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ABSTRACT 

A biorefinery concept defined as the sustainable processing of biomass into a spectrum of products 

has been proposed to achieve the true sustainability goals of a bio-based economy. Lipid pyrolysis 

is the thermal decomposition of lipids (triglycerides or fatty acids) into gas, liquid, and solid 

products. Typically, the complexity of the lipid pyrolytic liquid restricts its direct use for fuel and 

chemical production. A biorefinery can be established by separating the pyrolytic liquid into 

fractions to be processed into high-grade products. The aim of this research was to demonstrate a 

biorefinery concept by developing fractionation strategies for a liquid hydrocarbon feed gotten 

from the pyrolysis of fatty acids to obtain multiple high-value products such as renewable fuels, 

solvents, and mid-chain fatty acid compounds.  

The first fractionation step done was acid-base extraction using 3 M NaOH to remove the fatty 

acids present in the feed and 3 M HCl to recover the extracted fatty acids as a separate mixture. 

The acid-base extraction successfully removed the fatty acids from the feed, creating an acid-free 

hydrocarbon fraction composed mainly of n-alkanes (about 48 %wt) and a fatty acid fraction of 

about 70 %wt fatty acids.  

The second fractionation process explored was distillation. Atmospheric distillation was used to 

recover n-pentane and n-hexane solvents from the hydrocarbon fraction. This was done using a 

90cm spinning band distillation unit with up to 100 theoretical plates. A naphtha fraction obtained 

from an initial distillation of the hydrocarbon fraction was also explored as a starting material for 

recovering the renewable n-pentane and n-hexane solvents. The effect of reflux ratio on the purity 

and recovery of the solvent fractions was studied by varying the reflux ratio between 90:1 to 240:1. 

n-Pentane solvent with percentage purity between 70 – 80 % was obtained from all the 

experiments. The amount of n-pentane present in the feed recovered in the n-pentane fraction was 
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between 33 – 43 %wt. For n-hexane, the percentage purity was 80 % from all the experiments, and 

the amount of n-hexane in the feed recovered was 21 – 35 %wt for all the distillation runs. For 

both solvents, the major contaminants were the alkene compounds of the corresponding carbon 

number. Neither starting material nor reflux ratio influenced the solvents' purity and recovery 

under the distillation conditions used in this study. Drop-in diesel equivalent cut was obtained as 

the bottom product of the hydrocarbon fraction distillation and analyzed for conformity to 

Canadian diesel fuel standards: CAN/CGSB – 3.517-2020. The drop-in diesel equivalent cut met 

the CAN/CGSB – 3.517-2020 for acid number, kinematic viscosity, cetane number, flashpoint, 

distillation range and was comparable to the commercial diesel analyzed. On the other hand, the 

cold flow properties were not comparable to that of the commercially obtained diesel.  

 Vacuum distillation at 133.3 Pa was used to obtain individual fatty acid cut from the fatty acid 

extract, using the same spinning band distillation equipment at a reflux ratio of 60:1. Individual 

fatty acids between C5:0 and C10:0 carbon number was obtained during the distillation process. 

The purity of the recovered fatty acids ranged between 60 – 80 %, while the recovery was > 60 

%wt for all the fatty acids except C10:0. The significant impurities of the fatty acid cuts were 

higher n-alkane compounds and the unsaturated fatty acids of the corresponding carbon number. 

This is the first study demonstrating the combined recovery of renewable fuels and solvents 

together with the valorization of the fatty acids present in the liquid product of the pyrolysis of 

fatty acids or any other lipid feedstock.  
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1. INTRODUCTION 

1.1. Project background 

With the advent of a bio-based economy as a potential solution to sustainability concerns, other 

pertinent environmental and social issues such as the food versus fuel versus feed debate, 

deforestation, biodiversity loss, indirect land-use change arose with questions to the ‘net’ benefit 

of the bio-based solution. There were also queries around its economic and technological viability. 

To address these issues, the “biorefinery” concept was introduced (de Jong & Jungmeier, 2015; 

Gavrilescu, 2014).  

The International Energy Agency (IEA) bioenergy task 42 defined a biorefinery as the sustainable 

processing of biomass into a spectrum of marketable products (Cherubini et al., 2010). Like the 

petroleum refinery, it uses various conversion technologies to produce fuels, chemicals, and other 

materials, albeit from biomass feedstock, ensuring efficient, sustainable, and maximum biomass 

utilization. It apportions the environmental and economic burden associated with a bio-based 

process to different products, reducing a single product’s load (Bharathiraja, et al., 2016; de Jong 

& Jungmeier, 2015). Biorefineries can be established by applying different technologies like 

pyrolysis, fermentation, etc., on biomass such as triglycerides (lipids), sugar, or starchy materials 

(Cherubini et al., 2010). 

Lipid pyrolysis is one of the most successful approaches to obtaining products like fuels and 

chemicals from renewable sources. Lipid feedstocks typically utilised for this process are either 

composed of triglycerides or fatty acids. Pyrolysis of triglycerides yields oxygenated compounds 

that are not compatible with present infrastructure (Ferreira et al., 2017; Asomaning et al., 2014). 

The pyrolysis of free fatty acids into hydrocarbons has been extensively studied and reported by 
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our group (Asomaning, 2014; Maher et al., 2008). A proprietary process, the lipid to hydrocarbon 

technology is an advanced form of lipid pyrolysis. This is a two-stage thermal process involving 

the hydrolysis of lipids to convert the acylglycerols into free fatty acids and pyrolysis of the free 

fatty acids to obtain solid, gas, and liquid products which can separated into drop-in fuels 

(Asomaning et al., 2014). 

Traditional pyrolytic liquid is a dark complex mixture with hundreds of compounds, including 

alkanes, alkenes, aromatics, cyclics, and fatty acids. It has been described as the product with the 

most potential to replace petroleum in the production of fuels and chemicals (Guo et al., 2010; Xiu 

& Shahbazi, 2012). However, the complexity in composition and properties restricts its use as a 

direct substitute for fuels and chemicals. Further refining/upgrading of pyrolytic liquid is 

necessary, but the different groups/compounds in the mixture react differently under various 

conditions, creating more difficulties in the refining process. This presents a biorefinery 

opportunity. The lipid pyrolytic liquid can be separated into several fractions to serve as starting 

materials for further upgrading processes to obtain high-grade products like renewable fuels and 

chemicals. Fractionation methods such as solvent extraction, centrifugation, liquid 

chromatography, distillation have been explored for these purposes (Guo et al., 2010). 

Distillation is a method for separating mixtures based on the difference in the volatility of their 

components. It is commonly used in the chemical and petroleum industry. Distillation has been 

utilized to separate pyrolytic liquid to yield fractions that can be upgraded to meet standard fuel 

requirements and other portions used for chemical production (Li et al., 2011; Mancio et al., 2018). 

This method helps separate the volatile compounds present in the pyrolytic liquid that impact its 

fuel properties. To achieve separation by distillation, the relative volatility between the 

components must be sufficiently large. A challenge in separating pyrolytic liquid by distillation is 
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that compounds of different chemical groups have overlapping relative volatilities and boiling 

points (Gandhi et al., 2012).  

Another separation technique explored is liquid-liquid extraction (LLE), which is based on a 

mixture's ability to partition between two immiscible (or partially miscible) solvents in contact 

with each other (Lebl et al., 2019). Liquid-liquid extraction is particularly effective in separating 

compounds of different polarities. It is also a useful alternative for separating thermal labile 

compounds like fatty acids present in the pyrolytic liquid. These acids pose a significant restriction 

in using the pyrolytic liquid as fuels, but they can have important industrial use if separated.  

To successfully utilize any lipid pyrolytic liquid, a combination of separation techniques is 

necessary to produce different product streams that can be upgraded to meet the required market 

specifications and channeled for various applications. Of particular interest are green (renewable) 

solvents and chemicals which are widely sought after in the flavor and fragrance industry for a 

premium price. To that end, this study hypothesized that acid-base extraction and distillation could 

be applied to a liquid hydrocarbon feed gotten from the pyrolysis of fatty acids to obtain renewable 

solvents and mid chain fatty acid cuts at similar purity with those commercially obtained.  

1.2. Project objectives 

This research's general aim was to develop fractionation strategies for a liquid hydrocarbon feed 

from the pyrolysis of fatty acids to prove the biorefinery concept. The specific objectives were to: 

1. Separate the feed into hydrocarbon and fatty acid mixtures by acid-base extraction. 

2. Fractionate the hydrocarbon mixture to obtain solvents and fuel cuts using distillation.  

3. Analyze the properties of fuel cuts obtained from the hydrocarbon mixture fractionation.  

4. Fractionate the fatty acids mixture by distillation to obtain individual acid compounds. 
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2. LITERATURE REVIEW 

2.1. Classification of biorefineries 

 Biorefineries' classification has been ambiguous due to the wide variety of biomass used, 

conversion technologies, and products obtained (Gavrilescu, 2014; Maity, 2015). The International 

Energy Agency (IEA) bioenergy task adopted a comprehensive classification for biorefineries 

presented in Table 2.1. Biorefineries were classified based on Platform (intermediate products 

connecting biorefineries), Product (the final consumable product from the biorefinery), Feedstock, 

and Conversion process. These criteria are greatly discussed elsewhere (Cherubini et al., 2009).  

 Table 2.1: Classification of biorefineries 

Reproduced with permission from Wiley Online Library [Towards a common classification 

approach for biorefinery systems, Cherubini et al., 2009. Biofuels, Bioprod. Bioref., 3: 534-546] 

Permission conveyed through Copyright Clearance Center, Inc.   

Platform Product Feedstock Processes (selected) 

1) C5 sugars 

 

2) C6 sugars 

 

3) Oils 

 

4) Biogas 

 

5) Syngas 

 

6) Hydrogen 

 

7) Organic juice 

 

8) Pyrolytic liquid 

 

9) Lignin 

 

10) Electricity and 

heat 

1) Energy products 

a) Biodiesel 

b) Bioethanol 

c) Biomethane 

d) Synthetic biofuels 

e) Electricity and heat 

 

2) Material products 

a) Food  

b) Animal feed 

c) Fertilizer 

d) Glycerin 

e) Biomaterials 

f) Chemicals and 

building blocks 

g) Polymer and resins 

h) Biohydrogen  

1) Dedicated crops 

a) Oil crops  

b) Sugar crops 

c) Starch crops 

d) Lignocellulosic crops 

e) Grasses 

f) Marine biomass 

 

2) Residues 

a) Lignocellulosic 

residues 

b) Oil-based residues 

c) Organic residues & 

others 

3. Thermochemical 

a) Combustion 

b) Gasification 

c) Hydrothermal upgrading 

d) Pyrolysis 

e) Supercritical 

 

2) Biochemical 

a) Fermentation 

b) Anaerobic digestion 

c) Anaerobic conversion 

d) Enzymatic processes 

 

3) Chemical 

a) Catalytic processes 

b) Pulping 

c) Esterification 

d) Hydrogenation 

e) Hydrolysis 

f) Methanisation 

g) Steam reforming 

h) Water electrolysis 

i) Water gas shift 

 

4) Mechanical 

a) Extraction 

b) Fiber separation 

c) Mechanical fractionation 

d) Pressing/ disruption 

e) Pre-treatment 
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2.1.1. Feedstock 

A biorefinery feedstock refers to the type of biomass utilized in a biorefinery (Cherubini, 2010). 

Biomass is an organic material that can be converted into food, fuels, materials, and chemicals 

(Marques et al., 2018). These include; herbaceous energy crops like bamboo, switchgrass, 

miscanthus; woody energy crops such as poplar, willow; oil crops, for example, soybean, jatropha, 

castor oil; sugar and starchy crops like corn, sugar cane, sorghum; aquatic crops like algae, 

seaweed; agricultural residues and waste including stalks, leaves, sugarcane bagasse, wheat straw, 

corn stover, rice hulls; forestry residue which are biomass obtained from forest management 

operations and households/industrial waste like municipal solid waste, sewage sludge and 

industrial waste (Maity, 2015; Yaman, 2004).  

It has been estimated that feedstock accounts for 40 – 60 % of a biorefinery's operating cost. In the 

selection of feedstock, the cost, year-round availability, socio-economic/governmental policies, 

and amenability to technological conversion should be considered as these affect viability of the 

biorefinery strategy (Ghatak, 2011; Parajuli et al., 2015). There is no universal way to group these 

feedstocks. One classification method divides the feedstocks into three groups: carbohydrates and 

lignin; triglycerides; and mixed organic residues (Cherubini et al., 2010). The structures of the 

different feedstocks are shown in Figure 2.1. 
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Figure 2.1: Structures of different biomass feedstocks used in a biorefinery. 

 

Carbohydrates are biomolecules made up of carbon, hydrogen, and oxygen. About 75 % of 

available biomass on earth is carbohydrate in the form of sugar, starch, or cellulose that can be 

converted into biofuel: bioethanol  (Mikkola et al., 2015). Sugar-based feedstocks like sugar cane 

contain carbohydrates in simple forms of mono- or disaccharides such as sucrose. Starchy biomass 

like corn contains complex carbohydrates that are polymers of simple sugars (Cherubini et al., 

2009). Though these feedstocks are easy to convert into biofuels and chemicals, social 
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sustainability issues such as competition with food, land, and water use have been raised (Ghatak, 

2011). Lignocellulosic materials are the most abundant renewable material on earth. They are 

relatively cheap biomass that can be sourced from agriculture or forest residues. The main 

components of lignocellulosic biomass are cellulose, hemicellulose, and lignin (Zhang et al., 

2008). Cellulose is a 6-carbon sugar polymer, while hemicellulose is a 5-carbon sugar polymer 

(Fernando et al., 2006). Lignin is a 3-D polymer of phenolic compounds. Together, these 

components form a complex structure that is resistant to biological or chemical degradation, which 

presents a severe challenge in utilizing lignocellulosic materials in a biorefinery to produce fuels 

and chemicals despite their abundance. Several efforts are currently being put into the development 

and scale-up of technologies to combat this challenge (Alzagameem et al., 2018; Das & Singh, 

2004).  

Triglycerides (lipids) are another class of feedstock used in a biorefinery. These are hydrocarbons 

with three fatty acid chains (typically between 8- 24) and a glycerol backbone, held together by 

ester bonds (Mikkola et al., 2015). These could be sourced from plants or animals. Triglycerides 

are preferred for biofuel production: biodiesel due to their high energy density (Maher & Bressler, 

2007), higher carbon-hydrogen ratio, higher caloric heat content, lower sulfur and aromatic 

compounds, and liquid nature (Bharathiraja et al., 2016). Common examples include edible 

vegetable oil such as canola (Šimáček et al., 2009); non-edible vegetable oils (Navarro-Pineda et 

al., 2016); animal fats (Adebanjo et al., 2005); waste cooking oils (Alcantara et al., 2000; Ma et 

al., 1998), and algal oil (Chisti, 2019; Yen et al., 2013). Alongside sugar and starchy feedstocks, 

edible oils are also termed dedicated crops and have the same social sustainability issues 

mentioned above like their carbohydrate counterparts (Cherubini, 2010; Ghatak, 2011).  
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Aquatic biomass is also being explored as a biorefinery feedstock as they address the seasonal 

availability, land, and water use issues of terrestrial biomass (Ghatak, 2011). They do not require 

freshwater or arable land to grow and are known to have high proliferation rates. These 

photosynthetic organisms can be sub-grouped into the unicellular microalgae and the multicellular 

lower plant- seaweed (also called macroalgae) (Milledge et al., 2014). An attractiveness of 

microalgae is its product versatility. Microalgae has high amounts of lipids and carbohydrates, 

which can be used to produce different types of biofuels like bioethanol, biobutanol, and biodiesel 

(Chen et al., 2013; Giordano & Wang, 2018). 

In contrast to microalgae, seaweeds have low lipid content (2 – 4 % dry weight) but contain high 

amounts of carbohydrates (40 – 50 % dry weight), which are mostly unique storage 

polysaccharides like laminarin and fucoidan. These carbohydrates are significantly different from 

those commonly encountered in other carbohydrate feedstock. They require different processing 

techniques that are not currently available or explored (Torres et al., 2019). In general, the algal 

biorefinery has not had a lot of commercial success. Utilizing microalgal as a feedstock requires 

several processing steps involved with high energy demand making it highly uneconomical. The 

non-fuel applications of macroalgae are highly established and profitable (Milledge et al., 2014).  

Another type of feedstock worth mentioning is the mixed organic residues. They are a broad group 

of waste products with various properties. Examples include municipal solid waste, manure, 

sewage sludge. They are commonly used to produce biogas (Cherubini, 2010).  

2.1.2. Conversion technologies  

Several processes are adopted to break down the complex structure of biomass and convert it into 
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valuable products. These processes can be divided into mechanical/physical, chemical, 

biochemical, and thermochemical, as highlighted in Table 2.1 (Cherubini, 2010; Gavrilescu, 

2014).  

Thermochemical processes use heat to cause changes in a compound's chemical structure, making 

new products (Chisti, 2019; Kumar et al., 2019; Tanger et al., 2013). Gasification is an example 

of a thermochemical process used for biomass conversion. It is an endothermic reaction in which 

materials are exposed to high temperatures (800 – 900 °C) and limited air to produce syngas. In a 

study, cotton stalk was gasified using a bench-scale fixed bed reactor at 900 °C for 90 minutes 

with an oxygen to biomass ratio of 0.25 to produce hydrogen-rich gas. The produced gas had H2 

and CO concentrations of 45 % and 33 %, respectively. The process had an overall carbon 

conversion efficiency of 84 % (Hamad et al., 2016).  

Hydrothermal liquefaction (HTL) and pyrolysis are other thermochemical processes for the 

conversion of biomass. These reactions are carried out at moderate temperatures in the absence of 

air to obtain a liquid product.  In HTL, water is a vital reactant/catalyst, ensuring that the reaction 

can proceed to the product formation stage without the biomass drying stage observed in 

gasification and pyrolysis. HTL is usually carried out at temperatures between 280 – 370 °C and 

high pressures between 10 – 25 MPa, typically in the presence of a catalyst. An extensive review 

of the HTL process has been published elsewhere (Toor et al., 2011). Using HTL, a 23 % yield of 

bio-oil from the macroalgae Enteromorpha prolifera was reported at a reaction temperature of 300 

°C for 30 minutes, with 5 %wt Na2CO3 as catalyst (Zhou et al., 2010).  

Pyrolytic reactions are usually carried out at temperatures between 350 – 700 °C. The yield and 
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properties of the pyrolysis product depend on the conditions of the pyrolysis reaction. Based on 

the operating conditions, pyrolysis can be categorized into conventional/slow, fast, and flash 

pyrolysis. These differ based on heating rate, reaction time, and process temperature (Jahirul & 

Rasul, 2012). Pyrolytic reactions can be catalyzed or uncatalyzed. An uncatalyzed pyrolysis 

reaction of sugar bagasse using fixed-bed flash pyrolysis at a reaction temperature of 500 °C for 2 

minutes at a heating rate of 200 °C /min produced approximately 50 % by mass of bio-oil (Tsai et 

al., 2006). Combustion is a thermochemical process characterized by high temperature and excess 

air. It is mainly used to convert biomass for heat and power (Cherubini, 2010; Demirbas & Arin, 

2002; Demirbas, 2009; Jahirul & Rasul, 2012; Parajuli et al., 2015).  

Biochemical processes can be defined as the breakdown of biomass into alcohols and other 

oxygenated compounds through microorganisms' biological activities. Common biochemical 

processes are anaerobic digestion and fermentation (Balat, 2006). Anaerobic digestion is the 

decomposition of organic materials by a cocktail of anaerobic microbes chiefly into methane and 

carbon dioxide. The process occurs in four major steps; hydrolysis is when the bonds of the 

complex molecules of the organic feedstock are broken by water. The resulting compounds are 

further broken down into smaller compounds like organic acids, alcohols, hydrogen in the 

acidogenesis stage and subsequently into acetate in the acetogenic stage. In the last stage: 

Methanogenosis, the acetate and hydrogen produced are used to form methane through the action 

of methanogenic bacteria (Bajpai, 2020). This process is highly dependent on the pH, temperature, 

organic loading rate, and hydraulic retention time (Cantrell et al., 2008). While the aim of 

anaerobic digestion is to obtain gaseous fuels (biomethane), fermentation is focused on producing 

liquid renewable fuels like bioethanol and biobutanol. Fermentation uses living organisms to 

convert fermentable sugars (preferably hexoses) into these alcohols and consists of hydrolysis, 
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fermentation, separation (distillation), and dehydration stages (Bajpai, 2020). Where 

lignocellulosic materials are to be used as the sugar source, a pre-treatment step is required to 

breakdown the complex structure of the lignocellulosic material, making the sugar accessible for 

the fermentation steps (Bharathiraja et al., 2016; Mohapatra et al., 2017).  

Chemical processes are those that cause a change in biomass by reacting it with other substances. 

These are mostly pre-treatment or upgrading steps in a biorefinery process. For example, acid 

hydrolysis is employed to degrade cellulose and hemicellulose into sugar monomers useful for 

fermentation (Ghatak, 2011). Transesterification of triglycerides is done with an acid/alkali 

catalyst under mild temperatures of 50 – 80 °C (323 - 353 K) to produce fatty acid methyl ester 

(FAME), also known as biodiesel, that can be upgraded to meet transport fuel requirements 

(Mikkola et al., 2015). Other examples of chemical processes include Fischer–Tropsch Synthesis 

(FTS), steam reforming, methanisation (Cherubini, 2010). 

Mechanical processes do not change the biomass's composition but provide size reduction and 

separation of components such as filtration and cutting (Cherubini, 2010). Mechanical processes 

are essential in a biorefinery system as the success of other processing types relies on the use of 

pure and uncontaminated fractions to make desired products (Mikkola et al., 2015). 

2.2. Lipid (triglycerides) pyrolysis 

Despite its attractiveness as biorefinery feedstock, lipids are plagued with the food versus fuel 

debate. To circumvent this, attention has been turned to lipids from inedible sources and waste 

feedstock. These alternative sources of lipids also have the added advantage of being less 

expensive. Amongst the available technologies for lipid conversion, pyrolysis has been identified 
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as a superior process over other technologies like transesterification because it is compatible with 

existing infrastructure, relatively cheaper, and creates a liquid product which profile is more 

similar to transportation fuels (Buzetzki, et al., 2011; Jenab et al., 2014; Maher & Bressler, 2007).  

The pyrolysis of triglycerides is primarily dominated by complex free radical reactions. An initial 

thermal decomposition step of the oxygenated compounds in the triglycerides is required to 

produce carboxyl or carbonyl radicals. These radicals undergo several reactions to create different 

compound groups. The decarboxylation and deketenization of the carboxyl and carbonyl radicals 

lead to the formation of straight-chain alkanes and alkenes, accompanied by the release of CO2 or 

CO. Isomerization of the radicals produce branched compounds. Other reactions undergone by the 

radicals include Diel – Alders reaction, aromatisation, hydro abstraction, disproportionation, and 

β-scission. Polymerization and polycondensation yield heavier hydrocarbons (Kubátová et al., 

2011; Lappi & Alén, 2011; Zarnegar, 2018). A mechanism for the pyrolysis of fatty acids (stearic 

acids) has been suggested by another author (Maher et al., 2008). 

Lipid pyrolysis has been extensively studied using triglycerides (Lappi & Alén, 2011; Lima et al., 

2004; Wiggers et al., 2009). The pyrolysis of triglycerides has been reported to yield a high 

percentage of oxygenated compounds (Kubátová et al., 2011). Lipid pyrolysis has also been 

studied using fatty acids separated from triglycerides by hydrolysis (Asomaning et al., 2014; 

Maher et al., 2008). Pyrolysis of lipids has also been studied using catalysts. The thermo-catalytic 

conversion of lipids enables the pyrolytic reaction to be carried out at lower temperatures and 

allows for increased selectivity of liquid products that better meet the transport fuel requirements 

(Asomaning, 2014; Buzetzki et al., 2011). These catalyzed reactions can be done in the presence 

of hydrogen-hydroprocessing (Horáček et al., 2020; Wang et al., 2018) or in the absence of 
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hydrogen (Alcantara et al., 2000; Buzetzki et al., 2011; Yu et al.,2013).  

2.2.1. Lipid pyrolytic liquid 

The pyrolytic liquid is from the condensation of vapors formed during a lipid pyrolysis reaction 

(Jahirul & Rasul, 2012). It is a dark, complex mixture with hundreds of compounds, including 

alkanes, alkenes, cyclics, aromatics, and acids (Goyal et al., 2008; Guo et al., 2010; Xiu & 

Shahbazi, 2012). The compound distribution of the pyrolytic liquid is dependent on the pyrolysis 

conditions and feedstock used (Mancio et al., 2018). Lipid pyrolytic liquid has been described as 

the product with the most potential to replace petroleum in transport fuels. However, its high 

carboxylic and olefin content poses a severe limitation as a drop-in fuel due to its potential 

corrosiveness and instability (Ferreira et al., 2017). Strategies adopted to improve the pyrolytic 

liquid properties include hydrodeoxygenation, catalytic cracking to promote deoxygenation 

(Lindfors et al., 2014). These processes can be applied directly to the lipid feedstock  (Harnos et 

al., 2012; Horáček et al., 2020; Sari et al., 2013). They can also be done using the liquid formed 

during an initial pyrolysis reaction (Buzetzki et al., 2011; Lima et al., 2004; Srinivas et al., 2000). 

This approach has been reported to reduce the overall amount of pyrolytic liquid obtainable 

(Lindfors et al., 2014). Another system is the fractionation of pyrolytic liquid using distillation to 

obtain fractions comparable to petroleum fuels (Mancio et al., 2018; Wiggers et al., 2009). 

Fractionation studies of pyrolytic oil from lignocellulosic biomass have shown fractions with 

improved properties. It also creates multiple product streams that can be utilized or upgraded for 

different purposes (Li et al., 2011). This approach has also been carried out on lipid pyrolytic 

liquid to achieve these added benefits (Mancio et al., 2018).  



14 

 

2.3. Fractionation by distillation 

Pyrolytic oil from lignocellulosic biomass has been fractionated using different techniques such as 

filtration, solvent extraction, centrifugation, liquid chromatography, distillation, condensation 

(Amen-Chen et al., 2001; Guo et al., 2010; Lindfors et al., 2014). However, for the fractionation 

of lipid pyrolytic liquid, distillation is the primary separation technique employed. Distillation is a 

separation technique based on the difference in the thermal properties/ relative volatilities of 

compounds. Different distillation types investigated include vacuum distillation, steam distillation, 

reactive distillation, and molecular distillation. Another report gives an exhaustive list of studies 

that have explored the fractionation of pyrolytic oil by distillation (Mancio et al., 2018).   

Lipid pyrolytic liquid has been distilled to yield fractions with petroleum fuel-like properties. 

Pyrolytic oil from the thermal cracking of waste fish oil in a continuous reactor was separated by 

atmospheric distillation into two fractions: light bio-oil with a final temperature of 220 °C and 

heavy bio-oil between vapor temperature of 150 – 400 °C to correspond to the boiling range of 

gasoline and diesel, respectively. The carbon numbers of the compounds in the light bio-oil and 

heavy bio-oil fractions were also within the limit for gasoline and diesel, respectively. The 

flashpoint, kinematic viscosity, water, and sulfur content of the heavy bio-oil fraction was better 

than those of the pyrolytic oil and within the required diesel specification (Wiggers et al., 2009). 

In a different study, the pyrolytic oil from the catalytic cracking of soyabean oil was fractionated 

by vacuum distillation at 100 Pa into three fractions (green gasoline; < 50 °C; “green diesel” 50 – 

150 °C; tar > 150 °C) corresponding to an atmospheric equivalent of < 205 °C; 205 – 307 °C; and 

> 370 °C respectively. Upon analysis, the properties (heating value, density, and viscosity) of the 

“green diesel” fraction were within the required specification (Yu et al., 2013). In general, from 
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the studies described, the fuel fraction properties obtained from the distillation of pyrolytic oils are 

better than the crude pyrolytic oil and are within specifications for transport fuels (Mancio et al., 

2018). 

Distillation has also been used to obtain fractions that can be selectively upgraded to renewable 

fuels. The liquid product from the pyrolysis of Nannochloropsis spp was distilled to yield three 

fractions (F1: T < 120 °C; F2:120 °C < T < 200 °C; F3: >200 °C). The first two fractions were 

upgraded by catalytic cracking using a Pd/C catalyst under temperatures of 130 to 250 °C and 

pressure conditions of 4.1 to 8.3 MPa, respectively. The crude pyrolytic oil was also upgraded for 

comparison. It was reported that the fuel properties of the upgraded distillates were better than that 

of the upgraded crude pyrolytic oil. The total acid number of the upgraded distillates was 

significantly reduced due to deoxygenation.  The olefin content was also significantly lower than 

the upgraded crude pyrolytic oil (Nam et al., 2017). Similarly, pyrolytic liquid from rice husk was 

separated into two fractions using distillation under reduced pressure (∼0.009 MPa). The distillate 

at 110 °C (383 K) was taken as the “low boiling fraction,” and the heavy residues denoted as “high-

boiling fraction” was upgraded under supercritical conditions using methanol as solvent and 

PtNi/MgO catalyst. The heating value, density, and kinematic viscosity reported for the upgraded 

oil were better than the crude pyrolytic oil and the un-upgraded fraction (Li et al., 2011). 

2.3.1. Distillation 

An overview of the principles of distillation is discussed below. 

2.3.1.1. Overview of distillation 

Distillation is one of the oldest and predominant methods for separating mixtures in the chemical 
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and petroleum industry. Compared to other heat processes of separation that require an additional 

component, distillation utilizes energy solely to achieve separation of mixtures (Steinigeweg & 

Gmehling, 2005). The distillation process can be summarised in three steps: (1) Generation of a 

two-phase (liquid-vapor) system, (2) transfer of mass across the interface (3) separation of the two 

phases (Stichlmair, 2010a).  

The principle of separation by distillation is based on a difference in the composition of the liquid 

and vapor phases of a mixture at equilibrium. This is influenced by the volatility of the components 

in the mixture. The difference in composition is expressed with the equilibrium ratio (k) which can 

be derived from Dalton’s law and Raoult’s law (Luyben, 2013; Stichlmair, 2010a). These are given 

in Equations (2.1), (2.2) and (2.3), respectively.  

Dalton’s law: 𝑃𝑖 =  𝑦𝑖. 𝑃𝑡    (2.1) 

Raoult’s law: 𝑃𝑖 =  𝜒𝑖. Pi° or 𝑃𝑖 =  𝛾𝑖. 𝜒𝑖. Pi° (2.2) 

Equilibrium ratio (k) = 
𝑦𝑖

𝜒𝑖
 = 

𝛾𝑖.𝑃𝑖°

𝑃𝑡
   (2.3) 

 

Pi, χi, yi are the partial pressure and mole fraction of component ‘i’ in the liquid and vapor phase, 

respectively; Pio is the vapor pressure of the pure compound of ‘i’; Pt is the mixture's total pressure; 

𝛾𝑖 is the activity coefficient of component ‘i’.  

Liquid mixtures to be separated industrially are not always ideal mixtures. Hence, in Raoult’s law, 

𝛾𝑖 is used to account for the non-idealities in the liquid phase. It is equal to one in ideal mixtures. 

In Dalton’s law, the pressure Pi is replaced with fugacity f, and a fugacity coefficient (ϕ) is used 

to relate both P and f (Stichlmair, 2010a). 
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The relative volatility between two components in a mixture is a ratio of their volatilities and a 

measure of the ease of separation of the components (Hipple, 2017).  It is given in Equation (2.4), 

where ya, χa refers to the molar fraction of the more volatile compound of ‘a’ in the vapor and 

liquid phases, respectively.  yb, χb are the molar fractions of the less volatile compound ‘b’ in the 

vapor and liquid phases. 

relative volatility: 𝛼𝐴𝐵 =
𝑦𝑎/𝜒𝑎

𝑦𝑏/𝜒𝑏
    (2.4) 

The relative volatility is dependent on the temperature, pressure, and composition of the mixture. 

In general, the closer the relative volatility between two compounds is to unity (1), the more 

difficult the separation (Doherty & Knapp, 2004; Nuchteera et al., 2020). A list of examples of 

hydrocarbon mixtures and their relative volatility is given by another author (Rossini, 1953). A 

difference in the mixture's liquid-vapor composition is necessary for separation by distillation to 

occur (Doherty & Knapp, 2004; Luyben, 2013; Steinigeweg & Gmehling, 2005). When the liquid-

vapor composition of a mixture is the same, an azeotrope is formed, which cannot be separated by 

ordinary distillation (Lei & Chen, 2013). Knowledge of the Vapor-Liquid Equilibria (VLE) of a 

mixture is therefore vital for distillation processes (Kiss, 2013). 

VLE determination is based on the mixture's thermodynamics, which is governed by mass and 

energy balance (Stichlmair, 2010a). VLE for mixtures can be calculated using Dalton’s and 

Raoult’s law (Stichlmair, 2010a). Data for binary mixtures are commonly represented on a 

temperature versus composition (T-χy) or liquid-vapor (χy) VLE diagrams at constant pressure 

(Luyben, 2013). While there are several data on the VLE of various binary mixtures, experimental 

data for the VLE of multicomponent mixtures are hard to find. Approaches used for the VLE 
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calculation of multicomponent mixture involve the use of the equation of states (EOS) like Soave–

Redlich–Kwong equation and the Peng–Robinson equation; and the estimation of the activity 

coefficient using models like Wilson, UNIQUAC, or NRTL models (Steinigeweg & Gmehling, 

2005). For a multi-component mixture with j components, there are j – 1 Equations describing the 

equilibrium relationships of the components. These form the MESH equation (Material, 

Equilibrium, Summation, and Heat balance) necessary for distillation analysis and design. Lately, 

these rigorous calculations can be done using different process simulators, phasing out the complex 

shortcut calculation methods like the Fenske-Underwood-Gilliland equations (Kiss, 2013; 

Steinigeweg & Gmehling, 2005). 

In distillation, one separation stage is achieved when VLE is reached. The vapor is condensed to 

obtain a liquid of a different composition from the initial mixture. In an ideal distillation stage, the 

more volatile component of a mixture is enriched in the vapor phase at VLE; hence, the distillate 

is richer in the more volatile component of the mixture (Stichlmair, 2010a). Depending on the 

relative volatility of the components in the mixture, more than one ideal separation stage might be 

needed to achieve the desired separation/purity. In practice, columns are used for distillation 

processes, combining several separation stages into one column where each stage is heated by the 

vapor from the stage before it (Kiss, 2013; Steinigeweg & Gmehling, 2005; Stichlmair, 2010a). It 

is common for a distillation process to not achieve an ideal separation stage. Tray efficiency values 

are used to account for the non-ideality of a distillation separation stage: Therefore, the number of 

actual separation stages needed for a distillation process is the product of the number of non-ideal 

stages and the tray efficiency of the system (Kiss, 2013). 

During the distillation process, upgoing vapor is stripped of the heavier components by the 
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downflowing liquid. The down-flowing liquid is a portion of the condensed distillate returned to 

the column from the condenser above the column; this liquid is termed reflux. The reflux ratio is 

defined as the ratio between the amount of liquid returned (L0) to the amount of distillate  (D) 

collected as given in Equation (2.5) (Kiss, 2013; Steinigeweg & Gmehling, 2005) 

Reflux ratio: =
L0

𝐷
  (2.5) 

Reflux ratio plays a vital role in improving the degree of a separation process (Rose & Long, 1941) 

and has an inverse relationship with the number of separation stages required for a distillation 

process (Hipple, 2017). The higher the reflux ratio, the better the separation but, the higher the 

energy demand (Stichlmair, 2010a). There are two extreme cases of reflux ratio useful for 

distillation calculations. The first scenario is total reflux (when all the distillate is returned to the 

column, and there is no distillate collection). Under this condition, the number of separation stages 

required is at a minimum (Stichlmair, 2010a). This is done to estimate the maximum degree of 

separation obtainable from a column (Hipple, 2017). The second scenario is when the distillation 

is done at minimum reflux, corresponding to an infinite number of separation stages (Stichlmair, 

2010a). Between these two extremes, the optimum operating conditions for a separation process 

can be obtained (Carney, 1949).   

The distillation column internals have contacting devices promoting rigorous contact between the 

liquid and vapor phases to increase mass transfer between the phases  (Steinigeweg & Gmehling, 

2005). There are generally two types of contacting devices - trays and packing. Trays are discreet 

horizontal plates with openings to support the crossflow of the two phases. There are commonly 

three types of trays used in distillation column internal: bubble cap trays, sieve trays and valve 
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trays. Bubble cap trays have a much higher turndown ratio compared to the other tray types. As 

such, they can operate at very low vapor rates. The drawback to this tray type is the potential for 

pressure drop. Sieve trays have round holes that create an avenue for rigorous vapor-liquid contact 

and lower pressure drop. They are cheaper to construct, and their design equations are very reliable, 

but they can be prone to weeping (Hipple, 2017).  

Column packings are solid structures with porosity and higher surface area. Two types of packing 

designs exist – random packings consisting of a bed of ceramic, metal, or plastic; and structured 

packing made of ceramic or “parallel corrugated metal sheets with an alternating orientation of 

subsequent layers” (Hipple, 2017; Stichlmair, 2010b). Packed columns have lower pressure drop 

than tray columns and can have high efficiencies, especially the structured packings. The 

drawbacks of packed columns are the need to redistribute the liquid, which tends to gravitate 

towards the wall, reducing vapor-liquid contacting, and the unreliability of their design equations. 

In tray columns, it is assumed that one tray is equivalent to one separation stage. For packed 

columns with continuous contacting devices, a height equivalent of a theoretical plate is estimated 

where 1 metre of packing is equal to a given number of stages (Hipple, 2017; Steinigeweg & 

Gmehling, 2005). 

Other features that determine a distillation column's efficiency are its pressure drop along the 

column, liquid holdup in the column, and throughput which can also be described as the liquid-

vapor traffic in the column.  In general, a low liquid holdup in the column, high column throughput, 

and low-pressure drop are desired for an efficient column (Carney, 1949). The design of a 

distillation column/process is the summation of different factors, which include; accurate 

estimation of the thermodynamic properties of the mixture and its components, the VLE behavior 
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of the mixture, required separation stage, column structure and dimension, types, and structure of 

the column internal, energy demand, degree of separation/purity required, condenser and reboiler 

duty (Hipple, 2017; Stichlmair, 2010b). 

2.3.1.2. Spinning band distillation 

Columns with mechanical moving parts have been explored to maximize vapor-liquid contact 

during the distillation process. These columns usually have a spinning center part that diffuses the 

vapor and liquid into one another by splashing the down-coming liquid away from the column 

center towards the walls to promote intimate contact between the phases. This is illustrated in 

Figure 2.2. With a spinning part, commonly a band, the column's flow changes from laminar to 

turbulent with a greater diffusion coefficient (Carney, 1949). The rotating spiral band can be made 

of Teflon or metallic material. 

Spinning band distillation is especially useful in separation processes requiring a high number of 

separation stages. It is characterized by low holdup and pressure drop (Kurniawan et al., 2019). 

As such, it is widely utilized in the distillation of essential oils and solvent recycling. An author 

separated Patchouli, Citronella, and Cajeput essential oils with a B/R Instrument Spinning Band 

Distillation System Model 36-100 and obtained a citronella alcohol fraction with 88 % purity 

(Kurniawan et al., 2019). Using spinning band distillation, a group recovered previously used 

acetonitrile which specification matched that of unused HPLC grade acetonitrile (Bellew et al., 

1981). 
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Figure 2.2: Illustration of spinning band distillation. Reproduced with permission from B/R 

Instrument Corp (Permission granted: April 26, 2021). 

 

2.4. Fractionation by liquid-liquid extraction (LLE) 

2.4.1. Overview of LLE 

LLE separates compounds in a mixture based on their ability to partition between two immiscible 

(or partially miscible) solvents in contact with each other (Lebl et al., 2019). The interaction 

between the two liquids creates a potential gradient that influences the solute's transfer from one 

liquid to another. LLE can be achieved using different mechanisms such as pH manipulation to 

affect solubility, ion-exchange, and reverse osmosis (Iloeje, 2020).  
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LLE can be characterized based on the interaction between the solvent and the extraction agents 

into physical, dissociative, and reactive extractions (Schmidt & Strube, 2018; Zhang & Hu, 2013). 

The steps involved in the LLE process are (1) the addition of an immiscible extractant, (2) the 

mixing of the resulting mixture (3) separation/partitioning of the phases (Zhang & Hu, 2013). The 

condition necessary for LLE is the occurrence of a two-phase area between the raffinate and the 

extract phase (Schmidt & Strube, 2018). Common approaches used to model the thermodynamics 

of LLE are the Gibbs energy minimization (GEM) and the equilibrium constant (K-value). (Iloeje, 

2020). A solute would distribute in different solvents in a partition ratio that remains constant as 

equilibrium is attained. The ratio of the solute amount in the various solvents is termed the 

equilibrium partition ratio (k). Other important properties of the LLE systems are the separation 

factor, which measures the extractant's sensitivity to the desired solute; the extraction factor is the 

amount of solute in the extractant and the distribution coefficient (Zhang & Hu, 2013). LLE can 

be carried out in single or multiple stages. Multiple stage extraction can be done either in 

crosscurrent or countercurrent configurations. Mixing is vital in LLE to create a large phase 

interface and achieve distribution equilibrium. There are different equipment types available for 

carrying out LLE; mixer settlers, extraction column, and centrifugal contactors (Iloeje, 2020; 

Schmidt & Strube, 2018).  

Important considerations in selecting liquids for LLE are the capacity of the desired compound to 

distribute between the solvents. The extracting solvents' selectivity to extract the desired compound 

compared to other compounds in the mixture; low mutual solubility between the extracting solvent 

and the raffinate; the difference in densities between solvent and raffinate; optimal interfacial 

tension to avoid the formation of emulsions and low viscosity. An attractiveness of LLE is that 

solvents can be recycled (Schmidt & Strube, 2018; Zhang & Hu, 2013). 
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2.4.2. Applications of LLE to pyrolytic liquid 

LLE has been extensively explored to fractionate pyrolytic liquid for characterization purposes 

and obtain fractions for selective processing (Lindfors et al., 2014). For pyrolytic oil from 

lignocellulosic biomass, an initial fractionation is achieved by adding water to cause a phase 

separation into water-soluble and water-insoluble fractions (Scholze & Meier, 2001). Pyrolytic oil 

from rice husk was separated into a water-insoluble fraction containing phenolic compounds from 

the lignin portion of the biomass; and a water-soluble fraction containing low carboxylic acids and 

ketones mostly from the cellulose/hemicellulose portion of the biomass. This fraction was 

subsequently upgraded by reactive distillation (Xu et al.,2013). 

Pyrolytic oil has also been fractionated using organic solvents of different polarities to obtain 

acidic, basic, and neutral fractions. Some common organic solvents used are chloroform, methanol, 

acetone, benzene, tetrahydrofuran, and dichloromethane. Several examples of organic solvent 

fractionation of pyrolytic liquid are given elsewhere (Fagernäs, 1995). A group developed an 

organic solvent fractionation scheme for pyrolytic liquid at National Renewable Energy 

Laboratory (Chum et al., 1990).  

The organic acids in pyrolytic liquid can be isolated from the mixture by acid-base extraction. This 

is a dissociative extraction where separation can be done by taking advantage of the fact that 

carboxylic acid solubility in their neutral state is higher in the organic phase than their charged 

state with higher solubility in the aqueous phase (Zhang & Hu, 2013). Some authors have utilized 

this method to isolate organic acid in the pyrolytic liquid. The organic acids in the ethyl soluble 

fraction of pyrolytic oil were isolated from the mixture into an aqueous phase with 5 % NaHCO3 

and recovered by acidification with H3PO4 and extraction with ethyl acetate. The solvents were 
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evaporated to obtain the organic acid mixture (Chum et al., 1989). In another study, the acids were 

removed from the pyrolytic liquid mixture by neutralization using NaOH; this was separated as an 

aqueous phase from the organic fraction. The acid-containing aqueous phase was acidified to a pH 

of 1 with HCl and re-extracted with diethyl ether, subsequently evaporated to yield the acid fraction 

(Beaumont, 2007).   

The pyrolytic liquid contains organic acids, including the short-chain fatty acids (Beaumont, 2007) 

and the mid-chain fatty acids (Asomaning et al., 2014). These acids must be removed for pyrolytic 

liquids to meet the low acid content standard of transport fuels. Given the similarities in the boiling 

points of the different compounds of both the carboxylic acid and n-alkane homologous series, 

separation by distillation is ineffective. Therefore, another separation method must be adapted. 

Acid-base extraction has shown promising results for this separation (Gandhi et al., 2012). The 

use of acid-base extraction is also a reasonably common practice seen in the petroleum industry. 

Naphthenic acids are extracted from crude oil using caustic soda and regenerated by acidification 

with sulphuric acid for other industrial purposes (Brient et al., 2000). 

2.5. Fatty acids 

Fatty acids are hydrocarbons with the -COOH carboxylic functional group. Depending on the 

presence and number of double bonds, they can be saturated or mono, or polyunsaturated. Fatty 

acids with a chain length of 2 – 6 carbon atoms are described as short-chain fatty acids (SCFA), 6 

– 12 carbon atoms are described as medium-chain fatty acid (MCFA), and greater than 12 as long-

chain fatty acid (Vázquez & Akoh, 2010). Naturally occurring fatty acids have carbon numbers 

ranging from 4 to 24 with even-numbered chain length (Scrimgeour et al., 2020). Natural sources 

of fatty acids are oils extracted from oilseeds/ oil crops and fats from the rendering industry. Tallow 
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and lard are the important fat source from the rendering industry. Fatty acids are also obtained 

from the tall oil of pine wood (Anneken et al., 2006). 

These compounds have high commercial importance with several applications in multiple 

industries, including food, personal care, agriculture, medicine, cosmetics, chemicals, lubricants, 

coating, etc., either directly or as precursors for other chemical compounds (Kenar et al., 2017). 

Acetic acid (C2:0) is a feedstock to produce vinyl acetic monomer, used in the manufacture of 

vinyl plastics, adhesives, textile finishes, and latex paints. It is also used for acetyl cellulose and 

acetic anhydride production. Butyric acid (C4:0) is a common flavor additive in the food industry 

and is also used to produce biobutanol, a renewable fuel (Tajarudin et al., 2018). Caproic acid 

(C6:0) is utilized in the agricultural industry as a growth stimulant and feed additive. It is also 

important in producing lubricants, fragrance, and paint additive (Chen et al., 2017). A table listing 

the major uses of different carboxylic acids is presented in another report (Anneken et al., 2006). 

Short chain fatty acids are produced commercially by the hydrocarboxylation of carbon dioxide 

and the relevant alkene (Gandhi et al., 2012). The prevalent method for obtaining the mid chain 

fatty acids is through the hydrolysis of triglycerols; this is termed fat splitting (Anneken et al., 

2006; Cermak et al., 2012; Chupa et al., 2012). Industrially, fat splitting is commonly done using 

the chemical methods (batch autoclave, Twitchell, or Colgate-Emery) or the enzymatic method 

(Cermak et al., 2012; Gervajio et al., 2005). As stated in previous sections, fatty acids are also 

produced during the pyrolysis of lipids (Asomaning et al., 2014; Ferreira et al., 2017). Given their 

industrial importance, there is significant interest in extracting the carboxylic acids formed during 

the cracking of lipids as a co-product stream, some of which have more market value than fuel, 

thereby serving as an additional stream of revenue for the biorefinery process (Jones et al., 2015).  



27 

 

Some studies have explored this extraction. C2 – C11 carboxylic acids present in the liquid product 

of soybean/canola oil pyrolysis were extracted using water and 1 M NaOH at different 

temperatures. It was reported that water was only efficient at removing all the C2 acid and some 

portion of the C3 – C5 acid; the longer chain acids could not be removed by water due to their 

increasing insolubility in water. 1 M NaOH yielded better results in extracting the longer chain 

acids. For both solvents, the temperature did not affect the solvent's extraction efficiency (Gandhi 

et al., 2012). It was demonstrated in a different work that carboxylic acids could be extracted from 

lipid pyrolytic liquid at sufficient purity required for downstream processing. Acetic acid formed 

during the pyrolysis of soyabean oil was removed from the pyrolytic liquid with deionized water 

at multiple stages and distilled from the aqueous mixture containing other short chain fatty acids 

(C3 – C5). The recovered acetic acid was subsequently used to produce vinyl acetate monomer 

(Jones et al., 2015). Alternatively, amines (trimethylamine and dimethylethanolamine) have also 

been found to be capable of extracting the short chain fatty acids (C2 – C6) from the pyrolytic 

liquid of the non-catalytic cracking of soyabean oil (Braegelmann et al., 2011). 

2.6. Transportation fuels 

As the population increases, there is a corresponding increase in transportation fuel demand 

(Maitlis, 2013). Environmental concerns and fossil fuels have prompted the move for renewable 

sources of transportation fuel. As discussed in Section 2.1, several options are available to produce 

renewable transport fuels, albeit, to achieve adoption, these biofuels must be fractionated and 

upgraded to meet the standard requirements of transport fuels as postulated by the different 

countries and regions of intended use.  
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2.7. Organic solvents 

Organic solvents are compounds of different homologous hydrocarbon groups and their halogen 

and nitro derivatives (Sainio, 2015). They are essential for several laboratory and industrial 

processes (Clarke et al., 2018). The compound group of interest for this work is the n-alkanes. 

These are majorly produced by the distillation of crude oil and form a significant constituent of 

transport fuels.  n-Pentane and n-hexane are the smallest liquid n-alkane compounds in petroleum 

distillate. Asides from being a constituent of gasoline, they are also separated from the gasoline 

pool and utilized in other applications. n-Pentane is mostly used as a laboratory and industrial 

solvent, while n-hexane is a primary solvent for edible oil extraction (Schmidt et al., 2014). With 

the growing environmental concerns, considerable efforts have been put into producing these 

solvents renewably (Blazeck et al., 2013; Xi et al., 2016).  

A common approach for renewable alkanes production is the aqueous phase reforming (APR) of 

biomass-derived polyols (Xi et al., 2016). A study to produce n-pentane and n-hexane from 

sorbitol through a bifunctional reaction pathway. The study reported that the reaction involved the 

dehydration of sorbitol over a solid acid catalyst (silica-alumina) to produce dehydrated 

intermediates. The dehydrated intermediate species then migrate to the metallic sites and undergo 

a hydrogenation reaction. As the process proceeded, a dehydration-hydrogenation cycle was 

established in the presence of hydrogen, leading to the production of n-alkanes like hexane (Huber 

et al., 2004). The selectivity of alkane formed from an aqueous phase reforming process depends 

on the type of catalyst used, reaction conditions, reactant addition, and reactor type. Many authors 

have explored these conditions to increase the production of selective higher alkanes, notably 

hexane from the process (Huber et al., 2004; Xi et al., 2016). This method involves a cascade of 
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reactions to convert biomass to polyols (sorbitol), which is then converted to dehydrated 

intermediates (isosorbides). An attempt was made to directly convert cellulose to hexane with a 

Ru/C catalyst combined with LiNbMoO6 layered compounds in low concentration phosphoric 

acid aqueous media. This resulted in a yield of 72 % hexane (Liu et al., 2015). 

Another approach to producing renewable alkanes is through the Fischer Tropsch synthesis of 

syngas made from biomass gasification (Huber et al., 2004). The Fischer Tropsch synthesis is the 

catalytic process whereby carbon-monoxide undergoes polymerization and hydrogenation to 

produce syncrude, a mixture of liquid hydrocarbon (mostly alkanes and alkenes) and water (de 

Klerk, 2013; Speight, 2020). The equation representing the production of alkanes from Fischer 

Tropsch synthesis is given in Equation (2.6). The parameters that influence product selectivity 

have been discussed in another work (de Klerk, 2011). The product distribution is dependent on 

the probability of chain growth (α), which is a factor of operating temperatures and catalyst type. 

Catalysts commercially used for Fischer Tropsch synthesis are mostly Fe and Co-based. Ni-based 

catalysts are prone to fouling, and the high costs of Ru-based catalysts make their commercial use 

impractical.  For all catalyst types, the higher the temperature, the lower the α, the more the shift 

toward lower weight compounds, predominantly methane (Dry, 2002). 

Alkanes: nCO + (2n + 1)H2 → H(CH2)nH + nH2O  (2.6) 

Biosynthetic production of n-alkanes in an engineered cellular host through their fatty acids' 

decarbonylation has also been explored. An oleaginous host, Yarrowia lipolytica, was engineered 

with a lipoxygenase-mediated pathway found in soybeans to cleave linoleic acid and produce 

pentane with tridecadienoic acid as a by-product. Pentane yield was improved from 1.56 mg/L 
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pentane to 4.98 mg/L by improving substrate accessibility and overexpressing the lipoxygenase 

enzyme (Blazeck et al., 2013).  

In conclusion, significant efforts have been put into obtaining alkane solvents from renewable 

sources. Lipid pyrolytic liquid contains a significant amount of n-alkanes and can be a renewable 

source of these compounds.  
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3. METHODOLOGY 

3.1. Materials 

 For this work, the starting material used was the liquid hydrocarbon feed obtained from the 

pyrolysis of fatty acids. This was supplied by the industrial partner of the project. Prior to being 

supplied, the heavier ends (boiling points > 320 °C) of the liquid feed were removed. NaOH (98.8 

%) was procured from Fisher Scientific Company (Whitby, ON, Canada). HCl, nonadecanoic acid 

methyl ester (> 99 %), ethyl formate (97 %), n-decane (>99 %), and diazomethane (prepared using 

a Diazald kit) were purchased from Sigma–Aldrich (St. Louis, MO, USA).  

3.2. Experimental treatments 

3.2.1. Feedstock compositional analysis 

The composition of the liquid feed was analyzed using Gas chromatograph (GC) coupled with 

Mass Spectroscopy (MS) for compounds identification and Flame Ionization Detector (FID) for 

compound quantification. About 50 µl of the feed sample was transferred into a GC vial and 

weighed. Nonadecanoic acid methyl ester was added as an internal standard, and its mass was 

recorded. The sample was derivatized by adding 350 µl diazomethane to the GC vial. This was to 

convert the fatty acids present in the sample into their methyl ester derivatives for better GC 

resolution. The instrument used was an Agilent 6890N GC-FID with Agilent 7683B series 

autosampler and injector. The GC column was an Agilent DB Petro column (100 m × 250 µm × 

0.5 µm) purchased from Agilent Technologies (Santa Clara, CA, USA). For the analysis, the 

injector and detector temperatures were kept constant at 300 °C and 350 °C, respectively. The GC 

oven temperature program is shown in Table 3.1; the total run time was 115 minutes. Helium was 

used as the carrier gas at a constant flow rate of 1.7 mL/min. A 20:1 split injection with an injection 
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volume of 1 μL. Liquid Nitrogen was used for cryogenic cooling. MS identification 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 were the same as the GC-

FID as described above. The temperature of the GC-MS interface was kept constant at 320 °C. 

Table 3.1: GC oven programming for the compositional analysis of the feed. 
 

Rate (°C/min) Temperature (°C) Hold time 

(min) 

Run time 

(min) 

Initial 
 

0 15 15 

Ramp 1 1 50 0 65 

Ramp 2 2 85 3 85.5 

Ramp 3 10 280 10 115 

 

Fourier-transform infrared spectroscopy (FTIR) was also conducted to cross-reference the GC 

results. A Perkin Elmer Frontier FTIR Spectrometer equipped with a Universal Attenuated Total 

Reflectance (ATR) Sampling Accessory with diamond prism was used. The background was 

scanned 16 times before the spectrum of the sample was taken. A drop of the sample was added to 

the diamond prism and scanned 16 times in the Mid infrared ray (IR) region between 650 – 4000 

cm-1.  

3.2.2. Fatty acid extraction 

The fatty acids present in the feed were extracted by 3 M NaOH solution to de-protonate the acids, 

making them insoluble in the organic liquid. 3 M NaOH was made by dissolving 120 g of NaOH 

pellets in 1 liter of distilled water. The feed-NaOH mixing ratio was pre-determined based on the 

acid-base stoichiometry. A 15 % extra NaOH was added as an allowance for incomplete 

neutralization. The extraction was carried out in three stages to ascertain complete fatty acid 

removal from the feed. The feed was weighed before the mixing step, and the mass was recorded. 
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The mixture was separated by centrifugation using a Beckman Coulter Avanti J-26 XP at 8,000 

rpm for 5 minutes. An aqueous-organic layer was formed.  

The top organic layer (termed the “hydrocarbon fraction”) was decanted, weighed, and recorded. 

The second extraction was done using this hydrocarbon fraction as the starting material. The 

hydrocarbon fraction obtained from this second extraction was subsequently used as the starting 

material for a third extraction. The hydrocarbon fractions recovered from the second and third 

extractions were also weighed, and the masses were recorded. The hydrocarbon recovery (%wt of 

starting material) for each extraction stage was calculated using Equation (3.1a), and the overall 

hydrocarbon recovery was calculated with Equation (3.1b). The hydrocarbon fraction obtained 

from the acid extraction procedure was used as the feedstock for the distillation experiments 

described in Section 3.2.4. The bottom aqueous layer from the acid extraction was also collected 

in a container. This was used in the fatty acid recovery experiment described in Section 3.2.3. All 

fractions were stored in a refrigerator (Fisher Scientific Isotemp, Model: 50FREEFSA)) at 4 °C 

before further experiments. The hydrocarbon fractions from the three extraction stages were 

analyzed by GC FID/MS using the method described in Section 3.2.1 without the derivatization 

step. The split ratio was increased to 175:1 to avoid column overloading. An FTIR scan of the 

sample was also done to confirm the total removal of the acids from the sample. 

Hydrocarbon recovery/extraction stage = 
𝑀𝑎𝑠𝑠 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑔𝑒  

𝑆𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑓𝑜𝑟 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑔𝑒
× 100

  (3.1a) 

Overall hydrocarbon recovery = 
𝑀𝑎𝑠𝑠 𝑜𝑓 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑡ℎ𝑖𝑟𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑 
× 100 (3.1b) 
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3.2.3. Fatty acid recovery  

The aqueous layer from Section 3.2.2 was transferred into a separatory funnel and retrieved from 

the bottom to reduce the amount of hydrocarbon compounds carried over into the fatty acid portion. 

The fatty acids were recovered by treating the aqueous layer with 3 M HCl to re-protonate the acid 

ions, making them insoluble in the aqueous phase. The 3 M HCl was prepared by adding 250 ml 

of 37 % HCl to 750 ml of distilled water. The mixture's initial pH was measured and found to be 

> 9 (pH meter used: Fisher Scientific AB 15 pH meter). HCl was added to the aqueous layer until 

a final pH of 1-1.5 was obtained. The mixture was transferred into a separatory funnel. Two layers 

were formed. The bottom aqueous layer was extracted and discarded, and the top organic layer, 

which was the fatty acid mixture, was collected, weighed, and the mass recorded. The fatty acid 

mixture was stored in a refrigerator at 4 °C before its use in the distillation experiments in Section 

3.2.6. The fatty acid recovery (%wt of feedstock) was calculated using Equation (3.2). The fatty 

acid mixture was also analyzed by GC MS/ FID using the method described in Section 3.2.1 with 

a modified oven temperature program (Table 3.2) to determine the mixture's composition. An 

FTIR scan of the sample was also taken using the method described in 3.2.1. The process flow 

diagram for both the acid extraction and acid recovery experiment is given in Figure 3.1. 

Table 3.2: GC oven programming for fatty acid compositional analysis. 
 

Rate (°C/min) Temperature (°C) Hold time 

(min) 

Run time 

(min) 

Initial 
 

35 0.1 0.1 

Ramp 1 10 320 21.4 50 

 

Fatty acid recovery = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑎𝑡𝑡𝑦 𝑎𝑐𝑖𝑑 𝑚𝑖𝑥𝑡𝑢𝑟𝑒 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 𝑓𝑟𝑜𝑚 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑒𝑒𝑑 
× 100  (3.2) 
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Figure 3.1: Process flow for the organic acid extraction and recovery process of the feed 

 

3.2.4. Distillation of hydrocarbons  

3.2.4.1. Determination of the vapor temperature range for the fractions 

To determine the appropriate vapor temperature cut points for the solvent fractions of interest, the 

hydrocarbon fraction obtained from the first stage acid extraction described in Section 3.2.2 was 

distilled.  This fraction was selected as starting material to prevent losses of the compounds of 

interest associated with the multiple acid extraction stages. The starting material was distilled at 

atmospheric pressure using a spinning band distillation unit (B/R Instrument M690) with a Teflon 

band length of 90 cm, spinning at 5000 rpm (speed is based on manufacturer’s recommendation 

for Teflon spinning band). A schematic of the distillation setup is shown in Figure 3.2. About 130 

ml of sample was transferred to a pre-weighed round bottom flask, and the sample's mass was 

recorded. Heating was set at 2 °C/min before boil up and 0.5 °C/min afterward. The heating rate 

and power percent of the heating mantle were controlled using a temperature controller (J-KEM 
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Scientific Temperature Controller, Model 210). The coolant temperature was also controlled and 

adjusted between 0 to 6 °C during the distillation run. The system was allowed to run under total 

reflux for 120 minutes after boil up to establish the vapor-liquid traffic in the column, before 

distillate was collected at a reflux ratio of 120:1. This reflux ratio was used based on preliminary 

distillation runs done to study the distillation profile of the sample). The temperature of the boiling 

flask and the vapor temperature was recorded. The distillate obtained at specific vapor temperature 

ranges (Table 3.3a) were collected in as a fraction in a pre-weighed receiver, its volume and mass 

were recorded. Distillate fractions were collected between the vapor temperature range of 26.5 – 

86.0 °C; this was because the compounds of interest were between the C5 and C6 carbon numbers. 

Each fraction's cut point was kept at the midpoint between the boiling points of 2 corresponding 

significant compounds present in the hydrocarbon fraction with boiling points within the vapor 

temperature range of 26.5 – 86.0 °C.  A total of eight fractions were collected (Table 3.3a).  

3.2.4.2. Distillation of solvents from hydrocarbon fraction 

Based on the outcome of the distillation runs done in Section 3.2.4.2, the vapor temperature range 

was adjusted according to Table 3.3b for fractionating the hydrocarbon sample into solvents and 

fuels. The number of fractions collected was reduced to five. The vapor temperature range of 

fractions 2 and 4 was narrowed to increase the purity of the solvent of interest at that fraction, 

namely: n-pentane solvent (fraction 2) and n-hexane solvent (fraction 4). The new vapor 

temperature range for the fractions was used for the rest of the experiments. The distillation was 

stopped when the vapor temperature reached 160.0 °C. The sample left in the flask (bottoms) with 

vapor temperature > 160.0 °C was termed the drop-in diesel equivalent fraction. The experiments 

were carried out as stated in Section 3.2.4.1. All the experimental parameters except the reflux 
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ratio were maintained as in Section 3.2.4.1.  

Figure 3.2: Schematic of the distillation experiment setup. Reproduced with permission from B/R 

Instrument Corp (Permission granted: April 26, 2021). 
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Table 3.3: Initial (a) and adjusted (b) vapor cut points for the hydrocarbon fraction distillation. 

    (a) 

   

  

 

 

 (b) 

 

 

 

 

3.2.4.3. Distillation of solvents from Naphtha 

To obtain naphtha for this distillation experiment, the hydrocarbon fraction was distilled at 

atmospheric pressure using a spinning band distillation unit with a metal band of the length of 45 

cm spinning at 2000 rpm (speed is based on manufacturer’s recommendation for metal spinning 

band).  Heating was set at 4 °C/min before boil up and 3 °C/min afterward. The system was allowed 

to run at total reflux for 30 minutes after boil up before distillate was collected at a reflux ratio of 

30:1. This low reflux ratio was used as the aim of the distillation was not to achieve a sharp 

compound cut but to obtain a bulk fraction. Distillate within the vapor range of 26.5 – 160.0 °C 

was collected in one receiver as a single fraction; this was termed naphtha. The naphtha fraction 

Fraction Vapor temperature range (°C) 

F1 26.5 - 32.0 

F2 32.0 - 40.0 

F3 40.0 - 54.5 

F4 54.5 - 61.5 

F5 61.5 - 66.5 

F6 66.5 - 69.5 

F7 69.5 - 76.0 

F8 76.0 - 86.0 

Bottom >86.0 

Fraction Vapor temperature range (°C) 

F1 26.5 - 33.0 

F2 33.0 - 34.0 

F3 34.0 - 65.0 

F4 65.0 - 66.0 

F5 66.0 - 160.0 

Bottom >160.0 
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was re-distilled under the conditions stated in Section 3.2.4.1 with the adjusted vapor cut range 

established in Section 3.2.4.2. 

3.2.4.4. Effects of reflux ratio on the purity of solvent cut 

Three reflux ratios were tested; 90:1, 120:1, 240:1 to study the effect of reflux ratio on the purity 

of the solvent cuts from the hydrocarbon fraction. These experiments were done under the same 

distillation conditions in Section 3.2.4.1. 

3.2.5. Analysis of hydrocarbon fractions 

Distillate fractions obtained from all distillation experiments described in Section 3.2.4 were 

analyzed using GC-FID and GC-MS. Ethyl formate was used as an internal standard with n-decane 

as the solvent. A solution of 10 ± 2 mg/ml of ethyl formate in n-decane was prepared. 1ml of the 

solution was transferred to a GC vial and weighed. Approximately 50 µl of sample was added to 

the GC vial, and the mass was recorded. The GC sample mass was obtained as the difference 

between the GC vial mass before and after sample addition. The GC instrument, column, and 

parameters used are the same as that in Section 3.2.1, with a modified oven temperature program 

(Table 3.4).  

Table 3.4: GC oven programming for the compositional analysis of the distillate fractions obtained 

from the distillation experiments. 

 

 
Rate (°C/min) Temperature (°C) Hold time (min) Run time (min) 

Initial 
 

35 4 4.00 

Ramp 1 1.5 57 0 18.67 

Ramp 2 3 85 1 29.00 

Ramp 3 12 280 4 49.25 
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The mass of each compound present in the GC sample of each fraction was determined according 

to Equation (3.3) using the peak area of the compound obtained from the gas chromatograph and 

a Relative Response Factor (RRF) pre-determined between ethyl formate and each compound 

group. For the initial hydrocarbon feedstock, compound quantification was limited to compounds 

before n-heptane (C7) as compounds of interest were n-pentane (C5) and n-hexane (C6). The % 

amount of a compound present in a fraction was calculated with Equation (3.4); this was used to 

measure the fraction's purity. The percentage recovery of a compound in the fractions was obtained 

using Equation (3.5). Total recovery of a compound relative to the initial feedstock was estimated 

with Equation (3.6).   

Mass of compound in GC sample = 
𝐺𝐶 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 ×𝑀𝑎𝑠𝑠 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝐺𝐶 𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 ×𝑅𝑅𝐹 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑
 (3.3) 

% purity of solvent fraction = 
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝐺𝐶 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3)

𝑀𝑎𝑠𝑠 𝑜𝑓  𝐺𝐶 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100  (3.4) 

% recovery of a compound in fraction = 
% 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100 

(3.5) 

Total recovery (%) = 
𝛴(% 𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 × 𝑀𝑎𝑠𝑠 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛)

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖𝑛 ℎ𝑦𝑑𝑟𝑜𝑐𝑎𝑟𝑏𝑜𝑛 𝑠𝑎𝑚𝑝𝑙𝑒
 × 100  (3.6) 

3.2.6. Distillation of fatty acids 

The fatty acid mixture fraction from the acid recovery treatment described in Section 3.2.3 was 

distilled under vacuum at a pressure of 133.3 Pa, using a B/R spinning band distillation unit with 

a Teflon band of a length of 90 cm spinning at 5000 rpm (speed is based on manufacturer’s 



41 

 

recommendation for Teflon spinning band). The cold trap was filled with dry ice.  About 80 ml of 

sample was transferred to a pre-weighed round bottom flask, the mass of the sample was recorded.  

Heating was set at 2 °C/min. The heating rate and power percent of the heating mantle were 

controlled using a J-KEM temperature controller. The temperature of the condenser was also 

controlled, as seen in Table 3.5. When the bottom flask temperature reached 110 °C (atmospheric 

equivalent: 295.6 °C), the system was left to run under total reflux for 60 minutes to establish 

vapor-liquid traffic in the distillation column. Eight fatty acid fractions were collected between the 

vapor temperature range of 26.5 – 125.0 °C under 133.3 Pa (Table 3.5). An additional five fractions 

(termed offcuts) were collected between the fatty acid fractions to achieve higher purity of the 

fatty acid fractions. The distillation was stopped when the pot temperature reached 225.0 °C 

(atmospheric equivalent: 440.7 °C).   

Table 3.5: Vapor cut points for the fatty acids fraction distillation. 

 

Fraction Fatty acid Vapor temperature range 

(atmospheric equivalent temperature 

(°C)) 

F1 - 20.5 – 47.3 (175 – 212) 

F2 C5:0 47.3 - 53.9 (212 – 221) 

F3 C6:0 61.3 – 66.5 (231 – 238) 

F4 C7:0 78.5 – 85.2 (254 – 263) 

F5 C8:0 90.5 – 95.8 (270 – 277) 

F6 C9:0 99.6 – 106.5 (282 – 291) 

F7 C10:0 108.0 – 111.8 (293 – 297) 

F8 - 116. 4 – 125.0 (304 – 310) 

Bottoms - >125.0 (310) 
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3.2.7. Analysis of fatty acids fractions 

The fatty acids fractions obtained from the distillation experiments in Section 3.2.6 were analyzed 

by GC-FID. A known quantity of methyl nona-decanoate is added to a vial as an internal standard 

and weighed. About 10 µl of sample was added to the pre-weighed vial, and the mass was recorded. 

Approximately 300 µl of diazomethane was added to derivatize the fatty acids. The GC method 

used is as described in Section 3.2.3. Like the analysis of the hydrocarbon fractions in Section 

3.2.5, the mass of the fatty acids present in the GC sample of each fraction was determined 

according to Equation (3.3) above using the peak area of the compound obtained from the gas 

chromatograph and a relative response factor (RRF) pre-determined between methyl nona-

decanoate and each fatty acid. The % amount of a compound present in a fraction was calculated 

with Equation (3.4); this was used to measure the fraction's purity. The % recovery of the 

compounds in the fractions was obtained using Equation (3.5). The total recovery of a compound 

was estimated with Equation (3.6).  

3.2.8. Drop-in diesel equivalent properties analysis 

The bottom fraction (sample left in the boiling flask after the distillation experiment) from the 

hydrocarbon fraction's distillations in Section 3.2.4 was termed drop-in diesel equivalent. Two 

samples were obtained by using two vapor temperature cut points: 160.0 °C and 175.0 °C. The 

fuel properties of the samples were analyzed as follows.  

3.2.8.1. Acid number 

The acid number of the renewable fuels was estimated according to the ASTM method D974. The 

sample is dissolved in a titration solution, a mixture of toluene (HPLC grade, Sigma Aldrich), 
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isopropanol (HPLC grade), and distilled water in the ratio of 100:99:1. The resulting single-phase 

solution is titrated at room temperature with a base solution made of potassium hydroxide 

dissolved in isopropanol to an endpoint indicated by the color change of the indicator (p-

naphtholbenzein solution) from orange to greenish brown. 

3.2.8.2. Flashpoint 

Flashpoint was analyzed according to ASTM method D7236. This was done using a Herzoq Pac 

Optiflash Small Scale instrument. About 2 mL ± 0.1 mL of the sample is introduced into the test 

cup of the equipment, which is then heated automatically at a constant rate of 2 °C/min ± 

0.5 °C/min. An electronic ignited flame is directed through an opening shutter in the test cup lid at 

specified temperature intervals until the automatic flash detector detects a flash. The temperature 

at which this occurs is reported as the flashpoint of the sample. 

3.2.8.3. Cloud point and Pourpoint 

Cloud point and pourpoint were estimated according to ASTM method D2500 and D97, 

respectively, using a Cloud and Pour Point Bath by Koehler Instrument Company Inc. The 

temperature of the sample is brought to a specified value, after which it is placed inside the bath 

filled with methanol and cooled at a specified rate and examined periodically (at intervals of 1 °C 

for cloud point and 3 °C for pour point). The temperature at which a cloud is first seen at the bottom 

of the test jar is recorded as the cloud point. For pourpoint, the sample is examined for flow 

characteristics. The lowest temperature at which no movement is seen when the test jar is placed 

horizontally is recorded as the pourpoint. 
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3.2.8.4. Distillation range 

The distillation range was analyzed using ASTM method D7345 with OptiPMD Micro Distillation 

Analyzer by Pac Instruments. 10 ml of the sample is transferred into the distillation flask, placed 

in the apparatus, and heat is applied to the bottom of the distillation flask. The apparatus measures 

and records specimen vapor and liquid temperatures and pressure in the distillation flask as the 

sample gradually distill under atmospheric pressure conditions. After the process, the data is 

processed, converted to distillation characteristics, and corrected for barometric pressure. Test 

results are commonly expressed as percent recovered or evaporated versus the corresponding 

temperature in compliance with industry-recognized standard form and reference method either in 

a table or graphically, as a plot of the distillation curve. 

3.2.8.5. Density  

The density of the sample was analyzed according to ASTM method D5002. The equipment used 

was a Mettler Toledo D5. Approximately 3 mL of sample is introduced into an oscillating U-tube. 

The oscillating frequency change is used in conjunction with adjustment data to determine the 

sample's density, relative density, and API gravity. 

3.2.8.6. Calculated cetane index 

The calculated cetane index was estimated using the Four Variable Equation according to ASTM 

D4737. The calculated Cetane Index provides a means for estimating the ASTM cetane number of 

distillate fuels from density and distillation recovery temperature measurements when the result 

from ASTM Test Method D613 for cetane number is not available. The Four Variable Equation is 

given by: 
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CCI = 45.2 + (0.0892)(T10N) + [0.131 +(0.901)(B)] [T50N] + [0.0523 – (0.420)(B)][T90N] + 

[0.00049][(T10N)2 - (T90N)2] + (107)(B) + (60)(B)2 

where: 

CCI = Calculated Cetane Index; D = Density at 15 °C, g/mL determined by Test Methods D1298 

or D4052; DN = D - 0.85; B = [e(-3.5)(DN)] – 1; T10 = 10 % recovery temperature, °C, determined 

by Test Method D86 and corrected to standard barometric pressure; T10N = T10 – 215; T50 = 50 % 

recovery temperature, °C, determined by Test Method D86 and corrected to standard barometric 

pressure; T50N = T50 – 260; T90 = 90 % recovery temperature, °C, determined by Test Method 

D86 and corrected to standard barometric pressure, and T90N = T90 – 310 

3.2.8.7. Kinematic viscosity 

The kinematic viscosity of the samples was analyzed according to the test method ASTM D445. 

In this method, the time required for a fixed volume of sample to flow under gravity through the 

capillary of a calibrated viscometer under a reproducible driving head and at a closely controlled 

and known temperature is measured.  The kinematic viscosity (determined value) is the product of 

the measured flow time and the viscometer's calibration constant.  

3.2.9. Data analysis 

All reported data (mean ± standard deviation) represent analyses from triplicate samples unless 

specified otherwise. One–way ANOVA combined with Tukey’s test at a 95 % confidence interval 

was calculated to compare the means on Statgraphics Centurion 18 software, version 18.1.12.   
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4. RESULTS AND DISCUSSION 

4.1. Composition of feedstock 

This project aimed at separating a liquid hydrocarbon feed produced from the pyrolysis of fatty 

acids into different product streams as a biorefinery strategy. Heavier ends (boiling points > 320 

°C) were removed from the feed before it was supplied by the project's industrial partner. Upon 

receipt of the feed, the first task was to determine its composition; this was done using the GC 

method outlined in Section 3.2.1.  

The compounds present in the feed were identified by their retention times and by comparison to 

the fragmentation pattern of compounds in the mass spectral library of the National Institute of 

Standards and Testing (NIST) 2011. Only the compounds with quality matches of 90 and above 

were selected as the identified compounds. In contrast, peaks with a compound match quality of < 

90 % were classified as unidentified. The result is presented in Table 4.1. The feed compounds 

were divided into chemical groups of n-alkanes, alkenes, branched alkanes, cycloalkanes, BTEX, 

other aromatics, and fatty acids. The carbon number of the compounds ranged from C2 – C19. The 

feed was composed of mostly n-alkanes, which made up about 37 % by mass, followed by fatty 

acids with 13 % by mass. This was similar to the values given in another study (Asomaning et al., 

2014). The composition of other compound groups is given in Table 4.1. The unidentified 

compounds accounted for 32 % by mass of the feed.
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Table 4.1: Compound distribution of the feed (by %wt) according to carbon number and chemical groups.  

Carbon 

No. 

Alkane Alkenes Branched 

alkanes 

Cycloalkanes Cyclo 

alkenes 

BTEX Other 

aromatics 

Fatty acids Unidentified 

C2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.29 ± 0.12 
 

C3 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.25 ± 0.13 
 

C4 0.87 ± 0.11 0.17 ± 0.02 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.32 ± 0.04 
 

C5 2 ± 0.15 0.57 ± 0.24 0.4 ± 0.06 0.33 ± 0.13 0.22 ± 0.02 0 ± 0 0 ± 0 0.78 ± 0.14 
 

C6 3.04 ± 0.27 1.38 ± 0.09 0.15 ± 0.05 0.55 ± 0.19 0.38 ± 0.08 0.08 ± 0 0 ± 0 1.46 ± 0.22 
 

C7 3.49 ± 0.41 1.41 ± 0.07 0.07 ± 0.07 0.81 ± 0.1 0.38 ± 0.01 0.48 ± 0.1 0 ± 0 2.17 ± 0.3 
 

C8 3.55 ± 0.43 1.45 ± 0.08 0.21 ± 0.05 1.44 ± 0.35 0.59 ± 0.15 0.45 ± 0.11 0.27 ± 0.24 2.21 ± 0.27 
 

C9 2.91 ± 0.37 1.09 ± 0.12 0.2 ± 0.03 0.43 ± 0.06 0.17 ± 0.05 0 ± 0 1.08 ± 0.36 1.93 ± 0.25 
 

C10 2.45 ± 0.3 0.88 ± 0.12 0 ± 0 0.43 ± 0.06 0 ± 0 0 ± 0 0.99 ± 0.24 1.73 ± 0.17 
 

C11 2.37 ± 0.29 0.49 ± 0.08 0.15 ± 0.04 0.49 ± 0.09 0 ± 0 0 ± 0 1.57 ± 0.35 0.88 ± 0.07 
 

C12 2.16 ± 0.25 0.67 ± 0.13 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.31 ± 0.05 0.62 ± 0.22 
 

C13 1.82 ± 0.2 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.32 ± 0.02 
 

C14 1.77 ± 0.19 0 ± 0 0 ± 0 0.58 ± 0.23 0 ± 0 0 ± 0 0 ± 0 0.25 ± 0.02 
 

C15 3.35 ± 0.22 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
 

C16 1.3 ± 0.06 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.3 ± 0.08 
 

C17 5.55 ± 0.29 1.04 ± 0.04 0 ± 0 0.32 ± 0.04 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
 

C18 0.3 ± 0.06 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0.3 ± 0.11 
 

C19 0.21 ± 0.07 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 0 ± 0 
 

Total 37.14 ± 3.25 9.13 ± 0.66 1.18 ± 0.14 5.38 ± 0.63 1.73 ± 0.17 1 ± 0.21 4.23 ± 0.79 13.81 ± 1.64 32.15 ± 4.07 
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4.2. Fatty acid extraction and recovery 

Having determined the percentage of fatty acids present in the feed, the next step was to extract 

them. Generally, fatty acids impact undesirable properties in lipid pyrolytic liquid, like high 

freezing point, high acidity (Kubátová et al., 2011). As a result, effort is made to remove the acids 

present in the lipid pyrolytic liquid. While these acids are unwanted in the use of the pyrolytic 

liquid as renewable fuels, they are valuable compounds with high industrial importance. Therefore, 

the aim of this extraction exercise was to separate the fatty acids from the other hydrocarbon 

compounds in the feed and recover them for further experimental procedures. This was done using 

3 M NaOH to carry out a three-stage extraction of the acids. Upon addition of NaOH, a two-phase 

organic-aqueous mixture was formed, and the organic acid-free hydrocarbon mixture was 

decanted.  The total mass of the hydrocarbon mixture recovered was about 74 %wt, 85 %wt, and 

86 %wt of the starting mass for the first, second, and third extraction stages, respectively (Table 

4.2). The % loss of the compounds of interest (n-pentane and n-hexane) for each extraction stage 

is given in Table 4.2. It was observed that the % loss of these compounds increased with an 

increasing number of extraction stages. 

Table 4.2: Recovery (%) of the hydrocarbon fraction and compounds of interest from the three-

stage acid extraction process 

 

 

 

 

Extraction stage First 

stage 

Second 

stage 

Third 

stage 

% Recovery of hydrocarbons 73.8 84.6 86.4 

Cumulative % Recovery hydrocarbons 73.8 62.4 54.1 

% Recovery n-pentane 88.1 78.5 63.8 

% Loss of n-pentane 11.9 21.5 36.2 

% Recovery n-hexane 92.6 85.2 72.4 

% Loss of n-hexane 7.4 14.8 27.6 
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Like the feed, the hydrocarbon fractions were mostly composed of n-alkanes (Figure 4.1b), with 

carbon numbers ranging from C4 – C18 (Figure 4.2a). The base wash was successful in removing 

the acids from the feed (Figure 4.1a). At the end of the extraction process, there was a complete 

absence of fatty acids in the recovered hydrocarbon fraction. One of the first extraction stage 

replicates had a residual acid content of about 1 %wt by mass. This explains the small amount of 

fatty acids shown in Figure 4.1a for this stage. The residual acids in that replicate could be due to 

crossover from the aqueous phase during decanting. A different study has also attempted to remove 

the acids in the liquid product from pyrolysis of triglycerides using base extraction. In the study, 

the acid content was reduced from 22.5 % in the pyrolytic liquid to 10.1 % after the 3-stage 

extraction using 1 M NaOH at 25°C (Gandhi et al., 2012). Another study used amines; 

trimethylamine (TMA), and dimethylethanolamine (DMEA) for the extraction of the fatty acids 

present in lipid pyrolytic liquid. It was reported that both amines were able to reduce the fatty acid 

content of the lipid pyrolysis liquid from an initial content of 22.36 % to 1.57 % with TMA and an 

undetectable level with DMEA (Braegelmann et al., 2011).  

The fatty acids were recovered from the aqueous phase of the base extraction by adding 3 M HCl 

solution until a final pH of 1 – 1.5 was achieved. The pH range of 1 – 1.5 was chosen to ensure 

that the re-acidification was complete. The total mass of the recovered fatty acids mixture was 9.5 

%wt of the feed. As expected, it was composed of mostly fatty acids accounting for about 70 %wt 

of the mixture (Figure 4.1b), with C6:0 to C10:0 acids being the most dominant (Figure 4.2b). The 

mixture also contained about 4 %wt of n-alkanes. This impacted the separation of the fatty acid 

mixtures into its individual compound cuts, as discussed in Section 4.5. 
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(a) 

 

      (b) 

Figure 4.1: Comparison of the compound distribution of the feed, the recovered hydrocarbon 

fractions from the three-stages of base wash, and the fatty acid fraction. (a) shows only fatty acids. 

(b) shows all the identified chemical groups in the mixtures.  
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(a) 

 

(b) 

 

Figure 4.2: n-Alkane (a) and fatty acids (b) chemical groups of the feed, the recovered hydrocarbon 

fractions from the three-stages of base wash, and the fatty acid fraction as a function of carbon 

number. 
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Overall, the composition trend for the n-alkane and fatty acid chemical groups were the same for 

the feed and the recovered fractions (Figure 4.2a and 4.2b). In the n-alkane group, there was a 

steady increase in the percentage of alkanes as the carbon number increased from C3 to C8. A 

decline in the percentage composition was observed from C8 to C19 except for C15 and C17, 

where sharp peaks were observed.  A similar trend was observed in the fatty acid group with 

increasing percentage composition from C3:0 to C9:0 followed by a decline in percentage 

composition from C9:0 to C18:0 except for C16:0 and C18:0 where spikes were observed. The 

composition trend for the n-alkane and fatty acids compounds in hydrocarbon fraction from the 

three extraction stages mostly mirrored one another. 

As a qualitative check, an FTIR analysis was done on the feed and the recovered fraction from the 

extractions; the spectra are shown in Figure 4.3. The spectra for all mixtures were similar for the 

most part. The peaks at 1450 cm-1 and 2900 cm-1 corresponding to C-H scissoring and C-H 

stretching, respectively, were relatively similar for all mixtures. These indicate the presence of an 

aliphatic compound in the mixture. However, differences can be observed in the spectra at 

wavelengths between 1710 – 1720 cm-1, 1415 cm-1, and 1250 - 1270 cm-1 corresponding to the 

C=O stretch, O-H bend, and C-O stretch from the carboxylic acid group, respectively. While these 

peaks could be noticed in the feed, they are very distinct in the fatty acid mixture but completely 

absent in the hydrocarbon mixtures from the extraction stages. This further affirms the successful 

extraction of the fatty acids from the hydrocarbon fraction. A study reported a similar observation 

for acid extraction from pyrolytic liquid with amines (Braegelmann et al., 2011).    
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Figure 4.3: FTIR spectrum of the feed, the recovered hydrocarbon fractions from the three-stages 

of base wash, and the fatty acid fraction. 

 

4.3. Distillation of renewable solvents 

After removing the acids from the feed, the next objective was to recover low boiling n-alkane 

solvents and fuel cuts from the de-acidified hydrocarbon fractions. Due to the increasing mass loss 

observed for the compounds of interest with increasing acid extraction stages (Table 4.2), the 

distillation of solvents was carried out using the de-acidified hydrocarbon fraction obtained from 

the first acid extraction stage. The fatty acid profile of this hydrocarbon fraction (Figure 4.2b) also 

showed that the fatty acid compounds were absent within the vapor temperature range used for the 

distillation experiments. Therefore, there was no risk of overlapping volatilities and contamination 

of the solvent distillate by fatty acid compounds. 
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n-Alkane solvents play an essential role in many industrial/laboratory processes and are mostly 

petroleum-based. Establishing a renewable source for these organic solvents would be beneficial 

to these industries from a sustainable standpoint. In particular, the flavor and fragrance industry, 

have great interest in green (renewable) solvents. The solvents of focus in this work were n-pentane 

and n-hexane. Most times, these do not form a part of the petroleum fuel as it is common practice 

to strip the gasoline pool of compounds from C6 and below before further refining (Eastman & 

Mears, 2005). These solvents fractions were recovered by distillation using a spinning band 

column, as discussed in Section 3.2.4.  

4.3.1. Determination of the vapor temperature range for the fractions  

An initial distillation study was carried out to determine the appropriate vapor temperature cut 

points necessary to yield the highest purity for the desired solvent fractions (n-pentane and n-

hexane).  The hydrocarbon fraction was distilled under atmospheric conditions using a 90 cm 

Teflon band spinning band distillation unit. The distillates were collected at a reflux ratio of 120:1 

between a vapor temperature range of 26.5 – 86.0 °C. The pot and vapor temperature profiles are 

shown in Figure 4.4. Vapor temperature was constant between 33.0 – 34.0 °C and 65.0 – 66.0 °C 

labeled A and B in Figure 4.4. From the literature, the boiling points for pure n-pentane and n-

hexane compounds are 36.1 °C and 68.7 °C, respectively (Schmidt et al., 2014). Given that the 

temperature of a system is constant when a compound is boiling off a mixture (Theodore, 2011), 

it can be concluded that the boiling of these compounds was responsible for the observed constant 

vapor temperatures. 
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Figure 4.4: Pot and vapor temperature profiles of the atmospheric distillation of the hydrocarbon 

fraction. Arrows indicate the region of constant vapor temperature.   

 

Eight fractions were collected between the vapor temperature range of 26.5 – 86.0 °C, as indicated 

in Table 3.3a. The percentage of n-pentane and n-hexane compounds in each distillate fraction 

collected was determined upon analysis with GC-FID, and the result is given in Figure 4.5.  The 

second fraction (32.0 – 40.0 °C) was found to contain mostly n-pentane, which was about 69 %wt 

(Figure 4.5a) of the fraction's mass. Likewise, fraction 5 (61.5 – 66.5 °C) contained mostly n-

hexane, which made up 69 %wt (Figure 4.5b) of the fraction's total mass. The constant vapor 

temperatures observed in the temperature profiles were found in these fractions; this further 

validates that the observed constant vapor temperature was due to the n-pentane and n-hexane 

solvents' boiling. 

Consequently, subsequent distillation experiments were done using the constant vapor temperature 

range for the n-pentane and n-hexane fractions. The other fractions' vapor temperature was 
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adjusted accordingly (Table 3.3b). The parameters of interest were the % purity and % recovery 

of the solvents. These would be discussed in the following sections. 

(a) 

 

(b) 

Figure 4.5: Percentage of n-pentane (a) and n-hexane (b) compounds in the distilled fractions of 

the hydrocarbon fraction. 
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4.3.2. Percentage purity of distilled solvents 

Having established the vapor temperature cut points for the solvents, different distillation 

conditions were tested to obtain high purity solvent cuts. The purity of the distilled solvents was 

calculated as a percentage between the mass of the solvent in its fraction as obtained from the GC-

FID analysis and the total mass of sample injected into the GC (Equation 3.4). This would be 

discussed in the following sections. 

4.3.2.1. Effect of starting material 

To determine the feedstock suitable to obtain high purity solvent cuts, the distillation experiments 

were carried out under the conditions described in 3.3.1 using two starting mixtures: the 

hydrocarbon fraction and a naphtha fraction. The naphtha fraction was obtained by distilling the 

hydrocarbon fraction using a spinning band distillation unit with a metal band of 45 cm. 

Equilibration was set for 30 minutes, and the reflux ratio was 30:1. Distillate within the vapor 

range of 26.5 – 160.0 °C was collected in one receiver as a single fraction. The aim was to reduce 

the number of compounds in the sample and pre-concentrate the lower boiling compounds in the 

naphtha sample. This could lead to improved separation of the compounds.  The sharpness of 

separation of a distillation process is influenced by the ratio of the column hold up to the amount 

of the components present in the mixture (Carney, 1949). Therefore, for a given column with a 

specific holdup, a sharper separation is observed when there is a higher amount of the compound 

to be distilled in the mixture. For the same sample volume, the amount of the n-pentane and n-

hexane doubled in the naphtha feedstock (6.5 g and 10.8 g) compared to the hydrocarbon feedstock 

(3.4 g and 4.9 g), as seen in Table 4.3.  
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Table 4.3: Comparison of the amount of n-pentane and n-hexane present in hydrocarbon and 

naphtha samples. 
 

Hydrocarbon 
sample 

Naphtha 
sample 

% n-pentane in sample 0.035 0.071 

% n-hexane in sample 0.051 0.118 

Volume of sample (ml) 130 130 

Mass of sample (g) 98.5 91.5 

Amount of n-pentane in the sample (g) 3.43 6.46 

Amount of n-hexane in the sample (g) 4.93 10.83 

 

For both starting samples, there was no difference between the percentage purity of the solvent 

fractions obtained from the distillation of the hydrocarbon fraction and the naphtha fraction, as 

seen in Figure 4.6 and 4.7 below. This could be because of a corresponding increase in the mass 

of the contaminating n-alkene compounds (identified in Figure 4.6 and 4.7) alongside the 

compounds of interest during the initial distillation to obtain the naphtha sample. Other authors 

have noted that contaminating compounds could be increased alongside the desired compound as 

distillation rounds increased. In the distillation of plum brandy (Sljivovica), the authors noted that 

the concentration of methanol, a contaminating compound increased alongside ethanol, the desired 

compound, as the distillation stages increased from single to double stage (Spaho, 2017).
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     (a)                                                                                                               (b) 

Figure 4.6: Percentage amount of the compounds present in the n-pentane fraction (a) from the distillation runs carried out with the 

hydrocarbon sample at 90:1, 120:1, and 240:1 reflux ratios and the distillation done using the naphtha sample at 120:1 reflux ratio. The 

GC chromatogram of the n-pentane solvent fraction is shown (b). Bars with the same letters are not statistically different at a 95 % 

confidence interval. 
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     (a)                                                                                                                (b)  

Figure 4.7: Percentage amount of the compounds present in the n-hexane fraction (a) from the distillation runs carried out with the 

hydrocarbon sample at 90:1, 120:1 and 240:1 reflux ratio and the distillation done using the naphtha sample at 120:1 reflux ratio. The 

GC chromatogram of the n-hexane solvent fraction is shown (b). Bars with the same letters are not statistically different at a 95 % 

confidence interval. 
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4.3.2.1. Effect of reflux ratio 

Having established that the starting feedstock of the distillation experiments did not affect the 

purity of the solvents obtained, different reflux ratios were explored to determine its effect on 

solvent purity using the hydrocarbon sample. Reflux ratios of 90:1 and 240:1 were tested. 

However, there was no statistical difference in the percentage purity of the solvent fractions 

obtained from the different reflux ratios under the distillation conditions used (Figure 4.6, 4.7, 4.8).  

An explanation for this observation could be that the reflux ratio's effect on the sharpness of 

separation is limited in mixtures with low relative volatilities and is more pronounced at lower 

reflux ratios than higher reflux ratios (Rose & Long, 1941). The percentage purity of solvents at 

much lower reflux ratios than those explored in this work can be further investigated, as reduced 

reflux ratio would lead to reduced energy requirement for the distillation process.  

Figure 4.8 Effect of reflux ratio on the percentage purity of n-pentane and n-hexane compounds 

obtained from the atmospheric distillation of the hydrocarbon fraction of the feed. 
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Overall, there was no statistical difference in the percentage purity of the solvent fractions obtained 

from all distillation runs (Figures 4.6 and 4.7). The significant impurities found in both solvent 

fractions are shown in Figures 4.6 and 4.7. In the n-pentane fraction, the impurities were only C5 

compounds of different chemical groups. More impurities were found in the n-hexane fraction. 

These included those shown in Figure 4.7 and other C5 and C6 compounds (Cyclopentene, 3- 

methyl pentane, Cyclopentane, 2-pentene (E), 2-methyl pentane, 1-pentene, 2-pentene (Z), 2 

methyl -1-butene, 2-methyl butane, 2 methyl butene) collectively summed as trace compounds due 

to their minute amount (<0.5 %wt). A notable impurity in the n-hexane fraction was benzene. This 

could be an indication of the formation of an n-hexane-benzene azeotrope. Azeotropes are mixture 

with constant composition in both the liquid and vapor phases. At such, the recovery of a pure 

compound from an azeotrope mixture by distillation is practically impossible. The presence of 

azeotropic compounds increased the difficulty in obtaining pure solvent fractions from the sample. 

The percentage purity obtained for the solvent cuts of both n-pentane and n-hexane compounds 

was about 70 – 80 % and is lower than the purity of the solvents obtained from the petroleum 

refining process (up to 99 %). This could be due to the absence of alkene compounds in straight 

run gasoline mixtures used for distillation of n-pentane and n-hexane (Jones & Pujadó, 2006; 

Nolan, 2014). In the solvent cuts obtained from this study, the alkene compounds were observed 

to be the significant contaminants, accounting for about 15 – 25 %wt of the solvent fractions 

(Figures 4.6 and 4.7). These compounds are also formed during the pyrolysis process. Separation 

of the alkane/alkene mixture of low carbon numbers is one of the most challenging separation 

processes in the chemical industry due to their close relative volatilities  (van den Bergh et al., 

2011; Wang et al., 2019). Additional separation methods like adsorption using zeolites or metal-

organic frameworks are needed to obtain pure compounds from an alkane/alkene mixture. For 
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example, the separation of an alkane/alkene mixture of C5 was successfully demonstrated using a 

combination of metal-organic framework (MIL-96) and zeolites (chabazite) (Maes et al., 2010).   

Other works aimed at obtaining n-pentane and n-hexane solvents from renewable sources yielded 

results comparable to that presented in this work. A group explored the production of n-hexane 

from cellulose conversion using an Ir-ReOx/SiO2 and HZSM-5 binary catalyst system. A 

maximum yield of 83 % of n-hexane was reported with other branched hexanes, C4, and C5 

compounds present as side-product/contaminants (Liu et al., 2014). Another group used aqueous 

phase reforming (APR) to produce alkanes from xylitol with a specific target for n-pentane 

production under different pressure, temperature, and catalyst loading. An n-pentane yield of about 

89 % was achieved with 2 wt% Ni/HZSM-5 catalyst under reaction conditions of 240 °C and 4 

MPa (Jiang et al., 2012). When furfural was used as the feedstock in APR for pentane production, 

a maximum yield of 95.5% was obtained with 14 wt.%Ni/SiO2–Al2O3 at 140 °C and 3 MPa 

(Xinghua et al., 2010).  

In general, efforts have been put into obtaining high purity renewable solvents. This is the first 

work reporting the recovery of n-pentane and n-hexane solvents and their yield(purity) as a side 

product from a liquid hydrocarbon stream obtained from the pyrolysis of fatty acids or any other 

lipid pyrolytic liquids. The several chemical groups formed during lipid pyrolysis adds complexity 

to the process that could be mitigated by an effective reflux ratio – theoretical plate (column height) 

combination. The distillation conditions can also be varied to obtain solvents of different 

compositions as required. This successful demonstration has shown a simple, and effective way of 

recovering renewable n-pentane and n-hexane that can be explored during the process of obtaining 

renewable fuels from other lipid pyrolysis methods.  
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4.3.3. Percentage recovery of distilled solvents 

Another parameter that was investigated was the percentage recovery of the solvents. This was 

calculated as a percentage between the solvent's mass obtained in each distillate fraction and the 

solvent's total mass in the sample distilled (Equation 3.5). Of particular interest was the percentage 

of the n-pentane and n-hexane solvents recovered in their corresponding fractions. For all 

distillation experiments, there was no statistical difference in the amount of n-pentane and n-

hexane solvents recovered in their respective fractions (Figure 4.9).  

The percentage recovery was between 33 – 43 %wt for n-pentane and 21 – 36 %wt for n-hexane 

in their respective fractions. The total recovery of both compounds was lower in the distillation 

using naphtha sample compared to that carried out using the hydrocarbon sample at the same reflux 

ratio (Figure 4.9). This can be explained by the cumulative compound loss associated with the 

distillation run to obtain the naphtha and subsequent distillation run to recover the solvents.  

Compound loss during distillation is known. Cumulative compound loss was reported when the 

effect of distillation numbers on the concentration of the volatile compounds in the middle‐cut 

fraction obtained during rakı production was done (Darıcı et al., 2019). Figure 4.9 shows that some 

amounts of n-pentane were recovered from all the fractions collected. This further supports the 

observed n-pentane impurity in the n-hexane fraction. Overall, the total recovery of n-pentane 

(obtained from all the fractions) was lower due to its higher volatility, leading to more vapor loss 

than n-hexane.  
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                                                  (a)                                                                                                  (b)  

Figure 4.9: Percentage recovery of n-pentane (left) and n-hexane (right) from the fractions obtained from the distillation runs carried 

out with the hydrocarbon sample at 120:1 and 240:1 reflux ratio and the distillation done using the naphtha sample at 120:1 reflux ratio. 
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4.4. Properties of drop-in diesel equivalent cut    

The second product stream obtained from the distillation of the hydrocarbon fraction was a drop-

in diesel equivalent cut. The fuel properties of this cut are given in Table 4.4. Two vapor 

temperature start points were used to distill the drop-in diesel equivalent cut: 160.0 °C and 175.0 

°C, respectively. This was done to investigate the effect of vapor temperature start point on the 

drop-in diesel equivalent cut properties and yield. These would be discussed below. The properties 

of commercial diesel (locally purchased in August 2020 at a gas station in Edmonton), the feed, 

and the hydrocarbon fraction were also analyzed to determine the effect of fractionation on drop-

in diesel equivalent cut properties. These were compared against the Canadian General Standards 

Board’s specification for diesel fuel: CAN/CGSB – 3.517-2020. 

Table 4.4: Fuel properties of the drop-in diesel equivalent cuts obtained from the distillation of the 

hydrocarbon fraction. 

Properties ASTM Standard 

requirement 

(CAN/CGSB-

3.517-2020) 

Feed Hydrocarbon 

fraction 
drop-in 

diesel 

equivalent 
(CP:160°C) 

drop-in 

diesel 

equivalent 
(CP:175°C) 

Commercial 

diesel 

Density 

(g/ml) 

D5002 Not specified 0.79 0.77 0.81 0.82 0.85  

Acid 

number 

(mg 

KOH/g) 

D974 0.10 (Max) 90.0 ± 3.80 0.02 ± 0.02 0.05 ± 0.02 0.06 ± 0.02 0.03 ± 0.02 

  

Flashpoint 

(°C) 

D7236 40 °C (Min) - < 25 72 81 64  

Distillation 

(90% R, 

°C) 

D7345 290.0 – 360.0 

°C (Max) 

268.9 274.3 286.3 287.4 301.0 

  

cloud point 

(°C) 

D2500 Not specified -24 -24 -13 -11 -22  

Pour point 

(°C) 

D93 Not specified <-24 <-24 -15 -15 <-24 

cetane 

index 

D4737 40.0 (min) 47.6 55.6 56.5 54.6 43.4 

Kinematic 

Viscosity 

(mm2/s) 

D445 1.3 – 3.6 1.2 1.1 2.0 2.2 2.4 
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4.4.1. Acid number 

The acid number is a vital fuel property that plays a role in the fuel's corrosiveness and cold flow 

properties (Xu et al., 2010). As such, it has very low tolerable limits in fuels (Table 4.4). The fatty 

acids present in the feed were removed using base extraction. This method successfully removed 

the acids in the sample. However, the hydrocarbon fraction used for the distillation of the 

renewable fuels was obtained as the product of the first acid extraction step. This sample had a 

very small amount of acids present (0.7 %wt), so the fuels obtained from the hydrocarbon fraction 

had a very low acid number (0.05 and 0.06 mg/KOH). The acid values for the drop-in diesel 

equivalent cuts were within the CGSB fuels’ specification (maximum of 0.1 mg/KOH). Different 

methods have been studied for the reduction of the acid content of traditional pyrolytic liquids. 

The use of catalysts during pyrolytic reactions to increase deoxygenation, which would reduce the 

acid content of the obtainable renewable fuel is widespread in the literature (da Mota et al., 2014; 

Liu et al., 2017; Nam et al., 2017; Santillan-Jimenez et al., 2013). Esterification has also been 

attempted to reduce the acid content of renewable fuels obtained from the pyrolytic liquid. In a 

study of the catalytic cracking of soyabean oil using potassium carbonate, the acid number of the 

distilled diesel fraction was reported to be 36.9 mgKOH/g. This was reduced to 3.2 mgKOH/g 

upon esterification with methanol (Xu et al., 2010). The diesel fraction obtained from the catalytic 

pyrolysis of acidic waste oil using CaO was reported to have an acid number of 1.95 mgKOH/g; 

this value was reduced to 0.1 mgKOH/g by washing with 0.375 mol/L NaOH (Long et al., 2019). 

This further demonstrates the capability of base extraction in reducing the acid number of lipid 

pyrolytic liquid to meet standard requirements.   
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4.4.2. Other fuel properties 

Table 4.4 shows that the values for the flashpoint, cetane number, viscosity, distillation range, and 

density of the drop-in diesel equivalent cut were comparable to the commercial diesel analyzed 

and were within the CGSB standard specification. Generally, the renewable fuels' values were 

mostly higher than those of the feed and hydrocarbon fraction. This is due to removing the acids 

and lighter boiling compounds from the fuel samples during the distillation process. These 

compounds are responsible for the low viscosities and boiling points observed in the initial sample. 

As a result of the change in the sample's chemical composition, these properties are altered (Lima 

et al., 2004; Santos et al., 2010). The removal of the volatile compounds from the fuel sample has 

an opposite effect on the fuels' cold flow properties, as indicated by the cloud point and the pour 

point. These properties' values were lower in the renewable fuels (pour point: -15 °C) compared to 

the feed and the hydrocarbon fraction (-24 °C).   

Different authors have reported fuel properties values comparable to those in Table 4.4. In one 

study, the flashpoint and viscosity properties of the distilled bio-diesel fraction of the pyrolytic 

liquid from animal fat were 71 °C and 1.99 mm2/s, respectively (Weber et al., 2012). Another 

study reported the densities of the diesel fraction gotten from the pyrolysis of soyabean oil, palm 

oil, and castor oil, which were reported as 0.84, 0.82, and 0.88 g/ml, respectively (Lima et al., 

2004). The diesel fraction obtained from beef tallow pyrolytic oil distillation was stated to have a 

density of 0.82 g/ml and a cetane index of 63.03 (Santos et al., 2010).   

Generally, the acid-base extraction and distillation methods improved the renewable fuels' 

properties obtained from the hydrocarbon fraction of the feed. They can be used as a strategy for 

upgrading the renewable fuel properties to meet the required standards. 
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4.5. Fractionation of fatty acids fractions 

The fatty acid mixture recovered from the acid-base extraction of the feed was distilled to obtain 

individual acid compound cuts. This was carried out by vacuum distillation at 133.3 Pa using a 

B/R spinning band distillation unit with a Teflon band of length of 90 cm spinning at 5000 rpm, 

and the distillate was collected reflux ratio of 60:1 between the vapor temperature range of 26.5 – 

121.0 °C. Boiling was observed as soon as the vacuum (133.3 Pa) was applied to the system 

(atmospheric equivalent of pot temperature at ambient condition was about 175 °C), and some 

liquid was seen in the ice trap (filled with dry ice). The liquid in the ice trap was analyzed to 

determine its composition and was found to consist of n-alkanes between C8 and C13, 2-methyl 

phenol, and some amounts of fatty acid compounds (between C3:0 and C8:0). Fatty acids of carbon 

numbers between C5:0 to C11:0 were the most abundant in the mixture (Figure 4.2); as such, they 

were the target compounds for recovery. It was also observed that the fatty acid compounds boiled 

off at a higher atmospheric equivalent temperature than those in the literature (Anneken et al., 

2006), as seen from the vapor temperature range for the acid cuts given in Table 3.5. Bouts of 

explosive boiling/bumping, as described in another work (Murray, 1955)  was noticed throughout 

the distillation run. C11:0 fraction was not collected because the distillation runs were done up to 

a maximum pot temperature of 225 °C under a vacuum of 133.3 Pa. This limit was set to prevent 

the decomposition of the fatty acids, which has been reported to start from 200 °C (Potts & White, 

1953). 

A total of thirteen fractions were collected between the set vapor temperature range used for the 

distillation. The first fraction (F1) contained compounds in the fatty acid mixture that distilled 

before C5:0 fatty acid. The next six fractions (F2 – F7) contained the target fatty acid compounds 

(C5:0 - C10:0), as shown in Table 3.5. Five offcut fractions were collected when the vapor 
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temperature dropped between corresponding fatty acids fractions (an offcut is illustrated in Figure 

4.10). The last fraction was (F8) was collected when boil-up was observed towards the end of the 

distillation run.  It was also observed that the coolant temperature influenced the cut collection 

during the distillation run. Lower coolant temperatures caused freezing of the fatty acid around the 

instrument's drip tip, disrupting the compound collection. In contrast, higher coolant temperatures 

could not condense the distillate vapor, causing it to escape to the ice trap where it was collected. 

To address this, a temperature program was created for the coolant, which was varied between -2 

to 15 °C depending on the fraction (fatty acid) being collected. Lower coolant temperatures were 

used when shorter chain length fatty acids were distilled, and the coolant temperature was 

gradually increased as the chain length of the fatty acid increased. 

Figure 4.10: Pot and vapor temperature profiles of the fatty acid distillation done under a vacuum 

of 133.3 Pa. 
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4.5.1. Percentage purity of the fatty acid fractions 

The percentage purity of the fatty acid cuts obtained is shown in Figure 4.11. The fractionated 

acids' purity was above 60 % for all the fatty acid cuts, with the highest purity obtained for C8:0 

at 96 %. In a different study, Cuphea oil was fractionated to obtain C8:0 and C10:0 fractions using 

a falling film molecular distillation. The maximum percentage purity reported was 98.9 % (Cermak 

et al., 2007). Traditionally, coconut oil and palm kernel oil are the primary sources of short and 

medium-chain fatty acids. These can be fractionated to obtain very high purity cuts (about 99 %) 

for specific functions (Gervajio et al., 2005).  

It is worthy of mention that the fatty acid mixture fractionated in this study contains both odd and 

even-numbered fatty acids, increasing the complexity of the separation process. Also, from the 

fatty acid mixture's characterization and as highlighted in Section 4.2 (Figure 4.1), some other 

compounds produced during the pyrolysis reaction were present in the mixture as impurities, 

notably n-alkanes. This negatively impacted the purity of the fatty acid cuts, given the overlapping 

volatilities of n-alkane compounds and the fatty acid compounds, making their separation by 

distillation difficult. The major contaminants were the unsaturated fatty acid of the respective 

carbon number and higher n-alkanes (Table 4.5). To obtain a higher purity of the fatty acid cuts, it 

would be beneficial to have an effective means to completely remove the non-acidic (n-alkane) 

compounds in the fatty acid mixture.  
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To the author’s knowledge, this is the first work reporting the fractionation of a fatty acid mixture 

obtained as an extractant from pyrolysis of fatty acids (or triglycerides) into individual compound 

cuts as co-product streams. Given that fatty acids are unwanted in the renewable fuel product 

obtained from lipid pyrolysis, the extraction and valorization process of the fatty acids 

demonstrated in this work presents a significant opportunity to upgrade the renewable fuel and 

improve the feasibility of different lipid pyrolysis technology as the mid-chain fatty acids have 

high commercial value and broad applicability.   

Figure 4.11: Percentage purity of the fatty acid fractions obtained from the vacuum distillation of 

the fatty acid mixture at 133.3 Pa. 
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Table 4.5: Major compounds present in the acid fractions obtained from the vacuum distillation of 

the fatty acid mixture at 133.3 Pa.  

Fraction Compound Percentage (%) 

C5:0 (F2) Pentanoic acid 61.95 ± 8.38 

 Phenol, 2-methyl- 5.09 ± 0.21 

 Dodecane 2.54 ± 0.65 

 Tridecane 2.33 ± 0.72 

 4-Pentenoic acid 1.69 ± 0.26 

 Unidentified 1 1.13 ± 0.04 

 Total trace compounds 16.39 ± 3.73 

   

C6:0 (F3) Hexanoic acid 73.02 ± 3.32 

 5-Hexenoic acid 3.72 ± 0.47 

 Tetradecane 1.66 ± 0.42 

 Pentanoic acid 1.32 ± 1.4 

 4-Hexenoic acid 0.83 ± 0.26 

 Total trace compounds 11.86 ± 2.71 

   

C7:0 (F4) Heptanoic acid 79.77 ± 7.59 

 Pentadecane 2.58 ± 0.45 

 Unidentified 2 2.17 ± 0.29 

 Octanoic acid 1.4 ± 0.42 

 5-Heptenoic acid 1.34 ± 0.18 

 Total trace compounds 12.4 ± 1.75 

   

C8:0 (F5) Octanoic acid 96.64 ± 3.26 

 unidentified 3 5.07 ± 0.29 

 Heptanoic acid 1.62 ± 0.75 

 Benzoic acid 0.93 ± 0.07 

 Total trace compounds 10.06 ± 1.49 

   

C9:0 (F6) Nonanoic acid 81.27 ± 12.75 

 Octanoic acid 11.89 ± 16.15 

 unidentified 4 3.65 ± 0.52 

 Heptadecane 1.53 ± 0.67 

 7-Nonenoic acid 1.11 ± 0.33 

 Decanoic acid 0.83 ± 0.98 

 Total trace compounds 10.13 ± 2.36 

   

C10:0 (F7) Decanoic acid 78.65 ± 5.61 

 unidentified 5 4.9 ± 0.34 

 Heptadecane 4.18 ± 0.69 

 Nonanoic acid 3.6 ± 1.63 

 unidentified 6 1.29 ± 0.11 

 unidentified 7 1.07 ± 0.17 

 Total trace compounds 10.22 ± 0.77 



74 

 

4.5.2. Percentage recovery of the fatty acid fraction 

The percentage recovery of the fatty fractions is shown in Figure 4.12. Offcuts were collected 

between consecutive fatty acid fractions as indicated to increase the purity of the fatty acids 

obtained. For all the fatty acids separated, recovery was split between the fatty acid fraction and 

the offcuts before and after it. Most of the fatty acids were recovered in the appropriate fraction. 

The percentage recovery for all fatty acids except C10:0 in their respective fractions was between 

60 – 85 %wt, with the highest recovery observed for the C7:0 and C9:0 fatty acids. The recovery 

of C10:0 fatty acid in its fraction was the lowest at about 30 %wt. The C10:0 fatty acid froze at 

the distillation instrument's drip tip due to a low condenser temperature during the distillation runs. 

Also, no offcut fraction was collected for the C10:0 fatty acid due to the same reason. As a result, 

a portion of the C10:0 acid was collected as an additional fraction (F8) at a higher vapor 

temperature range when the condenser was warm enough for the acid to flow.  

Figure 4.12: Percentage recovery of fatty acid compounds in the fractions collected during the 

vacuum distillation of the fatty acid mixture at 133.3 Pa. 
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5. CONCLUSIONS 

Lipid pyrolytic liquids obtained using either triglyceride or fatty acid feedstock can be a renewable 

source of fuels and chemicals obtained from petroleum. Like petroleum, it is a complex mixture. 

To maximize its use, it must be fractionated into different streams that can be further processed to 

finished products with large commercial applications, thereby establishing the lipid pyrolytic 

process as a biorefinery. This study explored two fractionation processes to create multiple product 

streams from the liquid hydrocarbon feed of a fatty acid pyrolysis process. 

The first fractionation process was acid-base extraction, using NaOH to remove the fatty acid 

compounds in the feed through a three-stage extraction process and HCl to recover the extracted 

fatty acids, creating a hydrocarbon and fatty acid stream from the feed. The acid-base extraction 

successfully removed the acids present in the feed. The next fractionation process employed was 

distillation.  

Atmospheric distillation was used to obtain renewable solvents (n-pentane and n-hexane), and fuel 

cuts from the hydrocarbon fraction and naphtha cut obtained the hydrocarbon fraction. Reflux 

ratios between 90:1 to 240:1 were used. This study showed that neither feedstock nor reflux ratio 

influenced the percentage purity and recovery of the solvents under the conditions tested in this 

study. n-Pentane solvent was obtained with a 75 – 85 % purity, and recovery was between 33 – 43 

%wt. n-Hexane solvent was also fractionated with a purity of 70 – 75 % and recovery of 21 – 36 

%wt.  This is the first study to report the recovery of n-pentane and n-hexane solvents from any 

lipid pyrolysis process, creating another product stream with wide applications. The fuel cuts 

(drop-in diesel equivalent) obtained from the hydrocarbon fraction were also analyzed to 

determine their conformity to Canadian fuels specification. Two vapor temperature start points 
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(160 °C and 175 °C) were tested. As expected, the acid number of the drop-in diesel equivalent cut 

was below the maximum limit specified. Other fuel properties such as the kinematic viscosity, 

density, flashpoint, distillation range, and cetane index were within specifications. However, the 

cold flow properties (cloud point and pour point) of the drop-in diesel equivalent cuts did not meet 

the Canadian fuel specifications.  

For the fatty acid fraction, vacuum distillation at 133.3 Pa was used to separate the mixture into 

individual compound cuts. C5:0 to C10:0 fatty acid cuts were obtained during the distillation 

experiment. The percentage purity for all the fatty acid fractions was above 60 %, with C8:0 having 

the highest purity of 96 %. Percentage recovery was also above 60 %wt for all except C10:0 

fractions with percentage recovery of 30 %wt. Like the renewable solvents’ recovery, this work is 

the first to report the fractionation of a fatty acid mixture extracted from any lipid pyrolysis 

process.  

The commercial value and applications of the and mid-chain fatty acids make this recovery process 

an attractive addition to the traditional lipid pyrolysis process for renewable fuel production, 

highlighting the valorization of unwanted fatty acids in the lipid pyrolytic liquid. It is also a 

promising alternative to conventional means of producing fatty acids as both odd and even-

numbered fatty acid compounds can be obtained from the liquid pyrolytic liquid compared to 

natural oils like coconut oil and palm that only contain even numbered fatty acid compounds.  

To sum it up, the findings of this work have proven the biorefinery concept and established the 

viability of fractionating a liquid hydrocarbon stream obtained from the pyrolysis of fatty acids 

into several product streams. This is of significant economic benefits for other lipid pyrolytic 
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processes as renewable solvents are highly sought-after industrial products and fatty acids are high-

value commodities worth more than fuels on a mass basis. It has also demonstrated the ability to 

maximize the lipid biomass, especially in the current carbon-constrained world.  

5.1. Recommendations 

This work has set the stage for subsequent studies to explore the recovery of renewable solvents 

and fatty acid cuts from traditional lipid pyrolytic liquid obtained from fatty acid or triglyceride 

feedstock. Some recommendations for future work would be to: 

1. Explore adsorption using zeolites or metal organic frameworks to separate the alkene 

compounds and increase the purity of the solvent cuts. 

2. Study the effect of lower reflux ratios on the percentage purity of the renewable solvent 

cuts. 

3. Investigate esterification and solid-phase extraction to increase the purity of the fatty acid 

cuts.  

4. Study the effect of reflux ratio and heating rate on the purity of fatty acid cuts. 

5.  Evaluate the performance of the solvents and fatty acid cuts in industrial use.  
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