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Abstract 

 

The production of liquid bio-hydrocabons from cottonseed oil for the biofuel industry 

was the main focus of this study. Cottonseed oil is a by-product from the cottonwool 

industry. The liquid bio-hydrocarbons were produced in a batch reactor by means of 

hydrotreatment using three different hydroteating catalysts. The effect of reaction 

parameters on the conversion, liquid product yield, reaction pathways and fuel product 

distribution was evaluated. 

 

The reaction temperature was varied from 390°C to 410°C with a 10°C increment at a 

fixed initial hydrogen pressure. The initial hydrogen pressure was varied from 9 to 11 

MPa with a 1 MPa increment at a constant reaction temperature. Three different 

catalysts, Ni/SiO2-Al2O3, NiMo-Al2O3 and CoMo-Al2O3, were utilised for every set of 

reaction conditions. The reaction time and catalyst-to-oil ratio were kept constant at 

120 minutes and 0.088, respectively, throughout the investigation. All three catalysts 

were activated either by pre-sulphiding or reduction prior to their use. 

 

The highest conversion was obtained at similar reaction conditions for the NiMo-Al2O3 

and CoMo-Al2O3 catalysts, but not for the Ni/SiO2-Al2O3 catalyst. For the CoMo-Al2O3 

and NiMo-Al2O3 catalysts, conversions of 98.5% and 99.7% respectively were 

obtained at 410°C reaction temperature and intial hydrogen pressure of 11 MPa, while 

99.71% was obtained for Ni/SiO2-Al2O3 at 400°C and initial hydrogen pressure of 9 

MPa. The hydrotreating conversion order at a temperature of 410°C, catalyst-to-oil 

ratio of 0.08 and initial hydrogen pressure of 9 MPa was found to be sulphided NiMo-

Al2O3 (99.86%)> sulphided CoMo-Al2O3 (98.9%)> reduced Ni/SiO2-Al2O3 (96.8%). 

The highest liquid product yield was obtained at the lowest temperatures and 

pressures for all the catalysts investigated. The highest liquid product yield of 811g.kg-

1 was obtained with the NiMo-Al2O3 catalyst at 390°C reaction temperature and initial 

hydrogen pressure of 9 MPa. On the other hand, the highest diesel yield of 493g.kg-1 

was obtained with NiMo-Al2O3 and CoMo-Al2O3 at 390°C reaction temperature and 

initial hydrogen pressure of 9 MPa. 

The liquid product contained more n-heptadecane relative to n-octadecane, which is 

an indication that the decarboxylation/decarbonylation pathways were dominant. 
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These reaction pathways were less favoured with increases in temperature when 

using Ni/SiO2-Al2O3 as compared to NiMo-Al2O3 and CoMo-Al2O3. 

 

Keywords: Cottonseed oil, Hydrotreatment, renewable diesel, vegetable oil, catalytic 

deoxgenation 
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CHAPTER 1: 

1 INTRODUCTION 

1.1 General 
Chapter 1 consists of the background and motivation for the study. The chapter is 

divided into four sections. The first section is a brief background and motivation for the 

research. Section 1.2 describes the problem statement, while section 1.3 explains the 

main objectives of the study. The project scope and outline of the contents of this study 

are presented in section 1.4. 

1.2 Background and motivation 

 

The demand for energy is increasing rapidly due to exponential population growth 

resulting in the depletion of fossil fuel reserves such as coal, crude oil and natural gas 

(Gui et al., 2008). The rise in the demand and consumption of fossil fuels is directly 

related to the population growth, improved living conditions and economic 

development (Mortensen et al., 2011). Figure 1.1 shows the rapid population growth 

from 2005 to 2015. 

 
Figure 1.1: World population (United Nations, 2011) 

The population growth is predicted to increase from 7.2 billion in 2013 to an estimated 

9.6 billion in 2050, while the population of well-developed regions remained constant 

over this period (United Nations, 2011). 
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Figure 1.2 summarises the world crude oil consumption and production over a ten year 

period. As from 2006, crude oil consumption exceeded its production. 

 
Figure 1.2: Crude oil annual trends for consumption and demand ((-■-consumption, -▲-

production) (BP Statistical Review of world energy, 2014)) 

 

The complete reliance on fossil fuels as an energy source furthermore results in 

increased greenhouse gas emissions associated with the burning of these fossil fuels 

(Mittal & Kumar, 2014). More than 50% of the emitted GHGs originate from the energy 

sector when combusting fossil fuel with the distribution showing significant amounts of 

carbon dioxide (Goldemberg, 2008). These emissions are also associated with climate 

change and acid rain (Höök & Tang, 2013). Energy from the fossil fuels is in the centre 

of any operation, from extensive use for power/electricity generation, heating and 

transportation (Almeida & Silva, 2009). However, the burning of fossil fuel for energy 

production produces compounds of carbon, nitrogen and sulphur that combine with air 

to form toxic gaseous oxides. These toxic oxides, when released into the atmosphere, 

have a detrimental effect on the health of humans and the environment (Mittal & 

Kumar, 2014). 

 

Figure 1.3 shows the dependence of South Africa and the world on fossil fuels as an 

energy source. The world’s primary energy consumption surpasses or is on par with 
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the production thereof and at this rate the world will experience an energy shortage in 

the near future (Maggio & Cacciola, 2012). 

 

 
Figure 1.3: Primary energy share (■-coal, ■-oil, ■-natural gas, ■-nuclear energy, ■-

renewable energy and ■-hydroelectric) (BP Statistical Review of world energy, 2013) 

 

All these apparent factors justify the drive to move away from non-renewable fossil 

fuels and the need to investigate alternative energy sources to mitigate the world’s 

primary energy dilemma (Knothe, 2010). The alternate energy sources that can be 

utilised to counteract the energy crisis must be renewable and sustainable, such as 

biofuels, solar energy, wind energy, nuclear energy and tidal energy. The above-

mentioned sources of energy are mainly employed to generate electricity and 

therefore address the electricity part of the energy crisis, but the biofuels derived from 

biomass resolve the liquid transport fuels problem (Demirbas, 2009). 

 

Not only will the use of biofuels for transportation liquid fuels lessen the dependency 

on fossil fuels, but it will also assist in restoring the CO2 balance in the atmosphere as 

less sulphur is released (Demirbas, 2008). This is made possible by the fact that, 

during the combustion of biofuels, the released CO2 is used to help grow biomass that 

can be used to produce biofuels (ElSolh, 2011). The study done by the National 

Biodiesel Board suggested that burning biofuels, particularly biodiesel, reduces the 

emissions of carbon dioxide and particulate matters by 48% and 47%, respectively 

(Daniel et al., 2013). 

 

Among all the liquid biofuels that are available, ethanol and biodiesel produced from 

corn and vegetable oil are commercially produced all over the world in large quantities 

(Knothe, 2010). The world experienced an increase in consumption of such biofuels 
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due to their simple production processes and compatibility with petroleum fuels 

(Serrano-Ruiz et al., 2012). The resulting fuel is termed first generation biofuel; 

however, the process diverts a large quantity of crops and oils that could have been 

utilised to mitigate the food shortages that the world experiences (Naik et al., 2010). 

Consequently, it is also important to investigate the possibility of second- and third-

generation biofuels.  

 

Second-generation biofuels are produced using feedstock such as sunflower husks, 

sweet sorghum bagasse and waste cooking oil (Vohra et al., 2014). Traditional routes 

of producing bioethanol and biodiesel are fermentation and trans/esterification, which 

results in blending ratio limitations due to the presence of oxygen in biodiesel and 

lower heating value in bioethanol in contrast to petroleum (Frety et al., 2011; 

Bezergianni et al., 2009). However, a process similar to the conventional refinery 

process can be applied to vegetable oils and animal fats to produce products similar 

to conventional diesel, naphtha and kerosene (Solymosi et al., 2013). This process 

makes additional facilities of production, blending and quality control unnecessary. 

Additionally, the Biofuel Industry Strategy of South Africa has proposed a 2% 

penetration level of biofuels in the final fuel that is sold to the consumers in the 

transportation sector by 2013, which is yet to materialise, without affecting food 

vulnerability. This penetration level comprises 2 to 10% v/v and 5% v/v for bioethanol 

and biodiesel, respectively. The proposed penetration level requires the production of 

400 million litres of biofuels per year. This target will create jobs, thereby reducing 

unemployment and boosting economic growth (South Africa, 2007; South Africa, 

2012). 

 

1.3 Problem statement 
 

The South African cotton wool industry is exposed to the international textile market 

and as such has unique challenges. This necessitates the exploration of additional 

means to generate profit. The potential utilisation of one of the by-products, cottonseed 

oil, has attracted some attention as feedstock in the production of biofuels. The 

production of liquid biofuels would not only realise additional revenue, but will also help 

to address the worldwide problem of fossil fuel depletion. Cottonseed oil, relative to 

edible oils, is not extensively utilised for cooking purposes due to the presence of the 



5 
 

chemicals involved during oil extraction (Carbonell-verdu et al., 2015; Martin & 

Prithviraj, 2011). 

 

1.4 Research aims 

 

The main aim of this study is the production of renewable diesel by means of the 

hydrotreatment process using cottonseed oil as feedstock. The following reaction 

parameters will be considered: 

 The effect of temperature on the composition and yield of the liquid and 

gaseous product; 

 The effect of initial hydrogen pressure on the composition and yield of the liquid 

and gaseous product; 

 The effect of catalyst type on the composition and yield of the liquid and 

gaseous product; 

 The effect of catalyst type and reaction parameters on the reaction pathway 

during hydrotreatment; and 

 The optimum conditions for deoxygenation/hydroprocessing of cottonseed oil. 

 

1.5 Project scope 
 

This dissertation consists of six chapters in order to achieve the above-mentioned 

objectives and to ensure the success of the project. In Chapter 1, the background and 

motivation accompanied by objectives of the study are described. In Chapter 2, a 

theoretical background and literature survey on the hydrotreatment process and 

reaction conditions will be presented. It will also highlight the catalysts and feedstock 

used in the production of renewable liquid fuels. 

 

In order to investigate the influence of reaction parameters (temperature, pressure and 

catalyst type) on the production of renewable liquid fuel from cottonseed oil, the 

experimental apparatus and methodologies that will be used in the project are 

described in Chapter 3.  

 



6 
 

The results of the hydroprocessing of cottonseed oil will be presented in Chapter 4 

and discussed in Chapter 5.  

 

Lastly, Chapter 6 will focus on the overall conclusions on the hydrotreatment process. 

 

 

 

 

  



7 
 

1.6 References 
 

Almeida, P. De, & Silva, P. D. (2009). The peak of oil production — Timings and market 
recognition. Energy Policy, 37, 1267–1276. doi:10.1016/j.enpol.2008.11.016 

Bezergianni, S., Kalogianni, A., & Vasalos, I. A. (2009). Hydrocracking of vacuum gas oil-
vegetable oil mixtures for biofuels production. Bioresource Technology, 100(12), 3036–
3042. doi:10.1016/j.biortech.2009.01.018 

BP Statistical Review of world energy. (2013). Available from: 
http://www.bp.com/content/dam/bp/pdf/statistical 
review/statistical_review_of_world_energy_2013.pdf. Date accessed: 26 August 2014. 

BP Statistical Review of world energy. (2014). Available from: 
http://www.bp.com/content/dam/bp/pdf/Energy-economics/statistical-review-2014/BP-
statistical-review-of-world-energy-2014-full-report.pdf. Date accessed: 26 August 2014. 

Carbonell-verdu, A., Bernardi, L., Garcia-garcia, D., Sanchez-nacher, L., & Balart, R. (2015). 
Development of environmentally friendly composite matrices from epoxidized cottonseed 
oil. EUROPEAN POLYMER JOURNAL, 63, 1–10. doi:10.1016/j.eurpolymj.2014.11.043 

Daniel, C., Araújo, M. De, Andrade, C. C. De, Souza, E. De, & Dupas, F. A. (2013). Biodiesel 
production from used cooking oil : A review. Renewable and Sustainable Energy 
Reviews, 27, 445–452. doi:10.1016/j.rser.2013.06.014 

Demirbas, A. (2008). Biofuels sources, biofuel policy, biofuel economy and global biofuel 
projections. Energy Conversion and Management, 49, 2106–2116. 

Demirbas, A. (2009). Progress and recent trends in biodiesel fuels. Energy Conversion and 
Management, 50(1), 14–34. doi:10.1016/j.enconman.2008.09.001 

ElSolh, N. E. M. (2011). The Manufacture of Biodiesel from the used vegetable oil. Masters 
thesis. Kassel and Cairo Universities. 

Frety, R., Pontes, L. A. M., Padilha, J. F., Borges, L. E. P., & Gonzalez, W. A. (2011). Cracking 
and Hydrocracking of Triglycerides for Renewable Liquid Fuels: Alternative Processes to 
Transesterification. Review. J. Braz. Chem, 22(7), 1206–1220. 

Goldemberg, J. (2008). Environmental and ecological dimensions of biofuels. In: Proceedings 
of the conference on the ecological dimensions of biofuels, Washington, DC, March 10; 

Gui, M. M., Lee, K. T., & Bhatia, S. (2008). Feasibility of edible oil vs. non-edible oil vs. waste 
edible oil as biodiesel feedstock. Energy, 33(11), 1646–1653. 
doi:10.1016/j.energy.2008.06.002 

Höök, M., & Tang, X. (2013). Depletion of fossil fuels and anthropogenic climate change — A 
review. Energy Economics, 52, 797–809. doi:10.1016/j.enpol.2012.10.046 

Knothe, G. (2010). Biodiesel and renewable diesel: A comparison. Progress in Energy and 
Combustion Science, 36, 364–373. doi:10.1016/j.pecs.2009.11.004 



8 
 

Maggio, G., & Cacciola, G. (2012). When will oil, natural gas, and coal peak? Fuel, 98(2012), 
111–123. doi:10.1016/j.fuel.2012.03.021 

Martin, M., & Prithviraj, D. (2011). Performance of Pre-heated Cottonseed Oil and Diesel Fuel 
Blends in a Compression Ignition Engine. Jordan Journal of Mechanical and Industrial 
Engineering, 5(3), 235–240. 

Mortensen, P. M., Grunwaldt, J.-D., Jensen, P. a., Knudsen, K. G., & Jensen, a. D. (2011). A 
review of catalytic upgrading of bio-oil to engine fuels. Applied Catalysis A: General, 
407(1-2), 1–19. doi:10.1016/j.apcata.2011.08.046 

Naik, S. N., Goud, V. V., Rout, P. K., & Dalai, A. K. (2010). Production of first and second 
generation biofuels: A comprehensive review. Renewable and Sustainable Energy 
Reviews, 14(2), 578–597. doi:10.1016/j.rser.2009.10.003 

Serrano-Ruiz, J. C., Pineda, A., Balu, A. M., Luque, R., Campelo, J. M., Romero, A. A., & 
Ramos-Fernández, J. M. (2012). Catalytic transformations of biomass-derived acids into 
advanced biofuels. Catalysis Today, 195(1), 162–168. doi:10.1016/j.cattod.2012.01.009 

Solymosi, P., Varga, Z., & Hancsók, J. (2013). Motorfuel purpose hydrogenation of waste 
triglycerides. In 46th international Conference on Petroleum Processing. 

South Africa. (2007). Department of Minerals and Energy. Biofuels Industrial Strategy of the 
Republic of South Africa. Pretoria: Government Printer. 29p. (p. 29). 

South Africa. Petroleum Products Act 1977 (Act no. 120 of 1977): regulations regarding the 
mandatory blending of biofuels with petrol and diesel. (Government notice no. R 9808). 
Government gazette, 35623, 23 Aug (2012). 

United Nations. Department of Economic and Social Affairs. Population Division. 2011. Total 
population (both sexes combined) by major area, region and country, annually for 1950- 
2100 (thousands). http://esa.un.org/unpd/wpp/Excel-
Data/DB02_Stock_Indicators/WPP2010_DB2_F01_TOTAL_POPULATION_BOTH_SE
XES.XLS Date of access: 24 July. 2015 

Vohra, M., Manwar, J., Manmode, R., Padgilwar, S., & Patil, S. (2014). Bioethanol production: 
Feedstock and current technologies. Journal of Environmental Chemical Engineering, 
2(1), 573–584. doi:10.1016/j.jece.2013.10.013 

  



9 
 

CHAPTER 2: 

2 LITERATURE SURVEY 
 

2.1 Introduction 
 
The environmental constraints and limited fossil fuel reserves directed the world’s 

focus to the possibility of utilising vegetable oil and animal fats as a source of energy 

(Speirs et al., 2015). The development of renewable energy sources such as biomass 

will help to supplement the fossil fuel supply in energy production, especially in the 

transportation fuels. In the United States, the gasoline sold to the customers contains 

10% v/v of bioethanol (Chen et al., 2016; Ogunkoya et al., 2015). There are promising 

alternatives to supplement fossil fuel with regard to fuels for transportation. These 

alternatives include traditional biodiesel (FAME) produced during transesterification, 

the leading technology that transforms carbon-based material into liquid fuel, known 

as Fischer-Tropsch (F-T) and renewable diesel produced during hydrotreatment 

(Damartzis & Zabaniotou, 2011; Ogunkoya et al., 2015).  

 

FAME-based biodiesel, consisting of fatty acids and methyl esters, is renewable and 

contains no sulphur; however, compared to conventional fossil fuel-derived diesel, 

FAMEs have unfavourable cold flow properties and lower storage stability (Haseeb et 

al., 2011). The transesterification process also produces large amounts of a by-

product, glycerol. Glycerol has to be cleaned via pre-treatment routes before it can be 

used as a valuable product, thereby increasing the overall costs associated with 

biodiesel (FAME) production (Ashby et al., 2011; Lappas et al., 2009). Moser (2009) 

lamented on the inferiority of biodiesel properties and its associated cost, which 

disadvantages biodiesel to be utilised as a fuel supplement. The Fischer-Tropsch 

process uses an energy intensive process, such as gasification, to convert rich carbon 

material into syngas and in the process releases a considerable amounts of CO2 into 

the atmosphere (Marsh, 2008).  

 

On the other hand, the hydrotreating of vegetable oils uses existing refinery 

infrastructure and produces a liquid transport fuel that has improved properties when 

compared to biodiesel, and emits less CO2 than F-T (Hoekman, 2009). The most 
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promising alternative technology for biofuel production and that uses the existing 

infrastructure of petroleum refineries is the catalytic hydroprocessing of vegetable oils 

and animal fats (Bezergianni et al., 2009). This upgrading method can produce a fuel 

that has a similar molecular structure, improved cold flow properties and storage 

stability as fossil fuel-derived diesel. The upgrading process is conducted at high 

temperatures and hydrogen pressure in the presence of a catalyst (Boscagli et al., 

2015). 

 

2.2 Renewable energy feedstock 
 
Biofuels produced either by transesterification or fermentations of food crops such as 

grains, sugar cane and vegetable oils are termed first-generation biofuels (Nigam & 

Singh, 2011). These feedstocks are for food purposes and this results in the famous 

debate of food versus energy. The extensive utilisation of edible oils and grains to 

mitigate the energy or fuel crisis will lead to starvation and increasing prices of these 

resources, especially in developing countries (Chen et al., 2016; Balat, 2011). It is 

important to note that producing energy from edible crops will put pressure or strain 

on these commodities as their demand will increase (Demirbas, 2011). Additionally, 

competition for land and food supplies impact negatively on the production and 

expansion of biofuels from edible crops (Gasparatos et al., 2011). 

 

The limitation in biofuels production from edible crops or first-generation biofuels is its 

unsustainability and availability due to high prices associated with edible oils and 

grains (Atabani et al., 2013). The authors also stressed the negative impact of using 

edible oils for biofuels production. Starvation and the utilisation of available arable land 

on developing countries are the main challenges in using edible oils for fuel production 

(Chen et al., 2016). Although limitations of first-generation biofuels have been 

identified, the succesful production of ethanol from sugar cane in Brazil and the USA 

have been reported (Sims et al., 2010). In view of the reported limitations of first 

generation biofuels, more emphasis are been placed on second-generation biofuels, 

which are produced from non-edible feedstocks (Pontes et al., 2011). 

 

In order to reduce the impacts of first-generation feedstock, a new type of low cost 

feedstock that is not in direct competition with food supply is needed (Mata et al., 
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2010). Second-generation biofuels are produced from non-edible crops, waste oils, 

grease and animal fats by utilising esterification/transesterification and fermentation 

processes. Research has shown that both bioethanol and biodiesel can be produced 

from low cost non-edible feedstocks (Cotana et al., 2014; Marx et al., 2014; Ndaba, 

2013; Schabort et al., 2011; Visser, 2012;).  

 

First- and second-generation biofuels produced from crops such as sugarcane, maize, 

sugar beet, lignocellulosic and forest residues contribute negatively to the food market, 

water supply and arable land (Nigam & Singh, 2011). Although commercially, second-

generation biofuels are expected to experience challenges regarding technical 

expertise and financial backing, several laboratory tests show the potential of these 

feedstocks in terms of production yields, which makes them economically attractive. 

 

2.3 Renewable diesel processes 

2.3.1 Petroleum technology 

 

Petroleum feedstock comprises a very multifaceted combination of hydrocarbons with 

traces of nitrogen, oxygen and sulphur with some metal contaminants, and therefore 

its need for hydroprocessing (Li et al., 2013). In general, hydroprocessing incorporates 

a variety of processes that use hydrogen, such as hydrogenation, hydrotreating and 

hydrocracking. Petroleum refineries employ catalytic hydroprocessing for the removal 

of heteroatoms (sulphur, nitrogen, oxygen and metals) and cracking of heavy 

molecules into lighter components (Li et al., 2013). The process is utilised for the 

saturation and cracking of olefins and aromatics of heavy molecules (Huber & Corma, 

2007).  

 

This process can be applied or retrofitted to triglyceride-containing feedstocks to yield 

biofuels with improved oxidative stability, cetane number and heating value 

(Bezergianni et al., 2012). The process is divided into consecutive, parallel and series 

of reactions such as the removal of heteroatom, hydrogenation, hydrocracking and 

isomerisation (Kiatkittipong et al., 2013). The process takes place at elevated 

temperatures and pressures, with a catalyst, depending on the specifications of the 

final product. 
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2.3.2 Hydrotreating 

 

The presence of heteroatoms, olefins and aromatics in the feedstock determines the 

hydrotreating requirements to produce fuel that can blend in the diesel pool. This fuel 

can be further processed to produce a fuel that is free of sulphur or high cetane number 

(Panisko et al., 2015). The process takes place in the presence of a heterogeneous 

catalyst and hydrogen to remove sulphur, nitrogen and oxygen. The process also 

saturates the double bonds (Linares et al., 2015). Hydrotreating typically occurs 

between temperatures of 300 and 450°C and an initial hydrogen pressure of above 3 

MPa. Hydrodesulphurisation (HDS), hydrodenitrogenation (HDN) and 

hydrodeoxygenation (HDO) are some of the reactions taking place during 

hydroprocessing to eliminate sulphur, nitrogen and oxygen. Hydrogen sulphide, 

ammonia and water are the main by-products during hydroprocessing (Gary & 

Handwerk, 2001). The importance of saturating the feedstock is evident in the final 

product distribution as more heptadecane is yielded from saturated feedstock as 

opposed to less saturated feedstock (Dubinsky, 2013). Plant derived oils have less or 

no sulphur and nitrogen in their structure, and therefore hydrodeoxygenation will be 

discussed in more detail than other reactions taking place in hydroprocessing  

 

2.3.2.1 Hydrotreating catalyst 

 

The hydrotreating process typically uses supported noble and reduced or sulphided 

metal catalysts such as CoMo and NiMo. These catalysts mostly are used in their 

activated state and consist of active sites, promoters and support (Sadeek et al., 

2014). Molybdenum is normally used as the active catalyst, alumina as a support and 

cobalt as a promoter (Romero et al., 2010). Silica and phosphorus are used to affect 

the acidity on the catalyst support. Both CoMo and NiMo are hydrotreating catalysts, 

but the choice of either depends on the desired end use of the product. CoMo is 

favoured for desulphurisation and NiMo for denitrofication (Alsobaai et al., 2006).  

 

2.3.2.2 Catalytic deoxygenation 

 

The hydrotreatment of animal fats and vegetable oils, as compared to pyrolysis and 

cracking, takes place at lower temperatures and in the presence of a catalyst. 
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Optimum conditions for hydrotreatment vary with the type of feedstock used; therefore, 

a careful consideration of reaction parameters should be adopted (Knothe, 2010). One 

approach towards the removal of sulphur in petroleum refineries is through the 

conventional hydroprocessing of crude oil in the presence of catalysts such as CoMo 

and NiMo in sulphided form. A NiW catalyst can also be used should the need arise 

to increase light product yield due to its selective cracking nature compared to CoMo 

and NiMo. In recent literature, it has been shown that these conventional catalysts can 

also be utilised for the hydroprocessing of triglycerides with a high oxygen content 

(Kiatkittipong et al., 2013). The presence of oxygen affects the oxidation stability and 

energy of the liquid. The removal of oxygen during hydrotreating can be achieved 

either by hydrodeoxygenation, where water is formed, or 

decarboxylation/decarbonylation, where carbon dioxide/carbon monoxide is produced 

(Mohammad et al., 2013). 

 

A number of reactions can take place during catalytic deoxygenation, but 

hydrodeoxygenation, decarbonylation and decarboxylation are the dominant ones 

yielding straight hydrocarbons for a particular set of reaction parameters (Mohammad 

et al., 2013). During hydrodeoxygenation, oxygen removal in the form of water is 

achieved by saturation of C=O, followed by breaking of C-O and C-C bonds 

respectively (Bezergianni & Dagonikou, 2015). Figure 2.1 depicts the 

hydrodeoxygenation of hydrogenated triglycerides, while Figure 2.2 presents the 

decarboxylation and decarbonylation, respectively. 

 
Figure 2.1: The oxygen removal from the triglycerides via HDO reaction (Sari, 2013) 
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Figure 2.2: Decarbonylation and decarboxylation of triglycerides over hydrotreating catalyst 
(Veriansyah et al., 2012; Kim et al., 2014) 

 
Numerous studies have been performed on the hydrodeoxygenation of vegetable oils, 

as summarised in Table 2.1. The reaction scheme mentioned above, in a batch 

system, takes place simultaneously and in parallel. Temperature, catalyst type and 

feedstock, according to Mikulec et al. (2010), determine which reaction will be 

dominant during hydrotreating. The ratio of n-Cm/n-Cm-1, where m is the number of 

carbons, is used to determine the dominant reaction pathway, but care should be 

taken on the feedstock fatty acids profile. A ratio of the n-Cm/n-Cm-1 greater than one 

denotes that the decarboxylation or decarbonylation reaction was superior relative to 

hydrodeoxygenation. Mikulec et al. (2010) performed hydrotreatment on a feedstock 

containing no C17, which resulted in a final product containing C17. The results showed 

that the product contained approximately 50% of C17, proving that the 

decarboxylation/decarbonylation reaction was dominant over hydrodeoxygenation. 

Harnos et al. (2012) also produced C17 using sulphided 9Mo2.5Ni (P, Si) and reduced 

9Mo2.5Ni (P, Si) as catalysts. The results revealed that using a presulphided catalyst 

results in decarboxylation/decarbonylation reaction dominancy. Tiwari et al. (2011) 

produced diesel-like hydrocarbons from a mixture of soya and gas oils over a NiMo-

Al2O3 catalyst. The reaction temperature varied from 350°C to 380°C. The results 

showed that the decarboxylation/decarbonylation reaction was dominant over this 

temperature range investigated. 

 

2.3.2.3 Saturation 

 

Vegetable oils, animal fats and greases consist of both saturated and unsaturated fatty 

acids. During hydrogenation, hydrogen saturates carbon-carbon double bonds in the 

unsaturated fatty acids. The degree of unsaturation determines the amount of 
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hydrogen needed in a particular reaction. For example, higher proportions of 

unsaturated fatty acids require more hydrogen than fatty acids with lower proportions 

of unsaturated fatty acids in the feedstock (Miller & Kumar, 2014). The C=C double 

bonds are primarily broken down in the hydrotreatment process through the addition 

of hydrogen. Hydrogen is allowed to react with fatty acid molecules over a catalyst at 

high temperature and pressure to saturate the double bonds (Lambert, 2012). The 

final fuel product should not contain high concentrations of unsaturated compounds, 

as these molecules produce a polymer-like material during combustion at high 

temperatures (Akihama et al., 2002). Figure 2.3 summarises a typical hydrogenation 

process of the vegetable oils. 

 

 

Figure 2.3: Representation of hydrogenation reaction (Kim et al., 2014) 

 

During hydroprocessing, the cracking of C-C bonds, which is discussed in subsequent 

sections, takes place and, depending on the saturation of the feedstock, either 

deoxygenation or C-C cracking will happen first, resulting in different product 

distributions and yielding less n-alkanes. The amount of hydrogen supplied to saturate 

the triglycerides is important, as in the case of low initial hydrogen pressure, the 

amount of side reaction products increases (Knothe, 2010). 

 

The number of C=C double bonds or olefins in both the feedstock and final product is 
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the final product should be lower than feedstock used. Bezergianni and Kalogianni 

(2009) evaluated the amounts of olefins in the used cooking oil and final product by 

measuring their respective bromine indices. The results showed a decrease in 

bromine index from 49 100 g Br2 per 100g to 158 g Br2 per 100g due to the saturation 

of olefins and C=C double bonds. In another study, Sharafutdinov (2012) investigated 

the extent of saturation on different feedstocks such as palm and sunflower oils and 

found the change in bromine index from 3.01 g Br2 per 100g to less than 1 g Br2 per 

O

O

O

O

O

O

H
2

Hydrogenation

O

O

O

O

O

O



16 
 

100g sample. A decrease in the bromine index is associated with the saturation or 

hydrogenation of the unsaturated bonds in the feed. During hydrotreatment, side 

reactions are also taking place in both gas and liquid products formed 

 

2.3.2.4 Side reactions 

 

During the hydrotreating/hydrocracking of vegetable oils, triglycerides are catalytically 

broken down into liquid and gaseous products. The product distribution analysis 

suggests that CO, CO2, methane, H2O, propane and alkanes ranging from C5 to C18 

are major products for a particular catalyst (Verma et al., 2015). Apart from primary 

products such as propane, CO, CO2 and C5 to C20 alkanes, there are products 

resulting from hydroprocessing because of side reactions taking place in either the 

liquid or gaseous phase.  

 

2.3.2.4.1 Gas phase 

 

The gaseous products such as CO, CO2 and H2O can also react to produce methane 

via the methanation reaction due to the presence of hydrogen. The following reactions 

can take place in the gas phase during catalytic deoxygenation (Veriansyah et al., 

2012). 

Methanation of CO2:  

CO2 + 4H2 ↔ CH4 + 2H2O   (2.1) 

Methanation of CO:  

CO + 3H2 ↔ CH4 + H2O   (2.2) 

Water-gas shift reaction: 

CO + H2O ↔ CO2 + H2   (2.3) 

These side reactions make it difficult to use gas product distribution to predict which 

reaction pathways were followed. By-products such as CO, CO2 and H2 are consumed 

during these side reactions, leading to an increase in the overall H2 consumption. 
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2.3.2.4.2 Liquid phase 

 

The side reactions taking place in a liquid phase during hydrotreatment includes 

isomerisation, aromatisation and cyclisation owing to the nature of reaction 

parameters, ratio of metallic and acidic sites on the catalyst and the nature of the 

feedstock (Kasza et al., 2014). A low initial hydrogen pressure, low hydrogen-to-oil 

ratio or a highly unsaturated feedstock promotes aromatisation and cyclisation, while 

temperature and type of catalyst induce isomerisation. Although isomerisation is 

mostly favoured when bi-functional zeolite catalysts are used, the ratio of metallic to 

acidic sites on any catalyst will promote isomerisation to some extent (Bouchy et al., 

2009).  

 

Wang et al. (2012) firstly hydrolysed canola oil to produce free fatty acids in a 

continuous reactor. The resulting product was fed to a batch reactor system over a 

commercial 5wt% Pd/C catalyst to produce hydrocarbons. The resulting straight 

hydrocarbons were found to have poor cold flow properties as compared to isomerised 

hydrocarbons. Bezergianni, Dimitriadis, Sfetsas et al. (2010) investigated the effect of 

temperature on the product distribution during the hydrotreatment of waste cooking 

oil. The study was conducted at temperature ranges of 330 to 398°C in a continuous 

reactor. The results showed the dependency of isomerisation on the temperature. Both 

iC16 and iC17 increase from 2.2 to 10.4 wt% and from 2.7 to 7.8 wt% as the temperature 

increases from 330 to 398°C. Bezergianni, Dimitriadis and Chrysikou (2014) improved 

the cold flow properties (pour point, cloud point and cold filter plugging) of the fuel by 

performing a two-stage hydroprocessing on waste cooking oil. The product from the 

first stage was treated as the feed to the second stage. Both these properties were 

improved from 21 to -4°C and from 19 to -11°C after two-stage hydroprocessing. The 

results also revealed the trade-off between isomerisation and diesel selectivity. 

 

2.3.2.4.3 Cracking 

 

The transformation of heavy oil molecules to usable products in the fuel refinery 

industry has been done by employing processes such as thermal cracking, catalytic 

cracking and hydrocracking. During the conversion stage, long hydrocarbon chains 
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are broken down into smaller useful hydrocarbons. The same process can be applied 

to produce hydrocarbon-like fuels from vegetable oils or animal fats. Triglycerides are 

the main component of animal fats or vegetable oils and also sources of long 

hydrocarbons (Kim et al., 2014). The thermal cracking process of vegetable oils is 

conducted at high temperatures, from 350°C up to 500°C, and atmospheric pressures. 

Usually, an increase in temperature during thermal cracking results in an increase in 

light hydrocarbons or gases and olefin formation. Thermal cracking also promotes 

coke formation (Knothe, 2010) 

 

In contrast to thermal cracking, cracking of the molecules or C-C bonds via catalytic 

cracking happens at the surface of the solid catalyst. Catalytic cracking requires less 

energy compared to its counterpart to achieve similar or even improved products. The 

resulting product distribution from catalytic cracking consists of oxygenates, carboxylic 

acids and aromatics due to the absence of hydrogenation. In addition, relatively low 

yields of diesel are observed during catalytic cracking. The low yields are due to longer 

residence times and increased temperatures, which destruct or crack the originally 

produced diesel into lighter molecules. Catalytic cracking produces organic liquids 

consisting of gasoline, kerosene and diesel, having improved cetane numbers and 

paraffinic components in a gaseous fraction (Wang, 2012); however, coke formation 

on the catalyst is experienced, leading to catalyst deactivation (Ong & Bhatia, 2010). 

Chiappero et al. (2011) also highlighted that catalytic cracking of triglycerides in a 

batch reactor favours gasoline production as opposed to diesel-like hydrocarbons and 

undesirable carboxylic acids. Luo et al. (2010) thermally cracked soybean and canola 

oils to produce transportation fuels with carbon chain lengths of C7 to C15 kerosene at 

the temperature ranges of 350 to 440°C. The obtained product distribution consisted 

of 50wt% kerosene-type fuel with cold flow properties similar to or approaching the 

required specifications for aviation fuel. 

 

Prado and Filho (2009) investigated the effect of catalysts in the cracking of heavy 

molecules for biofuel production. The study was conducted with soybean oil as a 

feedstock over a catalyst on one set of experiments and without a catalyst on the other 

set. The results from the product obtained with no catalyst used revealed high amounts 

of fatty acids relative to the results with a catalyst. The difference in amounts of fatty 
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acids is attributed to a lack of secondary cracking associated with catalysts where fatty 

acids are decomposed to form hydrocarbons. 

Catalytic hydrocracking, which is also a method used to break down long hydrocarbon 

molecules into useful short hydrocarbon, employs a catalyst and relatively high 

pressure. High pressures are ensured by allowing hydrogen from storage vessel into 

the reactor. Hydrogen is also used to suppress coke formation owing to the thermal 

cracking of the molecules as the temperature increases. During the hydrocracking 

process, impurities such as nitrogen, sulphur and oxygen are reduced. A similar 

process, described in section 2.3.2.2, also takes place during hydrocracking. 

 

2.3.3 Effects of reaction parameters on hydrotreating process 

 

Key performance indicators are utilised in the industry to monitor or evaluate the 

overall performance of the process. Yields and conversion of target fractions C10-C18 

and triglycerides, respectively, are influenced by temperature, pressure, H2: oil ratio, 

residence time, feedstock purity or type, the extent of intermediates produced, mixing 

or stirring rate, as well as the catalyst employed in the reaction. The catalyst changes 

the rate by lowering the activation energy of the reaction, thereby increasing the rate 

of the reaction, but is not part of the reaction itself. Temperature and pressure are 

utilised to saturate and break fatty acids from the triglycerides backbone. Hydrogen is 

used to suppress or minimize side reaction and to saturate the hydrocarbons; 

therefore, it must be supplied in excess as other gaseous side reactions are also taking 

place, such as methanation and a water gas shift reaction (Mohammad et al., 2013). 

 

2.3.3.1 Temperature effect 

2.3.3.1.1 Liquid product yield 

 

Temperature is one of the most important parameters in hydroprocessing. The liquid 

and gaseous product yields are used to indicate the effect of temperature during 

hydroprocessing. High temperatures tend to favour the production of gases and short-

chained alkanes (Menoufy et al., 2014). This is expected, as high temperature cracks 

heavy molecules into light ones and ultimately reduces the yield of liquid product. The 

diesel-like hydrocarbon fraction is broken down to smaller molecules, resulting in an 
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increase in lighter molecules, which is expected, as increasing temperatures tend to 

favour cracking reactions (Satyarthi et al., 2013a). 

 

Fan et al. (2014) did a study on jatropha oil using a catalyst at a temperature range of 

340°C to 400°C. The results showed a decrease in liquid yields with an increase in 

temperature and revealed the highest liquid yield of 840g.kg-1 at the lowest 

temperature.  

 

Li and Savage (2013) hydroprocessed the crude bio-oil produced via hydrothermal 

liquefaction in a batch reactor over an HZSM-5 catalyst. The experiments were 

conducted at a reactor temperature range of 400°C to 500°C with 50°C increments for 

each experiment in an H2 atmosphere. The results showed the decrease in mass 

yields from 75 to 44wt% as the temperature was increased. The highest liquid yield of 

75wt% was attained at the lowest temperature. The amount of gaseous product 

increased from 8.8 to 19 wt% at the same temperature range. The gaseous product 

comprises light hydrocarbons (methane, ethane, propane, butane and pentane), 

which suggests the existence of thermal cracking. 

 

Rapeseed oil was hydroprocessed by Sotelo-boyas et al. (2011) to investigate the 

effect of temperature on liquid mass yields. The investigation was performed for a 

temperature range of 3500C to 4000C over an NiMo catalyst in a batch reactor. The 

liquid mass yield decreased with an increasing temperature and the gas product 

consisted of methane, butane, propane and ethane being observations from the study. 

 

Pinto et al. (2013) and Pinto et al. (2014) used rapeseed and pomace oils in separate 

experiments as a feedstock for the hydroprocessing to investigate the effect of 

temperature on amount of liquid mass yield. The experiments were conducted in a 

batch reactor over catalysts such as CoMo and HZSM-5 in a hydrogen atmosphere. 

In both investigations, the reduction in liquid mass yield was observed as the 

temperature was increased. 

 

2.3.3.1.2 Reaction pathways 
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Oxygen removal during the hydrotreatment of vegetable oils from fatty acids can be 

achieved via decarbonylation, decarboxylation and/or hydrodeoxygenation. 

Temperature has a significant effect on the mass ratio of C15/C16 and C17/C18 produced 

during hydrotreatment. For any type of feedstock, containing C16 and C18 as major 

fatty acids, and catalyst type, the increase in either C15/C16 or C17/C18 as temperature 

increases indicates the direct effect that temperature has on decarboxylation and 

decarbonylation. The decrease in C15/C16 or C17/C18 as temperature increases 

indicatesindicates the dominancy of hydrodeoxygenation (Kiatkittipong et al., 2013). 

 

Kikhtyanin et al. (2010) and Kràr et al. (2010) both hydroprocessed sunflower oil over 

Pd/SAPO and CoMo, respectively, in a flow reactor. They both reported an increase 

of the C17/C18 ratio with an increasing temperature. However, Phimsen (2011) and 

Smejkal et al. (2009) revealed contrasting results where the C17/C18 ratio decreased 

with an increase in temperature. The contrasting results are attributed to hydrogen 

diffusion limitation on active sites in a catalyst at higher temperatures. 

 

2.3.3.1.3 Heteroatom removal 

 

Typical feedstock, such as crude oil and vegetable oil, contains elements such as 

sulphur, nitrogen, oxygen and metals that either suppress the activity of the catalyst 

or have a negative influence on the final product specification. Generally, a 

hydroprocessing reaction uses hydrogen and a catalyst to remove heteroatoms (Gary 

& Handwerk, 2001). Hydrogen sulphide is formed as a result of removing sulphur 

during hydroprocessing by breaking the C-S during hydrodesulphurisation, while 

ammonia and water form as a result of nitrogen and oxygen removal, respectively. 

The efficiency of the process can be measured through the overall removal of 

heteroatoms as their existence in the final product is undesired. 

 

Bezergianni, Voutetakis et al. (2009) investigated heteroatom removal during 

hydroprocessing on two different feedstocks. The study was conducted at temperature 

ranges of 350°C to 390°C and initial hydrogen pressure of 13.78 MPa over a catalyst. 

The results showed a significant reduction in heteroatoms relative to what was in the 

feed. The removal of sulphur revealed the dependency on temperature and the nature 

of the feedstock. These trends were observed for used cooking oil as compared to 



22 
 

refined cooking oil. Another study done by the same team revealed that 100% of 

nitrogen was detached while oxygen removal increased with an increasing 

temperature (Bezergianni, Dimitriadis, Kalogianni et al., 2010). 

2.3.3.1.4 Product composition and conversion 

 

A vast amount of literature uses the conversion of fats and vegetable oils into biofuels 

as a measure of the effectiveness of catalytic hydrodeoxygenation. The literature 

defines conversion as the amount of heavy fraction of the feed converted to lighter 

fractions. Simulated distillation data is used to measure the conversion using the 

following equation (Bezergianni et al., 2012): 

Conversion =
Feed360+−Product360+

Feed360+
   (2.4) 

 

Kim et al. (2014) defined conversion as the amount of soybean oil converted to 

hydrocarbons with a temperature boiling range below 360°C. Hydrodeoxygenation of 

triglycerides into renewable fuels over a catalyst can be measured by the amount of 

products yielded at different reaction conditions over a catalyst. Kim et al. (2014) 

employed an NiSiO2 catalyst in a batch reactor to study the effect of temperature on 

the conversion of refined soybean oil during the production of renewable diesel. From 

the results, conversion increased from 50 to 95% when temperature was increased 

from 350°C to 400°C, where at 400°C the highest conversion was reached, and 

dropped to 89% with a further increase of temperature to 440°C. 

 

Šimácek et al. (2009) produced renewable diesel from rapeseed oil using an NiMo-

Al2O3 catalyst over a temperature range of 260°C to 340°C, at hydrogen flow of 7 MPa 

in a laboratory flow reactor. The results showed no reactants and intermediates in the 

final product at temperatures above 310°C, and therefore almost complete 

conversions were achieved. The study also revealed the strong dependence of 

conversion on temperature. Conversion increases with temperature, sometimes up to 

a point of complete conversion due the hydrocracking activity of the process 

(Bezergianni & Kalogianni, 2009). Endothermic reactions, decarbonylation and 

decarboxylation reactions during catalytic hydrotreating of triglycerides are favoured 
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when the temperature is increased, and therefore an improvement on conversion up 

to 100% at the highest temperature (Kim et al., 2013). 

 

Bezergianni et al. (2010) found the highest conversion of 90% at the lowest 

temperature of 330°C and observed a decrease in conversion as the temperature 

increases. This is attributed to side reactions that compete with desirable 

hydroprocessing reactions. However, at temperatures above 380°C, a conversion 

increase was observed. On the other hand, Zhang et al.'s (2014) results were not in 

agreement with what was found by Bezergianni et al. (2010). Zhang’s results showed 

an increase in conversion as temperature increased from 300°C to 375°C. This could 

be due to different catalyst and reactor types used as these affect the process 

performance. 

 

Typically, the main constituents of the liquid product are naphtha having a boiling 

temperature range of C5 to 160°C, kerosene (160°C to 240°C) and diesel fuel (240°C 

to 380°C). In contrast to conversion, the diesel fraction decreases with an increase in 

temperature due to the cracking of heavy fractions into lighter ones, such as kerosene, 

naphtha and components, which are gases at room temperature. Bezergianni et al. 

(2010) conducted a study on waste cooking oil at a temperature range of 330°C to 

398°C and the results revealed a decline in diesel, and an increase in gasoline as the 

temperature increased. Another study done by Sotelo-boyas et al. (2011) using 

rapeseed oil at hydroprocessing temperatures of 350°C to 400°C showed the 

decrease in diesel yield and an increase in kerosene yield as the temperature 

increased. A decrease in diesel yield was attributed to cracking reactions to produce 

lighter compounds, such as kerosene. 
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Table 2.1: Previous studies on the effect of temperature on hydrotreatment (conversion, yields and heteroatom) 

Feedstock Operating parameters Reactor type Catalyst Observation Source 

Waste soya oil T=350-380°C, P=5 MPa, 

residence time=2hr-1 

Fixed bed NiMo/Al2O3 Hydrodeoxygenation was the 

dominant reaction and 85-95% 

diesel fraction was attained as the 

catalyst was more selective towards 

diesel. 

Tiwari et al. (2011) 

Waste cooking 

oil 

T=310-350°C, P=8.2 

MPa, LSHV=1h-1, H2:oil= 

3000 scfh 

Fixed bed  NiMo/Al2O3 Sulphur, oxygen and nitrogen in the 

final product were 8.2 wppm from 

1300wppm, 0.7% from 10.7% and 

0.14 wppm from 151 wppm. 

Bezergianni, 

Dimitriadis & 

Chrysikou (2014) 

Waste cooking 

oil 

T=330-398°C, P=8.2 

MPa, LSHV=1h-1, H2:oil= 

4071 scfh 

Fixed Bed NiMo The resulting product showed 

isomerisation due to an increase in 

temperature. The amount of normal 

alkanes decreased, while iso-

alkanes increased with temperature. 

Bezergianni, 

Dimitriadis, 

Kalogianni et al. 

(2010) 

Vegetable oil T=623-673K P=1-20 MPa Batch reactor NiMo/Al2O3 Complete conversion of vegetable oil 

was evident from the results, which 

showed less to no peak of carboxylic 

acids. The product also contained 

normal alkanes with 96% 

composition 

Guzmào et al. (1989) 
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Feedstock Operating parameters Reactor type Catalyst Observation Source 

Soybean oil T=300-440°C, P=9.2 MPa Batch reactor NiSiO-Al2O3 Conversion increases with 

temperature until it reaches 

maximum point at 400°C. A further 

increase in temperature results in 

conversion decline. 

Kim et al. (2013) 

Soybean oil T=300-440°C, P=9.2 MPa Batch reactor CoMoS Conversion increases as the 

temperature increases and reaches 

a plateau at 400°C and above up to 

440°C. 

Kim et al. (2013) 

Waste cooking 

oil  

T=300-375°C Batch reactor Unsupported 

CoMoS 

At the highest temperature of 375°C, 

oxygen removal was approximately 

100%. Furthermore, the amount of 

hydrocarbons produced increased 

with an increasing temperature while 

the diesel yield decreased with 

temperature 

Zhang et al. (2014) 
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2.3.3.2 Pressure effect 

 

Hydrogen is normally utilised to pressurise the reactor to the desired reaction pressure 

and also influences the reaction pathway for triglycerides’ conversion to hydrocarbons 

(Kim et al., 2013). Hydrogen is supplied in excess to the reactor to compensate for 

saturation, hydrodeoxygenation and decarbonylation reactions and side reactions 

such as methanation. These reactions tend to consume hydrogen and decrease the 

initial pressure (Hancsók et al., 2012). The investigation of the effect of initial hydrogen 

pressure under an NiMo catalyst by Sotel-Boyas and co-workers (2011) reported that 

the appropriate pressure for the hydrotreatment of a triglyceride containing feed is in 

the range 8 to 10 MPa. Their study further reported that, when the hydrotreatment 

process was performed at initial hydrogen pressures below 8 MPa, partial solid 

products and a significant amount of saturated carboxylic acid were present in the 

effluent. 

 

2.3.3.2.1 The effect of pressure on conversion 

 

Srifa et al. (2014) hydrotreated palm oil for the production of biohydrogenated fuel over 

a continuous flow, fixed bed reactor over an NiMoS2/γ-Al2O3 catalyst. The investigation 

was conducted to evaluate the effect of pressure on conversion and product yields by 

varying pressure from 1.5 to 8 MPa at a temperature of 300°C. The results revealed 

the incomplete conversion of free fatty acids at 1.5 MPa as some Palmitic and stearic 

acids were found in the product after the reaction, but triglycerides conversion that 

was achieved was 100% for all the pressure ranges used in the investigation at a 

temperature of 380°C.  

 

Anand and Sinha (2012) also investigated the effect of pressure on the conversion of 

triglycerides using jatropha oil as a feedstock. The study was performed using a fixed-

bed reactor operating at temperatures from 320 to 360°C and pressures from 2 to 9 

MPa. The results when using a CoMo catalyst revealed an increase in conversion from 

91 to 98% with an increase in pressure. The reduction in hydrogen’s partial pressure 

hinders the mass transfer of hydrogen on the catalyst surface and reduces the catalyst 

activity, and consequently reduced conversion. 
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Phimsen (2011) used a variety of feedstock such as crude palm oil, degummed palm 

oil and palm fatty acid distillate to investigate the effect of pressure on feed conversion. 

The operating parameters of the investigation were a fixed temperature at 400°C and 

reaction time of one hour, with varying pressures from 2 to 6 MPa. The study was 

performed in a batch reactor using Pd/C as a catalyst. The analysis of the results 

revealed a strong dependence of conversion on pressure for all feedstock types. 

Conversion for degummed palm oil increased from 75 to 90% as pressure increased 

from 2 to 6 MPa. 

 

Sunflower oil was used by Kràr, Kovàcs and Kallo (2010) during hydrotreatment over 

a CoMo catalyst to investigate the effect of pressure on feed conversion. Pressure 

was varied from 2 to 8 MPa for a specific temperature. The analysis of results showed 

that at the temperature of 380°C, 100% conversion was attained. While for 

temperatures below 380°C, conversion increases with an increase in pressure. 

 

Yang et al. (2013) opted to hydroprocess C18 fatty acids as a feedstock to investigate 

the effect of pressure on conversion. The reaction operating parameters were 

temperature of 350°C while pressure was varied from 2 to 8 MPa over a NiW-SiO2-

Al2O3 catalyst. The results showed that the difference in pressure at 350°C had 

insignificant change in conversion as 100% conversion was achieved over the 

pressure range.  

 

2.3.3.2.2 Reaction pathways 

 

Like temperature, pressure also has a significant effect on the mole ratio of C15/C16 

and C17/C18
 produced via hydrotreatment. The decrease in the ratio when pressure is 

increased indicates the direct proportionality of pressure and hydrodeoxygenation. It 

also shows that decarboxylation and decarbonylation reactions are not favoured at 

high pressures. 

 

Kràr, Kovàcs and Kallo (2010); Phimsen (2011) and Kovács et al. (2011) all 

investigated the effect of pressure on the reaction pathway. All the results revealed 

the decrease in C15/C16 and C17/C18 as the pressure increases, indicating that the 

decarboxylation and decarbonylation reactions were not favoured at high pressures. 
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2.3.3.2.3 Liquid distribution 

 

The use of hydrogen in the hydrotreatment process is the economical limiting factor 

as its consumption increases the overall costs of the process. The increase in 

hydrogen’s partial pressure improves saturation and heteroatom removal, but also 

hydrogen consumption (Gary & Handwerk, 2001). To investigate the effect of pressure 

on the liquid product distribution, Kim et al. (2013) hydroprocessed soybean oil in a 

batch reactor over an Ni catalyst. The reactor operating temperature was fixed at 

400°C, while the initial hydrogen pressure was varied from 2.5 to 12 MPa. The diesel 

yield decreased with an increase in pressure from 9.2 to 12 MPa, while the jet fuel 

increased. 

 

Kiatkittipong et al. (2013) used palm fatty acid distillate to study the effect of pressure 

on liquid product distribution. The hydrotreatment study was carried out in a batch 

reactor over a Pd/C catalyst. The operating parameters were temperature at 375°C, 

residence time of 30 minutes and pressure was varied from 2 to 6 MPa. The results 

showed the decrease in diesel yield with an increase in pressure from 60% at 4 MPa 

to 30% at 6 MPa. On the other hand, the kerosene and naphtha yields increased with 

an increase in pressure.  

 

Bezergianni et al. (2011) hydrotreated waste cooking oil in the presence of commercial 

an NiMo/Al2O3 catalyst at a temperature of 370°C and initial hydrogen pressures of 

8.27, 8.96 and 9.65 MPa. The investigations were performed in a fixed bed reactor. 

The results showed a decrease in diesel yield with an increase in pressure.  

 

2.3.3.3 Catalyst type 

 

The catalytic activity yields products with different properties and quantities during the 

hydrotreatment of vegetable oils, depending on the nature of the catalyst. The nature 

of the catalyst comprises the composition of metal site, supported or unsupported and 

reduced or pre-sulphing method of activation. Mostly, the presulphided catalyst 

contaminates the product with sulphur, especially from feedstock that does not contain 

sulphur (Dundich et al., 2010; Şenol et al., 2007). The type of catalyst used in 

hydrotreating with a specific set of reaction parameters will lead to complex reactions 
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such as the saturation of double bonds, breakage of C–C bonds, heteroatom (sulphur, 

nitrogen, or oxygen) removal, isomerisation, and cyclisation (Huber et al., 2007). Many 

studies have been conducted to determine the effect of catalyst structure/composition 

and have been documented. 

 

In an effort to study the effect of catalyst type on liquid mass yield, Gong et al. (2012) 

used two NiMo catalysts with different Ni, Mo and P compositions and PtPd/Al2O3. The 

experiments were performed with jatropha oil in a fixed bed flow micro-reactor at a 

temperature of 350°C. The results after analysis showed the mass yield, which is 

closer together in the range of 81.2 to 83.9 wt% for all three catalysts. The interesting 

fact about the results was the significant amount of NiMo catalyst of 7.6 wt% while 

PtPd/Al2O3 produced 4.3 wt%. This change in water produced is due to different 

oxygen removal pathways that were followed by these catalysts. The PtPd/Al2O3 was 

mainly dominated by decarboxylation or decarbonylation, while hydrodeoxygenation 

was favoured by the NiMo catalyst, and consequently more water produced. 

 

The same team also evaluated the effect of different catalysts on the liquid yield. The 

results revealed the increase of naphtha and kerosene yields due to the cracking 

nature of the Al2O3 support. However, after adding phosphorus in various amounts, 

which increases the acidity of Al2O3, the C4 to C14 hydrocarbons decreased in the order 

NiMo (5.8wt% P) > NiMo (2.6wt% P)> PtPd/Al2O3 (0wt% P). The diesel yield of 97.48% 

was achieved when using PtPd/Al2O3 (0wt% P), a less acidic catalyst (Gong et al., 

2012). 

 

There are numerous studies that have been performed on the hydrotreatment of 

biomass over various types of catalysts, as shown in Table 2.2. 
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Table 2.2: Previous studies on the hydrotreatment of biomass and model compounds over different catalyst type 

Source Catalyst type Reactor type Feedstock Operating parameters Observation 

Kim et al. (2013) NiMo-Al2O3 Batch and 

continuous 

Soybean oil T= 300-440°C, P= 2.5-

12 MPa, time= 2 hrs 

Conversion increased with 

temperature in both reactor types. 

The amount of n-alkanes also 

increased with temperature. 

CoMo- Al2O3 

NiSiO2 Al2O3 

Sotelo-boyas et 

al. (2011) 

Pt/H-Y Batch Rapeseed oil T= 300-400°C,P= 5-11 

MPa, time= 3hrs 

The highest diesel yield was 

obtained when using Pt/HY, while 

Pt/H-ZSM-5 produced higher 

amounts of gasoline. Both these 

catalysts produced high amounts of 

isomers of alkanes as compared to 

NiMo catalyst. 

Pt/H-ZSM-5 

Zuo et al. (2012) 7 wt % Ni/SiO2 Semi batch Methyl 

palmitate 

T= 220°C,P= 2 MPa, 

time= 3hrs 

Conversions of 49.3% and alkane 

content of 90.7% were attained 

when using SiO2 as a support. The 

highest conversion of 100% was 

achieved over SAPO-11 support, 

while other support produced 

approximately 35-45% of lighter 

components (gases) 

7 wt % Ni/γ- Al2O3 

7 wt % Ni/SAPO-

11 

7 wt % Ni/HZSM-5 

7 wt % Ni/HY 

CoMo 

Liu et al. (2012) NiMoCe/Al2O3 Fixed-bed reactor Jatropha oil 
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Source Catalyst type Reactor type Feedstock Operating parameters Observation 

NiMo/Al2O3 T=280-400°C, P=3.5 

MPa 

The liquid consisted of 

naphtha/kerosene and diesel with 

diesel selectivity being the highest 

when using NiMoCe/Al2O3. 

Conversions of 97% were achieved 

with both sulphided NiMo/Al2O3 and 

NiMoCe/Al2O3. 

Sulphided Al2O3 

Bezergianni et 

al. (2011) 

NiMo Continuous Waste cooking 

oil 

T=370°C, P=8.27-9.65 

MPa, LHSV=1hr-1 

The diesel yield of 71.36% and 90% 

oxygen removal were observed. 

Removal of sulphur and nitrogen 

was 100% and 99.6%, respectively. 

The liquid fuel consisted of naphtha, 

kerosene and diesel. 

Kubicka et al. 

(2010); Kubicka 

et al. (2009) 

CoMo-Al2O3 Fixed-bed reactor Refined 

rapeseed oil 

T=300-320°C, P=2-11 

MPa 

The conversion obtained was 

higher when using an Al2O3 support, 

while MCM41 produced less 

oxygenates. The dominant 

reactions were decarboxylation and 

hydrodeoxygenation. 

CoMo-MCM41 

(silica) 
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2.3.3.4 Feedstock type 

 

Pure vegetable oil, animal fats, waste cooking oi, micro algal oill and palm oil, to 

mention few, contains fatty acids with carbon atoms normally ranging from C14 to C20 

with saturated and unsaturated bonds. Hydroprocessing of these fatty acids at suitable 

conditions yields hydrocarbons with the same number of carbon atoms or one less 

than the parent fatty acid. The chain length of carbon atoms and degree of saturation 

have a significant impact on the product yield. The hydroprocessing process 

transforms appropriate feedstock into fuels that are suitable as another source of 

energy. The transformation process is two fold, where one part involves pure 

vegetable oils and the other involves the co-processing with petroleum-based refinery 

cuts including heavy vacuum ones. The idea is also to minimise costs and use the 

existing refinery facilities to hydroprocess the vegetable oils; however, co-processing 

involves contaminants such as sulphur and gases that need to be separated from the 

system (Phimsen, 2011). 

 

2.3.3.4.1 Lipid based feedstocks 

 

Refined and crude vegetable oils, i.e. rapeseed, canola, sunflower, soybean, free fatty 

acids and palm oil were converted to straight chain alkanes by employing commercial 

hydroprocessing catalysts. Leng, Mohamed and Bhatia (1999) did a study to 

hydroprocess palm oil into renewable fuels and chemicals by passing the oil over a 

catalyst in a fixed-bed micro-reactor. The study was done over a temperature interval 

of 360 to 420°C and at atmospheric pressure. The analysis of the liquid product 

revealed the existence of components in the boiling temperature range of diesel, 

kerosene and gasoline, among other products.  

 

Toba et al. (2011) used trap grease and waste cooking oil in the hydroprocessing 

investigation to produce transportation fuel. The investigation was conducted in a 

batch reactor over commercial catalysts such as an NiMo and NiW. The process 

parameter ranges of temperature were 250 to 350°C and initial hydrogen pressure of 

7 MPa. From the results, 97.2% of normal paraffins were obtained at a temperature of 

300°C. 
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Kiatkittipong et al. (2013) studied the hydroprocessing of crude palm oil in a batch 

reactor over a commercial catalyst NiMo-Al2O3 at a temperature and pressure range 

of 250 to 450°C and 2 to 6 MPa. The yielded products from the investigation have 

boiling temperature ranges similar to those of naphtha, kerosene and diesel. The same 

team investigated the hydroprocessing of refined palm oil at temperature and pressure 

ranges of 250 to 450°C and 2 to 6 MPa, and the results showed similar products, 

although higher yields of fuel fractions, were obtained, as with crude palm. 

 

Srifa et al. (2014) in their study also used palm oil to investigate hydroprocessing in a 

continuous reactor over the NiMoS2-Al2O3 catalyst. The reaction parameters, 

temperature and pressure, were 270 to 420°C and 1.5 to 8 MPa, respectively. The 

analysis of the liquid product consisted of n-alkanes ranging from C8 to C18. 

 

Sagi et al. (2016) used sulphided NiMo/Al2O3 (2.4% Ni; 13.7% Mo) catalyst to upgrade 

or hydroprocess animal fats. The investigation was carried out in a 100cm3 continous 

tubular down flow reactor at a temperature and pressure ranges of 300 to 380°C and 

4 to 7 MPa respetively. The results showed conversions of 96 to 98% of triglycerides. 

 

Moreover, Biller et al. (2015) hydrothermally liquefied Chlorella at 350°C for 6minutes 

and produced bio-crude oil of which was subjected to hydroprocessing. The 

hydroprocessing study was conducted in a batch reactor over both commercial NiMo 

and CoMo catalysts at a temperatures of 305 and 405°C. Moreover, Duan & Savage 

(2011) hydrothermally liquefied microalga (Nannochloropsis sp.) to produce bio crude 

oil. The resulting bio oil was hydroprocessed over Pd/C catalyst in a stainless steel 

batch reactor at a temperature of 400°C and initial hydrogen pressure of 3.4 MPa. The 

results of hydroprocessing showed reduction in O/C and N/C ratios and improved 

higher heating value of 44 MJ/kg which was comparable to conventional diesel (44.8 

MJ/kg) 

 

Bezergiani & Kalogiani (2009) evaluated the suitability of waste cooking oil in 

hydroprocessing. The investigation was performed over a pre-sulphided catalyst in a 

continous system at a temperature ranges of 350 to 390°C and initial hydrogen 

pressure of 13.8 MPa. The results yielded diesel yields from 69 to 73% and increasing 

gasoline yields as the temperature increases. 
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2.3.3.4.2 Co-processing 

 

Recently, studies have been done on the co-processing of vegetable oils and vacuum 

gas oil in order to evaluate the feasibility of the process (Satyarthi et al., 2013). Huber, 

Connor and Corma (2007) reported liquid alkane’s production after hydroprocessing 

a mixture of sunflower oil and heavy vacuum oil over a sulphided catalyst. The process 

was conducted at a temperature range of 300 to 450°C and initial hydrogen pressure 

of 5 MPa. Another study done by Sebos et al. (2009) on the synthesis of renewable 

fuel from cottonseed oil mixed with petroleum diesel over a CoMo catalyst in the 

temperature ranges of 305 to 345°C, at initial hydrogen pressure of 3 MPa. The diesel-

like hydrocarbons with superior quality were synthesised. 

 

Satyarthi et al. (2014) mixed jatropha oil with diesel fractions from petroleum over both 

commercial and lab catalysts. The process operating parameters were temperature at 

350°C and initial hydrogen pressure of 5 MPa. The results revealed the existence of 

diesel-like hydrocarbons and their yield increased with an increase in the amount of 

jatropha added.  

 

There are numerous studies that have been performed on the hydrotreatment of 

various types of biomass and combination, as shown in Table 2.3. 
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Table 2.3: Previous studies on the hydrotreatment of biomass and combination of petroleum feedstock 

Feedstock Reaction parameters Catalyst Reactor type Observation Source 

Palm oil T=380-420°C, P=0.1 MPa HZSM-5 Fixed-bed 

micro-reactor 

Gasoline, kerosene and diesel 

range hydrocarbons were 

produced. At 400°C, 40 wt% of 

gasoline was attained 

Leng et al. (1999) 

Crude palm oil T=375-425°C, P=2-6 

MPa, time=1hr 

NiMo/γ-Al2O3 Batch reactor Above 80% conversions 425°C 

and diesel yield decreases with 

an increase in temperature. 

Kiatkittipong et al. 

(2013) 

Palm oil T=270-420°C, P=1.5-8 

MPa 

NiMoS2-Al2O3 Continuous Different reaction conditions, 

catalyst included, will follow HDC 

and HDO and with each having 

its optimal condition 

Srifa, 

Faungnawakij, 

Itthibenchapong, 

Viriya-Empikul et al. 

(2014) 

Waste cooking oil T=350°C, P=7 MPa, 

reaction time= 3hrs 

NiMo/Al2O3 and 

NiMo/B2O3-Al2O3 

Batch The n-alkane content of the 

produced liquid was above 90% 

for both catalysts. The liquid 

product did not contain any free 

fatty acids. 

Toba et al. (2011) 

Mixture T=350 P=5 MPa Sulphided NiMo/ 

Al2O3 

Tubular fixed-

bed reactor 

The hydrotreated products 

contained 95% fraction of the 

products having a boiling range 

below 380°C. This indicates that 

Satyarthi et al. 

(2014) 
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Feedstock Reaction parameters Catalyst Reactor type Observation Source 

the products are in the diesel 

range. The fraction decreased 

with the increase in vegetable 

oils in the HDS feed. 

Microalgal T=400°C, P=3.4MPa Pd/C Batch reactor An increase in O/C and N/C ratio 

and also improved higher 

heating values of 44MJ/kg 

Duan & Savage 

(2011) 

T=305-405°C NiMo Batch Liquid fuel having a temperature 

boiling range similar to petroleum 

diesel was produced 

Biller et al. (2015) 

Vegetable oils in 

heavy vacuum oil 

mixtures 

T=300-450°C, P=5 MPa Sulphided NiMo/ 

Al2O3 

Fixed-bed 

reactor 

The yield of straight-chain 

alkanes C15-C18, improved from 

75% when pure vegetable oils 

were used to 87% when a 

mixture of sunflower and HVO 

was used 

Huber & Corma 

(2007) 

Cottonseed oil and 

petroleum diesel 

mixture 

T=305-345°C, P=3 MPa CoMo/ Al2O3 Trickle bed  Triglycerides’ conversion of 

approximately 100% was 

obtained. The quality of the fuel 

was improved by enhancing the 

cetane number. 

Sebos et al. (2009) 
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Feedstock Reaction parameters Catalyst Reactor type Observation Source 

Waste cooking oil 

and SRGO mixture 

T=350°C, P=6 MPa CoMo/ Al2O3 Fixed-bed 

reactor 

The fraction of products having a 

boiling range <360°C decreased 

with increasing blending ratio. 

Dragomir et al. 

(2015) 
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The choice of feedstock and final product requirements will determine the type of 

catalyst and reaction parameters to be used during hydrotreatment. The impurities in 

the feedstocks, such as low quality/crude oils, will have a detrimental effect on the 

catalyst’s performance. In addition, the final product resulting from saturated feedstock 

such as palm oil will produce a product that differs in composition, such as the amount 

of cycloalkanes, from the unsaturated feedstock.  

 

2.4 Current trends in hydrotreating 
 

The complete cycle of producing or regenerating fossil fuels reserved for the 

production of transportation fuel, electricity generation, heating and industrial use 

takes millions of years. This puts the production of biofuels from biomass in a 

promising position as an alternative fuel supplement. The hydrotreatment of vegetable 

oils and animal fats is experiencing a great deal of attention as a technology to produce 

biofuels for transportation sector, both for aviation and land. Currently, the study of 

hydrotreatment processes is divided mainly into two main sections, namely suitable 

feedstock and appropriate catalyst, among other things. The feedstock section 

focuses on neat or refined vegetable oils, waste vegetable oils, FAME from 

transesterification, co-processing vegetable oils with petroleum feedstock to mitigate 

blending quality control, crude vegetable oil and low quality bio-oils (wood, micro-algal) 

from liquefaction and fast pyrolysis (Mohammad et al., 2013). 

 

Harnos et al. (2012) and Bezergianni, Dimitriadis and Chrysikou (2014) used neat 

sunflower oil and waste cooking oil respectively to produce renewable diesel. The 

former’s results showed 98.9% conversion and 54 wt% of C17 and C18 combined. Chen 

et al. (2015) hydrotreated fatty acids and methyl esters and achieved 85% conversion 

of the feedstock and 48 wt% of product in the diesel boiling range. Rana et al. (2013) 

successfully produced renewable liquid fuel by co-processing a mixture of waste 

vegetable oil and petroleum gas oil. The study yielded up to 90 wt% diesel and 10 to 

35 wt% kerosene. Biller et al. (2015) further hydroprocessed a product from 

continuous hydrothermal liquefaction of microalgae and yielded upgraded oils 

containing 25% gasoline and 50% diesel. The results also highlighted considerable 

reduction of nitrogen and oxygen. 
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Gunawan et al. (2013) produced bio-oil by fast pyrolysis in a fixed-bed reactor at 

500°C. The resulting bio-oil was further hydroprocessed using a Pd/C catalyst at 

300°C to improve its quality. The results revealed a considerable amount of 

components, including some cycloalkanes and alcohols, which were further broken 

down to alkanes.  

 

2.5 Challenges and future trends 
 

Both the biofuel and petroleum industries will encounter vegetable oil availability when 

coming to production and blending of biofuels produced from vegetable oils with 

conventional fuels. The issue of using edible oil will cause a commotion in the world 

as currently approximately 60% of the world population is living in impoverished 

environments and hunger (Balat, 2011). The other option will be the utilisation of non-

edible oils, but growing these oils will require space and water. The most promising 

non-edible oils or crops are micro-algal and corn stovers, which do not require a 

specific place to grow, and nutrients that could be used to grow the edible oils. 

Researchers are continuously looking for ways to increase the oil yields in non-edible 

oils (Mohammad et al., 2013). The nature of the triglycerides requires large pore size 

catalysts to mitigate diffusion limitation (Tiwari et al., 2011). 

 

The other challenge lies with the activation method of the commercial catalyst, such 

as CoMo and NiMo, where the presulphided catalyst contaminates the product with 

sulphur, especially in the feed containing less or no sulphur. This problem can be 

solved by using noble metals, but their costs render them less favourable. 

Furthermore, the oxygen content of the triglyceride is responsible for catalyst 

deactivation due to S-leaching on the surface of the catalyst (Tiwari et al., 2011). 

 

In the future, a considerable amount of research will be focusing on addressing the 

above-mentioned bottlenecks by finding suitable catalysts that will be able to handle 

the amount of water generated. Furthermore, since hydrogen is expensive and 

hydrotreating is a hydrogen intensive process, an alternative process that can produce 

required product with less hydrogen is needed. 
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2.6 Concluding remarks 
 

The choice of feedstock and final product requirements will determine the type of 

catalyst and reaction parameters to be used during hydrotreatment. The impurities in 

the feedstocks, such as low quality oils, will have detrimental effects on the catalyst’s 

performance. In addition, the final product resulting from a saturated feedstock such 

as palm oil will produce a product that differs in composition from that of an 

unsaturated feedstock. Utilising a feedstock with a high amount of unsaturated bonds 

yields a greater amount of cycloalkanes and alkylbenzenes relative to the shorter 

alkanes as compared to a feedstock with saturated bonds. 

 

The choice of reaction parameters is governed by fuel specification and demand. 

Harsh reaction parameters such as temperatures above 380°C have a negative effect 

on the amount of diesel produced and saturation. These parameters coupled with 

longer reaction times promote cyclisation and other side reactions.  

 

The choice of catalyst is also an important factor to consider in hydrotreatment, as the 

composition of the catalyst determines the hydrotreating and hydrocracking affinity of 

the catalyst. The selected choice of catalyst should be such that all the requirements 

are met, such as heteroatom removal, optimal feed conversion and minimisation of 

side reactions, such as methanation and others. 
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CHAPTER 3: 

3. RAW MATERIALS AND METHOD 
In this chapter, a brief description of materials and equipment used for the catalytic 

hydrotreatment of cottonseed oil is provided. A batch reactor operating at elevated 

pressures and temperatures was utilised in this study to investigate the production of 

renewable diesel from cottonseed oil. A description of the material used is provided in 

section 3.1, followed by the experimental setup and procedure in section 3.2. Sampling 

and sample preparation are discussed in section 3.3, while the analytical method of 

analysing samples is presented in section 3.4. 

3.1 Materials and reagents 

3.1.1 Raw materials 

 

Cottonseed oil procured from the local cotton industry was utilised as feedstock for 

this study. Ten litres of cottonseed oil were supplied for use in a hydrotreatment 

process for the production of renewable diesel. Table 3.1 shows the characteristics of 

the cottonseed oil used in this study. 

 

Table 3.1: Characterisation of cottonseed oil (g.kg-1) 

Property  Value (g.kg-1) Srivastava and 

Prasad (2000) 

Oil content  138  

Water content  1.5  

Fatty acids distribution 

Saturated acids (g.kg-1) 

Palmitic acid  C16 289 280 

Stearic acid  C18 2 10 

Unsaturated acids (g.kg-1) 

Palmitoleic acid  C16:1 7 0 

Oleic acid  C18:1 213 130 

Linoleic acid  C18:2 454 580 

Linolenic acid  C18:3 3 0 

 

The feedstock was used as supplied, without any modification or purification, except 

for thorough mixing prior to use. 
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3.1.2 Chemicals and gases used 

 

The oxygen-free atmosphere that is required for cottonseed oil hydrotreatment was 

achieved by purging the vessel with nitrogen, followed by either hydrogen or a mixture 

of hydrogen sulphide in argon, depending on the end-use requirements. The gases 

used during the activation of the catalyst and experiments were procured from African 

Oxygen Limited (Afrox) in South Africa. The chemicals used were procured from ACE 

(dichloromethane), Sigma Aldrich (methyl nonanoate), Fluka analytical (trimethyl 

sulfonium hydroxide) and Supelco (alkanes standards). A specification sheet depicting 

grade, purity, name and item number is provided in Table 3.2. 
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Table 3.2: Chemical and gases used in the hydroprocessing of cottonseed oil 

Reagent Chemical formula Material 

Number 

Purity (%) Supplier Purpose 

Nitrogen N2 511203-SE-C 99.999 Afrox Purging 

Hydrogen H2 510203-SH-C 99.999 Afrox Purging/reactant 

Hydrogen sulphide in 

argon 

H2S+Ar  14.9% vol. H2S and 

balance Ar 

Afrox Catalyst activation 

Dichloromethane CH2Cl2 75-09-2 ≥ 99 ACE Dilute samples for GC 

and GC/MS 

Methyl nonanoate CH3(CH2)7COOCH3 14120KSV ≥ 97 Sigma Aldrich Internal standard for GC 

analysis of oil 

Trimethyl sulphonium 

hydroxide 

TSH BCBK4340 0.25 M in methanol Fluka Analytical Oil derivitasation 

chemical for GC analysis 

Alkane standards C8 to C40 LC07087V 99.9 SUPELCO GC-MS calibration 

standards 
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3.2 Hydroprocessing 

3.2.1 Experimental setup 

 

The hydrotreatment reactions were conducted in a pressure vessel/reactor 

manufactured in-house using stainless steel SS316. The working volume of the 

reactor was 360 ml with the inner diameter and height of 50mm and 120mm, 

respectively. The wall thickness of the reactor was 20mm. The reactor was equipped 

with an electromagnetic stirrer, a heating jacket, a pressure relief valve and 

thermocouples. A three-dimensional representation of the reactor is shown in Figure 

3.1. A photo and a diagram of the experimental setup are shown in Figure 3.2 and 

Figure 3.3, respectively.  

 
Figure 3.1: Three-dimensional representation of the pressure vessel 
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Figure 3.2: Schematic diagram of the experimental set-up used in this study (Veriansyah et 

al., 2012). 

 

 
Figure 3.3: Pictorial view of the experimental configuration 
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3.2.2 Experimental method 

 

Figure 3.4 summarises the experimental procedure that was followed during the 

hydroprocessing of cottonseed oil for the production of hydrogenated bio-

hydrocarbons. 
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Figure 3.4: The block flow diagram depicting the hydroprocessing procedure followed in this study
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The vessel used in the hydrotreatment was cleaned and pressurised with nitrogen gas 

to test for leakages. The system fitting was periodically tested for leakages by applying 

a liquid leak detector. The leakages on the autoclave and the fittings were tightened. 

 

A known quantity of catalyst was loaded into the reactor prior to the start of each 

experiment. The reactor was tightly fastened to avoid air or oxygen getting into the 

reactor. Nitrogen was allowed to flow through the reactor for a minimum duration of 30 

minutes to remove air or oxygen that might be present in the reactor or on the catalyst 

surface (Wildschut & Heeres, 2010). In case of catalyst activation via reduction, 

hydrogen was utilised to remove nitrogen or purge the reactor environment to make it 

hydrogen-rich for a minimum period of 10 minutes after which the reactor was 

pressurised to 2 MPa. In the case of pre-sulphiding, a mixture of H2S in argon was 

used and reactor pressurised to 2.9 MPa. The heating element was switched on and 

set point adjusted to 400°C to allow the temperature to increase. The inside 

temperature of the reactor was maintained at the required set point for an hour. The 

reactor was allowed to cool down to room temperature by switching off the heating 

element. After reaching the desired temperature, the reactor was depressurised. 

 

A fixed mass of crude cottonseed oil (66 g) was introduced via a small opening into 

the reactor using a syringe through a septum to minimise contamination of the 

activated catalyst with oxygen. The reactor contents were purged with nitrogen and 

hydrogen for a minimum of 20 minutes and 10 minutes, respectively, to remove 

oxygen in the oil and nitrogen in the reactor (Romero et al., 2015). The pressure inside 

the reactor was elevated to 9 MPa and both the heating element and the magnetic 

stirrer were switched on to desired set values. The reaction was allowed to take place 

for the duration of one hour after which both the heating element and magnetic stirrer 

were switched off. Both liquid and gas products were collected for each run and 

analysed.  

 

The operating parameters in Table 3.3 were employed during hydroprocessing 

investigation. 
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Table 3.3: Reaction parameters 

Parameter Value (Range) Unit 

Temperature 390 to 410 °C 

Pressure 9 to 11 MPa 

Catalyst mass 5.8 g 

Oil volume 65 ml 

Catalyst:oil ratio 0.088 [-] 

Overall reaction time 2 hr 

 

3.3 Analysis 

3.3.1 Liquid product yields 

 

The liquid product yield was calculated by measuring the weight of the total contents 

of the reactor including catalyst and the mass of the cottonseed oil used in the reaction. 

The liquid product yield (g.kg-1) was calculated by using the following equation 

(Kikhtyanin et al., 2010): 

Liquid product yield =
Mf−mc

Mi
     (3.1) 

Where Mf is the final mass of the reactor contents after the reaction conductes at 390, 

400 and 410°C respectively, mc is the mass of the catalyst and Mi is the initial mass of 

cottonseed oil used. 

 

Liquid product yield does not describe the conversion of raw material to valuable 

products owing to some unconverted triglycerides, diglycerides and monoglyceride 

being present, but describes the efficiency of the process by indicating the amount of 

gas (by-product) produced. The amount of gas was calculated by difference. 

 

3.3.2 Fatty acids analysis 

 

Vegetable oils contain considerable amounts of fatty acids and free fatty acids 

depending on the quality of the oil. An Agilent 7890A gas chromatography was used 

to perform the fatty acids’ analysis of cottonseed oil according to the test method EN 

14103. The method requires the fatty acids to be converted to fatty acid methyl esters 

first by derivatisation and then the weight distribution of methyl esters was determined. 
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The gas chromatography for the analysis of methyl esters requires an internal 

standard prior to analysis. In this case, methyl nonanoate was an internal standard 

used. Equal volumes with respective masses of filtered cottonseed oil and tri-methyl-

sulphonium hydroxide solution (TMSH) were placed in a sample vial (100 µL of each). 

After vortexing the mixture, 100 µL of methyl ester, internal standard was added to the 

solution and the mixture was analysed by GC (Dron et al., 2004). 

 

The fatty acid methyl ester standards were used to calibrate the equipment. The 

calibration procedure for the gas chromatograph will be discussed in Appendix A. The 

gas chromatographic method used is summarised in Table 3.4. 

 

Table 3.4: Method for gas chromatography analysis 

Parameter Value 

Column Agilent HP-88 (100m length, 0.25mm diameter, 0.2 μm film) 

Carrier gas Helium 

Linear velocity 35 cm/s 

Inlet Split/splitless 

Split ratio 1/50 

Injection volume 1 μℓ 

Inlet temperature 250 °C 

Inlet pressure 381.98 kPa 

Oven temperature 100 °C for five minutes 

 ramp at 10 °C/minute to 120 °C, hold for one minute 

 ramp at 10 °C/minute to 175 °C, hold for ten minutes; 

 ramp at 5 °C/minute to 210 °C, hold for five minutes 

 ramp at 5 °C/minute to 230 °C, hold for five minutes 

Detector Flame Ionisation Detector at 350 °C 

Detector gas flows Hydrogen: 40mℓ/min; air: 400mℓ/min 

Internal standard Methyl nonanoate 

Solvent for needle washes Dichloromethane 
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3.3.3 Liquid product analysis  

 

The liquid product was analysed, quantifying and qualifying, using GC-MS (Agilent 

7890A, 5975C inert MSD with triple axis detector) fitted with an HP5-MS column. 

Simulated distillation (SimDist) curves were compiled to characterise the liquid product 

in terms of boiling point ranges, and the yields of different SimDist, as it is popularly 

known, are widely used in the petroleum industry or for research purposes to simulate 

time consuming physical distillation. The process uses the difference in boiling points 

of n-alkanes as it separates them with an increasing temperature. The calibration 

standard containing normal alkanes from C8 to C40, obtained from Supelco, 

Pennsylvania, USA, was used to calibrate the GC-MS using the method based on 

ASTM_Standard_D7213 (Bachler, Schober & Mittelbach, 2010). A 100 µL of 

renewable diesel sample was transferred into a sample vial. The vial contents were 

diluted by adding approximately 1000 µL of dichloromethane (DCM). The mixture was 

then vortexed and analysed by GC-MS (Capunitan and Capareda, 2014). The SimDist 

experiments or measurements were performed at the laboratory of the School of 

Chemical and Mineral Engineering of the North-West University, Potchefstroom 

Campus. 

 

The calibration procedure for the gas chromatograph is in Appendix A. The GC-MS 

method of analysis is provided in Table 3.5 and a pictorial view in Figure 3.5, 

respectively. 

Table 3.5: Method for GC-MS 

Parameter Value 

Column Agilent 19091S (30 m Length, 0.25 mm Diameter, 0.25 µm film 

Carrier gas Helium 

Linear velocity 35 cm/s 

Inlet Split/splitless 

Split ratio 1/50 

Injection volume 1 µL 

Inlet temperature 250 °C 

Inlet pressure 29.67 kPa 

Oven temperature 35 °C for 2 minutes 

  ramp at 5 °C/minutes to 320 °C, hold for 10 minutes 

Solvent for needle washes Dichloromethane 
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Figure 3.5: Agilent 7890 gas chromatograph with mass spectrometry 

 

3.3.4 Gas product analysis 

 

The gaseous product composition or distribution was analysed with the aid of gas 

chromatography (GC) equipped with thermal conductivity detector (TCD) and flame 

ionisation detector (FID). The GC was employed to quantify amounts of methane, 

ethane, propane, butane, carbon dioxide, carbon monoxide, hydrogen sulphide and 

hydrogen. The gas chromatograph was calibrated using gas standards acquired from 

Methason, USA. The GC was calibrated prior to each experiment with a calibration 

mixture of hydrogen, carbon monoxide, carbon dioxide, butane, ethane, propane, 

hydrogen sulphide, nitrogen, oxygen and methane. 

 

The gas samples were collected directly from the autoclave gas line fitted onto the 

equipment and injected into the gas chromatography. The acquired sample was also 

utilised to purge or remove contaminants on the line. The sample was obtained by 

opening a valve to allow the sample to enter the sampling tube and once the sample 

is collected, the valve will be closed to prevent another sample from getting in the 

sample tube (Capunitan & Capareda, 2014). 
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The calibration procedure for the gas chromatograph is discussed in Appendix A. The 

gas chromatographic method that was used is summarised in Table 3.6. 

 

Table 3.6: Method for gas chromatography analysis 

Parameter Item/value Unit 

Column GS-GASPRO  

Inlet Split/splitless  

Split ratio 100:1  

Inlet temperature 200 °C 

Head pressure 22.5 kPa 

Oven temperature 

programme 

30°C for 3 minutes 

Elevate at 25°C.min-1 to 175°C, hold for 2 minutes 

Ramp at 25°C.min-1 to 250°C 

 

Detectors Flame Ionisation detector 

TCD 

 

FID temperature  300 °C 

TCD temperature 155 °C 

FID gas flow Ref flow: 20ml.min, He (make up):10ml.min  

TCD gas flow H2: 40ml.min, air: 450ml.min-1, He (make up):10ml.min-

1 
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CHAPTER 4:  

4 RESULTS AND DISCUSSION 
 

In this chapter, the results obtained in this study are presented. In section 4.1, the 

effect of temperature and pressure on conversion, liquid product yield and reaction 

pathways is described when NiSiO2 was used as a catalyst. The results obtained when 

the NiMo catalyst was used are presented in section 4.2, while those for CoMo are 

presented in section 4.3. The summary of the catalyst performance is presented in 

section 4.4. 

 

4.1  Ni/SiO2 catalyst results 

4.1.1 Effect of temperature and pressure on the feed conversion 

 

Simulated distillation was employed to determine the conversion of cottonseed oil to 

liquid fuels. The conversion was defined as the mass of cottonseed oil converted to 

liquid fuel with a boiling range less than 370°C. Conversion determination using 

simulated distillation was based on the assumption that the liquid product has 

negligible amounts of oxygenates (Veriansyah et al., 2012). The other method of 

calculating conversion, which takes into account the amount of gas produced, is 

discussed in Appendix A.2. The effect of temperature and pressure on triglycerides 

conversion over a Ni/SiO2-Al2O3 catalyst is presented in Figure 4.1. 
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Figure 4.1: Influence of temperature and pressure variations on feed conversion (■-9 MPa, 

■-10 MPa, and ■-11 MPa) 

 

The conversion increased with an increase in temperature from 94.5% at 390°C to 

99.9% at 400°C, then decreased with a further increase in temperature for all initial 

hydrogen pressures investigated. The maximum conversion (99.9%) was attained with 

the lowest pressure of 9 MPa and at a temperature of 400°C. The increase in 

conversion when the temperature was increased from 390°C to 400°C was due to the 

dominancy of both decarboxylation and decarbonylation reactions, which are 

endothermic reactions. The explanation for the decrease in conversion when 

temperature was increased from 400°C to 410°C was due to the water gas shift 

reaction that produces water. The production of water during hydrotreating leads to 

the poisoning and deactivation of the catalyst (Kim et al., 2013). 

 

On the other hand, the conversion of cottonseed oil decreased with an increase in 

pressure at constant temperature. The conversion decreased from 95 to 86% when 

the pressure was increased from 9 to 11 MPa. Ideally, the increase in initial hydrogen 

pressure should improve conversion, but side reactions, including the methanation 

and water gas shift reactions (see equation 2.3), can consume hydrogen to produce 

methane. Compositional analysis of the gas product showed an increase in methane 
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content when the pressure was increased from 9 to 10 MPa with the gas product 

formed at 10 MPa containing approximately 35 to 40% of methane. This confirms the 

lower conversion with an increase in pressure due to methanation. The endothermic 

reactions, decarboxylation and decarboxylation, are less favoured at high pressures 

and therefore the hydrodeoxygenation reaction is favoured, which should result in 

more water forming and less liquid fuel product due to the deactivation of the catalyst 

(Kim et al., 2013). 

 

4.1.2 Effect of temperature and pressure on the liquid and gas yield 

 

The most prominent variables in the hydroprocessing of triglycerides are temperature 

and pressure, which, when adequately utilised, describe the efficiency of the process 

and the effectiveness of the catalyst. The effect of temperature and pressure variation 

on the liquid product yields when the NiSiO2-Al2O3 catalyst was used is presented in 

Figure 4.2. 

 
Figure 4.2: Influence of temperature and pressure on both liquid and gas product yields 

(liquid phase (■ 9 MPa, ■10 MPa, ■ 11 MPa) and gas phase (■ 9 MPa, ■10 MPa, ■ 11 MPa) 
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The liquid product yield decreased from 786g.kg-1 at 390°C to 590g.kg-1 at 410°C at a 

constant initial hydrogen pressure of 9 MPa. The highest liquid product yield of 

786g.kg-1 was obtained at the lowest temperature of 390°C and pressure of 9 MPa, 

while the highest gas product yield was achieved at the highest temperature and 

pressure 410°C and 11 MPa, respectively. The reduction in the liquid product yield 

with both temperature and pressure increase is due to cracking reactions, which are 

favoured at high temperatures and pressures. Cracking reactions result in light 

molecules that are normally gases at room temperature and standard pressures, and 

consequently an increase in gas yields (Hancsók et al., 2007; Pinto et al., 2014). The 

gas product yield increased from 21% at 390°C to 32% at 410°C. The composition of 

the gaseous product consisted mainly of methane (35% mole), CO, CO2, ethane (1%), 

propane (5%) and butane (<1% mole). The high amounts of methane and propane 

might have resulted from methanation and cracking of the glycerol backbone as well 

as from cracking of heavier alkane chains. 

 

4.1.3 Effect of temperature and pressure on reaction pathways 

 

The hydroprocessing of triglycerides over a catalyst in the presence of hydrogen 

consists of a series of reactions and pathways. The possible pathways that can take 

place during hydroprocessing are depicted in Figure 4.3. 
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Figure 4.3: Possible reaction pathways followed during hydrotreatment of triglycerides over 

hydrotreating catalyst (Kim et al., 2014; Veriansyah et al., 2012) 

 

During hydrotreatment, triglycerides containing double bonds are saturated with the 

aid of hydrogen. The resulting saturated triglycerides are further cracked to free fatty 

acids and propane. As the reaction progresses, the oxygen contained in the fatty acids 

is removed either by hydrodeoxygenation or decarbonylation/decarboxylation to 

produce straight-chain alkanes. Both hydrodeoxygenation and decarbonylation 

require hydrogen to remove oxygen from the fatty acids. The resulting allkanes, 

depending on the reaction parameters and catalyst type, will further be transformed 

into isomers, aromatics, light hydrocarbons and cyclocompounds (Kim et al., 2014; 

Mohammad et al., 2013; Veriansyah et al., 2012). 

 

An appropriate insight into some of the reaction routes followed during the 

hydrotreatment of triglycerides can be extracted from the respective reactor pressure 

and temperature profile changes. Figure 4.4 shows the pressure and temperature 

profile during hydrotreatment of cottonseed oil over an Ni/SiO2-Al2O3 catalyst.  
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Figure 4.4: Representative pressure and temperature profile over time during 

hydroprocessing of cottonseed oil at 400°C and 9 MPa employing NiSiO2-Al2O3 as a catalyst 

(♦-pressure, ■-temperature) 

 

As shown in Figure 4.4, two significant reactor pressure drops were observed with an 

increase in reactor temperature. The first reactor pressure drop from 9 to 6.5 MPa was 

observed at a temperature of approximately 130°C. At that temperature, the double 

bonds in the triglycerides were saturated with hydrogen to form hydrogenated 

triglycerides. A C/H molar ratio change from 0.55 of cottonseed oil to 0.47 of product 

at 410°C after the reaction comfirms hydrogenation took place, which was one of the 

possible reactions (see Figure 4.3). The increase in reactor pressure from a 

temperature of 130°C to 271°C was due to an increase in temperature and no 

considerable transformation of reaction mixture took place (Gusmào et al., 1989). As 

temperature is increased further, the second reactor pressure drop from 8.6 to 6.5 

MPa is observed at a temperature of 357°C. This second pressure drop is a 

consequence of hydrogen consumption via transformation of hydrogenated 

cottonseed oil triglycerides into various products, intermediates and by-products. An 

analysis of the liquid and gaseous products showed the presence of fatty acids, 

propane, CO and CO2, confirming the cracking of the triglycerides into glycerol and 

hydrogenated fatty acids(Frety et al., 2011; Veriansyah et al., 2012). 
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4.1.3.1 Analysis of deoxygenation pathways 

 

The ratio of C17/C18 resulting from the mass of C17 and C18 produced provides an 

indication of which reaction pathway was dominant. The effect of temperature and 

pressure on the C17/C18 ratio is provided in Figure 4.5. 

 
Figure 4.5: Effect of temperature and pressure on C17/C18 ratio during hydrotreatment of 

cottonseed oil in the presence of NiSiO2-Al2O3 catalyst (■-9 MPa, ■-10 MPa and ■-11 MPa) 

 

The C17/C18 ratio decreased with the increase in temperature at both constant 

pressures of 9 MPa and 10 MPa, respectively. At a higher initial hydrogen pressure of 

11 MPa, the C17/C18 ratio increased with an increase in temperature. The decrease in 

C17/C18 ratio with an increase in temperature indicates that 

decarboxylation/decarbonylation is not favoured at higher temperatures (Smejkal et 

al., 2008). However, since the ratio of the C17/C18 is more than 1 and the amount of 

C17 produced was higher than C18 started with indicates that the 

decarboxylation/decrabonylation pathways were dominant during this reaction. The 

analysis of the gas product showed that CO and CO2 were produced. The occurrence 

of side reactions such as methanantion and water-gas shift reaction consumes CO 

and CO2 produced, and therefore the amounts of CO and CO2 cannot solely be used 

to identify the reaction route that was dominant (Veriansyah et al., 2012). 
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The C17/C18 ratio decreases with an increase in presssure from 9 MPa to 10 MPa at a 

constant reaction temperature. The decrease in the C17/C18 ratio indicates that 

decarboxylation and decarbonylation are less favoured at higher pressures. The 

chosen set of initial hydrogen pressure, however, favours decaboxylation and 

decarboxylation as opposed to hydrodeoxygenation, as all ratios were higher than 1 

(Guzman et al., 2010).  

 

4.1.3.2 Side reaction  

 

A number of side reactions can occur during the hydrotreatment of cottonseed oil over 

a catalyst. The principal side reactions that can occur are mainly isomerisation, 

aromatisation, cyclisation and olefin formation. The effect of temperature and pressure 

on the formation of side products is presented in Figure 4.6. 

 
Figure 4.6: Effect of temperature and pressure on the liquid composition for hydro-treated 

cottonseed oil in the presence of NiSiO2-Al2O3 (■-n-alkanes, ■-iso-alkanes, ■-olefins, ■-

aromatics and ■-cyclic compounds) 

 
The n-alkanes decreased marginally with an increase in both temperature and 

pressure. The reduction in n-alkanes with temperature increase was attributed to 

cracking of the heavy molecules into lighter coumpounds. On the other hand, there 

was a slight increase in iso-alkanes when both both temperature and pressure were 

increased. The formation of iso-alkanes results in improved fuel cold flow properties. 
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The liquid product did not flow easily at lower temperatures, probably due to a lesser 

amount of iso-alkanes present. Additionally, the effect of pressure when the pressure 

was increased from 9 to 11 MPa was insignificant on both the formation of n-alkanes 

and iso-alkanes. The formation of olefins decreased significantly with temperature and 

pressure. This could be due to the activity of the hydrocracking catalyst improving at 

harsh reaction conditions and the increase in hydrogen partial pressure (Hancsók et 

al., 2007). 

 

4.1.4 Effect of temperature and pressure on fuel yields 

 

Simulated distillation data was utilised to determine the fuel yields from the total liquid 

product. Diesel, for this particular study, was defined as a fraction of the total liquid 

that has a boiling temperature range between 240 and 370°C, while kerosene was 

taken to be the fraction with a boiling point range of 160 to 240°C. Naphtha was defined 

as a liquid having a boiling temperature range of less than 160°C, starting from C5 

(Bezergianni et al., 2010). 

 

The influence of temperature and pressure on fuel yield is presented in Figure 4.7. 

 

Figure 4.7: Influence of pressure and temperature on the fuel yields from hydro-treated 

cottonseed oil over NiSiO2-Al2O3 (■naphtha, ■kerosene and ■diesel)  
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The diesel yield decreased with an increase in temperature and pressure for all the 

temperatures and pressures investigated. The diesel yield decreased from 493g.kg-1 

at 390°C to 325g.kg-1 at 410°C at a constant initial hydrogen pressure of 9 MPa. On 

the other hand, keeping temperature constant at 390°C, the diesel yield decreased 

from 493g.kg-1 at 9 MPa to 291g.kg-1 at 11 MPa. The diesel yield reduction, as 

temperature and pressure increases, is due to the cracking of not only heavy 

molecules, but also the diesel compounds to lighter ones (Bezergianni, Dimitriadis, 

Sfetsas, et al., 2010).  

 

The amount of kerosene formed slightly increased with an increase in temperature. 

The yield of kerosene increased from 180g.kg-1 to 220g.kg-1 with an increase in 

temperature. Naphtha yield increased when the temperature was increased from 390 

to 400°C. The increase in kerosene and naphtha with an increase in temperature is 

mainly due to the cracking of larger molecules produced to produce naphtha and 

kerosene. However, a sudden decrease in naphtha is attributed to the cracking of 

naphtha into gases such as butane, ethane and methane (Wang, 2012).  

 

4.2 NiMo-Al2O3 catalyst results 

4.2.1 Influence of temperature and pressure on feed conversion 

 

The data from mass spectrometry was used to measure or calculate the conversion 

of the hydro-treated cottonseed oil over a NiMo-Al2O3 catalyst to produce compounds 

having a boiling point range less than 370°C. The same assumptions as with Ni/SiO2-

Al2O3 were also used for this type of catalyst. The influence of temperature and 

pressure on the feed conversion when the NiMo-Al2O3 was used as a catalyst is 

presented in Figure 4.8. 
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Figure 4.8: Temperature and pressure variation effect on cottonseed oil conversion (■ 9 

MPa, ■10 MPa, ■ 11 MPa) 

 
All conditions, temperatures and pressure variations investigated resulted in almost 

complete conversion of the feed. The conversion slightly increased with an increase 

in temperature from 99% at 390°C to 99.75% at 410°C at a constant initial hydrogen 

pressure. The highest conversion was obtained at the highest pressure of 11 MPa and 

at a temperature of 410°C. The increase in conversion, with an increase in 

temperature from 390°C to 410°C at a fixed pressure, was insignificant, as values of 

99% and above were obtained for all temperatures investigated. The increase in 

conversion when temperature was increased was due to decarbonylation and 

decarboxylation reactions being favoured at higher temperatures. Both 

decarboxylation and decarbonylation are endothermic reactions, and therefore the 

increase in temperature will increase conversion (Kim et al., 2013; Levenspiel, 1999). 

Compositional analysis of the gas product showed an average methane content of 

approximately 2% and less as the temperature increased from 390 to 410°C. The 

amount of methane produced from methanation minimises the consumption of 

hydrogen and makes it available for deoxygenation reactions. 

 

At a constant temperature of 410°C, the conversion increased from 99.7% at 9 MPa 

to 100% at 11 MPa. The initial hydrogen pressure change from 9 to 11 MPa at a 
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constant reaction temperature has an insignificant effect on the conversion. The 

increase in conversion when the pressure was increased from 9 to 11 MPa was 

probably due to enhanced hydrogen mass transfer on the catalyst surface, resulting 

in maximised use of hydrogen for deoxygenation reactions (Srifa et al., 2014). 

Although side reactions such as methanation and water gas shift reactions consume 

hydrogen, the composition analysis of the gas product showed that methane (2 mole 

%) was produced in smaller quantities when the NiMo catalyst was used. The NiMo 

catalyst is well known for its resistance to methane formation reactions (Veriansyah et 

al., 2012).  

 

4.2.2 Effect of temperature and pressure on the liquid and gas yield 

 

The influence of temperature and pressure on the liquid product yields when the NiMo-

Al2O3 catalyst was used is presented in Figure 4.9.  

 
Figure 4.9: Influence of temperature and pressure on both liquid and gas mass yields (liquid 

phase (■ 9 MPa, ■10 MPa, ■ 11 MPa) and gas phase (■ 9 MPa, ■10 MPa, ■ 11 MPa) 

 

The liquid product yield did not vary significantly when the temperature and pressure 

were increased. The liquid product yield decreased from 811g.kg-1 at 390°C to 

798g.kg-1 at 410°C at a constant initial hydrogen pressure. The reduction in liquid 
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product yield when the temperature was increased from 390 to 410°C was due to 

cracking. The NiMo-Al2O3 catalyst is a typical hydro-treatment catalyst, and from there 

a trivial change in liquid product yield was expected. This can be supported by the 

amount of gaseous product from the total feed of 18% at 390°C to 19% at 410°C (Azizi 

et al., 2013). The utilisation of the NiMo catalyst resulted in less than 10 wt% of lighter 

hydrocarbons such as methane, ethane, propane and butane combined. The 

composition of the gaseous product evidently confirmed that cracking happened to a 

lesser extent when the NiMo catalyst was used when compared to an NiSiO2 catalyst.  

 

The effect of pressure at the constant temperature showed a similar trend as 

temperature, but with a lesser effect of cracking. The reduction in liquid product yield 

was from 811g.kg-1 to 802g.kg-1 as the pressure was increased from 9 to 11 MPa at 

390°C. The explanation of changes in liquid product yield as the pressure increased 

was due to cracking reactions . 

 

4.2.3 Effect of temperature and pressure on reaction pathways 

 

The temperature and pressure profile during hydrotreatment of cottonseed oil over an 

NiMo-Al2O3 catalyst is presented in Figure 4.10. 

 
Figure 4.10: Representative pressure and temperature profile over time during 

hydroprocessing of cottonseed oil at 400°C and 9 MPa employing NiMo-Al2O3 as a catalyst 

(♦-pressure, ■-temperature) 
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The reactor pressure increased with the reactor temperature as the reaction 

progressed up to 230°C. The increase in the reactor pressure was mainly due to the 

reactor temperature increase and no considerable conversion of cottonseed oil was 

experienced (Gusmào et al., 1989). As the reactor temperature is allowed to increase 

further, from 230 to 390°C, a significant drop in pressure was observed. This reactor 

pressure drop is analogous to hydrogen consumption by saturation and 

deoxygenation (Kim et al., 2014). The decrease in O/C molar ratio from 0.08 of feed 

to 0.005 of product confirms that deoxygenation took place. The C/H ratio for the 

alkanes was 0.25, while the C/H ratio of the cottonseed oil was 0.55. 

 

4.2.3.1 Analysis of deoxygenation pathway 

 

Figure 4.11 shows the effect of temperature and pressure on the reaction pathway 

followed when cottonseed oil was hydrotreated over an NiMo catalyst.  

 

 
Figure 4.11: Effect of temperature and pressure on the C17/C18 ratio when employing NiMo-

Al2O3 as a catalyst (■-9 MPa, ■-10 MPa, and ■-11 MPa) 

 

The n-C17/n-C18 ratio increased with an increase in temperature at a constant initial 

hydrogen pressure. The increase in n-C17/n-C18 ratio with an increase in temperature 

indicates the decarboxylation and decarbonylation reactions were favoured at higher 

temperatures over an NiMo catalyst. The interesting fact about the results is that at 
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the lowest temperature of 390°C and initial hydrogen pressure of 11 MPa, 

hydrodeoxygenation was more favoured as it can be seen from the ratio C17/C18 being 

less than 1 (Laurent & Delmon, cited in Mohammad et al., 2013).  

 

This is also attributed to the supply of an excess of hydrogen to compensate for side 

reactions at a lower temperature of 390°C. Compositional analysis of the gas product 

showed CO, CO2 and methane were produced. The methane content of the gas 

product was approximately 2% at all temperatures investigated. This showed the 

resistance of NiMo to the methanation reaction (Veriansyah et al., 2012).  

 

At a constant temperature, the n-C17/n-C18 ratio decreased with an increase in 

pressure. The decrease in C17/C18 ratio indicates that decarboxylation and 

decarbonylation are less favoured at higher pressures. At the lowest temperature of 

390°C, the increase in pressure from 9 to 10 MPa showed the diminishing of 

decarboxylation and decarbonylation. A further increase in pressure to 11 MPa 

resulted in the C17/C18 ratio being less than 1. This showed that hydrodeoxygenation 

was more favoured at the lowest temperature and highest pressures. The decrease in 

the C17/C18 ratio with an increase in pressure is due to the hydrodeoxygenation 

reactions being more favoured at lower temperatures and high initial hydrogen 

pressure (Laurent & Delmon, cited in Mohammad et al., 2013).  

 

4.2.3.2 Side reaction products occurrence 

 

The variations in the reaction parameters determine the composition of the final liquid 

product. The analysis of the liquid product distribution consisting of n-alkanes, iso-

alkanes, olefins, cyclocompounds and aromatics is provided in Figure 4.12. This 

analysis was based on the qualitative basis using % peak area (greater than 90% were 

selected) from GC-MS data. 
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Figure 4.12: Effect of temperature and pressure on the liquid product distribution for hydro-

treated cottonseed oil (■-n-alkanes, ■-iso-alkanes, ■-olefins, ■-aromatics and ■-cyclic 

compounds) 

 

As shown in Figure 4.12, an increase in the reaction temperature from 390 to 410°C 

at a constant initial hydrogen pressure resulted in a decrease in n-alkanes and an 

increase in iso-alkanes. The decrease in n-alkanes with an increase in temperature is 

probably due to the cracking of lighter components and isomerisation reactions. The 

decrease of isoalkanes at temperatures above 400°C is mainly due to the cracking of 

iso-alkanes due to their instability. This could be explained by an increase in the peak 

area% of the iso-alkanes and above 400°C a decrease in isoalknes is experienced 

(Verma et al., 2015). Furthermore, an increase in pressure from 9 to 11 MPa resulted 

in a significant decrease in n-alkanes, while the iso-alkanes increased slightly. The 

decrease in alkanes with an increase in pressure is due to the cracking of alkanes 

(Gary & Handwerk, 2001). These changes are promoted by cracking reactions and 

the fact that pressure has a minimal effect on isomerisation (Kovács et al., 2011).  

 

The liquid product contained olefins at the lowest temperature of 390°C at all pressure 

ranges. The olefin content decreased with an increase in temperature. The Mo base 

catalysts, in this case NiMo-Al2O3, hydrogenation reaction takes place at higher 

temperatures of around 400°C (Figure 4.10), and therefore a decrease in the olefin 
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content with an increase in temperature. Likewise, the olefin content decreased with 

an increase in initial hydrogen pressure at a constant temperature. The olefin content 

decreased from 3.4 peak area % to 2.4 peak area % when the pressure was increased 

from 9 to 11 MPa. This is probably due to the significant amount of hydrogen supplied 

to help saturate the double bonds (Kim et al., 2014). 

 

The aromatic and cyclic compounds of the liquid product were found to increase with 

an increase in both the temperature and pressure. An increase in temperature from 

390 to 410°C at a constant initial hydrogen pressure resulted in an increase in aromatic 

content from 4 % peak area to 8.1 % peak area. The formation of aromatics, at severe 

conditions and long residence time, resulted from the aliphatic hydrocarbons (Pinto et 

al., 2014). 

 

4.2.4 Effect of temperature and pressure on fuel yields 

 

The influence of temperature and pressure on the fuel yields was studied at various 

temperatures and pressures. The effect of temperature and pressure on fuel yields is 

presented in Figure 4.13.  

 

Figure 4.13: Effect of temperature and pressure on the fuel yields from the hydro-treated 

cottonseed oil over a NiMo-Al2O3 catalyst (■-naphtha, ■-kerosene and ■-diesel) 
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The diesel yield decreased slightly with an increase in temperature. The diesel yield 

decreased from 493g.kg-1 at 390°C to 320g.kg-1 at 410°C at a constant pressure of 9 

MPa. The decrease in diesel yields with an increase in temperature is due to the 

cracking of diesel molecules into lighter molecules. On the other hand, the yields of 

both kerosene and naphtha increased with an increase in temperature. The yields of 

both the kerosene and naphtha increased from 234 to 282 g.kg-1 and 89 to 118 g.kg-

1, respectively as the temperature increases from 390 to 410°C. The increase in 

naphtha and kerosene resulted from the cracking of diesel molecules into lighter 

components, and consequently an increase in both naphtha and kerosene yields 

(Bezergianni et al., 2009).  

4.3 Results for CoMo-Al2O3 catalyst 

 

4.3.1 Influence of temperature and pressure on feed conversion 

 

The conversion of cottonseed oil during the hydrotreatment process over CoMo-Al2O3 

was determined by using data from GC-MS. The effect of temperature and pressure 

on triglycerides conversion over a CoMo-Al2O3 catalyst is presented in Figure 4.14. 

 

 
Figure 4.14: Influence of temperature and pressure on the conversion of cottonseed oil to 

fuel (■-9 MPa, ■-10 MPa, and ■-11 MPa) 
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The conversion increased with an increase in temperature from 96.5% at 390°C to 

99.2% at 410°C at a constant initial hydrogen pressure of 9 MPa. The highest 

conversion was obtained at the lowest pressure of 9 MPa and at a temperature of 

410°C. The increase in conversion when temperature was increased was due to 

decarbonylation and decarboxylation reactions being favoured at higher temperatures. 

These reaction are endothermic, and therefore the increase in temperature will 

increase conversion (Kim et al., 2013; F Pinto et al., 2013). 

 

In contrast to the effect of temperature, the conversion decreased with an increase in 

the initial hydrogen pressure at a constant reaction temperature. The conversion 

decreased from 97% at 9 MPa to 93% at 11 MPa at a constant reaction temperature. 

The reduction in conversion as pressure was increased was due to the 

decarboxylation and decarbonylation reactions being less favoured and promoting of 

hydrodeoxygenation. The hydrodeoxygenation reaction, which is favoured at high 

pressures, removes oxygen from triglycerides in the form of water, which, in turn, 

poisons and deactivates the catalyst (Kim et al., 2013; Kràr et al., 2010). 

 

4.3.2 Effect of temperature and pressure on the liquid and gas yield 

 

A variety of experiments were performed to evaluate the effect of temperature and 

pressure on the liquid product and gas yields during the hydroprocessing of 

cottonseed oil over a CoMo-Al2O3 catalyst. Figure 4.15 presents the influence of 

temperature and pressure on the liquid product yield.  
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Figure 4.15: Effect of pressure and temperature on liquid and gas product yield (liquid (■-9 

MPa, ■-10 MPa and ■-11 MPa) and gas (■-9 MPa, ■-10 MPa and ■-11 MPa)). 

 

The liquid product yield slightly decreased with an increase in temperature and 

pressure. The liquid yield decreased from 825g.kg-1 at 390°C to 797g.kg-1 at 410°C at 

a constant initial hydrogen pressure. The highest liquid product yield of 825.41g.kg-1 

was attained at the lowest temperature of 390°C and initial hydrogen pressure of 9 

MPa. On the other hand, at the constant temperature of 390°C, the liquid yield 

decreased from 825g.kg-1 at 9 MPa to 787g.kg-1 at 11 MPa also within the 

experimental error of 7.45%. The decrease in liquid product yield with an increase in 

temperature and pressure is due to cracking reactions that are favoured at high 

pressures and temperatures. These changes in liquid product yield and the amount of 

gas produced describe CoMo-Al2O3 as a more suitable catalyst for hydro-treating 

purposes (Pinto et al., 2013). 

4.3.3 Effect of temperature and pressure on reaction pathways 

 

The temperature and pressure profile during the hydrotreatment of cottonseed oil over 

a CoMo-Al2O3 catalyst is presented in Figure 4.16. 
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Figure 4.16: Representative pressure and temperature profile over time during 

hydroprocessing of cottonseed oil at 400°C and 9 MPa employing CoMo-Al2O3 as a catalyst 

(♦-pressure, ■-temperature) 

 

The reactor pressure increased with the reactor temperature as the reaction 

progressed up to approximately 270°C after 30 minutes. The rise in the reactor 

pressure was primarily due to the reactor temperature increase and no substantial 

change of cottonseed oil was observed (Gusmào et al., 1989). As the reactor 

temperature is permitted to increase further, from 270 to 390°C, a major drop in the 

pressure reactor was detected. This reactor pressure drop is due to hydrogen 

consumption by hydrigenation and deoxygenation (Kim et al., 2014). The decrease in 

the O/C molar ratio from 0.08 of feed to 0.006 of product confirms that oxygen was 

removed either by hydrodeoxygenation or decraboxylation/decarbonylation. The 

change in the C/H molar ratio of 0.55 of feed to 0.48 of product also confirms that 

hydrogenation took place.  

 

4.3.3.1 Analysis of deoxygenation pathway 

 

The cottonseed oil consists mainly of C16 and C18 containing oxygen with no C15 and 

C17. During hydrotreatment of cottonseed oil, C17 and C15 without oxygen are produced 

in considerable amounts. The relative amounts of these compounds that are produced 
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describe the pathway followed during hydrotreatment. The effect of temperature and 

pressure on the C17/C18 ratio during hydrotreatment of cottonseed oil over a CoMo-

Al2O3 is shown in Figure 4.17. 

 

 
Figure 4.17: Effect of temperature and pressure on C17/C18 ratio from cottonseed 

hydroprocessing over a CoMo-Al2O3 (■-9 MPa, ■-10 MPa and ■-11 MPa) 

 

The C17/C18 ratio increased with an increase in temperature at a constant initial 

hydrogen pressure. The increase in C17/C18 ratio with temperature showed that the 

decarbonylation/decarboxylation reactions were favoured at all temperatures. These 

reaction are endothermic reactions. However, at a constant temperature, the C17/C18 

decreases with an increase in pressure. The decrease in C17/C18
 ratio with an increase 

in pressure shows that decarboxylation and decarbonylation are less favoured at high 

pressures. However, with the chosen pressure range of 9 MPa to 11 MPa, 

decarbonylation and decarboxylation are still dominating reactions. At a temperature 

of 410°C, the ratio of C17/C18 decreased from 8.4 to 2.6 with an increase in pressure 

from 9 to 11 MPa (Phimsen, 2011).  

4.3.3.2 Side reaction products occurrence 

 

During the hydrotreatment of vegetable oils and animal fat, side reactions also take 

place. The extent of these side reactions will depend mainly on reaction parameters 
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and catalyst type. The effect of temperature and pressure on the side products from 

the hydrotreatment of cottonseed oil is presented in Figure 4.18. This analysis was 

based on the qualitative basis using % peak area. The peak areas with quality greater 

than 90% were selected from GC-MS data. 

 

 
Figure 4.18: Effect of temperature and pressure on the liquid product distribution for hydro-

treated cottonseed oil over CoMo-Al2O3 (■-n-alkanes, ■-iso-alkanes, ■-olefins, ■-aromatics 

and ■-cyclic compounds) 

 

From Figure 4.18, there was a reduction in qualitative amount of n-alkanes as 

temperature was increased from 390 to 410°C. Additionally, there was a slight 

increase in iso-alkanes with temperature increase. These changes are due to n-

alkanes undergoing isomerisation to form isomers and also cracked into lighter 

molecules of which some are gas at room temperature. Increasing temperature 

increases the amount of isomers of staright-chain alkanes in the liquid (Bezergianni et 

al., 2014; Gong et al., 2013). On the other hand, there was a slight insignificant 

reduction in n-alkanes when the pressure was increased from 9 to 11 MPa at 390°C. 

There was a considerable increase in n-alkane content at 410°C when pressure was 

increased.  
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The olefin content of the liquid product decreased with both an increase in pressure 

and temperature. The hydrogenation activity of the CoMo-Al2O3 takes place at higher 

temperatures of around 400°C (Figure 4.16). This supports the decreasing olefin 

content with an increase temperature. Likewise, the olefin content decreased with an 

increase of initial hydrogen pressure at a constant temperature. The olefin content 

decreased from 3.48 paek area % to 0.28 peak area % when the pressure was 

increased from 9 to 11 MPa. The increase in initial hydrogen pressure inceases the 

amount of hydrogen to be used in hydrogenation (Kim et al., 2014). 

 

The aromatic content was also found to increase with both temperature and pressure. 

The aromatic content increased from 7.39 % peak area to 10 % peak area with an 

increase in temperature from 390 to 410°C. The intermediates that contain double 

bonds undergo cyclisation and dehydrogenation to form aromatics (Verma et al., 

2015). 

 

4.3.4 Effect of temperature and pressure on fuel yields  

 

The effect of temperature and pressure on the fuel yields from hydrotreating the 

cottonseed oil is provided in Figure 4.19. 

 

Figure 4.19: Influence of temperature and pressure on the fuel yields from hydrotreating the 

cottonseed oil over a CoMo-Al2O3 (■-naphtha, ■-kerosene and ■-diesel) 
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The yield of the diesel decreased with an increase in temperature and pressure. The 

diesel yield decreased from 443g.kg-1 at 390°C to 321g.kg-1 at 410°C at a constant 

initial hydrogen pressure of 9 MPa. The highest diesel yield of 443g.kg-1 was obtained 

at the temperature of 390°C and pressure of 9 MPa. The reduction in diesel yield as 

the temperature increased is attributed to cracking reactions. Furthermore, both the 

naphtha and kerosene yields increased with an increase in temperature. Higher 

temperatures promote cracking and the production of lighter molecules is eminent 

(Bezergianni et al., 2009). 

 

The increase in pressure from 9 to 11 MPa resulted in slight changes in the fuel yields. 

The diesel yield decreased slightly from 443g.kg-1 at 9 MPa to 395g.kg-1 at 11 MPa at 

a constant temperature of 390°C. Furthermore, the yield of both naphtha and kerosene 

increased slightly with an increase in pressure. The cracking of intermediates/diesel 

was responsible for a decrease in diesel yields and an increase in both naphtha and 

kerosene yields as the pressure increased (Anand & Sinha, 2012). 

  

4.4 Catalyst performance comparison 

 

4.4.1 Temperature and pressure profile 

 

The pressure and temperature variations over time obtained during the hydrotreatment 

of the cottonseed oil using the NiMo-Al2O3, CoMo-Al2O3 and NiSiO2-Al2O3 catalysts 

are compared in Figure 4.20. 
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Figure 4.20: Representative pressure and temperature profile over time (temperature, ■-

pressure (NiMo-Al2O3), X-pressure (CoMo-Al2O3), ♦-pressure (NiSiO2-Al2O3)) 

 

Saturation of the double bonds C=C in the triglycerides depends, among other things, 

on the type of a catalyst used. With an increase in temperature there is an initial 

decrease in the reaction pressure when using the Ni/SiO2-Al2O3 catalyst, while both 

the CoMo-Al2O3 and NiMo-Al2O3 experienced an increase in reactor pressure. This is 

due to the metallic catalysts such as NiSiO2-Al2O3 having high capacity for 

hydrogenation and being classic hydrogenation catalysts (Gusmào et al., 1989; Kim 

et al., 2014). The second reactor pressure drop with a further increase in temperature 

as the reaction progresses is associated with the cracking of triglycerides, water gas 

shift and methanation reactions, which consume hydrogen. However, the metalltic 

catalysts are preeminent for methanation reactions as opposed to NiMo-Al2O3 and 

CoMo-Al2O3 catalysts. 

 

The evaluation of the catalyst was based on the catalyst selectivity towards diesel 

production, liquid product yield and conversion. The summary of the catalysts 

performance is provided in Figure 4.21. 
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Figure 4.21: Catalyst performance comparison of hydro-treated cottonseed oil at 390°C and 

9 MPa (■-gas, ■-naphtha, ■-kerosene and ■-diesel) 

 

All the catalysts showed an increase in feed conversion with an increase in 

temperature. The highest conversion was achieved at a temperature of 410°C and 

pressure of 9 MPa, except for NiSiO2-Al2O3 where it was attained at 400°C. Comparing 

all the three catalysts in terms of feed conversion under the same process parameters, 

namely 410°C and at initial hydrogen pressure of 9 MPa, the order of conversion is 

NiMo-Al2O3 (99.86%) > CoMo-Al2O3 (99.0%) > NiSiO2-Al2O3 (96.0%). The highest 

conversion at the set of operating parameters was expected to be achieved by a 

hydrotreating catalyst. In terms of evaluated parameter, NiMo-Al2O3 tended to be a 

hydrotreating catalyst, while NiSiO2-Al2O3 has a strong hydrocracking activity 

compared to other catalyst studied (Veriansyah et al., 2012). 

The highest product yield was achieved at the lowest temperature of 390°C and 

pressure of 9 MPa for all the three catalysts investigated. The change in liquid product 

yields when the temperature increases from 390 to 410°C at a pressure of 9 MPa was 

106g.kg-1, 27g.kg-1 and 12.7g.kg-1 for NiSiO2-Al2O3, CoMo-Al2O3 and NiMo-Al2O3, 

respectively, at constant cottonseed oil mass. The difference in resulting mass yields 

at all temperatures was found to be different for all catalysts with similar sets of 

experiments such as temperature range, initial hydrogen pressure and starting mass 
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of the feedstock. These differences in mass yields are attributed to the nature of the 

catalyst used. The NiSiO2-Al2O3 catalyst showed its strong affinity to hydrocracking 

when compared to CoMo-Al2O3 and NiMo-Al2O3. Both CoMo and NiMO are known to 

be more suitable for hydrotreating (Sotelo-boyas et al., 2011).  

 

The highest diesel yield was produced at the lowest temperature of 390°C and 

pressure of 9 MPa. The diesel yield change from 390 to 410°C was the lowest at 22 

g.kg-1 for NiMo Al2O3 catalyst and highest for NiSiO2-Al2O3 catalyst (202 g.kg-1). The 

change in diesel yield is an indication of the hydrotreating or hydrocracking nature of 

the catalyst with the lowest having a strong affinity for hydrotreating (Bezergianni et 

al., 2009). 
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CHAPTER 5: 

5 CONCLUSIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 

5.1.1 Hydroprocessing of cottonseed oil 

 

The obtained products from the hydroprocessing of cottonseed oil over commercial 

catalysts such as Ni/SiO2-Al2O3, CoMo-Al2O3 and NiMo-Al2O3 were mainly in liquid 

and gas phase. The compositional analysis of the products, both liquid and gas 

phases, were similar for the catalysts investigated. The liquid product consisted mainly 

of diesel-like compounds with a boiling temperature range of 240 to 370°C, which are 

C15-C18 bio-hydrocarbons and lighter hydrocarbons in the range of 160 to 98°C starting 

from C5 (naphtha and kerosene). The liquid product also contained isomers, cyclic 

compounds, aromatics and olefins produced from side reactions that took place during 

hydroprocessing. Both CoMo-Al2O3 and NiMo-Al2O3 produced the highest diesel yield 

of 493g.kg-1 and 492g.kg-1 respectively. These catalysts produced the highest diesel 

yield.  

 

It was observed that the amount of n-paraffins decreased as the hydrotreating 

temperature increased, while the amount of iso-paraffins increased. The observed 

increase in iso-parafins and the decrease in n-paraffins is an indication that 

isomerisation reactions took place. An increase in hydrotreating temperature favours 

hydrocracking (isomerisation and cracking). A decrease in diesel yield was also 

observed as the hydrotreatment temperature was increase, which is an indication of 

the cracking of diesel range molecules to form naphtha and kerosene. 

 

The gas phase compositional analysis showed the existence of C3H8, CO, CO2 and 

water, which are primary products of hydroprocessing. However, reactions such as 

methanation and water gas shift reactions may also place due to the presence of H2 

and cracking reactions. The gas products from the decarboxylation and/or 

decarbonylation reactions are CO2 and CO, respectively. The consumption of these 

products in methanation and water gas shift reactions makes it difficult to use gas 

analysis results to identify the main reaction pathways followed. The ratio of C17/C18 

was used to identify the reaction pathway followed during the removal of oxygen from 
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the intermediates, such as free fatty acids. These reaction pathways were less 

favoured with an increase in temperature when using Ni/SiO2-Al2O3 as compared to 

NiMo-Al2O3 and CoMo-Al2O3. The increase in pressure decreased the C17/C18 ratio, 

which indicated that decarboxylation and decarbonylation were less favoured at high 

pressures. The decarbonylation and decarboxylation reaction pathways require less 

or no hydrogen than hydrodeoxygenation. 

 

5.1.2  Effect of reaction parameters 
 

Reaction parameters were varied, such as initial hydrogen pressure and temperature, 

to evaluate the performance of the catalysts on hydroprocessing. The highest diesel 

yields obtained at 390°C reaction temperature and initial hydrogen pressure of 9 MPa 

were 493g.kg-1 (CoMo-Al2O3), 492g.kg-1 (NiMo-Al2O3) and 444g.kg-1 (NiSiO2-Al2O3). 

The highest conversion obtained for the NiMo-Al2O3 and CoMo-Al2O3 catalysts were 

98.5% and 99.7%, respectively, at 410°C reaction temperature and initial hydrogen 

pressure of 11 MPa. In terms of conversion performance, the order was found to be 

NiMo-Al2O3 (99.86%)> sulphided CoMo-Al2O3 (98.9%)> reduced Ni/SiO2-Al2O3 

(96.8%). 

 

The highest liquid product yield of 811g.kg-1 was obtained during the hydrotreatment 

of cottonseed, in the presence of the NiMo catalyst. The reduction in liquid product 

yield was also insignificant when the NiMo catalyst was used for temperature and 

pressure ranges of 390 to 410°C and 9 MPa to 11 MPa, respectively. This shows that 

the NiMo catalyst is more of a hydrotreating catalyst suitable to minimise the liquid 

product yield reduction. 

 

5.2 Recommendations 

 

The current investigation showed the potential or feasibility of hydroprocessing 

cottonseed oil in a batch system to produce biofuels for transportation. However, the 

residence time of 2 hrs of the research should either be minimised or maximised to 

enhance production of targeted product (diesel or kerosene). Secondly, non-edible 

feestock that contains alkali earth metals and phospholipids should be investigated to 

measure their effect on both the catalyst and hydroprocessing process. There is a 
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need to develop better catalysts for the hydroprocessing of vegetable oils that are able 

to withstand the deactivation.  

 

The use of non-edible feedstock such as waste process grease and animal fats for the 

production of renewable diesel is necessary for sustainability and flexibility. Knothe 

(2010) compared biodiesel with renewable diesel in terms of physical and chemical 

properties. When biomass-like vegetable oil or animal fat is hydro-deoxygenated with 

hydrogen and a catalyst, hydrocarbons, propane, water and carbon dioxide are 

produced. The resulting hydrocarbons are termed renewable diesel. To fully 

understand the hydroprocessing reactions, a kinetic study should be performed to 

provide information that will assist and optimise the upscaling of the process to a 

commercial scale.  
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A. APPENDIX A:  

A.1 GC-MS calibration  

 

The calibration of the gas chromatograph coupled with mass spectrometry is 

discussed in this section. The GC-MS was used to determine the alkane content of 

the renewable diesel produced via hydrotreating of cottonseed oil. 

A.1.1. Quantification of the alkanes 

 

Gas chromatography-mass spectrometry standards as a mixture of C8 to C40 alkanes 

were obtained from Supelco chemical company. The retention times of the different 

alkanes were determined and are presented in Table A.1. 

 

Table A.1: Retention times for C8 to C20 separated by the HP-5MS column 

n-alkanes Retention time (minutes) 

Octane 6.210 

Nonane 9.175 

Decane 12.355 

Undecane 15.477 

Dodecane 18.454 

Tridecane 21.265 

Tetradecane 23.911 

Pentadecane 26.483 

Hexadecane 28.798 

Heptadecane 29.393 

Octadecane 33.216 

Nonadecane 35.209 

Eicosane 37.151 

 

A.1.2. Choice of alkane mixture 

 

The fatty acids profile of vegetable oils and animal fats, mostly used in production of 

renewable diesel, is mostly dominated by Palmitic acid (C16:0), stearic acid (C18:0), 

Oleic acid (C18:1), Linoleic acid (C18:2) and Linolenic acid (C18:3) (Wang et al., 2012; 

Nakpong & Wootthikanokkhan, 2010). These feedstock when hydroprocessed results 

in lighter components from C8 to C15 production.  
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A.1.3. Calibration of gas chromatograph mass spectrometry 

 

Calibration curves for alkanes occurring in renewable diesel were set up to determine 

the weight percentage values of the alkanes in the standard samples. A varying 

concentration in ppm of alkanes were used to prepare the calibration samples. This 

was achieved by diluting the samples with dichloromethane to vary the concentration 

of alkanes. 

The chromatogram obtained for each alkane at specific retention time together with 

the peak area showing the abundance of the precise alkane in the sample. The area 

beneath each chromatogram peak was integrated using a GC-MS software and used 

to quantify the alkanes. Each standard sample was analysed. Tables A.2 to A.8 show 

the calibration data obtained for the methyl esters relevant to this study. 

 

Table A.2: Octane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2201463 

26.09 3808039 

37.04 4960045 

44.44 6246697 

55.56 7062471 

 

Table A.3 Nonane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 3243089 

26.09 3535663 

37.04 5663067 

44.44 8063497 

55.56 9816319 
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Table A.4: Decane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2297692 

26.09 3449283 

37.04 4166363 

44.44 5821971 

55.56 7482534 

 

Table A.5: Undecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2107084 

26.09 3418579 

37.04 4374569 

44.44 6159445 

55.56 6718656 

 

Table A.6: Dodecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2639406 

26.09 3634529 

37.04 4644627 

44.44 6546049 

55.56 7152529 

 

Table A.7: Tridecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2399668 

26.09 3766165 

37.04 4808855 

44.44 6802074 

55.56 7452858 
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Table A.8: Tetradecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2524909 

26.09 3879465 

37.04 4978333 

44.44 7055459 

55.56 7748309 

 

Table A.9: Pentadecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 3382467 

26.09 4246418 

37.04 5435212 

44.44 7583091 

55.56 8267769 

 

Table A.10: Hexadecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18  

26.09 4371427 

37.04 5542734 

44.44 7818388 

55.56 8526495 

 

Table A.11: Heptadecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18  

26.09 4356978 

37.04 5535820 

44.44 7877538 

55.56 8633403 
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Table A.12: Octadecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 3481238 

26.09 4388063 

37.04 5558121 

44.44 7853282 

55.56 8600310 

 

Table A.13: Nonadecane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2949127 

26.09 4520302 

37.04 5697316 

44.44 8055896 

55.56 8839950 

 

Table A.14: Eicosane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 2885302 

26.09 4564723 

37.04 5829355 

44.44 8218461 

55.56 9011755 

 

Table A.15: Heneicosane calibration data and peak area 

Sample concentration (ppm) Peak area 

18.18 3150720 

26.09 4867629 

37.04 6093659 

44.44 8505160 

55.56 9318187 
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A straight line plot is produced by plotting Peak area of a particular alkane to the 

sample concentration. The calibration curves for the selected standard alkanes 

solutions are shown in Figure A.1 to A13. 

 

 
Figure A.1: Calibration curve for C8 

 

 
Figure A.2: Calibration curve for C9 

 

y = 133390x
R² = 0.9745

y = 169873x
R² = 0.95
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Figure A.3: Calibration curve for C10 

 

 
Figure A.4: Calibration curve for C11 

 

y = 129019x
R² = 0.9704

y = 125795x
R² = 0.9637
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Figure A.5: Calibration curve for C12 

 

 
Figure A.6: Calibration curve for C13 

 

y = 134741x
R² = 0,9593

y = 139204x
R² = 0.965
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Figure A.7: Calibration curve for C14 

 

 
Figure A.8: Calibration curve for C15 

 

y = 144467x
R² = 0.966

y = 157146x
R² = 0.9422
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Figure A.9: Calibration curve for C16 

 

 
Figure A.10: Calibration curve of C17 

 

y = 160312x
R² = 0.9274

y = 161427x
R² = 0.9308
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Figure A.11: Calibration curve of C18 

 

 
Figure A.12: Calibration curve of C19 

 

 

y = 162590x
R² = 0.9434

y = 165444x
R² = 0.9644
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Figure A.13: Calibration curve of C20 

 

The calibration curves for each alkane was constructed using equation A.1 

Peak Areai = ki x ci    (A.1) 

The calibration curve constants for the alkanes are presented in Table A.16. 

Table A.16: Calibration constant for alkanes 

Alkanes ki-values 

Octane  133390 

Nonane 169873 

Decane 129019 

Undecane 125795 

Dodecane 134741 

Tridecane 139204 

Tetradecane 144467 

Pentadecane 157146 

Hexadecane 160312 

Heptadecane 161427 

Octadecane 162590 

Nonadecane 165444 

Eicosane 175376 

 

y = 168353x
R² = 0.9656
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A.2 Calibration curves for gaseous products 
 

The retention time of the major components of the gaseous product is presented in 

table A.17. 

Table A.17: Calibration constants for gaseous products 

Gas Retention time (minutes) 

Methane 2.931 

Ethane 4.010 

Propane 6.359 

Carbon monoxide 2.843 

Carbon dioxide 4.148 

 

The respective calibration curves were set up in order to calculate wt% values or gas 

product composition. A peak produced at the specific retention time for various gases, 

and the GC software determines the peak area. The area is then used to quantify the 

gas. The samples are analysed three times to reduce the error of the calibration 

curves. 

Table A.18: Methane calibration data 

Concentration Peak Area 

72.62 9678.18 

72.62 9213.09 

72.62 10016.20 

49.39 7584.23 

49.39 7612.59 

49.39 7608.07 

2.00 309.42 

2.00 321.39 

2.00 322.66 
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Table A.19: Ethane calibration data 

Concentration Peak Area 

1 239.30 

1 229.25 

1 250.70 

2.01 571.74 

2.01 574.98 

2.01 574.58 

3 865.12 

3 899.48 

3 906.49 

 

Table A.20: Propane calibration data 

Concentration Peak Area 

1.05 380.10 

1.05 362.72 

1.05 397.71 

2.01 860.88 

2.01 863.37 

2.01 863.91 

3 1296.59 

3 1345.82 

3 1355.80 

 

Table A.21: Carbon monoxide calibration data 

Concentration Peak Area 

5.01 45.33 

5.01 42.80 

5.01 46.53 

9.96 102.05 

9.96 102.69 

9.96 102.41 

20 207.38 

20 214.61 

20 217.62 
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Table A.22: Carbon dioxide 

Concentration Peak Area 

5.02 52.84 

5.02 49.55 

5.02 53.46 

10 118.43 

10 118.74 

10 118.84 

20 237.21 

20 246.56 

20 249.39 

 

 
Figure A.14 : Calibration curve of methane (CH4) 
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Figure A.15: Calibration curve of Ethane 

 

 

Figure A.16: Calibration curve of Propane 
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Figure A.17: Calibration curve of carbon monoxide 

 

 

Figure A.18: Calibration curve of carbon dioxide 
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The calibration curve constants for the gaseous product components are presented in 

Table A.23. 

 

Table A.23: Calibration constant for gases 

Alkanes ki-values 

Methane 139.41 

ethane 289.46 

propane 433.55 

Carbon monoxide 10.507 

Carbon dioxide 12.062 

 

A.3 FAME GC 
 

The calibration curves for the selected standard ester solutions are shown in Figure 

A.19 
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 Figure A.19: Calibration curves for C14:0 to C18:3 
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B. APPENDIX B: CALCULATIONS 
B1: Liquid mass yield 

The liquid mass yield (g.kg-1) of the hydrotreated cottonseed oil was calculated using 

equation B1: 

Mass yield =
Mf−mc

Mi
    (B1) 

Where Mf is the final mass of the reactor contents after the reaction, mc is the mass of 

the catalyst and Mi is the initial mass of cottonseed oil used. 

B2: Experimental error 

 

The average of the values for the repeated experiments was calculated using equation 

B2 

x̅ =
1

n
∑ xi

n
i=1      (B2) 

Where ̅x is the average, is the individual data points and n is the number of data 
points.  
 

The standard deviation of the values was determined using equation B3: 

δ = √
∑ (xi−x̅)2n

i=1

n−1
     (B3) 

Where the standard deviation is represented by δ.  

The experimental error was calculated using equation B4 

Experimental error =
2∗Confidence interval

x̅
× 100   (B4) 

 

Confidence interval =       (B5) 
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C. APPENDIX C: 

Conversion can be calculated by the mass of products produced divided by the mass 

of feedstock as in equation C1. This method can be used to measure H2 consumption. 

%Conversion =
mass of products

mass of the feed
     (C1) 

Table C.1: Measured and calculated conversion data 

Run Temperature (°C) Pressure (MPa) Conversion (SimDist) Conversion (equation ) 

1 390 9 95.0 95.7 

2 400 9 99.7 99.7 

3 410 9 97.1 97.8 

4 390 10 94.4 93.8 

5 400 10 96.7 98.1 

6 410 10 93.0 95.5 

7 390 11 86.0 89.3 

8 400 11 92.0 95.0 

9 410 11 90.0 94.0 

     

10 390 9 99.0 99.5 

11 400 9 99.4 99.7 

12 410 9 99.8 99.9 

13 390 10 99.1 98.7 

14 400 10 99.8 99.9 

15 410 10 99.8 96.5 

16 390 11 99.4 98.9 

17 400 11 99.7 99.5 

18 410 11 100.0 99.7 

     

19 390 9 96.5 94.3 

20 400 9 97.1 95.3 

21 410 9 97.2 96.5 

22 390 10 95.0 99.5 

23 400 10 98.7 92.9 

24 410 10 99.0 1.07 

25 390 11 92.5 97.8 

26 400 11 98.0 1.01 

27 410 11 98.5 1.02 
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Table C.2: Liquid and gas product yields data 

Run Temperature (°C) Pressure (MPa) Liquid product yield Gas product yield  

1 390 9 786 214 

N
i/S

iO
2 -A

l2 O
3  

2 400 9 734 266 

3 410 9 680 320 

4 390 10 707 293 

5 400 10 620 380 

6 410 10 617 383 

7 390 11 681 319 

8 400 11 617 383 

9 410 11 589 411 

     

 

10 390 9 811 189 

N
iM

o
-A

l2 O
3  

11 400 9 805 195 

12 410 9 798 202 

13 390 10 807 193 

14 400 10 803 197 

15 410 10 775 225 

16 390 11 803 197 

17 400 11 788 212 

18 410 11 786 214 

     

 

19 390 9 825 175 

C
o
M

o
-A

l2 O
3  

20 400 9 805 195 

21 410 9 798 202 

22 390 10 807 193 

23 400 10 803 197 

24 410 10 775 225 

25 390 11 803 197 

26 400 11 788 212 

27 410 11 786 214 
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Table C.3: Side reaction qualitative data 

Run Temperature (°C) Pressure (MPa) Iso-alkanes %PA Olefins %PA Aromatics %PA Cyclic compounds 

%PA 

N
iM

o
-A

l2 O
3  

1 390 9 10.49 3.48 4.68 1.74 

2 400 9 17.00 0.36 7.37 1.75 

3 410 9 14.03 0.28 8.81 2.99 

4 390 10 12.17 2.58 6.31 2.56 

5 400 10 13.89 0.02 5.33 2.29 

6 410 10 15.65 0.07 7.87 3.51 

7 390 11 12.50 2.50 7.31 3.21 

8 400 11 17.41 0.03 6.43 3.51 

9 410 11 13.93 0.51 7.87 3.98 

        

10 390 9 3.65 10.91 7.39 3.03 

C
o
M

o
 A

l2 O
3  

11 400 9 2.18 7.56 10.39 5.81 

12 410 9 2.61 2.88 10.03 2.99 

13 390 10 4.44 6.26 5.74 4.96 

14 400 10 4.34 0.64 9.82 5.07 

15 410 10 4.52 0.89 8.92 4.33 

16 390 11 4.65 0.64 6.21 6.97 

17 400 11 4.62 0.55 7.10 7.01 

18 410 11 4.50 0.65 7.08 7.01 
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Table C.3 (cont’d): Side reaction qualitative data  

Run Temperature (°C) Pressure (MPa) Iso-alkanes %PA Olefins %PA Aromatics %PA Cyclic compounds 

%PA 

N
iS

iO
2 -A

l2 O
3  

19 390 9 1.26 15.05 2.1 1.08 

20 400 9 2.02 4.13 4.52 2.5 

21 410 9 2.18 4.05 3.02 0.5 

22 390 10 1.2 9.9 2.1 2.1 

23 400 10 3.5 3.5 6.12 2.05 

24 410 10 4.9 4.21 3.9 1.9 

25 390 11 1.9 1.2 2.5 1 

26 400 11 2.45 2.61 3.9 1.1 

27 410 11 1.4 3.5 3.56 1.01 
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Table C.4: Fuel yields data from SimDist data 

Run Temperature (°C) Pressure (MPa) Diesel yield Kerosene yield Naphtha yield 

1 390 9 493.41 196.55 53.69 

2 400 9 355.99 218.87 157.00 

3 410 9 324.76 238.00 95.40 

4 390 10 373.17 235.31 87.28 

5 400 10 361.32 190.74 49.62 

6 410 10 233.54 236.19 102.12 

7 390 11 290.72 211.76 71.47 

8 400 11 301.50 194.93 70.92 

9 410 11 236.55 220.25 76.69 

      

10 390 9 492.01 224.99 89.22 

11 400 9 398.11 234.29 123.40 

12 410 9 320.91 294.04 149.94 

13 390 10 456.06 247.51 90.44 

14 400 10 444.11 250.62 106.81 

15 410 10 313.02 306.51 117.83 

16 390 11 470.02 233.56 88.88 

17 400 11 439.11 253.69 90.74 

18 410 11 382.24 282.67 118.11 

      

19 390 9 493.41 196.55 53.69 

20 400 9 355.99 218.87 157.00 

21 410 9 324.76 238.00 95.40 

22 390 10 373.17 235.31 87.28 

23 400 10 361.32 190.74 49.62 

24 410 10 233.54 236.19 102.12 

25 390 11 290.72 211.76 71.47 

26 400 11 301.50 194.93 70.92 

27 410 11 236.55 220.25 76.69 
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Table C.5: n-alkanes quantification data from NiMo-Al2O3 

 9 MPa 10 MPa 11 MPa 

 390 °C 400 °C 410 °C 390 °C 400°C 410°C 390°C 400°C 410°C 

%C9 0.79 0 0.79 0.53 0 1.03 0 0.47 1.09 

%C10 1.18 1.14 2.20 1.29 0.79 2.55 0.95 1.37 2.59 

%C11 1.47 1.83 3.53 1.53 1.61 3.60 1.66 0.18 3.24 

%C12 1.32 2.03 3.67 1.46 1.81 3.44 1.77 1.96 3.41 

%C13 2.66 3.62 4.97 2.73 1.73 0.45 2.98 3.27 4.40 

%C14 1.61 2.25 3.54 1.76 2.83 3.17 1.77 0.21 2.95 

%C15 3.56 4.95 0.92 8.72 1.84 34.72 38.93 36.14 34.33 

%C16 0.37 10.74 10.43 7.70 29.13 9.17 9.74 9.86 8.38 

%C17 11.75 9.94 12.07 21.80 7.45 17.19 9.50 31.90 0.78 

%C18 8.76 2.35 2.49 4.74 20.74 3.79 2.39 23.57 20.03 

%C19 4.89 1.41 1.24 1.43 18.36 1.18 0 0 1.18 
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Table C.6: n-alkanes quantification data from a CoMo-Al2O3 catalyst 

 9 MPa 10 MPa 11 MPa 

 390 °C 400 °C 410 °C 390 °C 400°C 410°C 390°C 400°C 410°C 

%C9 0.91 1.28 0.42 0.91 2.85 1.40 3.02 0.86 1.11 

%C10 2.22 3.97 1.64 2.22 8.82 5.45 7.38 2.65 2.92 

%C11 2.62 5.63 3.58 2.62 0.94 0.35 8.73 3.75 4.33 

%C12 2.68 5.89 4.54 2.683 0.98 0.45 8.92 3.93 4.42 

%C13 4.41 8.53 6.07 4.41 18.93 12.14 14.68 5.68 5.86 

%C14 3.46 7.17 5.43 3.46 15.91 10.86 11.53 4.78 4.56 

%C15 22.17 0.88 3.75 12.19 1.95 1.12 1.11 13.62 1.85 

%C16 17.95 0.21 0.34 2.14 5.27 9.23 2.82 5.27 17.52 

%C17 14.36 8.97 19.17 14.36 11.87 13.05 0.54 8.50 8.64 

%C18 12.99 1.41 2.30 11.51 2.62 2.5 0.53 4.88 3.22 

%C19 - - 5.90 2.59 - 5.89 8.62 2.37 1.65 
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Table C.7: n-alkanes quantification data from a Ni/SiO2-Al2O3 catalyst 

 9 MPa 10 MPa 11 MPa 

 390 °C 400 °C 410 °C 390 °C 400 °C 410 °C 390 °C 400 °C 410 °C 

%C9 0.39 0.19 0.15 1.75 0.05 1.35 - 0.63 0.15 

%C10 1.22 0.12 0.14 2.31 1.12 2.14 0.23 0.84 0.20 

%C11 0.57 1.29 0.39 2.37 0.08 0.04 0.27 0.86 1.21 

%C12 7.15 3.58 3.34 2.21 0.06 1.31 2.22 1.80 1.19 

%C13 9.64 4.82 4.66 1.08 0.07 0.034 0.21 0.77 0.18 

%C14 0.20 0.57 0.05 1.04 0.10 1.11 0.20 0.04 0.09 

%C15 0.06 0.07 0.24 5.55 0.14 4.25 0.19 0.09 0.16 

%C16 0.12 0.08 0.22 1.61 1.83 0.06 5.62 1.22 3.21 

%C17 47.72 25.32 47.63 43.40 24.50 21.38 36.82 40.29 40.29 

%C18 1.173 0.70 1.35 1.17 1.17 1.17 1.25 0.71 1.16 

%C19 - - - - - - - - - 
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D. APPENDIX D: 

Table D.1: Experimental error of liquid product yields 

 NiSiO2-Al2O3 NiMo-Al2O3 CoMo 

400°C/9MPa 
Yields 

390°C/9MPa 
Yields 

400°C/9MPa 
Yields 

Run 1 43.5 52.99 52.8 

Run 2 48.2 51.21 51.3 

Run 3 47.1 49.3 49.2 

Average 46.83 51.16 51.1 

Standard deviation 1.46 1.84 1.81 

Confidence level (95%) 1.65 2.09 2.04 

%Error 7.04 8.16 8.01 

 


