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ABSTRACT 

      Camelina sativa has recently attracted great interest as an energy crop for biodiesel 

production in North America. To assess the feasibility of biodiesel production from 

camelina grown in Nova Scotia, fuel properties of camelina biodiesel, alkali-catalyzed 

transesterification process, crude camelina biodiesel purification and improvement on the 

oxidative stability of camelina biodiesel were investigated in the present study. A high 

biodiesel yield (about 96 wt. %) was achieved at optimal reaction conditions. The crude 

camelina biodiesel can be purified using fiber-based biosorbents, such as wood sawdust 

and shavings. Most of the fuel properties were in agreement with the standards specified 

in the ASTM D6751 and EN 14214. The inherently poor oxidative stability of camelina 

biodiesel can be improved to a satisfactory level by adding 1500 ppm of antioxidant, 

TBHQ. The research presented herein has demonstrated a high feasibility of biodiesel 

production from Camelina sativa oil.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

      Over recent decades, the growth of the world’s population and industrialization have 

led to a dramatically increasing consumption of petrol fuels, which has resulted in a 

significant decline of petroleum reserve. Meanwhile, extensive usage of fossil fuels has 

also caused air pollution and growing concerns over global warming due to the emissions 

of greenhouse gasses. From a socioeconomic point of view, the political environment in 

the greatest oil exporting regions is also unstable. These combined factors are driving 

researchers and industrial practitioners to develop renewable and sustainable fuel 

alternatives (Banković-Ilić et al., 2012). Biofuels have recently attracted great interest as 

one of the promising substitutes for petrol fuels. It has been estimated that biofuels will 

make up 80% of the overall liquid fuels growth in the United States during 2010-2035 

(International Energy Statistics - EIA). 

      Biodiesel is one such biofuel that is comparable to conventional petrodiesel and is 

compatible with various applications, such as trucks and automobiles, farm vehicles, 

stationary power and heat generation. It is renewable, environmentally friendly, 

biodegradable, and can be directly used in compression diesel engines without significant 

modifications (Graboski and McCormick, 1998; Leung et al., 2010).  Biodiesel is typically 

defined as a mixture of fatty acid alkyl esters obtained by employing the alcoholysis of 

triglycerides (TAGs) from vegetable oils, animal fats and even waste cooking oils in the 

presence of a catalyst, and this process is named transesterification. Fig. 1.1 shows the 

reaction pathways of transesterification that actually is a sequence of three consecutive and 

reversible reactions (Veljković et al., 2012); Di- and Monotriglycerides (DAG and MAG, 

respectively) are formed as intermediates during transesterification process.  

      Currently, more than 95% of biodiesel worldwide is derived from edible vegetable oils 

such as soybean and canola oils (Gui et al., 2008) and this competes with the food and 

feeds supply industry, raising a heated debate on 'fuel vs food'. On the other hand, the cost 

of feedstocks accounts for 75-85% of total biodiesel production cost; thus, the price of 

biodiesel is generally higher than that of petrodiesel (Serra and Zilberman, 2013). This has 

been the major barrier to its commercialization on a large scale. Therefore, it is important 
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to develop non-edible and/or low-cost oil crops that meet certain requirements, including 

low agriculture inputs, high oil yield, and favorable fatty acid compositions, to increase the 

overall viability of biodiesel production.  

 

Fig. 1.1 The overall stoichiometric equation of transesterification in the presence of alcohol 

and catalyst.  

      Recent research has recognized camelina (Camelina sativa L. Crantz,), belonging to 

the Brassicaceae family and known as false flax or gold-of-pleasure, as a promising and 

sustainable oilseed crop for biodiesel production in North America (Krohn and Fripp, 2012; 

Urbaniak et al., 2008). Camelina seeds have a fairly high oil content (35-43% on a dry 

matter basis) (Gugel and Falk, 2006; Jiang et al., 2014). More importantly, it requires low 

cultivation inputs, has a short growing season, and is tolerant to drought, cool weather and 

insect pests (Iskandarov et al., 2014; Kirkhus et al., 2013). However, very limited research 

on the evaluation of the feasibility of camelina biodiesel production has been conducted 

even though the viability of Camelina sativa as an oil crop has been highly recognized. 

 



3 

 

 1.2 Research Objectives 

      This project aims to evaluate the feasibility of biodiesel production from Camelina 

sativa oil through different aspects, including the property characterization of the parent 

oil and the resulting biodiesel, the optimization of production process, the purification of 

crude camelina biodiesel and the improvement of camelina biodiesel’s oxidation stability.  

Specific objectives are as follows:  

(1) To characterize the fatty acid profile of camelina oil and evaluate the fuel properties of 

camelina biodiesel against ASTM D6751 standard. 

(2) To obtain the optimal transesterification reaction conditions for camelina biodiesel 

production.  

(3) To investigate the effectiveness of fiber-based bio-absorbents (commercial BD Zorb, 

wood shavings and sawdust) on crude camelina biodiesel purification.  

(4) To identify the most effective antioxidants and their suitable loading concentrations to 

improve camelina biodiesel’s oxidation stability.   

 

1.3 Thesis Organization 

      Chapter 2 presents a literature review on the production, purification and 

characterization of biodiesel as well as its oxidation stability. Chapter 3 provides an 

evaluation of biodiesel production from Camelina sativa grown in Nova Scotia, which 

mainly focuses on the fuel properties characterization of camelina biodiesel. Chapter 4 

presents an optimization study on alkali-catalyzed camelina biodiesel production process 

by using a response surface methodology. An investigation on the purification efficiency 

of dry wash media in purifying crude camelina biodiesel was included in Chapter 5. 

Chapter 6 demonstrates the effects of synthetic antioxidants on the oxidative stability of 

camelina biodiesel. Chapter 7 provides the overall conclusions of this research and the 

recommendations for the future work.  
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CHAPTER 2: LITERATURE REVIEW 

2.1 Camelina Oil Fatty Acid Profile  

      Camelina (Camelina sativa L. Crantz), a member of the Brassicaceae family, is an 

ancient crop originating from Northern Europe and Asia in 500 B.C., and relatively new to 

North America (Zubr, 1997). Camelina seeds contain about 35-43% of oil on a dry matter 

basis (Gugel and Falk, 2006). Camelina oil derived from camelina seeds naturally contains 

a high percentage of unsaturated fatty acids which is about 90 wt. %, specifically  linolenic 

acid (C18:3; 32.6–38.2 wt.%), linoleic acid (C18:2;16.9–19.6 wt.%), oleic acid (C18:1; 

14.5–19.7 wt.%) and gadoleic acid (C20:1; 12.4–16.2 wt.%) (Ciubota-Rosie et al., 2013a; 

Moser and Vaughn, 2010; Vollmann et al., 2007).  

 

2.2 Fuel Properties of Camelina Biodiesel 

      The physical properties and chemical composition of biodiesel need to be 

comprehensively characterized as they would have a great impact on engine performances 

and pollutant formation, such as engine combustion process and greenhouse gas emissions 

(Szybist et al., 2007). A rigorous set of fuel specifications, including the ASTM D6751 in 

the North America and the EN 14214 in the European Union, were developed to identify 

the parameters that pure biodiesel (B100) must meet before being used as a pure fuel or 

being blended with petrodiesel.   

      The flash point is the lowest temperature at which biodiesel will form a flammable 

mixture with air. Flash point is an important parameter for assessing the overall 

flammability hazard of biodiesel during storage and shipping. Methanol content is critical 

for flash point because methanol is more flammable than biodiesel. High methanol content 

in biodiesel leads to a low flash point. Cloud point refers to the lowest temperature at which 

biodiesel starts having observable clusters of hydrocarbon crystals or starts becoming 

cloudy. Cloud point is a representative parameter of biodiesel flowability at low 

temperatures. Cetane number is a measure of biodiesel ignition performance inside engine 

by comparing with a reference fuel (pure C16:0). Cetane number represents how quickly 

the biodiesel starts to burn during the combustion of biodiesel. Acid number is a parameter 
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which indicates the acidity level of biodiesel and is important as a high acid number may 

cause damage to rubber lines and other engine elements. 

      The biodiesel derived from camelina must meet these specifications before being used 

in diesel engines. However, very limited research has been conducted to characterize 

camelina biodiesel properties comprehensively. Ciubota-Rosie et al., (2013) reported that 

camelina biodiesel exhibited poor oxidative stability (1.3 hours) and low cetane number 

(42.8) and that both did not comply with ASTM D6751; however, other properties of 

camelina biodiesel were in good agreement with ASTM D6751, such as low-temperature 

operability (cloud point and cold soak filtration test), viscosity, distillation properties and 

little carbon residue and sulfur content, etc. However, Moser and Vaughn, (2010) 

demonstrated that cetane number (52.8) of camelina biodiesel met ASTM D6751 minimum 

specification (47), but its oxidative stability was not satisfactory.    

 

2.3 Optimization of Transesterification Reaction Conditions 

      Vegetable oils are naturally occurring triglycerides (TAGs) that can be used to produce 

biodiesel via alcoholysis in the presence of a catalyst through a process called 

transesterification. Methanol is the most widely used alcohol for biodiesel production. The 

main by-product of this chemical reaction is glycerol. The transesterification of parent oil 

generates fatty acid methyl esters (FAME) that theoretically possess the fatty acid profile 

of the parent oil. Hence, biodiesel derived from camelina oil is a mixture of 10-12%, 37-

40%, and 48-50% saturated, monounsaturated and polyunsaturated methyl esters 

respectively based on the fatty acid profile of camelina oil (Soriano Jr and Narani, 2011). 

There are two ways to express the yield of biodiesel obtained from the transesterification 

process: product yield and FAME yield. Product yield [Eq. (1)] indicates the amount of 

biodiesel would be produced from raw oil. FAME yield [Eq. (2)] is determined by the 

amount of FAME in the resulting biodiesel with respect to feedstock oil, which is an 

indicator of the quality of biodiesel.  

Product yield = 
mass of biodiesel

mass of oil
 × 100 %                                                                          (1) 

FAME yield = 
mass of FAME

mass of biodiesel
 × 100 %                                                                            (2) 
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      In the transesterification process, the quantity and quality of the resulting biodiesel are 

also influenced by some reaction variables, including the reaction temperature, reaction 

time, molar ratio of methanol/oil, and catalyst concentration. These processing parameters 

need to be optimized to maximize the yield and quality. The application of a catalyst during 

transesterification plays a significant role in reaction efficiency. Many researchers have 

employed different kinds of catalysts to enhance transesterification, such as acid, base and 

enzyme. Base catalysts have been recognized to be the most suitable catalysts in an 

industrial-scale biodiesel production due to their low cost, low reaction temperature and 

relatively short reaction time required compared to acid and enzyme catalysts (Atadashi et 

al., 2013).  For the base catalyst, potassium hydroxide (KOH) and sodium hydroxide 

(NaOH) are most typically used for biodiesel production. The addition of excess methanol 

can also enhance the transesterification process to achieve a high FAME yield (Rashid and 

Anwar, 2008). Reaction temperature and time are also critical to biodiesel production but 

vary with different feedstocks and the amount of oil applied. The maximum product yield 

and FAME yield would be obtained via an optimization study of transesterification reaction 

conditions. For instance, Wu and Leung, (2011) has shown that the maximum camelina 

biodiesel product yield (95.8%) and FAME yield (98.4%) were achieved under the optimal 

reaction conditions, namely  8:1 methanol to oil molar ratio, 1 wt.% catalyst (potassium 

hydroxide, KOH) concentration, 70 minutes reaction time and 50 ºC reaction temperature). 

Although there have been a few studies related to camelina biodiesel production, the 

optimization of transesterification reaction conditions has not been thoroughly 

investigated.  

 

2.4 Camelina Biodiesel Purification  

      A downstream purification process after conversion of parent oils to the crude biodiesel 

is required to ensure the biodiesel quality meeting the ASTM specifications. The crude 

camelina biodiesel produced from transesterification contains a number of impurities, such 

as alcohol, catalyst, water, glycerol, unreacted mono-, di- and triglycerides, free fatty acids 

and soap (Atadashi et al., 2011; Stojković et al., 2014). Glycerol is the by product and 

majority of it can be removed from biodiesel by phase separation because of the density 

and polarity difference between them, but trace amounts of glycerol could remain in 
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biodiesel after separation. ASTM D6751 specifies total glycerol in biodiesel should be 

lower than 0.24 wt. %. Exceeding this limit will cause undesirable deposits which may clog 

fuel lines and pumps. Naturally occurring free fatty acids (FFA) in vegetable oil can react 

with catalyst like KOH or NaOH to form soap, and this is called saponification which 

happens in parallel with transesterification. Similar to glycerol, a high soap content can 

result in engine wear problems and negatively affect the engine’s lifespan (Atadashi et al., 

2011; Stojković et al., 2014). Although there is no explicit specification of soap content in 

the ASTM D6751, the generally acceptable soap limit should be lower than 66 ppm in the 

case that KOH is used as a catalyst in the biodiesel production process. Ash could be 

generated while burning potassium or sodium enriched biodiesel in diesel engine cylinder. 

FFA percentage in biodiesel is closely related to its acid number (AN; ≤0.5 mg KOH/g), 

and a high level of FFA can cause corrosion of the diesel engine components. The presence 

of excessive water content (WC; ≤500 ppm at ASTM D6751) in biodiesel might reduce 

the heat efficiency of fuel combustion, enhance the hydrolysis of FAME and even form ice 

crystals resulting in gelling of fuels while at low-temperature conditions (Atadashi, 2015; 

Stojković et al., 2014). Therefore, proper purification processes are essential to decrease or 

minimize glycerol, methanol and soap contents in the crude biodiesel to fully meet the 

biodiesel specifications.   

      In general, there are two ways to purify crude biodiesel: water washing and dry 

washing. Water washing is the traditional way used to remove water-soluble impurities in 

crude biodiesel. Although water washing enables crude biodiesel to be purified efficiently, 

this wet washing purification process generates an enormous amount of wastewater and 

aqueous effluent that have a detrimental impact on the environment. Therefore, many 

efforts have been made to develop an alternative purification process, dry washing.  Ion 

exchange resin is one type of dry wash media that has been intensively investigated for 

biodiesel purification. Wall et al., (2011) studied the performance of commercially 

available resins on soap and glycerol removal and have stated that four mechanisms in the 

dry wash purification via resin were involved, including physical filtration, adsorption, ion 

exchange and glycerol/soap interaction. Filtration is a physical action that can filter out 

insoluble impurities from the crude biodiesel and adsorption can remove soluble impurities 

via chemical action due to the polar pores and surface of adsorbent particles. Ion exchange 
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involves the chemical breakdown of the impurities, such as the sodium or potassium ions 

in soap, which can be replaced by hydrogen ion from resin and form FFA. Glycerol/soap 

interaction is based on the high affinity between them.  

      Recently, some fiber-based dry wash media from biomass waste streams, such as spent 

tea waste (Fadhil et al., 2012), rice husk ash (Manique et al., 2012) and eucalyptus pulp 

(Squissato et al., 2015), have demonstrated satisfactory efficiency for the removal of crude 

biodiesel impurities. BD Zorb, one of the commonly used fiber-based absorbents, consists 

of premium hardwood shavings that are specially dried and chemically treated. However, 

very limited research has been conducted to investigate the effectiveness of BD Zorb or 

other wood materials on the removal of impurities from crude biodiesel. 

  

2.5 Improvement of Camelina Biodiesel Oxidative Stability 

2.5.1 Factors That Affect Oxidative Stability 
 

      The poor oxidative stability of camelina biodiesel has been illustrated by a few studies, 

and different factors could influence the biodiesel oxidative stability. The degree of 

unsaturation of raw oil fatty acid composition is the most significant factor for biodiesel 

oxidative stability (Zuleta et al., 2012). Other factors that may impact biodiesel oxidative 

stability during storage time include ambient air, light, elevated temperature, a trace 

amount of catalytic metals, storage container materials (external contaminants) and 

peroxides (Knothe, 2007). Air exposure is the major factor that results in biodiesel 

autoxidation during the storage time; reducing the contact area between air and biodiesel 

can minimize biodiesel autoxidation (Knothe, 2006).   

 

2.5.2 Oxidative Stability Monitoring  
 

      Autoxidation is characterized by oxidative stability index (OSI) or induction period 

(IP). The OSI or IP of biodiesel can be measured by Rancimat method, which is the 

standard testing method in EN 14112. OSI is the period of time between passing air through 

samples to the appearance of secondary oxidation products (volatile organic acids). So a 

higher OSI represents a better oxidative stability. Adding antioxidants to lipid or biofuels 

can delay the oxidation initiation, therefore, increasing the induction period until the 

antioxidant is exhausted (Bondioli et al., 1995; Dunn, 2008).  
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      In addition to OSI, peroxide value (PV) is also commonly used to evaluate the amount 

of primary oxidation products (such as hydroperoxides) in the edible vegetable oil industry 

by titration. Although PV provides information concerning the extent of oil oxidation, it 

might not be suitable for monitoring oil or biodiesel storage stability over a long period of 

time. This is because PV tends to increase at the early stage of oxidation and then decreases 

as hydroperoxides decompose to form secondary oxidation products (Dunn, 2002).  

 

2.5.3 Adding Antioxidants to Improve Oxidative Stability 
 

      Typically, biodiesel produced from vegetable oils needs to be treated with a suitable 

amount of antioxidants to meet the oxidative stability requirement in biodiesel standards, 

EN14214 or ASTM D6751, that of 8 hours and 3 hours respectively. This is due to the 

inherent nature of vegetable oil, containing a relatively high percentage of unsaturated fatty 

acids. Antioxidants that occur naturally in vegetable oils, such as vitamin E (tocopherols 

and tocotrienols), are called natural antioxidants. The natural antioxidants level in biodiesel 

can be influenced by the refining process of vegetable oil before the transesterification 

process (Fernández et al., 2010). There are also different kinds of synthetic antioxidants, 

such as butylated hydroxytoluene (BHT), butylated hydroxyanisol (BHA), tert-

butylhydrooquinone (TBHQ) and propyl gallate (PrG). Those synthetic antioxidants can 

be deliberately added into biodiesel to improve biodiesel oxidative stability. However, the 

effectiveness of those antioxidants varies. On the other hand, the loading concentration of 

antioxidants also plays an important role in their effectiveness. Research from Dunn, 

(2005) showed that PrG, BHT and BHA were the most effective antioxidants for soybean 

methyl ester, and α-Tocopherol was the least effective one. This study suggested that up to 

3000 ppm loading concentration of BHA could effectively minimize auto-oxidation during 

long-term storage. 50 ppm BHT and 50 ppm TBHQ were added into the same amount 

distilled palm oil methyl ester, the oxidative stability index (OSI) for BHT and TBHQ were 

6.42 hours and 8.85 hours respectively (Liang et al., 2006). Therefore, the type of 

antioxidant and the loading concentration of antioxidant are two important factors that can 

impact biodiesel oxidative stability.  
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CHAPTER 3: AN EVALUATION OF BIODIESEL PRODUCTION FROM 

CAMELINA SATIVA GROWN IN NOVA SCOTIA  

 

Copyright permission: 
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162-168. The copyright has been obtained from Elsevier and co-authors. 

 

Contribution statement: 

      I was responsible for raw materials collection, biodiesel preparation, experiment design 
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3.1 Abstract 

      Camelina sativa has recently attracted great interest as an energy crop for biodiesel 

production in North America. To assess the feasibility of biodiesel production from 

camelina, the cultivation conditions, camelina oil fatty acid profile, alkali-catalyzed 

transesterification process and fuel properties of camelina biodiesel were investigated. 

Unrefined camelina oil, containing 10%, 33.2% and 56.8% of saturated, monounsaturated 

and polyunsaturated fatty acids respectively, was used to synthesize biodiesel. The 

conversion rate of Camelina sativa oil to its methyl esters was 96% under optimal reaction 

conditions. Most fuel properties of the resulting camelina biodiesel were in good agreement 

with specifications of the American Society for Testing and Materials (ASTM D6751) and 

European standard (EN 14214), such as kinematic viscosity, acid number, flash point, 

sulfur content, total glycerol content. Its cetane number (49.7) was satisfactory according 

to ASTM D6751, but not for EN 14214. Camelina biodiesel exhibited poor oxidative 

stability (1.9 h) resulting from the high percentage of polyunsaturated fatty acid methyl 

esters. 
 

3.2 Introduction       

      In the context of biodiesel production, the availability of parent oils greatly depends on 

geographical regions. Large amounts of biodiesel are currently derived from rapeseed oil 

in European countries, soybean oil in the United State and canola oil in Canada  (Gui et al., 
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2008). It is therefore essential to identify plant species that are either suitable for local 

cultivation conditions or broadly adapted to increase their economic viability. On the other 

hand, in response to the “Fuel vs Food” issue caused by using edible crops for biofuels 

production, researchers and industrial practitioners are actively seeking and/or developing 

dedicated energy crops that are less competitive with traditional crops in terms of water, 

land and nutrient requirements. There are a few successful practices, for instance, biodiesel 

production from non-edible Jatropha curcas oil in South Asia (Meher et al., 2013; Mofijur 

et al., 2012), and baobab (Adansonia digitata) oil in South Africa (Modiba et al., 2014). 

However, these species cannot be readily grown in Canada due to poor climatic adaptation.  

      Recent research has recognized Camelina sativa, belonging to Brassicaceae family, as 

a promising and sustainable oilseed crop for biodiesel production in North America (Krohn 

and Fripp, 2012; Urbaniak et al., 2008). Camelina seed has a high oil content (35–43% on 

a dry matter basis) (Gugel and Falk, 2006; Jiang et al., 2014) and camelina oil naturally 

contains a high percentage of unsaturated fatty acid compositions (about 90%) (Moser and 

Vaughn, 2010; Vollmann et al., 2007). The fatty acid profile of camelina oil varies with 

different cultivation conditions such as genotype, location, environmental conditions and 

fertilizer inputs (Jiang et al., 2014; Zubr, 2003). Camelina has a short growing season, and 

is tolerant to drought, cool weather and insect pests (Iskandarov et al., 2014; Kirkhus et al., 

2013), thus it becomes a desirable and low-cost feedstock for biodiesel production. 

Moreover, Krohn and Fripp, (2012) stated that camelina biodiesel is more environmentally 

viable than traditional soybean and canola biodiesel due to its lower life cycle energy 

requirement and low greenhouse gas emissions when taking land use change into 

consideration.  

      As mentioned in Section 2.2, a rigorous set of fuel specifications (ASTM D6751 and 

the EN 14214) were developed to identify the parameters that pure biodiesel (B100) must 

meet before being used in diesel engines. Some of the specified values in the standards are 

closely related to the transesterification and purification processes, such as FAME content, 

total glycerol and free glycerol contents, methanol content and water content. 

Alternatively, the kinematic viscosity, cold flow properties, cetane number, distillation 

temperature and oxidative stability depend primarily on the fatty acid composition of the 

parent oil (Ciubota-Rosie et al., 2013). The chain length of fatty acid esters and the degree 



12 

 

of unsaturation reveal critical effects on the biodiesel properties (Knothe, 2005). Hence, it 

is important to determine the fatty acid profile of the parent oil proposed for biodiesel 

production in order to achieve satisfactory biodiesel properties that meet the specifications 

identified by the standards ASTM D6751 or EN 14214.  

      This chapter examines the feasibility of camelina grown in Nova Scotia for biodiesel 

production. The fatty acid profile of camelina oil was characterized and compared to that 

of camelina grown in other regions. Alkali-catalyzed transesterification was applied to 

convert camelina oil into biodiesel, and the effects of reaction parameters (temperature, 

reaction time, molar ratio of methanol to oil and catalyst concentration) on the biodiesel 

yield were assessed. The fuel properties of the resulting biodiesel were thoroughly 

evaluated according to the testing methods specified in the ASTM D6751 or EN 14214. 

 

3.3 Materials and Methods  

3.3.1 Materials  

      Camelina oil was cold pressed from C. sativa L. Crantz CDI007 seeds grown in 

Canning, Nova Scotia, Canada. Potassium hydroxide (>85%) in the form of pellets, 

analytical grade methanol (>99%), calcium chloride anhydrous and hexane (>99%) were 

purchased from Fisher Scientific Ltd., Canada. Sodium methoxide (25 wt. % solution in 

methanol) and the standard reference solution (GLC 96) was purchased from Sigma–

Aldrich, Canada and Nu-Chek Prep. Inc., USA respectively.  

 

3.3.2 Identification of Camelina sativa Oil Fatty Acid Profile 

      Camelina oil was methylated according to ISO 5509 standard (Animal and vegetable 

fats and oils — Preparation of methyl esters of fatty acids). The prepared sample was 

injected into an Agilent 7890A GC equipped with a Flame Ionization Detector (FID) at 

260 °C and an Agilent DB-23 column (50%- cyanopropyl-methylpolysiloxane; 30 m 

length × 0.25 mm internal diameter × 0.25 m thickness; high polarity). The carrier gas was 

helium, and the oven temperature was initially set at 190 °C then was increased to 250 °C 

at a heating of rate of 40 ◦C/min and was maintained at 250 °C for 3.5 min. The fatty acid 

methyl esters were identified by comparing their specific retention times to those of a 

standard reference solution (>99%) of GLC 96 (Nu-Chek Prep. Inc). The moisture and 
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volatiles, free fatty acid, insoluble impurities, unsaponifiable matter were determined 

according to AOCS Ca 2c-25, AOCS Ca 3a-46, AOCS Ca 6a-40 and AOCS Ca 5a-40 

respectively. The phosphorus content of camelina oil was determined in accordance with 

AOAC 984.27. 

 

3.3.3 Biodiesel Synthesis   
 

      Cold pressed camelina oil was used to produce camelina biodiesel at a laboratory scale 

via an alkaline-catalyzed transesterification process. A typical camelina biodiesel synthesis 

was as follows: 50 g of camelina oil was added to a 300-mL flask and placed in a water 

bath at a set temperature. A pre-calculated amount of methanol solution containing 

completely dissolved KOH was added to the camelina oil. The reaction was carried out 

with a constant 300 rpm agitation rate and stopped once the preset time was reached. The 

reaction mixture was transferred to a separatory funnel and allowed to stand for 30 min for 

phase separation, and then the glycerol layer under the crude biodiesel was drawn off. The 

crude biodiesel remaining in the separatory funnel was washed by a few batches of distilled 

water until the water layer became completely translucent. Camelina biodiesel (after the 

water washing) was dried by adding calcium chloride and then centrifuged to remove the 

water saturated calcium chloride, giving purified biodiesel for further analysis.  

 

3.3.4 Characterization of Biodiesel Properties  
 

      Two liters of the prepared camelina biodiesel were submitted to a certified lab, Alberta 

Innovates-Technology Futures (Edmonton, Alberta) for testing the fuel properties against 

the ASTM D6571 and EN14214, including the density at 15 °C (ASTM D4052), cloud 

point (ASTM D5773), cetane number (ASTM D613), cold soak filterability test (ASTM 

D7501), flash point (ASTM D93), carbon residue (ASTM D4530), total sulfur (ASTM 

D5453), particulate contaminant (ASTM D7321), free glycerol, total glycerol, 

monoglyceride, diglyceride and triglyceride (ASTM D6584), methanol content (EN 

14110), methyl ester content (EN 14103), metal I (Na + K), metal II (Ca + Mg), and 

phosphorus content (modified EN 14538). The kinematic viscosity at 40 °C (ASTM D445), 

water content (EN ISO 12937), acid number (EN 14104), oxidative stability (EN 14112) 
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were tested in the Department Engineering, Dalhousie Faculty of Agriculture, Nova Scotia, 

Canada. 

3.4 Results and Discussion  

 

3.4.1 Cultivation  
 

      Camelina was grown at two locations in Nova Scotia, Truro (lat. 45.36 ◦N, long. 63.28 

◦W) and Canning (lat. 45.16 ◦N, long. 64.43 ◦W). Camelina can be seeded as early as soil 

conditions permit and the recommended seeding rate ranged from 5 to 7 kg ha−1 (4.5–6.2 

lb ac−1) or 500–700 seeds m−2. The row spacing of 15 cm (6 inches) and seed depth of 0.5 

cm (1/4 inch) were recommended. Nitrogen application was recommended at 100–125 kg 

ha−1, and the splitting nitrogen application as ½ at seeding and ½ at early flowering was 

preferred to maximize the seed yield, approximately 1500 kg ha−1 in average. Camelina 

seed oil content and protein content ranged from 30 to 40% and 25–30%, respectively. The 

oil yield of camelina can be expected from 450 to 600 kg ha−1. It has been demonstrated 

that an increase in nitrogen application rate increased the seed yield, however, it also 

decreased the oil content in camelina seeds which was the desirable component for 

biodiesel production (Jiang et al., 2014). Two products for weed control have been 

registered. Quizalofop (Assure II; Yuma GL) herbicide was used for grassy weed control 

and glyphosate for pre-harvest weed control. Although not registered, Treflan and Bonanza 

have been applied safely as pre-plant incorporated herbicides on camelina for broadleaf 

and grassy weed control. The most common plant disease observed in Nova Scotia on 

camelina was downy mildew (Peronospora parasitica) (Séguin-Swartz et al., 2009). 

Sclerotinia (Sclerotinia sclerotiorum), which had not been observed previously, started to 

show in the field after two years. There is currently no registered fungicide for disease 

control on camelina.  

 

3.4.2 Characterization and Comparison of Camelina Oil Fatty Acid Profile  
 

      The camelina oil fatty acid profile identified by GC is depicted in Fig. 3.1. The fatty 

acid composition of camelina oil is listed and compared to the published values as shown 

in Table 3.1. The linolenic acid (C18:3, 33.5 wt. %), is the primary fatty acid, followed by 

14.4 wt.% of oleic acid (C18:1), 19.1 wt.% of linoleic acid (C18:2), 15.0 wt.% gadoleic 
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acid (C20:1), 5.5 wt.% of palmitic acid (C16:0), 2.4 wt.% of stearic acid (C18:0), 3.1 wt.%. 

of erucic acid (C22:1) and other fatty acids with trace amounts. Based on the degree of 

saturation, camelina oil is comprised of 10% saturated, 33.2% monounsaturated, and 

56.8% polyunsaturated fatty acids. This is consistent with results reported in the previous 

studies (Wu and Leung, 2011; Moser and Vaughn, 2010; Hrastar et al., 2009; Fröhlich and 

Rice, 2005). In addition to the fatty acid profile, moisture and volatiles, free fatty acid, 

insoluble impurities, unsaponifiable matters and phosphorous content of camelina oil were 

tested and listed in Table 3.2. 

 

Fig. 3.1 The gas chromatogram of Camelina savita oil fatty acid composition. 

 

Table 3.2 The properties of Camelina sativa oil used in this study. 

Properties Content (%) 

Moisture and volatiles 0.01 

Insoluble impurities 0.05 

Unsaponifiable matter 0.7 

Phosphorus <20 ppm 

Free fatty acid 0.67 
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3.4.3 Synthesis of Biodiesel   
 

      Biodiesel was synthesized using a transesterification process as described in Section 

3.3.3. The effects of reaction time, temperature, catalyst loading and molar ratio of 

methanol to oil were investigated. The influence of the reaction time on the camelina 

biodiesel conversion rate is shown in Fig. 3.2a. The highest conversion rate (96.1%) was 

achieved at 33 min when the temperature, amount of catalyst and molar ratio of 

methanol/oil were set at 40 °C, 1.25 wt. % and 8:1 respectively. An extended reaction time 

did not further increase the conversion rate. Fig. 3.2b presents the effect of reaction 

temperature (range from 30 to 50 ◦C) on the biodiesel conversion rate. It was observed that 

the conversion rate decreased along with an increase in temperature beyond 40 ◦C, where 

the maximum conversion rate was obtained. This could result from the evaporation of 

methanol under a relatively high temperature. 

 

 

   

Fig. 3.2 The effect of (a) reaction time (min), (b) reaction temperature (°C), (c) catalyst 

concentration (wt. %) and (d) molar ratio of methanol to oil on the conversation rate (%).  
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Table 3.1 The fatty acid composition (wt.%) of Camelina sativa oil in this study compared to other published values.  

Fatty acid C: D 
Present 

study  

Ciubota-Rosie et al. 

(2013) 

Moser and 

Vaughn, (2010) 

Wu and Leung, 

(2011) 

Fröhlich and Rice, 

(2005) 

Hrastar et al., 

(2009) 

Myristic acid C14:0 0.1 0.05 0.1 0.2 - - 

Palmitic acid C16:0 5.5 5.16 6.8 5.1 5.4 5.7 

Palmitoleic acid C16:1  0.1 0.04 - 0.3 - - 

Stearic acid C18:0 2.4 2.68 2.7 2.4 2.6 3.37 

Oleic acid C18:1  14.4 15.21 18.6 17.6 14.3 15.01 

Linoleic acid C18:2  19.1 17.9 19.6 18.7 14.3 18.48 

Linolenic acid C18:3  33.5 34.64 32.6 28.6 38.4 34.72 

Arachidic acid C20:0 1.5 1.44 1.2 1.8 0.25 1.83 

Gadoleic acid C20:1  15 15.14 12.4 11.9 16.8 12.71 

Eicosadienoic acid C20:2  2.2 2.17 1.3 1.9 - 1.48 

Eicosatrienoic acid C20:3  - - 0.8 - - 1.05 

Arachidonic acid C20:4  1.4 1.47 - - - - 

Behenic acid C22:0 0.3 0.3 - 0.8 1.4 0.37 

Erucic acid C22:1  3.1 2.57 2.3 4.2 2.9 3.24 

Clupanodinic acid C22:2 0.2 - - 0.4 - - 

Docosatrienoic acid C22:3 0.4      

Docosahexaenoic acid C22:6  - 0.62 - - - - 

Lignoceric acid C24:0 0.2 0.14 - - - - 

Nervonic acid C24:1  0.6 - - - - 0.64 

  Notes: C: D denotes the number of carbons and the number of double bonds in each fatty acid.

 

1
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      The effect of the catalyst loading was examined in a catalyst concentration range of 

0.75–1.75 wt. % when the reaction temperature, molar ratio of methanol/oil and reaction 

time were set at 40 ◦C, 8:1 and 40 min. The results are illustrated in Fig. 3.2c. The 

conversion rate was significantly increased to 96.2% from 92.6% when the catalyst loading 

was increased from 0.75 wt. % to 1.3 wt. %. However, a further increase in catalyst 

concentration over 1.3 wt.%, favored the formation of soap and thus decreased the 

conversion rate. As seen in Fig. 3.2d, the molar ratio of methanol/oil also influenced the 

conversion process. The maximum conversion rate was 96.3% at 8:1 of the molar ratio of 

methanol/oil. The conversion rate decreased when the molar ratio of methanol/oil was 

further increased. This observation is attributed to the appearance of an emulsion. Wu and 

Leung, (2011) has reported a similar trend of the camelina biodiesel conversion rate, 

affected by these four independent variables. In this study, a high conversion rate (96%) 

has been achieved at the optimal reaction conditions.  

 

3.4.4 Evaluation of the Fuel Properties of Camelina Biodiesel   
 

      The properties of the resulting camelina biodiesel in this study are summarized in Table 

3.3 together with the standards specified in the ASTM D6751 and EN 14214 as well as the 

published values in literature. The EN 14214 standards indicate a satisfactory FAME 

content to be greater than 96.5 wt.%, while this value is not specified in the ASTM D6751. 

The FAME content obtained in this study was 98.5%, complying with the EN14214 

standard. The methanol content (<0.01 vol.%) met the requirements in both standards. The 

flash point of 152 °C was much higher than of 96 °C as defined in standards, implying that 

camelina biodiesel is safe to be handled during the process of transport and storage. The 

density, kinematic viscosity, water content, acid number, total glycerol, free glycerol, 

monoglyceride, diglyceride and triglyceride contents were tested and all of them adhere to 

the specifications in ASTM D6751 and EN 14214 standards. Camelina biodiesel also 

inherently contained negligible amounts of undesirable elements and compounds such as 

sulfur (S), phosphorus (P), sodium (Na), potassium (K), calcium (Ca) and magnesium 

(Mg). In accordance with the required testing methods, the trace amounts of all these 

components were determined and found to be lower than the limits defined in both ASTM 

D6751 and EN 14214 standards. These properties are also comparable to the reported data 



19 

 

in other research (Ciubota-Rosie et al., 2013; Soriano Jr and Narani, 2011; Moser and 

Vaughn, 2010; Fröhlich and Rice, 2005).  

      The cold flow properties of biodiesel are extremely critical in assessing the quality of 

biodiesel. Poor cold flowability is a common concern in the biodiesel industry as biodiesel 

is susceptible to start-up and low-temperature operability problems under cold weather 

conditions. This is mainly caused by the formation of crystals and solid precipitates at low 

temperatures, which could clog the vehicle fuel lines and filters (Soriano Jr and Narani, 

2011). It has also been documented that even a trace amount of minor constituents can 

impact biodiesel’s low-temperature performance (Dunn, 2009). These minor constituents, 

often referred to contaminants, may originate from parent vegetable oils or be introduced 

during the transesterification, purification and even storage processes.  

      Cloud point (CP) is one of the representative parameters, typically used to evaluate the 

cold flow properties of biodiesel. Cloud point is defined as the temperature at which 

biodiesel starts forming cloudy suspensions and visible crystals. Generally, a relatively 

high CP value indicates a poor cold flowability. In the present research, the CP value of 

camelina biodiesel was determined to be −1.6 ◦C, lower than the reported CPs of camelina 

biodiesel in other studies: 0 °C (Ciubota-Rosie et al., 2013), 2.7 °C (Soriano Jr and Narani, 

2011) and 3 °C (Moser and Vaughn, 2010; Fröhlich and Rice, 2005) . The CP of biodiesel 

is closely related to the melting point of fatty acid esters. The lower melting point is, the 

harder for biodiesel to form crystals at cold weather. Knothe, (2005) has demonstrated that 

the melting point of fatty acid esters was decreased with an increase in the degree of 

unsaturation. Camelina biodiesel inherently contains a high percentage of unsaturated fatty 

acid esters, so it is not surprising that the CP was relatively low (−1.6 ◦C). Although the 

value of CP is a good representative for biodiesel cold flow properties, it cannot adequately 

assess the low-temperature operability or performance of the biodiesel in vehicle tanks and 

fuel systems (Westbrook and LeCren, 2003). Another more useful measure is to conduct a 

cold soak filtration test (CSFT), identifying the potential of biodiesel to clog fuel lines and 

filters. CSFT yields a period of time (in seconds) that is consumed by passing 300 mL of 

biodiesel through a 0.7 um glass fiber filter under 71–85 KPa vacuum. 
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Table 3.3 The properties of Camelina sativa biodiesel evaluated in this study accompanied with data reported in the literature.  

Properties Units 
Present 

study 

ASTM 

D6751-09 

EN 

14214-10 

Ciubota-Rosie 

et al. (2013) 

Soriano Jr and 

Narani, (2012) 

Moser and 

Vaughn, (2010) 

Fröhlich and 

Rice, (2005) 

Density at 15 °C kg/m3 887.6 - 860-900 888 - - 882 

Kinematic viscosity at 40 °C mm2/s 3.9 1.9-6 3.5-5 4.3 4.32 4.15 6.43 

Cetane number - 49.7 ≥ 47 ≥ 51 42.76 - 52.8 - 

Acid number mg KOH/g 0.25 ≤ 0.5 ≤ 0.5 0.15 - 0.31 0.33 

Iodine value g I2/g - - ≤ 120 152 - 151 153 

Water content mg/kg 427 - ≤ 500 120 - - - 

Methanol content vol.% <0.01 ≤ 0.2 ≤ 0.2 0.0121 - - ≤ 0.1 

Flash point °C 152 ≥ 93 ≥ 101 152 172 - - 

Cloud point °C -1.6  - 0 2.7 3 3 

Cold soak filterability test s 477 ≤ 360 - 246 - - - 

Cold filter plugging point °C - - - -4 1.1 -3 -3 

Oxidative stability, 110 °C hour 1.9 ≥ 3 ≥ 6 1.3 0.6 2.5 - 

Vacuum distillation end 

pointa  
°C - ≤ 360 - 369 369 - - 

Copper strip corrosion              

(3h, 50 °C) 
Classification - ≤ 3 1 1A - - - 

Carbon residue wt.% 0.003 ≤ 0.05b  ≤ 0.3c  0.019 - - - 

Sulphur content mg/kg 3.6 ≤ 15 ≤ 10 0.57 5.46 3 - 

2
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Properties Units 
Present 

study 

ASTM 

D6751-09 

EN 

14214-10 

Ciubota-Rosie 

et al. (2013) 

Soriano Jr and 

Narani, (2012) 

Moser and 

Vaughn, (2010) 

Fröhlich and 

Rice, (2005) 

Phosphorus content mg/kg <2.0 ≤ 10 ≤ 4.0 <0.1 - 0 - 

Na and K mg/kg <1.0 ≤ 5.0 ≤ 5.0 0.11 - - - 

Ca and Mg mg/kg 0.31 ≤ 5.0 ≤ 5.0 0.16 - - - 

Sulphated ash content wt.% - ≤ 0.02 ≤ 0.02 0.0013 - - 0.01 

Water & sediment vol.% - <0.2 - 0 - - - 

Total contamination mg/kg - - ≤ 24 7.3 - - - 

Methyl ester content wt.% 98.5 - ≥ 96.5 97.5 - - 98.4 

Linolenic acid methyl ester wt.% 32.7 - ≤ 12.0 34.2 - - 38.4 

Polyunsaturated (≥ 4 double 

bond) methyl ester 
wt.% - - ≤ 1 2.08 - - - 

Monoglyceride content wt.% 0.199 - ≤ 0.8 0.579 - - - 

Diglyceride content wt.% <0.09 - ≤ 0.2 0.171 - - - 

Triglyceride content wt.% <0.001 - ≤ 0.2 0.107 - - - 

Free glycerol wt.% <0.001 ≤ 0.02 ≤ 0.02 0.006 - - ≤ 0.1 

Total glycerol wt.% 0.055 ≤ 0.24 ≤ 0.25 0.189 - - ≤ 0.18 

Notes: ASTM = American Society for Testing and Materials; EN= European standard 

a: atmospheric equivalent temperature 90% recovery 

b: on 100% sample 

c: on 10% distillation residue

2
1
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      In this study, the CSFT time was determined to be 477s, apparently longer than the 

standard (360s) indicated in ASTM D6751. However, as shown in Table 3.3, the CSFT 

time of 246s reported by Ciubota-Rosie et al. (2013) fully conformed to the ASTM 

standard. A long CSFT time is generally attributed to the presence of saturated 

monoglyceride (MAG) and free steryl glucosides (FStG) which have relatively high 

melting points (77 °C for monopalmitin, 82 °C for monostearin and 240 °C for sitosteryl 

glycoside) and easily crystallize when temperature decreases (Lee et al., 2007; Van Gerpen 

et al., 1997). The MAG content in the present study was 0.199 wt.%, which was much 

lower than the specified value (≤0.8 wt.%) in EN 14214, thus, the influence of saturated 

MAG on CSFT was very limited in this case. Naturally occurring acylated steryl glucoside 

in vegetable oils can be hydrolyzed during transesterification process and then form FStG 

(Dunn, 2009). The concentration of FStG in biodiesel is highly associated with the refining 

process of the respective parent oils. Hoed et al., (2008) have demonstrated that biodiesel 

derived from the crude soybean oil had much higher FStG concentration (272 ppm) than 

that in biodiesel made from refined-bleached soybean oil (64 ppm). In this study, the 

camelina oil used was cold pressed without any refining processes, while Ciubota- Rosie 

et al. (2013) used the refined camelina oil. This could well explain the observations, a 

longer CSFT time of 477s in our study while a relative low CSFT time of 246s in the study 

of Ciubota-Rosie et al. (2013).  

      Cetane number (CN) is also an important parameter for evaluating the quality of 

biodiesel. Conceptually similar to the octane number for gasoline, it is the prime indicator 

of biodiesel ignition performance inside a combustion cylinder (Knothe, 2005). In 

particular, it is a measure of the fuel’s ignition delay, defined as a time period between 

injection of the fuel into the cylinder and the first identifiable pressure increase during the 

fuel combustion. Thus, the cetane number basically represents how quickly the fuel starts 

ignition during combustion in a diesel engine cylinder. A higher biodiesel cetane number 

indicates a quicker ignition time. A low biodiesel CN can lead to an incomplete 

combustion, which may cause engine knocking and an increase in NOx emissions 

(Monyem and Van Gerpen, 2001). The minimum biodiesel CN specified in the ASTM 

D6751 and EN 14214 is 47 and 51 respectively, while the minimum CN of 40 for the 

conventional diesel fuel prescribed in ASTM D975 is relatively low compared to that of 
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biodiesel. This is because the conventional diesel fuel contains much more aromatic 

compounds (naturally low CN) than biodiesel. The CN of biodiesel mainly depends on the 

chain length and the degree of unsaturation of fatty acid esters (Knothe, 2005). Ramírez-

Verduzco et al., (2012) have demonstrated that biodiesel CN increased with an increasing 

chain length and decreased with an increase in the number of the double bonds. Although 

Ciubota-Rosie et al. (2013) reported in their study that the CN of camelina biodiesel was 

42.76, not meeting the limit of 47 in the ASTM D 6751 nor the limit of 51 in the EN14214 

(Ciubota-Rosie et al., 2013), in this study, the CN of camelina biodiesel was determined to 

be 49.7, which complied with the ASTM D6751 standard while it was still not satisfactory 

for the EN14214 standard. Other researchers reported that the cetane number of camelina 

biodiesel was 52.8, which fully met both ASTM D6751 and EN 14214 standards (Moser 

and Vaughn, 2010). The variations of CN values among these three studies could be 

attributed to the slight difference in the fatty acid profile of their respective parent camelina 

oils grown in different regions and cultivation conditions.  

      Oxidative stability of biodiesel is another important measure of the quality of biodiesel. 

Poor stability will lead to an increased kinematic viscosity during the storage time, due to 

the generation of relatively high molecular weight polymers from oxidation reaction 

processes. The oxidation of biodiesel also produces organic acids that would increase the 

acid number (Lebedevas et al., 2013). Consequently, the increased viscosity would 

negatively affect the fluidity and injection spray characteristics of the fuel, and the high 

acid number would lead to severe corrosion of fuel supply system in diesel engines 

(Atabani et al., 2012). Typically, oxidative stability is characterized by induction time (in 

hours) or oxidative stability index (OSI). Induction time is the time elapsed between 

starting to pass air through samples and the appearance of secondary oxidation products 

(volatile organic acids). A long induction time indicates favourable oxidative stability. In 

this study, the oxidative stability of camelina biodiesel with a value of 1.9h did not meet 

the standards of 3h and 8h specified in the ASTM D6751 or EN 14214:2014 respectively. 

Poor oxidative stability of camelina biodiesel was also observed in other studies, for 

example, 1.3h (Ciubota-Rosie et al., 2013), 0.6h (Soriano and Narani, 2012) and 2.5h 

(Moser and Vaughn, 2010). Obviously, the high percentage of polyunsaturated fatty acid 

esters in camelina biodiesel is the major contributor to its poor oxidative stability (Zuleta 
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et al., 2012; Knothe, 2007). This observation is not surprising as most biodiesels have a 

relatively low oxidative stability due to the existence of significant amounts of double 

bonds compared to petrodiesel. The common practice, the addition of small quantities of 

antioxidants or blending with petrodiesel can effectively solve this problem (Dunn, 2005; 

Liang et al., 2006). Furthermore, with the rapid advancement of research on genetic 

engineering and/or breeding, the fatty acid composition of camelina could be engineered 

to contain less unsaturated fatty acids (Kang et al., 2011).  

 

3.5 Conclusions  

      The research presented in this chapter has demonstrated that it was feasible to produce 

biodiesel from Camelina sativa grown in Nova Scotia. The oil yield is in the range of 450–

600 kg/ha. Camelina oil can be readily converted into biodiesel using an alkali-catalyzed 

transesterification process. Under the optimized reaction conditions, the maximum 

conversion rate reached 96%. The fuel properties were thoroughly characterized and most 

of these parameters complied with the standards specified in the ASTM D6751 and 

EN14214. However, the oxidative stability of camelina biodiesel was poor, with an 

induction time of 1.9h compared to the limit of 3h specified in the ASTM D6751 standards. 

This is attributed to a high percentage of polyunsaturated fatty acid esters in camelina 

biodiesel, especially linoleic acid (19.1 wt.%) and linolenic acid (33.5 wt.%). Further 

research is necessary to improve the oxidative stability through adding antioxidants and 

identifying the suitable dosages.  
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3.7 Transition Section 

      Chapter 3 has illustrated a high feasibility of biodiesel production from Camelina sativa 

oil. Most of the fuel properties of camelina biodiesel were in agreement with standard 

specifications and a conversion rate of 96 wt. % was obtained. In order to further evaluate 

the effects of independent factors and their interaction effects on camelina biodiesel 
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synthesis process and to maximize the camelina biodiesel yield, a statistical tool for the 

optimization of physical and chemical processes,  response surface methodology (RSM) 

was applied and research results were presented in Chapter 4.  
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CHAPTER 4: THE OPTIMIZATION OF ALKALI-CATALYZED BIODIESEL 

PRODUCTION FROM CAMELINA SATIVA OIL USING A RESPONSE SURFACE 

METHODOLOGY 

 

Copyright permission: 

      A version of this chapter has been published in the Journal of Bioprocessing & 

Biotechniques 5 (2015): 235. It is an open-access article published by OMICS International 

and the copyright has been obtained from co-authors.  

 

Contribution statement: 

      I was responsible for raw materials collection, experiment design and conduction, 

sample and data analysis and manuscript preparation.  

 

4.1 Abstract 

 

      Camelina sativa oil is considered as a promising feedstock for biodiesel production. 

Response surface methodology (RSM) was used to optimize camelina biodiesel production 

by an alkali-catalyzed transesterification process. The effects of independent factors 

(temperature, time, molar ratio of methanol/oil, and catalyst concentration) on dependent 

variables (product yield and FAME yield), was investigated. Mathematical regression 

models were developed for prediction of the biodiesel product yield and FAME yield. The 

camelina biodiesel product yield (97%) and FAME yield (98.9%) were achieved at the 

optimal reaction conditions of 38.7°C reaction temperature, 40 min reaction time, 7.7 molar 

ratio of methanol/oil, and 1.5 wt.% catalyst concentration. 

 

4.2 Introduction  

 

      Biodiesel, a renewable, biodegradable and environmentally innocuous biofuel, has 

shown great potential to be used as a substitute for conventional petrodiesel.  It is typically 

defined as a mixture of fatty acid alkyl esters obtained through a transesterification process, 

in which triglycerides from vegetable oils, animal fats, and even waste cooking oils react 

with alcohol in the presence of a catalyst. The cost of feedstock oil accounts for 75-85% of 

total biodiesel production costs; thus, it is important to develop non-edible and/or low-cost 
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oil crops that meet certain requirements, including low agricultural inputs, high oil yield, 

and favorable fatty-acid compositions (Abdulla and Ravindra, 2013; Moser and Vaughn, 

2010), to increase the overall economic viability of biodiesel production. 

      Camelina (Camelina sativa L. Crantz,), known as false flax or gold-of-pleasure, has 

recently been recognized as a promising and sustainable oilseed crop for biodiesel 

production in North America (Krohn and Fripp, 2012; Urbaniak et al., 2008) due to its 

fairly high oil content (35-43% on a dry matter basis) (Gugel and Falk, 2006; Jiang et al., 

2014) and desirable plant physiological characteristics (short growing season and tolerance 

to drought, cool weather and insect pests) (Iskandarov et al., 2014; Kirkhus et al., 2013).  

      However, there is limited research on the synthesis of camelina biodiesel and the 

optimization of its production process (Patil et al., 2009; Wu and Leung, 2011). Many 

relevant studies have focused on feedstocks such as soybean, canola, and sunflower, etc. 

(Leung et al., 2010; Nigam and Singh, 2011; Rashid and Anwar, 2008). In particular, most 

of the studies on optimizing biodiesel production used a stepwise method (changing one 

separate factor at one time), which is not capable of assessing the interaction between each 

factor in the transesterification process (Leung and Guo, 2006; Mootabadi et al., 2010). 

      In this chapter, camelina oil was converted into biodiesel through an alkali-catalyzed 

transesterification process, the effects of various reaction parameters on the yield/quality 

of the resulting biodiesel were investigated, and the optimal reaction conditions were 

obtained within our experimental scope. Response surface methodology (RSM), a 

powerful tool in the optimization of physical and chemical processes (Awad et al., 2013; 

Wan Omar and Saidina Amin, 2011), was employed to evaluate the effect of independent 

factors on the reaction response and to determine the maximum reaction response under 

the optimal reaction conditions. To our knowledge, no such investigation has been reported 

yet. The outcomes from the present study would offer helpful knowledge in the future 

scale-up process for camelina biodiesel production.  

 

4.3. Materials and Methods 

 

4.3.1 Materials 

      Camelina oil used for biodiesel synthesis was cold pressed from Camelina sativa L. 

Crantz CDI007 seeds grown in Canning, Nova Scotia, Canada. Potassium hydroxide 
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(>85%) in the form of pellet, analytical grade methanol (>99%), calcium chloride 

anhydrous and hexane (>99%) were purchased from Fisher Scientific Ltd., Canada A 

standard reference solution of camelina methyl esters (GLC 937, >99%) was purchased 

from Nu-Chek Prep. Inc. USA.  

 

4.3.2. Transesterification Process 
 

      Please refer to the Section 3.3.3. 

 

4.3.3 Product Analysis 
 

      There are two ways to express the yield of biodiesel obtained from a transesterification 

process: product yield and FAME yield. The product yield shown in Eq. (1) indicates the 

quantity of the biodiesel produced with respect to the raw oil feed. The FAME yield in Eq. 

(2) is determined by the amount of FAME on the resulting biodiesel, which is an indicator 

of the quality of the biodiesel.  

Product yield (%) = 
 mass of biodiesel

mass of oil
 × 100%                                                                   (1) 

FAME yield (%) = 
mass of FAME

mass of biodiesel
  ×100%                                                                     (2) 

 

      The FAME yield was determined by using an Agilent 7890A gas chromatography (GC) 

equipped with a flame ionization detector (FID) and an Agilent DB-23 column (50%-

Cyanopropyl-methylpolysiloxane; 30-m length × 0.25-mm internal diameter × 0.25-µm 

thickness; high polarity). The carrier gas was helium and the oven temperature was initially 

set at 190°C and then was increased to 250°C at a heating rate of 40°C/min, remaining at 

250°C for 3.5 min.  

      Sample preparation for GC was as follows: 25 mg of biodiesel was dissolved in 1 mL 

of hexane solvent, and 1 uL of the sample solution was injected into the GC with a split 

ratio of 40:1 for FAME identification and quantification. The fatty acid methyl esters were 

identified by comparing their specific retention times to those of a standard reference 

solution of camelina methyl esters.  
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4.3.4 Experimental Design 
 

      Central composite design (CCD), one of the most commonly used response surface 

methodology designs, was applied in this optimization study. The four independent 

variables were reaction temperature (°C), reaction time (min), molar ratio of methanol/oil, 

and catalyst concentration (wt.% with respect to oil). Three levels for each variable were 

determined based on our preliminary experiments as well as relevant research reported in 

the literature. The coded symbols, ranges, and levels of the four independent variables are 

given in Table 4.1. The product yield and FAME yield were selected as responses for 

assessing the effect of each variable, interactions between variables and optimizing 

experimental conditions. This three-level-four-factor CCD design generated 31 experiment 

combinations, including 7 center points, 8 axial points and 16 fact points. All of these 

combinations were replicated twice. The experimental data thus obtained were analyzed 

via Design-Expert version 6.0.2 and then fitted to the following second-order polynomial 

equation in Eq. (3) (Box and Draper, 1987; Myers et al., 2009):                                                                          

 

y = 𝛽0 + ∑ 𝛽𝑖𝜒𝑖

𝑘

𝑖=1

+ ∑ 𝛽𝑖𝑖𝜒𝑖
2

𝑘

𝑖=1

+ ∑ ∑ 𝛽𝑖𝑗𝜒𝑖𝜒𝑗

<𝑗=2𝑖

 

 

where y is the response,  𝜒i and 𝜒j are the coded independent variables, β0 is the constant 

intercept coefficient, βi is the linear coefficient, βii is the quadratic coefficient, and βij is the 

interaction coefficient. A 95% significance level was used for the analysis of variance 

(ANOVA) to select the model terms. The three-dimensional response surface plots were 

obtained as well.   

Table 4.1 Independent factors and levels used for the face-centered composite design. 

 

 

Variables  Symbol code  Levels  

   -1 0 1 

Temperature (°C)    X1    30 40 50 

Time(min)    X2         20 30 40 

Methanol/oil molar ratio X3 6:1 8:1 10:1 

Catalyst concentration (wt.%) X4      0.75 1.25 1.75 

(3) 
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4.4. Results and Discussion 

4.4.1 Regression Model Development and ANOVA Analysis  
 

      In a transesterification process, the quantity and quality of the resulting biodiesel are 

influenced by a number of variables, mainly including the reaction temperature, reaction 

time, molar ratio of methanol/oil, and catalyst concentration. Table 4.2 lists the complete 

design matrix (31 experimental runs) and the corresponding response data (product yield 

and FAME yield) based on these four independent variables (temperature, time, molar ratio 

of methanol/oil, and catalyst concentration). The experimental values were data obtained 

from experiments, and the predicted values were generated from the mathematical 

regression models. The quadratic regression model was suggested by Design-Expert for 

the two responses, and the following regression models were developed: 

The product yield regression model for the coded levels is expressed in Eq. (3):  

Y Product yield =96.02 + 1.12X1 + 1.15X2 + 0.44X3 + 1.39X4 - 0.86X1
2 - 0.08X2

2 - 0.13X3
2 - 

1.19X4
2 - 1.08X1X2 - 0.68X1X3 - 2.57X1X4 - 0.88X2X3 - 1.14X2X4 - 0.64X3X4 

 

The FAME yield regression model for the coded levels is described in Eq. (4): 

YFAME yield = 97.33 + 1.70X1 + 0.76X2 + 1.11X3 + 3.54X4 - 1.05X1
2 + 0.12X2

2 - 0.63X3
2 - 

2.23X4
2 - 0.10X1X2 + 0.37X1X3 - 1.95X1X4 - 0.26X2X3 - 0.61X2X4 - 0.85X3X4 

 

where reaction temperature = X1, reaction time = X2, molar ratio of methanol to oil = X3, 

and catalyst concentration = X4.  

      The coefficients of the regression model terms were determined by the least squares 

method. The significance of the linear, quadratic, and interaction model terms and their 

estimated coefficients are listed in Table 4.3.  

      To examine how well the regression models fitted the experimental data, the Fisher F-

test values (F-value), p-value, lack of fit, regression coefficient R-square (R2), and adjusted 

R-square (Adj R2) were evaluated by the analysis of variance (ANOVA) and are 

summarized in Table 4.4. Generally, a well-fitted regression model indicates a successful 

correlation between the response and independent variables (Jaliliannosrati et al., 2013).          

As seen in Table 4.4, F values of 19.89 and 21.93 for the two models, were both greater 

than 3.19, and the p-values were lower than 0.0001, demonstrating the validity of the 

developed quadratic models. 

 



 

 

Table 4.2 The central composite design (face-centered) of four independent factors and the corresponding experimental and predicted 

values of responses. 

         Product yield (%)  FAME yield (%) 
 

No. X1 X2 X3 X4 
Temp 

(°C)    

Time 

(min)    

Molar 

ratio 

Catalyst 

(wt.%) 
Exp.  value Predicted value Exp. value Predicted value 

1 0 0 0 -1 40 30 8 0.75 92.5 92.72 92.8 91.55 

2 +1 -1 -1 -1 50 20 6 0.75 92.7 92.85 88.8 89.80 

3 -1 -1 +1 -1 30 20 10 0.75 86.7 87.24 85.0 86.73 

4 0 0 0 +1 40 30 8 1.75 95.5 95.50 97.7 98.63 

5 0 0 0 0 40 30 8 1.25 95.3 96.02 97.8 97.33 

6 0 +1 0 0 40 40 8 1.25 96.1 97.08 98.3 98.21 

7 +1 +1 +1 +1 50 40 10 1.75 91.2 90.15 97.7 97.25 

8 -1 -1 -1 -1 30 20 6 0.75 81.0 81.96 83.7 83.02 

9 -1 +1 -1 +1 30 40 6 1.75 96.1 97.37 97.8 97.95 

10 +1 -1 -1 +1 50 20 6 1.75 94.1 94.03 97.1 95.89 

11 +1 +1 +1 -1 50 40 10 0.75 95.3 96.06 96.8 96.99 

12 +1 -1 +1 +1 50 20 10 1.75 93.2 94.06 96.7 97.67 

13 +1 0 0 0 50 30 8 1.25 94.7 96.27 96.8 97.98 

14 -1 -1 -1 +1 30 20 6 1.75 94.2 93.42 95.9 96.92 

15 +1 +1 -1 -1 50 40 6 0.75 97.4 97.01 92.8 92.86 

16 +1 -1 +1 -1 50 20 10 0.75 96.8 95.42 96.3 94.97 

17 0 0 0 0 40 30 8 1.25 95.5 96.02 98.1 97.33 

18 -1 -1 +1 +1 30 20 10 1.75 95.8 96.16 98.5 97.24 

19 0 0 0 0 40 30 8 1.25 96.3 96.02 98.9 97.33 

20 +1 +1 -1 +1 50 40 6 1.75 94.2 93.66 97.0 96.51 

21 -1 +1 +1 +1 30 40 10 1.75 96.7 96.57 97.0 97.22 
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         Product yield (%)  FAME yield (%)  

No. X1 X2 X3 X4 
Temp 

(°C)    

Time 

(min)    

Molar 

ratio 

Catalyst 

(wt.%) 
Exp.  value Predicted value Exp. value Predicted value 

22 0 0 0 0 40 30 8 1.25 96.7 96.02 96.6 97.33 

23 0 0 -1 0 40 30 6 1.25 95.2 95.44 95.8 95.59 

24 -1 +1 +1 -1 30 40 10 0.75 92.2 92.20 89.1 89.15 

25 0 0 0 0 40 30 8 1.25 96.3 96.02 95.7 97.33 

26 0 -1 0 0 40 20 8 1.25 95.6 94.79 97.0 96.69 

27 0 0 +1 0 40 30 10 1.25 96.4 96.33 97.9 97.81 

28 0 0 0 0 40 30 8 1.25 96.9 96.02 96.7 97.33 

29 -1 0 0 0 30 30 8 1.25 95.5 94.04 96.1 94.58 

30 -1 +1 -1 -1 30 40 6 0.75 91.3 90.45 86.2 86.49 

31 0 0 0 0 40 30 8 1.25 95.6 96.02 96.5 97.33 

Temp: temperature; Molar ratio: molar ratio of methanol to oil; Catalyst: catalyst concentration; min: minute 

  

 

Table 4.3 The analysis of variance (ANOVA) and estimated regression coefficients for the product yield and the FAME yield models. 

  Product yield (%)     FAME yield (%)     

Factor Coefficient estimated Standard error F-value P-value Coefficient estimated Standard error F-value P-value 

Intercept 96.02 0.31   97.33 0.37   

Linear         

X1 1.12 0.25 19.95 0.0004 1.70 0.30 33.02 < 0.0001 

X2 1.15 0.25 20.99 0.0003 0.76 0.30 6.62 0.0204 

X3 0.44 0.25 3.16 0.0944 1.11 0.30 14.09 0.0017 

X4 1.39 0.25 30.87 < 0.0001 3.54 0.30 142.94 < 0.0001 
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 Product yield (%)      FAME yield (%)    

Factor Coefficient estimated Standard error F-value P-value Coefficient estimated Standard error F-value P-value 

Quadratic         

X1
2 -0.86 0.66 1.70 0.2103 -1.05 0.78 1.80 0.1981 

X2
2 -0.08 0.66 0.01 0.9054 0.12 0.78 0.02 0.8769 

X3
2 -0.13 0.66 0.04 0.8466 -0.63 0.78 0.65 0.4336 

X4
2 -1.91 0.66 8.38 0.0105 -2.23 0.78 8.19 0.0113 

Interaction         

X1X2 -1.08 0.27 16.63 0.0009 -0.10 0.31 0.11 0.7501 

X1X3 -0.68 0.27 6.49 0.0215 0.37 0.31 1.37 0.2595 

X1X4 -2.57 0.27 93.76 < 0.0001 -1.95 0.31 38.66 < 0.0001 

X2X3 -0.88 0.27 11.09 0.0042 -0.26 0.31 0.69 0.4191 

X2X4 -1.14 0.27 18.34 0.0006 -0.61 0.31 3.77 0.0701 

X3X4 -0.64 0.27 5.76 0.0289 -0.85 0.31 7.28 0.0158 
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Table 4.4 The fit summary of the product yield and the FAME yield regression models.  

 
F value Prob>F Lack of fit R-Square Adj R-Square 

Product yield  19.89 <0.0001 0.0521 0.9457 0.8981 

FAME yield 21.93 <0.0001 0.3321 0.9505 0.9071 

     

      Alternatively, the lack of fit that compares the residual error to the pure error is another 

good indication of the model validity. Generally, a regression model exhibits a lack of fit 

when it cannot adequately describe the relationship between the dependent variable and 

the independent factors. Therefore, a non-significant lack of fit is desirable. Here, the lack 

of fit for product yield and FAME yield was 0.0520 >0.05 and 0.3321>0.05, respectively, 

indicating that the lack of fit of the two regression models was not significant and the 

models fitted well to the experimental data. As for the regression coefficient R2, the closer 

to 1 it is, the better the model fits the experimental data. Adj R2 is the adjusted version of 

R2 and it is commonly used to represent the strength of correlation between the predicted 

values determined by the regression models and the actual values from the experimental 

runs (Ceylan et al., 2008). In our work, both the Adj R2 values for the product yield (0.8981) 

and the FAME yield (0.9071) implied a strong correlation between the predicted data and 

the experimental data. Fig. 4.1 (a) and (b) further depicted how well the observed values 

of the two responses fitted to their corresponding predicted values against the regression 

line (with the slope of 1).  

      Based on the above-combined facts, it is concluded that the quadratic regression models 

developed for both product yield and FAME yield were valid and showed a satisfactory 

correlation between the responses and the independent variables.  
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(a) 

 

 

 

 
(b) 

Fig. 4.1 (a) Actual values vs. predicted values for product yield. (b) Actual values vs. 

predicted values for FAME yield. 
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4.4.2 Effect of Process Parameters and Optimization 
 

4.4.2.1 Effect of Linear and Quadratic Model Terms  
 

      It has been proven that a positive model term coefficient reveals the synergistic effect 

while a negative term implies the antagonistic effect in a transesterification process 

(Jaliliannosrati et al., 2013). As the linear regression coefficients of the reaction 

temperature, reaction time, molar ratio of methanol/oil and catalyst concentration as 

presented in Table 4.3, were positive, all of these four independent factors exhibited the 

enhancement on the product yield and FAME yield.  As for the p-value of each model term, 

the lower it is, the more significant the model term is to its regression model (Fan et al., 

2010; Wu and Leung, 2011). For this study, in the product yield regression model, only the 

molar ratio of methanol/oil was a non-significant model term as its p-value of 0.0944 was 

greater than 0.05. The order of the significance of its linear-model terms was: catalyst 

concentration> time > temperature > molar ratio of methanol to oil. For the FAME yield, 

the p-values of all four factors were less than 0.05, implying their significant contributions 

to the yield increase. The order of the significance of the linear terms in the FAME yield 

regression model was: catalyst concentration > temperature > molar ratio of methanol to 

oil > time. From these observations, it is evident that catalyst concentration was the primary 

determining factor impacting both the camelina biodiesel product yield and the FAME 

yield. This is in agreement with research conducted by Wu and Leung, (2011), in which an 

orthogonal experimental design was used to optimize biodiesel production from camelina 

oil. Bautista et al., (2009) also reported that KOH catalyst concentration was the most 

important factor for both the product and FAME yields of biodiesel derived from used 

cooking oil. As for the quadratic model terms, both the product yield and the FAME yield 

were significantly influenced only by the square of the catalyst concentration (X4
2) and 

much less by other factors such as temperature, time, and molar ratios of methanol/oil.  

 

4.4.2.2 The Interaction Effect on the Product Yield 
 

      As seen from Table 4.3, the p-values of all of the interaction terms in the product yield 

regression model were less than 0.05, indicating that the interaction between the 

independent factors significantly influenced the camelina biodiesel product yield within 
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the experimental range. Their negative coefficients resulted in the negative contributions 

to the product yield. The interaction between the catalyst concentration and the temperature 

was the most significant one among these six interaction terms, with the lowest p-value 

<0.0001 and the highest estimated coefficient of -2.57. Fig. 4.2 plotted the response, 

product yield, as a function of two factors at one time while keeping the other two factors 

at a constant central point level in a three-dimensional response surface with the contour 

plot at the bottom.  

      Fig. 4.2-A plots the product yield as a function of the catalyst concentration and 

temperature, and shows a strong interaction between these two factors. It clearly indicates 

that increasing catalyst concentration at a relatively low temperature range (<40°C) led to 

a significant increase in biodiesel product yield from approximately 88% to 96%. However, 

when the reaction temperature was at a relatively high level, the addition of catalyst over 

1.25 wt. % resulted in a decline in the product yield. Similar patterns were observed when 

increasing the temperature at relatively low or high catalyst concentrations. Therefore, a 

significant interaction between catalyst concentration and temperature existed.  

      Fig. 4.2-B presents the interaction effect between the reaction time and the catalyst 

concentration. Increasing the reaction time from 20 min to 40 min induced the product 

yield increment from 90% to 97% when the catalyst concentration was at low levels. When 

the catalyst concentration was increased to the range of 1.3 wt. % to 1.75 wt. %, the product 

yield did not remarkably increase with the increased time. Therefore, the catalyst 

concentration and the time interacted with each other during the transesterification process 

and generated a significantly negative impact on the camelina biodiesel product yield (p-

value of 0.0006; estimated coefficient of -1.14). This observation is consistent with other 

studies (Fan et al., 2010), which also reported that the interaction between the catalyst 

(NaOH) concentration and the reaction time significantly decreased the product yield of 

biodiesel derived from cottonseed oil. Comparable interaction patterns were observed as 

well from Fig. 4.2-C, D, E and F. In this study, therefore, it is safe to draw the conclusion 

that the product yield of camelina biodiesel was significantly impacted and decreased by 

the interactions between experimental factors.  
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(A) Time=30 min; Molar ratio=8:1                             (B) Temperature=40°C; Molar ratio=8:1 

 

   
 

 
(C) Catalyst=1.25 wt.%; Molar ratio=8:1                    (D) Catalyst=1.25 wt.%; Temperature=40°C 

 

                 
 

 
(E) Catalyst=1.25 wt.%; Time=30 min                          (F) Temperature=40°C; Time=30 min 

 

       
                  

Fig. 4.2 The response surface plot of the camelina biodiesel product yield at different levels 

of experimental factors. (A) catalyst concentration and temperature; (B) catalyst 

concentration and time; (C) temperature and time; (D) time and molar ratio; (E) 

temperature and molar ratio; (F) catalyst and molar ratio.  
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4.4.2.3 The Interaction Effect on the FAME Yield 
 

      Unlike the product yield, which was significantly affected by all of the six possible 

interactions between the independent factors, FAME yield was remarkably influenced only 

by two interactions, namely the interaction between the catalyst concentration and the 

temperature (p-value<0.0001) and the interaction between the catalyst concentration and 

the molar ratio of methanol/oil (p-value of 0.0158<0.05). The interaction between the 

catalyst concentration and the temperature impacted the FAME yield negatively as shown 

in Fig. 4.3-A. Fig. 4.3-B illustrated the effect resulting from the interaction between the 

catalyst and the molar ratio. The FAME yield was continuously increased from 88% to 

95% with the increase of the molar ratio in the range of low catalyst concentration. When 

the catalyst concentration was relatively high (>1.25 wt.%), increasing molar ratio of 

methanol/oil from 6:1 to 8:1 led to an increase in the FAME yield, but a further increase 

of the molar ratio slightly reduced the FAME yield.  

      Compared to Fig. 4.3-A and B, Fig. 4.3-C, D, E and F showed very different interaction 

patterns. For instance, Fig. 4.3-C exhibited a non-significant interaction between the time 

and temperature. The FAME yield was continuously raised by increasing time at any point 

of temperature within the experimental scope. The increase in the temperature also led to 

the FAME yield improvement when the reaction time was in the range of 20 min to 40 

min. Therefore, there was a weak interaction between the time and temperature, and a 

negligibly adverse effect of it on the FAME yield.  

 

(A)Time=30 min; Molar ratio=8:1                             (B) Temperature=40°C; Time=30 min 
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(C) Catalyst=1.25 wt.%; Molar ratio=8:1                   (D) Catalyst=1.25 wt.%; Time=30 min 

 

(E) Temperature=40°C; Catalyst=1.25 wt.%               (F) Temperature=40°C; Molar ratio=8:1 

 

 

Fig. 4.3 The response surface plot of the camelina biodiesel FAME yield at different levels 

of experimental factors. (A) catalyst concentration and temperature; (B) catalyst 

concentration and molar ratio; (C) temperature and time; (D) temperature and molar ratio; 

(E) time and molar ratio; (F) catalyst concentration and time.  

 

4.4.3 Optimization of Biodiesel Yields Based on the Developed Models 
 

      Aiming to achieve the maximum camelina biodiesel product and FAME yields, the 

optimal reaction conditions were determined by Design-Expert as follows: reaction 

temperature of 38.7 °C, reaction time of 40 min, molar ratio of methanol/oil of 7.7 and 

catalyst concentration of 1.5 wt. % with respect to raw oil. The predicted camelina biodiesel 

product yield and FAME yield were 97% and 98.9%, respectively. Experiments were 

conducted in duplicate under such optimized conditions. A good agreement between the 

experimental and model-determined values was achieved, which further confirmed the 

accuracy of the developed regression models.  
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      To the best of our knowledge, this study is the first one that optimized alkali-catalyzed 

biodiesel synthesis using response surface methodology. It is worth to compare the result 

to results reported in literature using other feedstock such as canola, sunflower and used 

cooking oil (Leung and Guo, 2006; Patil and Deng, 2009; Rashid et al., 2008; Rashid and 

Anwar, 2008) as well as alternative optimization methodology (Wu and Leung, 2011). As 

shown in Table 4.5, the optimal reaction condition obtained from the present study resulted 

in relatively high product and FAME yield with the lowest applied temperature and largest 

catalyst consumption.  

 

Table 4.5 Comparison between various studies on alkali-catalyzed transesterification of different feedstock.  

Feedstock 
Temp 

(°C) 

Time 

(min) 

Molar 

ratio  

Catalyst 

(wt.%) 

Product 

yield(%) 

FAME 

yield(%) 
 Reference 

Rapeseed 65 120 6:1 KOH: 1.0 95-96 - (Rashid and Anwar, 2008) 

Sunflower 60 120 6:1 NaOH: 1.0 97.1 - (Rashid et al., 2008) 

Canola 60 60 9:1 KOH: 1.0 80-95 - (Patil and Deng, 2009) 

UFO 60 20 7:1 NaOH: 1.1 88.8 - (Leung and Guo, 2006) 

Camelina 50 70 8:1 KOH: 1.0 95.8 98.4 (Wu and Leung, 2011) 

Camelina 38.7 40 7.7:1 KOH: 1.5 97 98.9 Current study 

UFO: used cooking oil; Temp: temperature; Molar ratio: molar ratio of methanol to oil; Catalyst: catalyst 

concentration. KOH: potassium hydroxide; NaOH: sodium hydroxide. 
 

 

4.5 Conclusions 

      RSM was an effective tool to optimize the alkali-catalyzed transesterification of 

camelina oil under different reaction conditions (temperature, time, molar ratio of 

methanol/oil and catalyst concentration). Mathematical regression models of camelina 

biodiesel product yield and FAME yield were developed. ANOVA analysis verified the 

validity of the developed regression models, and also demonstrated that the catalyst 

concentration was the most significant factor for both product yield and FAME yield. The 

optimal conditions were determined to be a reaction temperature of 38.7 °C, 40 min of 

reaction time, 7.7 of molar ratio of methanol/oil, and 1.50 wt.% of catalyst concentration. 

At such optimal conditions, the maximum camelina biodiesel product yield of 97% and 

FAME yield of 98.9% were achieved.  
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4.7 Transition Section 

      Chapter 4 demonstrated that RSM was a useful tool to optimize alkali-catalyzed 

transesterification of camelina sativa oil, and high biodiesel product and FAME yields 

were obtained at optimal reaction conditions. After the transesterification of camelina oil, 

a downstream purification of crude camelina biodiesel is necessary in order to remove a 

number of undesirable impurities. The traditional approach to purify biodiesel at plant scale 

is wet washing based on the removal of water-soluble impurities. However, this wet 

washing purification process generates a considerable amount of wastewater and aqueous 

effluent that have a detrimental impact on the environment. Hence, an exploration of 

alternate purification method, dry washing was carried out and presented in chapter 5.  
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CHAPTER 5: A COMPARATIVE STUDY ON THE PERFORMANCE OF FIBER-

BASED BIO-SORBENTS IN CAMELINA BIODIESEL PURIFICATION 

 

Current state: 

      A version of this chapter is under preparation for a submission to Journal of 

Environmental Chemical Engineering.  

 

Contribution statement: 

      I was responsible for biodiesel preparation, experiment design and conduction, sample 

and data analysis and manuscript preparation.  

 

 

5.1 Abstract 

      Biodiesel has received great interest for use as a promising alternative for traditional 

petrodiesel. Biodiesel downstream purification is typically carried out by a wet washing 

process that generates large amounts of wastewater. Purifying crude biodiesel by a dry 

washing method, therefore, has become an emerging trend. Three dry wash media 

(commercially available BD-Zorb, sawdust and wood shavings) were chosen to investigate 

their purification performance on crude camelina biodiesel in this chapter. The soap 

removal capacity of three studied fiber-based biosorbents was 9.4 mL/g, 24.4 mL/g and 

51.1 mL/g for wood shaving, sawdust and commercial BD-Zorb respectively when the 

soap content of the crude camelina biodiesel was 9007 ppm. The main mechanism of soap 

removal by sawdust and wood shavings were the physical filtration and adsorption. The 

acid number of camelina biodiesel purified by BD-Zorb was greater than 1 mg KOH/g), 

failing to meet the ASTM D6751 specification (<0.5 mg KOH/g) due to the presence of a 

small amount of resin in BD-Zorb.  

 

5.2 Introduction 

      A typically used method for biodiesel production is transesterification, a process in 

which vegetable oils (triglycerides) react with alcohol (usually methanol) to generate a 

mixture of fatty acid mono-alkyl esters (FAME or biodiesel) and by-product (glycerol) in 
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the presence of alkaline catalysts (usually potassium hydroxide, KOH or sodium 

hydroxide, NaOH). The majority of glycerol can be removed from biodiesel by phase 

separation because of the density and polarity difference between them. However, even 

after the glycerol removal, crude biodiesel still contains a variety of impurities, such as 

alcohol, catalyst, water, glycerol, unreacted mono-, di- and triglycerides, free fatty acids 

and soap etc. (Atadashi et al., 2011; Stojković et al., 2014) The presence of those impurities 

may lead to severely negative effects on fuel quality and diesel engine as mentioned in 

Section 2.4 (Atabani et al., 2012; Wan Ghazali et al., 2015). Therefore, proper purification 

processes are essential to decrease or minimize those impurities in crude biodiesel in order 

to meet the specifications required by the standards of American Society for Testing and 

Materials (ASTM) D6751 or/and European Committee for Standardization (CEN 

EN14214).           

      The traditional approach to purify biodiesel at a commercial production scale is wet 

washing based on the removal of water-soluble contaminants. Although hot distilled or 

deionized water enables to effectively remove residual glycerol, soap, alcohol and catalyst 

from crude biodiesel, this wet washing purification process generates a great amount of 

wastewater and aqueous effluent that have a detrimental impact on the environment 

(Berrios and Skelton, 2008; Squissato et al., 2015). Therefore, numerous efforts have been 

contributed to purify crude biodiesel by dry wash media, such as resins (Wall et al., 2011), 

silicate magnesol (Faccini et al., 2011), activated carbon (Fadhil et al., 2012) and 

membranes (Gomes et al., 2013). 

      The adsorption capacity of cellulose fiber, a natural polymer derived from biomass with 

a production of 1011 tonnes per year, has also been extensively studied over the years 

(Grunin et al., 2012; Heinze and Liebert, 2001; Squissato et al., 2015). Recently, several 

cheap alternatives (fiber-based biosorbents), such as Eucalyptus pulp (Squissato et al., 

2015) and Rice husk ash (Manique et al., 2012), have been investigated for biodiesel 

purification. BD-Zorb, a fiber-based dry wash media consisting mostly of wood chips and 

a small amount of resin, has been a commercially available product used for biodiesel 

purification. On the other hand, large amounts of sawdust and wood shaving waste are 

generated by wood processing plants annually and they might also react as efficient 

biosorbent for biodiesel purification.   



45 

 

 

      In this chapter, taking camelina biodiesel as a model crude biodiesel, we explored the 

potential of using wood waste, sawdust and wood shavings as bio-sorbents in the dry 

washing purification processes, and compared the performance of the wood waste to that 

of commercially available adsorbent, BD-Zorb. The soap level, acid number and water 

content of purified biodiesel were indicators for evaluating the purification ability of dry 

wash media. This study also compared the soap removal efficiency of dry washing method 

to the wet washing method, and the effect of water temperature on soap removal ability 

during the wet washing process was also evaluated.   

 

5.3 Materials and Methods 

5.3.1 Materials 
 

      Unrefined camelina sativa oil used for biodiesel synthesis was cold pressed from seeds 

grown in Nova Scotia, Canada. Potassium hydroxide in the form of pellets, analytical grade 

methanol (>99%) and hexane (>99%) were purchased from Fisher Scientific Ltd., Canada. 

A standard reference solution of camelina methyl esters (GLC 937, >99%) was purchased 

from Nu-Chek Prep. Inc. USA. Three fiber-based adsorbents employed at this purification 

study as shown in Fig 5.1. BD-Zorb was purchased from Utah Biodiesel Supply Ltd., USA 

,and sawdust and wood shavings were provided by the wood shop at Dalhousie 

Agricultural Campus, Truro, NS. Canada. 

 

 
Fig. 5.1 Three adsorbents applied for biodiesel purification: BD-Zorb, sawdust and wood 

shavings.  
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5.3.2 Camelina Biodiesel Synthesis  

      Camelina biodiesel used in this study was prepared by an ultrasound-assisted 

transesterification process of the temperature of 50 ºC, the reaction time of 1 hour, in the 

presence of 8:1 methanol/oil molar ratio and 1.3 wt. % KOH catalyst. The reaction mixture 

was transferred to a separatory funnel and allowed to stand for 30 min for phase separation. 

The glycerol layer under the crude biodiesel was drawn off and remaining crude biodiesel 

was used for the purification process. 

 

5.3.3 Purification Process 

      The purification of crude camelina biodiesel by dry wash media was performed in three 

cylindrical separator funnels (125 ml) filled with 18 g BD-Zorb, sawdust and wood 

shavings respectively. Cotton gauze was applied on the top of the packed absorbent to 

distribute the added crude biodiesel evenly and avoid the potential channeling 

phenomenon.  Meanwhile, cotton gauze was also used at the bottom of the adsorbent bed 

to hold the mass. The flow rate of biodiesel was controlled by a rotary knob at one bed 

volume (the volume of 18 g biosorbent in funnel) per hour and every 50 ml of purified 

biodiesel was collected and stored in a beaker for further testing.  

      For a wet washing purification process, 50 mL of crude camelina biodiesel was 

transferred to a 250 mL separatory funnel and washed by adding 100 mL distilled water 

each time until the water layer was transparent. The temperature of distilled water was set 

at 20 ºC and 50 ºC in order to compare their purification efficiency. The purification 

operation of both dry and wet washing process were conducted in duplicate in this 

experiment.  

 

5.3.4 Characterization of Camelina Biodiesel 

      The contents of fatty acid methyl esters (FAME) at camelina biodiesel were determined 

by using the same method described in Section 4.3.3. The soap level of biodiesel was 

determined by titration examination: 12 mL biodiesel and 1 mL 0.04% aqueous 

Bromophenol blue were added into 100 mL of iso-propanol. The solution was mixed well 

by magnetic stirring, followed by dropwise adding 0.01 N hydrochloric acid (HCl) until 

the color of the solution changed from blue or/and green to yellow. The amount of HCl 

used (mL) was recorded and the soap level of biodiesel was determined: 

javascript:void(0);
javascript:void(0);
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Soap content (ppm) = the amount of HCl added (mL) * 320 

The water content and acid number of camelina biodiesel were tested by following standard 

method EN ISO 12937 and EN 14104 respectively.  

 

5.4 Results and Discussion 

5.4.1 The Properties of Crude Camelina Biodiesel 

      The crude biodiesel synthesized by a transesterification process contained 97.5 wt. % 

of FAME, the soap level was 9007 ppm, water content was 2011ppm, and acid number 

was 0.07 mg KOH/g as shown in Table 5.1.  

Table 5.1 The properties of crude camelina biodiesel in this study.  

Properties ASTM D6751 EN 14214 Crude biodiesel 

Soap content (ppm) - - 9007 

Acid number (mg KOH/g) 0.5 0.5 0.07 

Water content (ppm) 500 500 2011 

FAME (wt. %) - 96.5 97.5 

 

      The high-level soap resulted from a stoichiometric excess KOH (1.5 wt. %) added, and 

thus intense saponification reaction between FFA in parent camelina oil and KOH occurred 

during the transesterification process. The reaction mechanism of saponification was 

presented in Fig 5.2. The hydrogen atoms located in FFA could be replaced by potassium 

ions (K+) from KOH and then form soap and water.  

 
Fig. 5.2 Formation of soap between fatty acid and excessive KOH catalyst (Gerpen, 2005).  

 

      On the other hand, similar to glycerol, both soap and water remain in crude biodiesel 

tended to settle down slowly with time, but those properties of crude camelina biodiesel 

were measured right after the glycerol removal in the present study. So this could be 

another reason for extremely high soap and water content.  
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5.4.2 Purification of Crude Biodiesel Using Different Fiber-based Dry Wash Media 

      Crude camelina biodiesel with an initial soap level of 9007 ppm was purified by using 

three fiber-based adsorbents, including commercially available BD Zorb and waste 

products from wood processing plant (sawdust and wood shavings). Fig. 5.3 provided the 

comparison of soap removal efficiency of these three adsorbents. Clearly, all of them were 

greatly effective to remove soap and decrease the soap content of crude camelina biodiesel 

from the initial concentration of 9007 ppm to less than 66 ppm for the first 150 mL of 

purified biodiesel. However, wood shavings were not able to maintain the satisfactory soap 

content level (66ppm) after purifying 200 mL crude camelina biodiesel and soap content 

continuously increased to 99 ppm, 176 ppm and 328 ppm for 200 mL, 250 ml and 300 ml 

of purified biodiesel respectively. Sawdust showed a relatively better soap removal 

efficiency than wood shavings, as the soap level was 72 ppm after purifying 450 mL 

biodiesel as shown in Fig. 5.3. In comparison with wood shavings and sawdust, BD Zorb 

exhibited a much higher efficiency of soap removal, and the soap content was 56 ppm after 

treating of 900 mL crude biodiesel. A relatively slower increasing trend of the soap content 

in the purified biodiesel was observed for BD Zorb. 

Fig. 5.3 Comparison of soap removal efficiency of each 18 g dry wash media, BD Zorb 

(BD), Sawdust (SD) and Wood shaving (WS). 
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      The acid number of biodiesel is a good indicator of the free fatty acid (FFA) content in 

biodiesel, representing its degree of acidity. As mentioned in Section 5.4.1, excessive KOH 

was applied for camelina biodiesel synthesis in order to achieve high biodiesel purity in 

the present study. Therefore, the initial acid number of crude camelina biodiesel was 

extremely small (0.07 mg KOH/g). The effects of different types of dry washing media on 

the acid number during the purification process was shown in Fig. 5.4.   

 
Fig. 5.4 Comparison of the acid number of purified camelina biodiesel treated by 18 g 

dry washing media, BD Zorb (BD), Sawdust (SD) and Wood shaving (WS). 

 

      The acid number of BD Zorb purified biodiesel at 50 mL was 1.73 mg KOH/g, which 

was greatly higher than the initial 0.07 mg KOH/g. This can be well explained that a small 

amount of resin was visually observed in BD Zorb, which removed soap from the crude 

biodiesel via ion exchange mechanism and generated FFA. The formed FFA led to an 

increased acid number of purified biodiesel when BD Zorb was used as an adsorbent. A 

steadily declining trend of acid number was observed as increasing the volume of the 

treated biodiesel, indicating the ability of BD Zorb to remove soap decreased gradually 

when the crude camelina biodiesel was continuously fed to the BD Zorb bed. Similar to 
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BD Zorb, the acid number of purified biodiesel using sawdust and wood shavings as media 

also increased to 0.43 mg KOH/g and 0.38 mg KOH/g respectively from the initial value 

of 0.07 mg KOH/g when 50 mL crude camelina biodiesel was treated, and then decreased 

along with further purification. Noticeably, the acid number of the biodiesel purified by 

sawdust and wood shavings were all less than 0.5 mg KOH/g, the limit specified in the 

ASTM standard, but BD Zorb purified biodiesel still had a much higher acid number (1.01 

mg KOH/g) at 950 mL.  

      As previously noted, the resulting high acid number of the biodiesel purified by BD 

Zorb can be attributed to the presence of resin. The hydrogen atoms in the resin that 

typically contains hydroxyl groups can be exchanged with sodium or potassium ions from 

soap then produce FFA. This ion exchange mechanism also can be used to explain the 

increase in the acid number of biodiesel purified with sawdust and wood shavings. Sawdust 

and wood shaving are fiber-based adsorbents, which are typically composed of 40-50% 

cellulose, 20-30% hemicellulose and 15-30% lignin. Lignin that connects cellulose and 

hemicellulose are chemically cross-linked phenolic polymers. The hydroxyl groups in 

those phenol molecules can provide hydrogen atoms for exchanging with cations K+ in 

soap, therefore generate a small amount of FFA. The acid number of biodiesel purified 

with sawdust and wood shaving was not as high as that of BD Zorb purified biodiesel 

which indicated that ion exchange was not the primary mechanism for sawdust and wood 

shaving to remove soap from the crude camelina biodiesel. The soap removal was primarily 

contributed by the physical filtration and adsorption in the purification processes using 

sawdust and wood shavings.        

      Fig. 5.5 showed the water removal efficiency of three studied dry wash media. It was 

found that all of them were able to filter out or/and adsorb water from the crude camelina 

biodiesel, and the water content was decreased from an initial water content of 2011 ppm 

to about 664-942 ppm when 50 mL biodiesel was purified. The water content of the purified 

biodiesel gradually increased with continual feeding of crude camelina biodiesel to the 

purification columns packed with the dry wash media. In general, BD Zorb exhibited a 

relatively higher water removal efficiency compared to those of wood shavings and 

sawdust. This could be mainly attributed to the pre-drying treatment process applied to the 

commercial product, BD Zorb. However, no pre-drying treatment was conducted for either 
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wood shavings or sawdust in the present study. It is worthy to note, the water content of 

the purified camelina biodiesel via dry washing were all higher than the limit 500 ppm 

required in the ASTM D6751 specification. Thus, these three fiber-based biosorbents were 

not able to remove water from the crude camelina biodiesel to a satisfactory level.  

 

 

Fig. 5.5 Comparison of the water content of the purified camelina biodiesel treated by 18 

g dry washing media, BD Zorb (BD), Sawdust (SD) and Wood shaving (WS). 

 

      In summary, the water content and acid number of camelina biodiesel purified by three 

dry washing media when the soap level was reduced from the initial concentration of 9007 

ppm to 66 ppm, were presented in Table 5.2 along with the estimated soap removal capacity 

of three adsorbents. As shown in Table 5.2, the soap removal capacity of three studied 

fiber-based biosorbents was 9.4 mL/g, 24.4 mL/g and 51.1 mL/g for wood shavings, 

sawdust and commercially available BD-Zorb respectively.  
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Table 5.2 The properties of camelina biodiesel purified by dry wash media and their 

adsorption capacities.  

Adsorbent  

used  

Soap 

content 

(ppm) 

Acid number 

(mg KOH/g) 

Water 

content 

(ppm) 

Estimated volume 

of biodiesel treated  

(mL) 

Soap removal  

Capacity (mL 

biodiesel /g 

adsorbent ) 

BD 66 >1.01 Nearly 1306  920 51.1 

SD 66 <0.41 Nearly 1552 440 24.4 

WS 66 <0.42 Nearly 1178 170 9.4 

 

5.4.3 Effect of Water Temperature on Soap Removal Efficiency 
 

      Wet washing was conventionally used to purify crude biodiesel in an industry-scale, 

and it was estimated that about 10 L wastewater could be generated by purifying 1 L crude 

biodiesel (Karaosmanoǧlu et al., 1996; Saleh et al., 2010). Water temperature also played 

a crucial role on wet washing purification efficiency (Saleh et al., 2010). A comparison 

study of soap removal ability of 20 ºC and 50 ºC distilled water was carried out in the 

present study, and results are shown in Fig. 5.6. 

 
Fig. 5.6 Comparison of the soap removal efficiency between distilled water at different 

temperatures (20 ºC vs 50 ºC). 
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      Taking a batch of 50 mL crude camelina biodiesel, 100 mL of distilled water at 50 ºC 

was added and enabled to substantially decrease the soap content from as high as 9007 ppm 

to 4053 ppm, however, the same amount of 20 ºC distilled water was not able to remove 

soap as efficiently as 50 ºC water. Soap level was gradually lowered by repeatedly washing 

the biodiesel using 100 mL 50 ºC water. Eventually, the soap level reached to 55 ppm (<66 

ppm) until 700 mL 50 ºC distilled water was consumed, giving a ratio of 14:1 water/crude 

biodiesel in volume. Alternatively, using 20 ºC distilled water, the soap content of camelina 

biodiesel was decreased to 90 ppm until 1500 mL water used, leading to a water 

consumption ratio of 30:1water/crude biodiesel in volume. It is concluded that a larger 

amount of distilled water was needed to remove soap content to a satisfactory level when 

the temperature was low and increasing the water temperature resulted in better soap 

removal efficiency. Gonzalo et al., (2010) have also demonstrated that using higher 

temperature water (60 ºC) for biodiesel purification resulted in relatively better purification 

efficiency than lower temperature (40 ºC).  

 

5.5 Conclusions 

      Purifying crude biodiesel by dry washing media is a promisingly alternative option. 

The work in this chapter demonstrated that three fiber-based biosorbents of interest in this 

chapter were able to effectively remove the soap existing in the crude camelina biodiesel 

to an acceptable level. The soap removal capacity was 9.4 mL/g, 24.4 mL/g and 51.1 mL/g 

for wood shaving, sawdust and commercially available adsorbent, BD-Zorb respectively 

when the initial soap content of the treated crude camelina biodiesel was 9007 ppm. Even 

though BD-Zorb exhibited a relatively higher soap removal capacity, the acid number of 

BD-Zorb purified camelina biodiesel (> 1 mg KOH/g) were much higher than the specified 

limit of 0.5 mg KOH/g in the ASTM D6751 standard due to the presence of a small amount 

of resin in BD-Zorb. The main mechanism of soap removal by sawdust and wood shavings 

were the physical filtration and adsorption while for the adsorbent, BD-Zorb, ion exchange 

mechanism also played a more important role in the soap removal. The water content of 

camelina biodiesel purified by the three biosorbents were all greater than the limit of 500 

ppm stated in the ASTM. These results indicate that additional steps are needed to decrease 

the water content and acid number of biodiesel when fiber-based dry washing media are 
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applied. In terms of the wet washing, generally, a large amount of distilled water is needed, 

and the biodiesel purification efficiency is highly associated with the temperature of water 

used. As for 50 ºC water, the water consumption ratio was 14:1 water/biodiesel in volume, 

and the ratio increased to 30:1 water/biodiesel in volume if 20 ºC water was used to reduce 

the soap content of 9007 ppm in the crude camelina biodiesel to a satisfactory level.  
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5.7 Transition Section 

      As identified in chapter 3, the oxidative stability of camelina biodiesel was poor mainly 

because of its high percentage of unsaturated fatty acid methyl esters. Improving camelina 

biodiesel oxidative stability becomes extremely necessary for its commercial applications. 

The addition of antioxidants is a common practice to increase biodiesel resistance to 

autoxidation in the biodiesel industry. Therefore, chapter 6 comprehensively evaluated the 

effect of synthetic antioxidants on camelina biodiesel oxidation and storage stability, and 

aims to determine the suitable amount of the most effective antioxidants for improving 

camelina biodiesel anti-oxidation performance.  
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CHAPTER 6: THE EFFECT OF SYNTHETIC ANTIOXIDANTS ON OXIDATION 

AND STORAGE STABILITY OF BIODIESEL DERIVED FROM CAMELINA 

SATIVA OIL  

 

Current state:  

      A version of this chapter is under preparation for a submission to the journal of Applied 

Energy.  

 

Contribution statement: 

      I was responsible for raw material collection, biodiesel preparation, experiment design 

and conduction, sample and data analysis and manuscript preparation.  

 

6.1 Abstract 

      Adding synthetic antioxidants is a commonly applied solution in the biodiesel industry 

to ensure a satisfactory biodiesel oxidative stability. Oxidative stability index (OSI) and 

peroxide value (PV) were used to assess the oxidative stability of antioxidant treated 

biodiesel derived from Camelina sativa oil in this chapter. The effectiveness of four 

commercially available antioxidants were evaluated, including butylated hydroxyanisole 

(BHA), 2,6-Di-tert-butyl-4-methylphenol (BHT), propyl gallate (PrG) and tert-

butylhydroquinone (TBHQ). TBHQ presented the highest effectiveness at improving 

camelina biodiesel oxidation and storage stability. Satisfactory oxidation stability of 

camelina biodiesel was achieved by treating camelina biodiesel with either 2000 ppm BHT, 

1000 ppm PrG or 1000 pm TBHQ. The storage stability of camelina biodiesel was 

evaluated under two different ageing methods as well, including a 24h accelerated ageing 

method and another ageing method stated in the ASTM D4625. Ageing camelina biodiesel 

by ASTM D4625 method seems to simulate more intensively oxidative degradation of 

camelina biodiesel compared to the 24h ageing method. Both the oxidation and storage 

stability of camelina biodiesel were improved to a satisfactory level by adding a suitable 

amount of TBHQ.    
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6.2 Introduction 

      Biodiesel is generally more sensitive to oxidative degradation than petrodiesel and this 

has become a major drawback of biodiesel derived from vegetable oils.  The reason for this 

is that biodiesel is inherently composed of a high percentage of unsaturated long chain fatty 

acid esters that is highly susceptible to oxidation (Dunn, 2008; Mittelbach and Schober, 

2003). The rate of biodiesel oxidation is dependent on the number of allylic and bis-allylic 

sites within unsaturated fatty acid ester chains (Bouaid et al., 2007; Jain and Sharma, 2010). 

Oxygen is able to readily attach to those reactive allylic and bis-allylic sites, therefore, 

initiates the primary free-radical chain reaction and forms intermediate compounds 

(hydroperoxides). On the stage of the secondary oxidation, the resulting hydroperoxides 

are further decomposed to form volatile organic acids, alcohols, ketones, and aldehydes 

etc. (Zuleta et al., 2012).  

      The measurement of oxidative stability index (OSI) or induction period (IP) is typically 

used to evaluate biodiesel oxidative stability, which basically monitors the appearance of 

secondary products from oil degradation. OSI testing is conducted under isothermal 

condition (110 ºC) while steadily purging dry air stream through the oil sample, therefore, 

oil degradation happens and its secondary products (such as volatile organic acids) could 

be swept into the test tube containing deionized water and a conductivity probe. The water 

conductivity is periodically measured and OSI is defined as the time point where the sharp 

conductivity increase appears (Dunn, 2008). Alternatively, peroxide value (PV) is another 

commonly used parameter that assesses the amount of primary oxidation products (such as 

hydroperoxides) in biodiesel. Although PV provides information concerning the extent of 

biodiesel oxidation, it might not be suitable for monitoring biodiesel storage stability over 

a long period of time. This is because PV tends to increase at the early stage of oxidation 

and then decreases as hydroperoxides decompose to form secondary oxidation products 

(Dunn, 2002).  

      Long-term storage stability of biodiesel is defined by how well it will resist to changes 

caused by the external storage environment. During a long period of storage, autoxidation 

of biodiesel initiated by air exposure (Plessis et al., 1985), excessive metals (Knothe and 

Dunn, 2003) and storage tank (Bondioli et al., 1995) resulted in legitimate concerns with 

respect to monitoring and maintaining fuel quality. ASTM D4625 (Diesel Storage Stability 
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at 43 ºC) has been reported as a reliable ageing method to monitor the biodiesel quality 

during storage (Bondioli et al., 2002; Christensen and McCormick, 2014; Rand et al., 

2010). Bondioli et al., (2002) stated that ASTM D4625 was generally recognized as the 

best way to simulate storage behavior. However, this ageing method is very time-

consuming (4-24 weeks ageing period) which makes it is not suitable for biodiesel quality 

control during storage. Therefore, Bondioli et al., (2004) proposed an alternative test 

method to quickly predict biodiesel storage stability, and they suggested using modified 

Rancimat apparatus to age 3 grams of biodiesel sample for 24 hours at 80 ºC with an airflow 

rate of 10 L/h.  

      Biodiesel properties such as acid number, kinematic viscosity, OSI and PV of biodiesel 

are adversely or unfavorably changed by the extensive degradation during storage 

(Bondioli et al., 1995; Dunn, 2002); in addition, high molecular weight polymers generated 

from biodiesel oxidation could  clog fuel lines and pumps as well (Knothe, 2007). Hence, 

eliminating the undesirable effect of fuel autoxidation on the biodiesel quality is critically 

important for biodiesel fuel producers, suppliers and consumers (Dunn, 2008). Treating 

biodiesel with oxidation inhibitors (antioxidants) is a commonly used and promising 

approach to increase the resistance against oxidation in the edible vegetable oil and 

biodiesel industry (Dunn, 2008; Marinova et al., 2008; Mittelbach and Schober, 2003; 

Rudnik et al., 2001). Synthetic antioxidants are derived from petroleum and have been 

utilized to improve the oxidation and storage stability of biodiesel, such as butylated 

hydroxytoluene (BHT), butylated hydroxyanisol (BHA), tert-butylhydrooquinone 

(TBHQ) and propyl gallate (PrG) (R. Dunn, 2005; Mittelbach and Schober, 2003; Osawa 

et al., 2015). The chemical structures of these four antioxidants are given in Fig. 6.1. 

 

 
 

Butylated hydroxyanisole (BHA) 2,6-Di-tert-butyl-4-methylphenol (BHT) 



58 

 

 

 

 

Propyl gallate (PrG) tert-butylhydroquinone (TBHQ) 

Fig. 6.1 The chemical structure of synthetic antioxidants (BHA, BHT, PrG and TBHQ). 

 

      Those synthetic antioxidants are able to terminate the free radical chain reaction and 

thus to delay the oxidation initiation as their active hydroxyl groups (–OH) provide protons 

for the oxidized free radicals and form stable radicals.   Dunn, (2005) suggested that 3000 

ppm BHA added to biodiesel could sufficiently minimize the auto-oxidation during a long 

period of storage. However, Liang et al., (2006) reported that adding only 50 ppm TBHQ 

was enough to obtain satisfactory oxidation stability of palm oil biodiesel. Osawa et al., 

(2015) demonstrated that the oxidation stability index of Croton megalocarpus biodiesel 

treated with 1000 ppm PrG and BHA only decreased by 12.2 % and 20.59% respectively 

after 8 weeks storage. Several reviews also illustrated that the effectiveness of different 

antioxidants on oxidation and storage stability of biodiesel derived from various raw 

materials (e.g. rapeseed, sunflower, soybean, palm, tallow and used cooking oil), greatly 

depended on the concentration of antioxidants, the degree of unsaturation of fatty acid 

methyl esters (FAME), storage conditions and the presence of metal etc. (Dunn, 2008; 

Zuleta et al., 2012; Jain and Sharma, 2010; Knothe, 2007). Supriyono et al., (2015) 

suggested that dedicated studies need to be conducted to determine the appropriate type 

and concentration of antioxidant when considering the use of antioxidants for improving 

oxidation and storage stability of biodiesel derived from different parent oils.  

      Chapter 3 has illustrated that the oxidative stability of biodiesel derived from Camelina 

sativa oil was only 1.9h at 110 ºC, which was not satisfactory in accordance with the ASTM 

D6751 (3 h) and EN 14214 (8 h) (Yang et al., 2016). To our knowledge, there is no research 

with a focus on the stability improvement of camelina biodiesel. Moreover, most studies 

related to the improvement of biodiesel stability only focused on either oxidation stability 
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or storage stability. This chapter comprehensively evaluated the effect of synthetic 

antioxidants (BHA, BHT, PrG and TBHQ) with varying loading (from 500 ppm to 3000 

ppm) on both oxidation stability and storage stability of camelina biodiesel. Two 

parameters, OSI and PV were tested for assessing the stability of biodiesel, and the suitable 

dosage of the most effective antioxidant was determined. This research would provide 

valuable information for a commercial application of this emerging energy crop in the near 

future.   

 

6.3 Materials and Methods 

6.3.1 Materials 
 

      Camelina sativa oil was cold pressed from Camelina sativa L. Crantz CDI007 seeds 

grown in Canning, Nova Scotia, Canada. Potassium hydroxide in the form of pellet, 1 N 

hydrochloride (HCl) analytical grade methanol, spectroscopy grade isooctane, isopropanol 

and butanol were purchased from Fisher Scientific Ltd. Canada. Cumene hydroperoxides, 

ammonium thiocyanate, barium chloride (BaCl2), ferrous sulfate (FeSO4·7H2O), butylated 

hydroxyanisole (BHA), 2,6-Di-tert-butyl-4-methylphenol (BHT), propyl gallate (PrG), 

tert-butylhydroquinone (TBHQ) were purchased from Sigma Aldrich, Canada. 

 

6.3.2 Synthetic Antioxidant Treatment for Camelina Biodiesel 
 

      Cold pressed camelina oil was used to produce camelina biodiesel at a laboratory scale 

via an alkaline-catalyzed transesterification process. A pre-calculated amount of methanol 

solution (8:1 molar ratio of methanol to oil) containing completely dissolved KOH (1.5 

wt.% to oil) was added to camelina oil and this transesterification reaction was carried out 

for 1 hour at 50 ºC under ultrasound assisted condition. The reaction mixture was 

transferred to a separatory funnel and allowed to stand for 30 min for phase separation, and 

then the glycerol layer under the crude biodiesel was drawn off. The crude biodiesel 

remaining in the separatory funnel was washed by a few batches of warm distilled water 

until the water layer became completely translucent. The purity of camelina biodiesel 

obtained was approximately 97 % suggesting that the reaction was nearly complete.  
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      The antioxidants (BHA, BHT, PrG and TBHQ) were dosed at concentrations of 500, 

1000, 1500, 2000, 2500, 3000 ppm along with one control group (0 ppm) in synthesized 

camelina biodiesel. All the antioxidants were found to dissolve completely in the biodiesel 

at all concentrations even though the physical compatibility of PrG to biodiesel was not as 

good as others.  

 

6.3.3 OSI and PV Determination 
 

      Oxidation stability of camelina biodiesel samples with varying dosage of antioxidants 

was studied by using an oxidative stability instrument (OSI-6; Omnion Scientific 

Instrument). The oxidation cell containing 3 grams of biodiesel sample was heated and 

kept at 110 ºC and constant 10 L/h airflow was purged through the sample. The easily 

volatile products generated from biodiesel oxidation could be swept into measuring cell 

containing 50 mL deionized water and a conductivity probe via air bubbling. The oil 

stability index (OSI) was determined as the time at which the deionized water conductivity 

increased sharply.       

      PV was also used to access the stability of biodiesel after ageing. The determination of 

biodiesel PV at current study was obtained by conducting following steps:  

(1) Ammonium thiocyanate solution (30 % w/v) was prepared by mixing 30 g ammonium 

thiocyanate at 100 ml volumetric flask and 0.4 M hydrochloride (HCl) was prepared by 

mixing 40 ml 1 N HCl with 60 ml distilled water.  

(2) Preparation of ferrous solution: 0.2 g BaCl2 was added into 25 ml 0.4 M HCl and 

completed dissolved; then 0.25 g FeSO4.7 H2O was added to 25 ml distilled water and 

thoroughly mixed as well; these two solutions were mixed at the ratio of 1:1 and then 

centrifuged at 5000 rpm for 5 min and the final upper layer was ferrous solution.  

(3) Generally, 30 µl biodiesel sample was pipetted out to culture glass tube containing 270 

ul isooctane: isopropanol mixture (1:1), but the proper dilution of samples might be 

required in some cases because of extremely high PV of samples and the detection limit of 

the spectrographic instrument. 2.8 ml methanol: butanol mixture (2:1) was then added into 

glass culture tube followed by addition of 30 µl ferrous solution: thiocyanate mixture (1:1).  

(4) The absorbance of this completely mixed solution (typically purple color) was 

measured at 510 nm after 20 min. The concentration of PV could be calculated by 
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computing the obtained absorbance against valid cumene hydroperoxides calibration 

curve.   

 

6.3.4 Methods of Accelerated Ageing  

 

      In order to assess the storage stability of antioxidant treated camelina biodiesel, two 

different accelerated ageing methods (ageing for 24h and ASTM D4625) were applied in 

the present study. For the 24h ageing, the modified oxidation cell was present in Fig. 6.2 

and the ageing conditions are: 3 grams camelina biodiesel sample was aged in the modified 

oxidation cell for 24h at 80 ºC with 10 L/h constant airflow, and the exhausts were directly 

discharged into open air via the outlet pipe without connecting to the original conductivity 

detection cell. Four replications have been conducted herein and both OSI and PV values 

of samples were recorded.  

 
Fig. 6.2 Modified oxidation tube in oxidative stability instrument: (1) Air inlet pipe, 

positioned at 2.5 cm above the surface of the sample; (2) 3 grams of biodiesel sample; (3) 

Heating block, enable to maintain the temperature at 80 ºC (± 0.1 ºC). (Adapted from  

Bondioli et al., 2004 with copyright permission from John Wiley and Sons).  

 

      The ageing conditions for camelina biodiesel following ASMT method D4625 are: 400 

ml camelina biodiesel sample was placed in 500 ml glass bottle with a lid and held in an 

oven at 43 ºC to simulate ageing for 12 weeks. One week ageing under these conditions 

was considered to be equivalent to one month of normal storage at ambient temperature. 
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Measurements of OSI and PV of aged samples (containing three replication groups) were 

taken at regular intervals of every two weeks.  

 

6.3.5 Data analysis 
 

      The oxidation stability data and the storage stability data obtained after 24h ageing 

were analyzed by using group comparison method at Minitab 17 while the storage stability 

data obtained from ASTM D4625 ageing method were analyzed by using repeated 

measurement method at SAS 9.4.  Letter groupings that do not share the same letter indicate 

significant difference (p<0.05).  

 

6.4 Results and Discussion 

6.4.1 Effect of Antioxidants on Oxidation Stability of Camelina Biodiesel 
 

      Camelina biodiesel is extremely susceptible to oxidative degradation mainly due to its 

high percent of unsaturated methyl esters, including 14.4 wt.% of methyl oleate (C18:1), 

19.1 wt.% of methyl linoleate (C18:2) and 33.5 wt.% of methyl linolenate (C18:3). 

Polyunsaturated methyl esters were generally much more reactive than the 

monounsaturated methyl esters (Dunn, 2002). For instance, the relative degradation rate 

was 98:41:1 for methyl linolenate (C18:3), methyl linoleate (C18:2) and methyl oleate 

(C18:1) respectively (Frankel, 1980). Many other studies have also illustrated the poor 

oxidation stability of camelina biodiesel, such as 1.3h (Ciubota-Rosie et al., 2013), 0.6h 

(Soriano Jr and Narani, 2011) and 2.5h (Moser and Vaughn, 2010) at 110 ºC,  lower than 

the value of 3 hours in the ASTM D6751 and 8 hours in EN14214:2014.  

      Treating biodiesel with synthetic antioxidants is an effective way to stabilize FAME, 

therefore, increase the resistance to oxidative degradation. In this study, the parameter OSI 

was measured to assess the oxidation stability of camelina biodiesel treated with BHA, 

BHT, PrG and TBHQ at different concentrations as shown in Fig. 6.3. The stability of the 

camelina biodiesel treated with BHA was not satisfactory, in the concentration  range of 0 

ppm to 3000 ppm, the oxidation stability were lower than the limit of 8 hours, and therefore 

failed to meet the requirements in EN14214. In addition, it was observed that increasing 

the BHA dosage did not significantly improve the OSI values. 
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Fig. 6.3 The relationship of Oil Stability Index (OSI) of camelina biodiesel and 

concentrations of antioxidant (BHA, BHT, PrG and TBHQ).  

      BHT was a better antioxidant. Adding 1000 ppm BHT into camelina biodiesel 

increased the OSI from 3h to 6.9h. 2000 ppm BHT was sufficient to raise the OSI to 8.3h. 

A further increase in the BHT dosage did not greatly increase OSI values.  

      PrG was observed to be more effective than BHA and BHT as the OSI of camelina 

biodiesel reached 7.5h when only 500 ppm of PrG was added. Moreover, the OSI of 

camelina biodiesel treated by PrG was much higher (9.9h > 6.9h) than that of BHT when 

the level of antioxidants was at 1000 ppm. Surprisingly, it was found that raising PrG 

dosage from 1000 ppm to 3000 ppm, no significant improvement in the oxidation stability 

of biodiesel was observed.   

      Similarly to PrG, a small amount of TBHQ (500 ppm) was able to increase camelina 

biodiesel oxidation stability from 2.3h to 5.5h. Further increasing TBHQ dosage to 1000 

ppm did significantly enhanced OSI to 8.8h, which is satisfactory for EN 14214:2014 

specification. Different from the other three antioxidants used in the present study, a 

noticeably increasing trend of camelina biodiesel OSI was observed by continuously 
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increasing TBHQ loading, especially for 3000 ppm TBHQ loading the OSI was as high as 

21.3h.  

      From these results, it was found that TBHQ presented the highest antioxidant activity 

among the four synthetic antioxidants of our research interest, and the order of 

effectiveness in improving the oxidation stability of camelina biodiesel, were TBHQ > PrG 

> BHT > BHA. This was in agreement with results reported in many other studies 

(Domingos et al., 2007; Mittelbach and Schober, 2003; Tang et al., 2008). For instance, 

Mittelbach and Schober, (2003) has shown that TBHQ and PrG at 1000 ppm were more 

effective at promoting oxidation stability of biodiesel derived from rapeseed oil, used 

frying oil and tallow compared to BHT and BHA. Domingos et al., (2007) stated that 

increasing BHA concentration (from 2000 ppm to 8000 ppm) did not provide noticeable 

enhancement on biodiesel induction time and TBHQ displayed a great stabilizing potential 

for soybean ethyl esters when used at a high loading concentration (up to 8000 ppm). Tang 

et al., (2008) demonstrated that the effect of each antioxidant on the stability of biodiesel 

varied with the original feedstock oils; PrG and TBHQ (250 -1000 ppm) can significantly 

improve the induction period of biodiesel derived from soybean, cottonseed and yellow 

grease, however, BHA and BHT showed the best results for biodiesel made from poultry 

fat.        

      In the current study, the oxidation stability (OSI) of camelina biodiesel was improved 

to a satisfactory level by adding either 2000 ppm BHT, 1000 ppm PrG or 1000 ppm TBHQ. 

Therefore, in the following section of studying the storage stability, BHT, PrG and TBHQ 

were used and the antioxidant dosage range was set from 1000 ppm to 3000 ppm.  

 

6.4.2 Effect of Antioxidants on Storage Stability of Camelina Biodiesel Aged for 24h 

 

      Newly released EN 14214:2014 requires a minimum OSI of 8h to ensure adequate 

biodiesel stability during a typical 6-month fuel consumption timeframe (Christensen and 

McCormick, 2014). However, there is no specific requirement for biodiesel storage 

stability. This is mainly due to the storage stability could be greatly influenced by its 

storage environment which varied with different manufacturers. Nevertheless, it is 

critically important for biodiesel producers as well as customers to monitor and predict 

biodiesel quality over the storage period, which might be longer than 6 months. A reliable 
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and accelerated ageing method used for assessing biodiesel quality is very necessary in this 

regard. In Europe, under the financial support of BIOSTAT-Stability of Biodiesel project,  

Bondioli et al. (2004) developed an accelerated  ageing method for biodiesel storage 

stability prediction.  They suggested that a 24 hours ageing at 80°C could predict one-year 

ageing in a reasonably accurate way.   

      In this study, this newly developed ageing method was used to study the stability of 

camelina biodiesel treated with different levels of antioxidants after one-year storage. 

According to the experimental results obtained from section 6.4.1, three antioxidants 

(TBHQ, PrG and BHT) that gave relatively better results of improving camelina biodiesel 

oxidation stability were selected for further studies. Their concentrations were set in the 

range of 1000 ppm to 3000 ppm. The relationships between OSI of camelina biodiesel after 

24h ageing and antioxidant concentrations were presented in Fig. 6.4.  

 

Fig. 6.4 The relationship between Oil Stability Index (OSI) of camelina biodiesel after 24h 

ageing and concentrations of antioxidant (BHT, PrG and TBHQ).  

      The OSI of BHT treated camelina biodiesel after 24h ageing, a general prediction of 

biodiesel OSI for one-year real storage, was less than 8h at all levels in this study. This 

implied that treating camelina biodiesel with a high concentration (3000 ppm) of BHT can 
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improve its OSI to a satisfactory level (8h), however, its OSI would decrease to as low as 

4.9h (< 8h) after one-year storage. Therefore, BHT was not considered as an effective 

antioxidant to stabilize camelina biodiesel for one-year storage. Camelina biodiesel 

samples treated with PrG retained satisfactory OSI (around 8h) after 24h ageing, and no 

significant change of OSI was observed by increasing PrG concentration. PrG was capable 

to maintain camelina biodiesel stability around 8h at all levels after one-year storage. In 

contrast, the stability of camelina biodiesel treated by TBHQ varied greatly with TBHQ’s 

concentrations. OSI values were 13.3h (2000 ppm TBHQ), 7.8h (1500 ppm TBHQ) and 

5.8h (1000 ppm TBHQ) respectively. Significantly high OSI was achieved at 2500 ppm 

TBHQ (24h) as shown in Fig. 6.4.  High concentration of TBHQ was extremely effective 

to increase the resistance of camelina biodiesel against external environment during storage.      

      PV of antioxidant treated camelina biodiesel after 24h ageing was also measured to 

assess its storage stability in this study. Fig. 6.5 showed the relationship between PV of the 

aged camelina biodiesel and antioxidant concentrations. As observed, the PV values were 

in the range of 15-19 mM and did not change much with the concentrations of BHT.  PrG 

showed the similar trend with PV values ranging from 12 mM to 16 mM. Interestingly, the 

OSI values of both BHT and PrG treated camelina biodiesel after 24h ageing did not vary 

significantly with their loading concentrations.  

      As for TBHQ, the addition of this antioxidant led to an extremely low PV value (only 

about 5 mM), indicating that TBHQ had higher antioxidant activity than BHT and PrG for 

a long period of storage. Surprisingly, there was no significant difference in PV of camelina 

biodiesel treated with 1000 ppm (5.3 mM) and 2000 ppm (4.8 mM) TBHQ, however, their 

OSI was significantly different (5.8h and 13.4h for 1000 ppm and 2000 ppm TBHQ 

respectively). This might be referred to that adding a relatively less amount of TBHQ (1000 

ppm) into camelina biodiesel can eliminate its hydroperoxide formation during ageing 

period. The secondary oxidation products (such as easily volatile acids) were formed 

quickly at 24h aged camelina biodiesel that was treated with relatively low TBHQ loading, 

and then resulted in relatively low OSI even though just small amounts of hydroperoxides 

were generated (low PV). This can also be explained that more volatile components were 

formed (such as crotonaldehyde) during the oxidation of C18:3 as opposed to longer and 
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less volatile components in the oxidation of C18:2 (Frankel, 1980). Chuck et al., (2012) 

also reported that different with C18:2, the decomposition rate of C18:3 was highest at the 

beginning of reaction even though both of them were found to be decomposed almost 

instantaneously under reaction condition (at 110 ºC).  

 

Fig. 6.5 The relationship between peroxide value (PV) of camelina biodiesel after 24h 

ageing and concentrations of antioxidant (BHT, PrG and TBHQ). 

      Based on the experimental results, the order of effectiveness of antioxidant on 

stabilizing camelina biodiesel after one-year storage was: TBHQ > PrG > BHT. However, 

BHT was not able to maintain 8h OSI of camelina biodiesel stored for one year. Treating 

camelina biodiesel with 1500 ppm PrG or TBHQ can ensure satisfactory OSI after one-

year storage at an ambient temperature based on accelerated 24h ageing method proposed 

by Bondioli et al., (2004).  

 

6.4.3 Effect of Antioxidants on Storage Stability of Camelina Biodiesel Aged by the ASTM 

D4625 
 

      Improvement of biodiesel storage stability allows it to be kept for a longer duration of 

time without fear of severe degradation and formation of oxidation products which can 
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either cause engine damage or lower its fuel qualities (Osawa et al., 2015). Adding 

antioxidants to biodiesel can delay the oxidation initiation, therefore, increase the induction 

time until the antioxidant is exhausted, but could not permanently prevent the biodiesel 

from autoxidation during a long term storage period (Dunn, 2005). To our knowledge, no 

published literature has studied biodiesel storage stability by using 24h accelerated ageing 

method yet and ASTM method D4625 (Diesel fuel storage stability at 43 ºC) was usually 

considered as a promising accelerated ageing method for research on the storage properties 

of biodiesel (Bondioli et al., 2002; Christensen and McCormick, 2014). A week of 43 ºC 

storage is roughly equivalent to a month of storage at normal (environmental) ambient 

temperature. OSI and PV could be measured to monitor degradation of biodiesel aged 

under storage conditions simulating ASTM D4625 (Bondioli et al., 2004, 2002; R. Dunn, 

2005). The relationship between OSI of antioxidant treated camelina biodiesel and ageing 

weeks at different concentrations were shown in Fig. 6.6.  

 

Fig. 6.6 The relationship between Oil Stability Index (OSI) of camelina biodiesel aged by 

ASTM D4625 and concentrations of antioxidant (BHT, PrG and TBHQ).  
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      The OSI of camelina biodiesel treated with BHT at all levels were all less than 8h 

throughout 12 weeks ageing process. This result is consistent with the BHT result obtained 

using the 24h accelerated method and therefore further confirmed that BHT was not an 

effective antioxidant for camelina biodiesel for a long period of storage. The antioxidant 

activity of PrG was better than BHT, however, most of the OSI of PrG treated camelina 

biodiesel were less than 8h. This was different from the results of the experiment using 24h 

ageing, in which PrG at all concentrations were effective for stabilizing camelina biodiesel 

over one-year storage.  

      1000 ppm TBHQ was not sufficient to keep camelina biodiesel OSI at the satisfactory 

level even at the very beginning of ageing process (such as week 2 and week 4). However, 

increasing TBHQ loading to 1500 ppm significantly improved camelina biodiesel OSI to 

9.3h in week 2 and maintain the acceptable stability until week 6. The stability of camelina 

biodiesel treated with 2000 ppm TBHQ sustained to week 10. A significant decline of OSI 

(from 15.7h to 6.7h) of camelina biodiesel treated with 2500 ppm TBHQ was observed 

after 6 weeks aging and stayed  lower than 8h in the following ageing process. Treating 

camelina biodiesel with 3000 ppm TBHQ exhibited the highest antioxidant effectiveness 

over the 12 weeks ageing period even though no significant decrease of OSI was detected 

along with increasing ageing time. These results related to TBHQ herein were not 

completely consistent with resulted obtained in the Section 6.4.2. For example, 1500-2500 

ppm TBHQ could not maintain camelina biodiesel at a satisfactory stability level after 12 

weeks ageing. PrG presented a similar trend as TBHQ when comparing the OSI values 

obtained from using these two different aging methods. Combined all the facts, the ASTM 

D4625 ageing method generated a harsher condition and simulated a more intensive 

degradation environment than the 24h ageing method suggested by Bondioli et al. (2004).   

      Fig. 6.7 demonstrated the relationship between PV of antioxidant treated camelina 

biodiesel and the number of ageing weeks at five different loading concentrations. The 

noticeable increasing trend was presented for all three kinds of antioxidants (BHT, PrG 

and TBHQ) at all levels over 12 weeks ageing period. Camelina biodiesel treated with 

TBHQ was found to have the lowest PV compared to BHT and PrG. This can be well 

explained by a high antioxidant activity and effectiveness of TBHQ, which eliminated 

hydroperoxide formation during ageing period. Interestingly, PV of PrG treated camelina 
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biodiesel aged by ASTM D4625 was higher than that of BHT treated camelina biodiesel at 

all five antioxidant loading levels. However, there was no significant difference in PV 

between PrG and BHT treated camelina biodiesel aged for 24h.  

 

Fig. 6.7 The relationship between peroxide value (PV) of camelina biodiesel aged by 

ASTM D4625 and concentrations of antioxidant (BHT, PrG and TBHQ). 

      Synthetic antioxidants containing hydroxyl groups is known to provide protons for free 

radicals of methyl esters to terminate the free radical chain reaction and form relatively 

stable radicals.  The number of hydroxyl groups within each antioxidant can be ranked as: 

BHA=BHT (1) < TBHQ (2) < PrG (3) (Tang et al., 2008) as shown in Fig. 6.1. 

Theoretically, PrG has three hydroxyl groups and can provide more sites for free radicals 

than others, therefore, PrG should exhibit the highest antioxidant activity. However, PrG 

had some physical compatibility problems with biodiesel in this study and this was 

observed by Dunn (Dunn, 2005) as well. A trace amount of PrG sediment was observed at 

the bottom of the glass bottle during storage in the present study even though it was 

completely dissolved in biodiesel in the sample preparation processes. Therefore, the 

antioxidant activity of PrG might be slightly decreased due to its uneven attribution in the 

biodiesel sample. This might be the reason for a higher PV value of PrG treated camelina 
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biodiesel aged by the ASTM D4625 as compared to BHT. Additionally, antioxidant 

activity against oxidative degradation involved very complex processes and also varied 

with different feedstock oils (Supriyono et al., 2015; Zuleta et al., 2012; Kurechi et al., 

1983). Many studies have demonstrated that TBHQ had higher antioxidant activity than 

PrG including current study. Kurechi et al., (1983) also reported that TBHQ may generate 

other identical oxidation products during its antioxidative process, which had higher 

antioxidative activity than TBHQ itself. This can be attributed to the high antioxidant 

activity and effectiveness of TBHQ. Overall, only TBHQ at a concentration level of 3000 

ppm enabled to stabilize camelina biodiesel over the whole 12 weeks of ageing period and 

TBHQ in the concentration range of 1500-2500 ppm was sufficient to maintain camelina 

biodiesel stability above 8h for 6 weeks using ASTM D4625 ageing methods.   

 

6.5 Conclusions 

      Treating biodiesel with an oxidation inhibitor (antioxidant) is a commonly used and 

promising approach to increase the resistance against biodiesel oxidative degradation. 

Biodiesel derived from Camelina sativa oil has poor oxidative stability. Among four 

synthetic antioxidants tested in this study, TBHQ presented the highest anti-oxidation 

effectiveness on improving camelina biodiesel oxidative stability. The oxidation stability 

index (OSI) of camelina biodiesel was increased from originally lower than 3h to the 

satisfactory level of 8h by adding either 2000 ppm BHT, 1000 ppm PrG or 1000 pm TBHQ.  

      The storage stability of camelina biodiesel was assessed as well through measuring 

parameters OSI and PV using two different ageing methods, namely, 24h accelerated 

ageing method and the ASTM D4625 ageing method. Ageing camelina biodiesel by the 

ASTM D4625 simulated more intensive degradation of camelina biodiesel compared to the 

24h ageing method. 3000 ppm TBHQ was sufficient to stabilize camelina biodiesel for an 

ageing period of 12 weeks (equivalent to one-year storage) based on the ASTM D4625 

ageing method. Treating camelina biodiesel with only 1500 ppm PrG or TBHQ can obtain 

the satisfactory value of OSI after one-year storage based on the accelerated 24 h ageing 

method.  
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CHAPTER 7: OVERALL CONCLUSIONS AND FUTURE WORK 

 

7.1 Overall Conclusions 

      Camelina sativa has been recognized as a promising energy crop for biodiesel 

production in North America. The research presented herein has demonstrated that it is 

feasible to produce biodiesel from Camelina sativa grown in Nova Scotia. To assess its 

feasibility, the fatty acid profile of camelina oil, fuel properties of camelina biodiesel, 

alkali-catalyzed transesterification process, crude camelina biodiesel purification and the 

oxidative stability of camelina biodiesel were investigated.  

       

 The fatty acid profile of camelina sativa oil was identified to contain 10%, 33.2% 

and 56.8% saturated, monounsaturated and polyunsaturated fatty acids respectively, 

especially, with high percentages of linolenic acid (C18:3; 33..5 wt. %) and linoleic 

acid (C18:2; 19.1 wt. %). 

 An alkali-catalyzed transesterification process can readily convert the parent 

camelina sativa oil into camelina biodiesel. The RSM method was used to 

investigate the effects of four independent factors (temperature, time, molar ratio 

of methanol/oil, and catalyst concentration) on the dependent variables (product 

yield and FAME yield) and to further optimize the alkali-catalyzed 

transesterification conditions. The optimal conditions were determined to be the 

reaction temperature of 38.7°C, 40 min of reaction time, 7.7 of molar ratio of 

methanol/oil, and 1.50 wt. % of catalyst concentration. At such optimal conditions, 

the maximum camelina biodiesel product yield of 97% and FAME yield of 98.9% 

were obtained. 

  It is also demonstrated that a dry washing process using fiber-based biosorbents is 

an alternative option for biodiesel purification.  The soap removal capacity of three 

studied biosorbents are 9.4 mL/g for wood shavings, 24.4 mL/g for sawdust and 

51.1 mL/g for the commercially available BD-Zorb respectively, when the initial 

soap content of the crude camelina biodiesel was 9007 ppm. In comparison with 

the other purification method, wet washing, a large amount of distilled water (14:1 

of water/biodiesel in volume at 50 ºC and 30:1 water/biodiesel in volume at 20 ºC) 
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was needed to reduce the same soap content in camelina biodiesel to a satisfactory 

level. 

 Most of the fuel properties of the resulting camelina biodiesel were in good 

agreement with the specifications in the ASTM D6751 and EN 14214, including 

kinematic viscosity, acid number, flash point, sulfur content, total glycerol content 

and mono-, di-and triglycerides. Its cetane number (49.7) was satisfactory 

according to the ASTM D6751, but not for the EN 14214. However, camelina 

biodiesel exhibited poor oxidative stability (1.9 h), resulting from a high percentage 

of polyunsaturated fatty acid methyl esters.  

 The addition of synthetic antioxidants can effectively increase biodiesel’s 

resistance against auto-oxidative degradation. The oxidation stability (OSI) of 

camelina biodiesel was improved from originally lower than 3h to a satisfactory 

level (8h) by adding either 2000 ppm BHT, 1000 ppm PrG or 1000 pm TBHQ. The 

storage stability of camelina biodiesel was assessed by using two different ageing 

methods, namely 24h accelerated ageing and the ageing method described in the 

ASTM D4625.  3000 ppm TBHQ was sufficient to stabilize camelina biodiesel 

within 12 weeks ageing period (equivalent to one-year storage) based on the ASTM 

D4625 ageing method. Treating camelina biodiesel with 1500 ppm PrG or TBHQ 

can ensure satisfactory stability for one-year storage based on the accelerated 24h 

ageing method. In the scope of this study, TBHQ presented the highest antioxidant 

effectiveness on improving camelina biodiesel oxidative stability, and both the 

oxidation and storage stability of camelina biodiesel were improved to a 

satisfactory level by adding a suitable amount of TBHQ.   

 

7.2 Future Work 

      The feasibility of biodiesel production from Camelina sativa oil has been demonstrated 

in the present study. However, more research related to fuel properties improvement, by-

product utilization, the application of heterogeneous catalyst and scaling up issues, are 

essential to be further conducted to increase the overall economic viability of camelina 

biodiesel production.   
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      Generally speaking, all types of biodiesel exhibit poor cold flowability compared to 

that of petrodiesel. The cold flow properties of camelina biodiesel, therefore, need to be 

further investigated. The utilization of the by-product, glycerol is critical for reducing 

biodiesel production costs. Attempts of using glycerol as a binding agent for solid biofuels 

(such as pellets and briquettes) should be made in future work. Producing camelina 

biodiesel in the presence of heterogeneous catalysts should be explored as the 

heterogeneous catalysts can be easily separated from product mixture, and thus 

significantly reduce the burden to purification steps.        

      The study on scaling up of camelina biodiesel production under the optimal reaction 

conditions obtained from this study would be necessary for a pilot production in the near 

future. The introduction of ultrasound or microwave-assisted biodiesel production is 

promising and deserves more attention.  
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