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Abstract 

Algal oils have been extensively used as feedstocks for the production of biodiesel. These can 

be obtained using one of several extraction techniques, such as Soxhlet extraction. A critical issue 

is the presence of compounds in the crude extract that lead to lower yields and low-quality 

biodiesel produced, i.e. phospholipids (PLs). Solid-phase extraction (SPE) is commonly used for 

the analytical and sample preparation of compounds due to its rapidity, low cost and simplicity; 

including lipid analysis. The literature presents validated SPE methods for the fractionation of 

lipids in complex mixtures (i. e. human sources). However, SPE methods applied to algal lipid 

classification have yet to be fully developed and validated in the literature.   

The objective of this project is thus to provide the user with a rapid, efficient and reliable 

standardized analytical method for the determination of useful lipids, triglycerides (TGs) and fatty 

acids (FAs) from algal biomass to produce biodiesel.  

Firstly, critical factors affecting the performance of the SPE procedure using NH2-Si were 

identified and evaluated, namely active phase, loading mass, precondition step and elutions. The 

results indicated that there is a cross-contamination between lipid classes, especially PLs, which 

were prone to be prematurely eluted when high quantities are present in the algal biomass (>15 

mg). SPE conditions (active phase, loading mass, precondition step and elutions) were modified 

and tested in order to decrease the cross-contamination. The modified SPE method solved the PL 

elution issue. However, the elution of other type of lipids of interest was negatively affected (i. e. 

underestimation of fatty acids).  

Secondly, current SPE procedures using -Si and NH2-Si to quantify algal lipids were tested 

and standardized, and the results were then compared to the composition of standard mixtures of 

lipids used to perform the SPEs. 
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An accurate reference to determine the total useful lipid content for biofuel production and 

other applications, using SPE procedures, is recommended in this thesis. SPEs using -Si and NH2-

Si columns can be performed consecutively to quantify, firstly, neutral lipids (TGs, and FAs), GLs 

and PLs; and secondly, TGs and FAs; respectively.  
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Chapter 1 

INTRODUCTION 

1.1 Background Overview  

Fossil fuels are non-renewable energy sources that are expected to eventually be depleted if they 

continue to be exploited at their current rate (80 quadrillion Btu/year) [1]. Indeed, energy demands have 

increased globally in the past decades, mainly due to an ever-increasing population, and global consumption 

[2]. Most energy is produced from the combustion of fossil fuels (81.5% of the total energy consumption 

of United States in 2015), such as coal, oil, and natural gas [1], [3]. Fossil fuel combustion and industrial 

processes lead to 65% of natural and anthropogenic CO2 emissions into the environment, respectively, 

which contribute to global warming [4]. It is important to stress that it is not energy-consumption in and of 

itself that is harmful to the environment, but rather the process by which the energy is produced and the 

sources used.  

1.1.1 From fossil fuels to renewable energy 

To continue meeting global energy needs (over 3,000 million tons of oil equivalents) whilst reducing 

humanity’s dependence on non-renewable energy, much investment is going into the development of 

alternative renewable energy sources [1]. An example of a renewable energy source is biomass, defined as 

any organic product derived from photosynthesis [5]. Biomass is deemed to be renewable as it is obtained 

from biological materials, such as crops and organic residues, with the potential to be replenished at the 

same rate at which they are consumed for energy production. Furthermore, biomass is also used as a 

feedstock to produce ‘biofuels’, such as biodiesel [6], [7].  

Biofuels can be classified, according to the source of feedstock, as first, second and third generation 

biofuels. First generation biofuels come from edible sources, such as starchy, sugary, and oily crops (i.e., 

corn, sugar cane, and soybeans), thus this industry actively competes with the food industry [8]. Second 

and third generation biofuels come from non-food sources, with second generation fuels coming from 
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woody and fibrous crops, and third generation fuels from algal biomass [8]. Clearly, unlike first generation 

biofuels, second and third generation biofuels do not compete with the food industry. Algal biomass is 

preferred over second generation feedstocks because of its relatively easy and fast growth, as well as its 

ability to be cultivated in small areas with no need for land spaces where other crops are grown, as they can 

be easily grown in shallow tanks provided the necessary nutrients and sunlight [9]–[11]. Thus, algae have 

become a profitable feedstock for the production of third generation biofuels, ranging from $1.37 – 2.66 

USD/L of biodiesel [12]. 

1.1.1.1 Algal oil, a biodiesel feedstock, and its proper fractionation 

Algae have been classified into different major groups, such as cyanobacteria (Cyanophyceae), green 

algae (Chlorophyceae), diatoms (Bacillariophyceae), yellow-green algae (Xanthophyceae), golden algae 

(Chrysophyceae), red algae (Rhodophyceae), brown algae (Phaeophyceae), dinoflagellates (Dinophyceae) 

and pico-plankton (Prasinophyceae and Eustigmatophyceae) [13]. These can be subdivided as macroalgae 

(macroscopic and multicellular marine algae, also known as seaweed) and microalgae (microscopic and 

unicellular organisms found individually or in chains/groups), all of which have different combinations of 

chlorophyll molecules (according to the strain), which helps them to perform photosynthesis [13]. It has 

been found that microalgae can be used to produce a wide range of high-value products in several industries, 

such as food additives and supplements [14], pharmaceuticals [15], cosmetics, agriculture and aquaculture 

[16], and bioenergy production [17]–[23].  

A useful feedstock for the production of biodiesel is algal oil, particularly the oil composed of 

saponifiable lipids. Saponifiable lipids can be described as those with an ester functional group that can be 

hydrolyzed under basic conditions, and can be classified as: non-polar, neutral or polar. Non-polar to neutral 

saponifiable lipids include all glycerides (AG: triglycerides, diglycerides, and monoglycerides); while polar 

saponifiable lipids consist of phospholipids (PLs) and glycolipids (GLs). Additionally, lipids also 

encompass free fatty acid (FA) molecules, which are also useful to produce biodiesel.  
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These lipids can be extracted from the algal cells using a range of physical and chemical extraction 

techniques. Popular chemical extraction techniques include Soxhlet extraction [24], the Bligh and Dyer 

method [25] and the Folch method [26]. All three of these techniques use the polarity of organic solvents 

to dissolve the desired lipids and extract them from the algal biomass, followed by evaporation of the 

solvents to recover the lipids, which are then quantified. Unfortunately, the conventional techniques used 

to extract lipids and quantify lipid content lack selectivity extracting only non-polar to neutral saponifiable 

lipids. Oils containing non-polar to neutral lipids such as AGs, and free of polar lipids such as PLs and GLs, 

yield higher percentages of FAMEs (biodiesel) using a transesterification reaction (see Fig. 1.1A), yielding 

up to 98.2±2.1% compared to 85.2±1.4% FAMEs obtained in the presence of polar lipids [27]. The 

techniques mentioned above often provide an extract containing compounds that cannot be used for 

biodiesel production, such as pigments; or that can lower the transesterification reaction efficiency and the 

quality of biodiesel produced, such as PLs and GLs. For the purposes of this study, we will refer to the AGs 

and FAs as the useful lipid (UL) content. This differs from the total lipid content, which includes AGs, FAs, 

PLs, GLs and pigments.  

 

 

 

 

Figure 1.1. Schematic representation of triglyceride transesterification (A) and free fatty acid esterification (B). 
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Distinguishing between UL content and total lipid content and being able to separate the UL content 

out of the total extract is important to enhance the overall biodiesel production (e.g., faster rates of 

transesterification and higher yields) and its quality. Studies have shown that the presence of PLs in the 

algal extract used to produce Fatty Acid Methyl Esters (FAMEs) (the biodiesel) significantly reduces the 

conversion efficiency [28]. Additionally, phosphorus present in the biodiesel can have a negative impact 

on catalytic conversion within the exhaust system of diesel engines, which results in an increase in 

greenhouse gas emissions to the environment [29]. Polar GLs, such as sterols, have also been shown to 

affect the properties of the biodiesel. For example, they increase crystallization temperature, causing the 

fuel lines and filters of the engine to clogged with agglomerates during cold weather, which results in fuel 

starvation and operational problems [30], [31]. In addition, the yield of crude glycerol (glycerol, methanol 

and FAs), the main by-product of transesterification, can be enhanced for further conversion to biofuels and 

bioproducts [32]. This crude glycerol can also be purified to glycerol, which has several applications in the 

pharmaceutical, cosmetic and food industries [33].      

Thus, it is important for extraction techniques to be able to separate the UL content from the rest of the 

algal extract in order to avoid an overestimation of the amount of lipids present that can be used to produce 

biodiesel. Ideally, after the algal extract is collected, a series of processes should take place for the 

production of biodiesel: the separation or purification of the lipids, the transesterification and esterification 

(see Fig. 1.1B) reactions, and the characterization of the biodiesel product, fatty acid methyl esters 

(FAMEs). However, there are still several studies where proper fractionation of the lipids is not performed, 

therefore resulting in an inaccurate estimation of UL content since it contains other algal residues [17], [18], 

[21], [22], [34], [35].  

It can be noted that the relevance of the fractionation step depends strongly on the focus of the research 

and the desired final products. Those focused on pharmaceutical compounds, food supplements or 

cosmetics are generally more interested in the other classes of compounds found in the algae, such as 

proteins, carbohydrates, vitamins and pigments. The FAs of interest for these research areas can be obtained 



5 

 

from almost any type of lipid, therefore a lipid fractionation step is not as critical. On the other hand, for 

those studies focused on producing biofuels, utilizing purified algal lipids promotes a more efficient 

conversion into FAMEs than using non-fractionated lipids [18], [21], [27], [28], [36]. The properties of the 

biodiesel are determined mainly by the degree of saturation of the FAs present in the feedstock used to 

produce biodiesel, being C14 to C18 carbon containing saturated and unsaturated fatty acids preferred [18], 

[21]. The properties of the biodiesel include: flash point, acid number, cloud point, among others (see 

Appendix A for specifications), these can be assessed in order to determine the quality of the biodiesel. In 

summary, regardless the general focus of the research, the evaluation of biodiesel production requires 

fractionation of the lipids to account for the concentration of UL content in the algae and to evaluate the 

selectivity of the extraction process.  

For instance, research is being conducted to evaluate the use of microalgae for bioremediation 

purposes, specifically for wastewater treatment [37]–[40]. Studies in this area of research focus on treating 

wastewater by cultivating and growing microalgal biomass on the wastewater, which can remove specific 

nutrients from the water. The biomass that is produced can then be used for several purposes, an important 

one being as a feedstock for the production of renewable energy, including biodiesel. Studies on the 

conversion of this type of algae to biofuel need to take into consideration the growth rate, biomass 

productivity and general composition of the algae being used, specifically lipid composition. A number of 

studies that have reported total lipid contents of up to 40% (dried biomass) [41], without mentioning how 

much of the extracted material is UL content [17], [18], [20]–[22], [34], [35], [42]. Indeed, a recent review 

of the evolution of microalgal lipids extraction processes pointed out the inconsistency regarding how yields 

of lipids are reported [6]. The importance of fractionating these lipids is slowly gaining recognition and 

several studies have acknowledge the necessity for an improved algal lipid separation for biofuel production 

purposes [23], [43].  

In 2014, Ramluckan et al. [43] examined the use of different solvents and their efficiency in algal lipid 

extraction through the Soxhlet extraction method. The differences in the algal lipid extract was directly 
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related to the polarity of the solvent used in the extraction. The lipid classes differ in polarity; for example, 

the PLs are particularly polar and are therefore more likely to be extracted when polar solvents are used. 

However, solvents do not differentiate between the lipid and non-lipid constituents of the algal biomass, 

therefore all components from algae with a similar polarity to the solvent that is used will be extracted. 

Furthermore, since the lipids used to produce biodiesel must be selectively extracted, Ramluckan et al. 

studied different solvent systems to perform the extraction and achieve higher selectivity for the UL content. 

The study showed that for single solvent extractions using either chloroform, ethanol or hexanes, lipid 

yields greater than 10% w/w were obtained, with chloroform being the most efficient. However, binary 

solvent extractions were demonstrated to be even more efficient than single solvent extractions. For 

instance, single solvent extractions using chloroform obtained a lipid yield of 10.8% w/w, whereas a binary 

mixture of chloroform:ethanol (1:1) obtained a higher lipid yield of 11.8% w/w, from which polar and 

neutral lipids accounted for 78% of the total lipids extracted, while non-polar lipids accounted for 22%. 

This was attributed to the different role of each solvent in the extraction: one disrupting the intracellular 

walls, while the other dissolves the lipids of interest.  

Most recently, Chen et al. [23] summarized and compared the methodologies used for the extraction 

and quantification of microalgal lipids, giving an insight into other procedures that relate to the process of 

biodiesel production, such as pre-treatment methods and subsequent lipid extraction methods. The 

importance of separating lipid classes for biofuel production was supported in this work, as well as the 

necessity of developing rapid, accurate, and sustainable methods for lipid extraction and quantification. 

1.1.2 Current analytical procedures for algal lipids characterization 

Currently, there is a wide variety of analytical procedures used to separate and quantify algal lipids, 

however, these are by no means standardized. Common analytical methods used to characterize the algal 

extract and the biodiesel composition (FAMEs) are: Thin-Layer Chromatography (TLC) [44]–[47], Nile 

red screening [48]–[53], High-Performance Liquid Chromatography (HPLC) [54], Mass Spectrometry 

(MS) [54]–[56], Fourier Transform Infrared Spectroscopy (FTIR) [57]–[60] and Gas Chromatography (GC) 
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[56]–[59]. The simpler methodology used for total lipid content quantification is Nile red screening, which, 

although generally straightforward and fast to perform, lacks in reproducibility and certainty among 

different species of algae. In order to avoid the issues related to the Nile red screening methods, Orr and 

Rehmann [53] have made improvements in the assay, allowing determination of lipid concentration 

independent of chlorophyll content. Conversely, the more complex and time-consuming methodologies 

(i.e., HPLC, MS, FTIR and GC) are more reproducible and offer more detailed FAMEs composition 

analyses. For biofuel production purposes, the only method that can provide additional information about 

lipid classes is TLC. Despite its simplicity and specificity, TLC has a limited resolution capability and lacks 

a fully automated system. However, it is generally accepted that these many procedures have led to 

discrepancies in reported lipid yields, and there is a general recognition in the research community that 

there is a need for the development of an accepted standardized method.  

Alternatively, the adaptation of a well-rounded analytical procedure not usually applied to algal lipid 

extracts but well standardized for other lipid sources, could be considered. Solid-Phase Extraction (SPE) 

has been widely applied for the fractionation of complex lipid mixtures [43]–[45]. SPE is used to separate 

compounds dissolved or suspended in a liquid mixture into desired and undesired components. The liquid 

mixture (mobile phase) passes through a column (stationary phase), where compounds will be retained 

according to their chemical properties, such as their polarity. The system depends on the affinity of the 

molecules dissolved in the mobile phase (organic solvents) for the stationary phase (sorbent with bonded 

phase), i.e., polar compounds will interact with the polar sorbent and hold on to it, while non-polar analytes 

pass through the column unhindered. Different elutions are required to disrupt the intermolecular forces 

formed between the stationary phase and the molecules of the mixture, facilitating the formation of stronger 

interactions between the mobile phase and the analytes of the mixture. SPE has been used and preferred 

over other sample preparation methods because of its simplicity, high speed, possible automation and high 

reliability and reproducibility (when performed under the same conditions). 
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1.1.2.1 Solid-phase extraction 

SPE procedures have been developed and standardized throughout the years for the fractionation of 

lipid classes obtained from animal and human sources. In 1985, Kaluzny et al. [61] was able to recover, 

cholesteryl ester (CE), TGs, Diglycerides (DGs), Monoglycerides (MGs), Cholesterol, FAs and PLs, in 

high yields (>95%) and purity from bovine adipose tissue using aminopropyl (NH2) bonded phase columns. 

The methodology was standardized using standard lipid mixtures and lipid extracts, and it took into 

consideration lipid polarity, solvent strength and solvent polarity. The procedure involves the use of eight 

different solvent mixtures and two different NH2-bonded phase columns, resulting in a total of ten steps, 

which makes it complex, and time- and material-consuming compared to modern SPE procedures. In 1992, 

Agren et al. [62] proposed a simplified method to separate CE, TGs, MGs and DGs, FAs and PLs with a 

single NH2 column. The sequential elution of all these components in a single column resulted in the 

reduction of the number of steps and materials needed for the fractionation of all the major serum lipids. 

Another SPE procedure was developed in 2000 by Bodennec et al. [63] allowing for the simultaneous 

elution of different sphingolipids obtained from fish gills and human melanoma tumor tissue, as well as the 

recovery of other neutral lipids and PLs. In this procedure, the lower acceptable volumes (LAVs) and upper 

acceptable volumes (UAVs) were investigated. It was demonstrated that understanding the LAV enabled 

control over the elution whilst understanding the UAV assisted with avoiding the elution overlapping with 

the subsequent compounds to be eluted. The reported method resulted in the recovery of six different 

fractions, of which only the first fraction (neutral lipids) and the second fraction (FAs) could be used as 

feedstocks for biodiesel production. While SPE has been successfully standardized for the fractionation of 

lipids from animal and human sources [43]–[45], it has not been widely applied to algal lipids.  

1.1.2.2 Solid-phase extraction applied to algal biomass 

According to the relevant literature, the application of SPE in algae-derived biodiesel production has 

been limited and there has been no standardization of the procedures used [19], [47]. In 2015, both Hussain 

et al. [14] and Paudel et al. [7] used SPE as a means of fractionating algal extract obtained from different 
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extraction procedures. Hussain et al. used Bligh and Dyer method/Soxhlet extraction, while Paudel et al. 

used CO2-expanded methanol or liquid CO2 extraction. However, the main purpose of their research was 

not the development of the SPE procedure. Hussain et al. investigated the effects and impacts on algal lipid 

yield, fatty acid profile and biodiesel quality when using different extraction and drying techniques. They 

found significant differences in total lipid, neutral lipid and polar lipid yields [19]. Meanwhile, Paudel et 

al. explored the selectivity of extraction techniques involving the use of liquid CO2 and CO2-expanded 

methanol towards neutral lipids and FAs. It was found that liquid CO2 was able to extract up to 96% of 

neutral lipids and FAs without using any organic solvents and without extracting large quantities of less 

desirable lipids [7].  

The SPE procedures from Paudel at al. and Hussain et al. were used to separate algal lipid classes, 

however they differed from each other (i. e. the type of sorbent used, the eluting solvents and the sequence 

of lipid classes extracted). The Paudel procedure was based on the work of Bodennec et al. and Kaluzny et 

al., mentioned above. The Hussain procedure was based on a method described in a book written by Christie 

[64], and has also been employed in other studies [65], [66] with slight modifications. Another SPE applied 

to microalgae is the NRC protocol [67], obtained by private communication, and it is based on the same 

fundamentals that the Hussain procedure is based on. To the best of our knowledge, these procedures are 

the only ones used for microalgal lipid classification using SPE. None of these had a proper validation or 

standardization performed. Therefore, there is a need for a standardized SPE procedure to be developed 

specifically for algal biomass as this would help to improve the algal lipid feedstock quality for biofuel 

production if it is used as an analytical method among future studies.   

1.1.3 Scope of this project  

The purpose of this work was to investigate the efficiency of current SPE procedures applied to algal 

extracts – Paudel procedure, Hussain procedure and NRC protocol – and to develop a standardized SPE 

methodology adapted for microalgal biomass. This can be used to analyze the lipid composition in order to 

achieve a more suitable feedstock, so that it can more efficiently be converted into biodiesel. Additionally, 
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the critical factors affecting the SPE performance were identified and evaluated, including: the active phase, 

loading mass, precondition step and the solvent systems used for elutions. To begin, two different active 

phases were investigated, a NH2-bonded silica (NH2-Si) and an unbonded silica (-Si), both differing in the 

benefits that they offer. The loading mass of the algal extract and the choice of solvent(s) used to elute the 

compounds (i.e., the mobile phase) were also modified and tested. The more polar solvents pass through 

the sorbent, they disrupt the bonds created between the polar analytes and the polar sorbent. Similarly, 

hydrogen-bonding solvents can disrupt hydrogen-bond interactions between analytes and sorbent. 

The SPE procedures tested in this work aim to separate the ULs (AGs and FAs) from the non-desirable 

lipids and other extractable constituents in the algal extract. Non-desirable lipids include GLs, ceramides, 

pigments and PLs, which will result in a low-quality biofuel if present in the extract. Nuclear Magnetic 

Resonance (NMR) spectroscopy was used for the identification of lipid classes, following a method 

described by Nieva-Echevarría et al. [68], in addition to Thin-Layer Chromatography (TLC). 

The aim of this work was to investigate whether the current SPE procedures could achieve fractionation 

of the lipid classes of an algal extract. Test samples include an artificial mixture of known composition and 

an actual sample of algae extract obtained by other means of extraction (i. e., Soxhlet, Bligh and Dyer, 

Folch, liquid CO2, and other novel methods). In theory, the proposed SPE procedure offers a rapid, efficient 

and reliable analytical method that can be used: (a) in future studies to determine the total UL content for 

biofuel production, and (b) as a more accurate reference for the comparison of novel extraction techniques.   

1.2 Research Objectives 

General objective   

To provide a rapid, efficient and reliable standardized analytical method for the determination of the 

useful lipid content from algal biomass (and subsequent conversion to biodiesel). 

Specific objectives  

1. To investigate the efficiency of current SPE procedures applied to microalgal crude extract using 

mixtures of known composition, and to identify the critical factors affecting the SPEs performance.  
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2. To compare the fractionation performance of the SPE procedures tested in this work when applied 

to real algal extract, to estimate the efficiency of each of them. 

3. To evaluate the critical factors affecting current SPE procedures, and standardize them for further 

application of the SPE protocols tested in this work. The following aspects of the process will be 

evaluated:  

                       ▪ Active phase                                   ▪ Precondition step 

                       ▪ Loading mass                                 ▪ System solvents     

 

1.3 Thesis Outline 

This thesis is comprised of five chapters. Chapter 1 provides a general introduction to the production 

of renewable energy and the fractionation of lipid classes. It provides a brief overview of the project, states 

the current objectives and presents the organization of the thesis.   

Chapter 2 summarizes the fundamentals and background required to better understand this research, 

highlighting past investigations related to the project in more detail, including the use of SPE for lipid 

classification. Basic principles of SPE are also covered, as well as the critical factors that affect SPE, such 

as choice of active phase, sample loading mass, preconditioning of column, and elutions. A review of the 

validated SPE procedures applied to human and animal tissues for lipid classification is presented, and 

compared to the non-validated SPE procedures applied to algal biomass. 

Chapter 3 presents the experimental results obtained when testing the existing SPE procedures, the 

Paudel et al. procedure, the Hussain et al. procedure and the NRC protocol, with standard mixtures and real 

algae. Results from the modified SPE protocols is also presented here, as well as a comparison of the 

efficiency of each of the SPEs evaluated. 

Chapter 4 includes the experimental results for the development of the SPE procedure, specifically, for 

the fractionation of algal lipid classes. The results for the modification of important factors affecting the 

efficiency of the SPE procedure, such as loading mass, drying condition, active phase, first eluent and 

preconditioning step, are described and explained. Several modifications to the SPE factors were 
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investigated to establish a procedure with superior algal lipid separation, minimizing the cross-

contamination of lipid classes throughout the SPE procedure, compared with methods previously used [7], 

[19].  

Chapter 5 includes a summary and conclusion of the findings of the study. Additionally, 

recommendations for future directions are mentioned, as well as the engineering contributions of this work. 
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Chapter 2 

DETERMINATION OF ALGAL LIPID COMPOSITON BY SOLID-PHASE 

EXTRACTION: A REVIEW  

2.1 Introduction  

Solid-Phase Extraction (SPE) is a multipurpose technique that has been widely use in several lines of 

investigation due to the benefits it offers, such as being cost-effective, quick and straightforward. It can be 

used as a sample preparation methodology for analysis (cleanup and concentration of samples [1], [2]), as 

means of extraction of semivolatile or nonvolatile analytes in liquid samples or solids pre-extracted into 

solvents [3]–[5], and for fractionation of lipid classes [6]–[13].    

Over the years, SPE has been extensively studied and standardized for the lipid fractionation of 

complex matrices from animal and human origins [6]–[8], [14]–[17]. However, SPE methodologies for the 

classification of algal lipids, specifically, are poorly developed, not validated, and in disagreement with 

other SPE procedures with similar aims and purposes. Additionally, many of these SPE procedures do not 

consider the physicochemical processes happening in the system, such as the secondary interactions 

happening between the analytes and the column. The reliability of the SPE procedure is based on trial and 

error approaches, making them mostly empirical [18]–[21]. 

In this work, the basic principles of solid-phase extraction will be described, as well as the four main 

conditions that should be taken into consideration when developing a new procedure, all of which have an 

impact on the overall efficiency of the procedure: sorbent type, preconditioning of the sorbent, loading of 

the sample, and elutions. 

2.1.1 Basic principles of solid-phase extraction   

SPE uses the affinity of a solute for a stationary phase (sorbent) or a mobile phase (eluent) to separate 

a matrix into desirable and undesirable compounds. There are three main ways of separating the compounds 

of interest from impurities in the matrix, represented in Fig. 2.1a: selective extraction, selective washing, 
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and selective elution. Depending on the analyte present in the matrix, the SPE procedure will include one 

or more means of separation [5], [13], [21]–[23]. A typical four-step SPE procedure is presented in Fig. 

2.1b.  

Other steps can be taken to enhance SPE performance, such as sample pretreatment previous to the 

separation by SPE. Samples can be centrifugated, sonicated, or pH-modified to ensure the analyte interact 

more favorably with the sorbent for a greater separation [18], [20], [24].   

2.1.1.1 Selective extraction 

In this process (Fig. 2.1a), the sample is loaded into the column and the sorbent binds selected 

components of the sample (either the impurities or the analyte). When the sample passes through the 

column, the selected component will remain in the sorbent, while the rest of the sample components will 

be found in the effluent. Afterward, the tube containing the extracted impurities is discarded, or the adsorbed 

analyte is collected through elution.  

2.1.1.2 Selective washing  

In this process, both the analyte of interest and the impurities will be retained in the sorbent when the 

sample passes through (Fig. 2.1a). Next, the impurities will be rinsed out through a weak wash solution that 

will not disrupt the interaction between the analyte of interest and the column. The analyte of interest can 

be retrieved by further elutions. 

2.1.1.3 Selective elution  

The impurities and the analyte of interest will remain in the column during the loading process 

(Fig. 2.1a). Then, the analyte will be eluted by a strong solvent that will leave behind strongly retained 

adsorbed impurities.  
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Figure 2.1.- a) The three main separation processes in SPE, and b) the four-step basic SPE procedure. 
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2.1.2 Solid-Phase Extraction mechanisms and sorbent types 

SPE columns are commercially available in numerous formats and materials for a large variety 

of applications [25]. All these SPE formats and materials utilize different sorbent types. The 

retention mechanism depends on the types of sorbent chosen. Sorbents can be classified in different 

types: reversed phase, adsorption, normal phase, and ion exchange [18]. The last two of these will 

be discussed in this work, as they are relevant to the experimental section of this thesis. Example 

sorbents include aminopropyl bonded silica (NH2-Si) for normal phase and ion exchange; and 

unbonded silica (-Si) for adsorption under normal phase conditions (Fig 2.2). 

2.1.2.1 Normal phase 

Normal phase SPE involves a polar analyte, a mid- to nonpolar matrix (e.g. hexanes), and a 

polar sorbent, such as underivatized silica. The interactions between the polar functional groups of 

the analyte and the polar groups of the functionalized sorbent retain the analyte on the column. 

These interactions including ion-ion, ion-dipole, dipole-dipole, hydrogen bonding, ᴨ-ᴨ interactions, 

and other interactions. To elute the adsorbed compounds, a solvent that is more polar than the 

sorbent is required to disrupt the compound-sorbent interactions formed.  

2.1.2.2 Ion exchange   

Depending on the sorbent used, this SPE mechanism can be subdivided into two categories: 

anion exchange and cation exchange. Here, positive or negative analytes can be isolated from the 

matrix. The electrostatic attraction between the charged functional group of the analyte and the 

charged group of the bonded silica surface dominate in the system. Compounds that are not 

attracted to the sorbent are extracted in the washing steps, or even in the sample loading step. 

Ideally, to avoid interferences with the adsorption of the compound of interest, the sample should 

not include more than one compound of the same charge. The compound of interest is eluted using 

a solution that can neutralize the charge of the functional group of the analyte or the functional 
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group of the sorbent in order to disrupt electrostatic forces. A solution with a high ionic strength 

can also be used to displace the adsorbed compounds.   

2.1.2.3 Sorbent types 

In Fig. 2.2, the most commonly used SPE sorbent types employed in algal lipid fractionation 

are shown: NH2-Si and -Si. Both columns offer a strong polar selectivity; however, the binding 

mechanisms vary because of the functional groups attached to the surface.  

 

 

 

 

 

 

 

The NH2-Si sorbent has a short alkyl chain with a polar primary amine functional group that 

provide a hydrophilic environment inside the column. This sorbent type can be used to adsorb polar 

compounds from non-polar matrices under normal phase conditions. Under ion exchange 

conditions, it targets carbohydrates, weak anions, and organic acids [18], [25]. 

The -Si sorbent is commonly used as the base of all the bonded silica columns available; the 

free hydroxyl groups on the surface make that surface both acidic and hydrophilic. Therefore, for 

efficient adsorption of the analyte, it is recommended that the sorbent be water-free. This column 

is used to separate polar compounds of similar structure from non-polar matrices using non-polar 

or slightly polar solvents, leaving other components unretained as they pass through the column. 

This sorbent has the ability to adsorb amines, alcohols, aldehydes, drugs, herbicides, pesticides, 

dyes, organic acids, phenols, steroids, and others [18], [25].  

Aminopropyl bonded silica 

(NH2-Si) 

Unbonded silica  

(-Si) 

Figure 2.2. Surface chemical structure of aminopropyl bonded silica and unbonded silica sorbents. 
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2.1.3 Steps in a typical SPE procedure  

The steps of SPE procedures vary according to the nature of the matrix, the impurities, and the 

analyte, which can be retrieved using one or more than one elutions. The typical steps found in a 

SPE procedure are discussed below. 

2.1.3.1 Preconditioning of the sorbent 

The purpose of this step is to increase the effective surface area and to reduce interferences by 

removing impurities in the sorbent, these can be achieved when the sorbent is washed with organic 

solvents [21]. Typically, the organic solvent of choice is the same as the organic solvent used to 

load the sample. The preconditioning step can also be used to chemically activate the column, 

which prepares it to interact with the sample added [20].  

It is generally recommended that one not allow the sorbent to run dry, between the 

preconditioning step and the sample loading step [25], to avoid a reduction in extraction efficiency 

and sample recovery. However, this recommendation is not always followed, and the column is 

allowed to dry after preconditioning in some SPE protocols [18].  

2.1.3.2 Loading of the sample 

The loaded sample mass is very important, as well as the solvent in which the sample is to be 

dissolved or suspended. The mass of the sample will affects the efficiency of the SPE, although the 

solvent containing the sample is key to ensuring retention of compounds on the sorbent [6][18].  

Adding too much sample will overload the sorbent, leading to analyte breakthrough and 

clogging [8], [25]. It is therefore important to take into consideration the bed weight of the sorbent 

in order to avoid overloading and its undesirable consequences. Keeping the loading sample within 

the maximum sample capacity of the sorbent, ≤5% of the bed weight (i. e. 25 mg of sample for a 

bed weight of 500 mg), yields more reproducible results and higher recovery rates. Additionally, 

the flow rate at which the sample is allowed to seep into the sorbent affects the retention of specific 

compounds [26]. 
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The loading solvent also plays an important role in determining the retention of components 

on the sorbent. The loading solvent is often the same as that used for preconditioning, therefore the 

environment achieved inside the column is not altered [9], [10], [12], [27], [28]. However, the 

elution of certain components in the loading step has to be taken into consideration. To ensure the 

recovery of these compounds, the first elution should use the same or a similar solvent (in terms of 

relative polarity, Table 2.1) [12], [27], [28]. There are SPE procedures where the loading solvent 

differs from the solvents used in the preconditioning step or the first elution [6]–[8],  and a 

significant change in their relative polarities is observed, which promotes modifications on the 

environment inside the column.                                                                                                                                      

2.1.3.3 Elutions 

Eluting solvents are used as part of washing and elution steps, depending on the SPE 

procedure, which in turn depends on the type of analyte and the type of impurities present in the 

matrix. Typically, the solvents used must differ sufficiently in polarity from each other. The elution 

of the final compounds (either the analyte or impurities) is achieved using eluting solvents that 

generally increase in polarity from the first to the last elution, initiating with the least polar to the 

most polar system. To elute the compounds, the polarity of the eluent must approximately equal 

the polarity of the molecules, following the ‘like dissolves like’ principle [29], [30]. The binding 

forces vary according to the functional groups present in the molecules and the solvent. 

Hydrophobic interactions, such as those involving induced dipoles, take place between non-polar 

substituents (e. g. -CH3, CH2-, -Cl, -OCH2CH3), whereas hydrophilic interactions occur when polar 

substituents are present (e. g. -COOH, -COO-, -NH2, -NH3
+, -OH-). The relative polarities of 

relevant organic solvents used in the SPE procedures presented in this thesis are summarized Table 

2.1.  

Elution volumes vary from procedure to procedure [5]–[9], [21], [25], [26], as well as the time 

allowed for solvents to be in contact with the sorbent. Slow flow rates are recommended to ensure 
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enough residence time for analyte to properly desorb from the SPE sorbent [26]. However, to save 

time, elutions are passed through the column rapidly, which may compromise the complete 

recovery of the analyte [31]. To obtain good recoveries in a short time, the flow rate should be 

optimized. Eluent volumes also define how well the dissolved compounds may be extracted, as 

lower volumes than necessary may result in partial elutions. 

 

 

Table 2.1. Characteristics of solvents used in the SPE procedures discussed in this thesis. 

Solvent Relative Polarity* Polarity+ Elution Strength 

for Normal Phase+ 

Hexanes 0.009 

NONPOLAR 

↓ 

 

POLAR 

WEAK  

↓ 

 

STRONG 

(Di)ethyl ether 0.117 

Ethyl acetate 0.228 

Chloroform 0.259 

Acetone 0.355 

Acetic acid 0.648 

Ethanol 0.654 

Methanol 0.762 

Water (reference) 1.000 
*. - The values are normalized from measurements of solvent shifts of absorption spectra extracted from  

      Reichardt, 2003 [32]. 

 

2.2 Solid-Phase Extraction Procedures for Lipid Fractionation 

Solid-phase extraction has been used over the years to classify lipid classes derived from 

biological samples. Many of these procedures have been developed using standard mixtures and 

then validated through various analytical examinations thus proving the efficiency of the procedure 

[6]–[8]. Other procedures have been established by combining different SPE procedures to elute 

the lipids of interest from biological sources other than those used when the verification of the SPE 

procedure was performed [9]. For example, the SPE procedure followed by Paudel et al. [9] was 

verified for lipids found in fish gills and human melanoma tumors but not for those found in algae. 

Relevant information and characteristics of some SPE procedures are presented in Table 2.2 applied 
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for animal and human lipid sources and in Table 2.3 for algae. The composition of the organic 

biomass differs from sample to sample, and from species to species, therefore a procedure that 

works for certain lipid mixtures derived from biomasses may not necessarily have the same 

efficiency for others. 

2.2.1 Validated Solid-Phase Extraction protocols 

Kaluzny et al. [6] reported a method utilizing aminopropyl-bonded phase columns to separate 

lipid mixtures into individual classes, and resulting in high yield and purity. This method was 

established as a more economical and rapid option compared with conventional separation 

techniques available at the time, such as liquid-liquid extraction (LLE) and Thin-Layer 

Chromatography (TLC), because of its ability to reuse the packing after suitable washing and 

process up to ten lipid extracts in 1 hour. However, material consumption is greater than in other 

SPE procedures developed later, including Agren et al. [7], and Bodennec et al. [8], where a single 

aminopropyl-bonded phase column is used to separate lipids instead of two.  

The SPE procedure from Kaluzny et al. [6] was developed using standard lipid mixtures (SLM) 

and applied to bovine adipose tissue. Its separation efficiency was assessed with routine visual 

checks of chromatographic purity using High Performance Thin-Layer Chromatography (HPTLC), 

whereas purity and percent recovery were determined by TLC and radioactivity counting. All 

analyses were compared with known standards (neutral lipid, phospholipid and radioactive lipid 

standards) and the same procedure was applied to these. For the radioactivity counting, radioactive 

lipid standards were used and added to the SLM, which were then applied to the SPE procedure. 

The counting was performed before and after the SPE application, and the recovery of lipids was 

calculated by counts recovered in each fraction/count applied to the column, whereas the purity 

was calculated by the number of contaminated lipids in each fraction (with known specific 

radioactivity). Gas-Liquid Chromatography was also used to quantify monoglycerides (MGs) and 
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Table 2.2. Conditions of SPE procedures applied to lipids from animal and human sources. 

 Methods 

SPE conditions Kaluzny et al., 1985 [6] Agren et al., 1992 [7] Bodennec et al., 2000 [8] 

Source Bovine adipose tissue Serum 
Fish gills and human 

melanoma tumor 

C
o

lu
m

n
 Phase NH2-Si 

Bed weight 500 mg 

Vol. N. S. 

P
re

co
n

d
it

io
n

 

Vol. 4 mL  0.6 mL, 2 mL 5 mL 

Solvent Hexanes Acetone-water 7:1, hexanes Hexanes 

L
o

a
d

in
g

 Mass 10 mg N. S. 15 mg 

Solvent 500 μL chloroform 

200 μL hexane-methyl tert-

butyl ether-acetic acid 

100:3:0.3 

200 μL chloroform 

E
lu

ti
o

n
s 

1
st
  Compound Neutral lipids Cholesteryl esters Neutral lipids 

Solvent 
4 mL chloroform-2-

propanol 2:1  
5 mL hexanes 

5 mL ethyl acetate-

hexane 15:85 

2
n

d
  Compound FAs TGs 

Ceramides, MGs, free 

sphingosine and 

sphinganine 

Solvent 
4 mL 2% acetic acid in 

diethyl ether 

6 mL hexane-chloroform-

ethyl acetate 100:5:5 

4 mL chloroform-

methanol 23:1 

3
rd

  Compound All PLs MGs and DGs 
FAs, trace amounts of 

free sphingoid bases 

Solvent 4 mL methanol 
5 mL chloroform-2-propanol 

2:1  

3 mL diisopropyl ether-

acetic acid 98:5 

4
th

  Compound Cholesteryl ester FAs 
Glycosphingolipids and 

free sphingolipids  

Solvent Hexane 
6 mL chloroform-methanol-

acetic acid 100:2:2 

11 mL acetone-methanol 

9:1.35 

5
th

  

Compound TGs PLs 
Neutral PLs 

(sphingomyelin) 

Solvent 

8 mL 1% diethyl ether, 

10% methylene chloride 

in hexane 

6 mL methanol-chloroform-

water 10:5:4  

4 mL chloroform-

methanol 2:1 

6
th

  

Compound Cholesterol  --- 

Sphingosine 1-

phosphate, ceramide 1-

phosphate and sulfatides 

Solvent 
20 mL 5% ethyl acetate 

in hexane 
--- 

4 mL chloroform-

methanol-3.6 м aqueous 

ammonium acetate 

30:60:8 

7
th

  Compound DGs --- --- 

Solvent 
8 mL 15% ethyl acetate 

in hexane 
--- --- 

8
th

  Compound MGs --- --- 

Solvent 
4 mL chloroform-

methanol 2:1  
--- --- 

Validated (Y/N) Y 
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Table 2.3. Conditions of SPE procedures applied to microalgae discussed in this thesis. 

 

 
Methods 

SPE conditions 
Chen et al., 

2007 [27] 

Ryckebosch et al., 

2012 [12] 

Hussain et 

al., 2015 [28]  

Paudel et al., 

2015 [9] 

Viner et al., 

2018 [10] 

Source 
Nitzschia 

laevis  

Nannochloropsis 

salina, Chlorella 

vulgaris, 

Arthrospira 

platensis and 

Scenedesmus 

obliquus. 

Chlorella 

vulgaris 

Botryococcus 

braunii 

Scenedesmus 

sp. 

C
o

lu
m

n
 Phase -Si N. S.  -Si NH2-Si 

Bed weight 500 mg N. S. 500 mg 500 mg 

Vol. N. S. N. S.  N. S.  3 mL 

P
re

co
n

d
it

io
n

 

Vol. 5 mL 10 mL 4 mL 6 mL 

Solvent Chloroform Hexanes 

L
o

a
d

in
g
 

Mass 50 mg 10 mg 50 mg 25 mg 

Solvent 
N.S. vol. 

Chloroform 

100 μL 

chloroform 

1000 μL 

chloroform 

N.S. vol. 

Hexanes 

E
lu

ti
o

n
s 

1
st
  Compound 

Neutral 

lipids 
Non-polar lipids 

Neutral 

lipids 

Neutral lipids (TGs, and 

DGs)  

Solvent 
10 mL 

chloroform 
10 mL chloroform 

N.S. vol. 

Chloroform 

5 mL ethyl acetate-hexane 

15:85 

2
n

d
  Compound GLs GLs GLs Ceramides 

Solvent 
10 mL 

acetone 
10 mL acetone 

N.S. vol. 

Acetone 

4 mL chloroform-methanol 

23:1 

3
r
d
  Compound PLs PLs PLs FAs 

Solvent 
10 mL 

methanol 
10 mL methanol 

N.S. vol. 

Methanol 

3 mL ethyl ether-acetic acid 

92:2 

Validated (Y/N) N 

 

diglycerides (DGs) using internal standards after their conversion to fatty acid methyl esters 

(FAMEs). All these analyses indicated a separation of lipid classes to near homogeneity with >95% 

recovery with the developed SPE procedure.   

In 1992, Agren et al. [7] reported a SPE protocol to separate serum lipid classes for FA analysis 

with a single aminopropyl column. In this work, the use of SLM (composed of 500 μg cholesteryl 
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stearate, 300 μg tripentadecanoin, 80 μg monomyristolein, 100 μg oleic acid and 400 μg 

phosphatidylcholine diheptadecanoyl) allowed for the study of lipid class recovery. The SLM were 

prepared by taking into consideration the composition of normolipidemic serum, and the lipid 

concentration from the SLM was at least twofold higher than the lipids found in 100 μL of serum 

with normal amounts of lipids (440 μg neutral lipids, 50 μg fatty acids, and 200 μg phospholipids).  

Additionally, they tested the SPE procedure using two different dilutions of SML (1:2, 1:4), to 

account for serum containing normal and low concentrations of lipids.  

The method reported by Agren et al. was developed using SLM and spiked samples of serum 

with internal standards and testing of their recovery by TLC and Gas Chromatography (GC). They 

also tested the procedure to calculate the quantity of contaminants in each collected fraction by 

running blanks and using sample solvents. Once the SLM was successfully separated, the 

distribution of standard lipids by SPE was measured in the presence of lipid extracts of 

hyperlipidemic serum. It was demonstrated that the presence of other constituents in the serum 

extract did not change the elution properties of these lipids, maintaining the separation efficiency 

of the SPE procedure. They also focused on the separation of cholesteryl esters and TGs in order 

to achieve a faster and easier separation of lipid classes with one single column, avoiding the use 

of recyclable columns and decreasing the uncertainty in reproducibility when washing the sorbents.    

Another validated SPE procedure was reported in the work of Bodennec et al. [8], where the 

lipid mixture from fish gills and human melanoma tumors tissue were classified by sequential 

elutions. As in the Kaluzny et al. [6] work, the purity and recovery of the fractions extracted was 

tested by radioactive counting and several chromatographic methods, such as HPTLC, 3D-TLC, 

2D-TLC and 1D-TLC. Radioactive labeled standard lipids were used and mixed with SLM and 

lipid mixture samples from fish gills and human melanoma tumor, these were then applied to their 

SPE procedure and analyzed by the TLC methods mentioned above. Once the different lipids found 

in the spots on the HPTLC plates were identified, these were individually scraped into vials for 
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determination of radioactivity, which was then expressed as % of recovery of lipid X among all 

fractions. Similar calculations were performed for each of the detectable lipids found in the HPTLC 

spots and the possible extent of contamination across the fractions was determined in the 

development of their SPE procedure. In order to enhance their procedure, they investigated and 

fixed several cross-contaminations found with their SPE procedure, specifically the cholesterol 

leakage into a fraction containing mainly free ceramides. The work of Bodennec et al. [8] resulted 

in the development and validation of a SPE procedure that can be applied on its own in the isolation 

of individual sphingolipids, or in combination with other SPE procedures, such as the Kaluzny et 

al. [6] procedure, for the separation of other lipid classes.  

There are other SPE procedures that use aminopropyl columns to separate different lipid 

classes derived from animal and human tissues, such as PLs [23], [33] and neutral, polar and FAs 

[11], [34]. However, to the best of our knowledge, the current SPE procedures applied to algal 

extracts (Table 2.3) have not been validated nor standardized in any manner comparable to the SPE 

procedures (Table 2.2) applied to biological tissues from animal and human sources. 

2.2.2 Non-validated Solid-Phase Extraction protocols 

Chen et al. [27] studied the lipid class composition and fatty acid distribution in the lipid pool 

of Nitzschia laevis microalga using TLC and GC. The algal lipids were subsequently obtained by 

the Folch procedure [35]. SPE was used to fractionate the total lipids into neutral lipids, GLs, and 

PLs with a 500 mg Si- cartridge (see Table 2.3 for details). Following the separation, the lipid 

fractions were subjected to TLC analysis for the identification of lipid classes. After visualization 

and identification, lipid bands were immediately scraped out and the FAs were analyzed by GC 

after direct transmethylation with sulfuric acid in methanol. The FAMEs identification was carried 

out by comparison of the retention times with authentic standards purchased from Sigma. The 

drawback of the latter process arises when other impurities that were not converted into FAMEs 

cannot be quantified with this procedure, so an accurate estimation of lipid classes cannot be 
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achieved by these means. Moreover, there was no clear information found in the work of Chen et 

al. specifying the use of standard lipid mixtures to ensure the efficiency of separation and purity of 

the SPE procedure applied. 

Ryckebosch et al. [12] have proposed an optimized procedure for the extraction of total and 

non-polar lipids from microalgae. They studied the effect of solvent mixtures and ratios and the 

effect of pretreatment and cell-disruption methods on the total extracted lipid content. A study on 

the effect of pretreatment of microalgae on the lipid class composition was performed by TLC. The 

identification of lipid classes was attempted, with no certainty in the separation efficiency, using 

standards that were spotted next to the extracted fractions. In order to determine the effects of cell-

disruption methods on the lipid composition, SPE was applied to the algal extracts obtained by 

different extraction means. The SPE conditions in this work were not detailed, such as type of 

column, volume, bed weight, and drying condition. Additionally, the fractions obtained were not 

validated nor tested for potential contaminants or cross-contaminated lipids. 

Hussain et al. [28] reported a study where three lipid extraction methods were applied to two 

different pretreated algal biomasses from the microalga Chlorella vulgaris in order to evaluate their 

effects on lipid yield, FA profile and algal biodiesel quality. The algal biomass was freeze-dried 

and oven-dried after cultivation and harvesting, and the lipids were further extracted by the 

modified Bligh and Dryer [36], Halim [37], and Soxhlet extraction [38] methods. The collected 

crude extract was fractionated into neutral lipids and polar lipids using SPE. The neutral lipid 

fraction was then transesterified in order to obtain a FAMEs profile by GC. After this, key fuel 

properties of biodiesel were estimated and compared, such as cetane number, iodine value, 

saponification value, cold filter plugging point, and degree of unsaturation. In this work, the SPE 

procedure used is not referenced and the volumes of the solvents used to elute lipid fractions are 

not specified. In general, few procedural details are presented in this work. In addition, the authors 
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did not specify whether there was an attempt to validate the fractions obtained by this SPE 

procedure. 

Paudel et al. [9] presented an alternative technique for the extraction of neutral lipids and FAs 

for biodiesel production with potential advantages over the common methods using conventional 

organic solvents. In this work, the selectivity towards desirable lipids for biodiesel production of 

CO2-expanded methanol (cxMeOH) and liquid carbon dioxide (lCO2) was studied and compared. 

First, the lyophilized algal biomass was subjected to four different extraction procedures using: 1) 

cxMeOH, 2) neat MeOH, 3) lCO2, and 4) soxhlet extraction [38]. This latter step was performed to 

compare the proposed methods of extraction, functioning as a reference of total extractable material 

vs desirable lipidic material extracted. The algae lipid extracts obtained by all four methods were 

fractionated using SPE as described by Bodennec et al. [8] and Kaluzny et al. [6]. The SPE 

procedure constituted of the first two solvent systems used to elute the first two fractions in the 

Bodennec et al. procedure; while the third fraction eluent was taken from the Kaluzny et al. work. 

In this work, there was not attempt to validate the fractions obtained by the SPE reported; it was 

assumed that all material eluted in each fraction corresponded to the desired lipid classes extracted. 

However, Kaluzny et al. [6] demonstrated that changing the relative compositions of the solvent 

mixtures will affect the physical environment of the columns and the separations, recoveries and 

degrees of purity become less than optimal. Hence, combining eluents from two different 

procedures might represent a significant problem. Additionally, Agren et al. [7] stated concern 

about the presence of other contaminants in the extracts that could change the elution properties of 

the lipids of interest. 

Viner et al. [10] focused their study on the comparison of several cell disruption techniques 

used to facilitate access of the lCO2 extraction to the lipids contained in the microalgal slurries. 

Additionally, the FAMEs profile of Scenedesmus sp. was characterized and quantified for each of 

the cell disruption techniques for the production of biodiesel-desirable chain lengths. Several 
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disruption techniques were applied to microalgal slurry aliquots: ultrasonication, microwave 

radiation, grinding following freezing with liquid N2, osmotic shock, switchable osmotic shock, 

cooling and freeze-drying. Subsequently, the extraction of lipids was conducted using lCO2. Then, 

the microalgal extracts from the lCO2 extractions were fractionated by SPE, utilizing the same 

procedure as Paudel et al. [9]. Similarly, a validation of the extracts obtained was not performed.    

2.2.2.1 Differences between SPE procedures  

There are few reports in literature that describe current SPE procedures applied to algal extracts 

[9], [10], [12], [27], [28]. As well, they differ from each other in the conditions used, such as 

sorbent, preconditioning, eluents and volumes. Additionally, some of the SPE procedures in the 

literature present little to no detailed specifications on the experimental conditions, such as the type 

of column used, the bed weight of the column, the eluent volumes and the loading solvent volumes. 

Most of the SPE methods applied to algal lipid quantification are based on the book by Christie 

[39], where lipid analysis is discussed. These procedures share similar experimental conditions, 

with the type of sorbent used, Si-, being the most important [12], [27], [28]. An alternate SPE 

procedure that uses a NH2-Si sorbent has been recently reported [9], [10], which is based on the 

work of Bodennec et al. [8] and Kaluzny et al. [6].  

2.3 Conclusions 

SPE has been extensively used for lipid fractionation and has focused on different lines of 

investigation, such as pharmaceuticals, food additives, and biodiesel. As there is a substantial 

difference between SPE procedures developed for application to lipidic matter from human and 

animal origins and SPE procedures applied to algal biomass, this research focuses on the 

differences in operating conditions and results between these SPE procedures.  

The SPEs applied for the lipid classification of serum lipids, bovine adipose tissue, and fish 

gills are described through exhaustive experimental design to validate the separation efficiency and 

purity of the fractions obtained. On the other hand, SPE procedures applied to algal extract have 
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not presented reliable and verifiable examinations of the SPE efficiency. Although some research 

reports were dedicated to the development, assessment, and validation of the SPE for specific lipid 

classification from certain sources, other literature focused on the comparison, development, or 

evaluation of other novel techniques, including SPE as one more experimental component 

pertaining to that study, without further verification of the reliability of that experiment. 

Furthermore, the differences between SPE procedure conditions, and the lack of specifications 

for some of these, underscores the importance of testing and validating current SPE procedures 

applied to algal biomass and lipid systems, as well as standardizing SPE conditions. Doing so would 

reduce the uncertainty of fractionation efficiency and increase the SPE reproducibility between 

studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

2.4 References 

[1] M. Careri, F. Bianchi, and C. Corradini, “Recent advances in the application of mass 

spectrometry in food-related analysis,” J. Chromatogr. A, vol. 970, pp. 3–64, 2002. 

[2] Y. Picó, M. Fernández, M. J. Ruíz, and G. Font, “Current trends in solid-phase extraction 

techniques for the determination of pesticides in food and environment,” J. Biochem. 

Biophys. Methods, vol. 70, pp. 117–131, 2007. 

[3] C. Adelhelm, R. Niessner, U. Pöschl, and T. Letzel, “Analysis of large oxygenated and 

nitrated polycyclic aromatic hydrocarbons formed under simulated diesel engine exhaust 

conditions (by compound fingerprints with SPE/LC-API-MS),” Anal. Bioanal. Chem., vol. 

391, no. 7, pp. 2599–2608, 2008. 

[4] R. E. Cochran et al., “Determination of polycyclic aromatic hydrocarbons and their oxy-, 

nitro-, and hydroxy-oxidation products,” Anal. Chim. Acta, vol. 740, pp. 93–103, 2012. 

[5] A. Andrade-Eiroa, R. Shahla, M. N. Romanías, and P. Dagaut, “An alternative to trial and 

error methodology in solid phase extraction: An original automated solid phase extraction 

procedure for analysing PAHs and PAH-derivatives in soot,” RSC Adv., vol. 4, no. 63, pp. 

33636–33644, 2014. 

[6] M. A. Kaluzny, L. A. Duncan, M. V. Merritt, and D. E. Epps, “Rapid separation of lipid 

classes in high yield and purity using bonded phase columns,” J. Lipid Res., vol. 26, pp. 

135–140, 1985. 

[7] J. J. Agren, A. Julkunen, and I. Penttila, “Rapid separation of serum lipids for fatty acid 

analysis by a single aminopropyl column,” J. Lipid Res., vol. 33, pp. 1871–1876, 1992. 

[8] J. Bodennec, O. Koul, I. Aguado, G. Brichon, G. Zwingelstein, and J. Portoukalian, “A 

procedure for fractionation of sphingolipid classes by solid-phase extraction on 

aminopropyl cartridges.,” J. Lipid Res., vol. 41, no. 9, pp. 1524–1531, 2000. 

[9] A. Paudel, M. J. Jessop, S. H. Stubbins, P. Champagne, and P. G. Jessop, “Extraction of 



39 

 

lipids from microalgae using CO2-expanded methanol and liquid CO2,” Bioresour. 

Technol., vol. 184, pp. 286–290, 2015. 

[10] K. J. Viner, P. Champagne, and P. G. Jessop, “Comparison of cell disruption techniques 

prior to lipid extraction from Scenedesmus sp. slurries for biodiesel production using liquid 

CO2,” Green Chem., vol. 20, no. 18, pp. 4330–4338, 2018. 

[11] G. C. Burdge, P. Wright, A. E. Jones, and S. A. Wootton, “A method for separation of 

phosphatidylcholine, triacylglycerol, non- esterified fatty acids and cholesterol esters from 

plasma by solid- phase extraction,” Br J Nutr, vol. 84, no. 5, pp. 781–787, 2000. 

[12] E. Ryckebosch, K. Muylaert, and I. Foubert, “Optimization of an analytical procedure for 

extraction of lipids from microalgae,” J. Am. Oil Chem. Soc., vol. 89, no. 2, pp. 189–198, 

2012. 

[13] J. Giacometti, A. Milošević, and C. Milin, “Gas chromatographic determination of fatty 

acids contained in different lipid classes after their separation by solid-phase extraction,” J. 

Chromatogr. A, vol. 976, no. 1–2, pp. 47–54, 2002. 

[14] H. C. Pinkart, R. Devereux, and P. J. Chapman, “Rapid separation of microbial lipids using 

solid phase extraction columns,” J. Microbiol. Methods, vol. 34, pp. 9–15, 1998. 

[15] T. Perez-Palacios, J. Ruiz, and T. Antequera, “Improvement of a solid phase extraction 

method for separation of animal muscle phospholipid classes,” Food Chem., vol. 102, pp. 

875–879, 2007. 

[16] M. Anastassiades, S. Lehotay, D. Štajnbaher, and F. Schenck, “NoFast and Easy 

Multiresidue Method Employing Acetonitrile Extraction/Partitioning and ‘Dispersive 

Solid-Phase Extraction’ for the Determination of Pesticide Residues in Produce,” J. AOAC 

Int., vol. 86, no. 2, pp. 412–431, 2003. 

[17] E. Persson, L. Lofgren, G. Hansson, B. Abrahamsson, H. Lennernas, and R. Nilsson, 

“Simultaneous assessment of lipid classes and bile acids in human intestinal fluid by solid-



40 

 

phase extraction and HPLC methods,” J. Lipid Res., vol. 48, pp. 242–251, 2007. 

[18] A. Andrade-Eiroa, M. Canle, V. Leroy-Cancellieri, and V. Cerdà, “Solid-phase extraction 

of organic compounds: A critical review (Part I),” TrAC - Trends Anal. Chem., vol. 80, pp. 

641–654, 2016. 

[19] A. Andrade-Eiroa, R. Shahla, M. N. Romanías, and P. Dagaut, “An alternative to trial and 

error methodology in solid phase extraction: an original automated solid phase extraction 

procedure for analysing PAHs and PAH-derivatives in soot,” RSC Adv., vol. 4, no. 63, pp. 

33636–33644, 2014. 

[20] A. Andrade-Eiroa, M. Canle, V. Leroy-Cancellieri, and V. Cerdà, “Solid-phase extraction 

of organic compounds: A critical review. part ii,” TrAC - Trends Anal. Chem., vol. 80, pp. 

655–667, 2016. 

[21] A. Andrade-Eiroa, V. Leroy, P. Dagaut, and Y. Bedjanian, “Determination of Polycyclic 

Aromatic Hydrocarbons in kerosene and bio-kerosene soot,” Chemosphere, vol. 78, no. 11, 

pp. 1342–1349, 2010. 

[22] I. San Román, A. Galdames, M. L. Alonso, L. Bartolom??, J. L. Vilas, and R. M. Alonso, 

“Effect of coating on the environmental applications of zero valent iron nanoparticles: the 

lindane case,” Sci. Total Environ., vol. 565, pp. 795–803, 2016. 

[23] E. Susuki, A. Sano, T. Kuriki, and T. Miki, “Improved separation and determination of 

phospholipids in animal tissues employing solid phase extraction,” Biol. Pharm. Bull., vol. 

20, no. 4, pp. 299–303, 1997. 

[24] K. J. Viner, “Enhancing Triglyceride Production Using Carbon Dioxide” MSc thesis., 

Queen’s University, 2017. 

[25] C. Sigma-Aldrich, “Guide to Solid Phase Extraction.” SUPELCO, pp. 1–12, 1998. 

[26] A. Trinh, “The role of flow rate in Solid Phase Extraction,” TheReporter, vol. 19.7, p. 3, 

1999. 



41 

 

[27] G. Q. Chen, Y. Jiang, and F. Chen, “Fatty acid and lipid class composition of the 

eicosapentaenoic acid-producing microalga, Nitzschia laevis,” Food Chem., vol. 104, no. 4, 

pp. 1580–1585, 2007. 

[28] J. Hussain, Y. Liu, W. A. Lopes, J. I. Druzian, C. O. Souza, G. C. Carvalho, I. A. 

Nascimento, W. Liao, “Effects of Different Biomass Drying and Lipid Extraction Methods 

on Algal Lipid Yield, Fatty Acid Profile, and Biodiesel Quality,” Appl. Biochem. 

Biotechnol., vol. 175, no. 6, pp. 3048–3057, 2015. 

[29] I. Montes, C. Lai, and D. Sanabria, “Like Dissolves Like: A Classroom Demonstration and 

a Guided-Inquiry Experiment for Organic Chemistry,” J. Chem. Educ., vol. 80, no. 4, pp. 

447–449, 2003. 

[30] B. D. Geller, B. W. Dreyfus, J. Gouvea, V. Sawtelle, C. Turpen, and E. F. Redish, “‘Like 

Dissolves Like’: Unpacking Student Reasoning About Thermodynamic Heuristics,” in 

Physics Education Research Conference 2013, 2013, pp. 157–160. 

[31] F. Berrue, “Solid-phase extraction NRC protocol - Private communication.” 2018. 

[32] C. Reichardt, Solvents and Solvent Effects in Organic Chemistry, 3rd ed. Wiley-VCH 

Publishers, 2003. 

[33] A. Pietsch and R. L. Lorenz, “Rapid Separation of the Major Phospholipid Classes on a 

Single Aminopropyl Cartridge,” Lipids, vol. 28, no. 10, pp. 945–947, 1993. 

[34] J. G. Hamilton and K. Comai, “Rapid Separation of Neutral Lipids, Free Fatty Acids and 

Polar Lipids Using Prepacked Silica Sep-Pak Columns,” Lipids, vol. 23, no. 12, pp. 1146–

1149, 1988. 

[35] J. Folch, M. Lees, and G. H. S. Stanley, “A simple method for the isolation and purification 

of total lipids from animal tissues,” J Biol Chem, vol. 226, no. 1. pp. 497–509, 1957. 

[36] E. G. Bligh and W. J. Dyer, “A rapid method of total lipid extraction and purification,” J. 

Biochem. Physiol., vol. 37, no. 8, pp. 911–917, 1959. 



42 

 

[37] R. Halim, M. K. Danquah, and P. A. Webley, “Extraction of oil from microalgae for 

biodiesel production : A review,” vol. 30. pp. 709–732, 2012. 

[38] W. B. Jensen, “The Origin of the Soxhlet Extractor,” J. Chem. Educ., vol. 84, no. 12, p. 

1913, 2007. 

[39] W. W. Christie, “The analysis of complex lipids,” in Lipid Analysis - Isolation, separation, 

identification and structural analysis of lipids, 2nd ed., Scotland: Pergamon Press, 1982, 

pp. 107–108. 

 

 

 

 

 

 

 

 

 

 

 

 

  



43 

 

Chapter 3 

TESTING OF EXISTING SPE PROCEDURES APPLIED TO ALGAE 

3.1 Introduction 

Solid-phase extraction (SPE) is a sample preparation technique used in analytical procedures 

[1], [2]. SPE is often preferred over liquid-liquid extractions (LLEs) because it prevents associated 

problems, such as incomplete phase separations, less-than-quantitative recoveries, use of expensive 

specialty glassware, and disposal of large quantities of organic solvents [3]. SPE uses a column 

(usually filled with silica particles that can be functionalized or not), a vacuum manifold, and 

solvents to carry out different elutions. Dufresne et al. [4] performed comparative studies on the 

isolation of sufentanil from plasma using LLE and SPE methods, and they concluded that SPE is a 

rapid, economical, simple and reliable procedure. The possibility of automating the SPE procedure 

greatly reduces both time and solvent consumption, taking about 3 h to complete the SPE procedure 

compared to 8 h for the LLE [4].  

The retention mechanism behind SPE involves the interaction of the analytes with the active 

sites of the sorbent (stationary phase) and the solvent or solvent mixture (mobile phase). Retention 

of compounds in the column depends on the sorbent selected for the SPE. There are several types, 

among which normal phase, ion exchange, and adsorption are discussed in this study [3]. For ion 

exchange SPE, an aminopropyl-bonded silica (NH2-Si) sorbent is used; for adsorption SPE an 

unbonded silica (-Si) sorbent is used and for normal phase SPE, both the -NH2-Si and -Si sorbents 

can be employed.   

Normal phase SPE procedures involve a polar analyte, a mid- to nonpolar matrix, and a polar 

stationary phase (NH2-Si and -Si). The retention of analytes under normal phase conditions is due 

to hydrophilic interactions between the polar analytes and the polar active sites of the sorbent 

surface (including polar-polar interactions, hydrogen bonding, π-π interactions, dipole-dipole 
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interactions, and dipole-induced dipole interactions) [3]. The compounds retained in the column by 

any of these interactions can be extracted by a more polar eluent, which can disrupt the 

intermolecular forces formed between the analyte and the surface of the sorbent. For -Si, the free 

hydroxyl groups on the surface of the silica are involved in the adsorption of polar compounds, 

allowing them to be extracted from non-polar matrices that do not adsorb as strongly. The NH2-Si 

sorbent can also be involved in the separation of anionic organic compounds, such as phospholipids 

(PLs). There is a wide range of sorbent types and, therefore, a variety of analytes that can be 

separated when the appropriate type of SPE is used. To make things simpler, commercial brands, 

such as Sigma-Aldrich and Phenomenex, provide different column characteristics depending on 

the nature of the sample to be classified. Specifically, for the fractionation of lipid extracts, the use 

of NH2-Si is preferred [4–6].  

SPE procedures have been developed, standardized, and widely studied for the separation of 

lipid classes obtained from animal and human sources. Kaluzny et al. [7], Agren et al. [5] and 

Bodennec et al. [6] classified lipids from bovine adipose tissue, serum lipids, and fish gills and 

human melanoma tumor tissue, respectively. The further development of these procedures was 

carried out over a number of years, achieving enhanced efficiency by simplifying the method and 

reducing time and material consumption (direct separation of neutral lipid classes with a single 

NH2-Si column [5], [6] instead of two [7]). None of these procedures focused specifically on the 

extraction of useful lipids (ULs) for biodiesel production, and are thus composed of several elutions 

which result in the recovery of lipid classes that are not desirable for biodiesel production purposes 

such as neutral glycosphingolipids, free sphingoid bases, neutral phospholipids, sphingosine 1-

phosphate, ceramide 1-phosphate and sulfatides. Nevertheless, these procedures were the starting 

point for a current SPE procedure applied to algal lipids from Paudel et al. [8], where the same 

functionalized sorbent and some of the eluents are used. While different types of lipids can be 

considered useful for biodiesel production, depending on the intended method for the conversion 
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of the extracted lipids into biodiesel, for the purposes of this study we define ULs as all glycerides 

(AGs) – triglycerides (TGs), diglycerides (DGs), and monoglycerides (MGs) – and free fatty acids 

(FAs).  

In contrast to the widely explored SPE procedures using animal and human tissues, there has 

been limited application of SPE to classify algal lipids to date. The total lipid content of algae – 

usually microalgae due to its higher lipid content compared to macroalgae (20-70% vs <10% dry 

basis, respectively) [8, 9] – is quantified by the total extractable material obtained from chemical 

extraction techniques such as the Soxhlet [11] and Bligh and Dyer [12] methods. These methods 

lead to the presence in the algal extract of non-lipid material and lipids that are not desirable for 

biodiesel production, which has been acknowledged in other studies [7], [12–14] and has risen in 

importance in recent years. For instance, Paudel et al. [8] classified the crude algal extract obtained 

by different extraction procedures (liquid CO2 and CO2-expanded methanol) into ULs (TGs and 

FAs), glycolipids (GLs), ceramides, PLs and other extractable material. This allowed them to 

evaluate the selectivity of the solvent towards UL content recovery efficiency for the different 

extraction methodologies studied. CO2-expanded methanol exhibited a 82% selectivity for ULs, 

while liquid CO2 showed a higher selectivity of 96% [8]. 

Other studies have used SPE to fractionate algal lipids[15–18]. However, these SPE procedures 

were based on the book Lipid Analysis by Christie [20] and they differ from the Paudel et al.  

procedure regarding the sorbent used (-Si), and the eluents for each of the fractions. The Hussain 

et al. [19] and the NRC protocol [18] procedures aim to classify the lipid content into neutral lipids 

(TGs and FAs), GLs and ceramides, and PLs.  

All SPE procedures applied to algal extract noted above vary from each other (in regards of 

the elution solvents and columns used, including other experimental conditions like 

preconditioning, sample loading and drying condition) to a certain extent as no standardized 

procedures have been established, and the brief details of the SPE procedures (Table 3.1) make it  
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Table 3.1. Experimental characteristics of the current SPE procedures applied to algal biomass. 

Procedure 1 separates the algal crude extract into fractions – A, TGs; B, GLs, ceramides and other extractable 

constituents; and C, FAs. The remaining compounds that stay in the column are PLs, they are not showed in the table as 

no elutions are used to retrieve them. 

Procedures 2-6 classify the lipid extract into the fractions – A, neutral lipids (TGs and FAs); B, GLs; and C, PLs.  

*P.- Precondition step.      

 

 

difficult to compare results obtained between studies [16]–[20]. The purpose of this study was to 

assess the SPE procedures currently applied to algal biomass – the Paudel et al. procedure, the 

# Reference Column P* Sample addition Elutions 

1 

Paudel et al., 

2015 

[8] 

Sorbent NH2-Si 

6 mL 

C6H14 

Weight 25 mg A 

5 mL  

Hexanes:Ethyl Acetate  

(85:15) 

Vol. 3 mL Solvent Hexanes B 

4 mL  

Chloroform:Methanol  

(23:1) 

Bed wt. 500 mg Vol. N/A  C 

3 mL 

Ethyl Ether:Acetic Acid  

(46:1) 

2 

Hussain et 

al., 2015 

[19] 

Sorbent -Si 

4 mL 

CHCl3 

Weight 50 mg A Chloroform 

Vol. N/A Solvent Chloroform B Acetone 

Bed wt. 500 mg Vol. 1 mL C Methanol 

3 

Ryckebosch 

et al., 2012 

[16] 

Sorbent -Si 

10 mL 

CHCl3 

Weight 10 mg A 
10 mL 

Chloroform 

Vol. N/A Solvent Chloroform B 
10 mL 

Acetone 

Bed wt. N/A Vol. 100 μL C 
10 mL 

Methanol 

4 

Chen et al., 

2007 

[17] 

Sorbent -Si 

5 mL 

CHCl3 

Weight 50 mg A 
10 mL 

Chloroform 

Vol. N/A Solvent Chloroform B 
10 mL 

Acetone 

Bed wt. 500 mg Vol. N/A C 
10 mL 

Methanol 

5 

Christie, 

1982 

[20] 

Sorbent -Si 

N/A 

Weight N/A A 
10 column volumes 

CHCl3 

Vol. N/A Solvent N/A B 
10 column volumes 

C3H6 

Bed wt. Any Vol. N/A C 
10 column volumes 

CH3OH 

6 

NRC 

protocol - 

SOP 

TL01v.2.1 

[18] 

Sorbent -Si 

10 mL 

CHCl3 

Weight N/A A 
9.4 mL  

Chloroform 

Vol. N/A Solvent Chloroform B 
10 mL 

Acetone:Methanol (8:2) 

Bed wt. 1 g Vol. 600 μL C 
10 mL  

CH3OH 
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Hussain et al. procedure, and the NRC protocol – the results of which will allow the standardization 

of the procedure to provide a more accurate, consistent, and reliable analytical methodology that 

can be use for rapid composition screening of algal extracts. The SPE procedures were tested using 

standard mixtures of known composition and crude extract of the microalga Scenedesmus sp. 

obtained by a Soxhlet extraction, to compare how each of the SPE procedures classified the lipid 

portion. 

3.2 Materials and Methods 

All chemicals were used as received. HPLC grade ethanol (91%), and certified ACS organic 

solvents – hexanes (99.9%), acetone (99.5%), and chloroform (99.9%) – were obtained from Fisher 

Scientific. Reagents ACS-PUR glacial acetic acid (99.7%) and hydrochloric acid (36.5 – 38.0%) 

were also obtained from Fisher Scientific. ACS reagent methanol (≥99.8%) was obtained from 

Sigma-Aldrich. HPLC grade ethyl acetate (99.9%), and ACS reagent anhydrous ethyl ether (min 

99%), were obtained from ACP Chemicals. The chemicals used to formulate the standard mixtures 

were the unsaturated FA linoleic acid (97%) from Alfa Aesar; saturated FAs myristic acid from 

Fluka; reagent grade stearic acid (95%), palmitic acid (≥99%), and asolectin from soybean (mixture 

of PLs) from Sigma-Aldrich; steryl glucosides (>98%) from Matreya LLC, and commercial 

soybean oil (TGs) from President’s Choice. All chemicals were kept according to their respective 

handling and storage specifications.  

The microalga used in this project was Scenedesmus sp., a genus of green algae pertaining to 

the Chlorophyceae class. Wet microalga was obtained from the National Research Council (NRC), 

Halifax, Canada, on June 2016. The algal sludge was placed into smaller containers of ~100 mL 

each, they were then kept in an ultra-low freezer at -81 °C to allow for extended storage without 

decomposition. Prior to the experimental work, the algal sludge containers were transferred to a 

freezer at -26 °C to then be prepared for analysis.  
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For the SPE procedures, a Preppy™ 12-port vacuum manifold from Sigma-Aldrich was used. 

Two different cartridges (both with a 3 mL volume capacity and bed weight of 500 mg) were 

purchased: Supelclean™ LC-NH2 (Sigma-Aldrich), and Strata SI-1 Silica (Phenomenex). 

Additionally, a Lab Vac LVH40K6 vacuum system from PIAB was used for all SPE procedures.    

3.2.1 Preparation of standard lipid mixture (synthetic algal lipids) 

The lipid composition of microalgae varies substantially from species to species. In addition, 

the cultivation, harvesting, and storage conditions all have an important impact in their intracellular 

composition. As it is difficult to standardize the chemical configuration of all algal strains, the 

present work focused on a microalga belonging to the green genus species: Scenedesmus sp. The 

work of Choi et al. [21] was reviewed to determine an approximation of lipid composition to 

prepare the standard lipid mixture (SLM) used to compare the SPE procedures applied for algal 

lipid characterization found in the literature. They determined the lipid content and fatty acid 

composition of Scenedesmus obliquus and reported that, on a dry basis, 7.24% was neutral lipids, 

2.45% GLs, and 1.48% PLs, making a total lipid content of 11.17% [22]. Their study was selected 

for lipid composition determination because of its noteworthy acknowledgment of the presence of 

non-lipid impurities in the crude algal extract, which was discarded and not included in the total 

lipid content.  

The lipid composition of the SLM used in this study is presented in Table 3.2. The SLM is 

composed of ~66% of neutral lipids, ~20% of GLs and ~14% of PLs. The neutral lipids fraction 

was composed of TGs, unsaturated FA, and saturated FA (2:1:1). The GL lipid fraction was 

represented by a mixture of steryl glycosides, as those were found by Choi et al. to be part of the 

GL fraction of the microalga that they investigated. This is supported by the work of Wang et al. 

in 2012, where the amount of free sterols was quantified by GC after the acid hydrolysis of steryl 

glucosides, and was calculated based on the total free sterols [23]. The steryl glycoside mixture 

used in this study was composed of approximately 56% β-sitosteryl glucoside, 25% β-campesteryl 
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glucoside, 18% β-stigmasteryl glucoside, and 1% β-δ-5-avenosteryl glucoside [24]. The mixture of 

PLs comprised roughly equal proportions (~25% each) of phosphatidylcholine ‘lecithin’, 

phosphatidylethanolamine ‘cephalin’ and phosphatidylinositol along with other PLs and polar 

lipids.  

Table 3.2. Standard lipid mixture (SLM) composition for the analyses performed in this work. 

Lipids (ratio) Dry wt. % 

Neutral lipids TGs:Unsaturated-FAs:Saturated-FAs (2:1:1) ~66 

GLs 
β-sitosteryl glucoside:β-campesteryl glucoside:β-stigmasteryl 

glucoside:β-δ-5-avenosteryl glucoside (56:25:18:1) 
~20 

PLs 
Phosphatidylcholine:Phosphatidylethanolamine:Phosphatidylinositol:

Other polar lipids (1:1:1:1) 
~14 

 

All fractions were weighed, pooled together and dissolved in chloroform to create a stock 

solution, which was then transferred to different 25 mL glass vials and the solvent was evaporated 

using a rotary evaporator at 60 ⁰C, and 180 rpm. The vials were then placed in a vacuum oven at 

55 ⁰C for 3 h to dry and eliminate any solvent residues, then the final weight of each of the vials 

was measured. They were kept refrigerated at -4 ⁰C until SPE experiments were performed. 

3.2.2 Soxhlet extraction of Scenedesmus sp.  

A Soxhlet extraction based on the procedure followed by Viner et al. [25] was performed on 

the microalga Scenedesmus sp. to apply the SPE procedures mentioned in the next sections. The 

frozen microalgal biomass was first placed at room temperature and allowed to thaw naturally. 

After thawing, the algal slurry (9.32±0.12 wt% solids) was dewatered by filtration using positive 

pressure. When the excess water was removed, the biomass was then placed in the oven at 121 ⁰C 

for 20 h to dry. Once dry, the algal biomass was ground with a basic analytical mill (IKA A11 from 

Sigma Aldrich) at 28,000 rpm, to prepare it for the Soxhlet extraction. In this procedure, 2.15 g of 

algae were placed in a glass thimble which was then placed inside a Soxhlet apparatus connected 

to a condenser and a round-bottom flask containing 150 mL of chloroform:methanol (2:1) (v/v) in 

an oil bath subsequently heated to 80 ⁰C. After 24 h, the solvent from the algal crude extract was 
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removed using a rotary evaporator at 60 ⁰C and 180 rpm. The fractions were then placed in a 

vacuum oven at 55 ⁰C for 3 h to dry and eliminate any solvent residues. Then the final weight of 

the algal crude extract was measured and reported on a dry mass basis. The algal crude extract was 

resuspended in chloroform and distributed into 20 mL glass vials to achieve a final weight of ~25 

mg of algal crude extract in each vial. The same solvent removal process mentioned above was 

followed to measure the final crude extract weight in each of the vials. The samples were kept 

refrigerated until the SPE experiments were performed the next day.       

3.2.3 Paudel solid-phase extraction procedure 

The Paudel et al. procedure fractionates the crude algal extract into three different fractions: 

A‒neutral lipids (TGs, and DGs); B‒glycolipids, ceramides, chlorophyll, and ‘other’ extracted 

constituents considered not useful for biodiesel production; and C‒free FAs [8]. The compounds 

that stayed in the column after the three elutions were classified as PLs (fraction D), and were 

mathematically added to fraction B to account for undesirable compounds in biodiesel production. 

In this method, a 3-mL NH2-Si column with a bed weight of 500 mg was employed; it was placed 

on one port of a Preppy™ 12-port vacuum manifold, which was supplied with 25 mL pre-weighed 

glass vials. A pre-condition step with 6 mL of hexanes (~2 drops/s) was first performed to fully 

activate the column. Secondly, 25 mg of the SLM (see Table 3.2) was resuspended in a minimum 

volume of hexanes (~800 μL), which was then placed inside the cartridge (200 μL at a time) and 

allowed to seep into the preconditioned column without vacuum (~1 drop/10s). The cartridge was 

then sequentially eluted with three different solvent mixtures to retrieve the fractions mentioned 

above. The eluents used at a flow rate of ~1 drop/s were as follows: fraction A ‒ 5 mL of 

hexanes:ethyl acetate 85:15 (v/v); fraction B ‒ 4 mL of chloroform:methanol 23:1 (v/v); and 

fraction C ‒ 3 mL of ethyl ether:acetic acid 46:1 (v/v). After all the fractions were recovered, the 

solvent was removed under reduced pressure on a rotary evaporator at 60 ⁰C and 180 rpm. The 
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fractions were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and eliminate any solvent 

residue, then the final weight of each fraction was measured gravimetrically. 

3.2.4 Hussain solid-phase extraction procedure 

 The Hussain et al. procedure is different from the Paudel et al. procedure in terms of the 

fractions retrieved, the type of sorbent, and the eluents used. In the Hussain et al. procedure, the 

three fractions recovered were: A – containing TGs and FAs; B – consisting of GLs; and C – 

including PLs [19]. For this study, the cartridge used to achieve this separation was a 3-mL 

unbonded silica (-Si) column with a bed weight of 500 mg. The eluents chloroform, acetone, and 

methanol were used to extract components from fractions A, B, and C, respectively. The volume 

for each of the elutions was 4 mL. An additional 4 mL of chloroform was used for the 

preconditioning of the column before 50 mg of the SLM (see Table 3.2) resuspended in chloroform 

was allowed to seep into the column without vacuum (~1 drop/10s). The flow rate for each elution 

was ~1 drop/s and, for the preconditioning step, it was ~2 drops/s. After the SPE was performed 

and the three fractions were retrieved, the same procedure as in previous section (see 3.2.3) was 

performed to remove the solvent from the samples and obtain the final weight of the samples. 

3.2.5 NRC protocol SOP TL01v.2.1 solid-phase extraction   

This protocol followed by researchers at the NRC [18] for the separation of lipid classes was 

scaled down to be used with a 3 mL -Si column (500 mg). As with the Hussain et al. procedure, 

the three fractions retrieved were A – containing TGs and FAs; B – consisting of GLs; and C – 

including PLs. Firstly, 25 mg of the SLM (see Table 3.2) was dissolved in 600 μL of chloroform. 

Secondly, the -Si column was placed on the vacuum manifold (which includes the pre-weighted 

glass vials of 25 mL) and preconditioned with 5 mL of chloroform at a flow rate of ~2 drops/s. 

Then, the resuspended 25 mg of crude algal extract was added to the column in three batches of 

200 μL to maximize the mass transfer away from the column walls. Once the sample was in 

suspension inside the column, the sequential elutions (~1 drop/s) with 4.7 mL chloroform, 5 mL of 
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acetone:methanol (8:2) (v/v), and 5 mL of chloroform were performed. To finalize, the solvent 

from each of the three fractions was removed under reduced pressure on a rotary evaporator at 

60 ⁰C and 180 rpm. The fractions were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and 

eliminate any solvent residues, then the final weight of each of the fractions was measured 

gravimetrically. 

3.2.6 Qualitative analysis of fractions retrieved from SPE 

All fractions were resuspended in ~500 μL of deuterated chloroform for analysis by proton 

nuclear magnetic resonance (1H NMR), spectra shown in Appendix B. The 1H NMR procedure 

followed is the same as in section 4.2.1 of this thesis. Briefly, the spectra were recorded on a Bruker 

Avance NEO-500 spectrometer (Bruker™) operating at 500.43 MHz, fitted with a Broad Band 

Fluorine Observation (BBFO) probe with auto-tuning and matching, and with variable temperature 

capabilities. The acquisition parameters used were: spectral width 10000 Hz, relaxation delay 1 s, 

number of scans 64, acquisition time 3.2768 s, pulse width 15⁰, and room temperature 298.4 K. 1H 

NMR spectra for each component from the SLM were also recorded under the same conditions as 

the conditions used to obtain and 1H NMR spectra  from the fractions retrieved from the SPE 

procedure. The identification of peaks from neutral lipids was based on the work of Nieva-

Echevarría et al. [26], where the hydrolysis level in complex lipid mixtures was evaluated using 1H 

NMR spectral data.  

3.2.7 Data analysis 

All SPE protocols were performed in triplicate using Scenedesmus sp., and in duplicate using 

the standard mixture. A statistical analysis of Kruskal-Wallis Test [27] at 95% confidence was 

performed to determine whether the method employed – Paudel et al. procedure, Hussain et al. 

procedure, and NRC protocol – have ULs (TGs + FAs) values that were statistically significantly 

different according to the medians analysis.  
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The Kruskal-Wallis Test was selected because a Variance Check analysis showed that the 

standard deviations of the NRC protocol and Hussain et al. procedure at 95% confidence level are 

statistically significantly different from each other. This invalidates the one-way ANOVA analysis, 

which is based on the means. Kruskal-Wallis test is a more robust analysis that takes into 

consideration the medians instead of the means. Additionally, the nature of data resulted on a 

standardized kurtosis of 2.49, which is out of the range (-2 to 2), thus the data are not considered 

to be normally distributed. An additional Multiple Range Test using the Fisher's least significant 

difference (LSD) analysis at 95% of confidence was performed to discriminate which means of TG 

+ FA were significantly different among the three methods. All statistical analyses were performed 

using the statistical software Statgraphics Centurion® XVII and can be found in Appendix C.         

3.3 Results and Discussion 

3.3.1 Soxhlet extraction on Scenedesmus sp. 

The Scenedesmus sp. algal extract obtained from the Soxhlet extraction was used as a 

representative sample for testing the SPE procedures mentioned in subsections 3.2.3 - 3.2.5. The 

experiments were conducted in triplicate and the total extractable material was 21.9±1.5% on a dry 

mass basis, which accounted for ~470 mg of available material to perfume SPE experiments.   

3.3.2 Modified SPE procedure 

The brief details of the experimental conditions found in the literature from the Paudel et al. 

procedure, Hussain et al. procedure and the NRC protocol (as shown in Table 3.1) made it 

necessary for slight modifications (explained in subsection 3.3.2.1 – 3.3.2.4) of the protocols used 

herein in order to try to standardize the way it was performed throughout this study.   
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3.3.2.1 Sample dissolution 

Prior to sample addition into the column, sonication is recommended to promote dissolution 

of the solids into the organic solvents. Otherwise, complete mass transfer from the vial containing 

the sample to the inside of the column might not be fully achieved. 

3.3.2.2 Preconditioning step  

The retention mechanisms for the SPE procedures used in this study are under normal phase 

conditions, and involve a polar analyte, a mid-to-nonpolar matrix, and a polar stationary phase. In 

the Paudel et al. procedure, the sorbent used was a polar-functionalized bonded silica (NH2-Si); 

whilst for the Hussain et al. procedure and the NRC protocol, the stationary phase used was an 

unfunctionalized polar adsorption media (-Si).  Analyte retention occurs due to interactions 

between the polar functional groups of the analytes and polar groups on the sorbent surface, such 

as hydrogen bonding interactions [3]. These can be disrupted by an eluent that is more polar than 

the original solvent used to resuspend the sample. Therefore, the preconditioning step is crucial for 

the SPE to maximize these interactions and allow for the analyte to be retained in the column 

without the interference of any potential impurities that could be present in the column. The 

preconditioning solvent should be the same as the diluent of the sample, and it should never be 

allowed to dry out on the column.  

3.3.2.3 Interaction of the analytes with the surface of the column container 

Another important aspect to take into consideration, when carrying out an SPE, is sample 

adsorption to the polypropylene walls of the column container by hydrophobic interactions between 

the analytes and the siloxane groups present in the surface of the container [28].  The higher the 

surface activity, the higher is the amount of analyte prone to stick to the surface of the container 

[29]. This results in a loss of analyte and therefore leads to inaccurate quantification of the fractions. 

To minimize this loss, it is suggested that several small aliquots (Fig. 3.1a) of the suspended sample 
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be added into the column, rather than one large aliquot (Fig. 3.1b). For this study, aliquots of 200 μL 

at a time were found to give enough time for the next aliquot to be added without drying the column.  

 

 

   

 

 

 

       

 

 

 

 

 

 

 

 

 

3.3.2.4 Drying condition and loading mass 

Once the column was preconditioned and the sample loaded, the fractions were retrieved by 

different elutions. The recovery of each fraction is more consistent (with standard deviations ≤ 0.5) 

if the column was allowed to run dry (1 min) after each elution, and if the mass of sample loaded 

was ≤ 25 mg. The drying condition helps ensure the complete extraction of analytes as all the 

solvent was allowed to pass through the sorbent. Smaller loading masses ensure sufficient active 

sites to interact with the analytes. 

a)                                                                                

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 
 

                                                                                

 

 

Figure 3.1. Proposed sample loading step. In order to minimize the mass loss resulting from the addition 

of sample in relatively large volumes, it is necessary to introduce the sample in small aliquots, which 

reduces the surface area of contact between the wall of the column and the sample. a) and b) show the 

difference in height from the top of the column to the end of the solution added.  
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3.3.3 Assessment of SPE protocols 

The SPE protocols were each performed twice using the standard mixture as the sample to be 

fractionated. The fractionation efficiency of the protocols was assessed by their degree of accuracy 

on the SPE fractions obtained compared with the expected amounts to be obtained (actual 

composition of the standard mixture), as shown in Figure 3.2. In general, the fractions containing 

the ULs for biodiesel production – A (TGs and FAs) from the Hussain et al. procedure and NRC 

protocol; and A and C (TGs and FAs, respectively) from the Paudel et al. procedure; provided a 

good recovery. In other words, all three methods provide an accurate quantification of the UL 

content.  

For the quantification of FAs, separately from the TGs, the Paudel et al. procedure is fairly 

accurate, only slightly under-reporting the FA content: 30.5±0.14 % dry wt. estimated versus 33 % 

dry wt. of FA content (Figure 3.2, Paudel et al. procedure). The other two methods do not offer any 

information on FA content because they include it with the glyceride content.  

On the other hand, the quantification of GL and PL content was not as accurate (Figure 3.2, 

Paudel et al. procedure), especially for the Paudel et al. procedure. In the latter procedure, an 

overestimation of PLs and TGs was noted: the estimation of TGs was 39.25±5.72 % dry wt. 

estimated versus 33 % dry wt. of TG content; PLs estimation was 27.25±5.58 % versus 14 % dry 

wt. of PL content. Regarding the GLs, the Paudel et al. procedure underestimated this fraction: 

3.05±0.21 % dry wt. estimated versus 20 % dry wt. of FA content. This could be due to the 

hydrogen bonding from the polar functional groups of the sorbent (-NH2) and the hydroxyl groups 

on the monosaccharide moiety of the steryl glucoside [30], as well as the electrostatic attraction 

between the negatively charged phosphate group from the PLs to the positively charged 

functionalized group of the sorbent (-NH2) [30], taking place within the column causing an analyte 

breakthrough in the system because the number of active sites of the column was not sufficient to 

interact with all analytes loaded. Although the ionic interaction between the phosphate group from 

the PLs and the amino group of the sorbent (-NH2) is stronger and is then more likely to take place, 
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Figure 3.2. The results from duplicate SPE experiments for each of the protocols followed – Hussain et al., NRC protocol and Paudel et al.; are compared against 

the expected percentage in each of the fractions accordingly to the SLM used to perform these procedures. Colors blue and yellow represent TGs and FAs, 

respectively; while the yellow and blue stripes encompasses both TGs and FAs; orange are PLs, and green symbolizes GLs. Letters from A to D represent the 

sequential elution, with D being the fraction that stays in the column and is not eluted. First and second duplicates are labelled as n = 1 and n = 2, respectively.  
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Van der Waals forces are also more likely to be significant with the PLs than with the GLs [30]. 

This is due to the heavier molecular weight of the non-polar moiety of the PLs (acyl hydrocarbon 

chains) compared to the hydrophobic part of the GLs (cyclic alkanes and hydrocarbon chains). 

Based on the possible interactions between the PLs, the mobile phase and the sorbent, an 

assumption was made: if there are not enough active sites for the ionic interactions to take place, 

some of the PLs may be eluted in the mid- to non-polar solvent system of fraction A (hexanes:ethyl 

acetate 15:85 (v/v)) due to interactions with the non-polar portion of the PLs. As will be discussed 

in section 4.3, it was found that using the Paudel et al. procedure, a sample with high volumes of 

PLs had a partial elution of ~86% into fraction A, which could be explained by this assumption. It 

could then be inferred that this account for the extra ~10% mass extracted in fraction A (Figure 3.2, 

n = 1 from Paudel et al.). Although most of the PLs were eluted in fraction A due to an analyte 

breakthrough, fraction D resulted in a greater recovery of material than expected (Figure 3.2, n = 1 

from Paudel et al.). This could be due to the interactions between all the hydroxyl groups of the 

hydrocarbon chain moieties of the PLs and the NH2-Si sorbent being stronger than the electrostatic 

attraction between the phosphate group and the amino propyl group. In addition, the solvents used 

to elute fraction B and fraction C were not polar enough to achieve a disruption of the sugar moiety 

of the GLs and the sorbent, causing most of it to stay in the column and be added to fraction D. As 

such, fraction D more likely included most of the GLs and the remaining ~27% of the total PLs 

expected. The minimal amount of 2.9% extracted in fraction B accounted for the loss of FAs in 

fraction C (30.6%), adding up to the total amount of ~33% of FAs expected. Another condition to 

be taken into consideration is the volume of PLs loaded into the column. The typical Scenedesmus 

sp. extract would contain ten times less PLs [22] than the standard mixtures used in the assessment 

of the SPE methods in this study (containing only most extractable materials by soxhlet extraction), 

these because the algal cells are compose of other molecules such as proteins, polysaccharides, 

pigments, and minerals [31]. These mixtures could be significantly overloading the column more 
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than the real algae samples. In Figure 3.2 in the Paudel et al. procedure, where the amount of PL is 

much smaller, the PL content is overestimated.  

For the Hussain et al. procedure, the results from the duplicates (Figure 3.2, n = 1 and n = 2 

from Hussain et al.) were contradictory in terms of fraction A. Fraction A (TGs and FAs) from 

n = 1 and n = 2 underestimated and overestimated these compounds, respectively (Figure 3.2). As 

for the other fractions, the results were more reproducible but less accurate, reporting a GL content 

half of that actually present in the sample, the PLs were quantified more accurately. In this 

procedure, fractions A, B and C should account for the entire composition of the standard mixture, 

however, a fraction D was also present in the results. These results could likely be attributed to an 

overload of the column with a sample mass of 50 mg (10% the bed weight of the column), which 

exceeded the capacity of the sorbent (-Si) and its active sites (-OH) to interact with the polar groups 

of the analytes in the sample (GLs and PLs). A maximum of 5% of the bed weight of the column 

is usually recommended to ensure a good fractionation, without overlaps between the fractions and 

to avoid clogging (the formation of a thin layer on the top of the column) [3]. The latter was likely 

the main reason some compounds were not eluted and stayed in the column (fraction D). 

For the NRC protocol, although similar to the Hussain et al. procedure, results were more 

accurate, compared to the actual composition of the standard mixture. Firstly, fraction D was 

negligible (< 1%), which implies that > 99% of the standard mixture was separated into fractions 

A, B and C, as expected [17, 18] (Figure 3.2, NRC protocol). In this procedure, a smaller load of 

the sample was used (~25 mg), which is ideal for the bed weight of the column, as discussed in 

Section 3.3.3. The results also exhibited more consistency between the runs. In fact, both fractions, 

B and C, for each of the duplicates, slightly overestimated the quantity of GLs and PLs present in 

the SLM, respectively. On the other hand, fraction A was underestimated in each duplicate, but this 

fraction should contain both TGs and FAs. These two classes of compounds interact differently 

with solvent and sorbent. The primary binding forces formed between TGs and chloroform (first 
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elution) are weak Van der Waals forces, which can be easily separated from the rest of the analytes 

[30]. In the case of the FAs with chloroform, these compounds will also form the same binding 

forces as TGs with chloroform, however to a lesser extent, as the carboxyl group (-COOH) present 

is slightly hydrophilic and will then be able to hydrogen-bond with the polar active sites of the 

column [30]. Based on this information, we could infer that some of the FAs were not eluted in 

fraction A as the solvent was not strong enough to easily disrupt the interaction between these FAs 

and the sorbent. Possibly, a higher volume of solvent (or lower flow rate) would have given enough 

time to create the FA-chloroform intermolecular bonds in order to elute FAs. The rest of the FAs 

were likely extracted with the next eluent, acetone, which is more polar and more hydrogen-bond 

accepting (see Table 2.1), and therefore more able to break the hydrogen bonding between analyte 

and silica. The overestimation of the PLs in this procedure is attributed to the presence of GLs in 

that fraction, as with the previous elution, the remaining FAs were extracted first, and the solvent’s 

capacity was limited to carry out the total extraction of GLs as well.  

3.3.4 SPE protocols applied to algal extract from Scenedesmus sp. 

Each procedure used sample of the crude algal extract obtained by Soxhlet extraction from 

Scenedesmus sp. as described in section 3.2.2.2. The composition of this crude extract was 

determined by taking into account results discussed in subsection 1.3.3. As shown in Figure 3.3, 

fraction A, from the Hussain et al. and NRC protocols; and fractions A and C, from the Paudel et 

al. procedure, have about the same quantity of extracted TGs and FAs (average 23.3%). 

Fortunately, all three methods give approximately the same results. According to the Kruskal-

Wallis Test [27] there was not a statistically significant difference among the three methods tested 

(Paudel et al. procedure, Hussain et al. procedure, and NRC protocol) for TG + FA (K=2.75556; 

P=0.252138; P > 0.05). 
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Figure 3.3. The results from triplicate SPE experiments for each of the protocols followed – Hussain et al., NRC protocol and Paudel et al.; are shown with their respective 

standard errors. Colors blue and yellow represent TGs and FAs, respectively; while purple encompasses both TGs and FAs; orange are PLs, and green symbolizes GLs. 

Letters from A to D represent the sequential elution of this fractions, being D the fraction that stays in the column and is not eluted. -Si represents the unbonded silica column 

and NH2-Si the functionalized aminopropyl bonded silica absorbent. 
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The Multiple Range Test showed that there were no statistically significant differences 

between any pairs of means among the three methods. The output of this analysis arranges the 

samples into homogeneous groups (see Appendix C, Table B-4) within which there are no 

statistically significant differences of the means (P ≤ 0.05). One homogenous group conformed by 

the three methods was identified, which means that the average for TG + FA extraction for the three 

methods is similar at the 95% confidence level. In Figure 3.4, an overlap between the three methods 

for TG + FA can be observed, suggesting that there are no significant differences among the 

methods. This would imply that, regardless of the other fractions obtained by all three methods, the 

fraction containing the ULs can be analyze and reported using any method. However, as was 

discussed in section 3.3.3, certain phenomena taking place within the column should be taken into 

consideration (i. e. premature elution of PLs). If a breakdown of the UL fraction into AG and FA 

fraction is desired, only the Paudel et al. procedure will suffice. 
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As for the fractions containing the GLs and the PLs, there were significant differences between 

the three methods. To recall, fraction D in the Paudel et al. procedure is composed of PLs and other 

material remaining in the column, fraction D for the other two methods (Hussain et al. and NRC 

protocols) does not contain PLs, it is composed of other algal material remaining in the column, 

the PLs are extracted with the third elution in fraction C. Fraction B for all three methods (Paudel 

et al. procedure, Hussain et al. procedure, and NRC protocol) contains GLs (including ceramides, 

and other extractable material). As the NRC protocol showed better accuracy and consistency using 

the SLM, it was considered to be closer to the true composition of the Soxhlet crude extract of 

Scenedesmus sp. – TGs and FAs, 24.8±0.03 % dry wt.; GLs, 46.6±0.25 % dry wt.; PLs, 13.80±0.04 

dry wt.; and other extractable constituents remaining in the column, 14.8±0.27 % dry wt. (Fig. 3.3). 

The extracts from each fraction were compared for the Paudel et al. procedure and the NRC 

protocol. If we assume the total amount of compounds present in fraction B are roughly 46.6% dry 

wt. of the total crude extract, it would mean that an underestimation of 32.3% was noted for fraction 

B of the Paudel et al. procedure, as discussed in section 1.2.3.3, resulting in an overestimation of 

fraction D. If the underestimated percentage of GLs were subtracted from the overestimated 

percentage of fraction D (61.9%), the remaining material in fraction D would represent 29.6% on 

a dry mass basis, which is consistent with the pooled percentages of fractions C and D from the 

NRC protocol (28.6% dry mass basis).  

However, the results from the Hussain et al. procedure were not in agreement with the other 

two methods, especially fractions B, C and D. As it was discussed in section 1.2.3.3, the method 

likely lacks accuracy and consistency due to the high sample loading put into the column, therefore, 

making these results unreliable.   

3.4 Conclusions 

 The NRC protocol was found to be the most accurate and consistent SPE method among the 

three methods assessed with respect to all fractions (A, B, C, and D). As such, it would be 
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recommended analysis of algal extract composition. It would be a good analytical procedure to 

screen various samples of algal extract accurately at an estimated rate of approximately 12 samples 

per hour. Its only disadvantage is its inability to break the UL fraction into AGs and FAs.  

The Paudel et al. and the Hussain et al. procedures did show a relatively accurate extraction of 

ULs alone. Hence, these two methods could be used if the main purpose of the analytical procedure 

were to quantify the useful material present in the algal extract for the production of biodiesel. For 

example, in studies where the aim was to increase the lipid content of the algae by nitrogen 

starvation, as it has reported in previous studies [27]–[29], [32], it would be useful to analyze 

ULs/other lipids ratio and how it changes according to different growth conditions applied. The 

Paudel et al. procedure also offers quantification of the FA content. However, the analysis of PLs 

and GLs still represents a challenge and enhancements (of SPE experimental conditions) with 

respect to the separation of these two fractions is still needed.  

In general, it is critical that the operational factors of the SPE method – such as loading mass, 

sorbent, and solvent ratios and volumes – always remain consistent among analytical experiments. 

The degree of uncertainty will then decrease and allow for more reliable results.   

For future directions, now that the most accurate and consistent SPE procedure has been 

identified, the possibility of scaling-up the system would be recommended. This recommendation 

arises due to the importance of maintaining a balance between the analytes to be separated and the 

active sites available for interaction within the column. Using a scaled-up system would allow the 

separation of longer samples, which could help reduce the error that comes as a result of a non-

representative sample. Another study could focus on the conversion efficiency of lipidic biomass 

into biodiesel through a transesterification reaction using algal extracts previously fractionated by 

SPE, looking also into the quality of the biofuel produced; and comparing to those using non-

fractionated crude algal extracts.   
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Chapter 4                                                                                          

MODIFYING SOLID-PHASE EXTRACTION CONDITIONS – 

IMPACT ON THE DEGREE OF SEPARATION 

4.1 Introduction  

4.1.1 Solid-Phase Extraction Applications 

Solid-phase extraction (SPE) is a multifunctional procedure that can be applied to extraction, 

solvent exchange, clean-up, concentration, and fractionation of organic compounds from a variety 

of samples [1], Table 4.1 shows some of the applications of SPE. SPE is generally applied to 

fractionate lipid mixtures from animal and human tissues [2]–[4]. Additionally, it can be applied to 

fractionate algal extracts into useful lipid (UL) content for biodiesel production, namely all 

glycerides (AGs) – which include triglycerides (TGs), diglycerides (DGs) and monoglycerides 

(MGs) – and fatty acids (FAs) [5]–[10]. 

4.1.1.1 New solid-phase extraction for algae   

In 2015, Paudel et al. [7] used SPE as a means of lipid characterization, aiming to compare the 

selectivity towards ULs of novel CO2-expanded methanol and liquid CO2 extraction techniques. 

Paudel et al. based their SPE method on well-established SPE procedures that separate compounds 

from non-algal matrices. Bodennec et al. [2], who had developed this method earlier for the 

separation of lipids from fish gills and human melanoma tumor, used six different sequential 

eluents, from which Paudel et al. used two in their SPE procedure: first eluent (hexanes:ethyl 

acetate 85:15 (v/v)) eluted neutral lipids; second elution (chloroform:methanol 23:1 (v/v)) eluted 

free ceramides, monoglycerides (MGs) and a portion of free sphingosine and sphinganine. The 

third eluent (diisopropyl ether:acetic acid 98:5 (v/v)) was used to extract the FAs; however, the 

Paudel  et al. procedure used another eluent from the work of Kaluzny et al. [11]: ethyl ether:acetic 

acid 46:1 (v/v). Ethyl ether and diisopropyl ether have a similar polarity, ethyl ether being slightly  
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Table 4.1. Solid-phase extraction evolution using aminopropyl cartridges to recover analytes of 

interest from different matrices. 

Author Paper Matrix Recoveries 

Kaluzny et 

al., 1985 

Rapid separation of lipid classes 

in high yield and purity using 

bonded phase columns [11]. 

Standard lipid 

mixtures and 

bovine 

adipose tissue 

Cholesteryl ester, TGs, 

DGs, MGs, 

Cholesterol, FFAs and 

PLs 

Agren et 

al., 1992 

Rapid separation of serum lipids 

for fatty acid analysis by a single 

aminopropyl column [3].  

Serum lipid 

classes 

Cholesteryl esters, 

TGs, FFAs, and PLs 

Bodennec 

et al., 2000 

A procedure for fractionation of 

sphingolipid classes by SPE on 

aminopropyl cartridges [2]. 

Fish gills and 

human 

melanoma 

tumor tissue 

Free ceramides, neutral 

glycosphingolipids, 

neutral and acidic PLs, 

phosphoceramides and 

sulfatides 

Paudel et 

al., 2015 

Extraction of lipids from 

microalgae using CO2-expanded 

methanol and liquid CO2 [7]. 

Botryococcus 

braunii algal 

extract 

Neutral lipids: TGs, 

and DGs, ceramides, 

FFAs and other lipids. 

Viner et al., 

2018 

Comparison of cell disruption 

techniques prior to lipid 

extraction from Scenedesmus sp. 

slurries for biodiesel production 

using liquid CO2 [5]. 

Scenedesmus 

sp. algal 

extract 

Neutral lipids, free 

FAs, chlorophyll, 

pigments and other 

extracted constituents.  

 

more polar [12] but safer to use, because it is less prone to forming dangerous peroxides. 

There are several differences between the sequential elutions in the SPE methods from 

Kaluzny et al. and Bodennec et al. For the elution of neutral lipids (first elution for both methods), 

Kaluzny et al. used a much more polar system solvent (chloroform:2-propanol 2:1 (v/v)) than 

Bodennec et al., despite using the same type of sorbent (aminopropyl bonded silica). This can affect 

the overall performance of the SPE when the sequencing of eluents changes. Furthermore, Paudel 

et al. used a different solvent to load the sample into the same column as used in Kaluzny et al. and 

Bodennec et al., increasing the difference in the chemical environment inside the column. Although 

the separation efficiency from both SPE procedures (Kaluzny et al. and Bodennec et al.) were 

tested, changing the solvent, sequence of elution, and other parameters from one method to another 
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could result in significant alterations in SPE performance and efficiency, especially when matrices 

from different sources, i.e. human vs algal biomass are employed. 

4.1.2 Solid-phase extraction retention mechanisms and important parameters  

In general, there are four main SPE phase types: reversed phase, normal phase, ion exchange, 

and adsorption [13], all of which have different retention mechanisms due to the different 

interactions taking place between the analytes and the sorbents (as described 2.1.2). The Paudel et 

al. [7] procedure uses an aminopropyl-bonded silica (NH2-Si) sorbent, which can work under 

normal phase and ion exchange conditions. Specifically, for the type of analytes of interest (ULs) 

in the Paudel et al. procedure, normal phase conditions are applied, where the primary retention 

mechanisms include hydrophilic interactions such as polar-polar interactions and hydrogen 

bonding. Other secondary interactions, such as hydrophobic interactions, also take place between 

the analyte and the small alkyl groups of the aminopropyl functional group attached to the silica.  

Once the proper type of SPE stationary phase has been selected, other factors affecting the SPE 

retention mechanisms have to be taken into consideration, such as the sorbent type, the conditioning 

of the column, the eluents, the loading mass, and the flow rate of extractions. The typical SPE 

procedure includes four steps: conditioning, sample loading mass, washing and elution of the 

analyte(s) [14]. The SPE procedures from Bodennec et al. [2] and Kaluzny et al. [11] include a 

conditioning step with hexanes, which is also part of the Paudel et al. procedure. However, the 

sample loading in the Paudel et al. procedure was conducted using hexanes, which differed from 

the Bodennec et al. and Kaluzny et al. procedures that used chloroform instead, representing a risk 

for the overall degree of separation of the analytes. Another characteristic to take into account is 

the type of analytes to be extracted. The Paudel et al. procedure elutes the compounds of interest 

(ULs) in two different fractions: the first fraction (AGs) and the third fraction (FAs). Some of the 

interferences present in the mixture – such as glycolipids (GLs), pigments, and ceramides – are 

eluted in the second fraction and the remainder remain on the column after each of the three 



72 

 

elutions. In the Paudel et al. procedure, the protocol scheme is as follows: 1) conditioning step with 

hexanes, 2) loading sample into the column with hexanes, 3) elution of AGs (fraction A), 4) 

washing-off ceramides and other lipids (fraction B), and 5) elution of FAs (fraction C). Thus, the 

ULs are contained in fractions A and C, while PLs and other components are retained on the 

column. 

4.1.3 Overview of the chapter 

The Paudel et al. [7] procedure is a combination of the procedures reported by two other 

research groups, Kaluzny et al. [11] and Bodennec et al. [2]; it was assumed that it could separate 

ULs from other lipids despite the changes made in the procedure, and an analysis was not performed 

to measure its separation efficiency. The aims of the work described in this chapter were (1) to test 

the performance of the Paudel et al. procedure, (2) to identify factors affecting the separation 

efficiency, and (3) to enhance conditions to provide a better separation if needed.  

Firstly, a qualitative analysis was performed by 1H and 13C NMR spectroscopy, previously 

used by Echeverria et al. for the evaluation of hydrolysis on complex lipid mixtures [15], to verify 

the robustness of the protocol. Thereafter, challenges presented within the SPE method were 

identified. Next, experiments to assess the effect of modifying various factors on performance were 

conducted and analyzed to tackle some of the main challenges with the method and to fine-tune the 

Paudel et al. procedure. Additionally, an insight into the physical phenomena occurring during the 

sorption and elution of the analytes was discussed.  

4.2 Materials and methods  

All chemicals were used as received. HPLC grade ethanol (91%), and certified ACS organic 

solvents – hexanes (99.9%), acetone (99.5%), and chloroform (99.9%) – were obtained from Fisher 

Chemical. Reagents ACS-PUR glacial acetic acid (99.7%) and hydrochloric acid (36.5 - 38.0%) 

were also obtained from Fisher Scientific. ACS reagent methanol (≥99.8%) was obtained from 

Sigma-Aldrich. HPLC grade ethyl acetate (99.9%), and ACS reagent anhydrous ethyl ether (min 
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99%), were obtained from ACP Chemicals. The chemicals used to formulate the standard mixtures 

were the unsaturated FAs – linoleic acid (97%) from Alfa Aesar, and arachidonic acid from non-

animal source (≥98.5% (GC)); saturated FAs – myristic acid from Fluka; reagent grade stearic acid 

(95%), palmitic acid (≥99%), and tridecylic acid (≥98%) – asolectin from soybean (mixture of PLs) 

from Sigma-Aldrich; and commercial soybean oil (TGs) from President’s Choice. 

For the SPE procedures, a Preppy™ 12-port vacuum manifold from Sigma-Aldrich was used. 

The cartridges were purchased from Sigma-Aldrich – Supelclean™ LC-NH2 (3 mL) – and 

Phenomenex – Strata SI-1 Silica (3 mL) and Strata NH2 phase (6 mL) – each with a bed weight of 

500 mg. Additionally, a Lab Vac LVH40K6 vacuum system from PIAB was used for all SPE 

procedures.    

4.2.1 NMR characterization of Paudel et al. procedure extracts 

Scenedesmus sp. crude extract obtained by a Soxhlet extraction (Section 3.2.2) was separated 

by the original Paudel et al. [7]  SPE procedure, as follows: a 3 mL aminopropyl-bonded silica 

(NH2-Si) column with a bed weight of 500 mg was placed on a vacuum manifold. A pre-condition 

step with 6 mL of hexanes was first performed, and the solvent was allowed to pass through the 

column with vacuum. Secondly, 25 mg of algal crude extract was suspended in a minimum volume 

of hexanes (~800 μL) by vigorously mixing the mixture, which was then placed inside the cartridge 

and allowed to seep into the preconditioned column without vacuum. The cartridge was then 

sequentially eluted (without allowing the column to dry) with three different solvent systems: 

fraction A‒5 mL of hexanes:ethyl acetate (85:15) (v/v); fraction B‒4 mL of chloroform:methanol 

(23:1) (v/v); and fraction C‒3 mL of ethyl ether:acetic acid (46:1) (v/v). After all fractions were 

recovered, the solvent was removed under reduced pressure on a rotary evaporator at 60 ⁰C, and 

180 rpm. The fractions were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and eliminate 

any solvent residues, then the final weight of each fraction was measured. 
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The SPE experiments were performed ten times (n = 10) to accumulate enough sample to 

obtain a quality 13C {1H} NMR spectrum (a minimum of 35 mg of material is needed). Fractions 

A1, 2,…,10, B1, 2,…,10, and C1, 2,…,10, were pooled into fractions ANMR, BNMR, and CNMR, respectively. 

The 1H and 13C {1H} NMR spectra were recorded on a Bruker NEO-500 spectrometer, operating 

at 500.43 MHz for 1H and 125.85 MHz for 13C, that has a Broad Band Fluorine Observation 

(BBFO) probe with auto tuning and matching and is equipped with variable temperature control. 

The acquisition parameters used for 1H NMR spectroscopy were: spectral width 10000 Hz, 

relaxation delay 1 s, number of scans 64, acquisition time 3.2768 s, pulse width 15⁰, and room 

temperature 300 K. For 13C NMR spectroscopy, the acquisition parameters used were: spectral 

width 30120.5 Hz, relaxation delay 0.2 s, number of scans 18000, acquisition time 1.0879 s, pulse 

width 10⁰, and room temperature 300 K. The 1H NMR peaks from neutral lipids were identified 

with the help of the work of Nieva-Echevarría et al. [15]. The signals in the 1H and 13C {1H} NMR 

spectra were also compared to the NMR spectra from the standard compounds comprising the 

standard lipid mixture (SLM) mentioned in Section 3.2.1.  

4.2.2 Modifications of the Paudel et al. procedure   

The various modifications applied to the Paudel et al. procedure are described in this section. 

Experimental conditions of the several SPEs performed are summarized in tables.   

4.2.2.1 Varying the loading mass and drying condition using Scenedesmus sp.  

Two SPE conditions from the Paudel et al. procedure – loading mass and drying condition – 

were modified using algal crude extract from Scenedesmus sp. obtained by the same Soxhlet 

extraction procedure followed in Chapter 3 (Section 3.2.2). The experiments carried out are shown 

in Table 4.2, with Experiment #1 being the original Paudel et al. procedure. Briefly, a 3 mL 

aminopropyl-bonded silica (NH2-Si) column with a bed weight of 500 mg was employed and was 

placed on a vacuum manifold. A pre-conditioning step using 6 mL of hexanes was first performed, 

three 2 mL-aliquots of hexanes were poured into the column one by one, keeping the sorbent wet, 
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Experiment #1 is the original Paudel et al. procedure. 

the solvent passed through the column with vacuum at a flow rate of 2 drops/s. Secondly, the algal 

crude extract was suspended in a minimum volume of hexanes (~800 μL) by vigorously mixing the 

mixture, which was then placed inside the cartridge and allowed to seep into the pre-conditioned 

column without vacuum at different loading masses (Table 4.2). The cartridge was then 

sequentially eluted with three different solvent systems to retrieve fractions A‒neutral lipids (TGs, 

and DGs); B‒glycolipids, ceramides, chlorophyll, and ‘other’ extracted constituents considered not 

useful for biodiesel production; and C‒free FAs [7]. The eluents were as follows: fraction A‒5 mL 

of hexanes:ethyl acetate 85:15 (v/v); fraction B‒4 mL of chloroform:methanol 23:1 (v/v); and 

fraction C‒3 mL of ethyl ether:acetic acid 46:1 (v/v). Following the addition of each of the eluents, 

the column was either left to dry before adding the next eluent, or not allowed to dry, adding the 

subsequent eluent while the previous one was still in the column. After all the fractions were 

recovered, the solvent was removed under reduced pressure on a rotary evaporator at 60 ⁰C and 

180 rpm. The fractions were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and eliminate 

any solvent residues, then the final weight of each of the fractions was measured. 

 

Table 4.2. Experimental modifications on the Paudel et al. procedure: varying loading mass and 

drying condition. 

Exp. # Initial extract (mg) Drying condition  

1 ~ 25 
Not dried 

2 ~ 50 

3 ~ 25 
Dried 

4 ~ 50 

 

Not allowing the column to dry completely could promote inaccuracy when fractions are 

obtained, as the next eluent is added into the column and there is no certainty of knowing when the 

previous eluent has finished passing completely through the column (Figure 4.1 A). Allowing the 
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column to dry after each elution can potentially ensure that most of the analytes with an affinity for 

the eluents can be extracted (Figure 4.1 B). 

 

 

 

4.2.2.2 Varying the active phase  

The Paudel et al. procedure (Section 4.2.1 for procedure details) was applied to different 

standard mixtures of known quantity, using the original sorbent used in this procedure (NH2-Si) 

and a different sorbent (-Si), both offering a strong polar selectivity. Five standard mixtures were 

used for these experiments, the composition of each of the mixtures is shown in Table 4.3.  

4.2.2.3 Varying the first eluent 

The Paudel et al. procedure uses three different eluents – A, hexanes:ethyl acetate (85:15) 

(v/v); B, chloroform:methanol (23:1) (v/v); and C, ethyl ether:acetic acid (46:1) (v/v) –A being the 

least polar and C the most polar. The following hexanes:ethyl acetate ratios in the first eluent were 

tested: 85:15, 90:10, 95:5 and 100:0. The SPE procedures were applied to sample loads of 50 mg 

and 25 mg of TG standards and PL standards. The remainder of the protocol followed the original 

Paudel et al. procedure. A 3 mL NH2-Si column with a bed weight of 500 mg was placed on a  

A A B B B 

A)                                                         B) 

Figure 4.1. Schematic of the addition of different eluents in the SPE procedure. A) Eluent B is added before 

eluent A has completely passed through the column, not allowing the column to dry at any time. B) The column 

is left to dry after elution A was added, allowing for any solvent residue to seep out of the column.  
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Table 4.3. Molar percentages of the different standard compounds in the mixtures (Mix-1 – 5) prepared 

by weight. 

 

vacuum manifold. A pre-condition step with 6 mL of hexanes was first performed, three 2 mL-

aliquots of hexanes were poured into the column one by one, keeping the sorbent always wet, the 

solvent passed through the column with vacuum at a flow rate of 2 drops/s. Secondly, an aliquot 

(25 mg or 50 mg) of the sample (TG or PL standard) was suspended in a minimum volume of 

hexanes (~800 μL) by mixing the solution, which was then placed inside the cartridge and allowed 

to seep into the preconditioned column without vacuum. The cartridge was then sequentially eluted 

(without allowing the column to dry) with three different solvent systems: fraction A‒5 mL of 

hexanes:ethyl acetate (modified ratios); fraction B‒4 mL of chloroform:methanol (23:1) (v/v); and 

fraction C‒3 mL of ethyl ether:acetic acid (46:1) (v/v). After fractions were recovered, the solvent 

was removed under reduced pressure on a rotary evaporator at 60 ⁰C and 180 rpm. The fractions 

Standard compounds 

Mix-1 Mix-2 Mix-3 Mix-4 Mix-5 

% mg % mg % mg % mg % mg 

FA 

Linoleic acid 24.7 12.3 16.3 8.2 - - 49.4 24.7 - - 

Palmitic acid  13.2 6.6 8.7 4.4 - - 26.4 13.2 - - 

Stearic acid 5.8 2.9 3.8 1.9 - - 11.4 5.7 - - 

Tridecylic acid 3.4 1.7 2.3 1.1 - - 6.9 3.5 - - 

Mystiric acid 2.9 1.5 1.9 0.9 - - 5.9 2.9 - - 

Subtotal FA 50 25 33 16.5 - - 100 50 - - 

PL 

Phosphatidylcholine - - 8.5 4.25 25 12.5 - - - - 

Phosphatidylethanolamine - - 8.5 4.25 25 12.5 - - - - 

Phosphatidylinositol - - 8.5 4.25 25 12.5 - - - - 

Others - - 8.5 4.25 25 12.5 - - - - 

Subtotal PL - - 34 17 100 50 - - - - 

TG Soybean oil 50 25 33 16.5 - - - - 100 50 

Subtotal TG 50 25 33 16.5 - - - - 100 50 

TOTAL 100 50 100 50 100 50 - - 100 50 
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were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and eliminate any solvent residues, then 

the final weight of each of the fractions was measured gravimetrically. 

4.2.2.4 Varying SPE conditions to achieve phospholipids retention  

SPEs were performed as in the original Paudel et al. procedure (Section 4.2.1) with some 

conditions modified, namely the sample loading mass, the pre-conditioning step, and the drying 

condition. SPEs with different sample loading masses were carried out according to the original 

Paudel et al. procedure (Table 4.4, Experiment 1).  

 

Table 4.4. Experimental conditions of studies performed in order to achieve a better retention of 

PLs onto the column. 

   ✓. Represents the loading masses (5–10 mg) used for the various experiments performed (1-6).  

 

Exp. Conditions 
Loading mass (mg) 

5  10  15  20  25 

1 

Paudel 

et al. 

1) Precondition: 6 mL hexanes 

2) Elutions:  

A, 5 mL hexanes:ethyl acetate (85:15) (v/v) 

B, 4 mL chloroform:methanol (23:1) (v/v) 

C, 3 mL ethyl ether:acetic acid (46:1) (v/v) 

3) Do not let column dry after each elution 

✓ ✓ ✓ ✓ ✓ 

Activation of functionalized sorbent experiments 

2 

1) Precondition: 6 mL ethyl ether:acetic acid (46:1) (v/v) 

6 mL hexanes 

2) Elutions:  

As Paudel et al. 

✓ ✓ ✓ ✓ ✓ 

3 

1) Precondition: 6 mL ethyl ether:acetic acid (46:4) (v/v) 

6 mL hexanes 

2) Elutions:  

As Paudel et al. 

✓ - - - ✓ 

4 

1) Precondition: 6 mL ethyl ether:acetic acid (46:4) (v/v) 

6 mL hexanes 

2) Elutions:  

As Paudel et al. but let column dry after each elution 

✓ - - - ✓ 

5 

1) Precondition: 6 mL ethyl ether:acetic acid (46:4) (v/v) 

0.5 mL hexanes 

2) Elutions:  

As Paudel et al. but let column dry after each elution 

✓ - - - ✓ 

6 

1) Precondition: 6 mL ethyl ether:acetic acid (46:4) (v/v) 

2) Elutions:  

As Paudel et al. but let column dry after each elution 
✓ - - - ✓ 
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Additionally, SPEs with different pre-conditioning steps were performed (Table 4.4, 

Experiments 2-6). The latter involved the addition of increasing acidic eluents followed by 

decreasing volumes of hexanes. Moreover, SPEs were also performed (Table 4.4, Experiment 5 

conditions) using two different standard mixtures (≤15 mg and ~25 mg) composed of TGs, FAs 

and PLs.   

4.2.3 Comparison of modified solid-phase extractions based on the Paudel et al. procedure  

Various SPE protocols (based on the Paudel et al. procedure) were evaluated. The 

experimental conditions are detailed in Table 4.5. All experiments, except Experiments 2, 5 and 6, 

were performed using a standard mixture consisting of ~66% of neutral lipids (TGs, unsaturated 

FA and saturated FA (2:1:1)), ~20% of GLs (steryl glycosides) and ~14% of PLs (equal proportions 

(~25%) of phosphatidylcholine ‘lecithin’, phosphatidylethanolamine ‘cephalin’, 

phosphatidylinositol and other PLs). For Experiments 2, 5 and 6, the standard mixture was ~33% 

of TGs, ~33% of PLs and 33% of FAs.  

For the preparation of all standard mixtures, compounds were weighed, pooled together and 

dissolved in chloroform to create a stock solution, which was then transferred to different 25 mL 

glass vials and the solvent was evaporated using a rotary evaporator at 60 ⁰C, and 180 rpm. The 

vials were then placed in a vacuum oven at 55 ⁰C for 3 h to dry and eliminate any solvent residues, 

then the final weight of each of the vials was measured gravimetrically. Samples were kept 

refrigerated at -4 ⁰C until SPE experiments were performed. Due to a limited amount of GLs 

material available, most experiments were only performed once. However, to ensure 

reproducibility, experimental trials with better results were performed in duplicate.  

4.2.4 Data Analysis 

A Multifactor Analysis of Variance (ANOVA) was employed to describe the effects of 

different individual factors and their interactions on the extraction of a specified fraction. One-way 

ANOVA was also used where the description of the effect of a single factor over an extracted 
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fraction was required. In the case that the data did not follow a normal distribution, the Kruskal-

Wallis Test was used to test whether the level medians were significantly different from each other. 

Multiple-Variable Analysis was used to calculate positive or negative correlations amongst the 

variables, Pearson product-moment correlations for a normal distribution of the data, and a 

Spearman rank correlation when the data indicated significant departures from normality. All 

analyses were performed at the 95% confidence level using the statistical software Statgraphics 

Centurion® XVII, they can be found in Appendix D of this thesis.  

 

Table 4.5. Experimental conditions of studies performed using derivatives of the Paudel et al. procedure 

using standard mixtures of known concentration. 

Based on 

method 
# 

Loading mass (mg) Loading solvent 
Experimental conditions** 

15 25 Hex Hex:EA* 

Paudel 

et al. 

1  ✓ ✓  

- Precondition: 6 mL hexanes 

- Elutions: 

   A, 5 mL hexanes:ethyl acetate (85:15) (v/v) 

   B, 4 mL chloroform:methanol (23:1) (v/v) 

   C, 3 mL ethyl ether:acetic acid (46:1) (v/v) 

- Do not let column dry after each elution 

2 ✓  ✓  - Activation of the column: 

   6 mL of 8% acetic acid (v/v) in ethyl ether 

- Precondition: 

   0.5 mL hexanes 

- Elutions: 

   As in Ashok et al., experiments #1 and #2 

- Let column dry after each elution 

3  ✓ ✓  

4 ✓   ✓ 

5  ✓  ✓ 

6 ✓  ✓  - Activation of the column: 

   6 mL of 8% acetic acid (v/v) in ethyl ether 

- Precondition: 

   6 mL hexanes 

- Elutions: 

   As in Ashok et al., experiments #1 and #2  

- Let column dry after each elution 

7  ✓ ✓  

8 ✓   ✓ 

9  ✓  ✓ 

* Hex:EA.- hexanes:ethyl acetate (85:15) (v/v) 

** All experiments based on the Paudel et al.  procedure used -NH2 cartridges. All columns had a bed weight of 500 mg and 

a volume cartridge of 3 mL.  

 

 

 

 



81 

 

4.3 Results and Discussions 

4.3.1 Qualitative analysis of fractions retrieved from the Paudel et al. procedure 

Paudel et al. used SPE to quantify the proportion of AGs and FAs in algal extract, however, a 

characterization of the fractions obtained was not performed. To determine the accuracy of the 

fractionation, a qualitative analysis was performed fraction obtained using the Paudel et al. 

procedure applied to algal extract obtained by a Soxhlet extraction. The NMR spectra were 

recorded and compared to the spectra from standard mixtures (Figure 4.2 and Figure 4.3) and the 

data obtained by Nieva-Echeverría et al. [15]. The results are summarized in Table 4.6, indicating 

which compounds are present in fractions ANMR, BNMR, and CNMR and whether they should be present 

(represented by superscript 1).  

The main compounds taken into consideration were the neutral lipids – AGs (TGs and their 

partially hydrolyzed products DGs and MGs) and FAs – the ULs for biodiesel production. The 

detection of PLs in the fractions was difficult, as usually 31P NMR experiments require high 

concentrations and complex sample preparations and experimental conditions (i.e. samples 

analyzed in different aqueous buffers or organic solvents) that vary from research group to another, 

and are usually difficult to replicate [16]–[19]. This results in different chemical shifts of the 

phosphorus atoms in the analytes because they are highly dependent on the sample pH, ionic 

strength and paramagnetic ion concentration [20]. Additionally, most of the studies found in the 

literature focused on the identification and/or quantification of phosphorus forms present in soil 

extracts [17], [21]–[23]. For the identification of microalgal lipids, Nuzzo et al. developed an 

ERETIC 1H NMR method in 2013 [19], in which a reference electronic signal was used as an 

external standard, allowing the assessment of total lipid content. However, overlapping of the 

signals obtained by this method did not allow the direct measurement of PLs in the sample. 
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Figure 4.2. Peak identification by 1H NMR spectra. In this figure, the 1H NMR spectra from the three fractions (ANMR, 

BNMR, CNMR) obtained from Scenedesmus sp. crude extract are shown in part B), and the peaks can be compared to those 

shown in the 1H NMR spectra of the standard mixtures in part A). The peaks used to identify the lipids in the fractions 

are showed in colored boxes with dashed lines. R’, R’’, and R’’’ are alkyl groups. 
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Figure 4.3. Peak identification by 13C NMR spectra. In this figure, the 13C NMR spectra from the three fractions (ANMR, 

BNMR, CNMR) obtained from Scenedesmus sp. crude extract are shown in part B), and the peaks can be compared to those 

shown in the 13C NMR spectra of the standard mixtures in part A). R’, R’’, and R’’’ are alkyl groups.      
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Table 4.6. Chemical shifts assignments of the 1H NMR signals in CDCl3 of the main protons present in fraction 

ANMR, BNMR and CNMR obtained from Scenedesmus sp. crude extract. The chemical shifts were compared to those 

in the standard mixtures and confirmed with the data obtained by Nieva-Echeverría et al. [15].  

Compound 
Chemical 

shift (ppm) 
Type of protons 

Present in fraction (Yes/No) 

ANMR BNMR CNMR 

Saturated, monounsaturated 

acyl groups and FAs 0.88, 0.89, 

0.97 
-CH3 Yes (0.06) Yes (0.06) Yes (0.06) 

Unsaturated acyl groups and 

FAs 

Acyl groups and FAs 1.19-1.42 -(CH2)n- Yes (0.5) Yes (0.5) Yes (0.5) 

Acyl groups in TGs, DGs, 1-

MGs and FAs (β-position) 
1.61-1.64 

-OCO-CH2-CH2- 

COOH-CH2-CH2- 
Yes (0.03) Yes (0.01) Yes (0.045) 

EPA and ARA acyl groups 

in TGs 
1.69 -OCO-CH2-CH2- Yes (0.015) No No 

Acyl groups and FAs in β-

position in relation to 

carbonyl group 

1.92-2.15 -CH2-CH=CH- Yes (0.06) Yes (0.06) Yes (0.05) 

Acyl groups in TGs (α-

position) 
2.26-2.36 -OCO-CH2- Yes (0.015) Yes1 (0.02) No 

Acyl groups from DGs, and 

MGs (α-position) 
2.33 -OCO-CH2- Yes Yes No 

Acyl groups from FAs (α-

position) 
2.35 COOH-CH2- No No Yes (0.05) 

Acyl groups from 2-MGs 2.38 -OCO-CH2- No 
Visible 

(0.005) No 

Diunsaturated and 

polyunsaturated acyl groups 

and FAs 

2.77-2.90 =HC-CH2-CH= Yes (0.005) Yes (0.01) Yes (0.01) 

Acyl groups in choline 

group of PLs2 
3.25-3.28 -N+(CH3)3 Yes1 Visible1  No 

Glyceryl group in 1-MG 3.65-3.67 ROCH2-CHOH-CH2OH Yes1 Yes  No 

Glyceryl group in 1,2-DG 3.73 ROCH2-CH(OR’)-CH2OH Yes Yes (0.005) No 

Glyceryl group in 2-MG 3.84 HOCH2-CH(OR)-CH2OH No Yes (0.0025) No 

Glyceryl group in 1-MG 3.94 ROCH2-CHOH-CH2OH No3 Yes (0.01) No 

Glyceryl group in 1,3-DG 4.05-4.21 ROCH2-CHOH-CH2OR’ Yes (0.002) Yes1 (0.004) No 

Glyceryl group in 1-MG 4.18 ROCH2-CHOH-CH2OH Yes1 Yes No 

Glyceryl group in TG 4.22 ROCH2-CH(OR’)-CH2OR’’ Yes Yes1 No 

Glyceryl group in 1,2-DG 4.28 ROCH2-CH(OR’)-CH2OH Yes Yes Yes1,4 (0.005) 

Glyceryl group 2-MG 4.93 HOCH2-CH(OR)-CH2OH Yes1,5 (0.01) Yes No 

Glyceryl group in 1,2-DG 5.08 ROCH2-CH(OR’)-CH2OH Yes (0.01) Yes No 

Glyceryl group in TG 5.27 ROCH2-CH(OR’)-CH2OR’’ Yes Yes1 No 

Acyl groups and FAs 5.28-5.46 -CH=CH- Yes (0.025) Yes (0.02) Yes (0.035) 
1.- Unexpected result – Yes: not expected to be in this fraction; No: expected to be in this fraction. 
2.- Data obtained from a standard mixture of PLs.  
3, 4, 5.- Signals for specific protons of a molecule are partially present in the fraction.    

Table modified from Nieva-Echeverría et al. [15]. 
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In this work, to develop a simple qualitative analysis of PLs in the SPE fractions, an 1H NMR 

spectrum of the standard mixture of PLs was compared with spectra of other components. Signals 

that did not overlap with other signals of interest were identified and used as indicators of possible 

occurrence of PLs in analyzed fractions. The chemical shift for the protons of the methyl groups in 

the choline groups present in the mixture of PLs ranges from 3.25-3.28 ppm, and does not overlap 

with other proton signals (Figure 4.4).  

Fraction ANMR contains the expected compounds, TGs and DGs. The signals for the protons of 

the glycerol part of the TGs are found in fraction A (ROCH2-CH(OR’)-CH2OR’’, 4.22 ppm; 

ROCH2-CH(OR’)-CH2OR’’, 5.27 ppm). Additionally, the signals for protons in the α-position of 

the acyl groups in the TGs are present in fraction ANMR (-OCO-CH2-, 2.26-2.36 ppm). The signals 
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Figure 4.4. Identification of phosphatidylcholine by 1H NMR spectra. In this figure, the 1H NMR spectra for fractions 

ANMR and BNMR obtained from Scenedesmus sp. crude extract, and the mixture of PLs standard. The signal for the acyl 

groups of the choline group of the PLs (3.25 to 3.28 ppm) was found to not overlap with other signals from TGs and FAs.      
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for the specific protons of 1,2-DGs – ROCH2 -CH(OR’)-CH2OH, 3.73 ppm; ROCH2-CH(OR’)-

CH2OH, 4.28 ppm; and ROCH2-CH(OR’)-CH2OH, 5.08 ppm – and 1,3-DGs – ROCH2-CHOH-

CH2OR’, 4.05-4.21 ppm – are in agreement with each other and found in fraction ANMR. Despite 

the fact that the Paudel et al. procedure is intended to keep the PLs on the column without eluting 

them throughout the experiment, the peak for the protons of the choline group (-N+(CH3)3, 3.25-

3.28 ppm) was also found in fraction ANMR, suggesting a partial elution of these compounds in this 

fraction. Other signals were also found, pertaining to the glycerol groups and acyl groups from 

MGs, which were not expected in this fraction. However, the signals for the specific protons of 1-

MG and 2-MG are partially present in the 1H NMR spectra of fraction ANMR obtained from 

Scenedesmus sp. crude extract (Figure 4.5 ANMR). The partial glycerides tend to undergo acyl 

migration – 1-MGs to 2-MGs, and 1,2-DGs to 1,3 DGs –readily under certain conditions, such as 

acidic or basic media, alcoholic solvents, or upon heating [24], [25], a phenomenon that may 

explain some of the results obtained in this analysis. However, the spectra were insufficient to 

definitively identify these compounds or prove the acyl migrations. 

C
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3.65-3.67 ppm 
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Figure 4.5. Chemical shifts for the proton signals of the compounds 1-MG and 2-MG in fraction ANMR, and 1,2-DG in fraction 

CNMR. In color green are all those present in their respective fractions, and in color red are those which are not present. Chemical 

shifts obtained from Nieva-Echeverría et al. [15]. 
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Fraction BNMR, from the ULs, was expected to contain MGs, as reported by Bodennec et al. 

[2]. The signals for the glycerol groups of 1-MGs – ROCH2-CHOH-CH2OH, 3.65-3.67 ppm; 

ROCH2-CHOH-CH2OH, 3.94 ppm; ROCH2-CHOH-CH2OH, 4.18 ppm – and 2-MGs – HOCH2-

CH(OR)-CH2OH, 4.93 ppm; HOCH2-CH(OR)-CH2OH, 3.84 ppm – were present in this fraction. 

Unexpected compounds were also found in fraction BNMR, TGs, DGs and PLs, suggesting that a 

partial elutions of these compounds occurred in this fraction. For TGs and 1,3-DGs, the partial 

elution in this fraction could be due to a low volume of solvent A, which might not have been 

enough to elute all intended compounds from the column, which are later extracted in fraction B. 

For the premature elution of PLs in this fraction, the 1,2-DGs could account for the PLs present 

there, as it is common for the non-fatty acid components to be linked to position 3 of the glycerol 

backbone [25].  

Fraction CNMR is expected to contain FAs. The signal for the hydrogens attached to the α-carbon 

of the acyl groups in FAs (COOH-CH2-, 2.35 ppm), a triplet (t) is expected. This signal can overlap 

with the signals of the protons of the α-position in the acyl groups of the MGs, DGs and TGs in the 

region of 2.33 to 2.36 ppm. However, the signal multiplicity changes and can therefore be used to 

differentiate among MGs, DGs, TGs and FAs. For the signal of the acyl groups of the MGs, DGs 

and TGs, a doublet of triplets is expressed. For the SPE fractions, the CNMR shows a very clear 

triplet in the region of 2.33-2.35 ppm, while for the other two fractions, ANMR and BNMR, the region 

from 2.26-2.36 ppm is filled with several peaks that account for the doublet of triplets from the 

TGs and multiplets of the DGs and MGs [15]. In fraction CNMR, there are other visible peaks that 

do not account for any of the FA moieties, the only compounds expected. These peaks could be 

accounting for traces of 1,2-DGs remaining in the column after the elution of fractions A and B. 

There are three peaks that indicate the presence of 1,2-DGs (Figure 4.5) – ROCH2-CH(OR’)-

CH2OH, 3.73 ppm; ROCH2-CH(OR’)-CH2OH, 5.08 ppm, and ROCH2-CH(OR’)-CH2OH, 4.28 

ppm – of which only the  signal for the protons for position one of the glycerol backbone (4.28 
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ppm) is visible in the 1H NMR spectra for fraction CNMR (Figure 4.2 B). This could suggest a small 

concentration of 1,2-DGs in this fraction, resulting in low peak intensity and therefore undetectable 

peaks.  

4.3.2 Effect of loading mass and drying condition on the Paudel et al. procedure 

In this section, the behavior of the SPE procedure was studied under two modified conditions 

from the Paudel et al. procedure, i.e. the loading mass and the drying condition. The SPE 

experiments (n=3) were applied to algal crude extract from Scenedesmus sp. obtained by the 

Soxhlet extraction procedure presented in Chapter 3 (Section 3.2.2). The results for these 

experiments were separated into two main effects (loading mass and drying condition) and their 

interaction, and they were compared to those obtained using the unmodified Paudel et al. [7] 

procedure.  

In order to identify which factors were statistically significant over the extraction of lipids, a 

multifactorial ANOVA analysis at 95% confidence was performed for the dependent variables: A 

– TGs, B – GLs, C – FAs, and D – PLs, and the factors: drying condition and loading mass. The P-

values for the analysis are shown in Table 4.7. Drying condition, as an individual factor, did not 

have a statistically significant effect over the extraction of any of the fractions, the loading mass 

effect was statistically significant only over the extraction of fraction A, TGs (P<0.05); the 

interaction of the drying condition and loading mass statistically significantly affected the 

extraction of fraction C, FAs (P<0.05). 

 

 

 

 

Table 4.7. Effect and interaction of factors on lipid separation by SPE using the Paudel et al. procedure. 

 
Dependent variable 

TG GL FA PL 

Main effects 
Drying condition P(0.2943) P(0.1307) P(0.6920) P(0.2691) 

Loading mass P(0.0190)* P(0.1709) P(0.2365) P(0.3208) 

Interactions Drying condition∙Loading mass P(0.8249) P(0.9824) P(0.0155)* P(0.0863) 

*.- P<0.05, statistically significant over the lipid extraction at 95% confidence. 
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The effect of the loading mass was examined by comparing results from Experiments 1 and 2 

(Figure 4.6). The results showed a greater percentage of extracted material in fractions A, B and C 

and a decreased percentage of material in fraction D, when the loading mass was ~50 mg rather 

than ~25 mg. For the fractions of interest, A and C, the increase in A was of 7.3±0.9 % dry wt. to 

9.3±0.4 % dry wt., and from 6.8±0.3 % dry wt. to 9.1±1.1 % dry wt. for C. Relying solely on these 

results could lead to the erroneous conclusion that higher loading masses results in higher 

recoveries of ULs (fraction A and C), therefore a proper characterization of the fractions obtained 

must be performed. However, the purpose of this study was to determine whether the performance 

of the SPE procedure with respect to the retention of analytes would be different with a change in 

loading mass, which it did. As the algal extract used came from the same Scenedesmus sp. batch 

(same storage, drying, cell disruption, and Soxhlet extraction conditions), it is expected to have 

roughly the same composition. Despite this expectation, results show differences among each of 

the fractions from the two experiments, indicating that the retention of analytes may be dependent 

on loading mass.  

The effect of allowing the SPE column to run dry was evaluated by comparing Experiments 1 

and 2 to Experiments 3 and 4. For Experiments 1 and 3, where the loading mass was the same, but 

the drying condition changed, the percentages for fractions A, B, C and D were within experimental 

error of each other, they are not statistically significantly different from each other (P<0.05). 

However, it is worth noting that there was a tendency for the percentages recovered in fractions A, 

B and C to increase when the column was allowed to dry – A, 7.3±0.9 % dry wt. to 8.1±0.5 % dry 

wt.; B, 10.1±0.3 % dry wt. to 12.4±2.3 % dry wt.; and C, 6.8±0.3 % dry wt. to 10.4±0.5 % dry wt. 

Consequently, the percentages recovered in fraction D were reduced (75.8±1.5 % dry wt. to 

69.2±2.2 % dry wt.), implying that allowing the column to run dry could decrease the mass of 

analytes left on the column. For Experiments 2 and 4, where the loading mass was 50 mg, the 

percentage recoveries of fractions A and D were within error for all of the conditions applied.  
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However, the percentage recovery of fraction C was significantly reduced, from 9.1±1.1 % dry 

wt. to 4.3±1.3 % dry wt., and the percentage recovery of fraction B was increased. The interaction 

between the drying condition and the loading mass appeared to significantly affect the material 

extracted in fraction C (P<0.05), however, it did not seem to have any other statistically significant 

effect over the other fractions extracted.  
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Figure 4.6. Effect of the loading mass and the drying condition on the Paudel et al. procedure. SPE procedures based 

on the Paudel et al. procedure (Experiment 1), where the loading mass was modified, as well as the drying condition 

of the column, maintaining the eluents solvent systems and volumes the same. Loading masses were ~25 mg and ~50 

mg between Experiments 1, 2, 3, and 4. Experiments 1 and 2 did not allow the column to dry after each elution, 

Experiments 3 and 4 did allow column to dry. All experiments were carried out using algal extract from Scenedesmus 

sp. obtained by a Soxhlet extraction (n=3).  
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The sample load for the SPE procedures should be maintained as in the original Paudel et al. 

procedure (i.e. 25 mg) [7] as results from Experiments 1 and 3 followed the same trends in the 

percentage recoveries of the fractions. Additionally, to avoid clogging the column and 

breakthrough of the compounds of interest, it was previously recommended that the mass of 

compounds to be extracted should not exceed more than 5% of the mass of the bed weight of the 

column [13]. In this case, the maximum sample mass that should be loaded onto the 500 mg packing 

material of the columns used in these experiments is 25 mg, which is consistent with the results 

obtained.  

Furthermore, the drying condition did not appear to have any significant effect (P<0.05) on 

any of the extracted fractions (see Table 4.7), but appeared to yield more consistent results for 

fraction A, with standard deviations of ≤0.5, when the column was allowed to run dry. For all other 

fractions, B, C and D, the drying condition did not improve the variability of the results. Overall, 

applying the drying condition does not significantly change the response of the extracted material 

for a loading masses of 25 mg (P≥0.05). However, the effect of increasing loading mass to 50 mg 

and allowing the column run dry did result in significant changes (P<0.05) in the extracted material 

in fraction C.  

A Multiple-Variable Analysis (Spearman’s correlation analysis) was performed to examine 

potential relationships and correlations between the fractions extracted. A standardized skewness 

and a standardized kurtosis (values of these statistics must be within the range of -2 to +2) of -

2.12356 for fraction A, and 3.24534 for fraction B, respectively, indicating significant departures 

from normality from these data obtained during the experiments.  

Spearman’s correlation matrix between each extracted fraction A (TG), B (GL), C (FA), and 

D (PL) is shown in Figure 4.7. The distribution of the data of each pair of variables is shown in the 

matrix plot, displaying a different variable in the vertical axis for each of the rows, and another 

variable on the horizontal axis of every plot in the different columns (i.e. fraction A, in all plots of 
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the first row of the matrix is represented in the vertical axis; for all plots in the first column, it is 

presented in the horizontal axis in all plots). The estimated correlation coefficients are noted in bold 

when they presented statistically significant non-zero correlations at the 95.0% confidence level 

(P-values <0.05). A negative correlation between fraction A (TG) and fraction D (PL) was 

observed, as well as a strong negative correlation between fraction D (PL) and fraction C (FA). 

Taking into account the original Paudel et al. procedure, fraction C should not be correlated with 

fraction D, as the NMR spectra showed no evidence of the presence of PLs in fraction C (Section 

4.3.1). However, these results appear to indicate a relationship between fractions C and D that when 

one of the fractions decreases, the other increases (Figure 4.7). This could be due to the effect of 

the interaction of the drying condition and loading mass (P<0.05) as shown in Table 4.7. 

Furthermore, fraction D was expected to have a stronger negative correlation with fraction A (TG) 

and moderate negative correlation with fraction B, from which only the A-D correlation is 

expressed in the Spearman’s matrix. This is in agreement with the objective of minimizing the 

partial elution of PLs on fraction A, implying that fraction D increases while fraction A decreases. 

This relationship was attributed due to the loading mass, as it was the only factor found to have a 

statistically significant effect over the extraction of fraction A. 

Using a loading mass of 25 mg was found to have statistically significant effect on the 

extraction of fraction A, and this in turn was negatively correlated with fraction D, suggesting that 

the loading mass of 25 mg is potentially inhibiting the premature elution of PLs into fraction A, 

increasing the retention of PLs is fraction D. The drying condition appeared to significantly affect 

the extraction of fraction C when a loading mass of 50 mg was used, thus increasing the extracted 

percentage in fraction D due to potential retention of FAs on the column. As such, it was 

recommended that drying conditions be employed, but only with a loading mass of 25 mg. 
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4.3.3 Effect of different active phases in the recovery of synthetic algal lipids 

The columns used for these experiments were NH2-Si and -Si, both offering strong polar 

selectivity and hydrogen bonding. The difference between these two columns lies in the target 

analytes – the column with a -Si sorbent targets polar compounds that are bases (such as those 

containing amino groups); while the ones using NH2-Si sorbents target strong acids. The aim of 

these experiments was to better understand the behavior of the components of interest present in 

the algae extract, in this case, the UL content for biodiesel production (TGs and FAs were standards 

used to represent the ULs). Another component studied in these experiments was the PLs, as it was 

previously found to be present in the fractions extracted, even though in theory these compounds 

should be retained on the column throughout the SPE procedure. Comparing any differences in the 

behavior of the TGs, FAs, and PLs in each of the columns throughout the elutions could provide 

more information about the separation efficiency of the Paudel et al. procedure.  

TG

GL

FA

PL

0.2558 

0.1442 

-0.5299  

P<0.05 
 

-0.2948 

-0.3273 

-0.7325 

P<0.05 
 

Figure 4.7. Spearman’s rank correlation matrix for all the fractions obtained (A: TG, B: GL, C: FA and D: PL) with 

the SPE modifying the loading mass and the drying condition. (+) Mean; (-) median; all correlations at confidence of 

95%. Coefficients near to -1 and +1 imply a strong correlation between two factors.  
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The results from the SPE using Mix-5 (Table 4.3), composed of 100% TGs, show that TGs 

exhibited a very good recovery in fraction A for both of the columns (Figure 4.8 E) – 97.17±0.79 

% dry wt. with NH2-Si and 95.5±1.2 % dry wt. with -Si – likely because TGs are neutral lipids due 

to the presence of long hydrocarbon chains and the lack of a significant molecular dipole. 

Therefore, the solvent system A (hexanes:ethyl acetate, 85:15 v/v), composed of a mainly non-

polar solvent (hexanes) and a small volume of intermediate polarity aprotic solvent (ethyl acetate), 

has a better interaction with the non-polar and neutral compounds, forming London dispersion 

forces that allow the TGs to dissolve in the eluent and pass through the column without interacting 

with the polar sorbent.  

For Mix-4 (Table 4.3), composed of 100% FAs, the column with the -Si sorbent seems to retain 

the FAs to a lesser extent, recovering 95.6±1.3 % dry wt. in the first fraction. Even though FAs 

have a carboxylic group that can be attracted by the -Si column due to its strong polar selectivity, 

they are amphiphilic, therefore FAs also have a non-polar moiety that facilitates partitioning into 

hexanes, and therefore facilitates elution. Additionally, ethyl acetate, a hydrogen-bond acceptor, 

can disrupt any hydrogen bonding that the FAs have stablished with the stationary phase, forming 

new hydrogen bonds with them. Thus, the first eluent is able to bring most of the FAs out of the 

column (Figure 4.8 D). Using a NH2-Si sorbent, however, the FAs behaved differently, and were 

primarily recovered in fraction C (61.1±3.7 % dry wt.), as expected from the Paudel et al. 

procedure. However, a partial elution of FAs (~10 % dry wt.) occurred in fraction A, while the rest 

of the FAs remained in the column after all the elutions (almost 30 % dry wt.). This would suggest 

that the recovery of FAs using the Paudel et al. procedure could yield up to ~70 % dry wt. of the 

total FAs, when a total of 25 mg of FA is loaded onto the column. In contrast, when only 12.5 mg 

(50% dry wt.) of FA was loaded onto the column, in addition to 12.5 mg (50% dry wt.) of TG, the 

recovery of FA in fraction C is approaching quantitative, recovering 45.3±2.8 % dry wt. of FAs. It 

would, therefore, appear that the amino silica is superior for FA quantification. The carboxyl group 
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from the FAs is likely to primarily hydrogen-bond with the sorbent. However, it can also donate 

protons to the ethyl acetate present in the eluent, which represents a minimal interaction as the 

concentration of this solvent is very low, explaining the small percentage of FAs eluted in fraction 

A. Additionally, the hydrogen bonding between the carboxyl group of the FA and the amino group 

of the sorbent (-OH---:NH2-) is much stronger than the hydrogen bond established between the FA 

and the ethyl acetate (-OH---:O) [26]–[28]. Thus, the FAs remained on the column until the third 

eluent is passed through the column. With this eluent, fraction C was recovered, ethyl ether:acetic 

acid (46:1 v/v) is responsible for disrupting the hydrogen bonding formed previously. Ethyl ether 

is a low-polarity solvent that can interact with the hydrocarbon chains of the FAs. Acetic acid is a 

polar protic solvent that can displace the FAs from their stable hydrogen-bonding interaction with 

the amine sites on the stationary phase. However, some FAs remained adsorbed on the column even 

after the third elution. This could be due to the lack of sufficient acetic acid in the ethyl ether. 

 Mix-3 (Table 4.3), containing 100% PLs, exhibited a similar behavior for NH2-Si and –Si 

columns, both of which recovered 84.7±1.1 % dry wt. and 76.3 ±1.9 % dry wt., respectively, of 

fraction A, even though no PLs should have been detected in fraction A (Figure 4.8 C). For the 

Paudel et al. procedure, PLs were expected to be adsorbed onto the NH2-Si column throughout the 

SPE. However, in this experiment, results would indicate otherwise. A minimum amount of less 

than 10 % dry wt. remained in fraction D, partially eluting up to ~90 % dry wt. of PLs in the wrong 

fractions. Using the -Si sorbent, PLs were retained on the column at almost twice as much as on 

the NH2-Si column. PLs are composed of a polar head that includes a phosphate group (negatively  



96 

 

51.3

76.2

30.5
0.9

2.1 3.5
16.1 19.4

0.0

20.0

40.0

60.0

80.0

100.0

Amino bonded silica Non-bonded silica

%
 o

f 
ex

tr
a
ct

ed
 f

ra
ct

io
n 

     

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

Mixture Composition (%) 

A) Mix-1 TGs, FAs (50%, 50%) 

B) Mix-2 TGs, PLs, FAs (33%, 34%, 33%) 

C) Mix-3 PLs (100%) 

D) Mix-4 FAs (100%) 

E) Mix-5 TGs (100%) 
51.6

75.4

45.3
0.6

1.1
4.7

2.0

19.3

0.0

20.0

40.0

60.0

80.0

100.0

Amino bonded silica Non-bonded silica

%
 o

f 
ex

tr
a
ct

ed
 f

ra
ct

io
n

84.7
76.3

1.3
1.3

4.1
5.1

9.8
17.3

0.0

20.0

40.0

60.0

80.0

100.0

Amino bonded silica Non-bonded silica

%
 o

f 
ex

tr
a

ct
ed

 f
ra

ct
io

n

9.6

95.9

61.1

0.2

1.7

2.8

27.7

1.0

0.0

20.0

40.0

60.0

80.0

100.0

Amino bonded silica Non-bonded silica

%
 o

f 
ex

tr
a

ct
ed

 f
ra

ct
io

n

97.17 95.5

0.90
1.5

1.93
2.0

0.00 1.0

0.00

20.00

40.00

60.00

80.00

100.00

Amino bonded silica Non-bonded silica

%
 o

f 
ex

tr
a

ct
ed

 f
ra

ct
io

n

D) 

 

D) 

C) 

 

C) 

B) 

 

B) 

E) 

 

E) 

%
 o

f 
ex

tr
a
ct

ed
 f

ra
ct

io
n

 

 

Figure 4.8. Extraction efficiency of the Paudel et al. procedure tested. Results from the different mixtures, A-E, using two types of columns (NH2-Si and -Si) and following the Paudel et 

al. procedure where the useful lipid content for biodiesel production is expected to be extracted fraction A (TGs) and C (FAs), other compounds are eluted in fraction B, and PLs are 

supposedly kept onto the column during the whole SPE analysis.  
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charged) and a non-polar tail (not charged). Specifically phosphatidylcholine and 

phosphatidylethanolamine, major components of glycerophospholipids in plant tissues [25], have 

a protonated nitrogen (N+) in the choline and ethanolamine moieties, respectively. Both of these 

properties might be affecting the chemistry of the binding mechanism onto the columns, as these 

compounds can act as a proton donor and acceptor at the same time. This represents a significant 

weakness of the Paudel et al. procedure; at least in samples containing very high concentrations of 

PLs, elution of PLs in fraction A causes an overestimation of the fraction that is supposed to only 

contain AGs. This problem is not as severe when a mixture containing a lower amount of PLs is 

analyzed (Figure 4.8 B). 

4.3.4 Effect of modifying the SPE conditions from the Paudel et al. procedure in phospholipid 

retention   

The aim of these experiments was to enhance PL retention onto the column. Therefore, a 

standard mixture of PLs was used to perform the experiments. The selection of column, and all 

SPE conditions were kept the same as the Paudel et al. [7] procedure as a base, with the exception 

of the conditions being modified. 

4.3.4.1 Effect of modifying the polarity of the first eluent 

The results from the previous experiments (Sections 4.3.1 and 4.3.3) showed that elution of 

PLs in fraction A presented a significant challenge. As such, a series of experiments were 

performed to seek a method for preventing the partial elution of these compounds in early fractions 

and to better understand the cause of the premature elution of the PLs in the first fraction. The 

experiments were performed using a standard mixture of PLs; however, a mixture of TGs was also 

employed to monitor changes in the recovery of these compounds given further modifications of 

the first eluent. Table 4.8 shows the percentage recovery of PLs in each of the fractions using the 

original Paudel et al. procedure, but changing the first eluent ratios; going from a slightly polar 

solvent system to a non-polar system. This was achieved by decreasing the concentration of ethyl 



 

98 

 

acetate in hexanes. The results show that the percentage of PLs eluted in fraction A increased 

significantly when the polarity of the first eluent decreases, reducing the retention of PLs in fraction 

D. With these results it can be inferred that the early elution of PLs is likely due to insufficient 

polar interactions with the column. The non-polar moiety of the PLs can interact with the non-polar 

solvent, and thus be carried out of the column, as was noted in this experiment. However, the weak 

forces formed by the non-polar solvent system with the analytes should not be stronger than those 

formed by polar interactions.  

Taking into account that the PLs are eluted in the early fraction A due to lack of polar 

interactions with the column, using a lower or higher volume of the first eluent should not have a 

significant effect on the amount of PLs eluted in fraction A. However, it could significantly affect 

the elution of AGs. As in Bodennec et al. [2], where they demonstrated the importance of the lower 

and upper acceptable volumes, from this set of experiments it can be inferred that using a higher 

volume of the first eluent elutes out more PLs that are not attached to the column; while using a 

lower volume could compromise the AG extraction, as using a 5 mL volume for the first elution 

extracts up to 98% of the AGs, but the PLs retention still depends on the interaction of these 

compounds with the column. It is also worth noting that the standard mixture represents almost ten 

times more PLs added to the column than the amount of PLs present in a real algal extract, which 

could also have affected the breakthrough of these compounds. 

 

Table 4.8. The percentage of PLs eluted in fractions A, B, C, and D are shown in this table. The SPE 

experiments were as the Paudel et al. procedure, with modifications only in the ratios of the first eluent 

(hexanes:ethyl acetate) and using a standard mixture of PLs. 

 All experiments with statistically significant differences are expressed by P<-0.05.    

 

PLs recovery (dry wt. %) 

Ratios (hexanes:ethyl acetate) 

 85:15  90:10   95:5  100:0 

F
ra

ct
io

n
 A 84.7 ± 1.1 (P<0.05) 89.5 ± 0.5 89.2 ± 0.4 88.8 ± 0.8 

B 4.1 ± 0.2 (P<0.05) 5.4 ± 0.2 4.8 ± 0.1(P<0.05) 5.7 ± 0.6 

C 1.3 ± 0.2 1.4 ± 0.2 0.8 ± 0.4 0.2 ± 0.3 (P<0.05) 

D 9.8 ± 1.1 (P<0.05) 3.7 ± 0.6 5.2 ± 0.6 5.3 ± 1.1 
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4.3.4.2 Effect of decreasing loading mass into the column  

   Following what we have learned about the poor retention of PLs and how it is not related 

with the interaction between the PLs and the first eluent but with the sorbent, the next step was to 

look into the loading mass, which was decreased from 25 mg to 5 mg. Everything else was kept as 

the Paudel et al. procedure. As it can be noted in Figure 4.9, the retention of PLs seemed to improve 

when smaller quantities of PLs were loaded on to the column. The lower loading mass resulted in 

a total retention of PLs of 48.1±2.5 % dry wt., which is almost ten times greater than the retention 

of PLs (5.3±1.1 % dry wt.) using the larger loading mass.  

At a 95% confidence level, with a P<0.05, the one-way ANOVA estimated that there was a 

statistically significant difference between all the means of fractions A, B, and D from one loading 

mass to another. It is important to note that the statistically significant differences among loading 

masses are in fractions where PLs were found to be partially eluted using algal extract (Section 

4.3.1) and standard mixtures (Section 4.3.3), A and B, while the retention of PLs was also 

statistically significantly better with a decrease of loading masses.  
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Figure 4.9. PLs percentage recovery in each fraction of the Paudel et al. procedure using only a standard 

mixture of PLs, changing the loading mass. All the conditions were kept as originally described by Paudel 

et al. except the loading mass. PLs are expected to be retained in the column (fraction D, orange line).  
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4.3.4.3 Effect of addition of sorbent activation step 

In the next study, the activation of the column was evaluated and the effect on the retention of 

PLs was monitored. From the previous experiment (Section 4.3.4.2), it was shown that a reduced 

loading mass allowed the column to better retained the PLs on the column. However, in order to 

investigate whether the PL retention trend is the same when adding an activation step to the Paudel 

et al. procedure, this experiment was performed using loading masses ranging from 5 mg to 25 mg. 

The solvent system used to activate the sorbent was the same eluent used in fraction C, as it is 

composed of a polar protic solvent, acetic acid (2% v/v in ethyl ether), which saturates the column 

with H+ donors for the NH2-Si column, to fully activate it. In Figure 4.10, the results show that the 

addition of an activation step increased the retention of PLs compared to the results from the SPE 

experiments without an activation step.    

 

 

 

 

 

 

 

 

 

 

 

 

Adding an activation step (2% acetic acid v/v in ethyl ether) for a loading mass of 5 mg, the 

retention of PLs was enhanced to 54.73±1.88 % dry wt., which retained 10 times more PLs than 

using the original method (25 mg, without activation), as shown in Figure 4.9. It was also noted 
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Figure 4.10. The PLs % recovery in each fraction of the Paudel et al. procedure using only a standard mixture 

of PLs, addition of acidic treatment. All the conditions were kept as originally described by Paudel et al., an 

activation step was added to the SPE procedure (acidic treatment 2% v/v in ethyl ether). The loading mass was 

also monitored. PLs are expected to be retained in the column (fraction D, orange line).  



 

101 

 

that, for the different loading masses using activation of the sorbent, the retention did not increase 

much, but followed the same trend as above (higher retention of PLs in fraction D when smaller 

loading masses are added to the column). Furthermore, comparing loading masses of 25 mg alone, 

the sorbent activation step allowed the column to retain more PLs in fraction D (47.38±1.04 % dry 

wt.) than without activation (5.3±1.1 % dry wt.) 

In the previous experiment, the difference in the percentage of PLs retained in fraction D 

between 5 mg and 25 mg was not significant, but showed the same trend as the results from 

experiment in Section 4.3.4.2., where an increase in PL retention in fraction D was observed as 

loading mass was decreased. Therefore, the following experiments only used loading masses of 

5 mg and 25 mg. In this experiment, the solvent system used to activate the sorbent was changed, 

increasing the concentration of acetic acid in ethyl ether (8% v/v of acid). This was performed to 

allow for a saturation of protons available to activate the functionalized silica. The retention of PLs 

in fraction D for a loading mass of 25 mg resulted in 50.1±0.8 % dry wt., and for the 5 mg loading 

mass it was 77.1±1.1 % dry wt. (Figure 4.11).  
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Figure 4.11. The percentage recovery of PLs in each fraction of the Paudel et al. procedure using only a 

standard mixture of PLs, changing activation step. All the conditions were kept as originally, except that an 

activation step (acidic treatment 8% v/v in ethyl ether) was added to the SPE procedure. The loading mass, 

was also monitored. PLs are expected to be retained in the column, fraction D, orange line. 
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The enhanced retention of PLs by increasing the acidity of the solvent system used to activate 

the column is shown in Figure 4.12, where the results for 5 mg and 25 mg are presented. In these 

two figures, a trend was noted with respect to acidity. For both loading masses, 25 and 5 mg, the 

retention of PLs was higher using an activation (2% or 8% acid) step than with no activation (0%). 

Comparing only the acid concentration of the activation solvent, for a loading mass of 25 mg, very 

little difference between 2% and of 8% acid was observed. Conversely, for 5 mg, the difference 

among a 2% and 8% acid treatment was considerable, which supports the findings from Section 

1.3.4.2, where decreased loading masses led to better retention of PLs on the column. Thus, a 

combination of an acidic treatment and decreased loading of PLs results in better retention. 

Fortunately, for many algal extracts, the mass of PL in a 25 mg sample of extract would typically 

be less than 5 mg.  

 

 

 

 

 

 

 

 

 

 

 

A Multifactor ANOVA was performed at the 95% confidence level to identify the factors 

contributing to the variability of the PLs extracted in fractions A, B, C and D. As shown in Table 

4.9, the change in acetic acid concentration in the sorbent activation step had a statistically 
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Figure 4.12. Percentage of PLs in different fractions of the Paudel et al. procedure, modifying the activation of the column. 

The experiments at 0% do not include any activation, for 2% and 8% the experiments include a column activation step using 

a mixture of ethyl ether and acetic acid.    
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significant effect on the retention of the PLs in fraction D, as well as the loading mass and the 

interaction of these two factors. It was also expected that the same factors would have an effect on 

fractions A and B because of the inhibition of premature elution of PLs and, in real samples, 

possibly also due to changes in the extent of elution of AGs. As there is also a statistically 

significant effect on fraction A and B, the results would appear to agree with each other, suggesting 

that the retention of PLs was significantly enhanced using a sorbent activation of 8% of acetic acid 

in diethyl ether (v/v) using both 5 and 25 mg loading masses. 

A Multiple-Variable Analysis was performed to examine the correlations between the PLs 

present in each of the fractions. Spearman’s correlation analysis was developed to determine the 

relationship between the extracted fractions. The standardized skewness (values of this statistic 

must be within the range of -2 to +2) of 2.10638 for fraction A indicated significant departures 

from normality of the data. 

 

Table 4.9. Effect of individual factors and its interactions on the extraction of phospholipids. 

Factors 

Dependent variable 

A B C D 

Main effects 
[Acetic acid] P(0.0000)* P(0.0000)* P(0.7208) P(0.0000)* 

Loading mass P(0.0000)* P(0.0001)* P(0.0484)* P(0.0000)* 

Interactions [Acetic acid]∙Loading mass P(0.0000)* P(0.0000)* P(0.1206)* P(0.0000)* 

*.- P<0.05, statistically significant over the phospholipid extraction by SPE at 95% confidence. 

 

The Spearman’s correlation matrix between each extracted fraction (A, B, C and D) and the 

modified conditions (loading mass and activation step) is shown in Figure 4.13. The estimated 

correlation coefficients are bolded when they were found to be statistically significant non-zero 

correlations at the 95.0% confidence level (P-values<0.05). It can be seen that there was a strong 

(close to 1) statistically significant negative correlation (-0.9112, P<0.05) in the amount of PLs ex- 
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tracted in fractions A and D, where when one decreases the other one increases, which agrees with 

the previous studies that indicated a higher retention of PLs when using smaller loading masses 

(Figure 4.9) and acidic treatments (Figure 4.12). Furthermore, it can be noted that the extraction of 

PLs in fraction A showed a statistically significant correlation with the loading mass. In this case 

the percentage of PLs obtained in fraction A increased as a function of the loading mass. For the 

recovery of PLs in fraction D, both the acid concentration and the loading mass had a statistically 

significant correlation, negative and positive, respectively. For the negative correlation between the 

PLs recovery and the loading masses, it showed that higher sample masses loaded onto the column 

significantly decreased the amount of PLs retained in the column. As for the correlation with the 

acidic treatment, it showed an increase in the retention of PLs in fraction D as the acid concentration 

increased. It is worth noting that the correlation between PLs obtained in fraction A and the acid 

treatment was not statistically significant (P,0.0584 > 0.05), but it is negative (PLs obtained in this 
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-0.3449 
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0.4721 

 

-0.9112  

P<0.05 
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-0.1578 

 

-0.3758 
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-0.6532 
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Figure 4.13. Spearman’s rank correlation matrix for all the fractions obtained (A, B, C and D) with the SPE modifying 

the loading mass and the acid concentration of the activation step. (+) Mean; (-) median; all correlations at confidence 

of 95%. Coefficients near to -1 and +1 imply a strong correlation between two factors. All experiments were performed 

using a standard mixture of PLs.  
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fraction decreased as the acid concentration increases), which was in agreement with the correlation 

between fraction D and acid concentration.         

4.3.4.4 Effect of pre-conditioning with hexanes after the activation of the column 

To date, experiments have been performed including a washing step with 6 mL of hexanes, 

which was included originally in the Paudel et al. procedure. For the next study, a reduction in the 

volume of the hexanes was investigated with a loading mass of 5 mg and 25 mg (Figure 4.14). The 

results indicated that the column retained up to 78±1.9 % dry wt. of PLs when the column was pre-

conditioned with 0 mL of hexanes after activation with 8% acid, which is 10% more than what is 

retained using a 0.5 mL hexanes-pre-conditioning (68.4±1.1 % dry wt. of PLs). Additionally, taking 

into consideration the results from Figure 4.12, when using 25 mg loading mass, the retention of 

PLs was ~50±0.8 % dry wt. using 6 mL of hexanes after activation. With these results and the fact 

that the hexanes washes out acetic acid, it can be inferred that the PLs interact more favorably with 

the column when the functionalized sorbent (NH2-Si) acts as a proton donator (-NH3
+) rather than 

a proton acceptor (-NH2). This would explain the trend observed where the use of little or no 

hexanes in pre-conditioning after acid treatment allows higher retention of PLs onto the column.   

A one-way ANOVA was performed on all the fractions using a loading mass of 25 mg (Table 

4.10). With a P-value below 0.05, there is a statistically significant difference between the means 

of fraction A, C and D, as a function of pre-conditioning (0.5 mL or 0 mL of hexanes) at the 95% 

confidence level. Looking back at the results from the one-way ANOVAs of acid concentration 

and loading mass (Table 4.9, Section 4.3.4.3), both levels had a statistically significant difference 

among the means of fractions A, B and D. However, the level of pre-conditioning with hexanes did 

not show a significant difference on the mean of fraction B, but did for fraction C. Therefore, using 

less than 6 mL of hexanes following column activation promotes the partial elution of PLs in 

fraction C, determined to be the only fraction free of PLs by the qualitative analysis in Section 4.3.1. 
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Fortunately, the amount of PLs partially eluted in fraction C in a real algal sample of 25 mg or less, 

would be considered negligible.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4.10. One-way ANOVA for the extraction of phospholipids by solid-phase extraction using 

0.5 mL and 0 mL of hexanes after the activation of the column with 8% acetic acid v/v in ethyl 

ether.   

 

 

Factor 

Fractions 

A B C D 

Preconditioning P(0.0003)* P(0.0872) P(0.0000)* P(0.0015)* 

*.- P<0.05, statistically significant over the phospholipid extraction by SPE at 95% confidence. 
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Figure 4.14. Percentage of PLs obtained in each of the fractions with the Paudel et al. procedure, adding an 

activation of the column with an 8% acetic acid in ethyl ether solution. After the activation, 0.5 mL of hexanes 

(a) or no hexanes (b) were passed through the column to finish the precondition step.     
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4.3.4.5 Effect of drying condition on phospholipid retention 

For the next study, the drying condition was modified, allowing a flow of air pass through the 

column for ~1 min after the last drop of eluent had exited the column. It is important to note that 

the drying condition was only applied after each of the fractions were retrieved; after sample 

loading and pre-conditioning step (including activation and hexanes washing) the column was not 

allowed to dry. The percentages obtained in each of the fractions were prone to smaller variations, 

giving more accuracy and consistency throughout the different experiments run with drying 

conditions. This represent a more standardized way of performing the SPE elutions, which would 

reduce the experimental errors in retrieving the extracted materials from their respective fractions 

(i.e. changing the column to the next recovery vial too soon/late).  

At a 95% confidence level using one-way ANOVA, all fractions were statistically significantly 

different (P<0.05) for each of the two levels of the drying condition (not dried vs. dried) in terms 

of PL extraction by SPE. The P-values for each of the fractions were: A, P(0.0002); B, P(0.0144); 

C, P(0.0070); and D, P(0.0001). The means of each of the fractions are displayed graphically in 

Figure 4.15. It is worth noting the trend among fractions A, B and C, where the partial elutions of 

PLs decreased in each of these when the drying condition was applied, while the retention of PLs 

in the column (fraction D) increased.  

Specifically, for these experiments using standard mixtures of PLs, letting the column run dry 

significantly enhanced the retention of PLs in the column, decreasing the premature elution of these 

compounds into earlier fractions. With the modification of the drying condition applied to the 

Paudel et al. procedure, a retention of PLs of approximately 60% dry wt. was achieved, in contrast 

to the approximately 50% dry wt. retained with the Paudel et al. procedure as originally reported.   

4.3.5 Effect of modified solid-phase extractions on the recovery of synthetic algal lipids 

The main purpose of the previous experiments was to enhance the retention of PLs in the 

column (fraction D). The conditions under which the PLs were better retained in the column were 
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identified, but it then became necessary to determine whether these conditions caused problems 

when applied to a standard mixture of lipids. All experiments were performed using an activation 

step with 8% acetic acid (v/v) in ethyl ether. For experiments 2-5, the activation step was followed 

by the addition of 0.5 mL of hexanes. For these experiments, two different loading solvents were 

used, hexanes (original) and hexanes:ethyl acetate (85:15) (v/v). In the latter option, the polarity of 

the loading solvent was increased, as it was found in Section 4.3.4.1 that the partial elution of the 

PLs in fraction A increased as the polarity of the eluent decreased. The effect of the individual 

variables and their interactions are shown in Table 4.11, only those with P-values below 0.05 were 

considered to be statistically significant with respect to the extracted material in fractions A, B, C 

and D.  
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Figure 4.15. Means plots and the Least Significant Difference (LSD) Intervals for fractions A, B, C, and D from 

the one-way ANOVA on the extraction of PLs by SPE. The y-axis represents the extracted PL % on a dry mass 

basis for fractions A, B and C, whereas for D it represents the PLs (% on a dry mass basis) retained in the column. 

Since the P-value of the F-test is less than 0.05 for all fractions, there is a statistically significant difference between 

the mean of each of the fractions from one level of drying condition to another at the 95% confidence level.     
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Table 4.11. Effect of individual factors and their interaction on the extraction of synthetic algal lipids by 

the modified solid-phase extraction procedures. 

*.- P<0.05, statistically significant over the material extracted by SPE at 95% confidence. 

 

Comparing the results in Figure 4.16 Experiments 2 and 4 (15 mg of loading mass), it can be 

noted that fraction A overestimated the quantity of TGs present in the standard mixture for both 

experiments. However, for Experiment 2, which uses hexanes as loading solvent, the 

overestimation of TGs was greater than for Experiment 4 (which used a more polar loading solvent 

mixture, hexanes:ethyl acetate (85:15) (v/v)), as expected. For Experiments 3 and 5 (25 mg of 

loading mass), the trend was similar, where the lower the polarity of the loading solvent, the more 

the PLs could be prematurely eluted in fraction A. It is interesting that in these experiments, the 

loading mass did not appear to significantly affect the percentage recovery of material in fraction 

A, as there were no statistically significant differences (P>0.05) between 15 mg and 25 mg with 

neither hexanes nor hexanes:ethyl acetate (85:15) (v/v). For Experiments 6-9, the activation step 

was followed by the addition of 6 mL of hexanes (original). In Experiments 6 and 8 (15 mg of 

loading mass), hexanes and hexanes:ethyl acetate (85:15) (v/v) were used as loading solvent, 

respectively. The trend for fraction A was similar to that from Experiments 2 vs 4 (15 mg loading  

  

Factors 

Dependent variable 

A B C D 

Main effects 

Addition of hexanes P(0.0269)* P(0.1560) P(0.2840) P(0.0251)* 

Loading mass P(0.0997) P(0.3869) P(0.3440) P(0.0402)* 

Loading solvent P(0.0120)* P(0.1802) P(0.6674) P(0.0461)* 

Interactions 

Addition of 

hexanes∙Loading mass 
P(0.5000) P(0.6166) P(0.4471) P(0.1638) 

Addition of 

hexanes∙Loading 

solvent 

P(0.0443)* P(0.2369) P(0.3897) P(0.0374)* 

Loading mass∙Loading 

solvent 
P(0.0577) P(0.9208) P(0.6392) P(0.0647) 
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Figure 4.16. SPE fractionation of standard mixtures of lipids based on the Paudel et al. procedure 

(Experiment 1) using modified conditions. All experiments where ran using an activation step of 8% acetic 

acid (v/v) in ethyl ether. In A) the experiments that used 0 mL of hexanes after activation are shown, in B) 

the experiments that used 0.5 mL of hexanes after activation, and in C) the experimental conditions for all of 

the SPEs performed.   
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CONDITIONS 

EXPERIMENT # 

2 3 4 5 6 7 8 9 

Hexanes after 

activation 

6 mL     ● ● ● ● 

0.5 mL ● ● ● ●     

Loading mass 
15 mg ●  ●  ●  ●  

25 mg  ●  ●  ●  ● 

Loading 

solvent 

Hexanes ● ●   ● ●   

Hexanes:ethyl acetate (85:15)(v/v)   ● ●   ● ● 
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mass) and 3 vs 5 (25 mg of loading mass), where the least polar loading solvent increased the 

premature elution of PLs in fraction A. Similarly, for Experiments 7 and 9, the hexanes loading 

solvent led to the early elution of PLs on fraction A.  

The addition of hexanes (0.5 mL vs 6 mL) after the activation step using 8% of acetic acid in 

diethyl ether (v/v) has a statistically significant (P<0.05) effect over the recovery of fraction A only 

when the loading solvent used is hexanes (Experiments 2 vs 6, and 3 vs 7). Conversely, when the 

loading solvent used is hexanes:ethyl acetate (85:15)(v/v), the addition of hexanes do not have a 

statistically significant (P≥0.05) effect over the recovery of fraction A (Experiments 4 vs 8, and 5 

vs 9). Therefore, the significant effect (P(0.0443)) of the interaction Addition of hexanes∙Loading 

solvent in Table 4.11 is due to the use of hexanes as the loading solvent, which suggests that 

lowering the volume of hexanes added to the column after activation is affecting directly the elution 

of PLs in fraction A only when hexanes is used as the loading solvent.  

Overall, the experiments performed with the modified factors helped to reduce the presence of 

PLs in fraction A. However, the amount of FA is greatly underestimated, and TGs and PLs are 

overestimated. Even though the GL quantification becomes more accurate than the original Paudel 

et al. procedure with all of the modifications made, the purpose of this thesis is to provide the most 

accurate SPE procedure to quantify ULs for biofuel production. Therefore, the Paudel et al. 

procedure seems to be the most accurate of all the methods performed, but the possibility of PL 

cross-contamination in fraction A must be kept in mind.  

4.4 Conclusions 

The Paudel et al. procedure was used, by the original authors, to quantify the amount of UL in 

algae extracts. However, in the experiments described in this chapter, the Paudel et al. procedure 

was found to extract cross-contaminated fractions, especially in samples with elevated PL content. 

The result represented an overestimation of the AG content. Therefore, the focus of the experiments 

in this chapter was to enhance PL retention on the column. To better understand the interactions 
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that may occur within the column (i.e. between the analytes and the sorbent surface or between the 

analytes and the eluents), the behaviour of analytes in different types of sorbents was analyzed. 

This provided valuable insight on the main retention mechanism in the SPE system for algal 

extracts. The nature of the interactions was highly dependent on the type of sorbent used. Thus, 

comparing two different sorbents facilitates the identification of the binding forces actively acting 

over the analytes. Discrepancies in the retention behaviour of the analytes, if any, could be 

attributed to secondary interactions taking place in the column between the silica backbone, the 

functional group aminopropyl, and the small alkyl chain of this group.  

When the quantification of PLs is not of particular relevance, but rather an approximation of 

the total UL content, without differentiation between AG and FA, is required, the non-bonded silica 

(-Si) is a suitable option to considered. However, when quantification of the ULs with 

differentiation between AG and FA is desired, the original Paudel et al. method is superior (cross-

contamination of PLs into the AGs fraction must be considered). The use of the -Si sorbent was not 

further developed in this study, leaving open the possibility that further work could result in a viable 

SPE protocol using this sorbent.  

When quantification of PLs becomes crucial for an application (i.e. the estimation of ULs for 

biodiesel production in algal extract), it is recommended that the NH2-Si sorbent be employed given 

that it more accurately estimates the composition of the extract. However, the time requirement and 

the solvent consumption increases compared to the other column. 

Lower loadings of PLs reduced the PL elution in fraction A. However, the interaction of 

loading mass with the drying condition affected the extraction of other analytes, such as the FAs in 

fraction C, which was compromised compared to the original Paudel et al. procedure.   

The premature elution of PLs is attributed to the low number of active sites in the column, and 

these could be activated with an acid pre-conditioning of the column. Therefore, it would be 
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recommended that an activation step be included to prepare the column for the analytes to be passed 

through the column for samples that contain high amounts of PL, but the unfortunate side effect of 

this strategy is a potentially significant underestimation of the FA content.  

The PL retention onto the column was increased to 86% on a dry mass basis, representing a 

great enhancement compared to the original 5% on a dry mass basis from the Paudel et al. 

procedure. The conditions required to achieve these results included an acid treatment of 8% acetic 

acid in ethyl ether (v/v), followed by 0.5 mL of hexanes and a loading mass of 5 mg. Additionally, 

it was also important to allow the column to run dry after each elution as it made the PLs elution 

between the fractions more consistent and accurate. Regarding the loading solvent used to load the 

column with the sample, the use of hexanes is recommended only for loading masses of 5 mg, as 

for higher masses the recovery of fraction A is affected. If higher masses, such as 15 mg and 25 

mg, are required to be analyzed, the use of hexanes:ethyl acetate (85:15)(v/v) as a loading solvent 

is proposed. This allows for the addition of less hexanes (0.5 mL) after activation without 

compromising the recovery of fraction A (less PLs prematurely eluted), decreasing solvent- and 

time-consumption. 

Even though the modified factors helped to significantly reduce the presence of PLs in fraction 

A (by enhancing the retention of PLs in fraction D to 78±1.9 % dry wt. versus 5.3±1.1 % dry wt.), 

the extraction of other compounds that were originally more accurate, such as FAs, seemed to be 

negatively affected, resulting in great underestimation of FAs, and an overestimation of TGs and 

PLs. The GL fraction was however more accurate than obtained using the original Paudel et al. 

procedure. Modification of the SPE election conditions affects not only one compound, but all of 

them as in a domino effect. It would be recommended to perform a more rigorous revision to the 

SPE conditions that could potentially affect the quantification of analytes in an algal extract 

mixture. Additionally, rather than testing the processes by trial-and-error, which can be highly time-

consuming, a more theoretical approach would be recommended, as it would give insight into the 
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behaviour of analytes within the SPE system. Therefore, a more systematic way of testing the 

degree of separation of each of the analytes would be most helpful to find the appropriate SPE 

conditions efficiently. 
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Chapter 5                                                                                     

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE DIRECTIONS 

5.1 Conclusions of experimental work 

Microalgae are a low-cost, high-energy, and entirely renewable feedstock for the production 

of biofuel. The conversion of its abundant lipidic content into biodiesel has been widely studied 

around the world. However, issues arising when attempting to differentiate between total lipid 

content versus useful lipid (UL) content for the production of biofuels remain to be addressed. As 

a result, ULs may be overestimated, leading to the selection of an inappropriate extraction 

technique with higher yields (i.e. ~40% dry wt. total lipid content), rather than selecting those with 

lower yields but higher selectivity towards ULs (i.e. 10% dry wt. ULs). On the positive side, the 

number of studies characterizing the algal extract subsequent to the extraction technique employed 

is increasing, which is facilitating the publication of more representative characterizations and 

reported lipid yields.  

There are several analytical methods used for the characterization of algal extracts. Among 

them, solid-phase extraction (SPE) has emerged as one of the easiest, fastest, and most 

economically accessible. However, when considering the specific application of SPE to algal 

biomass, different SPE procedures culminate in different results (i.e. variation in lipid 

composition), and there is no standardization in the conditions applied in each method. Therefore, 

exploring the current SPE procedures applied to fractionated algal extracts was a major part of the 

research described in this thesis. Additionally, modifications were performed on the SPE 

parameters to standardize the procedures and to tackle related challenges.  

In Chapter 3, three different SPE procedures currently applied to algal extracts were tested 

under standardized conditions: the Paudel procedure, the Hussain procedure, and the NRC protocol. 

The major difference among them is the type of sorbent used. The Paudel procedure uses an 
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aminopropyl bonded silica (NH2-Si), whereas the Hussain procedure and the NRC protocol use 

non-bonded silica (-Si). Additionally, the solvent systems that each procedure uses also differ. The 

Paudel procedure uses hexanes:ethyl acetate (85:15) (v/v), chloroform:methanol (23:1) (v/v), and 

ethyl ether:acetic acid (46:1) (v/v); whereas the Hussain procedure and the NRC protocol use 

chloroform, acetone, and methanol. Nonetheless, these three procedures yielded in similar 

extractions of ULs  (all glycerides (AGs) and fatty acids (FAs)): 23.8±0.2 % dry wt. for the Paudel 

procedure, 21.2±0.1 % dry wt. for the Hussain procedure, and 24.8±0.0 % dry wt. for the NRC 

protocol. However, the NRC protocol was proven to be more accurate in the estimation of ULs and 

remaining lipids contained in the algal extract (when compared to standard lipid mixtures), namely, 

glycolipids (GLs) and phospholipids (PLs). Whereas the Hussain procedure was not efficient in the 

determination of the GL and PL fractions. Furthermore, the Paudel procedure experienced cross-

contamination of the fractions retrieved. Hence, the NRC protocol is a suitable analytical method 

for general applications that target ULs, GLs, and PLs. This procedure would be a rapid, efficient, 

and economical approach to apply when a large number of samples needs to be screened. 

Specifically, in biofuel production, the benefits associated with the fact that more than 90% of the 

lipids of interest are fractionated in the first elution is an outstanding synergy. This allows users to 

save valuable time and resources while achieving a reliable analysis. The only disadvantage of this 

procedure is its inability to separate the UL content into individual lipid classes: AGs and FAs. 

When seeking to achieve accurate quantification of AGs and FAs, the Paudel procedure is 

recommended. It may be advantageous to apply a combination of the NRC protocol and the Paudel 

procedure in order to obtain a more accurate quantification of algal lipids. More specifically, 

applying the NRC protocol, to quantify ULs, prior to the Paudel procedure, to quantify AGs and 

FAs, is suggested. The standardized conditions – loading mass (how much and how to place it into 

the column), the bed weight, the drying condition, and all the pre- and post-sample handling, 

established in this work for both procedures, will provide more reliable results. In Chapter 4, the 
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Paudel procedure was explored further, and it was found that this procedure had certain limitations 

related to the elution of fractions, with PLs being the primary fraction of concern. When present in 

large amounts, the PLs were partially eluted in early fractions (A and B), even though they were 

expected to remain sorbed to the column throughout the entire SPE procedure. Consequently, 

various procedure modifications were implemented and tested to determine the essential factors 

that could enhance the retention of PLs to the column, and to improve fractionation efficiency. 

Standard lipid mixtures (SLM) of known concentrations were used to evaluate the behaviour of 

each of the compounds in two different sorbents (NH2-Si and -Si). These results were analyzed and 

provided meaningful insights in regards to the physical phenomena taking place during the sorption 

and elution of the analytes. Statistical analyses were also conducted to identify which factors were 

statistically significant at the 95% confidence level. Additionally, a standard mixture of PLs was 

used to identify the conditions that would promote or hinder its partial elution in early fractions. 

Results showed that the retention of PLs enhanced significantly (P<0.05) when the following 

proposed modifications are made: 

1) Activation step – acid treatment of 8% acetic acid in ethyl ether (v/v) 

2) Preconditioning step – 0.5 mL of hexanes 

3) Loading mass – 5 mg to 25 mg 

4) Drying condition – after each elution only  

The experiments carried out to achieve the conditions mentioned above were applied to larger 

amounts of PLs (100%, 50% and 33% dry wt.) when compared to the amount of PLs naturally 

present in algal cells (roughly 14% dry wt.), which could potentially result in an overstatement of 

the extent to which PLs elute prematurely. The modified conditions were also tested using SLM of 

known concentrations to investigate how these changes would affect the separation of other 

compounds of interest, namely TGs and FAs. Although PLs were retained in the column more 

efficiently than the Paudel procedure (78±1.9 % dry wt. versus 5.3±1.1 % dry wt.), the FAs were 



 

122 

 

also significantly (P<0.05) affected by the interaction of the loading mass (50 mg, n=3) and the 

drying condition (dried). Additionally, including sorbent activation in the preconditioning process 

decreased the separation efficiency of the proposed SPE. The latter resulted in the underestimation 

of FAs (14.78% of the total FAs in the SLM) and overestimation of TGs and PLs (135.83%, and 

222.82% of the total TGs and PLs in the SLM, respectively). However, the estimation of GLs was 

roughly as expected (100.95% of the total GLs in the SLM), an improvement when compared to 

previous quantifications using the original Paudel procedure (19.14% of the total GLs in the SLM). 

Even though an enhancement to the Paudel procedure was achieved in regards of the PL retention, 

different challenges arose, as the modification to the Paudel procedure conditions significantly 

affected the separation of all the lipids. 

To conclude, the most accurate and fastest SPE procedure for the quantification of ULs was 

the NRC protocol, which is suitable for the renewable energy research area. The Hussain procedure 

provides similar results to the NRC protocol, but its accuracy was generally found to be lower. 

Complementary to this, the Paudel procedure is a useful addition to differentiate between FAs and 

GLs. Fractionating the algal extract with the NRC protocol, followed by fractionation of the neutral 

lipids obtained from the latter with the Paudel procedure will minimize or overcome the current 

limitations (i.e. cross-contamination of TGs and PLs), because PLs would have been separated 

from the neutral lipids using the NRC protocol. 

5.2 Engineering contributions 

The use of SPE is growing as a reliable method for sample preparation, analytical 

determinations, separation, purification and clean-up. The application of SPE fits in a wide variety 

of research areas (environmental, clinical, food, and pharmaceutical industries), therefore, it has 

been successfully standardized and even automated for several simple applications. However, the 

application of SPE to algal biomass fractionation has yet to establish standardized procedures; 

neither is there a detailed analysis of the retention mechanisms occurring in the column during the 
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sorption and elution of the analytes. Additionally, to the best of our knowledge, neither a validation 

nor proper evaluation of the efficiency of these methods has been performed. Specifically, for the 

Paudel procedure, although based on two different well-standardized and validated SPE procedures 

applied to lipids from human and animal sources, the separation efficiency could have been 

compromised as various parameters were modified (such as preconditioning, sequential elutions 

and type of matrix), particularly when the origin of the matrix was changed.     

This thesis contributed to the evaluation and the comparison of the degree of fractionation of 

current SPE procedures applied to algal extract under certain standardized conditions that could be 

easily applied to any SPE protocol without negatively affecting the overall extraction of the 

analytes. In addition, a reliable standardization of the NRC method and Paudel procedure was 

performed, giving potential users the option to choose between lipid composition accuracy or time-

efficiency. The NRC method can be used for an accurate and fast estimation of UL content, whereas 

the Paudel procedure is recommended due to its ability to fractionate the UL content into lipid 

classes (AGs and FAs). The user also has the option of performing these two procedures to have a 

more accurate quantification of UL content and a closer approximation of AGs and FAs.  

Another important contribution was the exploration of experimental factors and the effect of 

their modification over the fractions extracted. This, associated with the results obtained about the 

behaviour of the analytes (interactions of the analytes with the stationary and mobile phases 

happening within the column) in different chemical environments, is something that is not 

commonly found in the literature. Having information about the interactions occurring under 

specific SPE conditions, and how they influence the behaviour of the analytes, can provide the user 

with valuable information and enable them to developed a SPE procedure in a more systematic 

manner rather than the trial-and-error approach.    

The work presented in this thesis also tackles the lack of agreement with respect to the 

conditions used for the quantification of algal lipids using different SPE procedures and the limited 
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details provided in the literature (such as loading masses, preconditioning conditions, bed weight 

of sorbents, and pre- and post-handling sampling conditions). The identification of the current SPE 

procedures applied to algae, their evaluation, the modifications and standardization of the SPE 

conditions, combined with the detailed insight of the molecular behavior of the algal components, 

made it possible to reduce the uncertainty that comes with the use of different methodologies that 

are not in agreement with each other.  

Using chemistry principles, this work has verified and standardized protocols that are 

imperative for the biodiesel production growth and accessibility. A validated, economical, and fast 

SPE procedure to process algal extract that can potentially improve the quality of biodiesel 

production, while saving energy and increasing FAMEs yield, has been presented in this work.   

5.3 Future directions 

For future directions, the scaling-up of the NRC protocol and the Paudel procedure is 

recommended. This will reduce the error that comes as a result of using a non-representative sample 

of algal extract, which is bound to happen when the sample volume or mass is too low (< 50 mg). 

An alternative would be to perform a rigorous complementary revision (to the evaluation performed 

in this thesis) of the SPE factors affecting all of the analytes in the mixture and to evaluate the 

separation efficiency individually and in conjunction.  

If further testing of the SPE procedure is performed, it is recommended that the binding 

mechanisms (such as secondary interactions taking place in the column between the silica 

backbone, the functional group aminopropyl, and the small alkyl chain of this group) presented in 

this work be considered to achieve a more systematic way (instead of the trial-and-error approach) 

of testing the degree of separation of each of the analytes, allowing a prompt and efficient change 

of SPE conditions. 

Additionally, the use of SPE as a means of quantification of ULs for biodiesel production could 

potentially be applied to sample preparation, which could provide algal extracts containing little to 
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no contaminants, and improve biodiesel conversion. Testing the conversion efficiency of lipidic 

biomass into biodiesel, through a transesterification and esterification reaction, using SPE as a 

sample preparation is also recommended. Future studies could also provide insight regarding the 

differences in the quality of the biofuel produced while comparing the use of non-fractionated algal 

extract. 

Studies could also be performed to compare and quantify the ULs in the algal extract obtained 

by novel extraction techniques (i.e. those using supercritical CO2, or ionic liquids to extract lipids) 

while also comparing and quantifying ULs present in the algal extract obtained by conventional 

extraction techniques (i.e. Soxhlet extraction and Bligh and Dyer extraction). By doing this, the 

reliability of each approach could be determined, and different techniques could be ranked in terms 

of selectivity towards ULs for biodiesel production.   
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Appendix A 

SPECIFICATIONS OF DIESEL AND BIODIESEL FUELS 

 

Table A-5.1. Comparison of the specifications of diesel versus biodiesel fuels and their importance. 

FUEL PROPERTY DIESEL BIODIESEL IMPORTANCE 

Fuel standard ASTM D975 ASTM PS 121 --- 

Fuel composition C10–C21 HC C12–C22 FAME --- 

Lower heating value (MJ/m3) 36.6 × 103 32.6 × 103 
Wax crystals may block fuel filters on 

diesel engines and in distribution lines. 

Kinematic viscosity at 40 °C 

(mm2/s) 
1.3-4.1 1.9-6.0 

Injector wear & spray pattern, pump 

wear, filter damage. 

Specific gravity at 15.5 °C 0.85 0.88 
Helps prevent phase separation of fuel 

blends. 

Density at 15 °C (kg/m3) 848 878 

Denser fuel has higher energy content - 

giving higher power output or greater 

fuel economy in a diesel engine. 

Water (ppm by wt.) 161 0.05% max. 
Filter plugging, injector wear, 

increased corrosion. 

Carbon (wt.%) 87 77 
To reduce deposits in fuel system and 

engine. 

Hydrogen (wt.%) 13 12 
Protect against fuel system deposits & 

corrosion. 

Oxygen (by diff.) (wt.%) 0 11 
Storage stability, prevent degradation 

of fuel. 

Sulphur (wt.%) 0.05 max. 0.0-0.0024 
To protect emissions control 

equipment. 

Boiling point (°C) 188-343 182-338 
Affects fuel economy and power under 

varying loads/speeds. 

Flash point (°C) 60-80 100-170 Safety during fuel handling & storage. 

Cloud point (°C) -15 to 5 -3 to 12 Low-temperature operability. 

Pour point (°C) -35 to -15 -15 to 10 
Point at which fuel gels and becomes 

resistant to flow. 

Cetane number 40-55 48-65 
Measure of ignitability (ignition 

quality). 

Phosphorus content (% mass) --- 0.001 max 
Protect catalysts in exhaust after-

treatment devices. 

Table modified from [1], [2].] 
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Appendix B 

1H NUCLEAR MAGNETIC RESONANCE (NMR) SPECTRA FOR 

THE SOLID PHASE EXTRACTION PROCEDURES TESTED IN 

CHAPTER 3 
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Hussain et al. procedure 

NRC protocol 

Fraction C 

Fraction B 

Fraction A 
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Figure B-1. 1H NMR spectra for fractions A, B and C obtained with the Paudel et al. 

procedure, NRC protocol and Hussain et al. procedure.  
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Appendix C 

ONE-WAY ANALYSIS OF VARIANCE OF SPE PROCEDURES 

TESTED IN CHAPTER 3  

 

 

One-Way ANOVA – TG + FA by Method 

Dependent variable: TG + FA 

Factor: Method (As - Paudel et al. [3]; H - Hussain et al. [4]; and F - NRC protocol [5]). 

Number of observations: 9 

Number of levels: 3 

 

This procedure performs a one-way analysis of variance for TG + FA.  It constructs various 

tests and graphs to compare the mean values of TG + FA for the 3 different levels of Method.  The 

F-test in the ANOVA table will test whether there are any significant differences amongst the 

means.  If there are, the Multiple Range Tests will tell you which means are significantly different 

from which others.  If you are worried about the presence of outliers, choose the Kruskal-Wallis 

Test which compares medians instead of means.  The various plots will help you judge the practical 

significance of the results, as well as allow you to look for possible violations of the assumptions 

underlying the analysis of variance.   
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Figure C-1. Scatterplot by level code. 
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In Table C-1, the various statistics for TG + FA for each of the 3 levels of Method are 

presented.  The one-way analysis of variance is primarily intended to compare the means of the 

different levels, listed here under the Average column.   

 

Table C-1. Summary Statistics for TG + FA 

Method Count Average Standard deviation Coeff. of variation Minimum Maximum Range 

As 3 23.8241 1.0999 4.61674% 23.0769 25.0871 2.01018 

F 3 21.1632 6.30054 29.7712% 13.8889 24.8996 11.0107 

H 3 21.2159 0.582055 2.74348% 20.5993 21.7557 1.15647 

Total 9 22.0677 3.47089 15.7283% 13.8889 25.0871 11.1982 

 

Method Stnd. skewness Stnd. kurtosis 

As 1.16407  

F -1.22338  

H -0.412843  

Total -2.25644 2.48849 

   

 

 

 

 

 

 

 

In Table C-2 is the ANOVA table that decomposes the variance of TG + FA into two 

components: a between-group component and a within-group component.  The F-ratio, which in 

this case equals 0.504989, is a ratio of the between-group estimate to the within-group estimate.  

Since the P-value of the F-test is greater than or equal to 0.05, there is not a statistically significant 

difference between the mean TG + FA from one level of Method to another at the 95.0% confidence 

level. 

Re siduals

Method P = 0.6271
F
H

As

Graphical ANOVA for TG + FA

-8 -6 -4 -2 0 2 4

Figure C-2. Graphical ANOVA for TG + FA. 
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Table C-2. ANOVA table for TG + FA by Method 

Source Sum of Squares Df Mean Square F-Ratio P-Value 

Between groups 13.8856 2 6.94282 0.50 0.6271 

Within groups 82.4908 6 13.7485   

Total (Corr.) 96.3764 8    

 

 

 

Table C-3 shows the mean TG + FA for each level of Method.  It also shows the standard error 

of each mean, which is a measure of its sampling variability. The standard error is formed by 

dividing the pooled standard deviation by the square root of the number of observations at each 

level. The table also displays an interval around each mean. The intervals currently displayed are 

based on Fisher's least significant difference (LSD) procedure. They are constructed in such a way 

that if two means are the same, their intervals will overlap 95.0% of the time.  In the Multiple Range 

Tests, these intervals are used to determine which means are significantly different from which 

others. 

 

Table C-3. Means for TG + FA by Method with 95.0 percent LSD  

Intervals. 

   Stnd. error   

Method Count Mean (pooled s) Lower limit Upper limit 

As 3 23.8241 2.14075 20.1201 27.5281 

F 3 21.1632 2.14075 17.4592 24.8672 

H 3 21.2159 2.14075 17.5119 24.9199 

Total 9 22.0677    
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Figure C-3. Means and 95% LSD Intervals. 
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Multiple Range Tests for TG + FA by Method 

This table applies a multiple comparison procedure to determine which means are significantly 

different from which others.  The bottom half of the output shows the estimated difference between 

each pair of means.  There are no statistically significant differences between any pair of means at 

the 95.0% confidence level.  At the top of the page, one homogenous group is identified by a 

column of X's.  Within each column, the levels containing X's form a group of means within which 

there are no statistically significant differences.  The method currently being used to discriminate 

among the means is Fisher's least significant difference (LSD) procedure.  With this method, there 

is a 5.0% risk of calling each pair of means significantly different when the actual difference equals 

0.   

Table C-4. Multiple Range Test table for TG + FA  

by Method at 95% LSD. 

Method Count Mean Homogeneous Groups 

F 3 21.1632 X 

H 3 21.2159 X 

As 3 23.8241 X 

 

Contrast Sig. Difference +/- Limits 

As - F  2.66087 7.408 

As - H  2.60818 7.408 

F - H  -0.0526898 7.408 

* denotes a statistically significant difference. 
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Figure C-4. Residual plot for TG + FA. 
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Variance Check 

The statistic displayed in Table C-5 tests the null hypothesis that the standard deviations of TG 

+ FA within each of the 3 levels of Method is the same.  Of particular interest is the P-value.  Since 

the P-value is less than 0.05, there is a statistically significant difference amongst the standard 

deviations at the 95.0% confidence level.  This violates one of the important assumptions 

underlying the analysis of variance and will invalidate most of the standard statistical tests. The 

table also shows a comparison of the standard deviations for each pair of samples.  P-Values below 

0.05, of which there are 1, indicate a statistically significant difference between the two sigmas at 

the 5% significance level. 

 

Table C-5. Variance check. 

 Test P-Value 

Levene's 11.5928 0.00868864 

 

Comparison Sigma1 Sigma2 F-Ratio P-Value 

As / F 1.0999 6.30054 0.0304753 0.0591 

As / H 1.0999 0.582055 3.57087 0.4376 

F / H 6.30054 0.582055 117.173 0.0169 

 

 

Kruskal-Wallis Test for TG + FA by Method 

 

The Kruskal-Wallis test found in Table C-6, tests the null hypothesis that the medians of TG 

+ FA within each of the 3 levels of Method are the same. The data from all the levels is first 

combined and ranked from smallest to largest. The average rank is then computed for the data at 

each level.  Since the P-value is greater than or equal to 0.05, there is not a statistically significant 

difference amongst the medians at the 95.0% confidence level.   

Table C-6. Kruskal-Wallis test table. 

Method Sample Size Average 

Rank 

As 3 6.66667 

F 3 5.33333 

H 3 3.0 

Test statistic = 2.75556   P-Value = 0.252138 
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Figure C-5. Median plot for TG + FA by Method (As, F, H). 
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Appendix D 

STATISTICAL ANALYSES PERFORMED FOR EXPERIMENTAL 

PROCEDURES IN CHAPTER 4 

 

Multifactor ANOVA – A 

Dependent variable: A 

Factors: Drying condition, Loading mass. 

Number of complete cases: 21 

 

 

This procedure performs a multifactor analysis of variance for A.  It constructs various tests 

and graphs to determine which factors have a statistically significant effect on A.  It also tests for 

significant interactions amongst the factors, given sufficient data.  The F-tests in the ANOVA table 

will allow you to identify the significant factors.  For each significant factor, the Multiple Range 

Tests will tell you which means are significantly different from which others.  The Means Plot and 

Interaction Plot will help you interpret the significant effects.  The Residual Plots will help you 

judge whether the assumptions underlying the analysis of variance are violated by the data. 

 

Analysis of Variance for A - Type III Sums of Squares  

The ANOVA table (Table D-1) decomposes the variability of A into contributions due to 

various factors.  Since Type III sums of squares (the default) have been chosen, the contribution of 

each factor is measured having removed the effects of all other factors.  The P-values test the 

statistical significance of each of the factors.  Since one P-value is less than 0.05, this factor has a 

statistically significant effect on A at the 95.0% confidence level.   
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Table D-1. Analysis of Variance for A. 

Source Sum of 

Squares 

Df Mean 

Square 

F-Ratio P-Value 

MAIN EFFECTS      

 A:Drying condition 3.07723 1 3.07723 1.17 0.2943 

 B:Loading mass 17.6615 1 17.6615 6.72 0.0190 

INTERACTIONS      

 AB 0.132708 1 0.132708 0.05 0.8249 

RESIDUAL 44.6689 17 2.62758   

TOTAL 

(CORRECTED) 

63.1394 20    

All F-ratios are based on the residual mean square error. 

 

 

 

 

 

 

 

 

 

Table D-2 shows the mean A for each level of the factors.  It also shows the standard error of 

each mean, which is a measure of its sampling variability.  The rightmost two columns show 95.0% 

confidence intervals for each of the means.   

 

 

 

 

Graphical ANOVA for A

-4.3 -2.3 -0.3 1.7 3.7 5.7

Re siduals

Drying condition P = 0.2943
Not dry Dry

Loading mass P = 0.0190
25 50

Figure D-1. Graphical ANOVA for A. 
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Table D-2. Least Squares Means for A with 95.0% Confidence Intervals for A. 

   Stnd. Lower Upper 

Level Count Mean Error Limit Limit 

GRAND MEAN 21 8.79521    

Drying condition      

Dry 6 9.25167 0.661763 7.85547 10.6479 

Not dry 15 8.33875 0.52317 7.23496 9.44254 

Loading mass      

25 6 7.70167 0.661763 6.30547 9.09787 

50 15 9.88875 0.52317 8.78496 10.9925 

Drying condition by Loading 

mass 

     

Dry,25 3 8.06333 0.935874 6.08881 10.0379 

Dry,50 3 10.44 0.935874 8.46547 12.4145 

Not dry,25 3 7.34 0.935874 5.36547 9.31453 

Not dry,50 12 9.3375 0.467937 8.35024 10.3248 

 

 

 

 

 

Multiple Range Tests for A by Drying condition 

This table applies a multiple comparison procedure to determine which means are significantly 

different from which others.  The bottom half of the output shows the estimated difference between 

each pair of means.  There are no statistically significant differences between any pair of means at 

the 95.0% confidence level.  At the top of the page, one homogenous group is identified by a 

column of X's.  Within each column, the levels containing X's form a group of means within which 

there are no statistically significant differences.  The method currently being used to discriminate 

Dry Not dry

Means and 95.0 Percent LSD Inte rvals

Drying condition

7.5

8

8.5

9

9.5

10

10.5

A

Figure D-2. Means and 95.0% LSD Intervals for A. 
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among the means is Fisher's least significant difference (LSD) procedure.  With this method, there 

is a 5.0% risk of calling each pair of means significantly different when the actual difference equals 

0.  

  

Table D-3. Method: 95.0 percent LSD for A. 

Drying 

condition 

Count LS Mean LS Sigma Homogeneous 

Groups 

Not dry 15 8.33875 0.52317 X 

Dry 6 9.25167 0.661763 X 

 

Contrast Sig. Difference +/- Limits 

Dry - Not dry  0.912917 1.77981 

* denotes a statistically significant difference. 

 

 

Multifactor ANOVA – B 

Dependent variable: B 

Factors: Drying condition, Loading mass. 

Number of complete cases: 21 

 

This procedure performs a multifactor analysis of variance for B. 

 

Analysis of Variance for B - Type III Sums of Squares  

Table D-4 decomposes the variability of B into contributions due to various factors.  Since 

Type III sums of squares (the default) have been chosen, the contribution of each factor is measured 

having removed the effects of all other factors.  The P-values test the statistical significance of each 

of the factors.  Since no P-values are less than 0.05, none of the factors or interactions have a 

statistically significant effect on B at the 95.0% confidence level.   
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Table D-4. ANOVA table for B. 

Source Sum of 

Squares 

Df Mean 

Square 

F-Ratio P-Value 

MAIN EFFECTS      

 A:Drying condition 18.0676 1 18.0676 2.52 0.1307 

 B:Loading mass 14.6403 1 14.6403 2.04 0.1709 

INTERACTIONS      

 AB 0.00360577 1 0.00360577 0.00 0.9824 

RESIDUAL 121.765 17 7.16267   

TOTAL 

(CORRECTED) 

148.39 20    

All F-ratios are based on the residual mean square error. 

 

 

 

 

 

Table D-5 shows the mean B for each level of the factors. It also shows the standard error of 

each mean, which is a measure of its sampling variability.  The rightmost two columns show 95.0% 

confidence intervals for each of the means.  

 

Graphical ANOVA for B

-7 -4 -1 2 5 8

Re siduals

Drying condition P = 0.1307
Not dry Dry

Loading mass P = 0.1709
25 50

Dry Not dry

Means and 95.0 Percent LSD Inte rvals

Drying condition

9.8

10.8

11.8

12.8

13.8

14.8

15.8

B

Figure D-3. Graphical ANOVA for B. 

Figure D-4. Means and 95% LSD Intervals for B. 
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Table D-5. Least Squares Means for B with 95.0% Confidence Intervals for B. 

   Stnd. Lower Upper 

Level Count Mean Error Limit Limit 

GRAND MEAN 21 12.2273    

Drying condition      

Dry 6 13.3333 1.0926 11.0281 15.6385 

Not dry 15 11.1213 0.863777 9.29884 12.9437 

Loading mass      

25 6 11.2317 1.0926 8.92647 13.5369 

50 15 13.2229 0.863777 11.4005 15.0453 

Drying condition by Loading mass      

Dry,25 3 12.3533 1.54517 9.0933 15.6134 

Dry,50 3 14.3133 1.54517 11.0533 17.5734 

Not dry,25 3 10.11 1.54517 6.84997 13.37 

Not dry,50 12 12.1325 0.772586 10.5025 13.7625 

 

Multiple Range Tests for B by Drying condition 

Table D-5 applies a multiple comparison procedure to determine which means are significantly 

different from which others.  The bottom half of the output shows the estimated difference between 

each pair of means.  There are no statistically significant differences between any pair of means at 

the 95.0% confidence level.  At the top of the page, one homogenous group is identified by a 

column of X's.  Within each column, the levels containing X's form a group of means within which 

there are no statistically significant differences.  The method currently being used to discriminate 

among the means is Fisher's least significant difference (LSD) procedure.  With this method, there 

is a 5.0% risk of calling each pair of means significantly different when the actual difference equals 

0.   

 

Table D-6. Method: 95.0 percent LSD for B. 

Drying 

condition 

Count LS Mean LS Sigma Homogeneous 

Groups 

Not dry 15 11.1213 0.863777 X 

Dry 6 13.3333 1.0926 X 

 

Contrast Sig. Difference +/- Limits 

Dry - Not dry  2.21208 2.93856 

* denotes a statistically significant difference. 
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Multifactor ANOVA – C 

Dependent variable: C 

Factors: Drying condition, Loading mass. 

Number of complete cases: 21 

 

This procedure performs a multifactor analysis of variance for C.   

Analysis of Variance for C - Type III Sums of Squares  

Table D-7 decomposes the variability of C into contributions due to various factors.  Since 

Type III sums of squares (the default) have been chosen, the contribution of each factor is measured 

having removed the effects of all other factors.  The P-values test the statistical significance of each 

of the factors.  Since one P-value is less than 0.05, this factor has a statistically significant effect 

on C at the 95.0% confidence level.   

 

Table D-7. ANOVA table for C. 

Source Sum of 

Squares 

Df Mean 

Square 

F-Ratio P-Value 

MAIN EFFECTS      

 A:Drying condition 1.44808 1 1.44808 0.16 0.6920 

 B:Loading mass 13.4288 1 13.4288 1.51 0.2365 

INTERACTIONS      

 AB 64.5006 1 64.5006 7.23 0.0155 

RESIDUAL 151.604 17 8.91786   

TOTAL 

(CORRECTED) 

226.901 20    

All F-ratios are based on the residual mean square error. 
 

 

 

 

Graphical ANOVA for C

-7 -4 -1 2 5 8

Re siduals

Drying condition P = 0.6920
Dry Not dry

Loading mass P = 0.2365
50 25

Figure D-5. Graphical ANOVA for C. 
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Table D-8 shows the mean C for each level of the factors.  It also shows the standard error of 

each mean, which is a measure of its sampling variability.  The rightmost two columns show 95.0% 

confidence intervals for each of the means.   

 

Table D-8. Least Squares Means for C with 95.0% Confidence Intervals for C. 

   Stnd. Lower Upper 

Level Count Mean Error Limit Limit 

GRAND MEAN 21 7.61979    

Drying condition      

Dry 6 7.30667 1.21914 4.73449 9.87884 

Not dry 15 7.93292 0.963817 5.89944 9.9664 

Loading mass      

25 6 8.57333 1.21914 6.00116 11.1455 

50 15 6.66625 0.963817 4.63277 8.69973 

Drying condition by Loading 

mass 

     

Dry,25 3 10.35 1.72413 6.7124 13.9876 

Dry,50 3 4.26333 1.72413 0.625732 7.90093 

Not dry,25 3 6.79667 1.72413 3.15907 10.4343 

Not dry,50 12 9.06917 0.862064 7.25037 10.888 

 

 

 

 

Multiple Range Tests for C by Drying condition 

Table D-9 applies a multiple comparison procedure to determine which means are significantly 

different from which others.  The bottom half of the output shows the estimated difference between 

each pair of means.  There are no statistically significant differences between any pair of means at 

Dry Not dry

Means and 95.0 Percent LSD Inte rvals

Drying condition

5.4

6.4

7.4

8.4

9.4

C

Figure D-6. Means and 95% LSD Intervals for C. 
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the 95.0% confidence level.  At the top of the page, one homogenous group is identified by a 

column of X's.  Within each column, the levels containing X's form a group of means within which 

there are no statistically significant differences.  The method currently being used to discriminate 

among the means is Fisher's least significant difference (LSD) procedure.  With this method, there 

is a 5.0% risk of calling each pair of means significantly different when the actual difference equals 

0.   

 

Table D-9. Method: 95.0 percent LSD for C. 

Drying 

condition 

Count LS Mean LS Sigma Homogeneous 

Groups 

Dry 6 7.30667 1.21914 X 

Not dry 15 7.93292 0.963817 X 

 

Contrast Sig. Difference +/- Limits 

Dry - Not dry  -0.62625 3.27889 

* denotes a statistically significant difference. 

 

Multifactor ANOVA – D 

Dependent variable: D 

Factors: Drying condition, Loading mass. 

Number of complete cases: 21 

 

Analysis of Variance for D - Type III Sums of Squares 

 

This procedure performs a multifactor analysis of variance for D.  It constructs various tests 

and graphs to determine which factors have a statistically significant effect on D.  It also tests for 

significant interactions amongst the factors, given sufficient data.  The F-tests in the ANOVA table 

will allow you to identify the significant factors.  For each significant factor, the Multiple Range 

Tests will tell you which means are significantly different from which others.  The Means Plot and 

Interaction Plot will help you interpret the significant effects.  The Residual Plots will help you 

judge whether the assumptions underlying the analysis of variance are violated by the data. 
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Table D-10. ANOVA table for D. 

Source Sum of 

Squares 

Df Mean 

Square 

F-Ratio P-Value 

MAIN EFFECTS      

 A:Drying condition 23.4554 1 23.4554 1.31 0.2691 

 B:Loading mass 18.7963 1 18.7963 1.05 0.3208 

INTERACTIONS      

 AB 59.5579 1 59.5579 3.31 0.0863 

RESIDUAL 305.508 17 17.971   

TOTAL 

(CORRECTED) 

406.328 20    

All F-ratios are based on the residual mean square error. 

 

Table D-10 decomposes the variability of D into contributions due to various factors.  Since 

Type III sums of squares (the default) have been chosen, the contribution of each factor is measured 

having removed the effects of all other factors.  The P-values test the statistical significance of each 

of the factors.  Since no P-values are less than 0.05, none of the factors or interactions have a 

statistically significant effect on D at the 95.0% confidence level.   

 

 

 

 

 

Table D-11 shows the mean D for each level of the factors.  It also shows the standard error of 

each mean, which is a measure of its sampling variability.  The rightmost two columns show 95.0% 

confidence intervals for each of the means.   

Graphical ANOVA for D

-7 -4 -1 2 5 8

Re siduals

Drying condition P = 0.2691
Dry Not dry

Loading mass P = 0.3208
50 25

Figure C-7. Graphical ANOVA for D. 
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Table D-11. Least Squares Means for D with 95.0% Confidence Intervals for D. 

   Stnd. Lower Upper 

Level Count Mean Error Limit Limit 

GRAND MEAN 21 71.3635    

Drying condition      

Dry 6 70.1033 1.73066 66.452 73.7547 

Not dry 15 72.6238 1.3682 69.7371 75.5104 

Loading mass      

25 6 72.4917 1.73066 68.8403 76.143 

50 15 70.2354 1.3682 67.3488 73.1221 

Drying condition by Loading 

mass 

     

Dry,25 3 69.2233 2.44752 64.0595 74.3872 

Dry,50 3 70.9833 2.44752 65.8195 76.1472 

Not dry,25 3 75.76 2.44752 70.5962 80.9238 

Not dry,50 12 69.4875 1.22376 66.9056 72.0694 

 

 

 

Multiple Range Tests for D by Drying condition 

This table applies a multiple comparison procedure to determine which means are significantly 

different from which others.  The bottom half of the output shows the estimated difference between 

each pair of means.  There are no statistically significant differences between any pair of means at 

the 95.0% confidence level.  At the top of the page, one homogenous group is identified by a column 

of X's.  Within each column, the levels containing X's form a group of means within which there 

are no statistically significant differences.  The method currently being used to discriminate among 

the means is Fisher's least significant difference (LSD) procedure.  With this method, there is a 

Dry Not dry

Means and 95.0 Percent LSD Inte rvals

Drying condition
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71

73

75

D

Figure D-8. Means and 95% LSD Intervals. 
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5.0% risk of calling each pair of means significantly different when the actual difference equals 0.  

Table D-12. Method: 95.0 percent LSD for D. 

Drying 

condition 

Count LS Mean LS Sigma Homogeneous 

Groups 

Dry 6 70.1033 1.73066 X 

Not dry 15 72.6238 1.3682 X 

 

Contrast Sig. Difference +/- Limits 

Dry - Not dry  -2.52042 4.65461 

* denotes a statistically significant difference. 

 

Multiple-Variable Analysis 

Data variables: A, B, C, D. 

 

Table D-13 shows summary statistics for each of the selected data variables. It includes 

measures of central tendency, measures of variability, and measures of shape. Of particular interest 

here are the standardized skewness and standardized kurtosis, which can be used to determine 

whether the sample comes from a normal distribution. Values of these statistics outside the range 

of -2 to +2 indicate significant departures from normality, which would tend to invalidate many of 

the statistical procedures normally applied to this data. In this case, the following variables show 

standardized skewness values outside the expected range: A; and show standardized kurtosis values 

outside the expected range: B. 

 

Table D-13. Summary Statistics of the Multiple-Variable analysis. 

 A B C D 

Count 21 21 21 21 

Average 9.02762 12.1867 8.24095 70.5595 

Standard 

deviation 

1.77679 2.72387 3.36824 4.50737 

Coeff. of 

variation 

19.6817% 22.3513% 40.872% 6.38805% 

Minimum 5.08 5.87 2.01 63.04 

Maximum 11.17 20.04 14.12 79.93 

Range 6.09 14.17 12.11 16.89 

Stnd. skewness -2.12356 1.16583 -0.81497 0.45167 

Stnd. kurtosis 0.222266 3.24534 -0.352656 -0.597896 
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Table D-14 shows 95.0% confidence intervals for the means and standard deviations of each 

of the variables.  These intervals bound the sampling error in the estimates of the parameters of the 

populations from which the data come.  They can be used to help judge how precisely the 

population means and standard deviations have been estimated.  The intervals assume that the 

populations from which the samples come can be represented by normal distributions.  While the 

confidence intervals for the means are quite robust and not very sensitive to violations of this 

assumption, the confidence intervals for the standard deviations are quite sensitive.  You can check 

the assumption of normality in the One Variable Analysis procedure. 

 

Table D-14. 95.0% confidence intervals. 

 Mean Stnd. error Lower limit Upper limit 

A 9.02762 0.387727 8.21883 9.8364 

B 12.1867 0.594398 10.9468 13.4266 

C 8.24095 0.735011 6.70774 9.77416 

D 70.5595 0.98359 68.5078 72.6113 

 

 Sigma Lower limit Upper limit 

A 1.77679 1.35935 2.5658 

B 2.72387 2.08392 3.93346 

C 3.36824 2.57691 4.86398 

D 4.50737 3.44841 6.50896 

 

Figure D-9. Matrix plot for dependent variables A, B, C and D. 
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Spearman Rank Correlations  

Table D-15 shows Spearman rank correlations between each pair of variables.  These 

correlation coefficients range between -1 and +1 and measure the strength of the association 

between the variables.  In contrast to the more common Pearson correlations, the Spearman 

coefficients are computed from the ranks of the data values rather than from the values themselves.  

Consequently, they are less sensitive to outliers than the Pearson coefficients.  Also shown in 

parentheses is the number of pairs of data values used to compute each coefficient.  The third 

number in each location of the table is a P-value which tests the statistical significance of the 

estimated correlations.  P-values below 0.05 indicate statistically significant non-zero correlations 

at the 95.0% confidence level.  The following pairs of variables have P-values below 0.05: A and 

D; and C and D. 

 

Table D-15. Spearman rank correlations. 

 A B C D 

A  0.2558 0.1442 -0.5299 

  (21) (21) (21) 

  0.2526 0.5191 0.0178 

B 0.2558  -0.3273 -0.2948 

 (21)  (21) (21) 

 0.2526  0.1433 0.1874 

C 0.1442 -0.3273  -0.7325 

 (21) (21)  (21) 

 0.5191 0.1433  0.0011 

D -0.5299 -0.2948 -0.7325  

 (21) (21) (21)  

 0.0178 0.1874 0.0011  

Correlation 

(Sample Size) 

P-Value 

 

 

 


