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Abstract 

There are increasing social and economic pressures to develop renewable 

alternatives to fossil derived fuels and chemicals as well as renewable and 

biodegradable industrial and consumer products and materials. This has led to 

renewed focus on converting agricultural and forestry feedstocks (biomass) into 

multiple renewable commodities. The conversion of vegetable oils and animal 

fats using thermal cracking reactions represents a very promising option for the 

production of renewable fuels and chemicals.  

The first objective of this dissertation research was to study the pyrolysis 

behaviour of model unsaturated fatty acids with focus on identification of reaction 

products under different conditions. Oleic acid and linoleic acid were pyrolyzed in 

batch microreactors at 350 – 450 °C for reaction times 0.5 – 8 h under N2 at 

atmospheric pressure. The results showed the production of a series of 

hydrocarbons in the liquid product with the n-alkane series being the most 

abundant. Low molecular weight fatty acids particularly C9 and C10 carbon chains 

were also formed in the liquid product. The presence of the double bond resulted 

in simultaneous deoxygenation and cracking of the alkyl chain, particularly at the 

allylic carbon bond. Deoxygenation occurred through both decarboxylation and 

decarbonylation pathways, the predominance of which was temperature 

dependent.  

The thermal cracking of oleic acid under light hydrocarbon gas 

atmosphere was conducted to study the effect on reaction product yields and 

composition. The results showed no significant influence of saturated light 



hydrocarbon gases compared to inert atmosphere. On the other hand the 

unsaturated light hydrocarbon gases resulted in significant increases in liquid 

product yield, conversion, deoxygenation and formation of branched hydrocarbon 

compounds. 

 The second objective was to study the thermal cracking of low cost 

inedible lipid feedstocks using a two-step thermal hydrolysis-pyrolysis process. 

Beef tallow, brown grease, yellow grease and cold pressed camelina oil were used 

as feedstocks. The result showed that the organic liquid product yields were not 

significantly affected by the feedstock source of origin. Fuel property testing of 

crude batch pyrolytic product revealed the organic liquid products was composed 

of approximately 30% gasoline boiling range and 50% in the diesel boiling range 

compounds. 

  



Acknowledgements 

 

I would like to express my heartfelt gratitude to Dr. David C. Bressler, for 

first of all accepting me to join his research team and for his invaluable 

mentorship, supervision and patience which enabled me to complete this project.  

Thank you Dave for being such a wonderful supervisor, I couldn’t have asked for 

a better supervisor.  

A special thank you to Dr. Jonathan Curtis and Dr. Murray R. Gray for 

being on my supervisory committee and for their valuable feedback and advice 

during the course of my program. Many thanks to them for also making their 

laboratory infrastructure available to me when needed. I also want to thank Dr. 

Feral Temelli and Dr. Greg P. Dechaine for being on my examining committee 

and Dr. Jean-Michel Lavoie for being my external examiner. 

I would like to thank Dr. Suresh Narine for initially accepting me as a PhD 

student in Department of Agricultural, Food and Nutritional Science at the 

University of Alberta, thereby giving me the opportunity that started it all.  

Many thanks to Dr. Paolo Mussone for his help, advice, directions and for 

being there to talk to when you need him. I also want to thank Kelly Maher who 

was very helpful, particularly when I initially joined the group in getting me 

started and up to speed with many techniques. I would also like to thank Jingui 

Lan, Ereddad Kharraz and Dr. Kelvin Lien for their technical assistance. Thank 

you to Dr. Natisha Stashko for her help and advice. 

During the course of my study I had the pleasure of joining a multicultural 

research group and getting to know some great individuals. Thank you to all my 



lab mates and friends particularly Tizazu, Isabel, Yiqiong Michael, Erin, Emily, 

Allie, and Sergio for their support and help. 

 My thanks also go my parents and siblings for their help and support 

throughout my studies. I would also like to express my gratitude to Dr. Setorme 

Tsikata, Ben, Sena and Zanna for all their help support and encouragements 

during my study. 

 Finally, to my lovely wife Edem and my daughters Abby and Anna, I 

can’t thank you enough for the support and love during my time of study and for 

all the times I had to be away and grumpy during my study.   

  



Table of content 
 
1. INTRODUCTION .............................................................................................. 1 
 
1.1. Thesis objectives ............................................................................................. 3 
1.2. Hypotheses ...................................................................................................... 4 
1.3. References ....................................................................................................... 5 
 
2. LITERATURE REVIEW ................................................................................... 7 
 
2.1. The drive for renewable alternatives ........................................................... 7 

2.1.1. Lipid (fat and oils)  resources ................................................................ 9 
 
2.2. Lipid conversion technologies ..................................................................... 12 

2.2.1. Chemical conversion (Biodiesel) ........................................................ 14 
2.2.2. Thermochemical conversion (pyrolysis) ............................................. 16 

 
2.3. Pyrolysis (thermal cracking) of TAGs and derivatives ............................ 16 

2.3.1. Pyrolysis of triacylglycerols ................................................................ 17 
2.3.2. Pyrolysis of fatty acids and fatty acid soaps ........................................ 22 
2.3.3. Reaction mechanisms .......................................................................... 24 

 
2.4. Thermo-catalytic conversion of TAGs and derivatives ............................ 31 

2.4.1. Catalytic conversion of triacylglycerol and derivatives ...................... 32 
2.4.2. Hydrotreating of triacylglycerol and derivatives ................................. 36 

 
2.5. Co-processing of TAGs and derivatives with petroleum fractions ......... 38 
2.6. Oils and fats hydrolysis ............................................................................... 41 
2.7. Conclusions ................................................................................................... 42 
2.8. References ..................................................................................................... 43 
 
3. THERMAL DEOXYGENATION AND PYROLYSIS OF OLEIC ACID ......58 
 
3.1. Introduction ...................................................................................................58 
3.2. Materials and methods .................................................................................60 
 3.2.1. Materials ...............................................................................................60 
 3.2.2. Pyrolysis reactions ................................................................................60 
 3.2.3. Analytical methods - gas product analysis ...........................................61 
 3.2.4. Analytical methods - liquid product analysis .......................................62 
 3.2.5. Products identification and quantification ............................................64 
 
3.3. Results and discussion ..................................................................................64 
 3.3.1. Gas hydrocarbon products ....................................................................64 
 3.3.2. Deoxygenation and hydrogen formation ..............................................68 
 3.3.3. Identification of products in the liquid fraction ....................................70 
 3.3.4. Cyclic and aromatic compounds ..........................................................75 



 3.3.5. Quantitative analysis ............................................................................78 
 
3.4. Conclusions ....................................................................................................82 
3.5. References ………………………………………………………………… 82 
 
4. PYROLYSIS OF POLYUNSATURATED FATTY ACIDS ........................... 87 
 
4.1. Introduction .................................................................................................. 87 
4.2. Materials and methods ................................................................................ 88 

4.2.1. Materials .............................................................................................. 88 
4.2.2. Pyrolysis Reactions ............................................................................. 89 
4.2.3. Analytical methods .............................................................................. 89 

 
4.3. Results and discussion ................................................................................. 90 

4.3.1. Identification of products in the liquid fraction ................................... 90 
4.3.2. Cracking behavior ............................................................................... 93 
4.3.3. Cyclic and Aromatic Compounds ....................................................... 95 
4.3.4. Hydrocarbons in the Gas fraction ........................................................ 98 
4.3.5. Deoxygenation and hydrogen formation ........................................... 100 
4.3.6. Quantitative analysis ......................................................................... 102 

 
4.4. Conclusion .................................................................................................. 104 
4.5. References ................................................................................................... 105 
 
5. THERMAL CRACKING OF FREE FATTY ACIDS IN INERT AND LIGHT 
HYDROCARBON GASES ATMOSPHERE .................................................... 108 
 
5.1. Introduction ................................................................................................ 108 
5.2. Materials and methods .............................................................................. 110 

5.2.1. Materials ............................................................................................ 110 
5.2.2. Pyrolysis Reactions ........................................................................... 111 
5.2.3. Analytical methods- Gas product analysis ........................................ 111 
5.2.4. Analytical methods - Liquid product analysis ................................... 122 
5.2.5. Products identification and quantification ......................................... 112 

 
5.3. Results and Discussions ............................................................................. 112 

5.3.1. Liquid product yield .......................................................................... 112 
5.3.2. Liquid product composition .............................................................. 114 
5.3.3. Effect of headspace initial pressure ................................................... 120 
5.3.4. Increased branching reactions and products ...................................... 121 
5.3.5. Deoxygenation ................................................................................... 123 

 
5.4. Conclusion .................................................................................................. 124 
5.5. References ................................................................................................... 126 
 



6. TWO-STAGE THERMAL CONVERSION OF INEDIBLE LIPID 
FEEDSTOCKS TO RENEWABLE CHEMICALS AND FUELS .................... 129 
 
6.1. Introduction ................................................................................................ 129 
6.2. Materials and Methods .............................................................................. 123 
 6.2.1. Materials ............................................................................................ 123 
 6.2.2. Hydrolysis Reactions ......................................................................... 133 
 6.2.3. Pyrolysis reaction .............................................................................. 133 
 6.2.4. Analytical methods ............................................................................ 135 

    6.2.4.1. Feed characterization .................................................................. 135 
    6.2.4.2. Hydrolysis fatty acid product ..................................................... 135 
    6.2.4.3. Pyrolysis gas product analysis .................................................... 136 
    6.2.4.4. Pyrolysis liquid product analysis ................................................ 137 
    6.2.4.5. Products identification and quantification .................................. 138 
6.2.5. OLF property testing ......................................................................... 138 
 

6.3. Results and discussion ............................................................................... 138 
6.3.1. Feedstock and hydrolysates composition .......................................... 138 
6.3.2. Pyrolysis product distribution ........................................................... 140 
6.3.3. Organic liquid fraction composition .................................................. 143 
6.3.4. OLF properties .................................................................................. 147 
    6.3.4.1. Elemental composition ............................................................... 147 
    6.3.4.2. Distillation .................................................................................. 149 
    6.3.4.3. Other fuel properties ................................................................... 150 

 
6.4. Conclusion .................................................................................................. 153 
6.5. References ................................................................................................... 153 
 
7. GENERAL DISCUSSION AND CONCLUSIONS ....................................... 158 
 
7.1. Recommendation for future research ...................................................... 165 
7.2. References ................................................................................................... 168 
 
Appendix ............................................................................................................ 173 
  



List of tables 

 

Table 2.1 Total world production of fats and oils and top 5 producers  .............. 11 

Table 2.2 Current and potential waste fats and oils  ............................................ 13 

Table 3.1. Material balance of select oleic acid pyrolysis product.  ……………66 

Table 3.2. Molar yields of hydrocarbons in gas fraction at different temperatures 
for 4 h reaction tine ……………………………………………………………...67 

Table 4.1. Material balance of select linoleic acid pyrolysis product ………..194 

Table 5.1. Headspace gas and recovered liquid pyrolysis product at 410 °C for 2 
h........................................................................................................................... 113 

Table 5.2. Liquid product composition at an initial pressure of 130 psi under inert 
and light hydrocarbon gas atmosphere ............................................................... 115 

Table 6.1. Feed characterization and composition …………………………….139 

Table 6.2. Fatty acid composition of hydrolysates............................................. 141 

Table 6.3. Pyrolysis product distribution ........................................................... 143 

Table 6.4. Elemental composition of hydrolysates and OLF together with regular 
gasoline and diesel .............................................................................................. 148 

Table 6.5. Fuel properties of OLF together with regular gasoline and diesel .... 152 

 

  



List of figures 

 
Figure 1.1. Model triacylglycerol molecule. .......................................................... 2 

Figure 2.1. Primary reactions involved in the general mechanism of 
triacylglycerol cracking  ....................................................................................... 26 

Figure 2.2. Intramolecular radical cyclization mechanism to produce monocyclic 
hydrocarbons  ........................................................................................................ 29 

Figure 2.3. Six-membered PAH formation via intramolecular radical cyclizations 
............................................................................................................................... 30 

Figure 2.4. Proposed reaction scheme for the pyrolysis of stearic acid . ............. 31 

Figure 2.5. Proposed reaction mechanism for the catalytic cracking of 
triacylglycerol molecules . .................................................................................... 36 

Figure 2.6. Reaction scheme for the hydrolysis of triacylglycerol ...................... 42 

Figure 3.1.  Representative GC-FID chromatogram showing the occurrence of 
hydrocarbons in the gas fraction of oleic acid pyrolysis product. ........................ 65 

Figure 3.2. Percentages of CO and CO2 in the gas fraction of oleic acid pyrolysis 
product at different temperatures for 4 h reaction time  ....................................... 69 

Figure 3.3. GC-FID chromatogram showing typical products in the liquid fraction 
of oleic acid pyrolysis product. ............................................................................. 71 

Figure 3.4. GC-FID chromatogram showing pentane-soluble oleic acid pyrolysis 
product at varying lengths of times at 390 °C (A) and 450 °C (B). ...................... 72 

Figure3.5. n-alkanes (A) and 1-alkenes (B) composition of pentane-soluble oleic 
acid pyrolysis product as a function of temperature and time. ............................. 76 

Figure 3.6. Percentage of aromatic compounds in the pentane-soluble oleic acid 
pyrolysis products as a function of temperature and time. ................................... 78 

Figure 3.7. Percentage of n-alkanes (A) and 1-alkenes (B) at 390 °C as a function 
of carbon number and reaction time. …………………………………………... 81 

Figure 4.1. GC-FID chromatogram showing typical pentane soluble liquid 
pyrolysis product of linoleic acid. ......................................................................... 91 

Figure 4.2. GC-FID chromatogram of  pentane soluble linoleic acid pyrolysis 
product at 390°C  (A) and 450°C  (B) for various reaction times. ....................... 92 

Figure 4.3. n-alkane (A) and 1-alkene (B) composition of pentane soluble linoleic 
acid pyrolysis product at various temperatures and reaction times. ..................... 96 

Figure 4.4. Aromatic compound composition of pentane soluble linoleic acid 
pyrolysis product at various temperatures and reaction times .............................. 98 

Figure 4.5. GC-FID chromatogram of hydrocarbons in the gas fraction of linoleic 
acid pyrolysis product at 390°C for various reaction times .................................. 99 



Figure 4.6. Carbon monoxide and carbon dioxide composition of the gas fraction 
of linoleic acid pyrolysis product at 4h for various reaction temperatures ......... 101 

Figure 4.7. n-alkane (A) and 1-alkene (B) composition as a function of carbon 
number at various temperatures for 4h reaction times ………………………... 103 

Figure 5.1. Total alkanes (linear, branched, cyclic) (A) and total alkenes (linear, 
branched, cyclic) (B) composition by carbon number in liquid pyrolysis product at 
130 psi initial pressure ........................................................................................ 119 

Figure 5.2. Liquid product yields at different initial headspace pressure under 
nitrogen and ethylene atmosphere ...................................................................... 120 

Figure 5.3. Sections of GC-FID chromatograms showing liquid pyrolysis product 
under initial pressure of 130 psi using nitrogen (A) and ethylene (B) ................ 121 

Figure 5.4. Total branched alkanes and alkenes in the liquid product under 
nitrogen and ethylene atmosphere at different initial headspace pressures. ....... 122 

Figure 5.5. GC-FID chromatogram of liquid oleic acid pyrolysis product from 
reactions conducted under initial pressure of 500 psi using nitrogen and ethylene
............................................................................................................................. 123 

Figure 5.6. Carbon monoxide (A) and carbon dioxide (B) content in the gas 
product of nitrogen and ethylene headspace at different initial pressure. ........... 125 

Figure 6.1. Typical reactor temperature and pressure profiles during pyrolysis 
reaction ……………………………………………………………..…………. 136 

Figure. 6.2. Classes of compounds in OLF ........................................................ 144 

Figure 6.3. n-Alkanes as a function of carbon number of OLF ......................... 145 

Figure 6.4. Distillation curves (ASTM D86) of OLF together with regular 
gasoline and diesel. ............................................................................................. 150 

 

  



List of abbreviations 

 

ALF  - aqueous liquid fraction 

ASTM  - American society for testing and materials 

CGSB   - Canadian general standards board 

DAG   - diacylglycerol 

EU   - European union 

FAME  - fatty acid methyl ester 

FAO   - food and agricultural organization 

FCC   - fluid catalytic cracking 

FFA   - free fatty acid 

FID   - flame ionization detector 

GC   - gas chromatography 

HPLC  - high performance liquid chromatography 

MAG   - monoacylglycerol 

MS  - mass spectrometer 

OLF  - organic liquid fraction 

NIST   - national institute of standards and testing 

TAG   - triacylglycerol 

TCD  - thermal conductivity detector 

WHSV   - weight hourly space velocity 



1 
 

1. Introduction 

The development of alternative and renewable energy and chemicals has 

been on the rise over the past decades. The primary drivers have been problems 

associated with over-reliance on fossil derived fuels and chemicals as well as 

increased consumer awareness and demand for renewability and sustainability [1-

3]. Lipid feedstocks have been considered as one of the biomass sources with the 

most potential for producing renewable liquid hydrocarbon products, which can 

be used as petroleum alternatives. The primary reason for this is the higher energy 

density [4, 5] and relatively simpler structure [6] compared to other biomass 

feedstock such as lignocellulose.  

Several lipid feedstocks are available for conversion to renewable liquid 

fuels including refined vegetable oils and animal fats (food grade), inedible plant 

oils (eg. Castor oil and jatropha oil), and waste oils and fats such as brown grease, 

yellow grease and sewage sludge lipids. The ability to utilize non-food lipid 

feedstocks is important for process economics and commercial viability as 

feedstock cost accounts for anywhere between 40-80% of the production cost of 

renewable fuels [7-9]. Lipids in the form of vegetable oils and animal fats are 

composed predominantly of triacylglycerols (TAGs) with minor components 

being monoacylglycerols, diacylglycerols, free fatty acids, sterols and 

phospholipids. The content of the minor components is high in waste oils and fats 

such as brown grease and yellow grease, which have a relatively high free fatty 

acids content compared to virgin or refined oils and fats [10-12]. TAG is 

composed of three fatty acid molecules esterified to glycerol. A representative 
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model TAG molecule is shown in Figure 1.1. The fatty acids can be separated 

from the TAG molecule through various hydrolysis techniques. Triacylglycerol 

hydrolysis procedures employing acids, bases or enzymes as catalysts as well as 

high temperature and high pressure can be used to achieve fatty acid liberation. 

High temperature and pressure hydrolysis is important because it does not employ 

a catalyst, which may require additional processing steps for removal, 

regeneration and recovery [13]. It was therefore chosen as the technique to be 

used in this research.  

 

 

Figure 1.1. Model TAG molecule. 

 

One of the most promising lipid conversion technologies is thermal 

cracking or pyrolysis; a high temperature reaction in the absence of oxygen. 

Pyrolysis is especially attractive in areas with developed oil and gas industry such 

as Alberta because it utilizes similar infrastructure and technologies. The thermal 

cracking of vegetable oils and animal fats in the form of TAGs has been the 

subject of many studies and literature is available. However, only limited studies 

have been reported on the thermal cracking of free fatty acids. The thermal 

cracking of model stearic acid (a saturated eighteen carbon free fatty acid) was 
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studied by Maher et al. [14]. They found decarboxylation as the initial step of the 

thermal cracking resulting in the formation of n-heptadecane. Then, subsequent 

thermal cracking of n-heptadecane resulted in the production of low molecular 

weight n-alkanes and α-olefins as major products.  

Natural vegetable oils and animal fats are however composed of a 

complex mixture of both saturated and unsaturated fatty acids. The earlier stearic 

acid study [14] provided valuable insight into the thermal cracking of saturated 

free fatty acids. There is however, the need to evaluate the thermal cracking of 

unsaturated free fatty acids to better understand the thermal cracking of free fatty 

acids produced from hydrolysis of natural vegetable oils and animal fats as 

vegetable oils especially often contain high levels of unsaturation. Also, a more 

detailed characterization of the products especially in the gas fraction is necessary 

to help shed more light on the fundamental reaction chemistry and the mechanism 

of the thermal cracking of these free fatty acids.  

 

1.1.  Hypotheses 

 The presence of unsaturation (C=C) in the fatty acid chain will result in 

simultaneous cracking and deoxygenation compared to saturated fatty 

acids where deoxygenation precedes cracking. 

 The use of unsaturated hydrocarbon gases instead of an inert atmosphere 

will affect product composition and distribution. 
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 Reaction temperature and time will impact reaction product composition 

by influencing particularly secondary reactions such as condensation, 

aromatization and coking. 

 Composition of pyrolysis products of fatty acids hydrolyzed from 

triacylglycerol feedstocks will be different from model compounds due to 

heterogeneity in the fatty acids. 

 Feedstock composition will significantly influence pyrolysis product 

properties. 

 

 

1.2.  Thesis objectives 

The overall objective of this thesis research was to investigate the thermal 

non-catalytic conversion of lipids in the form of free fatty acids to renewable 

hydrocarbons for use as fuels and chemicals. The specific objectives were: 

 To determine the effect of mono-unsaturation, temperature and time on 

fatty acid thermal cracking with respect to product composition and 

distribution (Chapter 3), 

  To determine the effect of polyunsaturation temperature and time on 

fatty acid thermal cracking with respect to product composition and 

distribution (Chapter 4), 

 To determine the effect of reaction atmosphere on product yield and 

distribution during the thermal cracking of fatty acids (Chapter 5) and 
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 To study the feasibility of utilizing inedible and waste vegetable and 

animal fats for production of liquid hydrocarbons using thermal 

hydrolysis and pyrolysis and characterizing the reaction products as well 

as testing fuel properties (chapter 6). 
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2. Literature review 1 

2.1. The drive for renewable alternatives  

The world’s energy demand has been rising since the industrial revolution 

and is projected to continue rising for the foreseeable future driven largely by 

emerging economies as a result of strong long term economic growth and ever 

expanding populations [1-3]. The global energy demand has been projected to 

increase significantly by 56% by the year 2040 [2]. The vast majority of the 

current global energy is supplied by non-renewable resources in the form of 

petroleum, natural gas and coal, together accounting for more than 75% of the 

current energy needs [2, 4]. Petroleum derived fractions currently supply over 

95% of the total energy needs of the transportation sector [2, 4, 5]. As well, 

petroleum serves as an important source of raw material for several chemical 

industries producing essential products such as solvents, lubricants, plastics and 

polymers etc. [6]. The current dependence on petroleum was fuelled by the 

relative ease of its discovery, transportation, processing and utilization [6].  

Despite the importance of petroleum or fossil derived fuels in today’s 

economy and energy needs, there are several issues associated with its use and 

overdependence. One of the major issues associated with petroleum use is its 

finite reserves and non-renewability. With a current total consumption of nearly 

90 million barrels per day, the current proven reserves are expected to be depleted 

in about 50 years [2, 7]. The estimated depletion time did not take into account 

shale oil, which has been estimated to have current proven reserves of about 345  

1 A version of this chapter has been prepared as review article for publication in the Journal 
Energy and Environmental Science. 
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billion barrels [8]. Another major issue with petroleum use is exhaust emissions 

from transportation vehicles that result in environmental pollution and greenhouse 

gas emission, which have been implicated in global warming [2, 9]. Another issue 

associated with petroleum use is localized nature of reserves with over 50% of the 

current proven reserves located in some of the most politically unstable 

countries/regions of the world.  Additionally, petroleum suffers from price 

fluctuations and uncertainty and increasing environmental awareness.  As a result 

of these issues, a considerable effort into research and development of renewable 

alternatives to petroleum has been made over several decades. There is also 

currently renewed interest in the development of alternative renewable fuels and 

chemicals, especially in the European Union, spurred by regulations and 

incentives from several governments mandating and promoting the development 

and use of renewable fuels and chemicals.  

 Several alternative and renewable energy technologies are being 

developed including solar power, wind power, wave power, geothermal energy, 

and biomass (including biofuels). The various alternative and renewable energy 

technologies have their advantages and drawbacks, which affect their large scale 

deployment and utilization. Biomass represents a renewable and alternative 

energy source that can meet our demand for carbon-based liquid transportation 

fuels and chemicals since it is the only renewable energy source that can yield 

solid, liquid and gaseous fuels [6, 10-13]. Additionally the exploitation of biomass 

also has the potential to return value to the agricultural and forestry sectors, both 

of which are seeking value-added opportunities in North America.  The utilization 



9 
 

of biomass will therefore play an important role in meeting our energy demands 

sustainably in the future. 

Biomass contains a variety of components, some of which are readily 

accessible while others are much more difficult and costly to extract. 

Classification of biomass is not standardized; hence it is usually classified based 

on the context in which it is used. For the purposes of this review, biomass will be 

grouped into three broad classes based on composition namely: sugars and 

starches, lignocellulosics and lipids (oils and fats). Only lipids will be discussed 

further in this review. 

 

2.1.1. Lipid (fats and oils) resources 

 Fats and oils are water insoluble, hydrophobic substances in plants and 

animals that are primarily made up of three fatty acid molecules esterified to 

glycerol, commonly referred to as TAGs [14]. Unprocessed fats and oils are 

composed almost exclusively of triacylglycerols (TAGs) with minor components 

being monoacylglycerols, diacylglycerols, free fatty acids, phospholipids and 

sterols [15, 16]. The possibility of using vegetable TAGs as a source of energy 

was demonstrated over a century ago when Rudolf Diesel used peanut oil to run 

one of his engines [17]. The main advantage of fats and oils over the other 

biomass sources is its higher energy density, which is more than double the 

energy density of sugar and starches or lignocellulosics [16, 18-20]. Fats and oils 

have been estimated to contain as much as 90% of the energy content of 

conventional petroleum derived diesel [21, 22] 
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There are a variety of fats and oils sources that can be utilized as 

renewable feedstocks for the production of petroleum derived alternatives. These 

sources have been divided into four main groups, including vegetable oils (canola 

oil, soybean oil, olive oil, palm oil, etc.), animal fats (lard, tallows, fish oils etc.), 

waste cooking oils (yellow grease, brown grease etc.) and nonedible oils (castor 

oil, jatropha oil, rubber seed oil etc.) [9, 23, 24]. The availability and production 

of the various fats and oils vary significantly between regions. Table 2.1 show the 

total world production of some edible fats and oils in 2011 along with the top 5 

producers who together produced between 70 and 97% of the respective fats and 

oils. The oils produced in the largest quantities are palm, soybean and canola oils. 

The widespread availability and variability in the location of the largest producers 

shows the potential of using fats and oils as feedstock in different parts of the 

world.  

Data on the world production of non-edible oils are not as readily 

available as that of the edible oils. Total castor oil seeds production for the year 

2011 was estimated to be 2.8 million tonnes [25] and according to Gui et al. [23] 

the oil yield of castor oil seeds is 53%. Thus, by calculation, the 2011 castor oil 

production would amount to 1.5 million tonnes. Other non-edible oils which have 

been reported in the literature but production quantity information is not available 

are jatropha, karanja seed, rubber seed oil, carinata oil etc. [26-29]. Because these 

oils do not compete directly with food and feed applications, their use as 

feedstock for biofuels is thought to be more desirable.  However, land use 

considerations, both direct and indirect, must be equally considered.  



11 
 

Table 2.1. Total world production of fats and oils and top 5 producers (data 
source [25]) 

Fat and oil Top 5 producers 
2011 world 

production (million 
tonnes) 

Palm oil Indonesia, Malaysia, 
Thailand, Colombia, Nigeria 47.7 

Soybean oil China, USA, Brazil, 
Argentina, India 41.6 

Canola/rapeseed oil China, Canada, Germany, 
India, France 22.8 

Coconut oil Philippines, Indonesia, India,
Vietnam, Mexico 3.3 

Peanut oil China, India, Nigeria, 
Myanmar, Senegal 5.8 

Corn oil USA, China, Japan, Brazil
South Africa 2.4 

Cotton seed oil China, India, USA, Pakistan,
Brazil 5.2 

Sunflower oil Ukraine, Russia, Argentina
Turkey, China 13.4 

Olive oil Spain, Italy, Greece, Syria, 
Turkey 3.0 

Safflower oil India, USA, Mexico, 
Argentina, Kazakhstan 0.13 

Lard China, Germany, Brazil, 
USA, Russia 5.8 

Tallow USA, Brazil, Australia, 
Canada, France 6.7 
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Another important source of fat and oil feedstock is waste fats and oils, 

including brown grease, due to their worldwide availability. The use of these 

types of lipid feedstocks does not negatively impact the food and feed industry 

[30, 31]. Waste fats and oils are also important because of their relatively low cost 

compared to refined fats and oils and therefore their use as feedstock would help 

positively improve the process economics [30, 32-35]. Table 2.2 shows the 

available quantities of waste fats and greases as well as potential quantities of fats 

and greases and lipids from sewage sludge. The potential lipids from sewage 

sludge was calculated based on potential sewage sludge quantities of 12 million 

tonnes in the European Union (EU) and 6.2 million tonnes in the US [30, 36-38] 

and reported sewage sludge lipids content of between 15-20% [39-42]. Since 

sewage sludge is readily available in most municipalities, the use of lipids from 

sewage sludge as renewable feedstock for chemicals and fuels will be important 

as new and low cost feedstocks are researched. 

 

2.2. Lipid conversion technologies 

  Fats and oils have long been recognized as potential liquid fuel for use in 

automotive vehicles [32]. They are especially important as feedstock for liquid 

fuel generation because of their high energy content compared to other biomass 

resources and their relatively simpler structure, much closer to that of n-alkanes, 

compared to starches or lignocellulosic biomass [14]. Development of alternative 

fuel from lipids, particularly vegetable oil, became urgent in the late 1970s as a 
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result of the short supply and high prices of crude oil [17, 43] and research into 

renewable alternative fuels has been renewed in the past decade. 

 

Table 2.2. Current and potential waste fats and oils (adapted from [30]) 

 

Product  
Quantity

 (million tonnes/yr) 
US EU 25 

Waste fats and greases -Rendered 2.88 3.96 

Inedible tallow 1.51 0.90 

Lard 0.14 1.06 

Poultry fat 0.61 0.81 

Yellow grease 0.61 1.20 

Waste fats and greases - Potential 4.92 4.44 

Sewage sludge lipids- Potential 1.24 2.40 

 

 

Fat and oil conversions have primarily focused on the production of fatty 

acid alkyl esters usually methyl esters commonly referred to as biodiesel. 

Biodiesel has been suggested as a direct replacement for petroleum-derived diesel 

[17, 32, 44, 45]. Another alternative conversion technology for fats and oils is 

thermochemical conversion predominantly pyrolysis to convert fats and oils and 

their derivatives to liquid hydrocarbons. These lipid conversion technologies will 

be discussed further in the subsections below. 
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2.2.1. Chemical conversion (Biodiesel) 

The chemical conversion of vegetable oil and animal fat TAGs to fatty 

acid methyl esters (FAMEs) through transesterification reactions is currently the 

most applied conversion technology for lipid feedstocks for fuel applications. 

World biodiesel production and consumption in 2011 was 160 million barrels 

[46]. The term biodiesel was previously used to describe different renewable 

liquid fuels including vegetable oils and their blends with petroleum derived fuel 

fractions [6, 17]. Biodiesel has now been formally defined by the American 

Society for Testing and Materials (ASTM) International as “fuel comprised of 

mono-alkyl esters of long chain fatty acids derived from vegetable oils or animal 

fats, designated B100” (ASTM D6751-12) [47]. A similar definition is used by 

the European Committee for standardization in the specification EN14214-13 

[48]. 

The transesterification of vegetable oils and animal fats to produce 

biodiesel involves the reaction of the fat or oil with a primary or secondary 

aliphatic alcohol with or without the use of a catalyst [24]. Stoichiometrically, one 

mole of vegetable oil or animal fat TAG reacts with three moles of alcohol 

resulting in the production of three moles of alkyl esters and one mole of glycerol. 

The most used alcohols are by far methanol and ethanol. Several catalysts have 

been investigated for applicability in the transesterification reaction including 

strong acids and bases, metal alkoxides, and enzymes (lipases). However, most of 

the current commercial biodiesel plants employ the use of strong base (NaOH or 

KOH) as catalyst [49-52]. Non-catalyzed transesterification reactions include the 
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use of supercritical methanol [45, 53-55] and the use of co-solvents such as in the 

BIOX® process which occurs at atmospheric pressure and near ambient 

temperatures [4, 56].  

The current commercial base catalyzed biodiesel production in the US 

requires the use of high quality vegetable oils and animal fats that have been 

estimated to account for up to 88% of the production cost [34, 35, 57]. The high 

cost of the feedstock makes the process uneconomical without government 

incentives. As a result there have been research efforts into developing biodiesel 

processes that are capable of utilizing low quality feedstocks such as yellow 

grease and brown grease. Reviews of these approaches are available elsewhere in 

the literature [23, 30, 51, 58-62].  

In addition to the high cost of current biodiesel commercial production, 

the use of biodiesel as petroleum diesel alternative has some disadvantages. Poor 

cold flow properties limits the use of biodiesel in cold temperature regions during 

winter as it results in engine performance issues and increased NOx emissions 

[63-65]. Another disadvantage of the use of biodiesel as petroleum derived 

alternative is the long term instability of biodiesel due to hydrolytic and oxidative 

reactions [66]. Biodiesel use also has other disadvantages over petroleum-derived 

diesel such as lower energy content, lower engine speeds and power, and injector 

choking etc. [67].  
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2.2.2. Thermochemical conversion (pyrolysis) 

Pyrolysis is a thermochemical conversion technique that is utilized to 

produce mostly liquid product in addition to non-condensable gaseous products 

with solid “coke” being an unwanted by-product [68]. In the case of lipids 

conversion, pyrolysis results in a fuel that has a high fuel-to-feed ratio making the 

process the most efficient and promising lipid conversion technology, capable of 

directly competing with petroleum derived fuels [69-71]. Pyrolysis is the 

thermochemical decomposition of carbonaceous materials occurring in the 

absence of oxygen or reduced oxygen [12, 69, 72]. The product distribution and 

composition is influenced by the reaction conditions employed as well as the 

feedstock composition. Products from vegetable oil and animal fat pyrolysis are 

generally composed of hydrocarbons, carboxylic acids, alcohols, and carbonyl 

compounds.  

Lipid pyrolysis has several advantages over chemical conversion into 

biodiesel including compatibility with infrastructure, feedstock flexibility and 

product composition similar to petroleum derived fractions [73, 74].  The 

subsequent section will review the literature on pyrolysis of vegetable oil and 

animal fat TAGs and their derivatives with a focus on thermal and thermo-

catalytic studies.  

 

2.3. Pyrolysis (thermal cracking) of TAGs and derivatives 

Studies involving the thermal degradation or cracking of TAG and 

derivatives such as fatty acids and fatty acid soaps have been reported in the 
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literature over the past century. Model lipid compounds as well as lipids from 

vegetable oils and animal fats have been investigated by several research teams. 

Some initial studies mainly focused on studying quality changes associated with 

the use of lipids such as during frying [75-77] whereas others studied the 

conversion of lipids for the production of fuels and chemicals from lipids [78-80]. 

Developments in analytical techniques such as gas chromatography and mass 

spectrometry has led to better product characterization and mechanism elucidation 

of thermal degradation and cracking of lipids. The following subsections will take 

an in-depth look at thermal cracking and degradation of TAGs and its derivatives 

such as fatty acids and fatty acid soaps and the mechanisms proposed to account 

for the degradation or cracking. 

 

2.3.1. Pyrolysis of TAGs 

Several studies investigating the thermal cracking of different TAG 

feedstocks from vegetable oils and animal fats as well as model TAGs have been 

reported in recent literature. Conditions employed ranged from 300 to 1000 °C, 

with reaction times ranging from a few seconds to hours at either atmospheric, 

reduced pressure or at elevated pressures with the aim of producing renewable 

hydrocarbons. Fabbri et al. [81] studied the conversion of the model TAGs 

trilinolein, triolein and tristearin at 1000 °C for 60 s using a pyroprobe at a 

heating rate of 20 °C ms-1. They reported that each of the model TAGs produced a 

unique pattern of pyrolysis products, with trilinolein and triolein producing 

mostly alkadienes ranging in carbon number from C10 to C17 and higher as the 
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major products. On the other hand pyrolysis of tristearin resulted in the 

production of α-olefins and n-alkanes with carbon numbers from C10 to C17 and 

higher as the main products. Aromatic compounds formation was significantly 

higher in the trilinolein pyrolysis product compared to triolein or tristearin. Their 

study also reported that the thermal degradation of the hydrocarbon chain was not 

affected by the nature of the carboxyl moiety as similar results were obtained 

when sodium salts or glycerol carbonate esters of the fatty acids were pyrolyzed 

under similar conditions. 

Soybean oil was pyrolyzed by Doll et al. [82] at temperatures between 

350-400 °C following the approach reported earlier by Lima et al. [83] in the 

pyrolysis of other vegetable oils. They reported the production of two liquid 

fractions; an aqueous fraction and an organic liquid fraction. The organic liquid 

fraction from the soybean oil was distilled and the fraction that distilled above 

200 °C was analyzed and compared to high sulphur and low sulphur petroleum 

diesel. They found that the density and the surface tension of the distilled fraction 

was comparable to that of the high sulphur diesel whereas the viscosity was 

relatively higher in the distilled fraction when compared to petroleum diesel.  

They concluded that the distilled fraction could be a viable alternative to 

petroleum diesel or it could be blended with petroleum diesel to overcome the 

high viscosity. In a similar study, Prado and Filho [84] pyrolyzed soybean oil in a 

batch system at 380-400 °C under atmospheric pressure using both simple 

pyrolysis and fractionated pyrolysis. They obtained a 93% conversion in the 

simple pyrolysis with 84% liquid product yield of which 1% was aqueous 
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fraction. The non-condensable gas fraction accounted for 9% with a coke yield of 

7%. The primary products were n-alkanes, alkenes, carboxylic acids, alcohols and 

ketones. The hydrocarbon had carbon numbers from C4 to C30 and the 

oxygenated compounds had carbon numbers from C2 to C20. 

In another study of the batch thermal cracking of TAGs, soybean and 

canola oils were pyrolyzed at 350-400 °C with a starting pressure of 3 kPa 

vacuum or 2000 kPa pressurized with hydrogen, a heating rate of 2 °C/min and a 

residence time of 30 min was conducted by Luo et al. [85]. They reported organic 

liquid product yield of 76% and 64% for reactions conducted under vacuum and 

pressurised hydrogen respectively, at 440 °C for soybean oil. A similar 

observation was made with canola oil cracking at 430 °C. They further observed 

that external source of hydrogen was not required to facilitate the formation of the 

products if the initial process step is thermal cracking of the TAGs. The main 

products in the organic liquid were alkanes and short chain fatty acids with minor 

concentrations of alkenes and aromatic compounds. In a follow up study, 

Kubatova et al. [86] performed batch thermal cracking of canola oil and soybean 

oil at 420-440 °C, for reaction times of 10-30 min and starting pressure of 3 kPa 

vacuum and 2200 kPa pressurized hydrogen. They obtained organic liquid 

product yield of approximately 70% for both canola oil and soybean oil with the 

main compounds being alkanes from C3 to C26, fatty acids from C1-C18, 

alkenes, monoaromatic and polyaromatic compounds, and ketones. In support of 

the earlier work, they confirmed that under the conditions employed (temperature 

> 400 °C), external hydrogen source did not significantly impact the organic 
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liquid product yield or composition of the compounds of interest in the organic 

liquid fraction.  

The studies mentioned so far involved the use of refined vegetable oils 

which are high value commodities in other markets such as the food and feed 

industries making the processes uneconomical. The use of low value feedstocks is 

one of the important ways of improving the process economics.  Santos et al. [87] 

studied the batch pyrolytic conversion of beef tallow, a relatively low cost lipid 

feedstock from the rendering industry [88] at temperatures of 350-400 °C at a 

heating rate of 4 °C/min and atmospheric pressure. They reported 56% organic 

liquid fraction as well as residue of 36% and 8% non-condensable gases. The 

organic liquid fraction was distilled into four fractions and the heavy fraction 

(distillation temperature > 200 °C) was characterized. The main compounds were 

hydrocarbons (alkanes, alkenes alkadienes and alkynes) with carbon number C8-

C20 and carboxylic acids with carbon numbers C6-C18 and minor compounds 

being alcohols and esters. Fuel property testing following ASTM methods 

revealed the distillate conformed to the Brazilian diesel fuel specification with the 

exception of Acid index which was significantly higher than the maximum 

recommended. Studies by Ito et al. [89] evaluated the pyrolysis of beef tallow and 

waste cooking oil at 360-420 °C for reaction time of 0-120 min at the reaction 

temperature and a starting pressure of 490 kPa. They reported a hydrocarbon 

fraction yield of 60% at 420 °C and 120 min reaction time together with a fatty 

acid yield of 15% under the same conditions. The hydrocarbons had carbon 

numbers ranging from C8-C19. The hydrocarbon fraction was reported to have a 
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distillation temperature range of 100 to 550 °C. However, the researchers did not 

indicate how the fatty acids were separated from the hydrocarbons. Biswas and 

Sharma [26] pyrolyzed the inedible jatropha oil in a batch system at 300-375 °C 

for reaction times of 2-10 min at atmospheric pressure. At 375 °C, they reported 

100% conversion with 73% liquid, 26% gaseous and less than 1% char 

production. Compounds in the liquid product included alkanes, alkenes, 

cycloalkanes and carboxylic acids.  

Another means of improving process economics is the use of continuous 

systems as batch processes have some drawbacks for large scale operations, such 

as low throughput and clean-up after each operation. Wiggers et al. [90] studied 

the thermal conversion of soybean oil in a pilot scale tubular flow reactor. 

Operation conditions were 450-600 °C, at atmospheric pressure, a feed mass flow 

rate of 3.06 kg/h and residence time between 10 and 37 s. The effect of steam was 

investigated at a water to feed ratio of 0:10 to 1:9. Results showed that liquid 

product yields ranged from 34-88% and gas product yields were 12-66% and were 

dependent on the operating conditions employed. The liquid bio-oils were 

fractionated into light bio-oil and heavy bio-oil to represent gasoline and diesel 

fraction, respectively. Distillation curves of the bio-oils together with petroleum 

derived gasoline and diesel showed the respective bio-oils to have good similarity 

to the petroleum derived gasoline and diesel fractions. In other studies, Wiggers et 

al. [91] and Wisniewski et al. [92] studied the pyrolysis of waste fish oil in a 

similar pilot scale tubular flow reactor at 525 °C and atmospheric pressure, feed 

mass flow rate of 3.21 kg/h and residence time of 17 s.  Product distribution was 
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73% liquid, 16% gas and 11% coke. The liquid product was fractionated into light 

and heavy bio-oils and characterized. They reported carbon numbers of C5-C12 in 

the light bio-oil and C10-C26 in the heavy bio-oil fraction. The compounds 

identified in the bio-oils were alkanes, alkenes, aromatics and carboxylic acids. 

The authors studied the conversion of waste cooking oils in the same pilot plant 

tubular flow reactor at temperatures of 475-500 °C at atmospheric pressure and 

residence times of 15-70 s and feed mass flow rate of 0.78-3.65 kg/h [93]. Similar 

results as reported in the previous studies utilizing waste fish oils and soybean oil 

were reported. 

 

2.3.2. Pyrolysis of fatty acids and fatty acid soaps 

The pyrolysis of lipids in the form of TAGs have been extensively studied. 

However, the pyrolysis of other lipid derivatives such as free fatty acids or salts of 

fatty acids have received very little attention. Soaps are fatty acid salts which are 

formed either by reaction of free fatty acids with an alkali and the reaction of 

TAG based oil or fat with an alkali. The latter proceeds through hydrolysis of the 

fatty acid acylglycerol before the alkali reaction with the fatty acid formed to 

produce soaps. Soaps are also produced during the neutralization step of the oil 

refining process for edible purposes [94].  
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Hartgers et al. [95] studied the pyrolysis of model sodium salts of palmitic, 

oleic acid and linoleic acids using a pyroprobe at 770 °C for 10 s. They reported 

the formation of n-alk-1-enes and n-alkanes, ranging in carbon number up to C15 

in the case of palmitic acid sodium salt as the main compounds. The pyrolysis 

products of the oleic acid and linoleic acid sodium salts were characterized by the 

formation of linear alkenes up to C11 and linear alkadienes from C11-C17. No 

aromatic compounds were detected in the pyrolysis product of the palmitic acid 

sodium salt whereas trace amounts of aromatic compounds were reported for the 

sodium salts of oleic and linoleic acids. In a similar study, Lappi and Alen [96] 

studied the pyrolysis of the sodium salts of stearic, oleic acid linoleic acids at 450-

600 °C for 20-80 s using a pyroprobe. They reported similar results to those 

obtained by Hartgers et al. [95] as the primary products. However, they also 

reported the formation of oxygenated as well as aromatic compounds when the 

saturated salt was pyrolyzed. This could be due to the longer reaction time used in 

their study. In a follow up study, Lappi and Alen [97] studied the pyrolysis of the 

sodium salts of palm, olive, rapeseed and castor oils at 750 °C for 20 s using a 

pyroprobe. They reported that products in the petroleum-derived gasoline and 

diesel range were formed along with undesirable oxygenated compounds. Santos 

et al. [87] pyrolyzed soybean soapstock at 350-400 °C at atmospheric pressure. 

They reported 30% organic liquid product, 30% gas product and 16% residue. 

The organic liquid product was distilled and the fraction with distillation 

temperature greater than 200 °C analyzed. They reported the fraction had 

properties similar to those outlined for diesel fuel in Brazil with the exception of 
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acid index and carbon residue which were slightly higher than the specified 

maximum. A similar observation was made by Doll et al. [82] who also pyrolyzed 

soybean soapstock. 

Dupain et al. [98] carried out thermal cracking of oleic acid in a 

continuous reactor at 525 °C for 2.9 s at atmospheric pressure. They reported a 

conversion of 19% and the fatty acid was largely unaffected by the reaction 

conditions used. Maher et al. [99] on the other hand studied the batch thermal 

cracking of stearic acid at 350-500 °C for reaction times of 0.5 to 8h at starting 

pressure of atmospheric pressure. Conversions of 32 to 97 weight % of feed 

which were highly dependent on the reaction conditions were reported. Main 

products were n-alkanes and alkenes as well as low molecular weight saturated 

and unsaturated carboxylic acids and eventually aromatic compounds as 

temperature and reaction times increased.  

 

2.3.3. Reaction mechanisms 

The thermal cracking of TAGs has been studied for decades and several 

researchers have proposed mechanisms to account for the reactions occurring. 

The thermal decomposition is thought to proceed through either a free radical 

mechanism or through carbonium ion mechanism [100, 101]. Chang and Wan 

[80] proposed a mechanism for the thermal decomposition of TAGs involving 

sixteen reaction types. Alencar et al. [102] and Schwab et al. [100] proposed 

mechanisms to account for the thermal decomposition of saturated and 

unsaturated TAG moieties, respectively. Later, Idem et al. [103] built on the  
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previous mechanisms and proposed a more detailed mechanism for the thermal 

decomposition of TAGs. The above mechanism has been thoroughly reviewed by 

Maher and Bressler [6]. 

Kubatova et al. [86] proposed primary reactions in the general mechanism 

for the thermal TAG cracking shown in Figure 2.1. The proposed mechanism 

build on those proposed by earlier researchers to account for the formation of 

branched hydrocarbons (equation 7) as well fatty acids cracking (equation 11).  

The thermolysis of the TAG ester bond to produce carboxyl radical (equation 1a) 

or a carbonyl radical (equation 1b) is thought to be the initial reaction. Alkanes 

and alkenes are then formed though decarboxylation and the carboxyl radical 

(equation 3) and deketenization of the carbonyl radical (equation 2).  

The branched hydrocarbons are thought to be formed through the direct 

isomerization of radicals to more stable forms (equation 7a) and the reaction of 

radicals with double bonds. The presence of double bonds results in an 

enhancement of the cleavage at the allylic position (β- to the double bond). This 

reaction is predominant when the fatty acid moieties are unsaturated due to the 

lower bond dissociation energy of the allylic C-C bond compared to saturated C-C 

bonds or the C-C bond adjacent to the carboxyl group [86, 95, 104, 105]. 
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(1) Thermolysis of the triacylglycerol ester bond 

 

(2) Deketenization (continuation of reaction 1a)  

 

(3) Decarboxylation (continuation of reaction 1b)  

 

(4) Stabilization of radicals  

 

(5) Cracking of unsaturated hydrocarbons (shown for predominant allyl 
position)  

(6) Splitting Decomposition of paraffins  

(6a) Moving the double bond 

 (6b) Forming more stable radicals 

 

(7) Formation of branched radicals  

(7a) Direct isomerization to form more stable radicals 
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 (7b) Reactions of radicals with double bonds 

 

(8) Diels-Alder reaction  

 

(9) Hydrogen abstraction and dehydrogenation 

 

(10) Termination   

 

(11) Fatty acid cracking 

 

Figure 1.1. Primary reactions involved in the general mechanism of TAG 

cracking (reprinted with permission [86])  
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The formation of cyclic compounds especially six membered structures 

are generally accepted to be due to the Diels-Alder reaction of a diene with a 

dienenophile [103]. However, a new mechanism has recently been postulated by 

Kubatova et al. [106] as shown in Figure 2.2. The formation of cyclic compounds 

as proposed by the researchers involves the intramolecular cyclization of alkenyl 

radicals with terminal double bonds. Cyclopentanes and cyclopentenes are formed 

from the endo-cyclization of alkenyl radicals with radical at the γ-position to the 

double bond (equation 1) and exo-cyclization of alkenyl radicals with the radical 

at the δ-position to the double bond (equation 2). Cyclohexanes and cyclohexenes 

on the other hand are formed through endo-cyclization of alkenyl radical with 

radical at the δ-position and the exo-cyclization of alkenyl radical with the radical 

at the ε-position to the double bond (equations 2 and 3).  

 Monoaromatic compounds are formed through dehydrogenation of 

cyclohexanes and cyclohexenes as shown in Figures 2.3 and 2.4 [100, 103, 106-

108]. Polyaromatic compounds are then formed through the polymerization and 

dehydrogenation of monoaromatic compounds. Another route for the formation of 

polyaromatic hydrocarbon (PAH) products has been suggested by Kubatova et al. 

[106] as shown in Figure 2.3. The mechanism involves the intramolecular 

cyclization of cyclic six membered alkenyl radicals and subsequent free radical 

reactions.  
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Figure 2.2.  Intramolecular radical cyclization mechanism to produce monocyclic 

hydrocarbons (reprinted with permission [106]) 

 

 

1) 

2) 

3) 
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Figure 2.3. Six-membered PAH formation via intramolecular radical cyclizations 

(reprinted with permission [106])  

 

A mechanism for the thermal cracking of stearic acid has been proposed 

by Maher et al. [99] and is shown in Figure 2.4. The mechanism involves the 

initial decarboxylation of the fatty acid to form n-heptadecane, which then 

undergo cracking reactions to produce low molecular weight alkanes and alkenes. 

Secondary reactions such as addition, isomerization and aromatization are 

responsible for high molecular weight hydrocarbon and aromatic compounds 

formation. 
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Figure 2.4. Proposed reaction scheme for the pyrolysis of stearic acid (reprinted 
with permission [99]). 

 

2.4. Thermo-catalytic conversion of TAGs and derivatives 

  The thermo-catalytic conversion of TAG materials has been widely 

studied and a wealth of literature is available in this area. Thermo-catalytic 

conversion has the advantage of requiring lower reaction temperatures when 

compared to thermal cracking as well as the higher selectivity of reaction products 

in the case of thermo-catalytic cracking [9, 109-111]. Catalytic cracking of 

vegetable oils and animal fats can generally be classified into two categories; in 

the absence of hydrogen and in the presence of hydrogen (referred to as 

hydroprocessing or hydrotreating). Catalytic cracking of vegetable oils and animal 

fats in the absence of hydrogen are aimed primarily at producing hydrocarbons in 

the gasoline range whereas hydrotreating aims to produce hydrocarbons in the 
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diesel range [112]. The initial work on the catalytic conversion of TAG materials 

into hydrocarbons has been reported by Rao [113]. One of the first studies dealing 

with the thermo-catalytic cracking of vegetable oils to hydrocarbons is the work 

by Weisz et al. [114]. They reported yields of 42-78% paraffins, olefins and 

aromatics using HZSM-5 catalyst. Several thermo-catalytic studies have been 

reported in the literature following the initial work by the authors. The next 

subsections will review the current literature on the thermo-catalytic conversion 

of TAGs and their derivatives with and without hydrogen (hydrotreating). 

 

2.4.1. Catalytic conversion of TAG and derivatives 

Catalytic conversion of TAG materials in the absence of hydrogen has 

been carried out mostly with HZSM-5, β, USY and MSM-41 zeolite materials and 

their composites. Zeolites belong to a wider group of aluminosilicates referred to 

as molecular sieves [115]. They are porous solids with pore sizes between 2-10 Å 

which is described by IUPAC as microporous. The crystalline aluminosilicate 

materials of zeolites have rigid honeycomb-like pore structures which are three 

dimensional network of AlO4 and SiO4 tetrahedrally linked through oxygen 

anions (Campbell, 1983). The widespread use of zeolites as catalysts, catalyst 

support and adsorbent are the result of their tuneable acidic properties, high 

surface area, thermal stability and well-defined microporosity properties [116-

118].   

Between 1995 and 1999, a group of Canadian scientists extensively 

studied the catalytic cracking of canola oil using HZSM-5 and various hybrids of 
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it as well as aluminophospate systems (SAPO-5, SAPO-11 and MgAPO-36) [119-

126]. The effect of reaction conditions were also studied with temperatures 

between 300-500 °C under inert atmosphere at atmospheric pressure and weight 

hourly space velocity (WHSV) ranging from 1.8-3.6 h-1. They reported very high 

yields especially in the case of HZSM-5 catalysts (up to 100%) and high aromatic 

compound yields of up to 63%. The aluminophosphate systems had the lowest 

liquid product yields of about 48% of the feed.  

Ooi and Bhatia [127] studied the conversion of waste used palm oil to 

hydrocarbons using aluminum-containing mesoporous materials (SBA-15 and 

AL-SBA-15) in a fixed-bed microreactor at 450 °C and WHSV of 2.5 h-1 at 

atmospheric pressure. They reported products consisting mainly of liquid organic 

product, gaseous product, water and coke. The conversion was between 50-72 wt 

% of feed after 5 h of reaction. They also reported a decrease in the yield with 

time and attributed it to catalyst deactivation due to coke formation. Increasing 

the initial catalyst loading resulted in an increase in conversion to between 75-

95% after 6.4 h reaction. The desired gasoline fraction of the liquid product 

ranged from 23-40% after 6.4 h reaction. 

The catalytic conversion of chicken fat, palm oil and soybean oil was 

studied in a riser fluid catalytic cracking (FCC) reactor using a mixture of USY 

and ZSM-5 catalysts [128]. They reported a conversion of 97% for chicken fat, 

98% for palm oil and 96% for soybean oil with gasoline fraction of 34%, 42% and 

36%, respectively, for chicken fat, palm oil and soybean oil. In another study, 

Bielansky et al. [129, 130] studied the catalytic conversion of rapeseed, soybean 



34 
 

and palm oils in a riser FCC at 500 °C and feed rate of 3 L/h at atmospheric 

pressure using a REUSY-catalyst which was partially coated with ZSM-5. They 

reported conversions of up to 80% for the various oils with gasoline fraction 

staying constant between 40-43%. They also reported that the oxygen in the oils 

was converted predominantly to water.  

Studies involving the use mesoporous catalysts such as MCM-41 have 

received a great deal of attention in recent literature due to the higher selectivity 

for the desirable liquid product over gaseous product [6, 131, 132]. Lu et al. [133] 

studied the conversion of rubber seed oil to liquid hydrocarbons in a batch glass 

reactor at 400-440 °C at a heating rate of 20 °C/min and atmospheric pressure 

using mesoporous MCM-41 with different base sites. They reported conversions 

of 80% without the use of catalyst and 82-92% with the use the MCM-41 with 

base sites.  The highest conversion was achieved with K2O/Ba-MCM-41 whereas 

the lowest conversion was achieved with Si-MCM-41 catalyst. The bio-oil yields 

followed a similar trend with the conversion with K2O/Ba-MCM-41 catalyst 

giving the highest yield of 72%.  

Ramya and Sivakumar [134] studied the pyrolysis of jatropha oil in a 

fixed-bed flow reactor at 400 °C, WHSV of 4.6 h-1 and reaction time of 1 h using 

ALMCM-41with different Si/Al ratios. The results showed conversion of 55-65% 

which were heavily dependent on the Si/Al ratio of the catalyst. The lower the 

Si/Al ratio the higher was the conversion. Similarly, the bio-oil yield was 

influenced by the Si/Al ratio with lower ratios favouring higher bio-oil yield. The 

observed trend was explained in terms of decreasing acidity with increasing Si/Al 



35 
 

ratio. In a follow up study, Ramya et al. [135] studied the pyrolysis of jatropha oil 

under similar condition using a similar reactor with HZSM-5, AlMCM-41 and 

composite of HZSM-5 and AlMCM-51 catalysts. The results showed similar 

conversion when HZSM-5 or ALMSM-41 was used (approximately 65%). 

However, AlMCM-41 had a higher bio-oil yield compared to HZSM-5. A 

composite of 5% or 10% AlMCM-41 over HZSM-5 resulted in a significant 

increase in conversion of 94% and 99% respectively. Bio-oil yields were also 

significantly increased to 70%.  

The reaction mechanisms for the catalytic conversion of TAGs are 

complex but can be classified into primary and secondary reactions. A general 

reaction mechanism for the catalytic cracking of TAG molecules is shown in 

Figure 2.5. The mechanism is thought to involve the thermal and catalytic 

cracking of the TAG molecule to produce heavy hydrocarbons and oxygenated 

compounds on the surface of the catalyst [109, 136]. Once the TAG molecule has 

been primarily decomposed to less bulky compounds such as free fatty acids, 

ketones, aldehydes and esters, their transformation into different products starts 

by breaking the C–O and C–C bonds by β-scission reactions. The presence of 

double bonds influences the preferential breaking of the C-C beta to the double 

bond over the C-C bond adjacent to the carboxyl or carbonyl group [95, 103, 136-

138]. Secondary reactions include the formation of cyclic compounds and 

subsequent aromatization of six membered ring structures through 

dehydrogenation and further to coke formation through polymerization and 

dehydrogenation of monoaromatic compounds (Figure 2.5).  
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Figure 2.5. Proposed reaction mechanism for the catalytic cracking of TAG 

molecules (reprinted with permission [136]). 

 

2.4.2. Hydrotreating of TAG and derivatives 

There is renewed interest in the hydrotreating of TAGs to produce 

renewable hydrocarbons. Hydrotreating is used extensively in the petroleum 

refinery industry to remove sulphur, nitrogen and metals from petroleum-derived 

feedstocks such as heavy oils and vacuum-gas oil [139]. Hydrotreating of TAG 

materials has several advantages including compatibility with current petroleum 

infrastructure, production of deoxygenated hydrocarbon products which can be 

hydroisomerized to high quality diesel or hydrocracked to kerosene, stability of 
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products and low sulphur and nitrogen content [139-142]. Several studies 

involving the hydrotreating of vegetable oils have been reported in the literature. 

Studies involving the use of model compounds such as fatty acids and model 

TAGs [143-150], as well as vegetable oils and animal fats [151-158] and inedible 

and waste oils and fats [139, 159-165] are available in the literature. There have 

been several recent reviews of the hydrotreating of TAG material and detailed 

information on the feedstocks, catalysts as well as reaction conditions effect is 

available [109, 112, 136, 140, 166-168].  

There are several commercial plants in operation that employ the 

hydroprocessing of TAG materials for the production of renewable hydrocarbons. 

Neste Oil company has commercialized the hydrotreating of vegetable oils and 

animal fats to produce hydrocarbon fuels, the NExtBTL (next generation biomass 

to liquid). The biofuel obtained from NExtBTL process has high cetane index 

(84-99) and does not contain oxygen or nitrogen. The diesel can be blended with 

petroleum-derived diesel from 0-100%. There are currently four commercial 

plants with a combined output of 2 million tonnes per year [169]. Another 

commercial example of hydrotreating of vegetable oils and animal fats is the 

UOP/Eni Ecofining technology for converting TAG based feedstocks into high 

cetane diesel fuels [170]. The hydrocarbons produced are 100% compatible with 

existing petroleum infrastructure with high diesel yields (88-99% by volume) 

[112].  
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2.5.  Co-processing of TAG and derivatives with petroleum fractions 

An area of research that is becoming increasingly important is the co-

processing of vegetable oils and animal fats with petroleum fractions such as 

vacuum-gas oil and heavy oil. Co-processing has several advantages the most 

important of which is the use of existing petroleum infrastructure with little or no 

modification thereby eliminating the cost of setting up a new processing unit 

[159, 171-173]. Other advantages include compatibility with automotive engines, 

feedstock flexibility, increase in cetane number and reduction in sulphur content 

[140, 174].   

Huber et al. [174] studied the co-processing of sunflower oil and heavy 

vacuum-oil in a fixed bed reactor with conventional hydrotreating catalyst 

(sulphided NiMo/Al2O3) at 300-450 °C, 50 bar (5000 kPa), liquid hourly space 

velocity (LHSV) of 4.97 h-1 and hydrogen to feed ratio of 1600 mL H2/mL liquid 

feed. They reported that the reaction pathway involves the hydrogenation of the 

double bonds in the vegetable oil followed by the production of alkanes through 

three different mechanisms; decarboxylation, decarbonylation and 

hydrodeoxygenation. They further observed that the addition of sunflower oil to 

hydrotreating reactions of heavy vacuum-oil did not affect the 

hydrodesulphurization of the heavy vacuum-oil indicating addition of sunflower 

oil did not inhibit the hydrotreating of heavy vacuum-oil. They postulated that the 

observation indicates the hydrotreating of sunflower oil and 

hydrodesulphurization probably occur on different catalytic sites. In another 

study, Donnis et al.[175] made a similar hydrodesulphurization observation when 
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rapeseed oil (15-25%) was co-processed with light gas oil at 350 °C using 

commercial hydrotreating catalyst. They also reported complete conversion of the 

rapeseed oil feed which resulted in a high yield of diesel product though the 

overall yield was lower than when 100% light gas oil was hydrotreated. The 

observed lower overall yield was attributed to the formation of water, propane and 

CO2 from the hydrotreating of the TAGs in the rapeseed oil. 

Melero et al. [108] studied the co-processing of soybean oil, palm oil, 

inedible animal fats and waste cooking oil with vacuum gas oil in a FCC at the 

30% mass of the vacuum gas oil. The reaction conditions employed were 565 °C 

for 12 s contact time with an industrial FCC equilibrium catalyst. Similar to the 

previous co-processing studies, they also reported complete conversion of the 

TAG feeds to a mixture of hydrocarbons, CO2, CO and water. They also reported 

a reduction in the liquid hydrocarbon yield and an increase in coke and gas yield 

with the TAG feedstocks. Aromatic compounds formation was enhanced 

especially with the highly unsaturated TAG feedstocks (soybean oil and waste 

cooking oils). The decrease in the liquid product yield was attributed to the 

deoxygenation of the TAG feeds as well as increased coke formation due to the 

increased aromatic compounds formation.  Similarly, Bielansky et al. studied the 

co-processing of rapeseed oil [130] and soybean and palm oil [129] in a FCC pilot 

plant. They reported no effect of the triacyglycerol feedstock on the gasoline yield 

although total fuel yield decreased which was attributed to oxygen removal. 

However, unlike the study by Melero et al. [139] they reported no influence on 

coke formation with the addition of the TAG feed. The level of unsaturation of 
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the TAG feed was also found to influence the aromatic compound formation, with 

higher degree of unsaturation promoting aromatic compounds formation. 

Bezergianni et al. [142] studied the co-processing of sunflower oil with vacuum 

gas oils in a FCC pilot plant using commercial hydrocracking catalysts. Unlike 

the other studies which reported no effect on the hydrodesulphurization of the 

vacuum gas oil, they reported an inhibition of sulphur and nitrogen removal with 

the addition of sunflower oil to vacuum gas oil at 10 and 30% mass of the vacuum 

gas oil. The observed inhibition is due to the use of hydrocracking catalyst instead 

of hydrotreating catalysts, which are designed purposely for the removal of 

sulphur from the feed.  

In other studies the researchers assessed the potential of co-processing of 

rapeseed oil [176], waste soybean oil [159, 172, 177], canola oil [178] and 

sunflower, rapeseed, mustard seed and palm oils [179] with vacuum gas oil using 

commercial hydrotreating catalysts. The TAG feedstocks were blended at levels 

of up to 40% of the mass of the vacuum gas oil. They all reported complete 

conversion of the TAGs into hydrocarbons, CO2, CO and water. They further 

reported that the co-processing of the vacuum gas oil with the vegetable oil 

feedstock did not impact the hydrodesulphurization of the vacuum gas oil. Thus 

the deoxygenation of the vegetable oils and the hydrodesulphurization of the 

vacuum gas oil are not competing reactions and may be occurring at different 

sites of the catalysts. An increase in the gasoline and aromatic compound yields 

were also reported.   
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2.6.  Oils and fats hydrolysis 

Vegetable oils and animal fats are composed predominantly of TAGs, 

which consists of glycerol esterified to three fatty acids. In this research, the 

pyrolysis study will be carried out using protonated free fatty acids. Thus, the 

vegetable oil and animal fat feedstocks have to be hydrolyzed to release the fatty 

acids. High temperature and high pressure hydrolysis has been the commonly 

most used industrial fat splitting/hydrolysis process. The most widely used 

processes are the Twitchell process involving the use of acid (H2SO4) to catalyze 

the conversion of TAGs to fatty acids and glycerol [180] and the Colgate-Emry 

process  [181, 182] involving high temperature high pressure splitting under 

conditions usually referred to as subcritical.  

Thermal hydrolysis of vegetable oils and animal fats have been reported in 

the literature at temperatures ranging from 240-350 °C and 10-20 MPa pressure 

with complete conversion of the TAGs to free fatty acids [182-184]. The reaction 

has been reported to involve three stepwise reversible reactions as shown in 

Figure 2.6. The reaction is thought to be first order reaction occurring in the oil 

phase [185]. The reaction can be driven to completion with increasing 

temperature and water to oil ratio as well as reaction pressure [182]. 
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Figure 2.6. Reaction scheme for the hydrolysis of TAG   

 

2.7.   Conclusions 

There has been renewed interest in the last decades in the research and 

development of renewable alternatives to petroleum-derived fuels and chemicals. 

Of the various renewable biomass being explored for production of liquid fuel and 

chemical alternatives to petroleum, lipids in the form of vegetable oils and animal 

fats are the most promising due to their high energy content, relatively simple 

structure and lower oxygen content.  Vegetable oil and animal fat conversion to 

biodiesel has been researched and currently being produced commercially. 

However, biodiesel has some drawbacks such as lower energy density and poor 

cold flow properties compared to conventional diesel. The use of pyrolysis or 

thermal cracking to convert oils and fats to renewable hydrocarbon free of oxygen 

hold one the most potential for producing liquid petroleum fuel alternatives. 

Research has mainly focused on the pyrolysis of whole vegetable oils and animal 

fats that are composed predominantly of TAG. Only limited studies have been 

reported on the thermal conversion or pyrolysis of free fatty acids that can be 

readily obtained from TAG feedstocks through hydrolysis. There is therefore the 

need to better understand the mechanism and primary reaction products of 
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thermal cracking of free fatty acids. The understanding of these mechanisms and 

product formation will help evaluate the potential feasibility of converting TAG 

feeds to hydrocarbons through hydrolysis followed by pyrolysis of the fatty acids. 
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3. Thermal deoxygenation and pyrolysis of oleic acid 1 

3.1. Introduction 

The global development of renewable energy solutions is accelerating, 

driven by a variety of socio-economic and environmental reasons. Technology 

platforms for the conversion of biomass into energy, fuels, chemicals and a host 

of other bioproducts have been developed [1-6] with several focused on 

demonstrating novel chemical and thermochemical pathways [7-10].  

Triacylglycerols (TAGs) are a good starting material for conversion to 

chemicals and fuels used as petroleum alternatives because of their high energy 

content compared to other biomass sources [10-12]. In this context, a potential 

feedstock is beef tallow, a low-cost by-product from animal rendering plants 

composed primarily of TAG molecules that consist of three fatty acid chains 

esterified to glycerol [11]. This material lost a substantial amount of its market 

value as a result of new regulations and classifications implemented in response to 

the recent outbreaks of bovine spongiform encephalopathy across Canada and the 

US. 

Pyrolysis is one of the most extensively studied pathways to convert TAGs to 

hydrocarbons. Several studies involving the pyrolysis of TAGs with and without 

catalysts have been reported and a comprehensive review has been reported in the 

literature [13, 14]. 

 

1 A version of this chapter has been published. J. Asomaning, P. Mussone, D.C. Bressler, Thermal 
Deoxygenation and Pyrolysis of Oleic Acid, Journal of Analytical and Applied Pyrolysis, 105 
(2014) 1-7. DOI:  http://dx.doi.org/10.1016/j.jaap.2013.09.005. 



59 
 

The pyrolysis of TAG results in oxygenated products as a result of 

complex free radical reactions [13]. On the other hand, the pyrolysis of free fatty 

acids produced from TAG through various hydrolysis techniques, has received 

little attention and little work has been reported. While thermo-catalytic 

deoxygenation [15-19] and hydrothermal deoxygenation [20-22] of fatty acids are 

well documented in the literature, thermal deoxygenation and cracking of free 

fatty acids have received only limited attention.  

Previous work in our laboratory demonstrated that pyrolytic processing of 

stearic acid proceeds through a complex sequence of reactions starting with 

decarboxylation  and proceeding with cracking resulting  in a series of n-alkanes 

and 1-alkenes with a shift towards lower carbon numbers as temperature and time 

increased [23]. Longer reaction times and/or severe pyrolytic conditions 

eventually produced aromatic compounds and insoluble solids. 

Lipid feeds such as animal tallow and vegetable oils consist of a mixture 

of fatty acids of varying chain length and degrees of unsaturation. The primary 

objective of this work was to investigate pyrolysis of oleic acid, a dominant mono 

unsaturated free fatty acid present in animal and plant lipids, as feedstock to 

produce deoxygenated liquid hydrocarbons for applications as chemicals and 

fuels.  

 



60 
 

3.2. Materials and methods 

3.2.1. Materials 

The feedstock for this work, oleic acid (≥99%), internal standard for gas 

chromatography (GC) analysis of liquid product, nonadecanoic acid methyl ester 

(≥99 %), pentane (≥99%), diethyl ether (≥99%), carbon monoxide standard 

(≥99%), gaseous alkane and alkene standards (C1-C4) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. 

Diazomethane for derivatization of fatty acids was prepared using a Diazald kit 

(Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s procedures.  

 

3.2.2. Pyrolysis reactions 

Pyrolysis reactions were conducted in 15 mL batch microreactors 

constructed with stainless steel Swagelok fittings and tubing (0.75-inch) and 

heated in a Techne SBS-4 fluidized bed sand bath and TC-D8 controller  

(Burlington, NJ, USA) as previously described in detail for the pyrolysis of stearic 

acid [23]. Similar microreactors have also been used in previous studies [24-27]. 

Pictures of the reactor, sand bath system and purging unit as well as schematic 

diagrams of the sand bath, purging unit and microreactors have been provided in 

Appendix, Figures A1-A5. 

Approximately 1g of oleic acid was weighed into a clean and dry 

microreactor which was then closed, checked for leaks, purged with nitrogen 

(99.998 %) (Praxair, Mississauga, ON, Canada) and sealed. The microreactor was 

heated at the desired temperature (350 to 450 °C) under constant agitation for the 
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desired length of time (0.5 to 8 h) and then reaction was quenched by cooling in 

water at room temperature (approximately 22 °C).  The outside of the 

microreactor was then cleaned and dried using compressed air to ensure the 

microreactor was clean of sand from the sand bath. All pyrolysis reactions were 

carried out in triplicates at each of the conditions studied. 

 

3.2.3. Analytical methods - gas product analysis 

The weight of the gas fraction produced was determined by weighing the 

microreactors before and after venting of the gas product in the microreactor 

using an analytical balance capable of weighing up to 620 g with a precision of 

0.1 mg (Sartorius Extend ED623S, Sartorius AG, Goettingen, Germany). To 

sample the gas product for GC analysis, a 0.25 inch stainless steel Swagelok tube 

fitted with a septum was screwed onto the microreactor above the closed valve.  

Then using either a 50 µL or a 250 µL Hamilton gas tight micro syringe and 

syringe guide (Hamilton Co., Reno, NV, USA), the gas product was directly 

sampled from the microreactor by inserting the syringe’s needle through the 

septum and opening the reactor valve. The gas product sample was then directly 

injected manually onto the GC. 

CO2 analysis was conducted on a Hewlett Packard (HP) Series II 5890 GC 

equipped with a thermal conductivity detector (TCD) with an Agilent HP-PLOT 

Q column (30 m x 0.56 mm, film thickness of 40 µm) (Agilent Technologies, 

Santa Clara, CA, USA). The injector and detector temperatures were kept 

constant at 170 °C and the GC oven temperature program was 60 °C for 2 min 



62 
 

and then increased at 10 °C min-1 to 200 °C and held for an additional 4 min to 

achieve a total run time of 20 min. This was to ensure that all analytes in the gas 

sample were eluted to avoid contamination of succeeding runs. Helium was used 

as carrier gas with a constant pressure of 12 psi (82.7 kPa) and the injection 

volume was 50 µL. 

N2 and CO analysis was carried out by using a similar instrument and 

conditions as in CO2 analysis butwith an Agilent HP-Molsieve column (30 m x 

0.32 mm, film thickness of 12 µm). The GC oven temperature program was set 

out at 40 °C for 3 min and then increased at 10 °C min-1 to 200 °C and held for an 

additional 1 min to achieve a total rum time of 20 min. The injection volume was 

150 µL. H2 analysis was conducted using the same equipment and parameters but 

the carrier gas was changed from helium to argon. 

Alkanes and alkenes in the gas product were analyzed on a Varian 3400 

GC equipped with a flame ionization detector (FID) (Varian Inc., Palo Alto, CA, 

USA) and an Agilent CP-Al2O3/Na2SO4 column (50 m x 0.32 mm, film thickness 

5 µL). The injector and detector temperatures were kept constant at 170 °C and 

230 °C respectively and GC oven temperature program was set to 70 °C for 0.1 

min and then increased at 3 °C min-1 to 170 °C and held for an additional 26 min 

to achieve a total run time of 60 min. Helium was used as carrier gas with a 

constant pressure of 20 psi (137.9 kPa) and injection volume was 250 µL. 
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3.2.4. Analytical methods - liquid product analysis 

After venting, the microreactor was opened to recover the product. 

Recovery was carried out by adding 10 mL of pentane with approximately 1 

mg/mL of nonadecanoic acid methyl ester as internal standard to the content of 

the microreactor. After carefully mixing with a spatula, samples were allowed to 

stand for 15 min and the content poured into sample vials and capped with 

Teflon® lined screw cap. The recovered samples were stored at 4 °C prior to 

analysis. Any solid material left in the reactor after the recovery with pentane was 

considered as pentane insoluble residue. Mass determination of the pentane 

insoluble residue was conducted by allowing the microreactors to stand in a fume 

hood until all the solvent has evaporated. The microreactor was then weighed 

before and after thoroughly cleaning the inside of the microreactor. 

The pentane extracts were derivatized with diazomethane to convert fatty acids 

into their methyl ester derivatives allowing greater GC resolution and  analyzed 

on an Agilent 6890N GC-FID with Agilent 7683 series autosampler and injector 

with an Agilent HP-5ms column (30 m x 0.32 mm, film thickness 0.25 µm)  

(Agilent Technologies, Santa Clara, CA, USA). The injector and detector 

temperatures were kept constant at 300 °C and 350 °C respectively and the GC 

oven temperature program was initially at 35 °C for 0.1 min and then increased at 

10 °C min-1 to 280 °C and held for an additional 5.4 min for a total run time of 30 

min. The carrier gas was helium at a constant flow rate of 1 mL min-1. A 1:30 

split injection with a volume of 1 µL was used. 
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GC with mass spectrometric detection (GC-MS) analysis was conducted 

on an Agilent GC 6890N coupled to an Agilent 5975B EI/CI MS instrument 

operated in electron ionization (EI) mode. The column and conditions used in the 

GC-MS was similar to the GC-FID as described above. The temperature of the 

GC-MS interface was kept constant at 320 °C. 

 

3.2.5. Products identification and quantification 

Compounds in the gas product (CO, CO2 and H2) were identified by 

comparing their retention times with the retention times of known standards and 

quantified using the pure compounds as external standards. Hydrocarbons in the 

gas phase identified using retention times of known standards and they were 

quantified using methane as external standard. Liquid products were identified 

based on retention times of known standards and by comparison of the mass 

spectra to the National Institute of Standards and Testing (NIST) 2011 mass 

spectral library and recognition of the fragmentation pattern of the mass spectra. 

Only quality matches of 90% and greater were regarded as identified products. 

Quantification of the compounds in the pentane extract was done semi-

quantitatively by comparing the peak areas of the compounds with the peak area 

of the known concentration of the nonadecanoic acid methyl ester internal 

standard. Data in all tables and figures represent mean ± standard deviation of 

triplicate experiments, unless otherwise indicated. Statistic tests were performed 

using ANOVA or T-test to determine significant differences in data at the 95% 

confidence level. 
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3.3 . Results and discussion 

3.3.1. Gas hydrocarbon products 

The pyrolysis of oleic acid under all conditions tested resulted in the formation of 

gaseous products. A typical GC-FID chromatogram of the gas product 

hydrocarbons is shown in Figure 3.1. Hydrocarbon molecules ranging from C1 

(methane) to as high as C7 (heptane) were observed in the gas product analysis.  

In all the reaction conditions tested the most abundant hydrocarbon products in 

the gas fraction were C1 to C3 alkanes and alkenes. The amount of saturated 

hydrocarbon in the gas product was higher than the unsaturated hydrocarbons 

under all condition tested (Figure 3.1 and Table 3.1), suggesting that 

saturation/hydrogenation occurred during pyrolysis. It is important to observe the 

presence in the gas hydrocarbon fraction of branched alkanes and alkenes as well 

as alkadienes which are important precursors in the formation of cyclic 

compounds and subsequent aromatic compounds formation through 

dehydrogenation [10, 13, 28, 29]. 

 

Figure 3.1.  Representative GC-FID chromatogram showing the occurrence of 
hydrocarbons in the gas fraction of oleic acid pyrolysis product. 
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Table 3.1. Material balance of select oleic acid pyrolysis product. 

weight % of feed 

Gas  fraction 390°C 4 h       450°C 4 h 

C1 to C4 alkanes 2.33 ±0.19 17.73 ± 1.89 

C2 to C4 alkenes 0.98 ±0.33 3.84 ± 0.42 

C5+ alkanes and alkenes 1.22 ±0.26 1.53 ± 0.56 

CO2 1.51 ± 0.18 3.26 ± 1.17 

CO 2.56 ±0.20 2.34 ± 1.28 

Balance (Unidentified) 2.63 ±0.23 8.10 ± 1.06 

Hydrogen (% volume of gas)a 0.21 ±0.03 2.73 ± 0.80 

Liquid fraction 

C6 to C20 n-alkanes 19.62 ±1.05 15.17 ± 1.53 

C6 to C17 1-alkenes 2.50 ±0.40 2.71 ± 0.41 

C6 to C17 internal alkenes 10.41 ±0.20 3.58 ± 0.51 

Cyclic + branched hydrocarbons 1.42 ±0.14 3.60 ± 0.74 

C4 to C18 fatty acids 8.65 ±1.44 0.65 ± 0.11 

Aromatic 0.41 ±0.04 8.94 ± 0.30 

Unreacted feed + isomers 7.12 ±1.13 ND 

Pentane insoluble residue ND 5.56 ± 0.71 
Balance (Unidentified) 38.64 ±1.74 22.99 ± 1.96 
 
a – unit is % volume of gas as the amount was too low when calculated in wt % of feed.  
ND – not detected.  
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The molar yields of the hydrocarbons in the gas fraction of select runs are 

shown in Table 3.2. The saturated hydrocarbon gases (methane, ethane and 

propane) showed substantial increases in molar yield as temperature increased 

from 350 °C to 450 °C. The unsaturated hydrocarbon gases on the other hand had 

mixed results with ethene being generally unaffected by temperature whereas 

propene showed an increase in molar yield with increasing temperature. 

 

 
Table 3.2. Molar yields of hydrocarbons in the gas fraction at different 
temperatures for 4 h reaction tine 

Compound 
Molar yield* (mol/mol of feed) x 10-3 at 4 h reaction time 

350 °C 390 °C 410 °C 450 °C 

Methane 31 ± 8 100 ± 4 257 ± 24 785 ± 51 

Ethane 40 ± 11 105 ± 10 257 ± 28 623 ± 37 

Ethene 29 ± 6 28 ± 2 28 ± 7 33 ± 6 

Propane 37 ± 8 78 ± 5 137 ± 18 218 ± 17 

Propene 33 ± 9 54 ± 5 54 ± 7 162 ± 14 

C4 Hydrocarbons 41 ± 6 55 ± 4 73 ± 11 159 ± 15 

C5+ Hydrocarbons 109 ± 21 70 ± 8 41 ± 5 53 ± 11 
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The results also show the saturated hydrocarbon gases had relatively 

higher molar yields compared to the unsaturated hydrocarbon gases. This may be 

explained in terms of the relative increased reactivity of double bonds due to the 

presence of the pi bond electrons. The molar yield of the C4 alkane and alkene 

gases also increased with increasing temperature whereas the molar yield of the 

C5 and higher alkane and alkene in the gas fraction decreased with increasing 

temperature.  

 

3.3.2. Deoxygenation and hydrogen formation 

Carbon dioxide and carbon monoxide were detected in the gas product 

under the reaction conditions tested and the general trend of formation is shown in 

Figure 3.2. This is representative of the general trends observed under all the 

reaction conditions. Previous studies have described the formation of these 

species through decarboxylation and decarbonylation, respectively, of fatty acids 

[8, 19, 28, 30, 31]. Several researchers have also reported the presence of both CO 

and CO2 in the gas fraction of thermal and catalytic pyrolysis of fats and oils as 

well as model TAGs [1, 28, 32-36].  

For reactions conducted at temperatures lower than 430 °C 

decarbonylation is predominant because there is substantially more CO than CO2 

on a mass basis. Under severe reaction conditions, the amount of CO2 increases 

while the amount of CO remains relatively constant and then decreases as 

temperature and time increases, suggesting that decarboxylation is favoured at 

higher reaction temperatures. As decarbonylation results in the formation of water 
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[19], a product incompatible with fuel formulations, reaction temperature and 

time should be selected to minimize its production. However, as previously noted, 

higher temperature also promote the formation of aromatic compounds which are 

responsible for coke formation, another undesirable reaction product. Therefore, 

the reaction conditions should be carefully chosen to minimize both 

decarbonylation and aromatization and maximize decarboxylation and organic 

hydrocarbon yield. 

 

 

 

Figure 3.2. Percentages of CO and CO2 in the gas fraction of oleic acid pyrolysis 

product at different temperatures for 4 h reaction time.  
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Kubatova et al. [37] measured both CO and CO2 and observed that CO 

was relatively more abundant than CO2 during the pyrolysis of canola and 

soybean oils during all their experimental runs. They also observed a relatively 

high amount of hydrogen in the gas product and attributed the high amount of CO 

to the reduction of CO2 by hydrogen to form CO and H2O. The results from our 

study do not support this explanation because only a small amount of hydrogen 

was produced at mild to medium reaction conditions, whereas a substantial 

amount of hydrogen is produced at higher temperature and reaction time (Table 

3.1). Since the formation of CO from fatty acids also yields H2O, the forward 

reaction of the water gas shift will be a more plausible explanation for the 

increase in CO2 and H2 at higher temperatures and reaction times. Another 

possible explanation for the observed differences could be the significant 

difference between the cracking mechanisms of free fatty acids as compared to 

TAGs [38]. 

 

3.3.3. Identification of products in the liquid fraction 

The pyrolysis of oleic acid resulted in a series of products observed as 

periodic sets of peaks when analyzed by GC. Five distinct peaks were clearly 

identified through comparison to external standards and NIST mass spectral 

library. The series identified includes: a n-alkane series, 1-alkene series, a fatty 

acid series and two internal alkene series (series 1 before the n-alkane series and 

series 2 after the n-alkane series) as depicted in Figure 3.3. A notable difference 

between the pyrolysis of saturated (stearic acid) [23] and unsaturated (oleic acid) 
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fatty acids is the observation of a series of unsaturated fatty acids in the pyrolysis 

of stearic acid which was not observed in this study, possibly as a result of 

saturation reactions. 

 

 

Figure 3.3. GC-FID chromatogram showing typical products in the liquid fraction 

of oleic acid pyrolysis product. 

 

The product distribution was dependent on reaction temperature and time, 

with lower temperature and/or time resulting in lower conversion of feed into 

product and higher temperature and/or longer time increasing conversion and 

selectivity for lower molecular weight compounds. Chromatograms of reactions 

conducted at 390 and 450 °C are shown in Figure 3.4.  Only products with 

molecular weight higher than pentane (C5) were identified and quantified due to 

peak overlap between the solvent and low boiling compounds. 
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Figure 3.4. GC-FID chromatogram showing pentane-soluble oleic acid pyrolysis 

product at varying lengths of times at 390 °C (A) and 450 °C (B). 



73 
 

At low temperature and/or time the main products were decanoic acid 

(C10:0), nonanoic acid (C9:0), 8-heptadecenoic acid, and stearic acid (C18:0) as 

well as low molecular weight alkanes and alkenes (C6 to C10). Minor products 

included n-alkanes (C11 to C18), 1-alkenes (C6 to C11) and internal alkenes (C6 to 

C16). As temperature and/or time increased, there was a marked decrease in the 

amount of fatty acids (C9:0 and C10:0) and a concurrent increase in C6 to C10 

alkanes. At higher temperature and longer times there was an almost complete 

depletion of fatty acids and internal alkenes and an increase in the low molecular 

weight hydrocarbons especially n-alkanes as well as the formation of cyclic 

hydrocarbons and aromatic compounds (Table 3.1). A similar observation was 

made in the stearic acid pyrolysis study [23].  

Fabbri et al. [39] studied the pyrolysis of model triolein and reported 

alkadienes as the main reaction products whereas in this study the main products 

were n-alkanes and low molecular weight fatty acids. The observed difference 

could be explained in terms of the differences in the reaction conditions used and 

also the reported differences in the thermal cracking mechanism of free fatty acids 

compared to esterified fatty acids in TAGs [38]. 

The presence and position of the double bond influences the pyrolysis of 

unsaturated fatty acids as selectivity towards C9 and C10 fatty acids and C6 to C10 

hydrocarbons is clearly demonstrated. Hartgers et al. [40] reported that, due to the 

lower bond dissociation energy of C-C bond compared to C-H and C-O, initiation 

of the pyrolysis reaction involves homolytic cleavage of the C-C bond rather than 

C-H or C-O bond. Additionally, the presence of oxygen (electron withdrawing 
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atoms) in the carboxyl group weakens the C-C bond adjacent to the carboxyl 

group and therefore initiation was likely to involve homolytic cleavage of this C-

C bond. This was clearly observed in the stearic acid pyrolysis with the formation 

of n-heptadecane before other compounds were formed in substantial amounts 

[23].  

This mechanism was clearly observed also in the pyrolysis of oleic acid, 

as evidenced by the formation of 8-heptadecene and n-heptadecane. However, in 

the pyrolysis of oleic acid even at milder conditions, there was substantial 

formation of C9 and C10 fatty acids as well as C6 to C9 alkanes. The formation of 

substantial amounts of C9 and C10 fatty acids over 8-heptadecene (Figure 3.4) 

shows preferential homolytic cleavage of the allylic C-C bond compared to the C-

C bond adjacent to the carboxyl group. This can be explained by the lower bond 

dissociation energy of the allylic C-C bond compared to the C-C bond adjacent 

the carboxyl group [40]. A similar observation was made when the sodium salt of 

oleic acid was pyrolyzed [40]. The propagation reaction was through β-scission, 

which results in the breaking of C-C bonds and the formation of unsaturated 

hydrocarbons and other radicals and hydrogen abstraction which results in 

substrate activation and formation of new radicals. The propagation mechanism is 

temperature dependent with β-scission being favoured at elevated temperatures 

[40]. 

The pyrolysis product had a higher amount of saturated products 

compared to unsaturated products at all the conditions tested (Figure 3.4 and 3.5, 

Table 3.1), possibly as a result of saturation reactions. A similar observation was 
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made by Kubatova et al. [37] when canola oil and soybean oil which contain more 

than 90% and 80% unsaturated fatty acids, respectively, were pyrolyzed as well as 

by other researchers when different fats and oils were pyrolyzed with and without 

catalysts [1, 28, 32, 33, 41, 42]. 

 

3.3.4. Cyclic and aromatic compounds  

Cyclic alkanes and alkenes with varying carbon numbers were produced 

during pyrolysis of oleic acid. The majority of these species were substituted 

cyclopentanes, cyclopentenes, cyclohexanes and cyclohexenes. As shown in 

Table 3.1, the amount of cyclic compounds increased as temperature increased. 

While cyclic compounds were always present in the liquid product at all 

conditions tested, none were observed in the gas product.  

Idem et al. [28] reported the formation of C5 cyclic compounds in the 

pyrolysis of canola oil, attributing this phenomenon to the addition of ethylene to 

propylene followed by dehydrocyclization and double bond conjugation. While 

this mechanism accounts for cyclopentane and cyclopentene, it does not explain 

the formation of substituted cyclic compounds such as those observed here.  
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Figure 3.5. n-alkanes (A) and 1-alkenes (B) composition of pentane-soluble oleic 

acid pyrolysis product as a function of temperature and time.  
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Six carbon numbered rings are widely accepted to be formed 

predominantly by the Diel-Alder reaction involving a diene and a dienophile [28, 

30, 34]. Kubatova et al. [43] recently proposed a new path to cyclic compound 

formation in pyrolysis of TAGs which involves the intramolecular cyclization of 

alkenyl radical with terminal double bond resulting in a product distribution 

consistent with our findings. 

The total aromatic compounds in the liquid product are shown in Figure 

3.6. Aromatic compounds were not observed at 350 °C for up to 8 h reaction time 

and at 370 °C and 390 °C for up to 1 h reaction time. As temperature and time 

increased the amount of aromatic compounds increased. The aromatic compounds 

ranged from 0.26 ± 0.06 wt % at 370 °C for 8 h to 9.47 ± 1.56 wt % at 450 °C for 

8 h. At low temperature and short times, only mono-aromatic compounds such as 

toluene, ethylbenzene and xylenes were observed. As expected, the formation of 

polyaromatic compounds such as indanes, indenes, naphthalenes, fluorenes and 

pyrene was promoted at higher temperatures and reaction times. 

The formation of mono aromatic compounds involves dehydrogenation of 

six carbon numbered cyclic alkanes and alkenes [28, 34, 43, 44]. Polyaromatic 

compounds are then formed through polymerization and dehydrogenation of the 

mono aromatic compounds [28, 45] and alternatively via an intramolecular radical 

cyclization mechanism [43]. Based on the data collected in this study, both 

mechanisms are possible. However, since the mechanism involving 

dehydrogenation of six carbon numbered cyclic alkanes and alkenes depends on 
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the formation of cyclic alkanes and alkenes, it is plausible that intramolecular 

cyclization is the predominant mechanism of polyaromatic compound formation. 

  

 

 

Figure 3.6. Percentage of aromatic compounds in the pentane-soluble oleic acid 

pyrolysis products as a function of temperature and time. Data represents mean ± 

SD with n=3. 
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complete conversion at 410 °C for 8 h and 430 °C and 450 °C for 1, 4 and 8 h 

reaction. Maher et al. [23] studied stearic acid pyrolysis under similar conditions 

and reported conversions ranging from 32 to 97 wt % using the same method of 

calculation. Both reaction temperature and time influenced the gas product yield. 

Increasing both time and temperature resulted in increased gas yield. Increasing 

time from 0.5 to 8 h increased the gas yield from 6.9 ± 1.9 to 13 ± 3 wt % and 21 

± 1 to 45 ± 1 wt % at 390 °C and 450 °C, respectively. There is therefore a 

significant increase in conversion when oleic acid is pyrolyzed relative to stearic 

acid, possibly as a result of the presence of the double bond which decreases the 

bond dissociation energy at the allylic C-C bond and increases the positions where 

homolytic cleavage of C-C bond can occur.  

Dupain et al. [38] carried out thermal and thermo-catalytic cracking of 

oleic acid and reported very low conversion (19%) of the feed in the case of 

thermal cracking. This result seems to contradict the results reported in this study 

where high conversions were achieved.  The observed difference is due mainly to 

the reaction times used in the studies. Whereas in this study the minimum reaction 

time was 30 min, their study involved reaction times of 50 ms to 8 s which is 

generally referred to as flash pyrolysis. The observed conversion of 19% in their 

study implies the reaction is thermodynamically favourable. Therefore, the 

differences in conversion will be due to kinetic differences as a result of the 

different reaction times used. 

The n-alkanes (C6 to C19) and 1-alkenes (C6 to C17) composition of the 

liquid product is shown in Figure 3.5. At 350, 370, 390 and 410 °C, the amount of 
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n-alkanes increased with reactions time. At 430 °C the n-alkane increased initially 

up to 4 h and then decreased as the reaction time was increased to 8 h whereas at 

450 °C the amount of n- alkanes remained constant up to 1 h and then decreased 

with increasing reaction time. Similarly, 1-alkenes amount increased with time at 

350, 370 and 390 °C, but increased and then decreased as time increased at 410 

and 410 °C and then at 450 °C the 1-alkenes amount decreased with time. The 

maximum combined amounts of n-alkanes and 1-alkenes were formed at 390 °C 

(29.4 wt %) and 410 °C (28.9 wt %) after 8 h of reactions. 

The n-alkanes and 1-alkenes content at 390 °C as a function of carbon 

number is shown in Figure 3.7. The general trend observed is similar for the other 

temperatures studied. Increasing time resulted in an increase in the amount of n-

alkanes of a particular carbon number. The most abundant n-alkanes formed were 

carbon numbers C6 to C9 and C17 at 4 and 8 h reaction times. Selectivity of C6 to 

C9 carbon numbers shows the influence of the double bond on the cracking of 

oleic acid. This was also observed in the relatively low amounts of C10 to C16 

carbon numbers. The most abundant carbon numbers in the 1-alkenes were C6 and 

C10, at 4 and 8 h reaction times. Another significant observation in the 1-alkenes 

composition is the absence of C12 to C15 carbon numbers. This also may be due to 

the presence of the double bond and the selectivity of cracking at the allylic C-C 

bond compared to the C-C bond next to the carboxyl group. 
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Figure 3.7. Percentage of n-alkanes (A) and 1-alkenes (B) at 390 °C as a function 

of carbon number and reaction time.  
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3.4. Conclusions 

While decarboxylation was the first step in saturated fatty acid pyrolysis, 

during the pyrolysis of oleic acid both deoxygenation and cracking of the allylic 

C-C bonds occur simultaneously. Cracking of the allylic C-C bond is preferred 

due to lower bond dissociation energy as a result of the double bond compared to 

the C-C bond adjacent to the carboxyl group. Deoxygenation reaction proceeded 

through decarbonylation as well as decarboxylation, as exemplified by the 

presence of both CO and CO2 in the gas phase product. Decarbonylation is 

favoured at lower reaction temperature conditions while decarboxylation is the 

dominant reaction at higher temperatures. Saturation reactions are also an 

important reaction occurring in the initial stages of the pyrolysis reaction resulting 

in the formation of saturated product of the feed. The optimal conditions for 

producing the highest yield of hydrocarbons are 390 and 410 °C for 4 to 8 h. This 

work demonstrates that the production of hydrocarbons through pyrolysis of 

unsaturated fatty acids from lipid hydrolysis is technically feasible. 
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4. Pyrolysis of Polyunsaturated Fatty acids 1 

4.1. Introduction 

The development of renewable fuels and chemicals has been the focus of 

many research programs. The motivations driving these efforts are the rising cost 

of petroleum and its dwindling reserves [1-3] as well as energy policy agenda of 

both advanced and emerging economies in response to both geopolitical and 

environmental concerns [4, 5]. To this end several techniques have been 

developed to convert renewable feedstock (biomass) into renewable fuels and 

platform chemicals. Conversion technologies such as fermentation, 

transesterification, gasification and pyrolysis are the most commonly used and 

studied [6-8]. Pyrolysis is a thermal conversion technology in the near absence of 

oxygen (air) [8]. Pyrolysis is especially attractive because it employs well-

established methodologies and produces a range of compounds that may be 

integrated into existing petroleum infrastructure [4, 9, 10]. 

Fats and oils are composed primarily of triacylglycerols (TAGs) which are 

tri-esters of fatty acids and glycerol [11]. Product composition and distribution of 

fat and oil pyrolysis depends on the source of fat or oil [2, 4, 12-14]. The most 

common fatty acids in naturally occurring fats and oils are saturated, palmitic 

(hexadecanoic acid) and stearic (octadecanoic acid), monounsaturated oleic (9-

octadecenoic acid) and diunsaturated linoleic (9,12-octadecadienoic acid) acids 

[11, 14].  

 

1 A version of this chapter has been published. J. Asomaning, P. Mussone, D.C. Bressler, 
Pyrolysis of Poly Unsaturated Fatty acids, Fuel Processing Technology. 120 (2013): 89-95.   
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While the pyrolysis of TAGs has been extensively studied and information 

abounds in the literature, little work has been done on the thermal pyrolysis of 

free fatty acids recovered from hydrolysis of fats and oils. Our research group 

studied the pyrolysis of stearic acid and provided detailed fundamental 

information on the thermal decarboxylation and subsequent pyrolysis of the n-

alkane resulting from the decarboxylation of stearic acid [15]. Information on the 

thermal pyrolysis of polyunsaturated fatty acids, key components of lipids is also 

very limited. While the presence of unsaturated carbon-carbon bonds is known to 

play an important role in the formation of cyclic and aromatic compounds through 

the Diels-Alder reaction in olefins [13, 16-18], little is known about these 

reactions in the presence of unsaturated fatty acids. Similarly, the role played by 

the unsaturation on the alkane and alkene distribution in the pyrolysates is 

virtually unknown in the literature.  

This work seeks to address these existing knowledge gaps by investigating 

the dominant chemical pathways occurring during pyrolysis of linoleic acid and to 

characterize the chemical profile of the resulting pyrolysates. 

 

4.2. Materials and methods 

4.2.1. Materials 

Linoleic acid (≥99%), nonadecanoic acid methyl ester (≥98 %), pentane 

(≥99%), diethyl ether (≥99%), CO (≥99%), gaseous alkanes and alkene standards 

(C1-C4) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Diazomethane for derivatization of fatty acids was prepared using a Diazald kit 



89 
 

(Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer’s procedures. 

N2, H2, CO2 and CH4 standards were purchased from Praxair (Praxair Inc., 

Danbury, CT, USA). All chemicals were used as received. 

 

4.2.2. Pyrolysis Reactions 

Pyrolysis reactions were conducted in 15 mL batch microreactors 

constructed with stainless steel Swagelok fittings and tubing (0.75-inch) and 

heated in a fluidized bed sand bath (Techne, Burlington, NJ) as previously 

described for the pyrolysis of stearic acid [15]. Similar microreactors have also 

been used in previous studies [15-18]. 

Approximately 1g of linoleic acid was weighed into a clean and dry 

microreactor which was then closed, checked for leaks, purged with nitrogen (PP 

4.8, Praxair), and sealed. The microreactor was heated at the desired temperature 

(350 – 450 °C) under constant agitation for the desired length of time (0.5 – 8 h) 

and then quenched in a bucket of water at room temperature.  The microreactor 

was then cleaned and dried using compressed air to ensure it was clean of sand. 

All pyrolysis reactions were carried out in triplicates at each of the conditions 

studied. 

 

 4.2.3. Analytical methods  

The analytical instruments, supplies and programming used in the product 

characterization were the same as those discussed in Chapter 3 (sections 3.2.3 – 

3.2.5) without modifications.  
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4.3. Results and discussion 

4.3.1. Identification of products in the liquid fraction 

Pyrolysis of linoleic acid resulted in products structured as a periodic set 

of peaks on the chromatograms. Six distinct peaks were identified: an n-alkane 

peak, 1-alkene peak, two cyclic alkanes and alkenes peaks (series 1 before and 

series 2 after the n-alkane peak) and internal alkene peaks (Figure 4.1). It is 

important to note that while Figure 4.1 shows a general trend observed for most of 

the conditions tested, some deviations were observed especially as the carbon 

number increased. For example, the cyclic alkanes and alkenes were not observed 

after C13 at high reaction temperature conditions for longer periods of time. A 

similar observation was made in the pyrolysis of stearic acid [15]. However, the 

cyclic alkanes and alkenes series were not observed in the pyrolysis product of 

stearic acid.  

The products formed in linoleic acid pyrolysis were clearly dependent on the 

reaction conditions, with higher reaction temperatures and longer reaction times 

resulting in the formation of a greater proportion of lower molecular weight 

compounds. Figure 4.2 shows the chromatograms of linoleic acid pyrolysis at 390 

°C and 450 °C for various reaction times. Due to the method used in the extraction 

of the liquid product, only compounds which elute after pentane in the GC 

analysis were identified and quantified, enabling a direct comparison with the 

results from pyrolysis of stearic acid.  
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Figure 4.1. GC-FID chromatogram showing typical pentane soluble liquid 

pyrolysis product of linoleic acid. 

 

The major products in the liquid fraction at low temperature and reaction 

time were hexane (C6) to decane (C10) alkanes, heptanoic acid (C7:0), octanoic 

acid (C8:0) and nonanoic acid (C9:0), 8-heptadecene and n-heptadecane as well 

as 8-octadecenoic acid and octadecanoic acid. Minor products included 1-alkenes 

(C6 to C10), cyclo alkanes and alkenes (C6 to C13), and aromatic compounds (C6 

to C10). As temperature and time increased, a reduction in fatty acids, 1-alkenes 

and internal alkenes was observed concurrently with an increase in the amount of 

cyclic compounds as well as aromatic compounds (Figure 4.2 and Table 4.1). 

Also, as temperature and reaction time increased, the selectivity for lower 

molecular weight compounds became dominant, similar to previous observations 

in pyrolysis reactions of stearic acid [15]. 
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Figure 4.2. GC-FID chromatogram of  pentane soluble linoleic acid pyrolysis 

product at 390°C  (A) and 450°C  (B) for various reaction times. 
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4.3.2. Cracking behaviour  

The presence of products with carbon numbers less than ten and greater 

than sixteen may be explained by the presence of the double bonds. The pyrolysis 

of fatty acids proceeds through the breaking of C-C and C-O bonds through β-

scission reactions [4, 16, 17]. In the reaction temperature regimes studied here, the 

breaking of these bonds has been postulated to follow two competing routes: on 

the one hand there is deoxygenation followed by C-C bond cleavage to produce 

hydrocarbon radicals and on the other hand is C-C bond cleavage of the 

hydrocarbon chain followed by deoxygenation of the short chain molecule [4, 17, 

18].  

The presence of double bonds (unsaturation) determines which of the two 

routes is favored.  Whereas in saturated fatty acids deoxygenation precedes C-C 

bond breaking, in the case of unsaturated fatty acids C-C bond breaking is favored 

[4] due to the lower bond dissociation energy of the allylic C-C bond compared to 

C-C bond next to the carboxyl group [16, 17, 19, 20]. In the pyrolysis of stearic 

acid there was formation of n-heptadecane (a deoxygenation product) before the 

formation of other low molecular weight compounds was observed [15]. 

However, in this study even at a low to mild reaction condition a substantial 

amount of low molecular weight compounds (the product of C-C bond breaking) 

was observed (Figure 4.2 and Table 4.1).   
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Table 4.1. Mass balance of select linoleic acid pyrolysis  

Gas  fraction 

weight % of feed 

390°C, 4h 450°C, 4h 

C1 to C4 alkanes 4.32 ± 0.68 19.63 ± 0.76 

C2 to C4 alkenes 1.54 ± 0.42 1.68 ± 0.23 

C5+ alkanes and alkenes 1.04 ± 0.20 1.06 ± 0.08 

CO2 1.92 ± 0.10 3.16 ± 0.18 

CO 4.09 ± 0.31 3.19 ± 0.07 

Balance (Unidentified ) 2.63 ± 0.53 2.21 ± 0.43 

Hydrogen (% volume of gas)a 2.72 ± 0.30 4.53 ± 0.26 

Liquid fraction 

C6 to C20 n-alkanes 18.67 ± 0.32 15.04 ± 1.36 

C6 to C10 1-alkenes 1.69 ± 0.28 0.96 ± 0.02 

C6 to C17 internal alkenes 6.84 ± 0.472 1.75 ± 0.21 

Cyclic     

Alkanes 3.05 ± 0.66 4.07 ± 0.44 

Alkenes 2.09 ± 0.23 2.47 ± 0.28 

Branched alkanes and alkenes 1.66 ± 0.58 3.47 ± 1.35 

C3 to C18 fatty acids 

Saturated 7.94 ± 1.02 3.38 ± 0.13 

Unsaturated 0.92 ± 0.13 0.38 ± 0.20 

Aromatic 

Mono  3.50 ± 0.38 14.92 ± 0.91 

Poly 2.23 ± 0.15 2.75 ± 0.36 

Pentane insoluble residue ND 8.26 ± 2.10 

Balance (Unidentified ) 37.71 ± 1.32 13.67 ± 1.95 
 
a – unit is % volume of gas as the amount was too low when calculated in wt % of 

feed.  

ND – not detected.  
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The predominance of saturated compounds at the condition tested (Figures 

4.2 and 4.3 and Table 4.1) may be due to saturation reactions. Evidence to support 

this explanation can be found in the presence of hydrogen measured in the gas 

fraction. Our findings confirm previous observations by other researchers who 

reported hydrogen in the pyrolysis product of different lipid feedstock [13, 18, 21-

24]. Further evidence of saturation reactions was the formation of octadecenoic 

and octadecanoic acids which are the partial and complete saturation products 

respectively, of the feed at low temperatures and reaction times (Figure 4.2). 

 

4.3.3. Cyclic and Aromatic Compounds 

Cyclic alkanes and alkenes were produced under all conditions tested at higher 

reaction temperatures resulting in comparatively larger amounts of cyclic 

compounds (Table 4.1). The cyclic compounds consisted of both C5 

(cyclopentanes and cyclopentenes) and C6 (cyclohexanes and cyclohexenes) 

structures. The results also showed that the formation of cycloalkanes were 

favored over that of cycloalkenes further supporting the occurrence of saturation 

reactions as part of the pyrolysis of linoleic acid. The most widely accepted 

mechanism for the formation of cyclic compounds in literature is the Diel-Alder 

reaction of dienes with an alkene [18, 21, 25]. However, this mechanism only 

accounts for the formation of cyclohexenes and upon hydrogenation formation of 

cyclohexanes. To better account for the formation monocyclic compounds, 

Kubatova et al [26] proposed a second mechanism of cyclic hydrocarbon 

formation involving intramolecular radical cyclization. The proposed mechanism 
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fits better with the current data as both C5 and C6 cycloalkanes and cycloalkenes 

were formed at all the conditions studied. 

 

 

 

Figure 4.3. n-alkane (A) and 1-alkene (B) composition of pentane soluble linoleic 

acid pyrolysis product at various temperatures and reaction times. 

Reaction temperature (°C) 

P
er

ce
n

ta
ge

 o
f 

fe
ed

 (
w

t.
 %

) 

0

2

4

6

8

10

350 370 390 410 430 450

B 

0

5

10

15

20

25

30

35

350 370 390 410 430 450

0.5h 1h 4h 8h A



97 
 

Another important class of cyclic compounds formed was the aromatic 

compounds. Figure 4.4 shows the total aromatic compounds formed at each 

temperature and time combination. The results show that there was formation of 

aromatic compounds under all the conditions tested. In general, higher reaction 

temperatures and reaction times resulted in larger amounts of aromatic 

compounds in the pyrolysates. Table 4.1 shows that majority of the aromatic 

compounds were mono aromatic and increasing temperature increased 

significantly the mono aromatic compounds but only slightly increased the poly 

aromatics in the liquid product. This could be due to the poly aromatic 

compounds being converted to insoluble polymerization products (coke) at the 

higher temperature [4, 18]. The main aromatic compounds formed were benzene, 

toluene, ethylbenzene and xylenes. Other aromatic compounds such as indanes 

and indenes, naphthalenes, fluorenes, anthracenes and pyrenes were identified in 

the pyrolysis product. The formation of aromatic compounds is widely accepted 

to be through dehydrogenation of cyclohexenes to form mono aromatic 

compounds [4, 25, 26]. The mono aromatic compounds then undergo 

polymerization to produce polyaromatics, which upon further polymerization 

result in coke formation. 
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Figure 4.4. Aromatic compound content of pentane soluble linoleic acid pyrolysis 

product at various temperatures and reaction times 

 

4.3.4. Hydrocarbons in the gas fraction 

Analysis of the gas fraction of the pyrolysis product of linoleic acid 

indicated that gaseous hydrocarbons were present under all conditions tested and 

that saturated hydrocarbons were formed preferentially over the unsaturated 

hydrocarbons. As shown in Figure 4.5 and Table 4.1, at low reaction temperature 

and short time the most abundant hydrocarbon products in the gas fraction were 

propane and ethane. As the reaction time increased, ethylene decreased while 

ethane increased possibly as a result of saturation reaction of ethylene to ethane.  

Similarly, the amount of propene decreased as reaction time increased with a 
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hydrocarbons in the gas phase can be explained through the well-described C-C 

bond cleavage through β-scission and ethylene elimination [4, 18].  

 

 

Figure 4.5. GC-FID chromatogram of hydrocarbons in the gas fraction of linoleic acid 

pyrolysis product at 390°C for various reaction times 

 

In contrast with the pattern observed in this study, Idem et al [18] reported 

the formation of higher amounts of unsaturated hydrocarbons (ethylene and 

propene) in the gas fraction during the pyrolysis of canola oil between 300 °C and 

500 °C.  This discrepancy may be attributed to the different feedstock used.  

While canola oil is composed primarily of TAGs, the feed in this study eas fatty 

acid used in this study is linoleic acid (a fatty acid). According to Melero et al [4] 
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the consumption of hydrogen produced in the thermal cracking of fats and oils to 

yield saturated hydrocarbons is an important reaction step and as a result 

hydrogen left at the end of the reaction is negligible. 

The formation of more saturated over unsaturated hydrocarbons in the gas 

fraction may be due to saturation of the feed to yield saturated compounds is a 

more plausible explanation for the observation made. 

 

4.3.5. Deoxygenation and hydrogen formation 

Figure 4.6 shows the carbon dioxide (CO2) and carbon monoxide (CO) 

composition of the gas fractions obtained at selected reaction conditions. The 

general trend observed in Figure 4.6 is representative of the other conditions 

tested. Further evidence of deoxygenation is the formation at most reaction 

conditions tested of 8-heptadecene and n-heptadecane which are deoxygenation 

products of 8-octadecenoic acid and octadecanoic acid, respectively. It should be 

noted that heptadecadiene which would be a direct deoxygenation product of the 

feed was not observed in the pyrolysis product at all conditions tested.  CO and 

CO2 are formed through decarbonylation and decarboxylation respectively [27-

30].  

The formation of CO and CO2 in the thermal and pyrolityc cracking of 

various fats and oils has been reported by several researchers. A detailed 

composition of CO and CO2 at various temperature-time combinations has 

however until now not been reported in the literature.  
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Figure 4.6. Carbon monoxide and carbon dioxide content of the gas fraction of 

linoleic acid pyrolysis product at 4 h for various reaction temperatures 

 

 As shown in Figure 4.6 and Table 4.1, at mild reaction conditions there 

was substantially more CO than CO2, indicating that decarbonylation reactions 

are favored over decarboxylation reactions in this regime. As temperature 
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dehydrogenation reactions in the formation of cyclic alkenes and aromatic 

compounds as well as polymerization reactions involving these compounds [4, 

18]. Another possible mechanism for the formation of hydrogen is the water gas 

shift reaction involving CO and water to produce hydrogen and CO2. The same 

mechanism can be the process by which the observed decrease in the amount of 

CO with a concurrent increase in CO2 observed under severe reaction conditions 

occurred. 

 

4.3.6. Quantitative analysis 

Fatty acid feedstock conversion was calculated as the difference in mass 

between the amount of linoleic acid and any positional isomers of linoleic acid 

remaining in the product mixture at the end of the reaction and the amount of feed 

used. Complete conversion of the feed was measured at all the reaction conditions 

tested. This is in contrast to the pyrolysis of stearic acid where a conversion of 

between 32 and 97 wt % were achieved under similar conditions [15]. The 

difference in conversion between the stearic acid and the linoleic acid can be 

explained by the presence of the double bonds in the linoleic acid. This results in 

lower bond dissociation energy of the allylic C-C bond and consequently in an 

increase in the positions at which C-C bond cleavage can occur, thereby 

transforming the feed into reaction products [4, 16, 17, 19, 20]. 

Figure 4.7 shows the n-alkane and 1-alkene content as a function of 

carbon number at 4 h reaction time for the various temperatures studied. The most 

abundant n-alkane at all the reaction temperatures studies was hexane (C6).  
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Figure 4.7. n-alkane (A) and 1-alkene (B) composition as a function of carbon 

number at various temperatures for 4 h reaction time. 
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In general the product distribution was such that as the carbon number 

increased from C6 the relative amount decreased until pentadecane (C15) and 

then increased as carbon number grew to heptadecane (C17). Finally the weight 

percentage of the product decreased with carbon number up to C20 except at 450 

°C. At this temperature, the amount of product deceased from C6 to C11 and then 

increased up to C15 and from there on decreased to C20. With respect to 1-

alkenes, only carbon number C6 to C10 were present in the liquid fraction. The 

general trend was such that the relative amount decreased as carbon number 

increased from C6 to C10 at the different temperatures studied with the exception 

of 410 °C when there was a slight increase from C7 to C8 and then a reduction 

from there on to C10. The maximum amounts of combined n-alkane and 1-alkene 

were formed at 410 °C at 8 h (29.72 wt %) and 430 °C for 1 h (26.93 wt %) of 

reactions.  

 

4.4. Conclusion  

This study demonstrates the viability of fatty acid pyrolysis to produce 

liquid hydrocarbons. Unlike pyrolysis of saturated fatty acids where 

decarboxylation was the initial reactions and predominant step before the 

formation of appreciable amounts of cracking products, in the pyrolysis of linoleic 

acid (a di unsaturated fatty acid) both deoxygenation and cracking of allylic C-C 

bonds proceed concurrently. Results indicated that deoxygenation reaction 

occurred through both decarboxylation and decarbonylation confirmed from the 

presence of CO and CO2 in the gas fraction. Decarboxylation was favored at 
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higher reaction temperatures whereas decarbonylation was favored at milder 

reaction conditions. Saturation reactions were another important step in the 

pyrolysis of linoleic acid. The optimal conditions for producing the highest 

amount of hydrocarbon compounds were 390 and 410 °C for reaction times 

ranging from 4 to 8 h and 430 to 450 °C for reaction times of 0.5 to 1 h. 
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5. Thermal cracking of free fatty acids in inert and light 

hydrocarbon gas atmospheres 1 

5.1. Introduction 

  The development of renewable alternatives to petroleum derived fuels and 

chemicals have become imperative due to socio-economic, geopolitical and 

environmental concerns. This has led to the development of several technologies 

to convert lipids and lignocellulosic biomass into renewable chemicals and fuels. 

One of the most promising technologies being developed for converting biomass 

is pyrolysis [1-4]. Lipids in the form of triacylglycerols (TAGs) are a particularly 

important feedstock because of their high energy density and widespread 

availability compared to other biomass sources [5].   

  Pyrolysis of TAGs has been the focus of intense research and development 

as well as commercialization efforts. Typical feedstocks include canola oil, 

soybean oil, sunflower oil, jatropha oil, lard and tallows as well as vegetable oil 

soaps and waste cooking oils. Pyrolysis products at room temperature and 

atmospheric pressure may be liquid, gas and/or solid depending on the feedstock 

used and on the process reaction conditions such as temperature, time, pressure, 

atmosphere, catalyst etc.[6-9].  

 

 

1 A version of this chapter has been accepted for publication in the Journal Fuel. J. Asomaning, P. 
Mussone, D.C. Bressler, Thermal cracking of free fatty acids in inert and light hydrocarbon gases 
atmosphere. (2014). http://dx.doi.org/10.1016/j.fuel.2014.02.069  
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  An analysis of the main products reported from the pyrolysis of these fats 

and oils revealed the presence of compounds such as linear, branched and cyclic 

hydrocarbons, aromatics, carbonyls, alcohols, carboxylic acids, carbonic gases 

and hydrogen. The distribution of the classes of compounds is also dependent on 

the feedstock and reaction conditions employed [10-12]. The thermal and thermo-

catalytic deoxygenation and pyrolysis of free fatty acids have also been reported 

in the literature with product composition and distribution being influenced by the 

aforementioned feedstock and reaction conditions employed [13-17]. 

  Pyrolysis of biomass has generally been conducted under inert atmosphere 

with gases such as nitrogen, helium or argon although some studies involving the 

use of reactive atmosphere have been reported in the literature. Both thermal and 

thermo-catalytic biomass pyrolysis under steam atmosphere at various 

temperatures have been studied and compared to inert atmospheres [10, 18-20]. In 

these cases, an increase in organic liquid product yields was measured compared 

to inert atmospheres. The thermo-catalytic deoxygenation and pyrolysis of fatty 

acids under hydrogen atmosphere has been reported to increase both reactions rate 

and product yields over those obtained under inert atmosphere [15, 21-23]. 

However, Kubatova et al [12] and Luo et al [24] found that at reaction 

temperatures above 400 °C the thermal cracking of canola oil, soybean oil and 

their methyl esters under hydrogen did not positively impact the liquid product 

yields.  

  Recycling of the product gas stream has been suggested as an economical 

way of operating large scale pyrolysis plants [9, 25]. The gas product stream is 
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typically composed of CO, CO2, light hydrocarbons and H2 depending on the 

feedstock composition and reactions conditions [26,27]. Literature on biomass 

pyrolysis under CO, CO2 and hydrocarbon atmosphere to study the effect of 

recycling the gas product is scarce. Mante et al. [28] and Zhang et al. [26] studied 

the effect of lignocellulosic biomass pyrolysis under the non-condensable gases 

CO, CO2, CH4 and compared it with reactions done under inert atmospheres. Both 

studies reported an increase in liquid product yield. In the case of Mante et al. 

[28], a decrease in char/coke yield was also observed. There are no studies 

reported in the literature on the pyrolysis of lipids, particularly fatty acids under 

reactive non-condensable hydrocarbon gases.  

  The purpose of this work is to address these knowledge gaps by studying 

the effect of short-chain non-condensable alkane and alkene gases on the 

pyrolysis of free fatty acids by uncovering the dominant chemical pathways. In 

particular, this work seeks to study the effect of such gases on the product 

portfolio and the overall product yield.  

 

5.2. Materials and methods 

5.2.1. Materials 

Oleic acid (≥99%), internal standard for GC analysis of liquid product, 

nonadecanoic acid methyl ester (≥99 %), pentane (≥99%), diethyl ether (≥99%), 

CO standard (≥99%), gaseous alkanes and alkene standards (C1-C4) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). N2 (99.998%), CO2 

standard (99.9%), methane (99%), ethane (99%), ethylene (99%), propane (99%) 
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and propylene (99%) were obtained from Praxair (Mississauga, ON, Canada).  

Diazomethane for derivatization of fatty acids was prepared using a Diazald kit 

(Sigma-Aldrich, St. Louis, MO, USA) following the manufacturer's procedures. 

All chemicals were used as received. 

 

 5.2.2. Pyrolysis Reactions 

Pyrolysis reactions were conducted in 15 mL batch microreactors 

constructed with stainless steel Swagelok fittings and tubing (0.75-inch) and 

heated in a fluidized bed sand bath (Techne, Burlington, NJ) as previously 

described [13]. Approximately 1g of oleic acid was weighed into a clean and dry 

microreactor which was then closed, checked for leaks and purged with the 

desired gas (N2, methane, ethane, ethylene, propane or propylene). The reactor 

was then pressurized to between 130 and 500 psi (896.3 and 3447.4 kPa) with the 

desired gas and the microreactor was sealed. The microreactor was heated at 410 

°C under constant agitation for 2 h and then immediately quenched in a bucket of 

water at room temperature.  The reaction temperature and time used were selected 

based on work conducted by our group on the thermal cracking of oleic acids 

discussed in Chapter 3. The reaction conditions selected for this study maximizes 

fatty acid feed conversion and liquid product yield while minimizing gas, 

aromatic compounds and solids formation. The outside surface of the 

microreactor was then cleaned and dried using compressed air to ensure the 

microreactor was clean of sand from the sand bath. All pyrolysis reactions were 

carried out in triplicates at each of the conditions studied. 
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 5.2.3. Analytical methods- Gas product analysis  

The weight of the gas fraction produced was determined by weighing the 

microreactors before and after venting the gas product in the microreactor. A 

0.25inch stainless steel Swagelok tube fitting with a septum was screwed onto the 

microreactor in order to sample the gas product for gas chromatography (GC) 

analysis according to the method described by Maher et al [13]. Gas samples were 

then analyzed on a GC-FID and GC-TCD using instruments, supplies and 

methods described in Chapter 3 (section 3.2.3). 

 

5.2.4. Analytical methods - Liquid product analysis 

After venting, the microreactors were opened and the weight of liquid 

product was determined. The liquid and gas products were then analyzed on GC-

FID and GC-MS using instruments, supplies and methods described in in Chapter 

3 (section 3.2.4). 

 

5.2.5. Products identification and quantification 

Compounds in the gas and liquid fraction were quantified according to the 

procedures described in Chapter 3 (section 3.2.5). Data in all tables and figures 

represent mean ± standard deviation of triplicate experiments, unless otherwise 

indicated. Statistic tests were performed using ANOVA or T-test to determine 

significant differences in data at the 95% confidence level. 
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5.3. Results and Discussion 

5.3.1. Liquid product yield 

Pyrolysis of oleic acid under nitrogen and light hydrocarbons resulted in 

the formation of liquid and gas products under all the conditions tested. Solid 

products were not observed in any of the experiments. The liquid product yields at 

130 psi initial headspace pressure are shown in Table 5.1. While oleic acid 

pyrolysis in presence of methane, ethane and propane did not result in higher 

liquid product yields, significant increases were measured under ethylene (17%) 

and propylene (26%) compared to reaction conducted under nitrogen atmosphere.  

 

Table 5.1. Headspace gas and recovered liquid from the pyrolysis of oleic acid 
product at 410 °C for 2 h. 

Headspace 
gas/pressure (psi)

Mole ratio  
(feed : gas)1 

% weight of 
liquid product 
recovered 

Nitrogen (130) 1 : 1.8 81.4 ± 2.6 a 

Ethylene (130) 1 : 1.9 98.2 ± 0.9 b 

Ethane (130) 1 : 1.9 83.0 ± 1.4 a,c 

Propylene (130) 1 : 2.0 107.4 ± 2.6 d 

Propane (130) 1 : 2.0 83.8 ± 1.1 a,c 

Methane (130) 1 : 1.8 76.7 ± 1.1e 

 
1 Moles of gas calculated using the Peng-Robinson equation of state 
a values with the same superscript letters are not significantly different at 95% confidence level. 
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This phenomenon may be explained in terms of increased reactivity of the 

pi bond electrons in these compounds compared to the saturated light 

hydrocarbon gases’ sigma bonds [29].  The increased reactivity implies the 

unsaturated hydrocarbon gases could act as reactants compared to the saturated 

hydrocarbon, resulting in the observed increase in the liquid product yield. A 

possible explanation for this increase may be found in the formation of branched 

alkanes and alkenes (described in detail in section 5.3.4). Additionally, the 

increased liquid product yield could be due to ethylene-ethylene or propylene-

propylene radical addition reactions [30]. 

 

5.3.2. Liquid product composition 

 The classes of compounds in the liquid pyrolysis product under inert and 

light hydrocarbon headspace at 130 psi are shown in Table 5.2. The 

“unidentified” represents GC eluted peaks that could not be unambiguously 

identified. The “unaccounted” fraction represents the difference between the GC 

eluted peaks percentage and 100%. This fraction represents compounds which 

have molecular weights lower than or equal to C5 that could not be integrated due 

to solvent peak overlap and possibly, high molecular weight compounds which 

could not be eluted on the GC. 

The liquid product was composed primarily of linear, cyclic and branched 

hydrocarbon, fatty acids and aromatics with carbon numbers between C6 and 

C19. Irrespective of the headspace gas used, n-alkanes (C6 to C19) were the most 

abundant class of compounds and they constituted on average about 23% of the 
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liquid product with the exception of propylene headspace which had 19%. A 

similar observation was made with the linear alkenes where there was only 

limited difference between the inert headspace and the hydrocarbon headspace. 

Linear alkanes and alkenes are well-known products of the direct 

deoxygenation of the fatty acid feed or cracking product of feed and the cracking 

of deoxygenated hydrocarbon product through free radical mechanism [10, 12, 

13]. Evidence of deoxygenation was found in the gas product analysis where CO 

and CO2 which are decarbonylation and decarboxylation [30, 31] products, 

respectively, of free fatty acids were found (discussed in section 5.3.5).  

 Cyclic alkanes and alkenes ranging in carbon number from 6 to 13, which 

were mostly substituted, are shown in Table 5.2. There were no significant 

differences in the total cyclic hydrocarbons with the different headspaces gases. 

The cyclic hydrocarbons were predominantly C5 (cyclopentanes and 

cyclopentenes) and C6 (cyclohexanes and cyclohexenes) cyclic structures. The 

cyclic hydrocarbons accounted for 9.2 to 11.2% of the liquid product. Under N2 

atmosphere, cyclopentanes and cyclopentenes accounted for 34% and 

cyclohexanes and cyclohexenes were 51% of the cyclic hydrocarbon composition. 

Similar results were observed when ethylene atmosphere was used resulting in 

39% of 5-carbon and 49% of 6-carbon rings. 



 
 

Table 5.2. Liquid product composition at an initial pressure of 130 psi under inert and light hydrocarbon gas atmosphere 

 

Class of compounds 

Weight % of liquid product 

Headspace gas 

 Nitrogen Methane Ethane Propane Ethylene Propylene 

C6 to C12 1-Alkenes 3.5 ± 0.2 4.1 ± 0.4 3.4 ± 0.2 3.3 ± 0.4 3.8 ± 0.4 4.9 ± 1.5 

C6 to C18 Internal alkenes 11.3 ± 0.7 11.7 ± 0.9 12.5 ± 0.5 12.6 ± 1.3 11.2 ± 0.2 10.6 ± 1.4 

C6 to C19 n-Alkanes 23.6 ± 1.9a 23.3 ± 2.5a 22.4 ± 2.6a 23.5 ± 1.1a 23.9 ± 0.9a    19.5 ± 0.9a 

Aromatics 4.7 ± 0.3a 4.4 ± 0.4a 4.6 ± 0.5a 4.7 ± 0.1a 5.5 ± 0.2a 6.1 ± 0.3b 

Branched hydrocarbons 3.5 ± 0.4a 3.4 ± 0.4a 3.0 ± 0.7a 2.8 ± 0.6a 7.8 ± 1.5b 6.9 ± 0.9b 

Cyclic hydrocarbons 9.8 ± 0.7a 9.2 ± 0.4a 10.2 ± 0.5a 10.9 ± 0.7a 10.8 ± 0.3a 11.2 ± 0.4a 

C4 to C18 Fatty acids 15.5 ± 0.8a 12.6 ± 2.4a 11.7 ± 1.7a 13.8 ± 1.3a 10.9 ± 1.9b 9.0 ± 0.2b 

Unreacted feed + Isomers 2.1 ± 0.6 2.5 ± 0.8 2.8 ± 1.9 2.5 ± 0.8 1.0 ± 0.3 1.0 ± 0.5 

Unidentified 18.5 ± 2.8 17.2 ± 1.8 15.9 ± 0.2 16.0 ± 1.9 18.1 ± 2.9 19.9 ± 1.8 

Unaccounted 8.8 ± 3.4 11.5 ± 4.3 13.6 ± 1.1 9.9 ± 1.9 6.9 ± 2.0 10.6 ± 3.1 
 
a  values in the same row are not significantly different at the 95% confidence level from N2 atmosphere if they have the same letters. 
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It is accepted widely that six carbon numbered rings are formed 

predominantly by the Diel-Alder reaction involving a diene and a dienophile [10, 

31, 32]. However, Kubatova et al [34] recently proposed a new path to cyclic 

compound formation in pyrolysis of TAGs which involves the intramolecular 

cyclization of alkenyl radical with terminal double bond. The data from this study 

do not support the predominance of the Diels-Alder reaction in the formation of 

6-carbon rings since the presence of the excess dienophile (ethylene or propylene) 

did not result in an increase in the C6 cyclic compounds compared to inert (N2) 

atmosphere.  

 Total aromatic compounds are also presented in Table 5.2. Under inert N2 

atmosphere, total aromatics accounted for 4.7% of the liquid product. The results 

showed that products from reactions with methane, ethane, ethylene and propane 

headspaces had total aromatic compounds which were not significantly different 

from N2 atmosphere. On the other hand pyrolysis in presence of propylene 

resulted in increased total aromatics content to 6.1%. The majority of the aromatic 

compounds produced under the conditions used in this study were predominantly 

mono-aromatic (65-75% of the aromatic compounds) compounds with BTEX 

(benzene, toluene, ethylbenzene and xylenes) accounting for nearly 40% of the 

total aromatic compounds. Mono-aromatic compounds are formed through 

dehydrogenation of six carbon numbered cyclic alkanes and alkenes [10, 32-34]. 

Polyaromatic compounds are then formed through polymerization and 

dehydrogenation of the mono-aromatic compounds [10, 35] and alternatively via 

an intramolecular radical cyclization mechanism [33].   
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The total branched hydrocarbon compounds in the liquid product are 

reported in Table 5.2. Similar to the total aromatic compounds the saturated light 

hydrocarbon gas atmosphere resulted in total branched hydrocarbon compounds 

that were not significantly different from the inert atmosphere accounting for 

about 3.5% of the liquid product. The unsaturated hydrocarbon atmosphere 

resulted in a significantly higher total branched hydrocarbon yield representing 

7.8 and 6.9% of the liquid product under ethylene and propylene atmosphere, 

respectively. The results indicated that the unsaturated hydrocarbon atmosphere 

promoted branching reaction possibly through radical addition reactions discussed 

in detail in section 5.3.4. 

Fatty acid deoxygenation was promoted during pyrolysis in the presence 

of unsaturated short-chain hydrocarbon gases compared to inert atmosphere 

(Table 5.2). The total fatty acids weight percentage in the pyrolysates decreased 

significantly from 15.5 under inert N2 atmosphere to 10.9 and 9.0, respectively, 

when ethylene and propylene were used. Short-chain alkenes also increased 

conversion of the feed when compared to inert atmosphere (Table 5.2). The 

increased rate of fatty acid deoxygenation is discussed in detail in section 5.3.5. 

The weight percentage of alkanes and alkenes (linear, branched and 

cyclics) in the pyrolysates is reported in Figures 5.1a and 5.1b, respectively. 

Between carbon numbers 6 and 13 there was generally higher total alkanes and 

alkenes when unsaturated hydrocarbon atmosphere was used compared to inert 

atmosphere. The trend is generally reversed between carbon numbers 14 and 17 

where the inert atmosphere resulted in relatively higher total alkanes and alkenes.  



119 
 

 

Figure 5.1. Total alkanes (linear, branched, cyclic) (A) and total alkenes (linear, 

branched, cyclic) (B) composition by carbon number in oleic acid liquid pyrolysis 

product at 410 °C, 2 h and 130 psi initial pressure. 
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Irrespective of the atmosphere, there is marked selectivity towards C6 to 

C12 total alkanes and alkenes (Figure 5.1). This observation may be attributed to 

the influence of the carbon double bond on the fatty acid feed on the pyrolysis 

reaction. The details of the influence of the fatty acid double bond on the 

pyrolysis reaction was discussed in Chapter 3 (section 3.3.3 – 3.3.5). The 

observed higher C17 alkenes (Figure 5.1b) maybe explained in terms of the direct 

deoxygenation of the fatty acid feed resulting in the formation of heptadecene 

isomers. 

 

5.3.3. Effect of headspace initial pressure 

The effect of the initial headspace pressure on the pyrolysates distribution 

was studied by conducting pyrolysis reactions in the presence of ethylene at 200 

and 500 psi. The liquid product yields are presented in Figure 5.2. Increasing 

initial pressure did not positively influence the liquid product yield under N2 

atmosphere, but rather there was a slight decrease in the liquid product yield from 

81% at 130 psi to 74% at 500 psi. However, under ethylene atmosphere, 

increasing the initial pressure positively influenced the liquid product yield, 

increasing from 98% to 152% when compared to the starting fatty acid mass at 

130 psi and 500 psi, respectively. 
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Figure 5.2. Oleic acid pyrolysis liquid product yields at 410 °C for 2 h at different 

initial headspace pressure under nitrogen and ethylene atmosphere. 

 

5.3.4. Increased branching reactions and products 

Figure 5.3 shows a section of GC-FID chromatogram of liquid oleic acid 

pyrolysis products. The increase in branched hydrocarbons under unsaturated 

light hydrocarbon gas (ethylene) atmosphere compared to inert atmosphere as 

previously mentioned in section 5.3.2 can be clearly observed. The effect is 

enhanced when the initial headspace pressure is increased as shown in Figure 5.4. 

The total branched hydrocarbon in the liquid fraction remained mostly unchanged 

with increasing initial pressure under inert atmosphere whereas under ethylene it 

increased from 7.8% to more than double the amount when the initial headspace 

pressure was increased from 130 psi to 500 psi.  
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Figure 5.3. Sections of GC-FID chromatograms showing liquid pyrolysis 

products under initial pressure of 130 psi using nitrogen (A) and ethylene (B) 

 

 

Figure 5.4. Total branched alkanes and alkenes in the liquid product under 

nitrogen and ethylene atmospheres at different initial headspace pressures. 
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A possible explanation for the increase in total branched hydrocarbons 

under unsaturated light hydrocarbon gases could be the direct addition of the 

unsaturated light hydrocarbon gas to free radicals resulting from the cracking of 

the oleic acid feed.  Also, the formation of ethyl and ethenyl radicals from the 

disproportionation of two ethylene molecules has been suggested as one of the 

most important radical initiation steps in ethylene pyrolysis [36-39]. Therefore, 

another possible explanation of the increase in total branched hydrocarbons under 

ethylene is the addition of ethyl and ethenyl radicals formed from the 

disproportionation of ethylene to cracking products of the fatty acid feed. 

 

5.3.5. Deoxygenation 

Figure 5.5 shows typical GC-FID chromatograms of the liquid product 

recovered from oleic acid pyrolysis conducted at 410 °C for 2 h under inert 

atmosphere and in the presence of ethylene with an initial pressure of 500 psi. In 

both reactions, the deoxygenation product of the feed (C17 alkenes) as well as the 

deoxygenation product of C18:0 (n-heptadecane) were clearly visible. It must be 

noted that the n-heptadecane could also be the product of C17 alkenes 

(heptadecenes) saturation reactions. A greater degree of deoxygenation was 

observed for the reactions conducted in the presence of ethylene. The total fatty 

acids remaining under inert atmosphere were 15.5% at 130 psi and 9.4% at 500 

psi, whereas when processed under an ethylene headspace the total fatty acid 

decreased to 10.9% and 5.3% at the same pressures.  
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Figure 5.5. GC-FID chromatograms of liquid oleic acid pyrolysis products from 

reactions conducted under initial pressure of 500 psi using nitrogen and ethylene 

 

In order to understand the influence of ethylene on the deoxygenation, CO 

and CO2 were analyzed and quantified in the gas product after pyrolysis reaction. 

Figure 5.6 shows the presence of both CO and CO2, indicating deoxygenation 

proceeded through both decarbonylation and decarboxylation. Whereas the 

decarbonylation reaction was minimally influenced by the use of ethylene, a 

significant increase in CO2 was observed at all of the pressures studied. The 

results indicated that the positive influence on enhanced deoxygenation observed 

under ethylene atmosphere was due to increased decarboxylation.   

The mole ratio of unsaturation (moles of double bonds in feed to moles of 

double bonds in ethylene) at the different initial pressures calculated using the 

Peng-Robinson equation of state are 1:1.9 at 130 psi, 1:2.9 at 200 psi and 1: 8.9 at 

500 psi. The increase in deoxygenation could be due to the higher amount of 
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double bonds in reactions conducted under ethylene atmosphere compared with 

N2 atmosphere. Additionally, the observed increase in deoxygenation could be 

result of differences in reactivity of internal olefins (in the case of the double 

bonds present in the feed) and α-olefins (in the case of double bonds present in 

ethylene).  

 

5.4. Conclusion 

 The pyrolysis of a model free fatty acid in the presence of short-chain 

alkanes and alkenes was studied at different initial pressures to determine the 

dominant reaction pathways and effect on liquid product yield. While saturated 

short-chain alkane gases (methane, ethane and propane) did not influence the 

liquid product yields and composition, unsaturated short-chain alkenes (ethylene 

and propylene) resulted in increased liquid product yield and greater feed 

conversion. For the latter reactions, chromatographic analysis of the products 

portfolio revealed the presence of desirable branched compounds and increased 

conversion of the fatty acid feedstock. The observed influence of the unsaturated 

light hydrocarbon gases could be attributed to the presence of the relatively 

electron rich reactive pi bonds. The results of this study show liquid product yield 

and feed conversion of fatty acid pyrolysis can be improved through recycling of 

gaseous product. 
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Figure 5.6. Carbon monoxide (A) and carbon dioxide (B) contents in the gas 

products of nitrogen and ethylene headspace at different initial pressures.  
1Values with the same numbers are not significantly different at the 95% confidence level 

between the headspace gases at the same pressure.  
aValues with the same letters are not significantly different at the 95% confidence level for 

the same headspace gas at different initial headspace pressures. 
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6. Two-stage thermal conversion of inedible lipid feedstocks to 

renewable chemicals and fuels 1 

6.1. Introduction 

The global energy demand mostly in the form of transportation fuel is 

projected to increase by 56% by the year 2040 [1]. While the majority of this 

growth is currently met by fossil reserves [1-4], increasing societal concerns over 

long term environmental sustainability are driving considerable research efforts to 

develop fuel technology platforms based on renewable feedstock. The economic 

proposition and large scale industrial deployment of renewable fuel technologies 

is inextricably tied to the feedstock pricing and availability. For example, it has 

been estimated that up to 88% of the cost of current commercial base-catalyzed 

biodiesel production plants in the U.S. is from the feedstock [5-7]. Similarly, 

Bridgwater [8] estimated that for a biomass fast pyrolysis plant operating at one 

million t y-1 and a feedstock cost of €80 t-1, the feedstock cost will represent 

approximately 40% of the production cost. 

The utilization of widely available, low cost, inedible feedstocks such as 

waste oils and fats has been identified as a possible game-changer in the 

production of renewable fuels [9, 10]. A potential low cost feedstock is beef 

tallow, a by-product from the rendering industry. This material lost  

 

 

1 A version of this chapter has been published. J. Asomaning, P. Mussone, D.C. Bressler, Two-
stage thermal conversion of inedible lipid feedstocks to renewable chemicals and fuels. 
Bioresource Technology 158 (2014): 55-62. DOI:http://dx.doi.org/10.1016/j.biortech.2014.01.136. 
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considerable market value in most advanced economies as a result of legislation 

implemented to limit its use in the food and feed industries in response to bovine 

spongiform encephalopathy [9, 11, 12]. Additional important low cost feedstocks 

are yellow and brown grease which are mixtures of used cooking vegetable oils 

and animal fats from domestic, commercial and industrial operations with free 

fatty acid contents lower than 15% and higher than 15%, respectively [7, 10, 13-

16]. These feedstocks are typically available at industrial scales in industrialized, 

urban centres where collection and modern waste management is implemented. 

The production of methyl esters through triacylglycerol (TAG) 

transesterification represents the first industrial generation of technologies for the 

production of renewable fuels that can be blended with commercial diesel. While 

several transesterification processes have been scaled up to full industrial facilities 

using clean plant and animal lipids, the economic implementation of non-edible 

low grade oils remains elusive.  

One of the most promising alternative lipid conversion technologies is 

thermochemical liquefaction or pyrolysis [12, 17, 18], a high temperature reaction 

in the absence of oxygen (air). Pyrolysis is particularly attractive because it 

employs an array of technological approaches that are similar to those used in the 

oil and gas industry [12] and therefore can be integrated within the existing 

processing infrastructure. The thermal and thermo-catalytic conversion of lipids in 

the form of TAGs, fatty acids and fatty acid soaps have been studied extensively 

[12, 18-36]. The product distribution, composition as well as properties reported 

were dependent on the feed and the operational conditions employed. The 
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feasibility of producing renewable liquid hydrocarbons through the pyrolysis of 

free fatty acids has been demonstrated using model saturated [12] and unsaturated 

free fatty acids (Chapters 3 and 4). They reported the formation of mostly alkanes 

and alkenes as the main products with minor products being carboxylic acids and 

aromatic compounds. The model work provided insight into fundamental reaction 

chemistry and mechanism.  

The goal of the present work was to demonstrate the viability of non-food 

lipid feedstock using a two-step hydrolysis-pyrolysis conversion technology. 

Batch, laboratory-scale experiments were conducted using four types of lipids 

representative of inedible plant, animal, and waste systems. Chemical 

characterization of the pyrolysis products were conducted using a combination of 

analytical techniques. These properties were correlated with the fuel properties of 

the liquid pyrolysis product and compared with commercial gasoline and diesel 

fuels. 

 

6.2. Materials and Methods 

6.2.1. Materials 

  Bleached fancy beef tallow (BFBT) and yellow grease (YG) were 

obtained from Sanimax (Montreal, QC, CA). Brown grease (BG) was supplied by 

Great Lakes Biosystems Inc. (Sturtevant, WI, USA) and cold pressed camelina oil 

(CPCO) was purchased from Prairie Gold-Oil (Picture Butte, AB, Canada). Fatty 

acid methyl ester (FAME) standards 15A and 463 were purchased from Nu-Chek 

Prep Inc. (Elysian, MN, USA). Nitrogen (99.998%) was purchased from Praxair 
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(Mississauga, ON, Canada). Diazomethane for derivatization of fatty acids was 

prepared using a Diazald kit (Sigma-Aldrich, St. Louis, MO, USA) following the 

manufacturer's procedures. All other chemicals were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Samples and chemicals were used as received. 

 

 6.2.2. Hydrolysis Reactions 

  Hydrolysis reactions were conducted in a batch 5 L reactor (Model 4580, 

Parr Instrument Company, Moline, IL, USA) at 280 °C for 60 min with an initial 

pressure of 500 psi (3447.4 kPa) and a lipid to water mass ratio of 1:1 (this gave a 

mole ratio of approximately 1:49 fat to water). The time of reaction was started 

when the set temperature was reached. The heater was turned off at the end of the 

reaction and the reactor was cooled with an external heating bath set to -10 °C. 

The hydrolysis products were separated in a separatory funnel. The fatty acids 

(organic fraction) was dried in a convection oven at 110 °C for 4 h and then 

stored at 4 °C. 

 

6.2.3. Pyrolysis reaction 

 Pyrolysis reactions were conducted in a stirred 1 L reactor (Parr 

Instrument Co., Moline IL, USA) heated by an electric heating element located 

outside of the reactor vessel. Thermocouples enabled the real time measurements 

of the reactor internal temperature and pressure transducers allowed measurement 

of the reactor internal pressure. Each reaction was conducted by loading 

approximately 100 g of fatty acid from the hydrolysis reaction into reactor vessel. 
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The reactor was checked for leaks and purged with nitrogen at 500 psi. The heater 

and stirrer at 300 rpm were then turned on. Reactions were carried out at 410 °C 

for 1.5 h after the set temperature was reached. The pyrolysis conditions were 

selected based on initial work conducted on the thermal cracking of model 

saturated fatty acid [12] and unsaturated fatty acids (Chapters 3 and 4). This was 

to maximize conversion and liquid product yields whiles at the same time 

minimizing gas, aromatic and solids formation.  The reactor pressure increased 

throughout the reaction. A typical reactor internal temperature and pressure 

profile is presented in Figure 6.1. At the end of the reaction, the heater was 

stopped and the heating mantle removed from the reactor vessel to cool. All the 

pyrolysis reactions were carried out in triplicate for each of the different fatty 

acids from the hydrolysis. 

 

 

Figure 6.1. Typical reactor temperature and pressure profiles during pyrolysis 

reaction 
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 At ambient conditions, the reaction products were separated into solid, 

liquid and gas fractions. The liquid fraction consisted of two phases which were 

separated into organic liquid fraction (OLF) and aqueous liquid fraction (ALF) 

and weighed. Solid product was also weighed and by difference the weight of the 

gas product was calculated. 

 

6.2.4. Analytical methods 

6.2.4.1. Feed characterization 

 Acyl glycerol (triacylglycerol (TAG), diacylglycerol (DAG), 

monoacylglycerol (MAG)) and free fatty acid (FFA) composition of the feeds 

were analyzed on an Agilent LC 1200 HPLC system equipped with evaporative 

light scattering detector (Agilent Technologies, Santa Clara, CA, USA) using a 

Phenogel column (300mm x 7.8mm ID x 5μm) (Phenomenex, Terrence, CA, 

USA) following the method described elsewhere [37]. The moisture and volatile 

matter were determined following ASTM method D5556-2011 and the ash 

content was determined following ASTM method D5347-2012. 

 

6.2.4.2. Fatty acid product from hydrolysis 

 Fatty acid composition analysis of the hydrolysis products were conducted 

on an Agilent 7890A GC system (Agilent Technologies, Santa Clara, CA, USA) 

coupled to a flame ionization detector (FID) and a BP 20 column (30 m x 0.25 

mm, film thickness 0.25 µm). The injector and detector temperature were kept 

constant at 230 °C and 250 °C, respectively, and the GC oven temperature 
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program was initially at 5 °C for 0.5 min, 20 °C min-1 to 170 °C and held for 

5 minutes, then 10 °C min-1 to 230 and held for an additional 13 min for a total 

run time of 30.5 min. The carrier gas was helium at a constant flow rate of 1 mL 

min-1 and injection volume was 1 µL. Product identification was performed by 

comparing retentions times to those of the FAME standards and confirmed by 

GC-MS and quantification was done by comparing peak areas to the area of the 

internal standard. 

 

6.2.4.3. Pyrolysis gas product analysis 

N2, CO and CO2 in the gas pyrolysis product were analyzed on an Agilent 

7890A GC system (Agilent Technologies, Santa Clara, CA, USA) coupled to a 

thermal conductivity detector (TCD) with a 60/80 Carboxen-1000 packed column 

(4.6 m x 0.32 mm x 2.1 mm) (Sigma-Aldrich, St. Louis, MN, USA). The injector 

and detector temperatures were kept constant at 170 °C and 200 °C, respectively, 

and the GC oven temperature program was 40 °C for 5 min and then increased at 

20 °C min-1 to 200 °C and held for an additional 17 min to achieve a total rum 

time of 30 min. Helium was used as carrier gas with a constant pressure of 20 psi 

(137.9 kPa). Injection was done manually with an injection volume of 100 µL 

using a Hamilton gas tight micro syringe and syringe guide (Hamilton Co., Reno, 

NV, USA). H2 analysis was conducted using the same equipment and parameters 

but the carrier gas was changed from helium to argon. 
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  Alkanes and alkenes in the gas product were analyzed on an Agilent 

7890A GC system coupled with FID using column, supplies and instrument 

parameters as described in Chapter 3 (section 3.2.3). 

 

6.2.4.4. Pyrolysis liquid product analysis 

 Approximately 100 μg of OLF was weighed into a GC vial and 0.5 mL of 

internal standard solution (C19 FAME in pentane) was added. Excess 

diazomethane was then added to convert fatty acids into their methyl ester 

derivatives allowing greater GC resolution. Analysis was carried out on an 

Agilent 6890N GC-FID with Agilent 7683 series autosampler and injector with an 

Agilent HP-5ms column (30 m x 0.32 mm, film thickness 0.25 µm)  (Agilent 

Technologies, Santa Clara, CA, USA). The injector and detector temperatures 

were kept constant at 300 °C and 350 °C, respectively, and the GC oven 

temperature program was initially at 35 °C for 0.1 min and then increased at 10 

°C min-1 to 280 °C and held for an additional 5.4 min for a total run time of 30 

min. The carrier gas was helium at a constant flow rate of 1 mL min-1 and 

injection volume was 1 µL. 

 Mass spectrometry (MS) analysis was performed using instruments, 

supplies and conditions as described in Chapter 3 (section 3.2.4). 

 

6.2.4.5. Products identification and quantification 

 Compounds in the gas and liquid fraction were quantified according to the 

procedures described in Chapter 3 (section 3.2.5). Data in all tables and figures 
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represent mean ± standard deviation of triplicate experiments, unless otherwise 

indicated. Statistic tests were performed using ANOVA or T-test to determine 

significant differences in data at the 95% confidence level. 

 

6.2.5. OLF property testing 

 Samples of OLF were analyzed by Maxxam Analytics (Edmonton, AB) 

using ASTM standard methods D86, D93, D97, and D7042. Other property 

testing were carried out using infrastructure available in our laboratory using the 

appropriate ASTM methods D1298, D240, D1796, D974, and D976. CHNS 

analyses were performed at the analytical suite of the Department of Chemistry at 

the University of Alberta. The same tests were performed on regular gasoline and 

diesel samples purchased from a local commercial gasoline and diesel station. 

 

6.3. Results and discussion 

6.3.1. Feedstock and hydrolysates composition 

 The lipid samples received were analyzed for moisture and volatiles and 

ash contents. The total lipids were calculated by difference. The lipid fractions 

were then analyzed for acylglycerol composition using HPLC. Feed composition 

is shown in Table 6.1. All the feeds had relatively low moisture and volatiles 

contents ranging from 0.94% for beef tallow to 3.2% for brown grease. Brown 

grease also had the highest ash content at 0.24% which was approximately two 

times the ash content of the other feedstocks. The total lipid contents of all feeds 

were higher than 95% with beef tallow containing approximately 99% lipids. The 
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lipid fraction of beef tallow, yellow grease and camelina consisted predominantly 

of TAG accounting for over 90% and low FFA content (less than 1% of beef 

tallow and camelina and about 4% in yellow grease). Brown grease on the other 

hand had relatively high FFA content of 41% as well as partial glyceride content 

compared to the other feedstocks. Irrespective of the feedstock composition, there 

was complete hydrolysis of the acylglycerols to free fatty acids under the 

hydrolysis condition employed, confirmed using thin layer chromatography and  

HPLC. 

  

Table 6.1. Feed characterization and composition 

Composition 

Wt % of feed  

Beef tallow Yellow 
grease 

Brown 
grease 

Camelina 

Moisture and 
volatiles  

0.94 ± 0.02 2.24 ± 0.10 3.16 ± 0.11 1.41 ± 0.04 

Ash 0.10 ± 0.00 0.13 ± 0.01 0.24 ± 0.01 0.12 ± 0.00 

Lipids 98.9 ± 0.1 97.6 ± 0.1 96.6 ± 0.2 98.5 ± 0.1 

Lipid class Wt % of lipid fraction 

TAG 98.5 90.7 50.7 99.8 

DAG 0.94 4.96 6.16 ND 

MAG ND 0.06 2.35 ND 

FFA 0.59 4.24 40.8 0.15 

  
 ND- not detected 
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 The fatty acids composition of the hyrolysates of the different feedstocks 

is shown in Table 6.2. The fatty acids ranged in carbon number from 12 to 22 

with different levels of unsaturation. The fatty acid composition of yellow grease 

and brown grease were very similar and was predominantly monounsaturated 

(approximately 50% of the fatty acids) with C18:1 being the most abundant fatty 

acid. Beef tallow was constituted mostly of saturated fatty acids such as C16:0 

(hexadecanoic acid) and C18:0 (octadecanoic acid) which collectively accounted 

for approximately 72%. Camelina on the other hand was predominantly 

characterized by polyunsaturated fatty acids with C18:3 (51%) being the most 

abundant. Another important characteristic of the fatty acid composition of 

camelina is the presence of long chain fatty acid C20:1 which accounted for 17% 

of the fatty acids. The feed composition is an important factor influencing the 

pyrolysis product composition [12, 21]. 

 

6.3.2. Pyrolysis product distribution 

 A typical reactor internal temperature and development during the course 

of the reaction pressure is shown in Figure 6.1. It must be noted that the initial 

spike in pressure was the result of reactor purging with nitrogen in order to attain 

an inert atmosphere. The data show that the reactor pressure increased throughout 

the reaction. However, up to about 350 °C the increase in pressure was relatively 

slower when compared to that observed at temperature higher than 350 °C with a 

steeper slope. This may be due to the fatty acids moving into the gas phase and/or 

reflect production of significant amounts of volatile components as a result of 
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cracking of the fatty acids into low molecular weight products at those 

temperatures [12, 27].  Reactor pressure decreased immediately after heating was 

interrupted. 

 

 
Table 6.2. Fatty acid composition of hydrolysates  

Fatty acid Hydrolysate fatty acid composition (wt %)  

Beef tallow
Yellow 
Grease Brown Grease Camelina 

C12:0 - - 1.27 - 
C14:0 2.34 1.13 1.1 - 
C16:0 38.5 19.6 18.8 5.51 
C16:1  1.23 2.47 0.85 0.27 
C17:0 1.27 0.36 0.15 - 
C18:0 29.8 8.11 7.25 2.69 
C18:1 24.3 50.8 47.2 2.89 
C18:2  0.07 14.7 19.4 16.2 
C18:3  0.20 2.35 2.10 50.8 
C20:0 0.28 0.32 0.89 1.60 
C20:1  2.00 - 0.79 16.6 
C20:2 - - 0.20 1.12 
C22:0 - 0.18 0.20 - 
C22:1 - - - 2.64 
Saturates 72.2 29.7 29.7 9.8 
Monounsaturates 27.6 53.3 48.8 22.4 
Polyunsaturates 0.27 17.0 21.7 68.1 
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 The pyrolysis product distribution at ambient temperature and pressure is 

shown in Table 6.3. The pyrolysis products were distributed between solid, liquid 

and gas with the liquid having two fractions; an organic liquid fraction and an 

aqueous liquid fraction. The organic liquid fraction was the most abundant 

ranging from 76% of the beef tallow to 79% of yellow grease, brown grease and 

camelina.  

 The aqueous liquid product accounted for 2.6 to 4% of the product yield 

depending on the feedstock. Gas product yield varied from 15 to 17% with beef 

tallow giving the highest gas product yield. The gas product yield was 16% for 

yellow grease and camelina and 17% for beef tallow and brown grease. Solid 

products were 1.2 to 3.2% of the product yield with brown and yellow grease 

having lower solids yield than beef tallow and camelina. Though the fatty acid 

compositions were different for the different feedstocks the product distribution 

especially the organic liquid fraction was not significantly different between the 

different feedstocks. This is an important observation for process flexibility, as 

the change in feedstock did not significantly impact the liquid product yield; 

allowing the use of different sources of feedstock depending on availability. 
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Table 6.3. Pyrolysis product distribution 

Sample 

Weight % of feed 

Liquid product 
Solid Gas Organic 

Liquid 
Fraction 

Aqueous 
Liquid 

Fraction 

Beef tallow 75.5 ± 0.8 3.9 ± 0.2 3.2 ± 0.3 17.4 ± 0.8 

Yellow Grease 79.1 ± 1.2 3.5 ± 0.1 1.4 ± 0.1 15.5 ± 1.1 

Brown Grease 78.7 ± 0.6 3.4 ± 0.1 1.2 ± 0.2 16.7 ± 0.7 

Camelina  78.5 ± 2.1 2.6 ± 0.2 3.2 ± 0.5 15.5 ± 0.8 
 

 

 6.3.3. Organic liquid fraction composition 

 Figure 6.2 shows the weight % distribution of classes of compounds in the 

organic liquid fraction. The unidentified fraction represents GC eluted peaks 

which could not be unambiguously identified. The unaccounted fraction 

represents the difference between the GC eluted peaks percentage and 100%. This 

fraction represents compounds which have molecular weights lower than or equal 

to C5 that could not be integrated due to solvent peak overlap and possibly high 

molecular weight compounds which could not be eluted on the GC.  
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Figure 6.2. Classes of compounds in OLF 

 

 For all the feedstock used, the organic liquid fraction was composed 

primarily of n-alkanes. The total n-alkanes content in the OLF of yellow grease, 

brown grease and camelina was about 38%. Beef tallow had significantly higher 

n-alkanes at approximately 50% of the OLF compared to the other feedstocks. 

The distribution of n-alkanes in relation to carbon number is shown in Figure 6.3.  

The n-alkanes ranged in carbon number between 6 and 23 for all the feedstocks. 

There was a general decrease in n-alkanes as carbon number increased from 6 to 

12, then relatively constant with the exception of beef tallow to C14. The 

observed spike at carbon number 15 is the result of direct deoxygenation of C16:0 

fatty acid and carbon number 17 the deoxygenation of C18:0. Their relative 

abundance reflects that of the corresponding fatty acids.  
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Figure 6.3. n-Alkanes as a function of carbon number of OLF 

 The range of carbon number in the n-alkanes demonstrates both the well-

known cracking reactions (evidenced by compounds with carbon number much 

lower than that in the feedstocks) and well-documented addition reactions 

(evidenced by compounds with carbon number higher than that in the feedstocks) 

occurring during pyrolysis [12, 38, 39]. 

 No significant difference at the 95% confidence level was observed in the 

1-alkene content, which accounted for about 2% of the OLF, between the 

different feedstocks. Internal alkenes content was not significantly different 

between beef tallow, yellow grease and brown grease (about 7% of the OLF) 

whereas camelina had significantly lower internal alkene content (about 3.5%).  

The presence of linear alkanes and alkenes has been reported in both pyrolysis 

0

2

4

6

8

10

12

5 10 15 20

P
er

ce
n

t 
of

 O
L

F
 (

w
t 

%
)

Carbon number

Beef tallow Yellow Grease
Brown grease Camelina



147 
 

products of the direct deoxygenation of the fatty acid feed or cracking product of 

feed and the cracking of deoxygenated hydrocarbon product through free radical 

mechanism [12, 21, 27]. Evidence of deoxygenation was found in the gas product 

analysis where CO and CO2 (data not shown) which are decarbonylation and 

decarboxylation [19, 40, 41] products, respectively, of free fatty acids were found. 

 Similar to the n-alkanes content, the cyclic compounds were not 

significantly different between yellow grease, brown grease and camelina 

accounting for approximately 10% of the OLF. However, beef tallow had a 

significantly lower (95% confidence level) cyclic compounds compared to the 

other feedstocks constituting about 8% of the OLF. The cyclic compounds were  

 

predominantly C5 (cyclopentanes and cyclopentenes) and C6 (cyclohexanes and 

cyclohexenes) ring structures that were mostly substituted. Formation of cyclic 

compounds is thought to proceed through the Diels-Alder reaction as well as 

through intramolecular cyclization of free radicals with terminal double bonds 

[21, 42, 43]. 

 Aromatic compounds in the OLF were not significantly different between 

yellow grease and brown grease accounting for approximately 10% of the OLF. 

Beef tallow had a significantly lower aromatic content (about 8%) when 

compared to the other feedstocks and camelina had significantly higher aromatics 

content (about 15%) compared to the other feedstocks. The relatively higher 

aromatic content of camelina can be explained in terms of the fatty acid 

composition which was mostly polyunsaturated (C18:3) accounting for over 50% 
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of the fatty acid feed. The presence of the triple unsaturation promotes 

intramolecular cyclization leading to the formation of aromatic compounds [44]. 

The aromatic compounds consisted of monoaromatic as well as polyaromatic 

structures. Monoaromatic compounds are formed through dehydrogenation of six 

carbon numbered cyclic alkanes and alkenes [21, 27, 43, 45]. Polyaromatic 

compounds are then formed through polymerization and dehydrogenation of the 

mono-aromatic compounds [21, 45] and alternatively via an intramolecular 

radical cyclization mechanism [43].   

 Fatty acids ranging from carbon number 3 to 18 for beef tallow, yellow 

grease and brown grease and 3 to 20 for camelina in the OLF are shown in Figure 

6.2. Beef tallow and brown grease had significantly lower fatty acids content 

(about 8%) compared to yellow grease and camelina oil (about 11%). The fatty 

acids represent both products of the fatty acid pyrolysis as well as unreacted fatty 

acid feed. 

 

 6.3.4. Organic liquid fraction properties 

 6.3.4.1. Elemental composition 

The elemental composition of the organic liquid fraction together with the 

elemental composition of the hydrolysates and regular gasoline and diesel are 

shown in Table 6.4. The nitrogen and sulphur content of the hydrolysates were all 

below the detection limit of the instrument which was 10 ppm. As a consequence, 

the nitrogen and sulphur contents of the OLP of all the feedstocks were also 

below the detection limit.  
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The sulphur content was well below the maximum specification set out by 

the Canadian General Standards Board (CGSB) for automotive gasoline (CSGB-

3.5-2011) of 80 ppm, diesel (CSGB-3.517-2013) of 15 ppm and Jet turbine fuel 

(CGSB 3.23-2012) of 0.30% by mass. There was significant decrease in the 

oxygen content of all the feedstocks in the OLF and concurrent increase in 

carbon. The oxygen in the OLF can be attributed to the fatty acids in the OLF 

(Figure 6.2). The regular gasoline sample had an oxygen content of 2.7% and the 

regular diesel had an oxygen content of 0.8%. The gasoline oxygen content could 

be due to blending with ethanol as the pump had a notice that the fuel may contain 

up to 10% ethanol. Diesel blending with renewable fuel is mandated in Canada 

with at least 2% by volume [46]. Thus the observed oxygen in the diesel may be 

from blending of biodiesel into the diesel fuel. 

 

6.3.4.2. Distillation  

The distillation curve of the OLF of the different feedstocks together with 

samples of regular gasoline and regular diesel for comparison are presented in 

Figure 6.4. The distillation curves of the OLF obtained from different feedstock 

were remarkably similar although feedstock fatty acid compositions were 

different. This further demonstrates the flexibility of the process used to 

accommodate different feedstocks. The distillation range from the initial boiling 

point (IBP) to the 80% evaporated were 262 °C for beef tallow and 295 °C for 

brown grease and camelina oil. Whereas the distillation range was 125 °C for the 

regular gasoline sample and 141 °C for the regular diesel sample.  
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Table 6.4. Elemental composition of hydrolysates and OLF together with regular 
gasoline and diesel 

Elements (wt %) 

Hydrolysates 
C H N S O* 

Beef tallow 74.5 ± 0.2 11.9 ± 0.1 BDL BDL 13.6 ± 0.2 

Brown grease 73.6 ± 0.6  11.5 ± 0.2 BDL BDL 14.9 ± 0.8 

Yellow grease 75.8 ± 0.2 11.9 ± 0.0 BDL BDL 12.3 ± 0.2 

Camelina 76.3 ± 0.1 11.4 ± 0.1 BDL BDL 12.3 ± 0.2 

OLF 
     

Beef tallow 83.0 ± 0.5 12.9 ± 0.1 BDL BDL 4.0 ± 0.6  

Brown grease 83.2 ± 0.3 12.2 ± 0.1 BDL BDL 4.6 ± 0.4 

Yellow grease 82.3 ± 0.3 12.1 ± 0.0 BDL BDL 5.6 ± 0.3 

Camelina 82.8 ± 0.5 11.5 ± 0.2 BDL BDL 5.7 ± 0.7 

Regular Gasoline 84.1 ± 0.3 13.2 ± 0.0 BDL BDL 2.7 ± 0.3 

Regular Diesel 85.9 ± 0.1 13.2 ± 0.0 BDL BDL 0.8 ± 0.1 

 
* - calculated by difference, BDL- Below detection limit (10 ppm) 
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The data in Figure 6.4 also shows that approximately 30% of the OLF is in the 

gasoline range and 50% is in the diesel range. Thus, if all other properties were 

brought to acceptability, the OLF potentially can be fractionated to serve either as 

renewable gasoline or diesel fuel alternative or used in blending with fossil 

derived fractions of gasoline or diesel. 

 

 

Figure 6.4. Distillation curves (ASTM D86) of OLF together with regular 
gasoline and diesel. 

 

 

 

6.3.4.3. Other fuel properties 
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The values of some fuel properties of the OLF together with values for 

samples of regular gasoline and regular diesel are shown in Table 6.5. The fuel 

properties of the OLF fractions were more comparable to diesel fuel with a few 

exceptions. This was expected as the majority of the OLF was in the diesel 

distillation range (Figure 6.4). The acid number was particularly high compared to 

the gasoline and diesel samples and all the OLF from the different feedstocks had 

acid number values which were much higher than the maximum values of 0.10 

mg KOH/g specified by the CGSB for fuels. Beef tallow and brown grease had 

relatively lower acid number compared to yellow grease and camelina which can 

be explained in terms of the significantly lower fatty acid content of the former 

(Figure 6.2). It must be noted that the analysis was done on the crude pyrolysis 

product and the acid number can be reduced to acceptable level through process 

optimization and/or further processing. Also, fatty acid extraction from pyrolysis 

products of TAG using water and aqueous NaOH [47] or aqueous amines [48] 

have been reported in the literature and can be used to extract the fatty acids 

thereby reducing the acid number to acceptable levels. 

The flash points of the OLF were comparable to that of gasoline at <-35 

°C and significantly lower than that of the diesel fuel. The flash point is important 

for safe handling purposes and too low flash point increases the potential for fire 

hazard [17]. The presence of the low boiling fraction in the OLF is responsible for 

the lower flash point as they can vaporize relatively easily compared to the high  



 
 

Table 6.5. Fuel properties of OLF together with regular gasoline and diesel 

Property 
  

ASTM 
Method 

 

Product properties

Beef 
tallow

Brown 
Grease

Yellow 
grease Camelina Regular 

gasoline
Regular 
diesel

Acid number 
 (mg KOH/g)  D974 38 41 57 65 <0.02 0.02 

Flash point (°C) D93 <-35 <-35 <-35 <-35 <-35 51 

Density (kg/m
3
)  D1298 802 819 822 838 754 858 

Kinematic viscosity at 

40°C (mm
2
/s) 

  
D7042 1.66 1.90 1.84 1.68 0.5631 2.354 

Water and sediments 
(% vol) 
  

  
D1796  0.08 0.08   0.07 0.06  0.00 0.00 

Pour point (°C) D97 -21 -39 -27 -36 <-65 -27

Heat of combustion 
(MJ/kg) D240  42.9 42.1 42.4 42.1 40.5 45.3 

Cetane index D613 59 53 52 45 - 41 
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boiling fraction. The pour points of all the OLF were below -20 °C which implies 

they will have good cold flow properties. 

The calculated cetane indices of the OLF were all higher than the cetane 

index of the diesel fuel. The calculated cetane index is a good approximation of 

the cetane number where a test engine is not available or sample quantities are 

limited as in this study. The higher cetane indices of the OLF especially from beef 

tallow, yellow grease and brown grease compared to the diesel fuel implies there 

is potential for the OLF to be used as cetane enhancers of fossil derived fuels. 

 

6.4. Conclusion 

Thermal hydrolysis was used to successfully convert low cost non-food 

lipid feedstocks to free fatty acids which were then pyrolyzed. The pyrolysis 

product consisted of solid, liquid and gas fractions with comparable product 

yields between the different feedstock used. The organic liquid fraction 

constituted the majority of the pyrolysis accounting for nearly 80% of the product. 

Distillation properties of the organic liquid fraction showed it account for 

approximately 30% in the gasoline boiling range and 50% in the diesel boiling 

range. Other fuel property tests showed that the OLF mostly met the limits set out 

by the CGSB for diesel fuel with the exception of acid number which was higher 

than specified and flash point which was lower than specified. The results showed 

the flexibility of using the thermal hydrolysis-pyrolysis conversion method for 

producing OLF with relatively consistent yields and properties from different low 

cost feeds. 
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7. General discussion and conclusions 

Triacylglycerols (TAGs) are present in naturally occurring oils and fats 

produced by a number of crops, microorganisms (bacteria, algae), and animals. 

They are produced as energy storage compounds in the tissues of plants and 

animals, making it the most energy-dense biomass resource available [1, 2]. 

Chemically, TAGs are composed of three fatty acid molecules esterified to 

glycerol. Fatty acids vary in carbon chain length and the level of unsaturation (the 

number of carbon-carbon double bonds present in the molecule). The source of 

the TAG influences the nature and composition of the fatty acids present in the oil 

or fat. The diversity and prevalence of sources for TAG compounds suggests that 

they could serve as an attractive renewable resource. Thus, TAGs may be used as 

feedstock for the production of chemicals utilized in transportation fuel 

formulations and industrial applications. In fact, TAGs are currently used in the 

transesterification processes that produce most of the biodiesel products 

commercially available today.  

Thermal cracking or pyrolysis is one of the most promising TAG 

conversion technologies being researched for alternative fuel development. The 

thermal cracking of vegetable oil and animal fat TAGs has been extensively 

studied and literature is readily available. TAG thermal cracking results in 

oxygenated compounds that are not directly compatible with existing petroleum 

infrastructure [3-5].  The thermal cracking of free fatty acids, which can be 

released from TAGs through hydrolysis reaction, on the other hand, has received 

limited attention in the available literature. The feasibility of producing liquid 
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hydrocarbons from free fatty acids was demonstrated using stearic acid as a model 

saturated compound [6]. An understanding of the thermal cracking of unsaturated 

free fatty acids will not only help elucidate the reaction mechanism and 

fundamental reaction chemistry but also help understand and optimize the thermal 

cracking of fatty acids hydrolyzed from TAG based feedstocks. In this thesis 

research, the thermal cracking of monounsaturated fatty acids (oleic acid as model 

compound) and polyunsaturated fatty acid (linoleic acid as model compound) was 

studied to understand the fundamental reaction chemistry and mechanism and to 

carry out detailed product yield determination and gas product analysis (Chapters 

3 and 4) as well as study the effect of using hydrocarbon gas atmosphere instead 

of inert atmosphere on product yield and distribution (Chapter 5). Finally, the 

conversion of inedible TAG based lipid feedstocks to renewable hydrocarbons 

were studied employing a thermal hydrolysis step followed by pyrolysis of the 

resulting fatty acids and determining some product characteristics and comparing 

them to those of petroleum derived gasoline and diesel (Chapter 6).  

In Chapter 3 the thermal cracking of oleic acid at temperatures of 350 – 

450 °C and reaction times of 0.5 – 8 h were conducted in batch microreactors. 

Conversion of the feed ranged from 75% to complete conversion. The conversion 

was dependent on reaction temperature and time with increasing temperature and 

time resulting in increased conversion. Complete conversion was achieved at 430 

and 450 °C for reaction times of 1 – 8 h as well as 410 °C for 8 h. Similarly, 

liquid product yields were dependent on the reaction temperature and time with 

increasing temperature decreasing liquid product yield. These findings support 
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earlier work which found that product yields were heavily dependent on product 

composition and reaction conditions [7-9]. Whereas in the thermal cracking of 

stearic acid [6] deoxygenation preceded cracking of the alkyl chain, in the thermal 

cracking of oleic acid deoxygenation and thermal cracking of the alkyl chain 

occurred simultaneously. This demonstrated the importance of the presence of the 

carbon double bond in the thermal cracking and product selectivity. 

Deoxygenation proceeded through both decarbonylation and decarboxylation, 

evidenced by the presence of both CO and CO2, respectively, in the gas product. 

This observation confirms results reported on the thermal cracking of vegetable 

oils and animal fats [10-12].  

Lower reaction temperatures favoured decarbonylation whereas higher 

reaction temperatures favoured decarboxylation. The effect of temperature on the 

deoxygenation mechanism of fatty acids reported in this study represents an 

important contribution and adds to the available knowledge of the thermal 

deoxygenation of free fatty acids. This observation is important because the 

formation of CO results in the formation of H2O which is undesirable and 

therefore its formation should be minimized. The formation of stearic acid (a 

saturation product of the oleic acid feed) as well as the predominance of saturated 

compounds in the reaction product suggested that saturation reactions are 

important reactions occurring in the initial stages of the thermal cracking of 

monounsaturated fatty acids. Aromatic compounds were not detected at reaction 

temperatures of 350 °C at all reaction times and 370 °C and 390 °C for up to 1 h 

reaction time. The amount of aromatic compounds increased with increasing 
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reaction temperature and reaction time once they were detected. The significance 

of this observation is related to the minimization of H2O formation which would 

require utilizing high temperatures to promote decarboxylation over 

decarbonylation. However, higher reaction temperature also promotes the 

formation of aromatic compounds which are precursors for coke (solids) 

formation (another undesirable reaction). An optimization of reaction conditions 

to balance the minimization of aromatics and H2O formation will be required. 

The oleic acid study provided important information on reaction 

mechanism and fundamental reaction chemistry of thermal cracking of a 

monounsaturated fatty acid.  In Chapter 4, the thermal cracking of 

polyunsaturated fatty acids with linoleic acid as model compound was carried out 

in batch microreactors and product distribution and characterization conducted to 

further elucidate the influence of unsaturation on the thermal cracking of fatty 

acids.  Complete conversion of linoleic acid was achieved under all the reaction 

conditions employed. This is in contrast to the monounsaturated fatty acid thermal 

cracking where incomplete conversion occurred under certain reaction conditions. 

The observed complete conversion in linoleic acid can be explained in terms of 

the lower bond dissociation energy of the allylic C-C bond [13]. The 

polyunsaturation means higher number of allylic C-C bonds compared to 

monounsaturated fatty acids thereby increasing the number of positions at which 

cracking of these bonds can occur. Similar to the observation made in the 

deoxygenation of monounsaturated fatty acids, linoleic acid deoxygenation 
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occurred through decarbonylation and decarboxylation and increasing 

temperature also promoted decarboxylation.  

Another distinction between the thermal cracking of monounsaturated and 

polyunsaturated fatty acids is the formation of aromatic compounds at all reaction 

conditions tested in the polyunsaturated fatty acid whereas aromatic compounds 

were not formed below 370 °C for 1 h when monounsaturated fatty acid was 

pyrolyzed. The observed higher aromatic compounds in the thermal cracking of 

polyunsaturated fatty acid compared to monounsaturated fatty acid confirms 

results from previous studies [13, 14] where pyrolysis of the sodium salt of 

polyunsaturated fatty acids  resulted in higher aromatic compounds formation 

when compared to monounsaturated fatty acids salts. This observation is 

important for process optimization and maximizing liquid product yield since 

aromatic compounds are important precursors of coke/solids formation. Similar to 

monounsaturated fatty acid thermal cracking, saturation reactions were also 

important initial reactions in the thermal cracking of polyunsaturated fatty acids. 

This observation is evidenced by the presence of oleic acid and stearic acid in the 

liquid product of linoleic acid thermal cracking as well as the predominance of 

saturated products in both the liquid and gas products. 

The studies in Chapters 3 and 4 provided valuable information on the 

thermal cracking of unsaturated fatty acids under inert reaction atmosphere. 

However, the reaction atmosphere is an important factor, which can influence 

product distribution and reaction pathways. Therefore, in Chapter 5 the influence 

of reaction atmosphere particularly under light hydrocarbon gases on thermal 
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cracking of fatty acids was studied in batch microreactors and product distribution 

as well as characterization performed. This study is unique in a sense that, it is the 

first study involving the thermal cracking of fatty acids under light hydrocarbon 

gases with the aim of studying the potential for recycling of the gas product 

during pyrolysis. Under saturated hydrocarbon gases (methane, ethane and 

propane), liquid product yield was not significantly different (p > 0.05) when 

compared to inert (N2) atmosphere. This observation contrasts the results reported 

by Zhang et al. [15] who reported an increase in liquid product yield when 

corncob was pyrolyzed under methane. However, the observed differences can be 

explained in terms of differences in the feedstock composition used. Whereas in 

this study fatty acids were used as feedstock, in their study corncob, which has a 

relatively low carbon to oxygen ratio was used.  

In contrast to the saturated light hydrocarbon gas atmosphere, the use of 

unsaturated hydrocarbon gas (ethylene and propylene) atmosphere resulted in 

liquid product yield being significantly increased from 81% under N2 to 98% 

under ethylene and 107% under propylene at 130 psi initial pressure. Increasing 

the initial pressure to 200 psi and 500 psi (increasing mole ratio of headspace gas 

to feed) resulted in a further increase in the liquid product yield.  The observed 

increase under unsaturated light hydrocarbon gases was attributed to the presence 

of the relatively reactive pi bonds in these compounds compared to the sigma 

bonds in the saturated light hydrocarbon gases. The unsaturated light hydrocarbon 

gas atmosphere also promoted deoxygenation and increased conversion compared 

to inert atmosphere. Analysis of the gas product showed the observed promotion 
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of deoxygenation was the result of increased decarboxylation evidenced by the 

significantly higher CO2 produced when unsaturated hydrocarbon gas atmosphere 

is used. Also the use of unsaturated light hydrocarbon gas atmosphere resulted in 

increased branched hydrocarbons that are desirable in applications such as jet 

fuel. The results of this study demonstrated the possibility of recycling the 

pyrolysis gas product to increase liquid product yield and promote desirable 

reactions such as decarboxylation and branching.  

The studies using model fatty acids were useful in providing fundamental 

data on reaction chemistry and mechanism. However, natural vegetable oils and 

animal fats are complex mixtures of fatty acids with varying chain lengths and 

degrees of saturation. Therefore, in Chapter 6 thermal hydrolysis followed by 

pyrolysis was used to convert low cost inedible TAG based feedstocks to 

hydrocarbons. The feedstocks were beef tallow (primarily saturated fatty acids 72 

%), brown grease and yellow grease (mostly monounsaturated fatty acids up to 53 

%) and cold pressed camelina oil (mostly polyunsaturated fatty acid 68 %). The 

organic liquid product yield was not significantly influenced by the feedstock 

under the conditions used in this study. This was an important result 

demonstrating the feedstock flexibility of the thermal hydrolysis followed by the 

pyrolysis conversion technique employed. Fuel property testing of the crude 

organic liquid fractions showed about 30% in the gasoline boiling range and 50% 

in the diesel boing range. Other fuel properties tested indicated the crude organic 

liquid fractions mostly met the diesel specification set forth by the Canadian 

General Standards Board.  
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Overall, the objectives of this research have been largely achieved. The 

model fatty acid compounds helped elucidate important fundamental fatty acids 

thermal cracking mechanism and chemistry, which are important in process 

design and optimization as well as scale-up for large scale deployment. The 

inedible low cost triacylglycerol feedstocks study demonstrated the possibility of 

utilizing these readily available feedstocks that do not directly compete with food 

and feed applications in the production of renewable hydrocarbons. Additionally, 

it demonstrated the feedstock flexibility of the two-stage thermal conversion 

approach which is important for process economics as different feedstock sources 

can be utilized without significant modification to infrastructure.  

 

7.1. Recommendation for future research 

Although this study has elucidated fundamental reaction chemistry and 

demonstrated the feasibility of producing renewable hydrocarbons from the 

thermal hydrolysis and pyrolysis of lipid based feedstocks, further studies could 

be performed to compliment current work and to explore in detail the mechanisms 

involved in some of the findings of this work. A list of suggested studies for 

future research is presented below. 

 

i. Scale-up to continuous system 

Small scale batch reactors were used in this study due to their ease of use and 

manufacturing, relative low cost, etc. The batch reactor work in this research 

provided valuable information on mechanism and fundamental reaction 
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chemistry. However, batch processes can be impractical in larger scale operations 

as they require clean-up and charging of the feed after each run and often 

experience low throughput and frequent interruptions [7,8]. Thus, the next logical 

step will be to scale up the reaction in a continuous reactor system. The findings 

presented in this study could be used to develop a continuous flow type reactor 

system. The continuous reactor system can also be used to assess potential of 

recycling and heat efficiency improvement by the use of heat exchangers. 

 

ii. In-depth studies on fatty acid thermal cracking under unsaturated 

light hydrocarbon gas atmosphere 

The results from the light hydrocarbon gas atmosphere thermal cracking of oleic 

acid provided valuable initial data on improved liquid product yield, higher 

conversion, increased decarboxylation and branching reactions. However, the 

mechanism and reaction chemistry are currently unknown and more research 

needs to be done in this regard to better understand the mechanisms and 

fundamental reactions occurring to account for the observations made. This can 

help optimize the process and help with scale up of the process. Studies could 

include varying reaction temperature and time as well as using other model fatty 

acids and fatty acids from hydrolyzed vegetable oils and animal fats.  

 

iii. Studies on real-time recycling of gas product 

The improvements gained in the use of unsaturated light hydrocarbon gases give 

an initial indication of the possibility of recycling the gas product during thermal 
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cracking as an economical way of running the reaction. However, it will be 

important to conduct experiments to test this assumption by recycling in real-time 

the gas product and determining the impact of this operation mode on the liquid 

product yield as well as composition. This work could be tied into the work 

suggested in point one above regarding the scale up of the process to a continuous 

reactor system.  

 

iv. Characterization of the aqueous liquid fraction 

An aqueous liquid fraction was obtained during the experiments involving the 

thermal hydrolysis and pyrolysis of inedible TAG based feedstock. In future 

studies, characterization of the aqueous liquid fraction, particularly experiments in 

a continuous reactor system will be essential. Characterization will help identify 

important reaction products, which could be recovered as well as ensure the 

development of proper treatment before disposal should the need arise.  

 

v. Development of downstream separation  

The thermal cracking of fatty acids results in the formation of a wide range of 

compounds with varying chain lengths and functional groups. In the future, 

identification of products or fractions of interest from crude product as well as the 

development of appropriate separation methods for their extraction will be 

necessary.  Options may include column distillation or fractionation, liquid-liquid 

extraction, solid phase extraction etc.   
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Appendix: Picture and schematic diagrams of sand bath system, 
purging unit and microreactor. 
 
 

 
 
 
Figure A1. Picture of sand bath and purge system 
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Figure A2. Picture of microreactor unit 
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Figure A3. Schematic of microreactor unit (reprinted with permission [1]) 
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Figure A4. Schematic of purge system (reprinted with permission [1]) 
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Figure A5. Schematic of Sand bath (reprinted with permission [1]) 
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