
Enzymatic Hydrolysis of Flaxseed Oil to Produce Free Fatty Acids 

 

 

A thesis submitted to the College of Graduate and Postdoctoral Studies 

In partial fulfillment of the Requirements for the  

Degree of Master of Science 

In the Department of Chemical and Biological Engineering 

University of Saskatchewan 

Saskatoon, SK 

Canada 

 

By 

 

Dylan Sidney Blair Scheibelhoffer 

 

 

 

 

 

 

 

© Copyright Dylan Sidney Blair Scheibelhoffer, December 2020. All rights reserved. 
Unless otherwise noted, copyright of the material in this thesis belongs to the author. 



i 

 

 

PERMISSION TO USE 

 

 

In presenting this thesis in partial fulfillment of the requirements for a Postgraduate degree from 

the University of Saskatchewan, I agree that the libraries of this University may make it freely 

available for inspection. I further agree that permission f or copying of this thesis in any manner, 

in whole or in part, for scholarly purposes may be granted by Dr. Ajay Dalai who supervised my 

thesis work, or in his absence, by the Head of the Department or the Dean of the College of 

Engineering. It is understood that any copying or publication or use of this thesis or parts thereof 

for financial gain is prohibited and shall not be allowed without my written permission. It is also 

understood that due recognition shall be given to me and to the University of Saskatchewan in any 

scholarly use which may be made of any material in my thesis. 

 

Requests for permission to copy or to make other uses of materials in this thesis/dissertation in 

whole or part should be addressed to: 

 

 

 

Head of the Department 
Chemical and Biological Engineering 
University of Saskatchewan 

57 Campus Drive 
Saskatoon, Saskatchewan S7N 5A9 
Canada 

 

Dean 
College of Graduate and Postdoctoral Studies 
University of Saskatchewan 

116 Thorvaldson Building, 110 Science Place 
Saskatoon, Saskatchewan S7N 5C9 
Canada 
 

 

 



ii 

 

ABSTRACT 

Microorganisms with the potential to secrete extracellular enzymes such as Candia rugosa 

and Aspergillus niger have the potential for industrial applications. The primary application of 

interest in this study includes the development of biocatalysts for the bioprocessing industry. Both 

microbial species secrete enzymes including lipase which has been used to catalyse the hydrolysis 

of glycerols. Saskatchewan is the largest producer of flaxseed worldwide accounting for 40% of 

worldwide flaxseed production. Flaxseed can be further processed to acquire nutrient-rich flaxseed 

oil. Linolenic and linoleic acids account for 58 wt. % and 15 wt. % of the total free fatty acids 

content of flaxseed oil. The free fatty acid concentrations can be increased via the process of 

enzymatic hydrolysis. α- linoleic and linolenic acids are high-value nutritional supplements in 

great demand in the pharmaceutical and health industries. In this study, the potential of lipase from 

Candida rugosa and Aspergillus niger to catalyse the hydrolysis of naturally occurring glycerols 

in flaxseed oil into free fatty acids was investigated.  

The research work was divided into 2 phases. The first, optimization of reaction conditions. 

In this phase, the optimal reaction conditions for the hydrolysis of flaxseed oil catalyzed by lipase 

were determined. The reaction conditions pH, temperature and flaxseed oil concentration were set 

as the reaction parameters for optimization. A central composite design with three center points 

was used as the experimental design for optimization. The optimal reaction conditions for lipase 

from Aspergillus niger and Candida rugosa were determined independently. The second phase 

studied the enzyme kinetics of the hydrolysis of flaxseed oil using lipase. Kinetic analyses were 

performed using Michaelis-Menten modelling for enzyme kinetics.  

The reaction conditions such as pH, reaction temperature, and oil to buffer ratio in a 

homogenous mixture (mL flaxseed oil to mL TRIS-HCl buffer) were investigated to optimize free 

fatty acid production. Optimum reaction conditions for Aspergillus niger lipase, ANL, were found 

to occur at a pH of 5 and a temperature of 35 C with a 15% flaxseed oil concentration. These 

conditions yielded an average of 78% increase in the free fatty acid concentration when compared 

to the FFA concentration of pure flaxseed oil. Optimum reaction conditions for Candida rugosa 

lipase, CRL occurred at a pH of 6.5 and a temperature of 30 C with a 10% flaxseed oil 

concentration. These conditions yielded a 95% increase on average in the free fatty acid 

concentration compared to pure flaxseed oil. Brunaurer-Emmett-Teller, BET, analysis of the 
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surface characteristics of lipase showed CRL to have the greatest surface area of 11.7±0.1 (m2/g) 

and a pore diameter of 7.6 nm. The surface area and pore diameter for ANL were undetectable by 

BET characterization. Analyses of the kinetic parameters were conducted to determine the 

Michaelis-Menten constant, Km, maximum reaction velocity, Vm, and, the turnover number, kcat, 

respectively. The results are as follows; 4.25x10-5g/mL-sec, 1.06g/mL, 6.61x10-2/sec using CRL, 

6.46x10-7, 1.62, 3.45x10-2/sec using ANL. The biomedical imaging and therapy facility beamline, 

BMIT, beamline imaging taken at the Canadian light source confirmed that the hydrolysis reaction 

takes place at the flaxseed oil-water interface as lipase becomes active and migrates to the 

interface. The results of this study showed CRL is the superior source of lipase compared to ANL 

based on the experimental findings, kinetic analyses, and enzyme characterizations.  
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Chapter 1 : Introduction  
 

1.1 Introduction 

 

Saskatchewan-grown flaxseed accounts for approximately 85% of flax production in Canada 

and is thus one of the largest producers of flaxseed globally (Government of Saskatchewan, 2020; 

Saskatchewan Flax Development Commission, 2020). In Canada, flaxseed is primarily an export 

commodity accounting for $150-180 million dollars in annual sales (CAD) (Siemens, 2019). 

Processed flaxseed has numerous applications including health and wellness (nutritional 

supplements), textiles (bio-fibres, linoleum flooring, paints), and as livestock feed. Recently, 

flaxseed oil has gained attention for its nutritional properties.  Consumption of flaxseeds and 

flaxseed oils has the nutritional benefit of being a natural source of Omega 3’s (alpha-linolenic 

(ALA), Omega 6’s (linoleic (LNA)), eicosapentaenoic (EPA) and docosahexaenoic (DHA) acid) 

which are a group of free fatty acids (FFAs) known to lower cholesterol, improve cognitive 

function and regulate blood pressure (Rabetafika et al., 2011). Neither ALA nor LNA can be 

produced by the body, and therefore must be consumed either via foods high in FFAs or as a 

dietary supplement (Imanparast et al., 2018; Rabetafika et al., 2011). An investigation into the 

changes in consumption of ALA and LNA in the average American diet over the past 100 years 

showed a downward trend in the amount of ALA and LNA consumed in the diet alone (Blasbalg 

et al., 2011). Thus, the demand for ALA and LNA in the form of nutritional supplements has 

increased to prevent deficiencies in these essential FFAs. ALA and LNA FFA supplements are 

conventionally sourced from fish oils, however, due to environmental and cultural changes the 

need for a non-animal or vegan source of FFAs has arisen (Jaeger et al., 1994; Rupani et al., 2012). 

Saskatchewan-grown flaxseed is sought after for its superior nutritional content. The climate in 

which flaxseed is grown has been shown to impact the production of ALA, with northern climates 

showing an increase in ALA concentrations (Flax Council of Canada, 2016). The high 

concentrations of free fatty acids within flaxseed oil are therefore an excellent source of essential 

nutrients including ALA and LNA. The concentration of ALA and LNA of flaxseed oil can be 

increased through the process of enzymatic hydrolysis. Enzymatic hydrolysis uses the enzyme 

lipase to catalyse the hydrolysis of long-chain tri-, di-, and monoglyerols into shorter chain FFAs. 

Lipase is a commercially available enzyme that can be purchased in a variety of forms and species 
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of origin. The catalytic potential and effectiveness of hydrolysis will vary with microb ial species 

of origin and are substrate-specific.  

1.2 Knowledge Gaps 

 

There is an abundant variety of commercially available lipase resulting from the diversity of 

bacterial and fungal microbial species that have the capability to secrete lipase. Substrate affinity 

varies between the microbial source of lipase and must be investigated for each microbial species 

and substrate independently. The optimal microbial source for the hydrolysis of flaxseed oil to 

produce free fatty acids has not yet been investigated.  The reaction parameters pH, temperature, 

and flaxseed oil to buffer ratio (v/v%) are unknown for lipase from Candida rugosa, CRL, and 

Aspergillus niger, ANL. The Michaelis-Menten kinetic parameters, Michaelis-Menten constant, 

Km, maximum, reaction velocity, Vm, and catalytic turnover number, kcat, are unique to each 

enzyme-substrate pair and must be determined analytically.  The kinetic parameters describing the 

hydrolysis of flaxseed oil using the lipase species ANL and CRL have not yet been reported in the 

literature.  

1.3 Hypotheses  

 

1. The optimal reaction parameters pH, temperature, and flaxseed oil to buffer ratio (v/v%) 

will have a significant impact on the conversion of glycerols into free fatty acids.  

o The optimal reaction parameters will differ between Candida rugosa and 

Aspergillus niger and must be optimized individually.  

2. The substrate affinity, represented by the inverse value of Km, 1/Km will vary with the 

microbial source of lipase. The source of lipase with the greatest substrate affinity will have 

the greatest value of 1/Km as determined by kinetic analyses.  

o The microbial source with the greatest substrate affinity will produce higher 

concentrations of free fatty acids following hydrolysis.  
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1.4 Objectives  

 

The core objective of this study is to determine the optimal microbial source of lipase to 

catalyze the hydrolysis of flaxseed oil to produce free fatty acids. This is achieved through analyses 

of 2 sub-objectives as listed below.  

1. Optimization of reaction parameters to produce peak quantities of free fatty acids.  

o The source of lipase that achieves the greatest conversion of glycerols into free fatty 

acids under optimal reaction conditions was determined during this phase of the 

study.  

2. Analyses of reaction kinetics to determine the kinetic parameters Km, Vm and kcat 

(Michaelis – Menten kinetics).  

o The kinetic parameters were compared to determine which of the two microbial 

species has the greatest substrate affinity, Km, reaction velocity, Vm, and turnover 

number, kcat.  

o A brief economic analysis was performed to determine the most cost-effective 

microbial source of lipase for use in an industrial scale-up. 
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Chapter 2 : Literature Review  
 

2.1 Traditional Methods of Hydrolysis  

 
Hydrolysis is the process by which chemical bonds are broken by water (Soanes and 

Stevenson, 2008). The hydrolysis of flaxseed oil requires the hydrolysis of tri-, di-, and 

monoglyerols. Hydrolysis of glycerols cleaves the alcohol-carboxylic acid bond via the 

introduction of water, breaking down the fatty acid chain.  Three methods of hydrolysis exist with 

the potential to enrich the FFA content of nutritional oils, chemical, physical/mechanical and, 

enzymatic hydrolysis.  

2.1.1 Chemical Hydrolysis  

Chemical hydrolysis cleaves the glycerol-ester bond and supplants it with an ester-alcohol 

bond using an alkaline catalyst (Meher et al., 2006). This process requires the maintenance of a 

stoichiometric ratio in excess of 3:1 (alcohol: triacylglycerol) for hydrolysis to occur in the forward 

direction (Crexi et al., 2012; Meher et al., 2006). Alcohol concentrations above the ratio as 

specified yield higher concentrations FFAs following hydrolysis (Crexi et al., 2012; Meher et al., 

2006).  Catalysts used in this method are generally alkaline and include potassium hydroxide, 

KOH, and sodium hydroxide, NaOH (Crexi et al., 2012). Following hydrolysis, FFAs are 

concentrated via urea complexation for extraction from solution. The FFAs form a urea complex 

with a crystal structure that can be easily filtered out for collection  (Wanasundara and Shahidi, 

1999). The drawbacks of chemical hydrolysis include, soap formation, the formation of 

ester/glycerol emulsions, solidification versus complexation and reversal of hydrolysis  (Crexi et 

al., 2012; Wanasundara and Shahidi, 1999).  FFA concentrations above 3% in vegetable oils were 

found to reduce the occurrence of transesterification reactions, which are undesired side reactions 

that can occur during hydrolysis (Dorado et al., 2002; Meher et al., 2006).  

2.1.2 Mechanical Separation of FFAs  

 

Mechanical separation uses high temperatures (>200C) to break down triglycerols into 

FFAs (Jaeger et al., 1994). Heat is applied in mechanical separation to break the ester-glycerol 

bond thus breaking long-chain triglycerols down into FFAs (Jaeger et al., 1994). Sande et al. 
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(2018) list the conditions for mechanical separation using steam as 70 bar and 250ºC. The 

consequences of treatment at high temperatures include degradation of FFAs and formation of 

bitter compounds, discoloration (darkening) of the product, and soaps (Chen et al., 2014; Sande et 

al., 2018). FFAs including ALA and LNA are thermally sensitive and have a low-temperature 

threshold before they begin to degrade. In the study by Fournier et al. (2006), it was observed that 

temperatures equal to and greater than 180 C have a significant negative impact on the 

concentration of nutritionally desirable FFAs ALA and LNA and suggest 180 C as the maximum 

temperature for hydrolysis (Fournier et al., 2006). The use of the high temperatures required by 

mechanical hydrolysis is unsuited to the formation of FFAs as the temperature required to induce 

hydrolysis is higher than that of the temperature at which FFAs degrade (200  °C>180 °C). In 

addition to thermal degradation thermal hydrolysis has other negative properties including, the 

creation of unwanted secondary reactions, and, complex equipment requirements are which are 

undesirable to this process (Chen et al., 2014; Jaeger et al., 1994). The introduction of side 

reactions lowers the reaction rate and product formation. Potential profits of FFAs produced using 

thermal hydrolysis are reduces as any FFA products formed are damaged by heat reducing the 

product quantity and quality.  

 

2.1.3 Enzymatic Hydrolysis  

Enzymatic hydrolysis utilizes enzymes that function as biocatalysts to cleave ester-glycerol 

bonds. The lipase-mediated hydrolysis reaction occurs via the following reaction mechanism: 

lipase attaches to the ester bond cleaving off FFAs, shortening the glycerol side chains and 

converting triglycerols into FFAs with water as a byproduct (Jaeger et al., 1994). The basic 

hydrolysis pathway is depicted in Figure 2-1.  

 

 

Figure 2-1: General Hydrolysis Reaction Mechanism 
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Many enzyme-mediated reactions, including hydrolysis, are reversible although in this instance 

the reverse reaction is undesired and can be prevented by ensuring there is a suitable substrate 

concentration for the forward reaction to occur  (Bhandari et al., 2015). The use of lipase as a 

catalyst has several advantages including immobilization and reuse, mild reaction temperatures 

(25°C-40°C), low equipment costs and reaction selectivity (Imanparast et al. 2018; Zulkeflee et al. 

2020). Bacterial lipases range in pH and temperature optima from 3-12 and 30-60 ºC, respectively 

(Imanparast et al., 2018). Similar to chemical hydrolysis, the FFA products produced during 

enzymatic hydrolysis can be purified using urea complexation. Urea complexation separates 

proteins based on the degree of unsaturation and the presence of a double bond  (Fei et al., 2010). 

FFAs differ in the number of double bonds located on the fatty acid chain when compared with 

glycerols and thus can be separated via urea complexation.  

2.2 Classification of Lipase  

Enzymes are divided into classes based on the nature of the reaction in which they catalyze. 

There are six classes of enzymes, listed in Table 2-1 below are the classes of enzymes and the 

reactions which they catalyze:  

 

Table 2-1: Enzyme Classification 

Enzyme Class Reaction 

Hydrolases Hydrolysis reactions 

Isomerases Isomerization 
Ligases Uniting of molecules 

Lyases Formation and destruction of double bonds 

Oxidoreductases Oxidation-reduction reactions 

Transferases Transfer of functional groups 

 

Enzymes are classified based on their catalytic properties. The classes of enzymes are as 

follows: oxidoreductases, transferases, ligases, isomerases, lyases, and hydrolases (Maier and 

Gentry 2015). Lipase, the enzyme of interest in this study falls under the classification E.C.3.1.1.3 

triacylglycerol hydrolases (Widmann et al., 2010). Hydrolases work by means of hydrolysis, the 

process in which chemical bonds are broken by the introduction of water. Lipase cleaves alcohol-

carboxylic acid bonds or esters. Lipase is particularly attractive to the biotechnological industry as 

it a chemeoselective, regioselective and stereoselective molecule (Jaeger and Eggert, 2002). The 



7 

 

use of lipase is particularly attractive because of its interfacial activation properties and its ability 

to exist in two conformations, active and, inactive (Lan et al., 2011). These properties allow for 

the regulation of reactions in favour of the desired product. Lipase is a suitable catalyst for the 

hydrolysis of flaxseed oil as it has a particularly high affinity to water-insoluble substrates, which 

includes flaxseed and other vegetable oils (Kumar et al., 2020). All species of lipase have common 

features, which are defined by an α/β-hydrolase fold with an S-D-(E)-H catalytic triad (serine-

histidine-aspartic or glutamic acid) and an oxyanion hole at the active site (Fischer and Pleiss, 

2003; Widmann et al., 2010). Typically the size of the enzyme is significantly larger than that of 

the substrate to which they are bound, with enzyme-substrate binding occurring at the active site 

of the enzyme (Madigan et al., 2009). At the active site, the enzyme binds to the substrate and 

hydrolysis occurs. While the general enzyme structure and reaction mechanism is known, reaction 

kinetics, substrate affinity and optimal reaction conditions of specific microbial sources of lipase 

to specific substrate must be determined experimentally (Hult and Holmquist, 1997). This is due 

to the overwhelming variety in both sources of lipase and potential substrates. Lipases have many 

applications in the bioprocessing industry as their conformational properties can be utilized to 

catalyze a specific reaction while preventing any unwanted side reactions (Jaeger and Eggert,  

2002). Two species of lipase, CRL and ANL are compared in this study as a potential catalyst for 

the hydrolysis of flaxseed oil using lipase.   

2.3 Microbial Lipase  

 
Enzymes secreted from microorganisms have been studied and extracted for a variety of 

commercial applications. Bacteria, fungi and yeasts are promising sources of lipase because of 

their vast diversity, and availability (Chen et al., 2014; Jaeger and Eggert, 2002). Of significant 

importance is the microorganism’s unique ability to adapt to survive in a host of environments 

(Shimizu et al., 1997). Microorganisms have evolved to survive in both extreme and temperate 

environments. The microorganism’s adaptation to the host environment results in diversity in the 

type, specificity and activity of enzymes secreted (Shimizu et al., 1997). Therefore, 

microorganisms can be screened for their potential to produce novel enzymes tailored to a specific 

reaction, thus increasing desired products and eliminating detrimental reactions (Shimizu et al., 

1997). Bacterial lipase is an excellent candidate for the production of lipase on an industrial scale. 

Bacterial lipase has been successfully cultivated in industrial quantities using fermenters 
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(Soleymani et al., 2017). Microorganisms will produce lipase of varying activity per unit of 

enzyme and because of this, it is important to consider the microbial source of the enzyme when 

investigating its catalytic potential (Rupani et al., 2012). Lipase is isolated from microorganisms, 

which have been plated onto culture media (Neethu et al., 2015). The media used to culture 

microorganisms varies in type and substrate. Common examples of culture media include nutrient 

broths and agar plates. Culture media is separated into two classes, defined and, undefined. As the 

name would suggest, in defined media the exact composition of the media is defined (Madigan et 

al., 2009). Most importantly in this media, the carbon source is specified to encourage the growth 

of particular microorganisms (Madigan et al., 2009). The nutritional content of complex media is 

undefined and can consist of various animal, plant and protein products (Madigan et al., 2009).  

2.3.1 Candida rugosa  

 

The genus Candia falls are classified as saccharomycetes of the higher kingdom fungi. 

Candia encompasses approximately one-quarter of all yeast species including Candida rugosa 

under investigation in this study (Schauer and Hanschke, 1999). Species that fall under the genus 

Candia are broad and varied in their diversity with over 150 identified species (Odds, 1987). 

Many Candida species exhibit communal behaviour, living in symbiosis with their host and, 

generally cause no observable benefit or harm (Odds, 2010). Candida appears to be an expansive 

genus for yeast species that cannot otherwise be classified under another genus. It is ambiguous 

as to how or why the numerous species classified by this genus are related to each other and thus 

it can be difficult to provide a detailed assessment of species similarities, however, a comparison 

of the differences between species is markedly more simple (Schauer and Hanschke, 1999). 

Candida species cultured from the same source may show marked phylogenic differences 

(Paredes et al., 2012). The extensive number and diversity of Candida species make them 

desirable as the source of new and novel technologies. 

Candida rugosa, taxonomy ID 5481 has recently been renamed by the NCBI database as 

Diutina rugosa. However, the majority of references in the literature refer to this species as 

Candida rugosa.  For consistency in this study, the name Candida rugosa will be used as the 

lipase purchased for analysis is labelled as lipase from Candida rugosa. It is a species of 

Candida with 91 unique strains (Global Catalogue of Microorganisms). The NCBI taxonomy 
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database describes Candida rugosa as a budding yeast, Diutina rugosa (Federhen, 2012). 

Candida rugosa is a comparatively understudied Candida species compared to the “industrial” 

Candida albicans species (Paredes et al., 2012). Consequently, the extent of beneficial properties 

in which Candida rugosa demonstrates has been so far underutilized. The properties of Candida 

rugosa that have been studied thus far, pertain to its pathogenicity to humans with limited 

information regarding its industrial applications (Paredes et al., 2012). It has been confirmed that 

Candida rugosa is capable of producing extracellular lipase (Lakshmi et al., 1999). An 

investigation into the lipasic system of Candida rugosa conducted by Ratomahenina et al. (1993) 

yielded the following results pertaining to the structure of lipase from Candida rugosa, it is an 

oligomeric enzyme comprised of five identical polypeptide chains. In addition to its structure, it 

was determined that the optimal reaction conditions for lipase secretion from this microbe occur 

at a neutral pH of 7 and at a temperature of 40ºC (Ratomahenina, Riaublanc, and Galzy, 1993). 

Lipase from Candida rugosa is non-specific in its conformational specificity and therefore has 

the capability to catalyze numerous hydrolysis reactions (Rupani et al., 2012). The optimal 

growth conditions of Candida rugosa for lipase production are well within the mild pH and 

temperature conditions to maintain the structure of FFAs it is a practical source of extracellular 

lipase (Chen et al., 2014). Lipase from Candida rugosa is a unique enzyme that can be utilized in 

the hydrolysis of flaxseed oil because of its affinity to free fatty acids as a substrate (Lakshmi et 

al., 1999).  

Jeager and Eggert (2002) described the phenomena in which lipase from Candida rugosa 

favours the catalysis reaction that aids in the formation of (S)- and (R)-elvirol, antimicrobial 

agents. In the study performed by Rupani, et al. (2012), a comparison of hydrolysis between 

Pseudomonas capacea, Pseudomonas flourescense, Rhizormucor meihei and, Candida rugosa, it 

was found that Candida rugosa was the most effective species in the hydrolysis of free fatty acids. 

This suggests that lipase from the same microbial source may be effective in catalyzing varied 

hydrolysis reactions depending on the substrate. Candida species have shown an affinity to the 

(S)-enantiomer suggesting they are a suitable microbial source of lipase (Jaeger and Eggert, 2002).  

2.3.2 Aspergillus niger  

 

The fungal species Aspergillus niger is the first microorganism to be widely used on an 

industrial scale. It has the taxonomic ID 5061 (Federhen, 2012). A. niger has the ability to convert 
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simple sugars into citric acid (Cairns et al., 2018). This is particularly important in the industrial-

scale fermentation of a variety of food and beverages. Recently, the focus has shifted from 

fermentation to the ability of A. niger to secrete a variety of enzymes, including 30 species of 

lipase in large quantities (Cairns et al., 2018; Jia et al., 2015). In many cases, lipase from A. niger 

has the highest enzyme activity of microbial lipase sources (Falony et al., 2006). The growth 

medium for A. niger has a great impact on the excretion of lipase (Jia et al., 2015). The critical 

factor for lipase production is the media in which A. niger has been cultured (Marini et al., 2012). 

Lipase production seemed to be particularly active at a pH of 3 but remains active in the pH range 

of pH 2-9 (Marini et al., 2012). A. niger is capable of producing lipase when grown on a media 

containing carbon as a nutrient source, for example, many vegetable oils including flaxseed oil 

(Falony et al., 2006). On carbon the based media wheat bran optimal lipase production occurs at a 

temperature of 40C and a pH of 6. This suggests that the level of lipase secretion is specific to the 

culture growth medium (Falony et al., 2006). A. niger is well known and widely used in industrial 

fermentation. It has the added advantages of high lipase activity and varied conditions in which it 

can produce lipase. 

The effects of substrate, growth conditions and microbial source have been investigated in a 

limited number of cases, therefore, further study into the optimal microbial source of lipase for the 

hydrolysis of flaxseed oil is necessary (Dalmau et al., 2000). The potential to secrete lipase is 

apparent in both microbial species examined. A. niger is well known and widely used in industry 

already. It has the added advantages of high lipase activity and varied conditions in which it can 

produce lipase. C. rugosa has been studied in a limited number of  industrial applications and 

therefore has the advantage of being a novel microbial source of lipase.  

2.4 Flaxseed Oil as a Substrate  

 

The composition of the growth medium used to culture microorganisms has been shown to 

be of much importance in stimulating the production of lipase (Dalmau et al., 2000). Shimizu et 

al. (1997) demonstrated flaxseed oil to be a suitable growing medium for bacteria and fungi, which 

have the potential to produce lipase. Furthermore, the presence of triglycerides in growth media 

has been shown to stimulate the production of lipase (Dalmau et al., 2000). Vegetable oils are high 

in triglyceride content with fatty acid chains ranging from C8-C24 (Sande et al., 2018). Flaxseed 
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oil contains high amounts of triglycerides making it a good candidate for a substrate that will 

induce lipase production (Barthet, 2015). Flaxseed is an attractive oil source as it is renewable and 

environmentally sustainable (Dyer et al., 2008). The results of the study conducted by Lakshmi et 

al. (1999) showed that in a comparative study of vegetable oil substrates oils with high 

concentrations of free fatty acids had increased levels of lipase secretion by Candida rugosa. It 

was noted by Dalmau et al. (2000) that lipase secretion by Candida rugosa is dependant on lipidic 

structures within the substrate while Aspergillus niger will secrete lipase independent of lipidic 

structures speaking to its versatility. Flaxseed oil was noted to be the best substrate for substrate 

conversion into FFAs (50%) when compared with olive, soy, canola, almond, peanut, garlic, corn, 

and castor bean vegetable oils following hydrolysis using C. gloeosporioides (Sande et al., 2018). 

The long-chain fatty acids of flaxseed oil (triglycerols) are made up of long-chain fatty acids bound 

to a glycerol molecule (Meher et al., 2006). The properties of flaxseed oil, high ALA, LNA and 

glycerol composition make flaxseed oil a suitable substrate for the hydrolysis of flaxseed oil using 

lipase. Lipase is specific to the hydrolysis reaction cleaving ester bonds which are in high 

abundance in flaxseed oil as a substrate. Because flaxseed oil is high in free fatty acid concentration 

it has great potential to induce the desired production of lipase  in both microbial species. 

Traditional methods of flaxseed oil extraction include both cold and hot chemical extraction using 

organic solvents, and physical extraction or pressing (Zanqui et al., 2015).  

2.4.1.1 Cold Pressing  

Cold pressing of oils is the process by which oil is extracted from oil seeds utilizing a 

hydraulic press. Oil is extracted from the seeds once they have been crushed by the press. This 

method is popular in the health and wellness industry as it maintains the nutritional content of the 

oil by extracting the oil without the use of chemicals or heat (Siger et al., 2008). Furthermore, 

cold pressing requires no heat or chemical extraction, thus maintain the nutritional content of the 

oil (Siger et al., 2008). Cold pressing is costly in its operational requirements as high amounts of 

pressure required to operate the hydraulic press and is therefore not feasible for large-scale oil 

production (Khattab and Zeitoun, 2013).  
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2.4.1.2 Solvent Extraction 

Solvent extraction is the most common method of industrial flaxseed oil extraction  (Khattab 

and Zeitoun, 2013). The general process of oil extraction involves the following steps (Khattab 

and Zeitoun, 2013):  

1. Cleaning – removes debris and impurities  

2. Flaking – removes the shell from oilseed 

3. Cooking – roasts seeds to liberate oil 

4. Pressing – presses seed cake  

5. Solvent Extraction – extracts oil using one of many solvents  

The evaluation by Khattab et al.  (2013) compares the flaxseed oil extraction methods 

supercritical-CO2 fluid extraction, solvent extraction and accelerated solvent extraction for their 

effects on oil quality. Of note, supercritical oil extraction produced the highest concentration of 

free fatty acids in the oil extracted however, the difference was only about 0.2% than the yield of 

the other methods (Khattab and Zeitoun, 2013). While the increase in FFA concentration is 

minimal, this extraction technique has the benefits of being an environmentally friendly alternative 

and having an increased shelf life (Khattab and Zeitoun, 2013). Nutritionally sought-after FFAs 

degrade at high temperatures making the harsh chemical solvent extraction methods particularly 

unfavourable as they have the potential to degrade during the extraction process (Chen et al., 2014). 

The maintenance of the FFA concentration of flaxseed oil requires alternatives to traditional oil 

extraction techniques.   

2.4.2 Subcritical Fluid Extraction 

Subcritical fluid extraction (SFE) is an attractive alternative to traditional oil extraction 

methods. There several benefits of using this method of oil extraction including mild reaction  

temperatures and pressures, thus reducing the potential FFA degradation (Mariod et al., 2011). In 

the 2015 study by Zanqui et al., 2015, SFE was conducted at temperatures ranging from 30-60 

degrees Celsius and pressures of 8-12 MPa. The key findings in this study were that the effects of 

reaction temperature and pressure were of little consequence to the concentration of total free fatty 

acids (Zanqui et al., 2015). Interestingly, however, PUFAs were found in the highest concentration 

in the trial at 45 and 10 MPa (Zanqui et al., 2015). It is proposed by Zanqui, et al. (2015) that SFE 
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reduces the oxidation of FFAs encountered during solvent extraction, thus preventing the 

degradation of FFAs.  

Of the oil extraction methods discussed, subcritical fluid extraction was the optimal method 

of oil extraction to be used in the hydrolysis of flaxseed oil. This decision was based on several 

parameters. Like cold-pressing, SFE maintains the nutritional content of flaxseed oil. Unlike cold 

pressing, SFE is an industrially feasible method of extraction. SFE maintains the valuable FFA 

content of flaxseed oil, which is damaged by solvent extraction methods. In further investigation, 

a comparison of flaxseed oil extracted by the methods discussed should be conducted to assess the 

effects of the oil extraction method on the hydrolysis of flaxseed oil for the enrichment of n-3 and 

n-6 fatty acids.  

2.5 Enzyme Kinetics  

Enzymes are biological catalysts with the potential to facilitate numerous chemical reactions. 

Catalysts lower the activation energy of a reaction, increasing the rate at which the reaction 

proceeds. Lipase reduces the activation energy of the hydrolysis of flaxseed oil by binding to the 

triglycerols, stabilizing the enzyme-substrate structure (Marangoni, 2003). Enzymes are used to 

facilitate biological reactions without being consumed, influencing reaction equilibrium or, 

reaction energy, nor are they changed over the course of the reaction (Madigan et al., 2009). Figure 

2-2 below shows the change in activation energy using an enzyme catalyst in relation to the 

activation energy in the absence of a catalyst (Madigan et al., 2009).  

Lipase catalyzes the hydrolysis of triglycerol molecules into FFAs. Triglycerol molecules 

are characterized by a glycerol molecule bound to 3 fatty acid, FA, side chains, similarly, di and 

monoglyerols have 2 and 1 FA side chains, respectively. The hydrolysis reaction which breaks 

down long-chain tri, di-, and monoglyerols into FFAs occurs at the water-oil interface (Jaeger et 

al., 1994). Lipase is a water-soluble enzyme specifically targeted to triglycerides, which are 

insoluble in water, it is at this water/oil interface that the enzyme is bound to the substrate and the 

hydrolysis reaction proceeds (Maidina et al., 2008).  
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Figure 2-2: Change in activation energy using an enzyme catalyst 

 

Enzyme catalyzed reactions require the binding of the enzyme to the substrate, forming the 

enzyme-substrate complex which produces the reaction products leaving the enzyme unchanged. 

The general format of the catalysis mechanism can be described by Equation 2-1.  

𝐸 + 𝑆 ⇋ 𝐸𝑆 ⇋ 𝐸 + 𝑃             2-1 

 

The variables are defined as,  
E: Enzyme  
S: Substrate  
ES: Enzyme substrate complex 

P: Product 
 

Hydrolysis of triglycerols occurs via the following reaction mechanism: lipase attaches to 

the carboxyl ester bonds, which are then are hydrolyzed, producing water as well as cleaving the 

fatty acid chains from the glycerol backbone (Jaeger et al., 1994). A schematic of this is provided 

in Figure 2-3.  Eventually, if this reaction is allowed to continue, all fatty acid chains will be 

hydrolyzed into glycerol molecules (Bhandari et al., 2015).  
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Figure 2-3: Lipase Mediated Hydrolysis (Tymoczko, Berg, and Stryer 2019) 

 

Figure 2-4 shown below has been adapted from Hult and Holmquist (1997) and describes 

the kinetic model for lipase catalysis. Table 2-2 defines the reaction variables. 

 
Figure 2-4: Kinetic Model for Lipase Catalysis. Image adapted from Hult and Holmquist (1997) 
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Table 2-2: Definition of variables used to describe the kinetic model for lipase catalysis 

Variable Definition Function 

E Lipase in water buffer solution Transforms lipase into an 
aqueous solution 

Ea Inactive lipase molecule  

Ea
* Active lipase molecule Catalyzes hydrolysis  

E*A’ Michaelis-Menten complex Enzyme-substrate binding 
Ea*A Michaelis-Menten complex Enzyme-substrate binding 
E*-Ac Acyl-enzyme intermediate  

Ea
*-Ac Acyl-enzyme intermediate  

A, A’ Reaction substrates Free fatty acids 
B, B’ Reaction substrates  Water 
P, P’, Q, Q’ Reaction products Smaller chain free fatty 

acids- n-3, n-6, 
triglycerides, diglycerides, 
monoglyceride  

 

In Figure 2-4 above, the disintegration of triglycerols into diacyl and monoglyerols is 

shown. It can be seen that through hydrolysis lipase cleaves FA chains, breaking down the glycerol 

molecule.  

The affinity of lipase to a particular substrate is unique and must be determined through kinetic 

analyses. Theoretically, the maximum reaction rate, Vm is increased in enzymes that have a greater 

substrate affinity (Hult and Holmquist, 1997). The species of origin secreting lipase with a higher 

affinity for flaxseed oil should in theory produce greater product concentrations at an increased 

reaction rate. In order to determine the substrate affinity of ANL and CRL to the long-chain fatty 

acids contained in flaxseed oil (mono-, di- and triglycerides), Michaelis-Menten kinetic analyses 

were applied (Hult and Holmquist, 1997). Determining the kinetic parameters allows for the 

selection of the superior source of lipase for the hydrolysis of flaxseed oil. Microbial sources of 

lipase vary in their activity per unit of enzyme and therefore the microbial source of the enzyme 

must be considered when investigating its catalytic potential (Rupani et al., 2012). Michalis-

Menten kinetics for batch reactions were utilized to determine the kinetic parameters reaction 

velocity, Vm, the Michaelis- Menten constant, Km and, the turnover number, kcat. The turnover rate 

describes the speed at which the enzyme-substrate complex is converted into the enzyme and 

reaction products, thus the higher the turnover rate, the more product is being formed. The 

Michaelis-Menten constant, Km represents the affinity of the enzyme to the substrate and is 
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characterized by the concentration at 1/2Vmax where Vmax is the maximum reaction rate (Maier and 

Gentry, 2015). Km is inversely related to enzyme affinity; therefore, low Km values correspond to 

a high substrate affinity of the enzyme. The affinity of CRL and ANL will be compared as to which 

lipase species of origin has greater substrate affinity and is thus the superior source of lipase to 

catalyze the hydrolysis of flaxseed oil to produce FFAs. The following procedure outlines the 

kinetic analyses used to determine the kinetic parameters for the hydrolysis of flaxseed oil using 

ANL and CRL. The equations were described in Bioprocess Engineering: Basic Concepts, Shuler 

and Kargi (1991) and have been adapted to this study. The Michaelis-Menten Kinetic model makes 

the following assumptions regarding enzyme kinetics (Marangoni, 2003):  

• The enzyme-substrate complex, [ES], forms rapidly therefore enzyme-substrate binding 

is at equilibrium.  

• Substrate concentration remains constant during the reaction.  

• The reverse reaction is negligible.  

The general rate equation is used in this study to express the change in concentration of the 

reaction substrate is described by Equation 2-2. Combined with Michalis-Menten kinetic 

parameters, reaction velocity takes the form shown in Equation 2-3.  

𝑟𝑎𝑡𝑒 = −
𝑑[𝑆]

𝑑𝑡
                2-2 

        

𝑟𝑎𝑡𝑒 = −
𝑑[𝑆]

𝑑𝑡
=

𝑉𝑚[𝑆]

𝐾𝑚+[𝑆]
                2-3 

Where,  

rate= the reaction velocity (g FFAs formed/mL sec);  
Vmax = the maximum reaction velocity (g FFAs formed/mL sec);  
Km= the Michaelis-Menten constant (g FFAs formed/sec)   
[S] = the flaxseed oil concentration (g/mL).  
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Integration of Eq. 2-3 with respect to time gives Equation 2-4 which describes the variation 

in [S] with respect to time.  

𝑉𝑚𝑡 = [𝑆0] − [𝑆] + 𝐾𝑚𝑙𝑛
[𝑆0]

[𝑆]
                2-4 

 

Where, 

 t = time (seconds).  

 

The hydrolysis of flaxseed oil to produce FFA’S was investigated as a batch process for 

the purposes of this study. Km can therefore be determined graphically using a Hanes-Woolf plot 

for batch kinetics. From this plot, Vm can be calculated using Equation 2-4 and graphical analysis.  

 

𝑉𝑚 −
[𝑆0]−[𝑆]

𝑡
=

𝐾𝑚

𝑡
𝑙𝑛

[𝑆0]

[𝑆]
              2-5 

 

Equations 2-(2-5) are used to generate a plot of 1
𝑡⁄ ln

[𝑆0]
[𝑆]⁄   versus 

{[𝑆0] − [𝑆]}
𝑡⁄   resulting in a line with a slope of −1

𝐾𝑚
⁄ and an intercept of 

𝑉𝑚
𝐾𝑚

⁄ using the Hanes 

– Woolf method. The Hanes – Woolf method was chosen because the hydrolysis of flaxseed oil 

was conducted as a batch process, which is best described by Hanes – Woolf analysis (Shuler and 

Kargi, 1991). kcat, the first-order rate constant represents the transition from the enzyme-substrate 

complex to the enzyme and product and is described as:  

𝑉𝑚 = 𝑘𝑐𝑎𝑡[𝐸]0                 2-6 

 

Rajan, et al. (2014) noted that in the case of hydrolysis of saturated fatty acids short-chain 

fatty acids are preferentially hydrolyzed to their long-chain counterparts. Substrate affinity is of 

significant importance as it ensures the desired reaction is being catalyzed by the enzyme. Non-

specific enzymes have the potential to catalyze undesired side reactions, decreasing the purity and 

potential yield of desired products. If the hydrolysis reaction is allowed to continue unabated 

eventually the free fatty acids will continue to break down into the undesired products, 
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monoglyerols, glycerol molecules and esters. The formation of these products has the potential to 

inhibit the hydrolysis reaction, slowing the reaction rate (Marangoni, 2003). The formation of these 

fatty acids has been shown to slow the reaction progress as these molecules are preferentially 

hydrolyzed as previously mentioned (Rajan et al., 2014). Other factors affecting the efficacy of 

hydrolysis and overall reaction rate are reaction temperature, pH, substrate amount and enzyme 

quantity (Chen et al., 2014).  

For the most effective hydrolysis of flaxseed oil, the pH of the reaction must remain 

constant, this can be done by performing the reaction in a buffered solution (Hult and Holmquist, 

1997). Additionally, stirring of the system is required to enhance the mass transfer rate by 

increasing the interfacial surface area (Doukyu and Ogino 2010). The speed of agitation must be 

fast enough to increase the interfacial surface area, yet not so fast as to slow the reaction rate by 

preventing enzyme-substrate binding (Doukyu and Ogino, 2010). The optimal values of 

temperature, pH, substrate amount and enzyme quantity vary with each microbial source and 

substrate source. The optimal reaction parameters are often unknown and must be investigated 

experimentally. Once the optimal reaction conditions have been determined, the optimal reaction 

duration can then be investigated. Ideally, the reaction duration will be of sufficient timing to 

ensure maximum substrate conversion. Allowing the reaction to progress after such time will result 

in a reduction of the desired produces in favour of undesired product formation. Previous studies 

have investigated the hydrolysis of vegetable oils using lipase from several microbes.  

According to the previous investigations, the optimal pH of hydrolysis varies between 

species but does not vary far from the neutral pH 7. Results for temperature optimization ranged 

from ambient, 25ºC to 45ºC, both of which are well under the temperatures at which FFAs are 

reduced by thermal degradation. The concentration of oil used varied greatly between trials and 

experimental methodology applied. Table 2-3 lists the reaction parameters pH, temperature and 

flaxseed oil to buffer ratio used in the literature.  
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Table 2-3: Reaction parameters for enzymatic hydrolysis based on previous investigations  

Microbe pH 
Reaction 

Temperature 
Substrate 

Oil 
Concentration 

(v/v%) 
Reference 

A. fumigatus 7 40 

Triglycerols 
from 

Flaxseed 
Oil 

90 Rajan et al. (2014) 

C. rugosa 7.2 45 

Triglycerols 
from 

Safflower 
Oil 

3.33 Aziz et al. (2015) 

A. sediminis 
UTMC 2870 

8 25 
FFAs from 
Flaxseed 

Oil 

- Imanparast et al. 
(2018) 

C. gloeosporioides 
 

8 30 

Triglycerols 
from 

Flaxseed 

Oil 

- Sande et al.( 2018) 

C. rugosa 7.5 35 

Trioleins 
from 

Flaxseed 

Oil 

5 Rupani et al. 
(2012) 

Lipase AY 5.8 33 Flaxseed 
Oil 

90 Chen et al. (2014) 

 

2.5.1 Effects of pH on Enzyme Activity  

The effects of pH on enzyme activity and product conversion must be investigated to 

understand the hydrolysis reaction. Changes in pH affect several factors of enzymatic reactions 

namely, enzyme stability, binding and formation of the enzyme-substrate complex and the kinetic 

parameters (Marangoni, 2003). It has been previously established that the use of organic solvents, 

including, tris aminomethane, Tris, increases enzyme solubility, eliminates side reactions, and 

mitigates the risk of contamination (Doukyu and Ogino, 2010). Organic solvents have the potential 

to decrease enzyme activity limiting their applications on an industrial scale, therefore the enzymes 

used must be screened for their tolerance in an organic system (Doukyu and Ogino, 2010). 

Water/water-miscible organic solvent systems are created by adding organic, water-miscible co-

solvents to water, improving the enzyme solubility in the system (Khmelnitsky et al., 1988). This 
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is advantageous to the hydrolysis of flaxseed oil using lipase as, increased enzyme solubility results 

in greater reaction rates, this is particularly true for the synthesis of esters and peptides (Doukyu 

and Ogino, 2010). Maintenance of the native enzyme protein structure is dependent on a myriad 

of factors, including, hydrophobic interactions at the enzyme core, hydrogen bonds, electrostatic 

charge interactions and, Van der Waals forces (Tanford, 1962). Changes in the pH of the system 

can negatively impact the equilibrium of these forces, reducing enzyme activity and reaction rate. 

Enzyme-Substrate bonds are formed in an aqueous solution when the water surrounding the 

substrate is displaced by the enzyme-substrate bond, a process known as desolvation of the active 

site (Doukyu and Ogino, 2010). The active site of lipase is characterized by a hydrophobic α/β-

hydrolase fold favouring hydrophobic substrates and the separation of water at the active site 

(Doukyu and Ogino, 2010; Widmann et al., 2010). González et al. (2011) successfully explained 

the dependence of enzyme activity on pH in the 2011 study to assess the conformational flexibility 

of lipase. The results showed that at acidic pH values (<pH 5.5) lipase (Lip1) retains its alpha-

helix structure, while at basic pH values (7.0 - 8.6) this structure becomes denatured (González et 

al., 2011). They, therefore, concluded that the hydrolytic potential of lipase is dependent on the 

alpha-helix structure of the lipase protein. Additionally, changes in pH and impact ionization of 

the unbound substrate and lipase impacting the overall reaction rate (Goswami et al., 2009).  

2.5.2 Effects of Temperature on Enzyme Activity  

Catalysis and activation energies are dependent on temperature for many biological 

reactions. In the case of hydrolysis of flaxseed oil, this theory holds true. As the temperature of the 

reaction is increased, the rate of enzyme-substrate binding rises (Chen et al., 2014). Increases in 

enzyme-substrate binding increase the rate of reaction and subsequently , the rate of product 

formation escalates.  This phenomenon holds true within a specific temperature threshold. If the 

reaction temperature increases over this threshold the enzyme becomes inactive, slowing the 

reaction rate. At this point, the rate of enzyme-substrate binding is less than the rate of thermal 

deactivating halting the progression of the reaction (Bilgiç and Yeşilçubuk, 2012). Aziz et al. 

(2015) reported the activity of CRL to increase from 30-45ºC, temperatures above this threshold 

were found to be substantially lower in their activity. Maidina et al. (2008) suggest that temperature 

plays a pivotal role in determining the enzyme activity of lipase affecting the reaction mechanism 

as a whole. The general trend for enzyme-mediated reactions as a function of temperature is the 
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reaction rate increases as a function of temperature until the threshold temperature, after this point 

enzyme activity drops significantly due to thermal deactivation (Maidina et al., 2008; Nguyen et 

al., 2017). The temperature threshold for lipase is dependent on the originating species, with the 

lipase having the greatest activity in the temperatures at which its species of origin are cultivated 

(Maidina et al., 2008). Thermophilic and psychrophilic micro-organisms then have the potential 

for applications in reactions on the extreme ends of reaction temperature.  

2.5.3 Effects of Substrate Concentration on Enzyme Activity  

The final reaction parameter investigated in this study for its impact on product conversion 

is the effect of substrate concentration on enzyme activity. It has been determined in the literature 

that enzyme inhibition occurs at both high substrate concentrations and extremely low substrate 

concentrations. The rate of reaction increases linearly with substrate concentration unit the limiting 

substrate concentration has been reached (Noor et al., 2003). Substrate concentrations higher than 

this limit results in decreases in Enzyme activity as a function of substrate concentration (Aziz et 

al., 2015). As previously stated, lipase catalyzes the hydrolysis of triglycerols at the water-oil 

interface. Therefore, the reaction must take place in emulsion maintained by stirring (O’Connor 

and Bailey, 1988). As the substrate concentration is increased solution so too are the chemical 

bonds available for hydrolysis at the water-oil interface, thus as the concentration of substrate 

increases so do the potential products until the threshold for enzyme deactivation has been reached 

(Nguyen et al., 2017). With increases in substrate concentration, the hydrophobicity of the 

substrate increases shifting the equilibrium at the water-oil interface causing inhibition of the 

enzyme (O’Connor and Bailey, 1988). Chew et al. (2008) have reported that water can also act as 

an inhibitor to enzyme activity by creating a layer of water around lipase preventing enzyme-

substrate binding. The findings of previous enzymatic studies suggest the substrate concentration 

has a significant impact on hydrolysis by lipase.  

2.6 Canadian Flaxseed Industry  

Canada is the largest producer of flax globally, with exports ranging from $150-$180 million 

(CAD) annually (Siemens, 2019). Flaxseed can be sold as whole seeds, or be processed into oils, 

pills, and supplements for nutrition, health, and wellness. The plant fibres and oils can be applied 

to textiles as bio-fibres, linoleum flooring, paints, and varnishes, and lastly, as livestock feed. 

Recently, flaxseed oil has gained attention for its nutritional properties.  
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For producers, the benefits of flaxseed crop production include; high return on investment and 

implementation in seeding rotation to reduce the potential for crop disease and insect damage (Flax 

Council of Canada, 2016). Flax grown in Saskatchewan has higher FFA concentrations when 

compared with flaxseed grown in elsewhere making it both a desirable export product and potential 

substrate (Siemens, 2019), (Flax Council of Canada, 2016). Table 2-4 summarizes the FFA 

composition of western Canadian and Saskatchewan-produced flaxseed oil. Table 2-(4-5) describe 

the oil, and protein content of Canadian flaxseed. Flaxseed oil contains high amounts of FFAs in 

comparison to other vegetable, oilseed, and soy sources (Barceló-Coblijn and Murphy, 2009).  

Flaxseed is composed of mainly oil and plant proteins, with an oil content of approximately 40%-

45% and a protein content of roughly 20%-25% with water and lignans making up the remainder 

(Rabetafika et al., 2011).  

Table 2-4: Composition of fatty acids in Canadian flaxseed oil 

  

Fatty Acid Composition, Weight %1 (Siemens 2019) 

Province/Grade 
Number 

of 
Samples 

Palmitic 

Acid 

Steric 

Acid 

Oleic 

Acid 

Linoleic 

Acid 

Linolenic 

Acid 

Free Fatty 

Acids 

No. 1 Canadian 

Western 

254 5.0 3.5 17.8 15.0 57.7 0.18 

Saskatchewan 191 4.9 3.5 17.9 14.7 58.0 0.19 

1Percent of total fatty acids  

 

Table 2-5: Oil and protein concentration of flaxseed (Siemens 2019) 

 

Province/Grade Number of Samples Mean Oil 

Content1(%) 

Mean Protein 

Content2, % 

No. 1 Canadian 

Western 
254 46.1 23.2 

Saskatchewan 191 46.2 23.2 

1Based on dry matter, 2N*6.25 dry matter  
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2.6.1 Global Market Demand for Omega 3 and Omega 6 Nutritional Supplements  

Global production of oilseeds has increased over 50% in the last decade with applications in 

detergents, biodiesel, animal feed, nutrition, and textiles (Lu et al., 2011). The increase in oilseed 

demand is the combined result of increased biodiesel production and the growing consumption of 

nutritional seed-oils (Lu et al., 2011). Flaxseed is a prime example of an oilseed contributing to 

the growing oilseed sector. Omega 3 and 6 fatty acids are increasing in value to the pharmaceutical 

and health industries as dietary supplements (González-Fernández et al., 2017). Flaxseed oil is 

high in long-chain free fatty acids essential in the formation of omega 3 and 6 fatty acids (Barceló-

Coblijn and Murphy, 2009). Omega 3 and 6 fatty acids must be consumed as a dietary supplement 

due to the inability of the human body to synthesize these nutrients de-novo (Imanparast et al., 

2018). Omega 3 and 6 fatty acids are fundamental to the formation of polyunsaturated fatty acids 

(PUFA’s) (Rupani et al., 2012). Examples of essential PUFAs are eicosapentaenoic and 

docosahexaenoic acid or, EPA and DHA respectively. EPA and DHA have numerous health 

benefits including regulating blood pressure, lowering cholesterol and preven ting diabetes 

(Rabetafika et al., 2011). Deficiencies in these nutrients can have long-term and negative health 

consequences including heart disease and certain cancers (Imanparast et al., 2018). Traditionally, 

the main source of omega 3 and 6 fatty acids is fish oils (Jaeger et al., 1994). Due to environmental 

and cultural changes, non-animal sources of PUFA’s have become increasingly popular with 

flaxseed being one such alternative (Rupani et al., 2012).  
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Chapter 3 : Materials and Methods  

3.1 Flaxseed Oil and Lipases  

Aspergillus niger lipase (200U/g; CAS Number: 9001-62-1) and Candida Rugosa lipase 

(700U/mg; CAS Number: 9001-62-1) were purchased from Sigma-Aldrich, Oakville, Ontario, 

Canada. Organic, cold-pressed flaxseed oil was purchased from Omega Nutrition Canada, 

Vancouver, BC, Canada. Table 3-1 lists the properties of the commercial lipase used in this 

research. The properties for commercial CRL and ANL are provided by Sigma-Aldrich.com.  

Table 3-1: Properties of commercial lipase 

S. 
no. 

Lipase 
(EC 3.1.1.3) 

Manufacturer  Form and 
activity 

Microbial 
origin 

Biochemical Actions 

1 Candida 

rugosa lipase 

Sigma-

Aldrich 

 Lyophilized 

Type VII 
and  
≥ 700U/mga 
solid 

Candida 

rugosa 

Tri, di-, and 

monoglycerides are 
hydrolyzed in 
decreasing rate order  

2 Aspergillus 
niger lipase 

Sigma-
Aldrich 

 Powder 
(fine), 
Mr ~ 45000 
and 

~200U/gb 

Aspergillus 
niger 

Lipases catalyse the 
hydrolysis of 
triacylglycerols into 
glycerol and FFA 

a One unit will hydrolyze 1.0 micro equivalent of fatty acid from a triglyceride in 1 hr at pH 7.2 at 37°C. (This is equivalent to approximately 10 

microliters of CO2 in 30 minutes) 

b 1 U corresponds to the amount of enzyme which hydrolyzes 1 μmol acetic acid per minute at pH 7.4 and 40 °C (triacetin, Cat. No. 90240 as 

substrate) 50 U as described above are equivalent to ~1 U using triolein, Cat. No. 62314 as substrate, at pH 8.0 and 40 °C 

 

3.2 Chemicals  

Analytical chemicals, 50mM tris(hydroxymethyl)aminomethane (TRIS), and 100% ethanol 

were purchased from Sigma-Aldrich, Oakville, Ontario, Canada. 

3.3 Experimental 

3.3.1 Enzyme Loading  

Experiments using ANL had an enzyme loading of 25U of lipase per 1 mL of flaxseed oil 

(100%). Experiments using CRL had an enzyme loading of 400U per 1 mL of flaxseed oil (100%). 

In both cases, the enzyme was dissolved in TRIS-HCl (50mM) buffer solution. The pH of the 

buffer was determined as per the experimental design for optimization.   
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3.3.2 Optimization of Hydrolysis Reaction Parameters 

Reaction parameters pH, reaction temperature, and flaxseed oil concentration were 

established as per response surface methodology experimental design. A temperature range of 25-

35C, pH range of 5-8 and flaxseed oil concentration (FOC) of 5-15% concentration by volume in 

TRIS-HCl buffer (v/v %) were used as the basis for the central composite experimental design 

(CCD) with 5 center point repetitions, 20 experiments in total were performed. Table 3-2 lists the 

reaction variables, code and level of factors used in the experimental design. StatEase© 

DesignExpert software was used to generate the experimental design for the CCD experiments.  

Table 3-2: Central Composite Design Response Variables, Code, and Level of Factors  

Reaction 

Variable 
Symbol 

Coded Variable Levels 

-1 0 1 

Temperature 

(C) 
A 25 30 35 

pH B 5 6.5 8 

FOC (v/v%) C 5 10 15 

 

The duration of reaction time was established using the center point reaction parameters 

set by the CCD experimental design. Hydrolysis of flaxseed oil was conducted in 250mL glass 

Erlenmeyer flasks. The reaction mixture consisted of 3 mL pure flaxseed oil, 30mL pH 6.5 50mM 

TRIS-HCl buffer, and dissolved lipase at the predetermined value for enzyme loading for each 

species (ANL or CRL). The total volume of solution varied with flaxseed oil concentration as set 

by the CCD experimental design. The reactor vessel was placed in an incubator shaker with the 

speed of agitation set to125 rpm. A total of 5 0.5mL samples were collected once every 12 hours 

over a period of 48 hours. The reaction was stopped using ethanol following collection. Figure 3-

1 is a flow sheet beginning with reaction preparation ending in the analyses used. 
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Figure 3-1: Flow chart for the preparation of FFAs for analyses 

 

The hydrolysis of flaxseed oil was conducted in 250mL glass Erlenmeyer flasks. The 

reaction mixture consisted of  pure flaxseed oil, 30mL 50mM TRIS-HCl buffer, and dissolved 

lipase at the predetermined value for enzyme loading for each species (ANL or CRL). The reactor 

vessel was placed in an incubator shaker with the speed of agitation set to125 rpm. Reaction 

parameters varied in pH (4-9), temperature (24-38ºC), and flaxseed oil to buffer ratio (1.59-18.4 

v/v%) as set by the CCD experimental design. The pH of the reaction was maintained by 

performing the hydrolysis reaction in TRIS-HCl buffering solution. The reaction temperature was 

maintained by setting the temperature of the incubator-shaker to that set by the experimental 

design. A total of 5 0.5 mL samples were collected, once every twelve hours over a period of 48 

hours for the experiments involving lipase from ANL. A total of 4 0.5mL samples were collected, 
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once every 6 hours over a period of 24 hours for the experiments involving CRL. The reaction was 

stopped using ethanol following collection.  

3.3.2.1 Statistical Analyses  

The standard deviation was calculated as the standard deviation of the 6 repeated trials as 

set by the CCD experimental design. One-way analysis of variance (ANOVA) test was used to 

determine the interactions of reaction parameters.  

3.3.2.2 HPLC Analysis  

The glycerol and FFA profiles of flaxseed oil and reaction products were analyzed by 

high-performance liquid chromatography (HPLC). All samples were prepared for analysis by 

evaporating the remaining buffer and diluting the flaxseed oil to one-part flaxseed oil in 20 parts 

by weight using HPLC grade tetrahydrofuran (THF). Sample analyses were performed using the 

high-performance liquid chromatograph, HPLC (Agilent 1100 series) equipped with refractive 

index detector (model G1362A) and Agilent PL gel 5µm 100Å, 300x7.8mm column (model 

G1316A). Samples were analyzed for their overall free fatty acid and glycerol content using the 

following conditions: 1mL/min, 35°C, 20-minute retention time. Chemstation for LC3D was 

used for analyses of the HPLC data to determine sample composition. Calibration of the HPLC 

was performed prior to this study using authentic compound glycerol and FFA standards. FFA 

concentration (wt. %) was calculated using the formula:  

FFA (wt. %) = (FFA(g/ml)*Dilution Factor*100)/ 0.93(g/mL)            3-1 

Where 0.93 is the density of flaxseed oil as reported by Sigma-Aldrich, Oakville, Ontario, Canada.  

 

3.3.3 BET Surface Area Characterization  

Surface characteristics, surface area, pore diameter, and single point total pore volume of 

ANL and CRL were measured by N2-physisorption at 77K using a Micromeritics ASAP 2000. 

Approximately 0.2 g of lipase was used for analysis. Samples were degassed at 60 °C for 1 h 

under 66.7 Pa (500 mmHg). Samples were then evacuated at 2.67 Pa (20 mmHg) before N2 

adsorption.  
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3.3.4 Enzyme Kinetics  

Enzyme kinetics using ANL and CRL were examined using the same procedure for sample 

preparation as previously outlined in section 3.3.2. Kinetic experiments were performed under 

optimized reaction conditions unique to each lipase species. Experiments using CRL were 

conducted at pH 6.5, 30°C and a 10 v/v% flaxseed oil to buffer ratio. Samples were collected every 

10 minutes for 100 minutes and a final sample was collected at 180 minutes. The reaction time 

was set to 180 minutes as the production of FFAs was most rapid at this time interval. The initial 

reaction rate is the most accurate data for enzyme kinetics as it is the time interval when the 

reaction has not been slowed to do enzyme inhibition caused by the introduction of competitive 

substrates (Shuler and Kargi 1991). Slowing of the reaction after this point suggests enzyme 

inhibition is taking place due to an increase in di and monoglyerols in the reaction vessel (Rajan 

et al., 2014). Experiments using ANL were conducted at pH 5, 35°C and a 15 v/v% flaxseed oil to 

buffer ratio. 5 samples were collected over 12 hours over a 48-hour duration as the rate of reaction 

was relatively constant over this time period. The sampling duration for ANL was selected as the 

reaction rate was near-constant over this interval.  

Samples were prepared for the Biomedical Imaging and Therapy Facility (BMIT) following 

the procedure outlined in section 3.3.2. For both CRL and ANL samples were collected once every 

6 hours for 24 hours. Following collection, the samples were frozen overn ight at -80°C so they 

remained solid during imaging. BMIT images using the Bending Magnet (BM) 05B1-1 X-ray 

energy 30 keV beamline were collected. BMIT scans were taken in continuous scanning mode by 

collecting 1054 projections over a rotational range of 180° by an exposure time of 100 ms, and 9 

μm pixel dimension with 5 × magnification (WB Microscope), 4000×2600 sensor size, PCO-4000 

detector, beam size 32×9. Images were compiled for analyses using EZUFO and AVIZO software 

for reconstruction. EZUFO software is used to generate single images around the axis of rotation 

which best shows the water-flaxseed oil interface. The axis of rotation is unique to each sample 

and was determined individually. The axis parameters can be found in Appendix A. Following 

EZUFO reconstruction the single images were compiled into 3-dimensional orthographic images 

using the AVIZIO software. The resulting images are 3-dimensional renderings of the oil-water 

interface. Access to the BMIT beamline and reconstruction software was granted by the Canadian 

Light Source.  
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Chapter 4 : Results and Discussion  

4.1 Characterization of pure flaxseed oil 

The glyceride composition of pure flaxseed oil was determined using HPLC analysis. The 

composition of pure flaxseed oil remained constant for the 48hr duration of sampling. The 

averaged results over 48 hours can be seen in Table 4-1. It is confirmed by this characterization 

that pure flaxseed oil is high in triglyceride concentration and is suitable as a substrate for lipase.  

Table 4-1: Composition of pure flaxseed oil purchased from Omega Nutrition 

 Sample Composition (wt. %) 

Experimental Triglycerides Diglycerides Monoglycerides FFA Esters 

 98.4 0.1 0 1.5 0 

Literature  

Sande et al. 
(2018) 

99.6 0.4 0 0 0 

 

4.2 Determination of Optimized Reaction Time 

Experiments using CRL and ANL at center point experimental conditions (pH 6.5, 30°C, 

and 10 v/v%) were conducted to determine a suitable reaction time for the hydrolysis reaction. In 

addition, the composition of blank flaxseed oil (no enzyme added) was monitored over a period of 

48 hours to assess whether there is a change in the concentration of FFAs. The results are shown 

in Figure 4-1. A reaction time of 24 hours was selected as the reaction time for the hydrolysis of 

flaxseed oil using CRL. It is clearly seen in Figure 4-1 that the rate of the CRL reaction is initially 

rapid, slowing after 12 hours and does not show a significant increase in the free fatty acid 

concentration between 24 and 48 hours. The reaction rate of hydrolysis using ANL continues to 

increase after 48 hours however, the reaction time of 48 hours was chosen due to the rate of reaction 

remaining significantly lower than that of its CRL counterpart. Thus, continuing the reaction past 

48 hours was deemed unnecessary for the purposes of this study. The duration of reaction and 

sampling periods were chosen based on the time at which the reaction rate plateaus and did not 

show a significant increase in the concentration of FFAs. Thus, the reaction must be stopped as 

the reaction rate stabilizes. Figure 4-1 shows that the production of free fatty acids using CRL 

reaches its peak at approximately 24 hours with no significant increase after that time. The peak 

production of free fatty acids using ANL reaches maximum production after 48 hours of reaction 
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time. From this graph, it can be seen that the composition of blank flaxseed oil remains constant 

over the 48-hour reaction time.  

 

 

 

 

 

Figure 4-1: Change in free fatty acid concentration with time; pH 6.5,30°C, 10 v/v% 

  

The CCD required the repetition of 5 experiments at the center point of the experimental 

design. The standard deviation was calculated using the data of the repeated trials.  The standard 

deviation of the CCD repeated trials is representative of the error and was used to plot the error 

bars in Figure 4-1. Repeated experiments using ANL had a standard deviation of 11.8. While the 

same experimental repetitions using lipase had a standard deviation of  0.62. Experiments using 

pure flaxseed oil showed a standard deviation of 0.44 over the 48-hour sampling period.  

Reaction Time (h) 
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4.3 Results of Central Composite Design Experiments 

Table 4-2 below summarizes the results of hydrolysis of flaxseed oil using CRL and ANL. 

These results show that the optimum conditions for hydrolysis using CRL happen at pH 6.5, oil 

10 v/v % and, 30°C. Optimum conditions for hydrolysis using ANL are as follows, pH 5, oil 15 

v/v % and, 35°C. The optimized conditions for both lipase species agree with the findings of 

Sharma et al. 2013, which lists the optimal hydrolysis conditions for lipase within the range of pH 

6.5 - 7, 35°C, and 1:10 (w/w) oil to water ratio (Sharma et al., 2013). Ye, Jiang and Xu found the 

optimal conditions to maximize the activity of free CRL to be pH 7.7 and 35°C (Ye et al., 2007). 

The hydrolysis of coconut oil to produce free fatty acids using CRL achieved maximum 

hydrolyzation at pH 7, 40°C and 1.5% (w/w coconut oil) at 16 hours of reaction time (Nguyen et 

al., 2017). Similarly, Goswami et al., 2009,  reported optimum hydrolysis conditions for the 

hydrolysis of castor oil at pH 6.5, 35°C and 3:1 (v: w; buffer to oil) (Goswami et al., 2009). In the 

literature, the enzyme activity of ANL is greatest under acidic conditions. In a study by Mahadik 

et al. (2002) the activity of ANL was observed to be greatest at a pH of 3 and remained stable 

between pH 2.5 - 9  (Mahadik et al., 2002). Additionally, this study found the activity of ANL to 

be highly active within the range of 30°C - 55°C, reaching maximum activity at 45°C. 

Analysis of pure flaxseed oil prior to hydrolysis showed a 1 wt. % free fatty acid 

concentration by oil composition. Under optimum reaction conditions, the concentration (wt.%) 

of free fatty acids is increased by 95% on average using CRL, and 78% using ANL at the respective 

levels of enzyme loading. Figures 4-2 and 4-3 show the production of FFAs using CRL and ANL 

over their respective reaction periods at the optimal reaction parameters. In comparison to CRL, 

ANL required twice the reaction time and produced lower overall levels of FFAs. 
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Table 4-2: Central Composite Design Experiments. Response to variation process parameters 

 

   

Candia rugosa 
(24-hour reaction time) 

±0.65% 

Aspergillus niger  
(48-hour reaction time) 

±22% 

pH Flaxseed Oil  

(v/v %) 

Temperature 

(ºC) 

Total Free Fatty Acids (wt. %)  

8  5 35 52.2 7.5 

9 10 30 4.1 9.1 

8 15 25 39.3 2.5 

6.5 10 24 90.0 28.8 

6.5 18.4 30 82.4 61.5 

6.5 10 30 77.1 64.1 

5 5 35 70.8 71.7 

6.5 10 30 95.7 54.3 

5 5 25 95.0 51.3 

8 5 25 34.9 1.7 

5 15 35 79.4 79.0 

6.5 10 30 96.9 68.7 

6.5 1.59 30 76.6 5.4 

5 15 25 95.3 72.9 

6.5 10 30 96.5 41.6 

4 10 30 96.4 47.2 

6.5 10 30 96.8 46.7 

8 15 35 74.3 5.9 

6.5 10 30 97.7 35.5 

6.5 10 38 94.9 64.0 

*Relative percent standard deviation was calculated as the standard deviation of repeated trials divided by their mean multiplied by 100. 
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Table 4-3 describes the reproducibility and standard deviation of repeated trial experiments set by 

the CCD.  

Table 4-3: Reproducibility of CRL and ANL repeated measures experiments 

Parameter  CRL ANL 

Standard Deviation 0.64 11.8 

Mean 96.9 51.8 

Median 96.8 50.5 

 

Hydrolysis of flaxseed oil using CRL showed significant reproducibility with a standard 

deviation of 0.62 because 0.62<1 it can be deemed that the production of FFAs using CRL is 

significant based on repeated measures experiments. Repeated measures using ANL had a standard 

deviation of 11.8>>1, therefore it can be concluded that the variability in these results is too high 

to be statistically significant. The variability of results using ANL will be discussed in the coming 

sections. IBM SPSS Statistics software was used to test interactions between the reaction 

parameters of this data set using a univariate analysis of variance. The results are listed in Table 

4-4.  

Table 4-4: Univariate ANOVA analysis for tests of between subject effects 

Tests of Between-Subjects Effects 

Dependent Variable:   FFA CRL*a ANL*b 

Source F Sig. F Sig. 

Corrected Model 13.7 0.005 5.54 0.035 
Intercept 773 0.000 74.9 0.000 

pH 49.1 0.000 19.6 0.003 
Oil 2.40 0.183 4.32 0.074 

Temperature 0.167 0.914 1.63 0.294 
pH * Oil 0.604 0.472 0.657 0.454 

pH * Temperature 16.6 0.010 0.223 0.657 
Oil * Temperature 1.32 0.302 0.208 0.668 

pH * Oil * Temperature 0.169 0.698 0.106 0.758 
*a R Squared = .98 (Adjusted R Squared = .90) *b R Squared = .94 (Adjusted R Squared = .77) 

 

 
 

The results of univariate ANOVA analysis for tests of between subjects’ effects show the 

interactions of pH and temperature are statistically significant for CRL p<0.05. ANL did not show 

a significant interaction between any of the reaction parameters. The models for both ANL and 
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CRL showed significance with p values of 0.035 and 0.005, respectively. The p threshold used for 

significance was p<0.05.  

Table 4-5 lists the FFA concentration following hydrolysis using CRL and ANL lipase and 

compares the present experimental work with previous findings in the literature.  

Table 4-5: Comparison of FFA yield following enzymatic hydrolysis 

Microbe FFA (wt. %) Source 

CRL 96 Experimental 

ANL 79 Experimental 

Lipase AY* 97 Chen et al. (2014) 

CRL 90 Aziz et al. (2015) 

*Lipase AY is a food-grade strain of lipase from C. rugosa commonly used in the food industry to improve the flavour 

of milk fats (Flood and Kondo 2001). Unlike the lipase from C. rugosa used in this work Lipase, AY is non-selective 
in its hydrolysis of glycerols (Flood and Kondo 2001). pH, temperature, and flaxseed oil to buffer ratio correspond to 

the peak hydrolysis ratio, and to not represent peak production of FFAs.  

 

Under optimum reaction conditions, the concentration (wt.%) of free fatty acids produced 

is 96% on average using CRL, and 79% using ANL at the respective levels of enzyme loading. 

Optimum conditions for hydrolysis in this study for the production of FFA using CRL occurred at 

pH 6.5, 30ºC and 10 v/v% flaxseed oil. In relation to the previously reported literature findings, 

the optimal hydrolysis conditions for C. rugosa lipase (pH 7.2, 45ºC, 3.33 v/v% safflower oil) C. 

rugosa lipase (pH 7, 35ºC, 5 v/v% Trioleins from flaxseed oil) and  CRL showed similar optimum 

conditions for both pH and temperature with a FFA yield consistent with the literature (Aziz et al., 

2015; Chen et al., 2014).  ANL FFA yield following ANL catalyzed hydrolysis was less than both 

literature and CRL experimental findings. The optimal pH for hydrolysis using ANL, pH 5 was 

the most acidic of any of the previous findings which ranged in optimal pH values of pH 5.8-8. 

The temperature optima for ANL, 35ºC was in agreement with the optimal temperatures reported 

by Rupani et al. (2010) and Chen et al. (2014) who reported temperature optima of 35ºC and 33ºC, 

respectively.  
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Figures 4-2 and 4-3 graphically depict the change in FFA concentration with respect to time using 

CRL and ANL at their respective optimal reaction conditions and reaction times.  

Reaction Time (h) 

Figure 4-2: Change in FFA concentration using CRL with time at optimized reaction conditions; 

pH 6.5, 30°C, 10 v/v%, 24 hours 

Comparison of Figures 4-2 and 4-3 show a rapid production of FFAs with CRL and slower 

production of FFAs using ANL. Enzymes with high substrate affinity will rapidly form the 

enzyme-substrate complex from the onset of inoculation, demonstrated by increased  rates of 

product formation (Hult and Holmquist, 1997). This suggests CRL has a higher substrate affinity 

to flaxseed oil. The error bars shown in Figures 4-2 and 4-3 are representative of the standard 

deviation of the repeated trials as previously calculated at the beginning of section 4.3.  
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Reaction Time (h) 

Figure 4-3: Change in FFA concentration using ANL with time at optimized reaction conditions; 
pH 5, 35°C, 15 v/v%, 48hours  

 

The conversion of free fatty acids using CRL was dramatically more efficient than the 

conversion shown by Lipase from Aspergillus niger. Under optimum conditions, the production 

of FFAs was 18% higher using CRL after 24 hours reaction time compared with ANL after 48 

hours reaction time. It should be noted that the production of FFAs in flaxseed oil using CRL was 

superior to that of ANL at many of the reaction parameters set by the CCD. This corresponds to 

the effectiveness of CRL as a catalyst for the conversion of FFAs and its superiority to ANL to 

catalyse the hydrolysis of flaxseed oil.  

The CCD required the repetition of 6 experiments at the center point of the experimental 

design. Interestingly, the experiments using CRL yielded far more consistent results than that of 

the results from the experiments using ANL.  Repeated experiments using ANL varied greatly 
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between trials with a standard deviation of 11.8. While the same experimental repetitions using 

lipase had a standard deviation of 0.62 and produced an average of a 96% increase in the 

concentration of free fatty acids. A standard deviation of 11.8 is far too high for the repeated trials 

of ANL to be deemed experimentally significant. The lack of consistency in FFA production can 

be explained by a low substrate affinity of ANL to flaxseed oil. For enzymes with low substrate 

affinity, a higher flaxseed oil concentration is required to ensure all active sites of the enzyme have 

been bound to the substrate for maximum production of FFA (Tymoczko,  1948-2019). Enzymatic 

reactions with free active sites lead to the inefficient conversion of substrate into products. It was 

previously stated that ANL showed optimum FFA production at 15v/v% flaxseed oil which 

suggests that ANL performs better at higher substrate concentrations. The production of FFAs 

using CRL shows better reproducibility than that of ANL and a greater rate of reaction. In the 

study performed by Rupani, et al. (2012) a comparison of hydrolysis between Pseudomonas 

capacea, Pseudomonas flourescense, Rhizormucor meihei and, Candida rugosa, it was found that 

Candida rugosa was the most effective species in the hydrolysis of free fatty acids (Rupani et al., 

2012). The findings of the experiments performed by Rupani et. al in 2012 are in agreement with 

the results of this study. This is indicated by the increase in free fatty acid concentration (wt. %) 

following hydrolysis using CRL having consistently superior conversion of triacylglycerols into 

free fatty acids in comparison to the increase in free fatty acid concentration (wt. %) following 

hydrolysis using ANL.   

4.4 Optimization of Process Parameters  

StatEase© DesignExpert software was used to generate the model for the optimized reaction 

conditions using the results of the CCD experiments. The following predictive equations describe 

the hydrolysis of flaxseed oil under optimum reaction conditions.  

4.4.1 Optimized Model for the Hydrolysis of Flaxseed Oil using CRL 

The reaction parameters pH, temperature (°C), and flaxseed oil to buffer ratio (v/v%) were 

studied to determine the optimal conditions for the hydrolysis of flaxseed oil using CRL. The 

optimized model was based on the CCD design of experiments. Experiments were conducted in 

the pH range of 5-8, temperature 25-35°C and 5-15 v/v%.  
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FFA = 93.60-21.60*A+1.5*B+3.31*C+11.57*AB+ 2.21 AC+3.27*BC-16.38*A2-1.45*B2-

6.03*C2                                                                                                                                 4-1 

R2=0.90 

 

Where, FFA=Free fatty Acid Concentration (wt.%) A=pH, B= Temperature (°C), and C= 

Flaxseed Oil to Buffer ratio (v/v%).  

 

The results of ANOVA statistical analysis show the R2 value to be 0.90 which is used to 

justify 90% of the variability in the model. Tables 4-6 and 4-7 describe model variability and 

significance.  

The contour plots of response surfaces obtained from the above equations can be seen in 

Figure 4-4. In this work, the effect of reaction parameters pH, temperature (ºC), and oil to buffer 

ratio (v/v%) were investigated using response to surface methodology. The response to surface 

methodology contour plots has been depicted in Figure 4-4.  

     It can be seen in Figure 4-4 above that for optimization using CRL pH has the greatest 

impact on the conversion of triacylglycerol molecules into free fatty acids with temperature and 

flaxseed oil having a similar impact by comparison. Experiments using CRL resulted in free fatty 

acid production (wt.%) ranging from: 

 

• 85% - 95% at a constant pH of 6.5. 

• 50% - 100% at a constant flaxseed oil concentration of 10 (v/v %). 

• 50% - 100% at constant of temperature 30 °C. 
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Figure 4-4: Contour Plots. A Oil v/v % = 10%, B Temperature = 30 °C, C pH = 6.5. 

 

Hydrolysis of the substrate, triglycerols, into FFAs exhibited high conversion (80-100%) 

at a pH range of 5-6.9, with the highest FFA production occurring at a pH of 6. Production of FFAs 

retained 70% of peak conversion at a pH of 7 after which point FFA production dropped markedly. 

Loss of enzyme activity in alkaline solution is consistent with the findings of González et al. (2011) 

who reported denaturing of the lipase protein above pH 7. Enzyme activity was minimal at a pH 

of 9 with menial production of FFAs. This follows with the literature that enzyme activity follows 

a bell curve in relation to pH, with extremes on either end reducing the activity of the enzyme 

(Marangoni, 2003).  

The temperature had less impact on product formation than pH with product formation 

remaining consistent with the 10ºC variance in temperature. This suggests that overall, the 

temperatures studied were favourable to the formation of FFAs using CRL. However, warmer 

A 
B 

C 
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temperatures produced slightly higher FFA concentrations using CRL overall. Favourable 

temperatures for FFA production as determined in this study are in agreeance with the range 

reported in the literature (30-45ºC) (Aziz et al., 2015).  

Changes in the concentration of flaxseed oil had a similar impact on the production of FFAs 

to pH, with high and low substrate concentrations limiting the product FFA formation. The median 

flaxseed oil concentration (10 v/v% flaxseed oil) is most favourable to FFA production.   

4.4.2 Optimized Model for the Hydrolysis of Flaxseed Oil using ANL 

The reaction parameters pH, temperature (°C), and flaxseed oil to buffer ratio (v/v%) were 

studied to determine the optimal conditions for the hydrolysis of flaxseed oil using ANL. As in 

section 4.4.1, the optimized model was based on the CCD design of experiments. Experiments 

were conducted in the pH range of 5-8, temperature 25-35°C and 5-15 v/v%. 

 

FFA = -26.7+46.6*A-7.0*B+12.8*C-0.3*AB-0.5*AC-0.08*BC-3.7*A2+0.2*B2-
0.03*C2 

         4-2 

R2=0.79 

Where, FFA= Free fatty Acid Concentration (wt.%), A=pH, B= Temperature (°C), 

and C= Flaxseed Oil to Buffer ratio (v/v%).  

 
 

       The results of ANOVA statistical analysis show the R2 value to be 0.79 which is used to 

justify 79% of the variability in the model. 

       This study examined the effect of reaction parameters pH, temperature (ºC), and oil to 

buffer ratio (v/v%) were investigated using response to surface methodology. The response to 

surface methodology contour plots has been depicted in Figure 4-5. It is clear in Figure 4-5 that 

pH is shown to be the most significant parameter in the conversion of free fatty acids for 

optimization using ANL. Of note, Figure 4-5 below demonstrates ANL had greater temperature 

dependence than that of CRL. The production of FFA using ANL had the following ranges under 

set reaction parameters:  

• 35% - 55% at constant pH of 6.5. 

• 20% - 70% at a constant flaxseed oil concentration of 10 v/v %.  

• 20% - 60% at a constant temperature of 30 °C.  
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Figure 4-5: Response to Surface and Contour Plots. A Oil v/v % = 10%, B Temperature = 

30 °C, C pH = 6.5. 

 
 

Hydrolysis of triglycerols into FFAs exhibited the highest conversion percentage (60-70%) 

at a pH range of 5-5.6, with the highest FFA production occurring at a pH of 5 Figure 4-5. 

Production of FFAs dropped markedly at pH values above 6. Enzyme activity was minimal at pH 

values of 6-8 resulting in menial production of FFAs.  

The reaction temperature had a greater impact on product formation than was seen in the 

model for CRL. Production of FFAs was greatest at the high end of the temperatures studied 

(35ºC). This suggests that ANL has a greater temperature dependence than CRL and performs 

better at temperatures above ambient conditions. The temperature optima for ANL are consistent 

with the optimal temperature range reported by Aziz et al. (2015) in the literature. 

A B 

C 
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Changes in the concentration of flaxseed oil had a similar impact on the production of FFAs 

to temperature for ANL with high substrate concentrations favouring the product FFA formation. 

The median flaxseed oil concentration (15 v/v% flaxseed oil) is most favourable to FFA production 

using ANL. It was concluded by analyses of enzyme kinetics that ANL has a lower substrate 

affinity to flaxseed oil than CRL. Therefore, it is consistent with the literature that ANL would 

require higher substrate concentrations to achieve the same production of FFAs as CRL. It is 

possible that low substrate conversion occurred at low substrate concentrations due to enzyme 

inhibition (Noor et al., 2003).  

The strong dependence of free fatty acid conversion on pH regardless of lipase species can 

be explained in part by the study conducted by González et al in 2011. This study found that at 

lower pH values (pH 5.5) lipase (Lip1) retains its alpha-helix structure, while at higher pH (7.0 - 

8.6) this structure becomes denatured (Fuciños González et al., 2011). Thus, it can be concluded 

that the hydrolytic potential of lipase is at least in part dependant on the alpha-helix structure. 

Figures 4 and 5 clearly demonstrate that basic conditions (> pH 7) are detrimental to the hydrolysis 

reaction regardless of Lipase species of origin. Under basic conditions (> pH 7) the lipase-mediated 

hydrolysis reaction to produce FFA’s yielded menial production FFAs. FFA production using CRL  

under basic conditions reached maximum FFA production at pH 8, 15 v/v % oil, and 35°C, 

increasing the FFA concentration by 51 wt. %. Under basic conditions ANL reached maximum 

FFA production at pH 9, 10 v/v % oil, and 30°C yielding an 8% increase in FFA concentration 

(wt. %). The effect of temperature on the hydrolysis of plant oils using lipase is significant. The 

bonding potential of lipase and solution viscosity is increased with warmer temperatures resulting 

in increased reaction rates and higher levels of FFA production (Goswami et al., 2009). Extremes 

in both pH and temperature negatively impact the activity of lipase, at extreme pH values , the 

lipase protein structure is denatured while at extreme temperatures thermal inactivation creates 

inactivity of the lipase molecule (Goswami et al., 2009; Nguyen et al., 2017). As the concentration 

of oil is increased in the buffer solution so too are the chemical bonds available for hydrolysis at 

the water-oil interface, thus as the concentration of oil is increased the potential product 

concentration is increased  (Nguyen et al., 2017).  
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4.5 Enzyme Kinetics  

Kinetic analyses were performed to calculate the kinetic parameters Km, Vm, and kcat which 

represent the Michaelis-Menten constant, maximum reaction rate and turnover number, 

respectively. Kinetic parameters are vital in understanding the catalytic potential and, enzyme 

affinity. The kinetic models for the hydrolysis of flaxseed oil using CRL and ANL were modelled 

after single-substrate Michaelis-Menten enzyme kinetics using the theory described in Chapter 2, 

section 5 of this report. It was assumed that the mass transfer limitation for the single-phase system 

of the hydrolysis reaction was negligible following the theory of Michalis-Menten kinetics. Based 

on the Michalis-Menten kinetic model, reaction velocity was calculated using Eq. 4-3.  

v = −
𝑑[𝑆]

𝑑𝑡
=

𝑉𝑚[𝑆]

𝐾𝑚+[𝑆]
  

 

4-3 

Where, v = the reaction velocity (g FFAs formed/mL sec); Vmax = the maximum reaction velocity 

(g FFAs formed/mL sec); Km= the Michaelis-Menten constant (g FFAs formed/sec) and [S] = the 

flaxseed oil concentration (g/mL). Equation 4-4 was used to describe the variation in [S] with 

respect to time.  

𝑉𝑚𝑡 = [𝑆0] − [𝑆] + 𝐾𝑚ln
[𝑆0]

[𝑆]
 

4-4 

 

Where t = time (seconds).  

The hydrolysis of flaxseed oil to produce FFA’S was investigated as a batch process for 

the purposes of this study. Km was determined graphically using the Hanes-Woolf plot for batch 

kinetics. From this plot, Vm was calculated using Equation 4-5 and graphical analysis.  

𝑉𝑚 −
[𝑆0] − [𝑆]

𝑡
=

𝐾𝑚

𝑡
𝑙𝑛

[𝑆0]

[𝑆]
 

4-5 

Equations 4-5 are used to generate a plot of 1 𝑡⁄ ln
[𝑆0]

[𝑆]⁄   versus 
{[𝑆0] − [𝑆]}

𝑡⁄   resulting 

in a line with a slope of −1
𝐾𝑚

⁄ and an intercept of 
𝑉𝑚

𝐾𝑚
⁄ using the Hanes – Woolf method. Hanes-

Woolf plots using data from kinetic experiments are shown in Figure 4-6 and for kinetics using 

CRL and in Figure 4-7 for kinetics using lipase from ANL.  
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Figure 4-6: Hanes-Woolf plot for enzyme kinetics as a batch process using CRL; pH 6.5, 30°C, 
10 v/v% 

 

 

Figure 4-7: Hanes-Woolf plot for enzyme kinetics as a batch process using ANL; pH 5, 35°C, 15 
v/v% 
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Table 4-6 was generated using data obtained from the above graphs shown above in Figures 4-6, 

4-7.  

Table 4-6: Kinetic parameters 

Parameter  CRL ANL 

Vm (g/mL-sec)  4.25x10-5 6.46x10-7 

Km (g/mL) 1.06 1.62 

kcat (sec-1) 6.61x10-2 3.45x10-5 

1/Km (mL/g) 0.94 0.62 

 

Km is inversely related to the affinity of an enzyme to the substrate. Low values of Km are 

indicative of high substrate affinity, large Km values indicate low substrate specificity. Comparison 

of the 2 graphically obtained Km values shows Km; CRL < Km; ANL. Therefore, because Km is inversely 

proportionate to substrate affinity, CRL has the greater affinity to flaxseed oil with an affinity of 

0.94 mL FFAs produced per 1 gram of CRL. The maximum reaction rate, Vm, for CRL was 

significantly larger than that of ANL. This was demonstrated both in the kinetic and in the 

previously discussed results. The reaction time for ANL to achieve similar FFA production was 

doubled when using ANL as the enzyme catalyst. The comparison of enzyme affinity and 

maximum reaction rate for CRL and ANL again shows that CRL is the superior choice of microbial 

species of origin. Jeager and Eggert (2002) described the phenomena in which lipase from Candida 

rugosa favours hydrolysis towards the formation of (S)- enantiomers (Jaeger and Eggert, 2002). 

The increased substrate affinity of CRL compared to ANL can be explained in part by the findings 

of Gonzalez-Fernandez, et al., 2017.  The study found  FFAs with nutritional properties to be 

structured in the (Sn)-2 location, therefore it can be concluded that CRL has a greater 

enationmerselctivity towards this location in comparison to ANL (González-Fernández et al., 

2017). In a study conducted by Rajan, et al. (2014), it was noted that in the case of hydrolysis of 

saturated fatty, acids short-chain fatty acids (FFAs) are preferentially hydrolyzed to their longer-

chain counterparts (tri, di, and monoglycerides). Substrate specificity is significant as there is an 

optimal reaction duration to produce the peak quantities of FFAs. If the hydrolysis reaction 

continues unabated eventually the free fatty acids will continue to break down into the undesirable 

products, glycerol, and shorter chain fatty acids. The formation of FFAs has been shown to slow 

the production of FFAs as the FFA molecules are preferentially hydrolyzed by lipase as previously 

mentioned.  
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The turnover rate kcat refers to the amount of enzyme required to convert the substrate into 

the reaction products. Larger values of kcat, correspond inversely to the amount of enzyme required 

for conversion. ANL had the lowest kcat value and would thus require higher concentrations of 

ANL to achieve the same conversion of CRL regardless of reaction time. CRL is preferential to 

ANL as less enzyme is required achieving higher rates of product formation in comparison to 

ANL. Analysis of the kinetic parameters for the hydrolysis of flaxseed oil to produce FFAs again 

shows that CRL is favoured to ANL based on the superior values for substrate affinity, Km, and 

reaction velocity, Vm.  

Figure 4-8 shows the increase in the enzyme-substrate complex with respect to time and 

the inverse relation of the change in free enzyme concentration with reaction time.  

 

Figure 4-8: Relationship between the formation of the enzyme-substrate complex and enzyme 

concentration; pH 6.5, 30°C, 10 v/v% 
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From Figure 4-8, it can be concluded that the assumption of rapid enzyme-substrate 

complex formation was accurate for kinetic analyses. Additionally, the assumption of negligible 

mass transfer limitations as made by the Michalis-Menten kinetic model has been verified. As the 

figure shows the enzyme-substrate complex is formed within the first 10 minutes of reaction. This 

confirms the Hanes-Woolf method for graphical analyses of enzyme kinetics is accurate in this 

study (Shuler and Kargi, 1991). Figure 4-9 shows the change in the substrate (triglycerol) and 

product (FFA) concentrations as a function of time. It is shown in this graph that the changes in 

substrate and product concentrations are inversely related.  Furthermore, it can be concluded that 

the production of FFAs is the result of enzymatic hydrolysis catalyzed by CRL.  

 

 

 

Figure 4-9: Change in substrate and product concentrations as a function of time; pH 6.5, 30°C, 

10 v/v% 
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 Following the graphical kinetic analyses Biomedical Imaging and Therapy Facility, BMIT, 

imaging was conducted to visualize hydrolysis at the water-oil interface. The goal of this work is 

to determine the kinetics, protein structure and folding at the oil-water interface. The complex 

hydrolysis reaction converting glycerols into FFAs occurs at the water-oil interface (Jaeger et al., 

1994). BMIT imaging was chosen as it allows for three-dimensional reconstructions of the water-

oil interface analyses damaging or altering the internal structure of the sample (Wysokinski et al., 

2016). A 2D and 3D cross-section of the oil-water interface was investigated to observe the lipase 

distribution at the interface. The BMIT reconstructed images were used to observe the 2D and 3D 

structures of the oil-water interface as this conformational change occurs. The structure of the 

lipase at the oil-water emulsion helps to understand the kinetic behaviour of the reaction. Further, 

an experimental co-relation is established to interpret the conversion of flaxseed oil into FFA. This 

method was used previously by Song et al. (2019) to observe the Copper 1,4-benzene 

dicarboxylate, CuBDC distribution in oil/water emulsions and Rahimian et al. (2018) to visualize 

water droplets on porous fuel cells using the BMIT beamline.  

Comparison of the water-oil interface was done on images taken at time = 6 hours and time 

= 24 hours. Additional comparisons were made between species for samples using CRL and ANL. 

The resulting 3-D images are shown in Figures 4-(10-13) below. The results of BMIT imaging 

confirm that the reaction takes place at the water-oil interface. As hydrolysis progresses the lipase 

within the buffer solution migrates to the interface at which point a conformational change occurs 

and the enzyme becomes activated. During this time the active site opens to the substrate exposing 

the hydrophobic cavity (active site) by opening the amphipathic loop which acts as a lid to the 

active site (Barriuso et al., 2013). Al-Zuhair et al. (2003) showed that the activity of lipase at the 

oil-water interface is 15.7% than in the bulk (Al-Zuhair et al., 2003). This suggests a 

conformational change occurs at the interface exposing the active sites of lipase, increasing the 

reaction rate at the interface.  
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Figure 4-10: 3-D imaging of ANL catalyzed 
hydrolysis – 6hrs 

 

Figure 4-11: 3-D imaging of CRL catalyzed 
hydrolysis – 6hrs 

 

Figure 4-12: 3-D imaging of ANL catalyzed 

hydrolysis – 24hrs 

 

Figure 4-13: 3-D imaging of CRL catalyzed 

hydrolysis – 24hrs 

The presence of CRL at the active site at both time intervals is significantly greater than 

that of ANL at the same time period. However, there does not appear to be a significant increase 

in the presence of CRL at the active sight between 6 and 24 hours. In contrast, the presence of 

ANL at the active site has increased between 6 and 24 hours. This can be explained by the greater 

substrate affinity of CRL to flaxseed oil. In hydrolysis catalyzed by CRL, the reaction occurs 

rapidly during the first 6 hours of the reaction. Whereas hydrolysis catalyzed by ANL has a slower 

reaction rate, thus the enzyme takes longer to migrate to the oil-water interface where the reaction 
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occurs. The results of the BMIT imaging agree with the findings of the kinetic analyses fo r the 

hydrolysis of flaxseed oil using ANL and CRL. CRL showed both a greater substrate affinity and 

maximum reaction velocity. The BMIT images confirm that CRL has greater substrate affinity, 

with CRL having rapid migration to the water-flaxseed oil interface.  

The physicochemical properties of surface area, pore diameter and single point total pore 

volume were measured using the BET analytical instrument. The surface characteristics are listed 

in Table 4-7. 

Table 4-7: BET Characterization 

S. no. Characteristic CRL ANL 

1 BET surface area(m2/g) *a 11.7±0.09 - 

2 Pore diameter nm*b 7.6 - 
3 Single point total pore volume (cm3/g) 0.02 0.003 
4 Molecular weight (kDa) ~60*c 35-40*d 

*a - a positive BET surface area was not calculated for ANL, fewer than 2 data points available, undetectable 

*b - a positive BET surface area was not calculated for ANL, fewer than 2 data points available, undetectable  

*c - Subroto et al., 2020 

*d – SHU et al., 2007  

 

The surface area of ANL was too small to be detected using this analysis. By comparison, 

the surface area of CRL was much greater. Higher surface areas increase the frequency of enzyme-

substrate binding and subsequently increase the rate of reaction (Paiva et al., 2000). The results of 

BET characterization are in agreement with the previous kinetic analyses. CRL has a greater 

surface area and pore diameter, therefore it has a greater reaction rate and product formation due 

to increased enzyme-substrate binding. Sharma et al., 2013 reported similar BET characteristics 

of CRL sighting the surface area, pore diameter and single pore volume as 7.8±0.02 m2/g, 4.9nm, 

and 0.09 cm3/g respectively (Sharma et al., 2013). Surface characteristics of ANL were not 

available for comparison.  

4.5.1 Economic Evaluation of the Hydrolysis of Flaxseed Oil using CRL and ANL 

 

     The large industrial scale-up of the hydrolysis of flaxseed oil is not economically feasible 

with the currently available technology (Bhandari et al., 2015). The process is not economically 

feasible for several reasons, most notable the high enzyme cost in comparison to the potential 

product profits (Bhandari et al., 2015). The profitability is further diminished by high enzyme loss 

during recovery, loss of enzyme activity with time and increased reaction times in comparison to 
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chemical hydrolysis (Li et al., 2015). Li et al., 2015 found immobilized lipase can increase the 

recovery rate, although enzyme loss has reduced this process it is also costly and inefficient for 

industrial-scale-up (Li et al., 2015). A summary of the brief scale-up comparison between CRL 

and ANL is outlined below. Commercial grade CRL is widely available and ranges in price from 

$1-10 CAD/kg depending on quality and grade (Alibaba.com, 2020). ANL is less commonly 

available and can be purchased for approximately $100 CAD/kg (Khootama et al., 2018). The 

yield of FFA products is 18% lower than that of hydrolysis using CRL. Additionally, hydrolysis 

using ANL requires a 48hr reaction time while the time required by CRL is 24hours. In terms of 

scale-up, this would double the operating costs for ANL compared to CRL. Based on this, CRL is 

the more economically viable source of lipase to catalyse the hydrolysis of flaxseed oil. Current 

technologies and enzyme costs prevent the hydrolysis of flaxseed oil to produce FFAs from being 

economically feasible on an industrial scale at this time.  
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Chapter 5 : Summary Conclusions and Recommendations  

The effects of reaction parameters pH, reaction temperature and oil concentration (v/v %) 

were studied to optimize the enzyme-catalyzed hydrolysis of flaxseed oil.  Optimization 

experiments showed an increase of 78 wt. % of free fatty acid yield following optimized hydrolysis 

using lipase from Aspergillus niger and 96% wt. % increase using lipase from Candia rugosa 

under optimal conditions. Optimum reaction conditions for lipase from Aspergillus niger are at a 

pH of 5 and a temperature of 35C with a 15 v/v% flaxseed oil concentration. Optimum reaction 

conditions for lipase from Candida rugosa are at a pH of 6.5 and a temperature of 30C with a 10 

v/v % flaxseed oil concentration. The results of statistical analysis showed the production of FFAs 

using CRL was statistically more significant than that of ANL.  The predictive models for FFA 

production using ANL and CRL as a catalyst showed significance with p values of 0.035 and 

0.005, respectively. The p values of the models were both less than the threshold of 0.05 and are 

thus significant. The variability in the model equations describing the optimized process 

parameters for hydrolysis using lipase for CRL was 0.90, and 0.79 for ANL.  Kinetic parameters 

Vm, Km and kcat were determined using Michaelis-Menten kinetics. The results of the kinetic 

analysis showed CRL has a higher substrate affinity, maximum reaction velocity and turnover 

number in comparison to ANL. Analysis of images taken using the BMIT beamline confirms that 

CRL is has the greater substrate affinity to flaxseed oil depicted by the rapid migration of the 

enzyme to the water-flaxseed oil interface. BET characterization confirmed CRL has a greater 

surface area and pore volume allowing for increased enzyme-substrate binding at the active site.  

5.1 Conclusions  

CRL is the superior microbial source of lipase for the hydrolysis of flaxseed oil to  produce 

FFAs. The supremacy of CRL was based on several factors. The results of statistical analysis 

showed the production of FFAs using CRL has greater statistical significance in the calculated 

standard deviation of repeated trials. The optimized model of reaction parameters showed lower 

variability in the CRL process parameter optimization model compared to the model for ANL. 

CRL had the highest substrate affinity to flaxseed oil, the fastest maximum reaction velocity, and 

the larger turnover number. Financially, CRL is the more viable option for industrial applications 

due to its lower cost, efficiency, and reliability. The results of this study show lipase from Candida 
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rugosa, CRL is the superior microbial source of lipase to produce FFAs utilizing enzymatic 

hydrolysis of flaxseed oil in comparison to ANL.  

5.2 Recommendations  

Based on the findings of the present study the following recommendations can be made for further 

investigation.  

1. Conduct an optimization study to investigate which method of flaxseed oil extraction 

produces the flaxseed oil with the highest FFA content following extraction.  

2. Perform an optimization study to determine the optimal enzyme loading for the hydrolysis 

of flaxseed oil to produce FFAs.  

3. Perform a detailed techno-economic analysis and scale-up modelling of the hydrolysis of 

flaxseed oil to produce FFAs.  

4. Perform analysis of enzyme inhibition to determine the type and effect enzyme inhibition 

has on the formation of FFA products.  

5. Perform a screening study to compare lipase from prokaryotic organisms to eukaryotic 

organisms to assess which organism produces the most effective lipase for the hydrolysis 

of flaxseed oil.  

6. Compare different flaxseed oil varieties for their free fatty acid composition.  
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Appendix A: Data Tables  

Table A-1: Univariate ANOVA analysis for tests of Between subject effects; CRL 
   

Dependent Variable:   FFA 
   

Source Type III Sum 

of Squares 

df Mean 

Square 

F Sig. 

Corrected 
Model 

12352.370a 14 882.312 13.686 0.005 

Intercept 49852.8 1 49852.8 773.272 0 

pH 9501.01 3 3167.003 49.124 0 

Oil 464.975 3 154.992 2.404 0.183 

Temperature 32.233 3 10.744 0.167 0.914 

pH * Oil 38.94 1 38.94 0.604 0.472 

pH * 
Temperature 

1070.225 1 1070.225 16.6 0.01 

Oil * 
Temperature 

85.347 1 85.347 1.324 0.302 

pH * Oil * 
Temperature 

10.881 1 10.881 0.169 0.698 

Error 322.35 5 64.47 
  

Total 132182.1 20 
   

Corrected Total 12674.72 19 
   

a R Squared = .975 (Adjusted R Squared = .903) 
 

 

Table A-2: Univariate ANOVA analysis for tests of Between subject effects; ANL 
   

Dependent Variable:   FFA  
   

Source Type III Sum of 
Squares 

df Mean 
Square 

F Sig. 

Corrected Model 13014.674a 14 929.62 5.541 0.035 

Intercept 12572.09 1 12572.09 74.933 0 

pH 9841.383 3 3280.461 19.552 0.003 

Oil 2178.308 3 726.103 4.328 0.074 

Temperature 822.842 3 274.281 1.635 0.294 

pH * Oil 110.261 1 110.261 0.657 0.454 

pH * Temperature 37.411 1 37.411 0.223 0.657 

Oil * Temperature 34.861 1 34.861 0.208 0.668 

pH * Oil * 
Temperature 

17.701 1 17.701 0.106 0.758 

Error 838.888 5 167.778 
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Total 47424.38 20 
   

Corrected Total 13853.56 19 
   

a R Squared = .939 (Adjusted R Squared = .770) 
 

 

Table A-3: Kinetic data; ANL 

Time 

(hour) 

Time 

(s) 

[S] 

(wt.%) 

[S] 

(g/mL) 

[E] (g/mL) 

0 0 97.7 0.98 1.88E-02 

7.5 27000 34.9 0.35 
 

24 86400 47.8 0.48 
 

31 111600 26.2 0.26 
 

48 172800 21.0 0.21 
 

 

Table A-4: Kinetic data; CRL-24 hour  

Time 

(hours) 

Time 

(s) 

[S] 

(wt.%) 

[S] 

(g/mL) 

[E] 

(g/mL) 

0 0 99.1 0.99 6.43E-04 

2 120 38.1 0.38 
 

4 240 22.5 0.22 
 

6 360 14.0 0.14 
 

8 480 10.0 0.10 
 

12.5 750 8.2 0.08 
 

24 1440 4.3 0.04 
 

 

Table A-5: Kinetic data; CRL-24 hour  

Time 

(min) 

Time 

(s) 

[S] 

(wt.%) 

[S] 

(g/mL) 

[E] 

(g/mL) 

0 0 98.6 0.99 6.43E-04 

10 600 85.3 0.85 
 

20 1200 69.0 0.69 
 

30 1800 67.1 0.67 
 

40 2400 57.8 0.58 
 

50 3000 55.3 0.55 
 

60 3600 52.3 0.52 
 

70 4200 49.8 0.50 
 

80 4800 47.3 0.47 
 

90 5400 43.5 0.44 
 

100 6000 43.0 0.43 
 

180 10800 37.3 0.37 
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Appendix B: Sample Calculations  
 

Sample calculation FFA concentration using data from C. rugosa 

FFA (wt. %) = (FFA(g/ml)*Dilution Factor*100)/ 0.93(g/mL)   

FFA (wt. %) = (0.0005(g/ml)*20*100)/ 0.93(g/mL) = 1g/mL 

 

Sample calculation for kinetic parameters based on the Hanes-Woolf plot using data from C. 
rugosa 

Slope = 0.941 

Slope = 1/Km = 1/0.941  

Km = 1.06 g[S]/ml 

Intercept = 4.00x10-5 = Km/Vm  

Vm = 4.25x10-5 g[S]/mL-min 

Vm = kcat[E0] = 4.25x10-5 g[S]/mL-min/ 6.43x10-4 g/mL 

kcat = 6.61x10-2  

 

 

 


