire process renewable and to make the resulting fuel carbon neutral. The products are pure due to prior 

cleaning of syngas mixture to remove oxides of nitrogen, sulphur and other particulate matter, before the process, 

thereby drastically reducing the net exhaust gas emissions.  The major objective of this project is to design a novel 

catalyst system and subject it to a series of experimentation for testing its selectivity towards alcohols. This is 

because the present catalytic systems are either very expensive to assemble or confer to a low yield. Two cobalt 

(Co) based catalysts, one without a promoter and the other which is promoted by zirconium (Zr), are prepared. 

The activity and selectivity of Co catalysts are finally compared with the existing Swedish Biofuels AB’s Iron (Fe) 

based catalyst promoted by copper (Cu) and chromium (Cr) along with characterization of the optimum reaction 

parameters like temperature, pressure, GHSV and syngas ratio for FTS.  

Aqueous incipient impregnation approach was adopted wherein the Co active metal and Zr promoter (only in 

second catalyst) are introduced step-wise on a ϒ-alumina support to synthesize the catalyst after which it is heat 

treated through drying, calcination and reduction to obtain the active Co metal catalyst. A high temperature FTS, 

was employed for the yield of alcohols and other gasoline derivatives according to literature. Finally, the liquid 

and gaseous products are analyzed through GC or GC/MS analysis techniques. 

The unpromoted Co catalyst’s activity is regarded as a failure due to satisfactory results. There were a few 

problems associated with the catalyst alone like poor mechanical stability that could be attributed to the use of an 

incorrect binder. Other problems included methanation due to haphazard temperature variations and inefficient 

catalyst reduction. For the promoted Co catalyst, the yield of alcohols and hydrocarbons was significantly higher 

than the unpromoted Co catalyst. A temperature of 300 °C, a GHSV of 360 h-1, a pressure of 10 bar and a H2:CO 

ratio of 1.3:1 were the optimal background conditions for FTS. Higher temperature caused methanation and 

reduced the chain growth probability factor, α, that resulted in the formation of lower hydrocarbons only. Any 

increase in gas ratio and GHSV, also increased the rate of methane formation and caused diffusion limitations. 

For a one-stage setup with the reversal of exhaust gases, the conversion rates of CO and H2 were quite promising. 

This success can be attributed to a higher calcination temperature that increased the degree of reduction of Co 

due to formation of promoter oxides thereby enabling CO hydrogenation and H2 insertion. It helped to reduce 

CO2 formation as well. 

Even for the Fe catalyst, a low temperature, a low GHSV and low syngas ratio were preferred. But unlike its Co 

counterpart, a higher pressure favored an increase in yield of alcohols and other long chain hydrocarbons. Fe’s 

ability to support WGS reaction disturbed the molar ratio of CO and also released more CO2 that could affect 

the rate of syngas conversion. But, on the whole, Fe catalyst was efficient than Co catalyst for alcohol synthesis. 

The overall yield of alcohols was just 5% of the liquid products. Nearly 86% of the alcohol fraction comprised of 

C1, C2 and C3 alcohols alone and very few C4, C5 and C6 alcohols were obtained. 

Key words: syngas, Cobalt, Fischer-Tropsch, alcohols, hydrocarbons 
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Sammanfattning 

Denna avhandling behandlar omvandling av en blandning av H2 och CO, även kallad syngas eller producentgas, 

till högre eller blandade alkoholer och andra bränslen genom en process som kallas Fischer Tropsch Synthesis 

(FTS). Det är en bra väg som minimerar beroendet av olja och liknande fossila bränslen som bidrar till snabba 

klimatförändringar genom att släppa ut skadliga växthusgaser. Syngasen som används i FTS erhålls generellt 

genom förgasning av biomassa för att göra hela processen förnybar och för att göra det resulterande bränslet 

kolneutralt. Produkterna är rena på grund av föregående rengöring av syngasblandningen för att avlägsna 

kväveoxider, svavel och annat partikelformigt material före processen och därigenom drastiskt minska utsläppen 

av avgaserna. Huvudsyftet med detta projekt är att utforma ett nytt katalysatorsystem och utsätta det för en serie 

experiment för att testa dess selektivitet gentemot alkoholer. Detta beror på att de nuvarande katalytiska systemen 

antingen är mycket dyra att montera eller ge ett lågt utbyte. Två koboltbaserade (Co) -baserade katalysatorer, en 

utan en promotor och den andra som befordras av zirkonium (Zr), framställs. Aktiviteten och selektiviteten hos 

Co-katalysatorer jämförs slutligen med de befintliga Swedish Biofuels AB: s Iron (Fe) -baserade katalysator som 

främjas av koppar (Cu) och krom (Cr) tillsammans med karaktärisering av de optimala reaktionsparametrarna som 

temperatur, tryck, GHSV och syngasförhållande för FTS. 

 

Vattenhaltig begynnande impregneringsmetod användes där den Co-aktiva metallen och Zr-promotorn (endast i 

den andra katalysatorn) införs stegvis på ett ϒ-aluminiumoxidstöd för att syntetisera katalysatorn, varefter den 

värmebehandlas genom torkning, kalcering och reduktion för att erhålla aktiv Co-metallkatalysator. En hög 

temperatur FTS användes för utbytet av alkoholer och andra bensinderivat enligt litteratur. Slutligen analyseras 

de flytande och gasformiga produkterna genom GC- eller GC / MS-analystekniker. 

 

Den outpromoterade Co-katalysatorns aktivitet betraktas som ett misslyckande på grund av tillfredsställande 

resultat. Det fanns några problem associerade med katalysatorn ensam som dålig mekanisk stabilitet som kunde 

tillskrivas användningen av ett felaktigt bindemedel. Andra problem inkluderade metanering på grund av 

variationer i slumpmässiga temperaturer och ineffektiv katalysatorreduktion. För den befordrade Co-katalysatorn 

var utbytet av alkoholer och kolväten betydligt högre än den opromoterade Co-katalysatorn. En optimal 

temperatur på 300 ° C, en GHSV på 360 h-1, ett tryck av 10 bar och ett H2: CO-förhållande på 1,3: 1 var de 

optimala bakgrundsbetingelserna för FTS. Högre temperatur orsakade metanering och reducerade 

sannolikhetsfaktorn för kedjan tillväxt, a, vilket resulterade i bildandet av endast lägre kolväten. Varje ökning av 

gasförhållandet och GHSV, ökade också metanbildningshastigheten och orsakade diffusionsbegränsningar. För 

en inställning i ett steg med reversering av avgaser var omvandlingsgraden för CO och H2 ganska lovande. Denna 

framgång kan tillskrivas en högre kalcineringstemperatur som ökade graden av reduktion av Co på grund av 

bildning av promotoroxider och därigenom möjliggör CO-hydrering och H2-införing. Det hjälpte också till att 

minska koldioxidbildningen. 

 

Även för Fe-katalysatorn föredrog man en låg temperatur, ett lågt GHSV och lågt syngasförhållande. Men till 

skillnad från Co-motsvarigheten gynnade ett högre tryck en ökning av utbytet av alkoholer och andra långkedjiga 

kolväten. Fe: s förmåga att stödja WGS-reaktion störde det molära förhållandet CO och frigav också mer CO2 

som kan påverka hastigheten på syngasomvandlingen. Men i stort sett var Fe-katalysator mer effektiv än Co-

katalysator för alkoholsyntes. Det totala utbytet av alkoholer var bara 5% av de flytande produkterna. Nästan 86% 

av alkoholfraktionen bestod av C1-, C2- och C3-alkoholer enbart och mycket få C4-, C5- och C6-alkoholer 

erhölls. 

 

Nyckelord: syngas, kobolt, Fischer-Tropsch, alkoholer, kolväten 
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Background 

According to Solomon 2010, a country’s national objectives not only include technological advancements in 

science and improving the agroeconomy, but also to focus on equitable distribution of energy to the current, 

ever-expanding population without sacrificing the needs of future generations and at the same time, protecting 

nature’s richness. A surge in global population means that it will be accompanied by an increase in energy 

demand. This clamor is satisfied by a vast amount of oil, gas, coal and other non-replenishable sources of energy. 

Introduction to renewable fuel production (solar, wind, hydro, biofuels) in developed countries such as the 

European Union and USA, have brought about a series of benefits and challenges that the developing countries 

have to clearly analyze before implementing any policy changes in their own regulatory legislation. It is mandatory 

for each country to examine their current situation and draft their own agenda that could open up many 

opportunities to promote sustainable development. There are several sustainability frameworks 

(multidimensional), that have to be thought through. These include local distribution/scale of resources such as 

availability of land, efficiency and balance in terms of an economic production and usage of renewable energy, 

environmental concerns such as pollution/climate change and finally, the social impacts such as food crisis (food 

vs fuel), poverty, employment, etc. The shift to a bio-based economy is the need of the hour to combat 

environmental hazards like global warming and to pave a greener pathway for the emergence of a sustainable 

economy.  

 

As far as the aviation sector is concerned, it contributes to between 2-3% of global energy consumption (Fethers 

2014). Europe contributes to nearly one-fourth of the world’s air traffic despite its total population being only 

around 6-8% of the world (Deane and Pye 2018). The aircraft industry will continue imparting to emissions in the 

impending years as well due to which the focus has now shifted to producing biojet fuels as an alternative to 

conventional petroleum or diesel oil, using biomass as feedstock. Biojet fuels are clean while burning, energy 

efficient, have same or even a higher energy capacity per unit mass or volume and contribute to far lower rates 

of emission. But the high costs of production due to feedstock accessibility, procurement or logistics and pre-

treatment is a major hurdle for its commercialization (Gegg et al 2014). According to the agenda of Biofuel Flight 

Path introduced by the European Union, 2 million tons of biojet fuel is to be produced by the year 2020. 

According to data analyses, this accounts for just 4% of the EU aviation service requirements (Kousoulidou and 

Lonza 2016). 

 

Scandinavian countries, especially Sweden, has a huge potential with its advancement in both technological and 

forest raw material aspects, to build the aviation biofuel industry to a whole new level. With introduction of 

biofuels, a lot of job opportunities could open for the people and improve their social status and standards of 

living. But adequate governmental support through reasonable funding and policy changes is absent that 

overshadows its booming potential. As believed by Rossi 2014, it was evident that only very few consortiums 

within the country were voluntarily working towards development of aircraft fuels. Whereas, the others, despite 

believing in its development, showed docility and were hesitant in decision-making that is impeding the process. 

This can be tackled by fostering appropriate collaborations and stakeholder participation by offering financial 

incentives to companies or industries that propagate the heed of biojet fuels. 

 

Moreover, according to Paris Agreement under The United Nations Framework Convention on Climate Change 

(UNFCCC), Two of the most important objectives were: to minimize the overall greenhouse gas release and to 

make sure that at least one tenth of a country’s transportation fuel (air, land and water) has to be obtained from 

renewable sources by 2020 due to which sufficient importance has to be given to promote biojet fuel production 

also, apart from bioethanol and biodiesel (Deane and Pye 2018 and Upham et al 2009).



1. Feedstock and approved pathways 

Schafer 2016 highlighted that biofuels for aviation can be produced from first, second or third generation sources. 

1.1 First generation 

These raw materials include crops like sugarcane, corn, wheat, millets, beet, etc. Currently, Brazil stands at the 

number one position for the maximum quantity of ethanol produced using sugarcane crop. USA dominates the 

bio-ethanol production using corn as the major feedstock. Unlike sugars derived from cane, corn kernels are to 

be broken down into simple sugars prior to sugar extraction, boiling and fermentation. Most of the European 

countries use wheat (Sweden and Norway), sugar beet (France) and Cassava (Germany, Netherlands and Italy). 

Even though, fuels from sugars and starch have a positive energy balance, they are not desirable when it is the 

matter of GHG emissions and drop in food security (increase in food prices). Other drawbacks of using first 

generation crops is the region-specific growth, seasonal variations and low yields (Chuck 2016). 

 

1.2 Second generation 

Due to the use of food crops in first generation fuels, second generation fuels that include agriculture, farm or 

industrial wastes, energy crops from forests such as grasses (switchgrass, hemp, miscanthus, elephant grass) and 

trees (poplar, willow, eucalyptus), eliminate the question of food versus fuel conflicts and can also grow on non-

arable lands such as wetlands, marshes or drought-prone areas (Zhang et al 2015). Second generation non-edible 

oil crops like Jatropha curcas are given enough importance nowadays. Jatropha neither requires fertile land nor 

fertilizers and clean water. Pongamia pinnata and Karanja are other crops that are being studied side by side. In 

some places, used oil or waste cooking oil (WCO) are also used. The major risks associated with WCO will be 

due to excessive free fatty acids (FFA’s) and water that could render the fuel processing steps futile. At present, 

waste animal fats like tallow and fleshing wastes like green or de-limed fleshing are used for biofuels. Moreover, 

second generation biofuels significantly reduce GHG emissions and show enhanced performance under low 

temperatures, unlike its first-generation counterpart (Baroutian et al 2013). 

 

1.3 Third generation 

Fuels from oleaginous microalgae like Botryococcus braunii and Chlorella (Bwapwa 2017) fuels from oleaginous yeasts 

like Candida, Yarrowia lipolytica and Rhodosporidium and macroalgae such as seaweeds, comprise of the third-

generation feedstock. However, such fuels are capital intensive to be produced (extraction and purification), 

require large engine modifications and consume a lot of time. Both, micro and macro algae are minor players in 

the aviation field and have huge prospects once novel technologies are researched and employed successfully 

(Benzie and Hynes, 2013 and Quadeer et al 2017). 

 According to Van Dyk et al 2017, until now, three pathways have been approved for production of aviation fuels, 

namely: Fischer-Tropsch    synthesis using syngas from gasification of biomass, hydro processing or 

hydrotreatment of vegetable oils and using sugar-based substrates/ethanol. Out of these, the pathway using 

hydrotreatment of vegetable oil has made it to the stage of large-scale production for commercial purposes. 

Fischer-Tropsch Synthesis (FTS) is expected to make its arrival into large scale production within short time. 

Producing jet fuels through alcohols/ethanol is still in the demonstration or miniplant stages (Wei-Cheng and Tao 

2016). 
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2. Research purpose 

The purpose of this study is to develop a modern catalytic system to produce C3+ aliphatic alcohols that are 

intermediates for aviation fuels by the FTS method. All the present catalyst systems either confer to a low yield 

of desired product or are very expensive to assemble. Thus, in this project, a couple of catalyst combinations 

aimed towards increasing the output at a low cost of production are to be studied and simultaneously verified 

through experimentation.  

 

2.1 Objectives 

• Characterization of FTS reaction characteristics like thermodynamics, product selectivity and product 

distribution. 

 

• Analyzing the current technologies (biomass to liquids- BTL, gas to liquids- GTL and coal to liquids-  

             CTL) to produce alcohols through FTS. 

 

• Designing the catalyst system based on cost of preparation and yield of the alcohol product. 

 

• Comparing the efficiency of Cobalt and Iron based catalysts for mixed alcohol synthesis (MAS)     

             or higher alcohol synthesis (HAS). 

 

• Characterization of optimal reaction conditions for the FTS of alcohols. 

  



 

16 
 

3. Methodology 

3.1 Research approach/overview 

The assembly of active ingredient, support and/or catalyst promoters will be carried out at the Swedish Biofuels 

AB lab facility. Three catalysts will be prepared for FTS. After formulation, the catalysts will be introduced into a 

suitable FTS reactor. Since the tubular fixed bed reactor shows the best results for alcohol synthesis, a simulation 

tool called Aspen will be used to model the process considering this configuration. Optimal reaction parameters 

like temperature, pressure and syngas inflow rates will also be tested, that could facilitate maximum alcohol 

production.  

 

3.2 Data analysis 

The production of alcohols will be compared for cobalt and iron-based catalysts and analyzed through GC/GC-

MS or similar analysis techniques. The data analysis will be partly qualitative and quantitative since the approximate 

efficiency of the catalyst must be known and whether the design is economical to be employed in the company’s 

large-scale manufacturing unit. 
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4. Fischer-Tropsch Synthesis (FTS) 

4.1 Introduction 

FTS is a thermochemical process that is followed to produce liquids (fuels and other hydrocarbon derivatives) 

and other gaseous products that are of commercial importance. Synthesis gas or syngas, also called as producer 

gas, is catalytically converted into liquids through FTS with the help of suitable catalysts and reactors. It was 

initially founded by two scientists from Germany, Franz Fischer and Hans Tropsch, in the year 1923. During 

the emergence of World War II between 1936-1945, the FTS of coal derived syngas was used to produce liquids 

like gasoline, FT diesel and other petroleum hydrocarbon derivatives, that was further chemically processed and 

converted to transportation fuels. This aided an efficient freightage of goods, food and people during that time. 

After the war had ended, there were quite a few demonstration plants set up across Germany to produce Fischer-

Tropsch fuels. By mid-1950’s, however, all these plants were shut down by the ruling government due to cheap 

oil prices (Yan et al 2012). 

 

The period from 1970-1979, witnessed an “Oil Embargo” wherein, there was an inflation in oil prices and 

stringent import/export rules were laid down across various countries because of a huge oil crisis in South Africa 

(Wei-Cheng and Tao 2016). This was the era where the FTS gained global importance since it provided great means 

of achieving energy security and a state of independent fuel production. 

 

As of 2010, petroleum production was estimated to be around 85,000,000 bpd and FT fuel production was only 

around 235,000 bpd [barrels per day, 1 bpd= 0.03 gallon/min]. This shows that FT fuels are not even close to 

1% of the amount of fossil fuel production in the world (Wei-Cheng et al 2016). But, in the future, this is expected 

to increase regarding environmental and political considerations as discussed above. 

 

For the FTS process, syngas could either be produced from coal (coal to liquids- CTL) or NG (gas to liquids- 

GTL), following which, alcohols, typically C1-C6, can be either produced through syngas fermentation or FTS. 

In the recent years, the use of biomass for producing liquid fuels (biomass to liquids- BTL) through pyrolysis 

and/or gasification technologies has gained adequate interests and importance from scientists and academic 

research groups (Crawford et al 2016). 

 

Using FT liquids as transport fuels, proffer a lot of benefits. Firstly, they are free of Sulphur compounds like 

hydrogen sulphide (H2S) and carbonyl sulfide (COS). A low nitrogen level will reduce Nitrogen oxide emission 

like NO, N2O, NO2 that are deleterious to the atmosphere. Secondly, fuels produced through FTS have a high-

octane number, low moisture content and thus, burn efficiently. Finally, the FT fuels do need require any sort 

of engine modifications and can be blended with conventional transportation fuels at any ratio between 0-100% 

(Kandaramath et al 2015). 
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4.2 FT Technologies 

4.2.1 Coal to liquids (CTL) / Gas to liquids (GTL) [Zhao 2007, Moulin et al, 2013, “Chemical Process Technology” 

and Dept of Chemical Technology, KTH] 

a) During the 1950’s, South Africa witnessed the growth of a FT demonstration plant called Sasol I. It employed 

the coal gasification technique to produce syngas and then simultaneously use it for high temperature FTS 

process by using Fe. The efficiency of this plant enabled the government to open two commercial Sasol plants: 

Sasol II in 1980 and Sasol III in 1982. Since then, the company is a world-renowned producer of FT fuels. 

Moreover, it has started using steam reforming of natural gas (NG) apart from coal to produce syngas for the 

FTS process. 

b) In the 1980’s, Norway witnessed the introduction of a commercial FT plant, Statoil that uses syngas derived 

from coal or NG using Fe catalyst in a high temperature FTS. It adopted the gas to middle distillates (GMD) 

technology that produces lighter hydrocarbons like alcohols and kerosene derivatives. 

c) From 1992, PetroSA, a large-scale FT plant in South Africa uses steam reforming of NG to produce syngas 

for a high temperature FTS to produce gasoline and other alcohols using Fe catalyst. 

d) By 2004, Shell uses the Shell middle distillate synthesis (SMDS) technology by using Co catalyst for a low 

temperature FTS process through reforming of NG, at its commercial plant in Bintulu, Malaysia. However, the 

production of low Sulphur higher hydrocarbons and waxes is most prevalent than alcohols in this case. 

e) A collaboration of Qatar Petroleum (QP) and Sasol at Qatar, UAE, is a large-scale commercial plant that was 

started in 2004, that uses NG to produce syngas for a low temperature FTS that uses Co catalyst. Sasol’s slurry 

phase distillation technology was acquired for the plant. Like Shell, it mostly produces a lot of diesel and waxes 

and a low amount of alcohols. 

f) In 2004, another commercial FT plant was developed in Qatar based on a collaboration between QP and an 

American company Exxon Mobil, that espoused the latter’s AGC-21 technology to produce high performance 

gasoline transport fuels and feedstocks for petrochemical manufacturing. 

4.2.2 Biomass to liquids (BTL) 

BTL conversion is gaining ample attention for the last couple of decades to produce alcohols. A major reason 

for this is due to the carbon neutral nature of biomass-based fuels. In other words, they tend to release a 

comparatively lower amount of carbon dioxide, the major greenhouse gas, than the fraction they consume during 

their growth. Thus, there is a net decrease in its amount in the atmosphere and eventually lowers emission by 

75% when compared to conventional diesel. Being a renewable fuel, it solves a country’s crisis of foreign oil 

dependence. BTL technology using second generation biomass, has a larger yield per hectare and per year 

(Hendricks et al 2011). 

But, BTL technology offers some challenges. Firstly, due to their geographically scattered availability, sizes of 

FT plants vary. Secondly, transportation of biomass feedstocks from various areas is not an economically viable 

option. Thirdly, as the reaction is highly exothermic, efficient heat removal system is required because it could 

deactivate the FTS catalyst and reduce the system efficiency. Due to these reasons, there are either very few or 

no commercial plants available BTL plants for alcohol synthesis. Some notable companies are provided by 

(Department of Chemical Technology-KTH). 

 

a) Under a start-up, Sun Diesel in Freiberg, Germany, wood chips are being used to produce syngas through a 

45-megawatt gasifier to produce 310 bpd. A Mini plant was recently set up with a capacity to produce about 7.5 
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bpd of alcohol and other gasoline derivatives. This was publicly announced in cooperation with Volkswagen and 

Daimler. Later, this turned out to be the World’s first commercial BTL plant. 

 

b) In Sweden, Goteborg Energi is another large-scale plant for the gasification of wood pellets and biomass to 

produce syngas that is converted into liquid fuels through FTS. 

 

c) Neste Oil in Varkaus, Finland, has a 12-megawatt gasifier for converting forestry residues into syngas and 

then to renewable diesel through FTS. Unlike the FT diesel, alcohol production at Neste Oil is in a minor scale 

only. 

 

d) The Swiss-Austrian Consortium in Gussing, Austria, where an 8-megawatt gasifier is used to gasify wood 

chips to syngas and then to alcohols through FTS. The side stream from the FT reactors is converted into 

synthetic natural gas (SNG). 

4.3 Reaction Thermodynamics 

The basic reaction for the FTS is:   

𝐶𝑂 + 2𝐻2 → 𝐶𝐻𝑋 +  𝐻2𝑂 

The enthalpy (ΔH) is highly negative for the FT process (-165 KJ/mol). This means that a large amount of heat 

is released during the process (Yan et al 2012). As we focus on alcohols particularly, the main reaction is as 

follows: (Yan et al 2012 and Department of Chemical Technology – KTH) 

𝑛𝐶𝑜 + 2𝑛𝐻2 →  𝐶𝑛𝐻2𝑛+1𝑂𝐻 + (𝑛 − 1)𝐻2𝑂 

 

Longer alcohols are accompanied by a largely negative enthalpy change. As discussed above, a quick heat removal 

system is one of the most crucial parameters that should be kept in mind while designing FT reactors for higher 

alcohol synthesis (HAS). The excess heat has the capability to denature the catalyst, create hot zones or hotspots 

within the reactor that hamper uniform heat transfer or distribution and reduce overall CO conversion into 

desired products thereby taking a hit on the total yield. 

Another fact to note carefully is that FTS will favor a high pressure and a low temperature. A high pressure will 

enable the equilibrium for the reaction to shift towards the side where there is a lower number of moles of the 

gas. Similarly, a low temperature will favor the equilibrium to move towards the product side. At least 200 degrees 

Celsius is required to slightly increase the rate of the reaction.  

4.4 Product selectivity and distribution – A general overview 

The FTS is a sequence of chain initiation, polymerization and termination steps. Here, CHX, typically CH2 acts 

as the monomer that undergoes successive polymerization steps to form higher hydrocarbons. CO is consumed 

in the beginning to start the initiation and later incorporated in the growing chains through propagation. Van 

Steen and Schulz 1999 stated that the rate of hydrogenation is equal to the rate of CO consumption and follows a 

steady state kinetics where hydrogenation is an irreversible phenomenon. The formation of this monomer is a 

critical rate determination step due to which we can conclude that the polymerization steps are controlled 

thermodynamically. Moreover, the product selectivity is dependent on various factors like heat transfer, mass 

transfer and other side reactions (will be discussed in a later section). 
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Figure 1: chain initiation and propagation in FTS. Source- Moulin et al, 2013 

 In the above kinetics described in Figure 1, α refers to the chain growth probability factor and is defined as: 

 

𝛼 =
𝑅𝑝

𝑅𝑝 + 𝑅𝑡
 

 

Where, Rp is the rate of propagation and Rt is the rate of termination. 

For the FTS product distribution, we make use of a theory called the Anderson-Schulz-Flory (ASF) model which 

states that the chain growth probability factor is a constant and is a function of temperature, pressure, catalyst 

employed, feed composition and other reaction parameters (Department of Chemical Technology – KTH). 

The ideal ASF model predicts that: 

𝑊↓𝑛 /𝑛 = (1− 𝛼) ↑ 2 · 𝛼↑ (𝑛 −1) 

 

Where, Wn is the weight fraction of the product and n is the carbon number. If we take the logarithm, log  

 

(𝑊↓𝑛 / 𝑛) = 2·log (1− 𝛼) +( 𝑛 −1) ·log (𝛼) 

To compute the slope, let us consider the above equation w.r.t y= mx + c. 

 

log (𝑊↓𝑛 / 𝑛) = 𝑛 ·log (𝛼) +2·log (1− 𝛼) −log (𝛼) 

Thus, if we plot weight fraction (Wn) vs carbon number (n) as in Figure 2, we get a slope log (α). 

 
Figure 2: Ideal Anderson-Schulz-Flory plot for product distribution and mass transfer limitation. Source- Moulin et al, 2013 
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Zhao 2007 asserted that the value of 𝛼 is what that determines the carbon chain length. A higher value will 

indicate that the chain length is larger. Different catalysts exhibit different 𝛼 values. For example, ruthenium 

exhibits an 𝛼 value of 0.85-0.95, cobalt shows an 𝛼 value of 0.70-0.80 and iron has an 𝛼 value of 0.50-0.70. 

 

4.5 Types of FTS and associated products 

The FTS progresses under two conditions: high temperature Fischer-Tropsch (HTFT) and low temperature 

Fischer-Tropsch (LTFT). HTFT uses a temperature range of 300-350 degrees Celsius to produce low molecular 

alkenes, alcohols and other oxygenates (till C10). It mostly uses Fe as a catalyst. Ru and Ni are also being used 

nowadays to produce alcohols through HTFT. Whereas, LTFT produces higher hydrocarbons like diesel 

derivatives and waxes (C11 and above). It uses a temperature range of 200-240 degrees Celsius and mostly both 

Fe and Co catalysts. Even Ru and Ni are active at low temperatures. A major drawback of HTFT is the reaction 

selectivity towards methane formation and coking (excessive carbon formation). The product distribution for 

each FT process is shown below in Figure 3. 

 

a) HTFT: C1-C2 synthetic natural gas (SNG), C3-C4 liquified petroleum gas (LPG), C5-C10 gasoline derivatives 

that include short chain paraffins, iso-paraffins, aromatics, olefins and naphthene as well C1-C6 higher alcohols 

b)  LTFT: C11-C21 FT diesel and C22/C22+ waxes and long chain paraffins 

 

Figure 3: Wn vs ɑ for product selectivity. Source- Moulin et al, 2013 
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5. FT catalysts for alcohol synthesis 

5.1 Basic catalyst design 

The choice of catalyst depends on activity, costs/ resources and lifetime. While selecting an appropriate catalyst 

for FT process, it is essential to note that it consists of 3 parts: a support, the active metal and promoters. The 

support makes sure that there is enough dispersion of active metal by offering an increased surface area. The 

rate of attrition during the final stages of the catalyst is also governed by the support. Supports enhance the 

heat/mass transfer, reducibility of the active metal and provides overall strength to the catalyst from a mechanical 

aspect. Product selectivity and specificity is the most 

important aspect of active ingredient in a catalyst. Finally, promoters are used to enhance the functions of active 

metal. They are non-active/ non-catalytic. 

5.1.1 Active metals 

Transition and/or noble metals are used as the active ingredient in a catalyst. These metals include: 

a) Iron (Fe): It is the cheapest option available. It tolerates both low and high temperatures and low H2/CO 

ratio. The intrinsic ability to showcase the water gas shift (WGS) reaction is high. Most of the metals are sensitive 

to Sulphur poisoning (<10 ppb) whereas iron has a comparatively low sensitivity of less than 0.2 ppm (Khadzhiev 

et al 2012). 

 

𝐶𝑂 + 𝐻2𝑂
𝑅
↔ 𝐶𝑂2 + 𝐻2 

But it has a less lifetime (about 8 weeks only). Iron does not remain in the metallic phase during such reactions 

and tends to form a lot of carbides or oxides that need to be kept under control to avoid poor yield of product. 

It is used to synthesize low molecular species like gasoline and alcohols 

b) Nickel (Ni): It can tolerate both high and low temperatures. It also shows greater tolerance towards coke 

formation and shows an intrinsic WGS reaction capability. But it is 250 times expensive than iron and has high 

selectivity towards methane formation (Scherzer and Fort 1981). 

c) Cobalt (Co): It shows a high selectivity for longer HC’s like diesel and has a longer lifetime (greater than 5 

years). On the other hand, it cannot tolerate high temperatures and low H2/CO ratio in case of coal and biomass 

(the ratio must be at least 2). It also does not have the ability to catalyze a WGS reaction. It is 1000 times 

expensive than iron. Cobalt is used mostly when the feedstock for syngas generation is NG (Luo et al 2006). 

d) Ruthenium (Ru): It displays very high specificity to long chain HC’s and tolerates high temperature and 

pressure. It is 50,000 times expensive than iron and has very few commercial applications (Moulijn et al 2013). 

e) Rhodium: It is expensive, has a limited use and functions only w.r.t to the support used. It also shows a 

selectivity to just C2 oxygenates. 

The activity of active metals decreases in the following order: Ru>Fe>Ni>Co>Rh (Zhao 2007). 

Fischer-Tropsch elements can sometimes be used as promoters as well. 

5.1.2 Catalyst promoters 

Promoters are subdivided into 2 categories: activity promoters and reduction promoters. Activity promoters 

include the group A alkali metals and their oxides. Their main function is to facilitate a stable dispersion of active 

metal on the support. When alkali oxides are being used to promote Co catalyst, selectivity to long chain (= or 

>C5 compounds) increases. On the other hand, the reduction promoters reduce the active component and 
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includes mostly, the noble metals like Pt, Pd, Au, Ag, Ru, Re, Ir and Cu. Apart from these categories, even 

molybdenum (Mo), zinc (Zn), gallium (Ga), chromium (Cr) and tin (Sn) could be used as promoters (Moulijn et 

al 2013). 

5.1.3 Catalyst supports 

Silica, Alumina, Titania and zeolites are the commonly used support matrices for FT catalysts aimed at producing 

alcohols. 

a) Silica: Has a large surface area of about 150-250 m2/g. It is being used by Shell for their FT processes. It has 

a low attrition resistance than alumina (Zhao 2007). 

b) Alumina: Its surface area w.r.t m2/g is like that of silica. Due to its better attrition resistance, it is favored 

more over silica. Gulf, Chevron and Statoil use alumina as support matrices for their FT processes (Zhang et al 

2010). 

c) Titania: It has a relatively smaller area when compared to silica and alumina and is about 10-15 m2/g. It has 

the least attrition resistance among all support material and has been patented by Exxon Mobil. Some support 

material can undergo structural modifications that influence the catalyst properties in a positive way. Titania is 

one such material (Zhao 2007). 

d) Zeolites: ZSM-5, Beta-zeolites and mordenites could be used as support material. As stated by Kang et al 2008, 

ZSM-5 showed the best activity due to the presence of moderate to high number of active sites that can carry 

out successful reduction of active metals (Kang et al 2008). 

Apart from the discussed support material, cerium oxide, zirconium oxide, chromium oxide, zinc oxide and 

magnesium oxide and carbon nanotubes (CNT’s) can also be used as the support. 

 

5.2 Physical and chemical properties 

The physical properties of catalyst include the pellet size and shape. Whereas, the chemical properties include 

activity, selectivity, stability and the extent to which it could be used for commercial purposes (industrial 

applications). 

 

5.3 Catalyst for alcohol synthesis 

The following 4 catalyst systems are established for alcohol synthesis. Higher alcohols have improved resistance 

to water, higher heating values and lower emissions when compared to lower alcohols. 

5.3.1 Methanol synthesis 

5.3.1.1 Modified methanol synthesis catalyst (MMS): Uses alkali or alkaline earth metal doped (AD) as 

promoters that increase the rate of formation of alcohols and other oxygenates. It is of 3 types: 

i) Alkali doped/zinc oxide/chromium oxide, that is a modified high-pressure methanol synthesis catalyst: 

Primary alcohols that are branched are the main products (methanol to iso-butanol range). It is active at 573-698 

K at 125-300 bar pressure. It is also called as modified high-pressure methanol synthesis catalyst (Kuipers 2014). 

It was originally developed by BASF. Chromium oxide supports smaller crystals of active metal and has a 

comparatively longer lifespan. It is also mostly irreducible. 

ii) Alkali doped/copper/zinc oxide/chromium oxide 
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iii) Iron or nickel or cobalt modified copper/zinc oxide/chromium oxide 

Both (ii) and (iii) work at a temperature range of 548-843 K and at a pressure range of 50-100 bar and thus called 

as low-pressure methanol synthesis catalysts. Unbranched primary alcohols are the major products. Fang et al 

2009 and Zhao 2007, stated that Alkali doped/zinc oxide/chromium oxide is a better functioning catalyst than 

the latter catalysts because it favors the formation of higher alcohols (with a greater carbon number). It is used 

by the Imperial Chemical industries (ICI). 

5.3.2 Higher alcohol synthesis (HAS) 

5.3.2.1 IFP mixed metal oxide catalyst: The French Petroleum Institute (IFP), adopted this catalyst that is 

also referred to as modified FT catalyst for the formation of linear primary alcohols. It uses oxides of Cu, Co 

and modifiers such as Al, Cr, Zn. The composition of IFP metal oxide catalysts are as follows: 5-10 Cu, 5-25% 

Co, 5-30% Al, 10-70% Zn, 0-0.2% Alkali and other corrosion resistant metals. It works at a temperature of 523-

623 K and a pressure of 60-200 bar with a C2+ alcohol selectivity of 30-50%. 

There were 2 patents that were obtained for IFP catalysts. The first was acquired by 1987 with the following 

composition. 10-65% Cu, 5-50% Co, 1-50% Zn and 5-40% Al, alkali or alkaline earth metals. For this catalyst, 

the flow of feed syngas into the FT reactor should not be discontinuous as it might favor methanation in the 

absence of feed gas. Thus, noble gases like He are used as supplementary carrier gases to keep the feed 

continuous and to avoid its imbalance. The second patent was acquired by 1988 and had the following 

composition. 15-55% Cu, 5-25% Co, 15-70% Zn, 0-55% Zr, 0.01-5% alkali or alkaline earth metals, 0-20% 

Lanthanum (La) or Cerium (Ce) that are resistant to corrosion and 0-1% noble metals. Here, noble gases are not 

required to keep the feed continuous since they are already present in the composition and prevent methanation. 

Thus, even hydrogen gas (apart from syngas hydrogen) could be pumped in gradually to maintain the feed flow 

rate without interruption (Chen et al 2017 and Zhao 2007). 

 

5.3.2.2 Alkali modified molybdenum catalyst: According to Claurea et al 2015, it is mostly the combination 

of an alkali metal and molybdenum sulphide, MoS2 that works at a temperature of 533-623 K and at 30-175 bar 

pressure. It shows HAS rate at 75-90% with a H2/CO ratio of 2 in the syngas feed. A CO2 level of less than 

30% is required to avoid catalyst inhibition. The major benefit of using this catalyst is its resistance towards 

Sulphur poisoning. It can tolerate even 50-100 ppm of H2S but it may sometimes lead to a reduction in product 

selectivity. Co is sometimes added to Mo as the second metal in the presence of a potassium promoter that might 

provide an enhanced selectivity towards C1-C7 alcohols. 

 

5.3.2.3 Rhodium based catalyst: Its working is very specific to the type of promoter and support used. For 

example, it works best when magnesium oxide or silicon dioxide are used as the support and have the least 

function when titanium dioxide or aluminum oxide are used. This catalyst is specific to only ethanol and has not 

been researched quite effectively (Zhao et al 2007). 

Some examples of companies and technologies that use Fischer-Tropsch synthesis to exclusively produce higher 

alcohols through GTL and BTL are as follows. 
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5.4 Technologies for HAS 

5.4.1 GTL (Fang et al 2009) 

a) DOW and Union Carbide in the USA that use MoS2 catalyst through Sygmol process for HAS from the 

1980’s. 

b) Snamprogetti in Saudi Arabia that uses modified methanol synthesis catalyst through the MAS process, started 

a demonstration plant by 1982. 

c) Haldor Topsoe in Denmark that also uses modified methanol synthesis catalyst, started a demonstration plant 

for HAS. 

d) Lurgi in Germany that uses low pressure methanol synthesis catalyst through the Octamix process, began by 

1992. 

e) Power Energy Fuels Inc, in the USA started mixed alcohol synthesis through modified MoS2 catalyst that 

produces 0% methanol, 75% of ethanol, 9% propanol, 7% butanol, 5% pentanol and 4% hexanol and higher. 

5.4.2 BTL (Zhao 2007) 

a) Standard Alcohol Company of America (SACA) are in the process of inaugurating a large-scale pilot plant that 

uses Envirolene Technology to produce alcohols starting from methanol to octanol using high pressure 

methanol synthesis catalyst. 

b) Pearson technology that carries out gasification of biomass in Mississippi in the USA with a goal of producing 

ethanol. 

BTL processes are rarely found as commercial plants due to various reasons. It might be either due to low 

efficiency of the technology employed, high capital costs or inefficient catalysis. 

 

5.5 Representative catalyst systems for Mixed alcohol synthesis (MAS) 

There are 3 catalyst systems that are repeatedly followed to synthesize higher alcohols. They are alkali doped 

MoS
2 with Co (Co-MoS

2
/K2CO3), IFP (Cu-Co mixed oxides)/modified copper catalysts and metal carbide 

catalysts. 

5.5.1 Alkali doped molybdenum sulphide catalyst- Two findings 

5.5.1.1 (Co-MoS2 /K2CO3) It was concluded that this catalyst supported on clay, requires a Sulphur level for 

CO hydrogenation to produce alcohols. While the preparation of catalyst was in progress, it would have been 

calcined at a high temperature through a sequence of intervals, where in, the temperature is raised gradually by 

ramping. During this process, the surface area of the catalyst increased that allowed higher alcohol formation 

(Claurea et al 2015 and Ishida et al 2013). It was observed that a K2CO3 composition of 12.5% was used that 

minimized HC yield and maximized alcohol yields. K2CO3 blocks the sites for HC’s and forms new active sites 

for HAS. Co on the other hand shifts the selectivity towards long chain alcohols. Co:Mo ratio of 0.5 is required. 

Gas hourly space velocity (GHSV), that is defined as the flow rate of feed gas to that of reactor volume, needed 

to be low because a high GHSV will lead to C<2 alcohol formation, i.e, methanol. Increase in reaction 

temperature increased C2+ alcohol yield. A lower temperature yielded C1-C2 alcohols whereas a temperature of 

588 K led to greater yield of C3-C4 alcohols. It is also necessary to maintain the H2/CO ratio at 2 because a 

high partial pressure of hydrogen will eliminate side reactions (as shown below), that otherwise, allow 

coke/carbon deposition which affect the efficiency of the process. 
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a) Boudouard reaction 

2𝐶𝑂
𝑅
↔ 𝐶 + 𝐶𝑂2 

 

b) Methane decomposition 

𝐶𝐻4
𝑅
↔ 𝐶 + 2𝐻2 

Both these reactions lead to the formation of carbon that may choke the reactor equipment parts and 

interfere negatively in the reaction. 

This catalyst shows highest HAS at 580 K (307 degrees Celsius) temperature at a pressure of 75 bar with a 

GHSV of 1255/h and at a H2/CO ratio of about 2. 

5.5.1.2 Instead of Co being used as the promoter element, a different FT metal element, Fe or Ni, could also be 

used as a promoter. According to Luo et al 2006, the MAS selectivity is over 80%. Also, as cited by Fang et al 

2009, stated that at a temperature of 320 degrees Celsius, 95 bar pressure, with a H2/CO ratio of 2 and a GHSV 

of 6000/h, the maximum yield of MAS was observed. 

The reaction mechanism for ADM catalyst was given by Li 2005. 

 

 

As shown in Figure 4, the catalyst’s surface shows the presence of two active groups: one is the separated group 

containing just the metal sulphide, MSx species and the second group contains the K-MoS
X complexed with a 

metal. The metal component is a FT metal promoter (Fe, Ni). 

Now, CO is adsorbed dissociatively on the separated MSX species and forms surface CHX through hydrogen 

that is also dissociatively adsorbed by the MSX group. Hydrogenation of this surface CHX will result in methane 

formation. The incoming CO and H2 form an intermediate that is hydrogenated to form methanol. On the other 

hand, K-MoSX complexed with a metal, adsorbs CO associatively. This CO will undergo insertion into the 

metal-CHX bond and form the intermediate C2HXO, that is hydrogenated to form ethanol and dehydrated to 

produce the CnHy species that are further hydrogenated to form HC’s. Through repetitive insertion of CO 

followed by hydrogenation and dehydration, high carbon alcohols 

and alkanes are formed respectively. 

The main purpose of having 2 FT metal promoters on the catalyst surface is to increase C2+ alcohol selectivity 

and to increase the lifetime of catalyst through interactions between the FT elements and MoSX species. It was 

also concluded that using Ni with MoSX led to a large yield of all alcohols than using Fe or Co complexed with 

the MoSX (Li et al 2005). The metal in the separated MSX group was either Fe, Co or Ni. 

Figure 4: reaction mechanism of ADM sulphide catalyst. Source- Fang et al, 2009 
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Molybdenum: It has a greater Sulphur tolerance and an enhanced WGS reaction capability. Most of the times, 

alcohol products are free of CO2 gas and the yield of alcohols is about 70%. It is also partly selective to methanol 

formation. 

 

5.5.2 FT elements modified copper catalyst As far as the IFP catalyst (Cu-Co) is concerned, increase of 

temperature and pressure increased the selectivity towards C3-C4 alcohols. Increase in the presence of water 

also increased alcohol specificity, typically ethanol. An important disadvantage of this catalyst is methanation 

that will hamper its use due to specificity and activity related obstacles (Chen et al 2017). A few years back, Yang et 

al 2010, promulgated that the Institute of Coal Chemistry- Chinese Academy of Sciences (ICC-CAS) introduced 

a Fe based Cu-Mn-ZrO2 catalyst. Iron interacts with copper to facilitate an efficient HAS process that favors 

C2+ alcohol selectivity. But in half the cases, a sturdy interaction between Fe and the support material led to a 

futile attempt to generate C2+ alcohols. After noting this, Zn was further added to the existing catalyst as an 

additional promoter. This led to an increase in C1-C5 alcohol synthesis under the same conditions as in MMS 

catalyst. The amount of carbon-based side products apart from alcohols modified were also less and the lifetime 

of this catalyst was higher (Khadzhiev et al 2012). 

Optimum reaction parameters for this catalyst are 260 degrees Celsius temperature, a pressure of 60 bar, H2/CO 

ratio of 2 and a GHSV of 6000/h. The reaction mechanism of this catalyst is explained as shown in Figure 5 . 

According to Xu et al 1987, cited by Fang et al 2009, the Fe-Cu based catalyst, it is ensured that the distance 

between both the metals is small and distributed homogeneously for the reaction to be efficient. Whereas, this 

was not the case in Cu-Co catalyst. The distance between Cu-Co was large due to which there was an inefficient 

surface migration. 

 

When the syngas passes through the catalyst surface, Cu adsorbs hydrogen dissociatively whereas it absorbs CO 

associatively. On the other hand, the FT element Fe, adsorbs CO dissociatively and forms the active site for 

HAS. This CO undergoes 3 steps: CO bond cleavage, CO insertion and CO hydrogenation. As per the FT 

reaction, CHX species is formed over the catalyst surface. Now, the CO that is associatively 

adsorbed on to Cu, will pass through surface migration, into the metal-CHX bond, forms a compound 

with the CHX species due to surface hydrogenation and is subsequently forming the CHX intermediate that is 

hydrogenated to form ethanol. Due to repetitive rounds of syngas distribution over the surface, CnHy species 

is formed from the CHX addition. These undergo hydrogenation to form HC’s. Progressive addition of CHX 

to form CnHy species simultaneously with CO insertion between the metal-CnHy bond and 

hydrogenation of both the resulting compounds leads to the formation of higher paraffins and higher 

alcohols respectively.  

Figure 5: reaction mechanism of Fe modified Cu catalyst. Source- Fang et al, 2009 
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5.5.3 Metal carbide catalysts These catalysts contain a carbon that is incorporated in their structure. They are 

hard, mechanically stable and have high melting points. They are beneficial than metal sulphide because their 

hydrogen adsorption and migration abilities along with CO hydrogenation is much superior. They are also like 

the function of noble metals and can replace them as economical substitutes. The use of Mo, Co and W carbides 

are being researched and used in present FTS for higher alcohols. Potassium promoted Mo2C (Metal/K-Mo2C) 

increased specificity towards C1-C7 alcohols when modified with a FT metal like Fe, Ni or Co that promote 

carbon chain growth (Xiang et al 2008). Mo2C that is not supported by alkali promoters showed enhanced 

selectivity towards C1-C5 paraffins and C2-C5 olefins only. Mo2C that is not supported by alkali promoters 

showed enhanced selectivity towards C1-C5 paraffins and C2-C5 olefins only. 

 

 

 

 

 

 

 

The reaction mechanism in Figure 6, shows 2 active molybdenum species. MoI and MoII, where I= 0-2 is low 

valent Mo and II= 4 is high valent molybdenum. MoI adsorbs CO and H2 dissociatively to form CHx species 

like the reaction mechanisms in figure 4 and 5. The elongation of alkyl group is carried out by insertion of CH2 

groups. Then, the resulting alkyl group CnHymigrates to MoII. Here CO is adsorbed associatively and is inserted 

into the metal alkyl bond to form the usual acyl intermediate. The alkyl and the acyl groups formed on the two 

Mo sites are hydrogenated to form alkanes and alcohols respectively. The catalyst was also tolerant towards 

Sulphur poisoning. If Co is used as the metal in Metal/K-Mo2C, then the selectivity towards alcohols is 

dependent on the Co:Mo ratio that is expected to be at 0.5. The recent use of metal/Co2C was also successful 

when it was tested for its alcohol selectivity. However, it is not fully developed and is still under research. 

 

5.6 Underlying mechanisms of the main FT reaction 

Thus, the formation of desired FT products depends upon various steps: dissociative/non-dissociative 

adsorption of reactant species over the surface of catalyst components, chain initiation, chain propagation, chain 

termination and finally, product desorption from the catalyst surface. The following steps occur concurrently, 

or it is another unexplored reaction mechanism that governs the reaction. The exact mechanism for FTS is still 

unknown and is under serious research by scientists (Mahmoudi et al 2017). 

5.6.1 Carbide mechanism 

According to Fischer and Tropsch 1926, cited by Zhao 2007, the carbide mechanism will involve a dissociative 

adsorption of carbon monoxide from syngas on the catalyst surface that forms a surface carbide group (M-C). 

This gets hydrogenated to form the (M-CHX) group as a part of chain initiation. Later, addition of CHX groups 

Figure 6: reaction mechanism of molybdenum metal carbide catalyst. Source- Fang et al, 2009 
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to the (M-CHX) allows the chain to grow further. However, this method was found to be futile as it only 

supported minimal methane formation and did not explain how oxygenated products were being formed. 

5.6.2 CO insertion mechanism 

Here CO does not dissociate. Rather, it is incorporated into the M-C bond that was formed due to earlier 

dissociative adsorption on the catalyst bed and forms the metal carbonyl bond. This is hydrogenated to form the 

metal alkyl bond that again witnesses CO insertion to form acyl group. Acyl groups undergo reduction or 

hydrogenation to form alcohols and HC’s (Pichler and Schultz 1970, cited by Zhao 2007). 

5.6.3 Hydroxy-carbene mechanism 

Storch et al 1951, cited by Zhao 2007, stated that CO does not dissociate on the catalyst surface. Rather, it is 

incorporated into the M-C bond that was formed due to earlier dissociative adsorption on the catalyst bed and 

forms the metal carbonyl bond. This is hydrogenated to form the M-CHOH species. These condense as a 

coupled group to support chain growth (C-C bond formation). Alcohols and HC formation is supported by this 

mechanism as well.  
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6. FTS reactors for production of alcohols 

The choice of suitable reactors for FTS is the most crucial step. As a lot of heat is released during the reaction, 

the reactor must be able to provide efficient means of temperature reduction like cooling jackets that can remove 

heat from the products. A major problem is the slow heat removal that accounts for at least 25% loss of calorific 

value of the syngas. Moreover, an isothermal condition is preferred for these reactors that could dissipate the 

heat generated equally throughout the reactor that also avoids hotspot formation, catalyst deactivation and low 

CO conversion (Mahmoudi et al 2017). There are various aspects to look out for before the choice of a FT reactor 

is made. For example, efficient catalyst loading and unloading must be possible along with an ease of product 

extraction and separation. The overall costs for construction and installation of reactors should be economical 

as well (Zhao 2007). 

 

6.1 Multitubular fixed bed reactor (TFBR) 

It is used mainly for producing higher hydrocarbons like waxes and diesel products, like in the case of Shell’s 

SMDS. As in Figure 7(a), Fe or Co catalysts with a size greater than 1 mm are used. It is not necessary for the 

catalysts to be attrition resistant. They are packed within tubes of 2-5 cm in diameter, made of metals or ceramics. 

The syngas feed is passed from the top to the bottom of the reactor through these tubes. Temperature reduction 

and means of cooling is simple (surrounding the tubes). Separation of the catalyst and product is easy. If a catalyst 

poison enters the reactor, it gets trapped in the upper portion of the reactor and does not spread towards the 

catalyst (Department of Chemical Technology – KTH). 

Disadvantages 

Steam that is generated is of a low quality and is released from the top (shell-shaped) side. There might be a 

significant pressure drop of about 4 times as that of SBR that could be experienced. The overall capacity of this 

reactor is less. Despite being the simplest type of reactor, it is not economical to scale up the process as thousands 

of tubes are required for catalyst loading. The risk of hotspot formation is quite prevalent among these reactors. 

The catalyst addition and removal are also labor intensive (Steynberg et al 2004). 

 

6.2 Slurry bed reactor (SBR) 

It is another reactor for low to moderate temperature FT reactions. It has a large capacity and the best means of 

Figure 7: FTS reactors for alcohol synthesis. Source- Yanjun Zhao, 2007. 
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cooling that increases yield of the desired products (Zhang et al 2010). As in tubular fixed bed reactors, Fe or Co 

catalysts with a size range of 50-100 um are used. As shown in Figure (d), they are tightly interspersed with a 

waxy material in between a crisscross arrangement of tubes. These tubes serve the purpose of cooling the reactor 

and carry a coolant like cold water or air. The steam generation is from the side of the tubes only. Sasol’s SSPD 

(Sasol slurry phase distillate) employs this reactor. It is easier to scale up such reactors due to low complexities 

(no tube requirement for catalyst). The risk of hotspot formation is less, and the reactor displays a more 

isothermal behavior that avoids methanation and increases yield of desired product. The catalyst addition and 

removal from products is not manual and can be done through computer programs. 

Disadvantages 

The catalyst separation from the waxes is quite difficult due to an intricate packing. Attrition resistant catalyst 

are required for this reactor as they are subject to a lot of wear and tear. Moreover, if a catalyst poison enters the 

reactor, it spread to the wax bed and could deactivate the catalyst. Steam is also of low quality (Department of 

Chemical Technology – KTH). 

 

6.3 Fixed and circulating fluidized bed reactor (FFBR and CFBR) [Department of Chemical Technology – KTH, 

Zhao 2007 and Steynberg et al 2004] 

Here, Fe is alone used as a catalyst since it is a high temperature reactor. The steam is of a good quality and is 

generated from the top or the bottom shell side as in tubular fixed bed reactors. It can support catalyst particles 

of 50-100 um size range that are fluidized by the feed gas. Catalyst addition and removal can be done online. In 

the absence of feed gas, a noble gas like helium can ensure its stability. Both the reactor configurations have 

enhanced capacities than TFBR. 

 

6.3.1 FFBR is simpler in operation than CFBR. In Figure 7(c), the syngas feed is passed from the bottom to the 

top of the reactor through a suspended bed of catalyst with a horizontal cooling tube. The product is collected 

from the top along with steam from the side of the shells. Hydrocol in the USA uses this technology. 

Disadvantages 

High density and volatile products are difficult to fluidize but less complicated than CFBR. 

 

6.3.2 CFBR uses circulation mechanism of the catalyst. As in Figure 7(b), basically, the catalyst cannot hang in 

the reactor without a support and falls to the gravitational pull. Thus, it is mixed with the oncoming syngas feed. 

During its course, the products are formed, cooled and must be separated. The catalyst-product mixture is passed 

through a collection unit where the liquid products are separated, steam is expelled, and the catalyst is re-

circulated to the reactor. It is used by Sasol for their synthol process. 

Disadvantages 

It is more complicated in operation. In CFBR, high density and volatile products could be difficult to fluidize 

and would otherwise require a strong purge of gas that would add to equipment costs. Due to continuous contact 

of catalyst with feed gas and liquid products in the reactor, catalyst erosion is quite common. 
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7. Catalyst components – Possible conclusions 

Choosing an apt catalyst system for efficient alcohol synthesis and at the same time, minimizing paraffins, olefins 

and other aromatic HC formation, is the toughest and most crucial part in this project. The cost, activity, 

selectivity and other performance-based characteristics must be kept in mind before arriving at a final decision 

about the catalyst design. Factors responsible for deactivation of the catalyst and syngas ratio are ever present 

complexities and must be thought through deeply while designing the catalyst. With reference to the active metal, 

promoter and support components, the present section will summarize the advantages and disadvantages of 

each component and will help us to choose a desirable catalyst system for producing alcohols and avoiding other 

unnecessary co-products (Jahangiri et al 2014). 

7.1 Active metal 

We know that transition metals are good examples for active metal catalyst component. Among these metals, 

groups 1, 2, 3 and 4 in transition metals are not suitable for alcohol and HC synthesis and tend to either deactivate 

at high temperature or form a lot of by-products unnecessarily. Whereas, groups 5, 6, 7 and 8 are the most 

efficient, especially, Fe, Ni, Co, and Ru. Based on the properties of these metals listed, we can conclude the 

following: 

Ruthenium is eliminated because it’s expensive. Cobalt is sensitive to high temperature FTS but resistant to 

deactivation through oxidation. It shows enhanced selectivity towards paraffin formation and a comparatively 

lower selectivity towards alcohols than iron. Thus, further confirmation is needed to use Co and its efficiency 

will be tested in this project. However, previously it had been proved that Co was efficient in C2+ alcohol 

selectivity. Nickel has a good alcohol selectivity. It is resistant to high temperature and oxidation. But due to its 

ability to undergo methanation, alternatives to nickel could be explored. Lastly, Iron, Fe, is sensitive to oxidation 

and gets deactivated. As its cheap, can resist high temperature and has high selectivity to alcohol and other 

oxygenates (low selectivity towards olefins and long chain paraffins), it is another choice available for our catalyst 

active metal component apart from Co. Ways to reduce sensitivity of Fe towards oxidation must be however, 

thought through. But, the major benefit of Co over Fe is that Co shows low WGS capabilities due to which the 

CO gas ratio is undisturbed and is not affected during hydrogenation to alcohols.  

7.2 Promoter 

For the catalyst promoter component, the use of alkali metals, metal ions, noble metals and other transition 

metal oxides (not supports) is prevalent. We can conclude the following about suitable promoters for Fe active 

metal: 

Noble metals like Au, Ag, Pt, Pd, Ir and Re are expensive. They are directly eliminated because of this reason 

alone, since we want to focus on a less capital-intensive catalyst despite the fact that they promote the reducibility 

of some active metals like Co. Oxides of transition metals such as Zr, Cr, Mn, Mo and V are good as promoters 

for Fe catalyst as they control WGS reaction rate and improves CO hydrogenation and conversion. Thus, they 

are one among the good choices. Finally, alkali metals are regarded as very effective promoters for Fe active 

metals because they tend to close active sites for paraffin, olefin and aromatic HC formation and generate new 

active sites for alcohol synthesis. Sometimes, they promote C5+ alcohol selectivity as well. So, oxides of 

transition metals or alkali metals make good choices for the catalyst promoter. 

7.3 Support 

A good support must promote CO conversion through enhanced metal reducibility and at the same time 

preserving the mechanical stability of the catalyst. The conclusions for appropriate supports for Fe are discussed 

below:  
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Mesoporous Silica supports like SBA-15, MCM-22 and MCM-41 provide a higher CO conversion and increase 

C5+ alcohol selectivity. Carbon nanotubes (CNTs) – single and multiwalled, carbon spheres (CSs) are viable 

mesoporous carbon supports for Fe active ingredient. Fe could be loaded either within the CNT pores/channels 

or on the exterior part. Mesoporous carbon is preferred over silica due to a greater alcohol selectivity and CO 

conversion rates. Also, CNTs have a much larger surface of 50-1315 m2/g than Si and Al. As CNTs are very 

expensive, it is neglected as the catalyst support. As far as zeolites are concerned, faujasite zeolite and Fe-ZSM-

5 zeolite combination have a greater CO hydrogenation and higher alcohol synthesis rates. But Fe-zeolites 

sometimes favor more olefin formation and show strong interactions with the active metal due to which its use 

must be thought through. Finally, alumina is to be compared with silica. Their surface area is almost the same, 

but alumina has a better attrition resistance than silica. It also easily stabilizes small clusters of active metal sites 

on its surface. But, the rate of CO conversion and alcohol formation is sometimes largely affected due to the 

strong interactions between alumina supports and the active metal dispersed over them. Thus, additional alkali 

metals, metal ions or rare earth promoter elements must be added to neutralize this effect. But alumina is a 

cheaper support material than silica in terms of capital investments. Thus, due to equally split benefits between 

Si and Al (in terms of selectivity/conversion rates and costs), both are good choices as catalyst support. 
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8. Overview of catalyst preparation and numerical modelling 

8.1 Flowsheet of catalyst preparation 

There are two widely adopted methods for catalyst preparation: aqueous impregnation and co-precipitation 

(mostly batch). These are normally used for metals, metal oxides and metal sulphide. As suggested by Sarkaria et 

al 2013, impregnated catalysts have more stability, low ability to catalyze a WGS reaction and have high selectivity 

towards higher HC’s due to a high ɑ. We had discussed under section 4.4 that a greater ɑ value means that the 

length of the HC chain is more. The CO conversion into desired intermediates and products was less and these 

catalysts were futile in suppressing methanation. However, using suitable promoters like zirconium, cerium or 

potassium along with Co, will negate both the drawbacks and could result in better functioning of the catalyst. 

Co-precipitated catalysts had a high CO conversion rate but a lower stability. They were successful in avoiding 

methanation as well. Its selectivity was curtailed towards lower HC’s, alcohols and light olefins. But suitable 

promoters must be included for ensuring that there is a C3+ alcohol selectivity. Most importantly, it was efficient 

in catalyzing a WGS.  In this project, aqueous /wetness incipient impregnation technique is studied. 

The overall process for catalyst preparation can be summarized through a flowchart as follows: 
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8.2 Numerical modelling of FTS 

For designing an approximate model for FTS, the Aspen Plus V9.0 software was used. Through this simulation, 

a rough estimate of alcohol product fraction could be determined. In our case, we have considered ethanol as the 

major alcohol to be produced along with water as a co-product. The chemical reaction for this process is: 

2𝐶𝑂 + 4𝐻2 → 𝐶2𝐻5𝑂𝐻 + 𝐻2𝑂 

From the reaction, we can observe that the stoichiometric coefficients of the reactants are -2 and -4 respectively 

and those of products are 1 and 1 respectively. The composition of the reactants is in terms of mass fraction. 

Thus, the mass fraction of CO is 0.3 and the mass fraction of H2 is 0.7. The fractional conversion of the reactants 

is assumed to be 0.5 (since the value has to be considered between 0 and 1). This means that at least 50% of CO 

and H2 should be converted into the products.  

The flow rate of syngas feed was considered to be 2.5 l/min since we assumed a GHSV of 1000 h-1. The 

temperature and pressure for FTS was considered to be 350 °C and 20 bar pressure. The medium of the reaction 

is a vapor-liquid phase. With all the above data, the input parameters for the simulation are fulfilled.  

The output associated with the reaction were computed to be the following (yields as mass fraction highlighted). 

 

 

Alcohol yield is approximately 12% of the product fraction. Unconverted CO and H2 are mostly obtained.   
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9. Experimentation  

9.1 Catalyst preparation 

Three catalysts were formulated for the FTS of alcohols through incipient wetness impregnation method. The 

first catalyst was cobalt metal impregnated on ϒ-alumina support. The second catalyst was zirconium modified 

cobalt metal catalyst impregnated on ϒ-alumina support. 

9.1.1 First catalyst 

Cobalt nitrate hexahydrate (Co (NO3)2.6H2O) was used as the precursor salt solution for the catalyst. Ethanol was 

used as a potential solvent rather than water. The major reason for this is that ethanol promotes the Co formation 

and dispersion and improves the interaction with support in a positive way. On the other hand, too much of 

support interaction is also not favorable for the catalyst activity. We had aimed for a 10-14% concentration of Co 

in the final composition of this catalyst. For this, 80g of (Co (NO3)2.6H2O) was used and was dissolved in 650 

mL of ethanol. To this, 250g of powdered ϒ-alumina support was added, stirred and allowed to mix thoroughly 

for 24-48 hours. After impregnation, the catalyst is now filtered using a certain pressure that is applied on the 

influent side by means of a pump or through a flow of water at high pressure. Alternatively, stepwise heating is 

used to evaporate the ethanol solvent and to concentrate the Co/Al2O3. This is now dried for 2-3 hours at 120 

degrees Celsius followed by calcination at 400 degrees Celsius for 6-8 hours with a 10-degree Celsius ramping 

from the maximum temperature of drying till the maximum temperature of calcination with a 2 liter/minute 

nitrogen gas flow rate (Taher et al 2017). After the heat treatment, the catalyst powder was cooled down to 120-

140 degrees Celsius in the presence of a nitrogen gas purge at 4 liter/minute and then left overnight till the 

temperature subsides to room temperature conditions. The first catalyst is shown below in Figure 8 .  

 

Figure 8: first catalyst after preparation, drying and calcination 

9.1.2 Second catalyst 

Cobalt nitrate hexahydrate (Co (NO3)2.6H2O) was used as the precursor salt solution for the catalyst. Ethanol was 

used as a potential solvent rather than water. We had aimed for a 10-14% concentration of Co in the final 

composition of this catalyst like the first type. Since this catalyst is Zr modified, zirconium (IV) oxynitrate hydrate 

(ZrO (NO3)2. xH2O) is chosen as the precursor salt for the promoter. Through literature study, an 8:1 ratio of 

support: promoter is maintained due to which 31.25g of (ZrO (NO3)2. xH2O) is dissolved in 650 mL ethanol. To 

this, 80g of (Co (NO3)2.6H2O) was added and stirred continuously for 10 minutes. To this, 250g of powdered ϒ-
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alumina support was added, stirred and allowed to mix thoroughly for 24-48 hours. After impregnation, the 

catalyst is now filtered using a certain pressure that is applied on the influent side by means of a pump or through 

a flow of water at high pressure. Alternatively, stepwise heating is used to evaporate the ethanol solvent and to 

concentrate the Co/Al2O3. This is now dried for 2-3 hours at 120 degrees Celsius followed by calcination at 400 

degrees Celsius for 6-8 hours with a 10-degree Celsius ramping from the maximum temperature of drying till the 

maximum temperature of calcination with a 2 liter/minute nitrogen gas flow rate (Fatima Pardo-Tarifa 2017).  After 

the heat treatment, the catalyst powder was cooled down to 100 degrees Celsius in the presence of a nitrogen gas 

purge and then left overnight till the temperature subsides to room temperature conditions. After the heat 

treatment, the catalyst powder was cooled down to 120-140 degrees Celsius in the presence of a nitrogen gas 

purge at 4 liter/minute and then left overnight till the temperature subsides to room temperature conditions. The 

second catalyst is shown below in Figure 9. 

 

Figure 9: second catalyst after preparation, drying and calcination 

9.1.3 Third catalyst 

The third catalyst is usually used by Swedish biofuels AB for the production of alcohols/hydrocarbon derivatives. 

The composition of the catalyst is as follows: 35% Fe2O3, 12% Cr2O3, 11% CuO and 42% CaCO3. For the 

precipitation of Fe hydroxide, Cu hydroxide, Cr hydroxide: Fe(NO3)2.9H2O; Cu(NO3)2.3H2O and  

Cr(NO3)2.9H2O were used respectively, along with a 25% solution of ammonia. In this process, 42.1 g of 

Cr(NO3)2.9H2O, 31.2 g of Cu(NO3)2.3H2O and 211.1 g of Fe(NO3)2.9H2O were added progressively to 70 g of 

CaCO3 accompanied by constant stirring. The mixture was left for precipitation in a desiccator for 35 h at 50 °C. 

After precipitation, the mixture was filtered using a certain pressure that is applied on the influent side by means 

of a pump or through a flow of water at high pressure. Then, the precipitate of the catalyst was dried at various 

stages for a specific period of time: 2 h at 100 °C, 2 h at 150 °C, 2 h at 180 °C, 1 h at 200 °C, 2 h at 250 °C and 3 

h at 300 °C.  

The catalyst was then dried and calcinated as done for the first and second catalyst under similar conditions 

mentioned in section 9.1.1 and 9.1.2. For pelleting, a 3 % PEG was added to the catalyst powder and stirred 

continuously for at least 15 min till it forms a fine plastic mass-like paste. Then, using manual pressing equipment, 

pellets of the catalyst are formed and are cut out to match a size range of 7-8 mm in length. Finally, the obtained 

pellets are heat treated for 2 h at 100 °C, 2 h at 150 °C, 2 h at 180 °C, 1 h at 200 °C, 2 h at 250 °C and 3 h at 300 

°C. The finished catalyst is bottled and stored as shown in Figure 10 below. 



 

38 
 

 

Figure 10: third catalyst after preparation, drying and calcination 

9.2 Thermal treatment of catalyst 

As far as the thermal treatment of the formulated catalyst is concerned, drying and calcination are followed. 

There are some important facts to keep in mind during thermal treatment. During calcination, an environment 

with very low or no air must be employed. Due to this reason, an inert environment supported by nitrogen gas 

is used. In the presence of air or oxygen, unnecessary metal carbonates are formed that might deposit on the 

catalyst surface. In the presence of nitrogen, cobalt nitrate precursors decompose into gaseous products like 

NO, NO2 or N2O that usually escape the calcination unit and cobalt oxide is formed. Some carbonates which 

might form during the process is also converted to carbon dioxide and escape through the oven vent. Upon 

reduction with hydrogen gas in the reactor, inactive cobalt oxide is converted to active cobalt metal that is used 

for the FTS experiment. The main pre-requisite is that a lower calcination temperature and a higher gas flow rate 

will increase cobalt dispersion with a smaller size of cobalt particles on the alumina support and increase the 

cobalt metal precursor decomposition as well that will avoid the formation of compounds which are hard to 

reduce (Khodakov 2008). A heating oven connected to a nitrogen cylinder was used for this purpose as shown in 

Figure 11 below.  

 
Figure 11: heating oven connected to a nitrogen cylinder through a tube 
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9.3 Catalyst pelleting 

The pelleting of first and second catalysts, was done using a French pressing machine as shown in Figure 12.  

 

Figure 12: catalyst pelleting device with glycerol binder 

Before pelleting, it is important to make sure that the calcinated catalysts are mixed with a binder to hold the 

powder together during pressing. For this reason, a 50% glycerol, 50% water mixture was used. The binder was 

mixed together with the catalyst and made into a paste. Using a spatula, the paste is filled into a cylindrical holder 

through a narrow hole. The piston is then inserted into this cylinder and pressed manually, maintaining a pressure 

at 1 N/sq. mm. Following pressing, the cylinder with the piston is transferred on to another hollow cylindrical 

base where it is pressed again to extract the cylindrical pellet out. The pellets obtained are cut out to match a size 

range of 7-8 mm in diameter and with a length of nearly 4 times the pellet diameter (28-32 mm in length). Next, 

the pellets of both catalysts are heated at 290 degrees Celsius (vaporization temperature of glycerol) to remove 

residual glycerol, water and other impurities. It is later cooled to ambient temperature and then stored. These 

catalyst pellets were later reduced in the reactor that is explained in the following sections and subsequently 

employed for the Fischer-Tropsch synthesis. The prepared pellets are shown below in Figure 13. Nearly, 110-120 

pellets of each catalyst were prepared.  

 

Figure 13: on the left are the pellets of catalyst one-Co(NO3)2/Al2O3 and on the right are the pellets of catalyst two- 
Co(NO3)2/Al2O3/Zr 
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9.4 Process Flow Diagram (PFD)/reactor configuration 

PFD for this project is shown in Figure 15. The syngas feed, H2 and CO, as well as N2 for reduction and 

temperature control, are sent in through a mass flow controller which will help us pump the exact amount of 

gases in mass units (grams, g, in this case). These control units, also help us to set the exact ratios for syngas feed. 

The fixed bed reactor (R5) consists of a catalyst bed that is 122 mm in length and about 0.15 l in volume. The 

entire fixed bed reactor volume is about 1.05 l of which the portion above and below the catalyst bed consists of 

steel packing for uniform heat transfer across the entire reactor. It is shown below in Figure 14 . They are o.4 l 

and 0.5 l in volume and 260 mm and 325 mm in length respectively. 

 

Figure 14: steel packing in the reactor 

The reactor temperature is controlled by means of an electrical heating jacket and is facilitated by means of 2 

thermocouples (T1) and (T2) as shown in the PFD. After the FTS that is highly exothermic in nature, products 

from the reactor (gases and liquids) maintain a temperature of greater than 300 °C due to which they are directed 

towards a condenser for effective cooling. Within the reactor, there is a U-shaped tube that continuously 

transports cool water to prevent the internal temperature to soar drastically and controls it to the reaction range. 

Cool water around 20 °C is passed through the condenser tubes that will remove the heat from the output gas 

and liquids and pass it to the collection unit C21 that is about 5 l in volume. At the bottom of this unit, there is a 

valve through which liquid products are collected and the gas samples are collected from a separate unit beside 

C21. Both, R5 and C21 are regulated by a manometer (shown in figure as Pi) that is used to regulate the pressure 

inside the reactor. If they fail to work at a certain point of time, there are manual pressure relief valves connected 

that will help to control pressure in case of a sudden surge that may lead to process complications. Some of the 

product gases are controlled by means of a vent valve that send these gases to the atmosphere by directing them 

through the vent. This is carried out to ensure that the pressure within the reactor and other equipment does not 

build up.  
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Figure 15: PFD of FTS process 

 

9.5 Preliminary pressure check and catalyst reduction 

9.5.1 Preliminary pressure check 

Before the catalyst reduction, firstly, it is made sure that all the pipes and connecting devices of the assembled 

reactors are tight and most importantly, there should not be any kind of a leakage that takes place. This is tested 

by pumping nitrogen gas into the reactor at a suitable pressure. By pumping foam from soap solution on the gas 

pipe junctions, any possible leakages are found. If there are large gas bubbles that form on these joints, it means 

that some gas is let out to the surroundings and the presence of a leakage is confirmed. If so, tighten/change the 

screws of such junctions and test it again. There were minor experiments conducted to check for any anomalies 

in the equipment’s pressure. The pressure of nitrogen set in the reactor was initially at 20 bar for the first trial. 

The basic concept behind these trials was that if there is a gradual decrease in pressure, there is a significant 

leakage in the equipment. From Figure 16 below, we can observe that the pressure decreases in the reactor from 

20 bar to 10 bar over a span of 40 minutes (0.25 bar/min decrease) and this confirms a pressure loss.  
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Figure 16: first pressure check trial 

In the second trial, the pressure of nitrogen set in the reactor was 25 bar. Similar to the first trial, it was carried 

out for 40 minutes. The observation is depicted as shown below in Figure 17.  

 

 

Figure 17: second pressure check trial 

We can observe that the pressure decreases in the reactor from 25 bar to 15 bar within the given time (again a 

0.25 bar/min decrease) and this also proves a pressure loss due to leakage. 

Finally, after fixing all the loose junctions in the equipment and testing them with soap solution, the pressure 

ceased to decrease after a while and remained constant. In this trial, the initial pressure set was 60 bar. There was 

a decrease of pressure within the first 10 minutes by 2 bar as shown in Figure 18, but then it remained constant 

at 58 bar. Swedish Biofuels AB has the official license to carry out pressure tests till 100 bar.  
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Figure 18: third pressure check trial 

This test, thus, enabled us to move towards the reduction experiments, highlighting that the atmosphere within 

the reactor is safe and free of complexities.  

9.5.2 Catalyst reduction 

Both Co catalyst reduction experiments are carried out under atmospheric pressure. It takes place as 2 steps: 

𝑎) 𝐻2 + 𝐶𝑜3𝑂4 → 𝐻2𝑂 + 3𝐶𝑜𝑂  at a temperature between 250-310 °C and is not affected by Co catalyst 

particle size or area. 

b) 𝐻2𝑂 + 3𝐶𝑜𝑂 → 3𝐶𝑜 + 3𝐻2𝑂 at a temperature over 390 °C and is influenced by Co catalyst particle size 

and area.  

9.5.2.1 First catalyst 

In the initial reduction stage, nitrogen gas is pumped into the reactor that is maintained at an atmospheric pressure 

range. The flow rate of nitrogen gas is set at 25 l/h or 0.42 l/min. Since reduction takes place mostly under the 

influence of atmospheric pressure, the pressure of nitrogen gas from the main cylinder is not more than 4 bar. As 

explained under section 9.4, the temperature profile of the reactor is determined using two thermocouples. One 

of the thermocouples runs from the top to the bottom of the reactor and it is denoted as T2. The other runs from 

the bottom to the top of the reactor and is denoted as T1. T2 denotes the temperature between the walls and the 

insulation column of the reactor whereas T1 denotes the core temperature of the reactor that can be increased or 

decreased by changing T2 appropriately. Both these temperatures are set at 100°C and raised gradually to 500 °C. 

The reactor is left undisturbed for a couple of hours to ensure that the heat has been distributed equally within 

the entire reactor and to ensure that there are no hotspots being formed. Following this, hydrogen gas is slowly 

pumped into the reactor at the rate of 2 l/min. Progressively, the amount of nitrogen is decreased to 0 l/min and 

is replaced by increasing the flow rate of hydrogen (to 5 l/min) to enable a completely reductive atmosphere for 

the catalyst. Since the behavior of catalyst is unknown to an atmosphere of changing gases, their flow rates and 

presence of promoters (in this project, the second catalyst uses zirconium), the final temperature set point could 

increase or decrease correspondingly. Cobalt oxide’s (CoO) reducing temperature is around 300-500 °C. As we 

can observe in the table below, the reactor core temperature is held for about 60-90 minutes at this temperature 

to make sure that most of the oxides of cobalt are converted to active metal. The reduction of Co3O4 [cobalt (II, 

III) oxide] to CoO [cobaltous oxide or cobalt (II) oxide] is mostly completed around 250 °C. But it might take a 

while for the CoO to get completely converted to active cobalt metal. From 270 °C, the increase in the amount 
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of active cobalt metal will gradually increase in time and temperature (du Plessis et al, 2013). The total time of 

reduction for the first catalyst was between 6-7 hours after which the reactor was allowed to cool down.  

9.5.2.2 Second catalyst 

For the second catalyst, some of the conditions were changed when compared to the reduction of the first catalyst. 

This process was split as 4 phases and lasted for a total of about 12 hours. In the first phase, the reactor was 

heated gradually with a purge of both nitrogen and hydrogen. The flow rate of hydrogen was set at 2 l/min and 

the flow rate of nitrogen was 0.66 l/min (40 l/h). The temperature of reactor was raised to 150 °C with a 10 °C 

increase for every 10 minutes. As this was a time-consuming process, the ramping of temperature was carried out 

at 25 °C/10 minutes after the reactor temperature reached 60 °C. During the second phase, with the same ramping 

stage of 25 °C for each 10-minute interval, the reactor temperature was increased from 150 °C to 250 °C. 

Sometimes, it is dangerous to just purge H2 alone while heating the reactor since it might cause rapid spikes in 

overall temperature within just a few minutes and could be dangerous. Thus, N2 gas is started as soon as possible 

once the reactor is sufficiently heated to control the internal temperature. Since N2 is inert, it will absorb any 

excess heat and maintain the optimum temperature required for the reaction. In the third phase, the internal 

temperature of the reactor is raised from 250 °C to 300 °C with a temperature ramping of 10 °C for every 10 

minutes. After 300 °C is attained, reduction was allowed to happen for 4 hours and the same temperature was 

retained to make sure that all or at least most of Co3O4 is converted to CoO. Within these 4 hours of holding 

time, the N2 flow rate was reduced to 0 l/min and the H2 flow rate was increased to 3 l/min. Following this, the 

fourth and final phase involved increasing the temperature of the reactor from 300 °C to 500 °C with a 25 °C/10 

minutes ramping stage. At this temperature set point, the catalyst is subjected to another four-hour reduction 

process to reduce inactive CoO to active Co. According to Barrientos et al 2017, the catalyst is then cooled to 100-

180 °C and the reactor tubes/pipes are purged with inert N2 or He before FTS is started.  

9.6 FTS experiments 

9.6.1 Overall FTS setup 

The experiment was carried out in the absence of nitrogen for both catalysts. Initially, the reactor was heated up 

to 250 °C either directly or step by step through adjustment of the set point temperature, in the absence of 

hydrogen and carbon monoxide (syngas feed). As we know that the it is a high temperature FTS, the process 

temperature should be around 300-350 °C. The most important fact is that FTS is highly exothermic. Thus, the 

internal reactor temperature increases on its own without increasing set point temperature and will reach the 

required reaction conditions within a short time once the raw material feed rate is switched on. In some cases, the 

temperatures may even rise drastically over 400 °C and this is the point where we turn on the supply of cooling 

water into the U-shaped tube within the reactor. Even the cooling has to be done stepwise and not rapidly because 

a drastic cooling process might affect the reaction thermodynamics as well. This rise in temperature could indicate 

the formation of oxygenated products which upon reduction with hydrogen, form alcohols. The set point and 

internal reactor temperature controllers for FTS is shown in the following Figure 19.  

In figure 19, 4 important controllers are depicted as explained in section 9.4. SP refers to the set point temperature 

(°C), IT is the internal temperature of the reactor (°C), H2 FR is the flow rate of hydrogen (l/min) and CO FR is 

the flow rate of carbon monoxide (l/min). The orange colored switch near the SP controller is the emergency 

alarm which indicates a temperature imbalance.  
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Figure 19: FTS temperature and flow rate controller 

In Figure 20, the FTS reactor (R5) along with the gas condensing/cooling unit is shown. The configuration of 

both these units are also explained in section 9.4 above.  

 

Figure 20: FTS reactor and condenser unit 

Finally, in Figure 21, the liquid and gas collecting tank (CT), pressure relief valve (PRV), liquid sampling point 

(LSP) and the gas sampling point (GSP) valve are shown. The gas collecting unit, is actually located beside the 

GSP valve. It is dismantled from the main set up after depressurizing the gas and attached to the GC apparatus 

for analyzing product gas composition. Whereas, the liquid sample is collected from the bottom valve and 

analyzed through GC/MS to understand the liquid product composition. As explained under 9.4, VV refers to 

the vent valve that is used to direct some gases through the vent and to the atmosphere.  
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Figure 21: FTS product collecting and sampling units 

9.6.2 FTS process conditions 

The gas hour space velocity (GHSV) employed for the reaction is varied in the range of 300-2000 h-1. The formula 

for GHSV is used to calculate the flow rate of the syngas feed and then the flow rates are adjusted based on H2 

and CO ratio.  

𝐺𝐻𝑆𝑉 =
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑 𝑠𝑦𝑛𝑔𝑎𝑠

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
 

In the lab, we had considered a GHSV of 1000 h-1 initially and the volume of catalyst bed was 0.15 l.  Thus, the 

flow rate of feed gas was computed to be between 150 l/h or 2.5 l/ min to 350 l/h or 5 l/min. A ratio of 1:1 or 

2:1 was followed for H2:CO and were changed in different trials. The reaction pressure was in the range of 10-20 

bar and as discussed in section 9.6.1, the temperature range for this HTFTS process is between 300-350 °C. Thus, 

for both catalysts, pressure, temperature, GHSV and gas ratio were varied during the experiment as shown in 

Table 1 and Table 3 to compute their optimum values. 

The FTS process for catalyst one and two, were carried out for 2-5 days following reduction. The experiments 

from the first day are mostly part of FTS set up processes and catalyst maturation where the syngas feed comes 

in contact with the catalyst surface and initiate CO hydrogenation process that result in alcohol formation. This 

process is highly exothermic in nature and is observed through a large difference between the set point 

temperature and the internal temperature of the reactor that increases suddenly. The total volume of H2 and CO 

are also noted to calculate the mass of each gas that are added to obtain the total mass of syngas feed.  

The gas and liquid products obtained are tested with the help of GC or GC/MS whose working principles and 

specifications are explained in section 10. 
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10.  Analytical Equipment 

For analyzing the composition of product gases, Varian Gas Chromatography (GC) system equipped with a Flame 

Ionization Detector (FID) and a Thermal Conductivity Detector (TCD), was used. Whereas the liquid product 

composition is studied with the help of Perkin Elmer Clarus 500 GC/MS. 

10.1 Gas chromatography (GC) 

This process helps in the separation of gaseous fractions in a hydrocarbon mixture to understand their 

composition.  

 

Figure 22: Gas Chromatography (GC) apparatus 

Working principle: The gas sample to be analyzed, is injected upon the chromatography column head. It is 

carried by a mobile inert gas like nitrogen or in most cases, helium. Following this, the gas sample enters the 

Flame Ionization Detector (FID) that uses hydrogen gas to burn the gas sample, vaporize it, release ions that can 

absorb electricity and cause a change in thermal conductivity. The hydrocarbons present will be revealed in the 

form of ions that get discharged through decomposition and will be obtained as peaks in the detector. Each peak 

corresponds to a different hydrocarbon component. The flow of effluent gas sample will be analyzed for a 

variation in thermal conductivity and will be compared to an inlet mobile phase gas stream by a Thermal 

Conductivity Detector (TCD). The wires in the TCD (mostly platinum) are heated and maintain a uniform 

resistance and temperature when the mobile gas phase is alone passed over the wires. The wires in the TCD set 

up are arranged over a Wheatstone Bridge configuration. Thus, when the sample gas is passed over this 

arrangement, the resistance and the temperature change and get off balance with an increase in amplification that 

is recorded by the detector. GC cannot always selectively quantify the components of a gas mixture whereas they 

can separate them for sure (Brazhnikov and Mukhin 1971).  

Characteristics of FID: It is robust, largely sensitive to the number of carbons in the gas product-mass (even 

more than 12 g/s of the sample gas can be analyzed), moderately sensitive to alcohols and amine groups that are 

combustible and least sensitive to water, SOx and NOx particulates that are non-combustible. It is not sensitive 

to changes in concentration due to which it is not affected due to changes in composition or flow rates of the gas. 

The main disadvantage is that the effluent gas sample is completely destroyed after ignition with hydrogen gas 

and air. 

Characteristics of TCD: It is robust and easy to operate but has low operational sensitivity to a mass of over 10 

g/s of sample gas. It does not destroy the sample, i.e., it is a non-destructive detector unlike the FID. 
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Depending upon the stationary phase employed, the GC is divided into two types: Gas-Liquid chromatography 

and Gas-Solid chromatography where the stationary phase is a liquid and solid respectively.  

Specifications 

Column temperature, °C 50  

Column pressure, KPa 150  

Sample time, s 30 

Injection time, ms 40 

Run time, s 60 

Detector sensitivity Auto 

Sample volume, mm3 0.5 

 

Outlet of sample container must fit to a stainless-steel capillary of 1/16" outside diameter, 

Carrier gas: Pressure:   550 ± 10 % (80 ± 10 %); Purity:    99.995% Dry and free of particles 

Note: There are two types of columns: packed columns and coated columns. In the packed columns, the stationary 

material is filled inside the tubes. The coated columns are sub-divided as wall coated open tubular columns 

(WCOT) and surface coated open tubular columns (SCOT). WCOT include columns in which the walls are coated 

with the stationary phase whereas SCOT include columns in which there is an initial support matrix like polymers 

or diatomaceous earth loaded over which the stationary phase is coated. WCOT are more efficient than SCOT.  

10.2 Gas Chromatography Mass Spectrometry (GC/MS) 

When mass spectrometry is coupled to gas chromatography, it is more efficient to characterize a mixture of 

volatiles or gases, semi-volatiles and organics present in a liquid sample.  

 

Figure 23: Gas Chromatography Mass Spectrometry (GC/MS)  

Working principle:  According to Sneddon et al 2007, an important approach followed by GC/MS is to use a low 

flow rate of injection (ml/min) of the sample by GC and then use a high pumping rate (1 l/s=60000 ml/min) by 

the vacuum system of MS (several hundreds of l/s). Through this approach, it is ensured that almost all the 

effluent from the GC is passed through the MS set up for analysis. 
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The equipment’s capillary-like column is placed at a direct level to the GC. The GC effluent is at a high 

temperature between 300-400°C. It is typically made up of isolated compounds, that enter the following detectors 

under the MS set up: Time of Flight (TOF) detector and the Ion Trap (IT) detector. The IT detector helps to 

form fragments of compounds through haphazard collision with electrons. Such electrons are formed through an 

Electron Impact (EI) process that use a temperature resistant filament made of tungsten which accelerate 

electrons upon passing electricity. This bombardment of fragments and electrons leads to more fragmentation 

and releases ions with a net charge and a mass. The mass, m, in Daltons (Da) to the charge, z, represents the m/z 

ratio, i.e, the molecular weight according to which ions are separated by TOF detector. This charge is mostly at 

+1. The TOF detector analyzes the ions based on the time taken by them to travel through the detector sampling 

space. Heavier ions take the highest time and lighter ones travel faster. Thus, each ion travels at a varying velocity 

and have different retention times based on their molecular weight (molecular weight is inversely related to 

retention time). 

The detector set up begins with an assembly of 4 electromagnetic units, also called the quadrupole. This assembly 

guides ions to the final detector via a narrow slit.  The quadrupole set up is pre-programmed and connected to a 

computer that completely scans every ion and detects their m/z ratio. Through scanning, various intensities of 

signals are produced. Finally, a plot containing the signal intensity to that of m/z ratio are obtained. They are 

compared with a library of reference spectra that is stored via several databases that highlight various compounds. 

Column characteristics: The columns are either completely packed (packed column) with silica particles or are 

hollow (capillary column) and contain stationary phase coated on the walls inside. The latter works the best and 

are usually longer (till 110 m in length or even more) with a smaller internal diameter (0.1-0.6 mm). Whereas, the 

packed column is mostly 5 m long and have a large internal diameter of 1-5 mm. 

Advantages: Addition of a MS will improve the overall sensitivity and resolving power of the equipment and 

quantifies the samples efficiently. Very low mass of compounds (even at the range of ng) can be detected. Unlike 

just GC, it can both quantify as well as separate components of a hydrocarbon mixture. 

Specifications 

Capillary column with applied liquid phase – dimethylpolysiloxane 

length 25 m, inner diameter 0.32 mm, thickness of the applied liquid phase 1.20 µm.  

Gas carrier - Helium (purity 99,999%), sample dissolved in dichloromethane 

Hydrogen and Synthetic air (purity 99,999%) for feeding FID. 

Conditions of operation 

Temperature of the column thermostat, °С 40-200 

Injector temperature, °С 190 

Flow split coefficient 10:1 

Detector temperature, °С 190 

Air velocity, dm3/h (ml/min) 27 (450) 

Hydrogen velocity, dm3/h (ml/min) 2,7 (45) 

Cas carrier velocity, dm3/h (ml/min) 0,12 (2) 

Sample volume, mm3 0,5 
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11. Results and discussion 

The results for FTS of alcohols by all 3 catalysts are described as follows: 

11.1 First catalyst 

For the first catalyst, we did not obtain the outcome that was expected. There could be several reasons for its 

failure of which a few can be justified. 

1. The success of these trials mainly depend on how efficiently the catalyst works. Soon after FTS ended, the steel 

packaging and catalyst bed were pumped out of the reactor through a suction unit and laid on a tray as shown 

below to check the physical state of catalyst. 

 

Figure 24:  granulated catalyst mixed with steel packing after FTS 

As we can see from Figure 24, the catalyst appears like a black powder whereas only very few pellets were 

recovered in their intact form. As the reaction is primarily based on how the syngas comes into contact with the 

surface of catalyst pellet pores, this disintegrated state will reduce CO/H2 conversion and form no product. 

Although there were a few hydrocarbons as gaseous products, the liquid product mostly comprised of water alone. 

Sporadically, there were some oil-like droplets observed in the sample as shown in Figure 25.  

 

Figure 25: liquid product of first catalyst 
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Chromatographic analysis of the above sample also did not show hydrocarbon formation due to which the 

experiment had to be concluded as a failed attempt. In some cased, the powdered catalyst also partly-dissolved in 

the product and gave rise to a greyish liquid. In some samples, it also settled down as residues or ash.  

2. A very short duration of the FTS process can be considered as a major reason as well. Some literatures had 

proven that there were at least some alcoholic products at the end of the first day of experimentation while some 

others had highlighted that alcohols were released only after 3-4 days of continuous experimentation. In the lab, 

we had concluded the synthesis within 3 days due to the fact that no significant alcohols or liquid hydrocarbons 

were obtained.  

3. Uneven temperature distribution or formation of hotspots within the reactor might also contribute to no yield 

of alcohols. In spite of constantly monitoring the two thermocouples and adjusting the internal temperature of 

reactor, there was a rapid spike to nearly 400-450 °C. This temperature range is well above the optimum level and 

will definitely attenuate the reaction efficiency and hamper the process. Formation of by-products like methane 

(methanation) due to unnecessary exothermic side reactions caused by the catalyst may be a reason for this. 

Turning on the cool water to reduce the internal reactor temperature also failed to maintain the temperature at 

the required range and showed a steady increase. 

4. Another root cause could be that the catalyst prepared was not able to withstand high pressure in the reactor 

due to which it crumbled and clogged the equipment passages/pipes. Such clogs could disrupt the flow of feed 

gases and effect the process to a significant extent. 

5. During reduction of catalyst before FTS, the reduction time and temperature may have been insufficient due 

to which some oxides of cobalt (Co3O4 / CoO) should have still remained without getting completely reduced to 

active cobalt metal. The catalyst has to be exposed to a reducing environment for at least 11-12 hours and to a 

maximum of 15-16 hours at temperature ranges explained in section 9.5.2. We had followed a 6-7-hour reduction 

process at a maximum of 400 °C that was 50% lower in duration and temperature when compared to various 

literatures. While the syngas feed containing H2 was switched on, the catalyst reduction could have continued 

even during the main stage of FTS. This is regarded as one of the most important grounds for the experiment’s 

failure. 

6. Co catalysts are more sensitive towards Sulphur poisoning as well when compared to their iron counterparts. 

Thus, if there were any Sulphur containing gases that were released as by-products, it would have contaminated 

the catalyst and drastically reduced its functioning.   

 

11.2 Second catalyst 

Compared to the cobalt catalyst without a promoter element, this catalyst supplemented by a Zr promoter showed 

better performance. Moreover, the mistakes committed during experimentation with the first catalyst were 

carefully noted and rectified as much as possible during experimentation with this catalyst. The results are 

tabulated as depicted in Table 1. 

Various combinations of temperature, pressure, GHSV and gas ratio were tried to find the optimum parameters 

for the reaction. Then, the mass of syngas feed (mass of H2 + mass of CO) were calculated with the help of flow 

meters that display the volume of gases entering the reactor.  

Also, in Table 1, the composition of different hydrocarbons and oxygenate products that were obtained as 

products, are marked in red color.  

Calculation of mass of gases entering the reactor: We know that, the volume of 1 mole of gas at standard 

temperature and pressure is 22.4 l. Thus, the volume of H2 and CO is divided by 22.4 to obtain the number of 
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moles of each gas passed through the reactor. To convert moles of gas to a mass unit, the relation: 𝑛 =
𝑚

𝑀
 is used, 

where n is the number of moles of the gas, m is the mass of gas and M is the molecular weight of the gas 

respectively.  

Periodically, the liquid products were collected after a specific interval 6-7 hours. The collected sample was 

measured in volume and mass. It was then poured into a separating funnel and left aside undisturbed for the 

separation of water and hydrocarbon products. A distinct layer between the two phases was observed after which 

they were separated and measured individually in volume and mass.  

 

Calculation of mass of gases released: A very simple mass balance is used for this purpose. 

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑔𝑎𝑠𝑒𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑙𝑖𝑞𝑢𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 + 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑔𝑎𝑠𝑒𝑠 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑  

The composition of the gases released was analyzed through GC and is shown in table 1. Finally, the conversion 

rates (mole percentage) of CO and H2 were also computed using the following relation (Fatima Pardo-Tarifa 2017): 

𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙𝑒 %) =
𝐶𝑂𝑖𝑛−𝐶𝑂𝑜𝑢𝑡

𝐶𝑂𝑖𝑛
× 100 (%)   

 

𝐻2 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙𝑒 %) =
𝐻2 𝑖𝑛−𝐻2𝑜𝑢𝑡

𝐻2 𝑖𝑛
× 100 (%)   

Table 1: results of second catalyst 
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As seen from Table 1,  the first interval of day 2 of experimentation, showed better results. A H2:CO ratio of 

1.3:1, a GHSV of 360 h-1, a temperature of 300 °C and a pressure of 10 bar were the optimum parameters for this 

reaction. CO flow rate was kept at a ratio of 1 throughout all the trials whereas H2 flow rate was changed. Nearly, 

13% of the obtained liquid products (in g) are hydrocarbons/oxygenates and the remaining portion consists of 

water. For a one-stage FTS, the CO and H2 conversion rates are good. If there is a sequential arrangement of 

more FTS reactors, the conversion rates and yield of products might improve substantially.  

All other combinations of the above 4 parameters showed inconsistent results and the yield of 

hydrocarbons/oxygenates was poor. It is also important to note that 1 nm3 of syngas produced more liquid 

products (138 g of liquid products out of which hydrocarbons/oxygenates contributed to 17.4 g) for the 

aforementioned parameters when compared to the other reaction conditions experimented. As far as pressure is 

concerned, it rarely affected the process. In most of the trials, the pressure was maintained at 10 bar. 

To show that temperature, GHSV and gas ratio have a significant impact on yield, the following plots can be 

used: 

 

Figure 26: Influence of temperature and methanation 

From Figure 26, it is evident that 300 °C is the optimum temperature at which the yield of products was maximum. 

Even though, there may not be a large difference between the other temperature scales studied in this experiment, 

either the GHSV or the gas ratio were different due to which results vary. For example, 500/h and 2.2:1 were the 

GHSV and gas ratio at 300 °C that could have been the reason for the yield to plummet.  

In other cases, a high temperature could have contributed to methanation that significantly affects the reaction 

and reduces yield. It was not observed in every high temperature situation mainly due to different values of other 

parameters. Particularly, at 310 °C, about 66 g of methane was released which is beyond the catalyst’s tolerance 

level unlike nickel or iron that can resist much better. After some point, methane yield decreases simultaneously. 

This scenario is also depicted in Figure 26 where an increase in temperature even by a few degrees concomitantly 

increases methane formation. It can be attributed to the discussion for failure of the first catalyst as well. Although 

some promoter elements restrict adverse methanation that is a serious threat to catalyst performance, continuous 

research is required to achieve a catalyst design with absolutely zero methanation rates. Co in particular is very 

sensitive to high temperature unlike its Fe counterpart that works well at both high and low temperature 

conditions.  
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From Table 2, it is evident that short chain hydrocarbons like CH4, C2H4, C2H6 and C3H6 are mostly obtained. As 

the reaction progresses, methane and the above products increase correspondingly due to various reasons 

explained below. 

 

 

 

 

Table 2: GC results of second catalyst 
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Possible reasons 

1. As discussed in earlier chapters under Figure 2, mass transfer considerations play a crucial role in FTS reactions. 

Probably the size of catalyst particles was too high which was detrimental to the catalyst’s activity and selectivity 

to long chain hydrocarbons. If excess Co gets trapped within the pores of catalyst, it will lead to excessive 

methanation according to previous studies. Since catalyst surface characterization was not performed due to time 

limitation, an exact value for particle size cannot be obtained.  

2. Another reason could be that according to ASF theory that was explained in the initial sections, weight fraction 

is related to the carbon number of products. Since the amount of methane formed was high, it restricted the 

production of long chain hydrocarbons described by Figure 2.  

3. We know that the chain growth probability factor α, is dependent on temperature, pressure, catalyst properties, 

etc, haphazard variations in such properties could reduce the rate of polymerization Rp, that diminishes the chance 

of long chain hydrocarbon formation. Increasing pressure and reducing temperature might enhance this 

likelihood. 

4. Selectivity to long chain hydrocarbons (C5+) will increase with an increase in CO conversion. In FTS, there is 

a secondary reaction readsorption of α-olefin happens. Along with this, water is produced as well that might favor 

C5+ selectivity. But methanation will reduce the chances of olefin adsorption and will simultaneously reduce yield.  

 

Figure 27: Influence of GHSV and H2 ratio 

For Zr modified Co catalyst, a low GHSV and low flow ratio of H2 were preferred. An increase in both these 

parameters reduced the yield substantially as depicted in Figure 27. 

Possible reasons 

1. If there is an increase in H2 ratio, the reaction will shift towards unnecessary products as shown below: 

𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 

High gas ratio will also favor a largely exothermic reaction with an enthalpy of more than -190 KJ/mol. Figure 3 

deciphers that the selectivity of C1-C2 products are higher due to a low α value (caused as a result of increase in 

temperature). 
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2. Moreover, diffusion of reactant syngas is related to particle size. If there is a greater radius for the particle, it 

means that the gas has to diffuse at a higher rate to come in contact with all or most of the catalyst pores and vice 

versa. 

The CO and H2 conversion rates were calculated for various temperatures and plotted as show in Figure 28. Both 

were maximum at 300 °C, 360 h-1 and a ratio of 1.3:1. The CO and H2 conversion observed was 34.8 % and 55.8 

% respectively. As discussed above, a multi-stage FTS set up will improve these rates. For a single-stage setting, 

these conversion rates are quite promising.  

 

  

Figure 28: syngas conversion rates 

The chromatogram to support that the above reaction parameters exhibit good yield is given in Figure 29. We 

can conclude that a large number of paraffins (linear and branched) are produced more. Alcohols and other 

oxygenates are obtained as well however, their yield could not be determined accurately. High resolution GC/MS 

is required to compute the yield of each fraction. 

Therefore, based on the following grounds, we can conclude that promoted Co catalysts function better than 

their unpromoted counterparts (Fatima Pardo-Tarifa 2017). 

1. In the promoted catalysts, Zr is deposited on the surface of Co that leads to increase in degree of reduction 

(DOR). This will increase the formation of promoter oxides as a result of spillover effect of H2 and CO. Spillover 

effect is defined as the impact of reaction that happens on the catalyst surface elsewhere leading to hydrocarbon 

formation when the syngas feed comes into contact with the catalyst on some other part of the catalyst’s surface. 

In the unpromoted catalyst, there could have been a very low CO conversion due to low DOR. A reason for this 

could be a strong interaction between the Al support and Co.  

2. In the promoted catalysts, CO2 formation will be slightly lower but is definitely released. As explained under 

reaction mechanism of catalysts, CO dissociation on the catalyst’s surface will form active oxygen (O*) that will 

immediately react with the incoming CO from feed gas to form CO2. But, if a promoter is present (Zr in our 

case), this oxygen will be imbibed by the voids in ZrO2-x to form ZrO2 and will reduce the rate of CO2 formation.  
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3. A greater dispersion of Zr might also increase the H2 dissociation that will facilitate in simple H2 insertion to 

form hydrocarbons. (There were quite a few literatures where it was proven that a high calcination temperature 

over 700 °C after impregnation of active metal over the support, improved DOR and hence CO conversion). 

 

11.3 Third catalyst 

The catalyst used was Swedish Biofuel’s Fe based catalyst. This catalyst is different in composition unlike the Co 

catalysts. It is promoted by 2 elements, Cu and Cr whose dispersion and DOR play an important part in FTS of 

alcohols. 

Compared to the second catalyst, the overall yield of hydrocarbons was higher. The results are tabulated as shown 

in Table 3. The hydrocarbon composition of the liquid phase is shown in red color. Similar to the previous cases, 

influence of temperature and gas flow rates are crucial for product formation. They are explained with the aid of 

specific plots in the following pages. 

The mass of feed and product gases entering and leaving the reactor respectively, are calculated as explained in 

section 11.2. Also, the yield of hydrocarbons is tabulated with respect to 1 nm3 of syngas. 

 

Figure 29: chromatogram for best performance of second catalyst 
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Table 3: results of third catalyst 

It is apparent that the last two intervals of day 4 showed increased production of hydrocarbons. Similar to catalyst 

one, multiple values of reaction parameters were employed. The optimum parameters were: H2:CO ratio of 1.3:1, 

GHSV of 350 h-1, temperature of 300 ºC and a pressure of 30 bar. CO flow rate was kept at a ratio of 1 throughout 

all the trials whereas H2 flow rate was changed. Nearly 27% of the liquid products were hydrocarbons and the 

rest were water.  

All other combinations of the above 4 parameters showed inconsistent results and the yield of 

hydrocarbons/oxygenates was satisfactory. It is important to note that 1 nm3 of syngas produced more liquid 

products (106.8 g of liquid products out of which hydrocarbons/oxygenates contributed to 28.9 g) for the above 

parameters when compared to the other reaction conditions experimented. However, as discussed before under 

11.2, an increase in pressure and decrease in temperature enhances yield. 

Like the second catalyst, there was somewhat an interdependence between temperature, methanation and yield. 

There are a few points as shown in Figure 30 where methanation hinders FTS reaction. Since CO2 is released 

throughout the process as a result of WGS reaction, the tendency to form methane is relatively easy for the Fe 

than Co at an any temperature beyond 200 °C. H2 gas from the syngas feed will constantly react with the CO2 

released to form CH4.But without the help of Cu or Cr promoter, the rates of methanation would be even higher.  

Generally, Fe reacts with the support material to a large extent that could cause unnecessary oxides to form. Here, 

Cu and Cr are added to prevent this interaction that results in lesser coke formation as well as to increase the 

catalyst’s lifespan. 
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Figure 30: Influence of temperature and methanation 

GC analysis of product gas composition is shown in the following Table 4. 
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Table 4: GC analysis of third catalyst 
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Similar to the literatures, the product distribution in the hydrocarbon phase is ordered as specific lengths of carbon 

chains, C5-C10, C11-C18 and C19+ respectively. Out of this, C5-C10 represents the gasoline fraction of hydrocarbons. 

Alcohol composition over C5+ will be quantitatively characterized within the oil phase. But, the alcohol 

composition <C5, should be in equilibrium with the oil and water phase or may be dissolved completely in the 

water phase. So, it is difficult and a time-consuming process to detect the exact species that is obtained.  

 

Figure 31: influence of GHSV and H2 ratio 

For Cr/Cu modified Fe catalyst, a low GHSV and low flow ratio of H2 were preferred similar to Zr modified Co 

catalyst. An increase in both these parameters reduced the yield substantially as depicted in Figure 31. However, 

a significant CO2 formation is observed as the FTS progresses due to WGS reaction and is shown in Table 4. It 

is important to remember that Fe favors WGS reaction where CO from feed will react with water (product of 

FTS) to form more hydrogen and CO2. Since the WGS activity of Co<Fe, the amount of CO2 released for Fe 

catalyst is more than Co catalyst. Since the ratio of CO gets disturbed due to this phenomena, addition of 

corresponding promoters that restrict possibility of WGS reaction has to be though through.  

 

Figure 32: syngas conversion rates 
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The CO and H2 conversion rates were calculated for various temperatures and plotted as show in Figure 32. Both 

were high at 300 °C, 350 h-1, 30 bar pressure and a ratio of 1.3:1. The CO and H2 conversion observed under 

these parameters were 79.7 % and 45.3 % respectively. However, the H2 conversion rate was as high as 95.1% 

close to 330 °C. As discussed in 11.2, a multi-stage FTS set up will improve these rates. For a single-stage setting, 

these conversion rates are decent. 

 

Figure 33: chromatogram for best performance of third catalyst 

Finally, the chromatogram to support that the above reaction parameters exhibit good yield is given in Figure 33. 

For the 4 days (80 h) when this experiment was conducted, about 262 g of water was produced that contained 

13.6 g of alcohols dissolved in it. This means that 5% of the total water content is made up of mixed alcohols. 

The composition of the alcohol phase is tabulated as shown in Table 5. 

Component Weight (g) Composition (%) 

C1 2.6 19.1 

C2 5.5 40.4 

C3 3.6 26.5 

C4 1 7.4 

C5+6 0.9 6.6 

Total 13.6 100 

Table 5: composition of alcohols 
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The chromatogram for alcohol fraction obtained, exclusively shows the various carbon lengths of the products.  

 

Figure 34: GC/MS analysis of alcohol composition 

 

11.4 Repeatability of experiments 

For the Fe catalyst, the company carries out a series of experiments under the same background conditions that 

yield similar results every time. The behavior of the catalyst is very well known to the researchers and so, we could 

conclude that there is a good repeatability of test results.  

Whereas, for both the Co catalysts, only one experiment was carried out through which the above results were 

obtained. Although, we did not have an idea as to how the catalyst would behave under the appropriate 

background conditions initially, through the experiments, we observed what went wrong and also how the activity 

and selectivity of Co catalyst vary depending upon the changes in reaction parameters. The unpromoted catalyst 

has to be subjected through correct pelleting techniques to check whether the catalyst still crumbles in the absence 

of a promoter. For the promoted Co catalyst, the same optimal conditions of temperature, pressure, GHSV and 

syngas feed ratio have to be employed through successive rounds of testing to determine if the alcohol/HC yield 

was similar and to arrive at a valid result for repeatability.  
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12. Conclusion and future work 

• Since the yield from both Co catalysts (promoted and unpromoted) are lower when compared to the 

company’s Fe catalyst, we must continue to investigate a prolific design with appropriate promoters that 

yield a significant amount of alcohols. Even though the Zr promoted Co catalyst produced hydrocarbons, 

the alcohol fraction was invariably negligible and paraffin, iso-paraffin and olefin production was high. 

This result could be due to very low promoter activity/selectivity towards alcohol formation as a 

consequence of satisfactory CO hydrogenation process. Thus, alkali and alkaline earth metals could be 

studied as viable promoter elements for FTS. In addition, Cu or Cr could be thought about as additional 

promoter elements as well since there are a few literatures that used IFP mixed metal oxide promoters 

consisting of Cu supplemented with alkali elements to enhance mixed and higher alcohol synthesis.  

• As far as the Fe catalyst is concerned, it produced alcohols till C5-C6 but the total fraction of all alcohols 

was only around 5% of the hydrocarbon phase. Nearly 60% of the alcohol fraction comprised of 

methanol and ethanol alone and the rest was C3/C3+ products. The reaction parameters like GHSV, 

syngas ratio, pressure and temperature have to be optimized in such a way that it leads to a greater chance 

of C3+ alcohol formation.  

• As discussed under the results and discussion section, the efficiency of Co catalysts was mainly affected 

due to methanation. So, ways to reduce CH4 and unnecessary exothermic by-products formation has to 

be thought through.  

• When the catalysts were prepared, the glycerol/water mixture may have not been an efficient binder as 

we thought it would be. During FTS involving the unpromoted Co catalyst, more than half of the pellets 

crumbled into a powder and the reaction failed to proceed since there wasn’t an appropriate surface for 

the syngas to react with the catalyst pores. Thus, a better binder can be incorporated during the pelleting 

process that improves the catalyst’s physical stability.  

• Another scenario that seems to be confusing is that, a large amount of water is produced. Although water 

is a product of FTS, it has to be produced at a relatively lower amount. Excess water in the product 

fraction could indicate a prolonged catalyst reduction process during the main stages of the experiment. 

Next time, reduction has to be employed for the right duration and at the right temperature range to 

ensure a completely reduced catalyst for FTS and a better reactor equipment has to employed for this. 

• We had observed in various projects that a GHSV between 1000-3000 h-1 was followed. In our 

experiment, the optimal GHSV was around 350-360 h-1 for all the catalysts. The percentage deposition 

of Co and Fe has to be increased to at least 25-30 % to handle such high GHSV’s as mentioned in the 

literatures. For this, catalyst characterization has to be performed to clearly understand the surface 

properties, porosity, pore volume and composition of the catalysts that would enable us to make better 

decisions about catalyst design and its reactivity. Unfortunately, due to lack of time, characterization could 

not be performed for both the Co-based catalysts. 

• During the course of our experiments, we observed that an increase in pressure and reduced temperature 

during FTS, yielded a greater proportion of hydrocarbons. In the future, the pressure could be increased 

further by a few tens of bars and the temperature could be maintained around 300 °C that reduces the 

complexities of cooling costs for the reactor. 
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