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ABSTRACT 

Biodiesel (fatty acids methyl esters, FAMEs) is a clean form of energy that could replace petroleum-

diesel. Whereas microalgae is a promising renewable and sustainable lipid source for biodiesel 

production, the main limitation of this process is lack of inexpensive and efficient lipid extraction 

methods. Lately, the eco-friendly protic ionic liquids (PILs) such as caprolactam ionic liquids (CPILs) 

and its sulphonic-functionalized form (SO3-bCPILs), have gained prominence in lipids extraction and 

biodiesel production. This is because of their lower cost relative to common ionic liquids, but they are 

rarely synthesized or applied. The aim of this study was to investigate the capacity of CPILs and SO3-

bCPILs for lipid extraction and biodiesel production from Spirulina platensis microalgae. Specifically, 

the study aimed to synthesize and characterize the CPIL/SO3-CPIL. To extract lipids from both dry and 

wet algae using a conventional method and synthesized ionic liquids. To study direct and indirect 

conversion of the triglycerides (lipids) to the corresponding free fatty acids methyl esters (FAMEs-

biodiesel). To characterize biodiesel products. To investigate the reusability of these compounds. Nine 

CPILs/SO3-CPIL, namely, caprolactam chloride (CPHA), caprolactam methylsulphonate (CPMS), 

caprolactam trifluoromethane sulfonate (CPTFS), sulfonic-butyl caprolactam chloride (SO3-bCPHA), 

sulfonic-butyl caprolactam methyl sulphonate (SO3- bCPMS), caprolactam acetate (CPAA), 

caprolactam hydrogen sulphate (CPSA), caprolactam trifluoromethane acetate (CPTFA), and 

sulphonic-butyl caprolactam hydrogen sulphate (SO3-bCPSA), were prepared through neutralization of 

caprolactam cations with different Brønsted acids. Lipid extraction from microalgal was performed 

under reflux at 95 oC for 2 h using pure CPILs, mixtures of CPILs/methanol and SO3-CPILs/methanol 

in a ratio of 1:1 (w/w), and the control (Hexane: Methanol 54: 46, v/v, 10 h), with a dry/wet microalgae 

biomass: solvent ratio of 1:19 (w/w). The synthesized SO3- bCPILs/CPILs and lipid/biodiesel extracts 

were characterized by techniques including Fourier transform infrared (FTIR), Raman, and UV/VIS 

spectroscopy, thermogravimetric analysis (TGA), gas chromatography-flame ionization detector (GC-

FID), the biomass surface by scanning electron microscope (SEM) analysis and predictive methods to 

estimate the physicochemical properties of biodiesels. Characteristic absorption bands of caprolactam 

such as N-H (3296, 3209.33 and 3074.32 cm-1), C=O (1658 cm-1), in FTIR spectra and C-N (1485 cm-1) 

and N-H (697 cm-1), in Raman spectra, showed a large change in position/intensity, indicating successful 

formation of the ionic liquids. The first five of the synthesized compounds are novel. The TGA of SO3-

bCPIL/CPILs showed their stability between 108 - 221 °C. The extracted lipids yield was 9.5%/4.1% 

(dry/wet biomass, control), and 14.2%/13%/11% (CPAA/CPHA/CPTFA, dry biomass, methanol 

mixtures, P ˂ 0.05). SO3- bCPMS/methanol and SO3-bCPSA/methanol mixtures showed no significant 

difference compared from control, for wet/dry biomass. SEM analysis showed the absence of intact 

microalgae cells after extraction by CPAA/CPHA. FTIR spectra of the CPILs/Methanol extracts showed 

characteristic peaks of FAMEs (C=O, 1739 and 1741 cm-1), indicating direct conversion of lipids to 

biodiesel, and confirming that CPILs act as both solvents and catalysts. GC-FID analysis of the 

CPIL/methanol and SO3- bCPIL/methanol extracts showed the presence of major FAMEs components 

found in biodiesel, including palmitic, palmitoleic and oleic acids, except for CPAA, which had the 

lowest acidity strength - and hence least catalytic activity. The biodiesel yield from indirect 

conversion using conventional (H2SO4) catalyst was 31%, whereas that of the synthesized compounds 

with high catalytic activity was 60 – 80%. The physicochemical properties results showed that the 

quality characteristics of produced biodiesels were in a good agreement with the specifications of 

international biodiesel standards (ASTM D6751 and EN 14214). The reusability of selected SO3-

bCPIL/CPILs (based on yield and extract clarity) was investigated, and there were insignificant 

differences over six runs. Therefore, the SO3-bCPIL/CPILs method is simple, cost-effective, and faster 

and has higher or comparable lipid/biodiesel yields to the conventional method and it is recommended 

that the SO3-bCPIL/CPILs be used as green solvents/catalysts for biodiesel production from other 

microalgae species. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background of the study 

Energy security has grown to be a critical international issue and much research is being 

conducted to find environmentally friendly and cost-effective alternatives. Environmental 

issues associated with the combustion as well as the expected depletion of fossil fuels will 

limit their future use (Atabani et al., 2012). There are therefore compelling reasons to seek 

for alternative fuels that are technically feasible, environmentally friendly, economically 

competitive and readily available to replace fossil fuels. The most important reason is the 

increasing demand for fossil fuels due to human activities such as transportation, power 

generation, industrial processes, and domestic consumption. In fact, global energy 

consumption doubled between 1971 and 2001 and global energy demand will increase by 

53% by 2030. (Selaimia et al., 2015). The second reason is that fossil fuels are non-

renewable and will be exhausted within 40 to 60 years if the rate of consumption stays 

constant. (Andreani & Rocha, 2012). Finally, the volatility of petroleum fuel prices is seen 

as a serious threat to countries with limited economic and financial resources (Isahak et al., 

2011) 

Extensive research has been carried out on the development of renewable and sustainable 

energy in the last two decades such as solar energy (Lewis, 2007), tidal energy (Khojasteh 

et la., 2018), wind energy (Carvalho et al., 2017) and biofuels (bioethanol, biodiesel) 

(Leung et al., 2010; Molino et al., 2018). One of the most promising renewable green fuels 

for road and transportation is biodiesel, which is served as a substitute to fossil diesel. The 

American Society for Testing and Materials (ASTM) describes biodiesel as a mono-alkyl 

ester produced commonly from renewable sources such as edible/non-edible plant oils or 
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animal fats (Hameed, Lai, & Chin, 2009). Biodiesel is also known as fatty acid methyl ester 

(FAME) and fatty acid ethyl ester (FAEE) because it is made by converting vegetable oil 

with methanol and ethanol, respectively. However, methanol is the most commonly used 

due to its availability and relatively low cost (Gopinath et al., 2015). It is an energy efficient 

fuel has gained wide attention and global acceptance due to its non-toxicity, 

biodegradability and environmental friendliness (Lam & Lee, 2012). However, the 

economic potential of using biodiesel is currently constrained by the high price of common 

lipid feed stocks, which constitute between 70% and 85% of the total biodiesel production 

cost (Olkiewicz et al., 2014). Furthermore, the use of edible and non-edible plants such as 

palm oil and Jatropha oil, respectively, pose serious challenges such as food shortage, high 

cost, and lack of consistent supply (Popp et al., 2014).  

Nowadays, the prospects of producing biofuels from microalgae appear promising and is 

considered a more sustainable and cleaner fuel. This is because of their unique attributes such 

as suitability for growing in open ponds – hence does not require land for production, high 

CO2-sequestering capability, simple structures, and high photosynthetic efficiency - with a 

growth doubling time as short as 24 h (Wu et al., 2012). They also have the ability to grow 

in wastewater /seawater/brackish water, non-interference with the food chain and high-

lipid productivity, which enables large-scale biodiesel production (Chisti, 2008; 

Arumugam et al., 2013). Moreover, microalgae can be grown all year round. The richness 

of species and biodiversity of microalgae in a wide range of climates and geographies make 

seasonal and geographical constraints much less of a concern than other lipid feed stocks 

(Wu et al., 2012). For example, worldwide, more than 50,000 species of microalgae exist 

in the aquatic as well as terrestrial environments, indicating widespread availability (Deng, 
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Li, & Fei, 2009). Approximately 4000 species have been identified and can be divided into 

several groups, including blue-green algae (Cyanophyceae), green algae (Chlorophyceae), 

diatom (Bacillariophyceae), yellow-green algae (Xanthophyceae), and golden algae 

(Chrysophyceae), red seaweed (Rhodophyceae), brown algae (Phaeophyceae), 

dinoflagellates (Dinophyceae) and "Picoplankton" (Prasinophyceae and 

Eustigmatophyceae) (Deng et al., 2009). Among them, diatoms and green algae are 

relatively common. The lipid content of most common microalgae is 20-75% by weight of 

dry biomass (Akubude, Nwaigwe, & Dintwa, 2019) as shown in Table 1.1. There are all 

potential sources of biodiesel production, as biodiesel yield depends on the lipid content of 

each cell, which varies greatly between microalgal types as described above (Krasowska  

et al., 2013). Among the various lipid classes, triacylglycerols (TAGs) are the most 

important targets for biodiesel production due to their low degree of unsaturation compared 

to other lipid fractions. Therefore, microalgae with high lipid content and relatively low 

amount of neutral lipids (TAGs) cannot be considered potential candidates for biodiesel. 

Microalgae, such as Chlorella sp., Scenedesmus sp. and Nannochloropsis sp., have been 

considered as the potential species for biodiesel production (Sati et al., 2019). Abubakar et 

al., (2011) investigated the high oil yielding algae species abundantly distributed naturally 

in the Kenyan aquatic environment and they found that Chlorella species showed the 

highest yields, followed by Euglena and Nitzschia. The total lipid content ranged between 

1.5 and 10.5% of algal biomass. Although Spirulina sp is known for its nutritional benefits 

with very low lipid content. However, among all other algae, S. platensis is the most easy 

to cultivate due to its inherent resistance to contamination and environmental changes 

(Baunillo, Tan, Barros, & Luque, 2012). Furthermore, microalgae can be the source of 
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several types of biofuels such as methane - produced during anaerobic digestion of algae 

biomass (Krasowska et al., 2013), renewable gasoline and jet fuel and hydrogen- produced 

photobiologically under anaerobic conditions. 

However, the main process limitation in microalgae-based biofuel technology is the 

efficient and cost-effective extraction of lipids. Conversion of microalgae lipid into 

biodiesel typically involves the following steps (Figure1.1): cultivation of algae, cell 

harvesting, lipid extraction, and esterification of lipids (Tripathi & Kumar, 2017). Concerns 

on flammability and high toxicity of organic solvents, necessitated the search for alternative 

technologies that are less hazardous to human beings and the environment. In latest years, 

ionic liquids (ILs) have received considerable attention as an environmentally friendly 

substitute for harmful volatile organic solvents, due to their non-volatile properties, good 

chemical and thermal stability, potential recovery and design ability (Zhao & Baker, 2013).  
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Table 1.1. Lipid content of some microalgae species 

No Microalgae species Lipid content 

(% dry wt.) 

Group  References  

 1  Anabaena cylindrica  4–7  Blue green Singh et al., 2011 

 2  Ankistrodesmus sp.  24–41  Green algae Kumar, et al. 2015 

 3  Botryococcus braunii  25–80  Green algae Deng et al. 2009 

 4  Chlamydomonas     

reinhardtii 

 21  Green algae Singh et al., 2011 

 5  Chlorella emersonii  28–32  Green algae Wu, et al. 2012 

 6  Chlorella minutissima  57  Green algae Kumar, et al. 2015 

 7  Chlorella protothecoides  57.9  Green algae Wu, et al. 2012 

 8  Chlorella pyrenoidosa  2  Green algae Singh et al., 2011 

 9  Chlorella sp  28–32  Green algae Deng et al. 2009 

 10  Chlorella vulgaris  14–22  Green algae Singh et al., 2011 

 11  Crypthecodinium cohnii  20–51  Dinoflagellates    

Deng et al. 2009  12  Cylindrotheca sp  16–37  Diatom  

 13  Dunaliella bioculata  8  Green algae Singh et al., 2011 

 14  Dunaliella primolecta  23  Green algae Deng et al. 2009 

 15  Dunaliella salina  6  Green algae Singh et al., 2011 

 16  Dunaliellat ertiolecta  35.6  Green algae Singh et al., 2011b 

 17  Euglena gracilis  14–20  Dinoflagellates Singh et al., 2011 

 18  Hormidium sp.  38  Green algae Singh et al., 2011b 

 19  Isochrysis sp 7–33  Dinoflagellates   

Deng et al. 2009  20  Monallanthus salina 20-22  N/V 

 21  Nannochloris sp. 30–50  Green algae  Singh et al., 2011b 

 22  Nannochloropsis sp 12-53  Diatom    

  

  Deng et al. 2009 

  

 24  Neochloris oleabundans 29- 65  Green algae 

 25  Nitzschia sp 45–47  Diatom  

 26 Phaeodactylum 

tricornutum 

18-57 Diatom  Deng et al. 2009 

 27 Pleurochrysis carterae 30–50 N/A Singh et al., 2011b 

 30 Porphyridium cruentum 9–14 Red algae   

  

  

Singh et al., 2011 

 31 Prymnesium parvum 22–38 Golden algae 

 32 Scenedesmus dimorphus 16–40 Green algae 

 33 Scenedesmus obliquus 12–14 Green algae 

 34 Schizochytrium sp 50–77 Diatom Deng et al. 2009 

 35 Spirogyra sp. 11–21 Green algae   

  

  

  

 Singh et al., 2011b 

 36 Spirulina maxima 6–7 Blue green 

 37 Spirulina platensis 4–9 Blue green  

 38 Synechoccus sp. 11 Blue green  

 39 Tetraselmis maculate 8 Green algae 

 40 Tetraselmis suecica 15–23 Green algae   Singh et al., 2011b 
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Figure 1.1. The main steps in biodiesel production from microalgae, bold 

arrow indicates the addition to specific steps, which have been highlighted 

with bold letters and full lined arrows 

1.2 Ionic liquids 

Ionic liquids (ILs) are a group of compounds that have been known for more than a century 

(Wilkes, 2002), and have attracted substantial attention in science and technology in the 

last two decades. Ionic liquid is an organic salt that melts below 100 °C (some of them are 

liquids at room temperature), which is lower than the melting point of ordinary salts such 

as Sodium chloride (NaCl), for example, which melts at 801 °C. The earliest discovery of 

ionic liquids (ILs) was in the mid-nineteenth-century when a low melting organic salt was 

observed as red oil. This oil was generated as a by-product in the Friedel Crafts reaction of 

https://en.wikipedia.org/wiki/Sodium_chloride
https://en.wikipedia.org/wiki/Sodium_chloride
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benzene alkylation with aluminum chloride as a catalyst (Wilkes, 2002). The red oil known 

as chloroaluminate, σ-complex as shown in Figure 1.2. It had remained unidentified until 

the discovery of the nuclear magnetic resonance technique. 

 

 

Ionic liquids are composed entirely of ions (Torimoto et al., 2010): a cation which is 

normally a bulky organic structure with low symmetry (such as imidazolium, pyridinium, 

pyrrolidinium, ammonium and phosphonium), and an anion which could be organic or 

inorganic (such as a halogen (Cl-) , tetrafluoroborate, hexafluorophosphate, triflate, 

bis[(trifluoromethyl)sulfonyl]imide) as illustrated in Figure 1.3. The forces operating 

between the cation and anion of an ionic liquid are hydrogen bonds, coulombic interactions, 

and weak dispersion forces ( Singh et al., 2016). There are three basic chemical reactions 

for synthesis of ILs, namely metathesis reaction, reaction of imidazole carbenes and acid-

base neutralization, which are very simple and inexpensive (Sarf, 2019).  

Ionic liquids are divided into two main classes: aprotic ionic liquids and protic ionic liquids. 

There are possess several superior properties including extremely low vapor pressure, non-

flammability, excellent thermal and chemical stabilities, catalytic properties, good 

solvating potential for a wide range of substrates, and potential recoverability (Zhao & 

Baker, 2013). Protic ionic liquids (ILs) have attracted considerable attention as a new 

technology for lipid extraction from microalgae and biodiesel production (Kim et al., 2012; 

Kim et al., 2013; Choi et al., 2014; Chiappe et al., 2016). 

Figure.1.2. Chloroaluminate, σ-complex (red oil) 
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Protic ionic liquids (PILs) can be synthesized by neutralizing selected bases with protic 

acids under mild conditions and are therefore significantly cheaper than common ILs 

(Greaves & Drummond, 2008; Hayes et al., 2015); Xu & Angell, 2003). Besides, protic 

ionic liquids are known to have low toxicity (Shankar et al., 2017; Shankar et al., 2019) 

and form strong hydrogen bonds due to labile protons. (Chhotaray & Gardas, 2014). Ionic 

liquids are also referred to as “designer solvents” because their polarity and 

hydrophilicity/hydrophobicity can be tuned by an appropriate combination of cation and 

anion (Ratti, 2014). Thus, different properties such as melting point, viscosity, density and 

water solubility of the target molecule can be obtained for a particular application 

(Andreani & Rocha, 2012). Furthermore, while anions are currently used to control solubility in 

water, cations can also influence hydrophobicity or hydrogen-bonding ability (Huddleston et al., 

2001). Therefore, ILs are utilized in a variety of applications such as extractions, separation 

processes (Ventura et al., 2017), (Xiao, Chen, & Li, 2018) and organic synthesis (Qureshi 

et al., 2014). In particular, depending on their cation and anionic structures, they can 

Figure 1.3. Common cations and anions of IL 
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dissolve important biopolymers such as cellulose and lignin and, thus, disturb the cell 

structure of algae or change the permeability of the cell wall (Cevasco & Chiappe, 2014). 

Since the hydrogen bonds of the microalgal cell wall are affected by ions from the ionic 

liquid, enhancement of lipid extraction due to cell wall modification is expected. 

Additionally, ILs have found useful applications in sensors, solar cells, solid state 

photocells, batteries, and as thermal fluids, lubricants, hydraulic fluids, ionogels, fuels and 

electrolytes in thermoelectrochemical cells due to their wide electrochemical windows and 

good conductivities (Sarf, 2019; Hayes et al., 2015; Wasserscheid & Welton, 2003; Endres 

& Zein El Abedin, 2006; Rogers & Seddon, 2003; Plechkova & Seddon, 2008 and Greaves 

& Drummond, 2008). 

1.2.1 Role of ionic liquids in the transesterification reaction  

Biodiesel production is the process of producing biofuel (biodiesel) through the 

transesterification chemical reaction. This involves lipids or oils being reacted with an 

alcohol such as methanol. The ability of ionic liquids to act as catalysts in biodiesel 

production has received considerable attention due to their "green" catalytic potential (Ab 

Rani et al., 2011). Interestingly, the solubility, polarity, and acidity/basic properties of ionic 

liquids can be tailored for specific applications by choosing the cation/anion or its 

substitution pattern suitably (Chiappe et al., 2009). Both acidic and basic ionic liquids have 

been extensively studied as catalysts for transesterification reactions in biodiesel 

production. Replacing conventional catalysts such as sulfuric acid and sodium hydroxide 

with ionic liquids offers various advantages in terms of reactions, such as low 

corrosiveness, easy separation, recyclability, and less wastewater (Ishak et al., 2017). Basic 

ionic liquids have been used as catalysts in the transesterification reaction of biodiesel 
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(Fang et al.,  2013), (Luo et al., 2013). Figure (1.4) illustrates the basic ionic liquid-

catalyzed transesterification mechanism in biodiesel production, which proposed by Ishak 

et al. (2017). The methoxy group of MeOH (1) is deprotonated by the negatively charged 

anion of the ionic liquid (2). The activated methoxy group is attacked by the electrophilic 

center (electron deficient center) of the carbonyl carbon of the triglyceride (3). This center 

is bonded subsequent to two electronegative oxygen atoms. The intermediate (4) is 

converted to a diglyceride group (5) which produces a fatty acid methyl ester (FAME-

biodiesel) (6) or each step of the transesterification reaction is reversible when the alcohol 

is in excess. Therefore, it is reverted into starting materials. The catalytic activity of basic 

ionic liquids depends on the anion's ability to activate methoxy groups due to the basicity 

of the anion and the miscibility between the reactants (Fang et al., 2013). The ionic liquid 

and the ester product form a separate phase that takes up water formed in the esterification 

reaction.  

 

Figure 1.4. Proposed mechanism of basic ionic liquid-catalyzed 

transesterification reaction for biodiesel production (Ishak et al. 2017) 
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Similar to the basic ionic liquid mechanism, the acidic anion (1) catalyzes the reaction by 

donating a proton to the carbonyl group, becoming a stronger electrophile (Figure 1.5). 

This proton binds to the carbonyl group of triglycerides (2) to form a carbocation 

intermediate (3), which then reacts with MeOH (4) via a nucleophilic substitution reaction 

(5) to finally form molecules of a diglyceride (6), FAME-biodiesel (7), and a proton to 

catalyze the reaction as illustrated in figure 1.5 (Ishak et al. 2017). 

 

 

 
 

Figure 1.5. Proposed mechanism of acidic acidic ionic liquids catalyzed- 

transesterification reaction for biodiesel production (Ishak et al. 2017). 

1.3 Problem statement 

The major limitation in microalgal biofuel production is the lack of cost-effective and 

efficient extraction of lipids. Although higher lipid yields have been recorded after using 



12  

 

methods such as cell disruption (Halim et al., 2012), supercritical CO2 (Crampon et al., 

2013 ; Soh & Zimmerman, 2011), liquid CO2, gas expanded liquids (Paudel et al., 2015) 

the additional energy required makes these processes economically unfeasible. Moreover, 

conventional lipid extraction methods also require reflux with highly toxic and flammable 

organic solvents. 

The homogenous (sulfuric acid [H2SO4], or sodium hydroxide [NaOH]), heterogeneous 

(calcium oxide [CaO], or magnesium oxide [MgO]) and bio-catalysts were used to convert 

lipids to biodiesel through transesterification reaction ( Zhang et al., 2010; Tran et al., 2012; 

Kim et al., 2013; Park et al., 2017; Martínez et al., 2017;  & Qasim, 2019). Among them, 

the homogenous catalysts are relatively cheap. Nevertheless, they have drawbacks, such as 

high corrosion, difficult of separation, non-recyclability, and a large amount of waste water 

is generated due to purification of the products (Kim et al., 2013). Therefore, there is an 

increasing need to research alternative microalgal lipid processing methods that are 

simpler, cheaper, and more environmentally friendly. Through the analysis of data 

generated in the reviwed studies, it can be confirmed that ionic liquids have great potential 

as solvents for extraction of microalgae lipids and as catalysts for biodiesel production. . 

Despite this great potential of ILs, they present a number of challenges, such as low-cost 

production of IL, easy recovery, and the ability to reuse the catalyst over multiple biodiesel 

production cycles. , may limit their suitability and availability for this purpose. Recently, 

the use of ionic liquids, based on caprolactam cation, a kind of amine derivative as shown 

in  Figure 1.6, has been identified as promising solution to the problems listed above (Luo 

et al., 2017; Shankar et al., 2017; Shankar et al., 2019). In spite of the many potential 

advantages that caprolactam-based ionic liquids could confer, they are rarely synthesized 
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and hence their application in lipids extraction and biodiesel production remains limited. 

Therefore, the current focus of ILs research is on developing new types of caprolactam-

based ionic liquids that can act as green solvents and catalysts, and thereby improve the 

long-term viability and sustainability of biodiesel production process from microalgae.  

 

 

1.4 Justification of the study  

Among renewable energies, carbon neutral biofuels derived from microalgae seem to be a 

promising sustainable and cleaner fuels due to their high CO2-sequestering capability, high 

productivity of lipid and ease of cultivation in an open pond and waste/marine/brackish 

water (Kumar et al., 2017) . In addition, microalgae considered to be the only renewable 

biodiesel source that can meet global transportation fuel demand  because they are grown 

on non-arable areas and require less land than other biofuel crops as well (Sati et al., 2019; 

Piemonte et al., 2015). Cheng & Timilsina, (2011) reported that if microalgae oil were used 

to produce biodiesel, it would take about 1.0-2.5% of the current US arable land to provide 

50% of US transportation fuel needs, which is much more feasible than current oilseed 

crops. For instance, annual oil production from oil-rich microalgae ranges from 58,700 to 

136,900 liters per hectare per year, which is higher than that of the next best crop, palm 

with the yield of 5,950 liters per hectare per year (Atabani et al., 2012). Moreover, 

microalgae have much faster growth-rates than terrestrial crops. Their rapid growth offers 

opportunities for continuous production of lipid biomass, and thus, insuring the 

Figure 1.6. Caprolactam 
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sustainability of biodiesel production (Velasquez et al., 2016). 

 Microalgae showed more benefits over other feedstock such as waste oil and sludge. For 

example, it can be converted into biodiesel, bio-ethanol, bio-oil, bio-hydrogen and bio-

methane by thermochemical and biochemical processes. Furthermore, microalgae can add 

value by absorbing the gases that emitted by burning of fossil fuels (or other processes) 

such as CO2, NO2, and SO2, which are released into the atmosphere with impacts on the 

environment (climate change), economy and health (Chiappe et al., 2016; Majewski & 

Jaaskelainen, 2004). 

Protic ionic liquids (PILs) have gained growing interest in science and technology. The 

PILs are normally simpler and less costly to prepare than other classes of ILs - due to the 

absence of byproducts (Du et al., 2005). Therefore, the use of PILs as novel green solvents 

for lipid extraction that can replace flammable and highly toxic volatile solvents (such as 

hexane and chloroform) has attracted significant attention. Lactams, particularly 

caprolactam (CP) are relatively cheaper, have lower intrinsic toxicity (hence safer to use) 

(Luo et al., 2017), and is available in large quantities from industry (i.e. used in the textile 

industry to produce polyamide 6) (Du et al., 2005). 

All previous studies, where ionic liquids were used as solvents, focused on anionic 

hydrogen bonds that permeate algal cell structures. However, the utilization of 

caprolactam-based ionic liquid (which can be easily synthesized through acid-base 

neutralization reaction) could introduce a cation that possesses hydrogen-bonding 

capabilities. As shown in Figure 1.6 above, carbonyl groups added to lactams can provide 

specific functionality when these lactam-based ionic liquids are used as solvents or 

catalysts. 
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1.5 Objectives of the study 

 
1.5.1 Main objective 

To establish whether the long-term viability and sustainability of lipid extraction processes 

from Spirulina platensis microalgal biomass and their direct and indirect conversion to 

biodiesel (FAMEs) can be improved using caprolactam-based ionic liquids. 

1.5.2 Specific objectives 

To accomplish the main objective of the study; the following specific objectives were 

achieved: 

1. To synthesize and characterize caprolactam-based ionic liquids. 

2. To extract and characterize lipids from both dry and wet algae using a 

conventional organic solvent method and the synthesized ionic liquids. 

3. To investigate direct and indirect conversion of the lipids to the 

corresponding fatty acid methyl esters (FAMEs-biodiesel). 

4. To evaluate the quality of the produced biodiesels. 

5. To investigate the reusability of the ionic liquids. 

1.5.3 Research Questions 

 

i. Will ionic liquids be synthesized successfully? 

ii. Will ionic liquids extract the lipids from wet and dry algae biomass? 

iii. Will ionic liquids catalyze direct and indirect transesterification reaction 

for biodiesel production? 

iv. Will the transesterification reaction products contain fatty acid methyl 

esters (FAMEs-biodiesel)? 

v. Will ionic liquids be easily recovered and reused many times?  
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CHAPTER 2: LITERATURE REVIEW 

 
Algae have received considerable attention in recent years as one of the most promising 

sustainable biomass sources for biodiesel production. Biodiesel production from 

microalgal oil has been previously demonstrated in the literature using conventional 

methods. In these methods, lipids are extracted from microalgal biomass and subsequently 

converted to FAMEs by chemical transesterification reactions (Montes et al., 2011). The 

efficient lipid extraction from microalgae biomass is the most important process in 

biodiesel production because it is associated with cell destruction (Halim et al., 2012). 

Therefore, lipid extraction has been identified as one of the most energy-intensive steps in 

the production of biodiesel from microalgae (Khoo et al., 2011). 

2.1 Cell disruption of microalgae  

Microalgal cell membranes are rigid and frequently require cell disruption to permit the 

discharge of intracellular lipids. Thus, various cell disruption methods have been 

investigated to improve the mass transfer efficiency of extraction with organic solvents 

(Halim et al., 2012). Theoretically, cell disruption increases the surface area of the interface 

between the lipid and the organic solvent, thus shortening the extraction time (Halim et al., 

2012). However, many cell disruption methods can be energy intensive, thus, any increase 

in lipid extraction effectiveness must be substantial to justify their use. The cell disruption 

techniques used for microbial cells differ significantly from those used on oilseeds due to 

the much smaller size of microalgae, bacteria and yeasts (Orr, 2016). Cell disruption can 

be applied before or simultaneously with the lipid extraction step by mechanical, chemical 

or biological methods. Mechanical disruption can rupture most biomass membranes by 

physical forces. These include bead mills, presses, high pressure homogenization, 
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ultrasound, freeze drying and microwave (Lee et al., 2010; Zheng et al., 2011; Halim et al., 

2012; Aguirre & Bassi, 2014; Kumar et al., 2015). Among the mechanical cell disruption 

methods, bead milling seems to be the most appropriate for large-scale application due to 

its low operating cost  (Halim et al., 2012). 

Chemical disruption techniques typically include detergents, acids, bases, solvents, 

osmotic shock (Lee et al. 2010; Zheng et al. 2011; Halim et al., 2012; Kumar et al., 2015). 

Most chemical disruption techniques destroy the membrane/cell wall by intermolecular 

force. Chemical disruption is often performed concurrently with lipid extraction, most 

commonly using polar and/or non-polar solvents. (Orr, 2016).  

Biological disruption processes involve the use of enzymes that degrade membrane 

polysaccharides and/or proteins. The use of enzymes offers high selectivity and the mildest 

reaction conditions. However, they are so expensive that their implementation has so far 

been limited. Mechanical and chemical disruption methods destroy microalgae in a non-

selective manner. Mechanical disruption damages all species present in solution, and 

chemical disruption may involve side reactions with triacylglycerides (TAG) and free fatty 

acids (FFA) from microalgal cells. Biological methods can selectively target which bonds 

need to be broken in order to salvage lipids without side reactions or completely destroy 

them all (Orr, 2016). Advantages and disadvantages of these pretreatments are presented 

in Table 2.1. 

2.2 Lipid extraction of microalgae 

Cell disruption can effectively release microalgal lipids from biomass for microalgal 

biofuel production, but requires an extraction step to separate valuable neutral lipids and 

fatty acids from the cell matrix. Extraction can be done from dry biomass powder or 
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directly from wet concentrated biomass (Xu et al., 2011). Solvents play an important role 

in both methods by facilitating cell disruption and increasing the efficiency of lipid 

extraction by enhancing the mass transport properties of biomass (Ehimen et al., 2012). 

However, traditional solvent-based methods for lipid extraction are difficult to meet 

economic and environmental requirements. 

Most studies have explored extraction methods that based on alternative solvents such as 

supercritical CO2 (Crampon et al., 2013; Soh & Zimmerman, 2011), liquid CO2, gas 

expanded liquids (Paudel et al., 2015) ionic liquids (ILs) (Orr, 2016), switchable solvents 

(Boyd et al., 2012) and deep eutectic solvents (Zhao & Baker, 2013).  Below is a brief 

summary of the rationale for each method, as well as recent advances in the field and the 

challenges faced by the technology.        
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Table 2.1.The pretreatment technologies for cell disruption 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.1 Traditional organic solvent and co-solvent extractions  

Early methods of microalgal lipid extraction based on traditional organic solvents. The 

ideal solvent for this process is neutral lipid (NL) specific, highly volatile, and can 

Method Advantages  Disadvantages  References  

Bead-milling  Work with 

difficult to lyse 

species  

Difficult scale up 

Energy intensive  

High equipment 

costs 

Halim et al., 

2012 

Acid/alkaline 

hydrolysis  

Low cost  of 

equipment  

Low energy 

Neutralization of 

waste needed 

Possible products 

degradation 

Halim et al., 

2012 

Steam explosion  Short processing 

time 

Energy intensive  

High equipment 

costs 

Possible products 

degradation 

Potential  

Halim et al., 

2012 

Microwave-

irradiation  

Short processing 

time 

Energy intensive  

High equipment 

costs. 

Possible products 

degradation. 

Lee et al. 

2010 

Ultrasonication  Short processing 

time 

Energy intensive  

High equipment 

costs  

Kumar et al., 

2015 

Osmotic shock  Low energy. 

Mild conditions. 

Low cost of 

materials and 

equipment. 

 

Long treatment time  Halim et al., 

2012 

Enzymatic lysis  Low cost of 

equipment. 

Low energy. 

Mild conditions. 

High cost of enzyme  

Long treatment of 

enzyme  

Zheng et al. 

2011 

Surfactant-assisted 

extraction 

Mild condition 

low energy 

The recovery 

process is often 

difficult 

Halim et al., 

2012 
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minimize energy distillation costs in separating the lipids from the solvent after extraction 

(Grima et al., 2013). Lipid extraction from microalgal biomass can be achieved using polar 

organic solvents such as methanol, acetone and ethanol and less polar organic solvents such 

as hexane, benzene, toluene, diethyl ether, ethyl acetate and chloroform. Low-polarity 

organic solvents alone cannot effectively extract NLs because they are inaccessible to those 

that form strong hydrogen bonds with polar lipids in the cell wall (Tang et al., 2016). To 

access these NLs, polar organic solvents must be combined with less polar organic co-

solvents. Polar organic solvents are designed to disrupt neutral-polar lipid complexes and 

less polar organic solvents are designed to solubilize intracellular NLs. Therefore, a solvent 

system containing a mixture of low-polarity and polar organic solvents generally 

maximizes the extraction efficiency of NLs (Tang et al., 2016). 

In 1957, Folch used a 2:1 (v/v) mixture of chloroform:methanol for lipid extraction from 

animal tissues; this is known as the Folch method (Folch, Lees and Stanley, 1957). This 

method was developed by Bligh and Dyer in 1959 using 2:1:0.8 by volume of chloroform: 

methanol: water for total lipid extraction and purification (Bligh & Dyer, 1959). A single-

phase system is observed when the wet tissue is homogenized with a mixture of chloroform 

and methanol. However, the addition of water creates a two-phase system in which the 

chloroform layer contains the lipids and the methanol-water layer contains the non-lipids. 

These two methods are considered standard for conventional organic solvent extraction of 

microalgal lipids. 

A recent study by Hidalgo et al., (2016) found that a 1:3 v:v mixture of chloroform: 

methanol was able extract 98.9 % of esterifiable lipids from Botrycoccus braunii, whereas 

a 3:1 mixture of methanol: diethyl ether could extract 96.9 % of esterifiable lipids without 
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the use of halogenated solvent. Unfortunately, diethyl ether is highly flammable and, like 

chloroform, is industrially unacceptable. Some researchers also found that adding formic 

acid increased total lipid yield. Kuan et al., (2016) studied the extraction of lipids from 

dried Chlorella protothecoidesis. The highest lipid yield of 42% (w/w) was obtained using 

a solvent mixture consist of 70% dichloromethane, 20% formic acid, and 10% methanol, 

with a FAME yield of 89% (w/w). There are several major barriers associated with 

conventional organic solvent extraction-based methods. The costs associated with large-

scale lipid extraction from microalgae using conventional solvent systems are unlikely to 

make these processes economically viable. Solvent loss due to evaporation presents a 

defect both from an environmental and an economic point of view. Although conventional 

organic and co-solvent extraction methods are effective in extracting lipids from dried 

microalgae biomass, they face significant limitations, including the use of halogenated 

organic solvents and inefficiencies encountered during lipid extraction from wet 

microalgae (Viner, 2017). Halogenated organic solvents are unlikely to be used industrially 

due to health and environmental concerns, such as ozone depletion, groundwater 

contamination and carcinogenic potential. In addition, most organic and co-solvent 

extraction methods require large volumes of chlorinated, flammable and/or volatile 

solvents to obtain high lipid yields, which can have significant environmental impacts, 

including water-borne waste stream pollution and solvent-related impacts (Viner, 2017). 

Residual water in the microalgal slurry impedes the mass transfer of lipids from the 

microalgal cells and reduces the efficiency of lipid extraction. To avoid this problem, 

energy-intensive drying is usually performed (Chen, Chang, & Lee, 2015). Therefore, it is 
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important to develop more environmentally friendly extraction processes to improve the 

overall technical and economic feasibility of algal biofuel production. 

2.2.2 Supercritical CO2 extraction method 

Supercritical fluid extraction (SFE) is emerging as an alternative to traditional organic 

solvent-based extraction methods due to health and safety concerns and the environmental 

impact of organic solvents (Santana et al., 2012). “A supercritical fluid (SCF) is a 

compound, mixture, or element that is above its critical temperature and pressure, but 

below the pressure required to condense into a solid” (Jessop & Leitner, 2007). SCF has 

many attractive properties as an extraction solvent, such as the tunable dissolving power of 

the liquid. In particular, CO2 has a very low polarity, allowing NL to be preferentially 

extracted (Mendes et al., 2003). The most common liquid used in SFE studies reported to 

date is supercritical CO2 (scCO2). It has many advantages over Soxhlet extraction and 

conventional organic solvent extraction, including higher selectivity, shorter extraction 

time, low toxicity, minimal oxidation or thermal decomposition of extracts, fast penetration 

through the cell matrix, high diffusivity and easy product/solvent separation (Y.Li et al., 

2014). Therefore, scCO2 extraction is a greener and promising extraction technology, 

usually performed at 50–80°C, high pressure 200–300 bar, for 80 min (Santana et al., 

2012). There are a number of studies recently published on improving the extraction 

technique of scCO2. Taher et al., (2014) investigated the extraction of scCO2 lipids from 

Scenedesmus sp. for biodiesel production. The best results were obtained at 50 MPa, 53°C 

and a continuous scCO2 flow of 1.9 g/min, yielding a lipid extraction efficiency of 7.4% 

wt. This study also compared scCO2 extraction with Soxhlet, chloroform/methanol, n-

hexane extract as well as n-hexane/isopropanol extraction and the optimized scCO2 method 
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showed the highest yields of total lipids and triacylglycerols (Taher. et al., 2014). 

McKennedy et al., (2016) investigated the effect of scCO2 and co-solvent extraction 

conditions on the distribution of recovered FAMEs. The authors have shown that scCO2 

with co-solvents such as methanol and hexane can efficiently extract fats without excessive 

heat. Viguera et al., (2016) described the effects of operating conditions and water content 

on the extraction of scCO2 lipids from C. protothecoides. At 30 MPa CO2, 70°C and a flow 

rate of 72 kg CO2/h.kg biomass, the maximum lipid yield achieved was 21% (w/w), which 

is one of the highest values reported for microalgae. Although scCO2 avoids the use of 

environmentally harmful organic solvents, it still requires high capital costs to build and 

operate equipment under high pressure conditions. As a result, the economical production 

of biodiesel from microalgal lipids is limited by the energy and capital costs associated 

with the extraction techniques described. An ideal extraction process would not require the 

use of high pressure and would also avoid the need for a distillation step. Gas expansion 

liquid extraction provides a potential solution to these challenges. 

2.2.3 Gas-expanded liquid extraction method  

A gas-expanded liquid is made by dissolving a compressible gas, such as CO2 or light 

olefins, in the conventional liquid phase at moderate pressures (tens of bar) (Subramaniam, 

2010). When CO2 is used as an expansion gas, the resulting liquid phase is called CO2 

expansion liquid (CXL). CO2-expanded liquid (CXL) has been used in a variety of 

applications including extractions, separations, and reactions (Scurto, Hutchenson, & 

Subramaniam, 2009; Lin et al., 2013). The Life Cycle Assessment (LCA) has determined 

that the environmental impact of microalgal oil extraction using CXL is only one-tenth that 

of other extraction methods including chloroform/methanol, dichloromethane/methanol, 
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isopropanol/hexane, scCO2 and CO2 expansion ethanol. , especially regarding inhalation 

toxicity and climate change impacts (Wang et al., 2016). Moreover, another LCA 

performed by Collotta et al., (2017) compared the extraction system based on the common 

solvents (chloroform: methanol), non-expanded methanol and CO2- expanded methanol 

(CXM). CO2-expanded methanol (CXM) showed the lowest environmental impact of all 

categories tested. Furthermore, CXM has recently been considered an effective method for 

the extraction of triglycerides from the microalgae biomass of Botryococcus braunii, as it 

requires much less pressure than supercritical CO2 extraction. However, normalized 

extraction compared to the standard Folch extraction procedure only recovered 50% of the 

available oil (Paudel et al. 2015). Additionally, CXL provides environmental benefits over 

conventionl organic solvents, including significant replacement of organic solvents with 

eco-friendly CO2 and process safety benefits such as reduced flammability related to the 

presence of CO2 in the vapor phase (Subramaniam, 2010). Further work will be needed to 

evaluate the limitations of this technology. 

2.2.4 Extraction method of Liquid CO2  

The high capital cost of scCO2 is mainly due to the need of high pressure equipment (Liau 

et al., 2010) and is a major obstacle of this technology. Liquid CO2 extraction has 

considered as a viable alternative requiring lower temperatures and pressures than scCO2 

extraction while avoiding the toxic or flammable organic solvents used in conventional 

solvent extraction. For example, to obtain a density of 0.8 g/mL is high enough for an 

acceptable solubilizing power. scCO2 at 50 °C requires a pressure of 21 MPa, while lCO2 

at 25 °C requires only 9 MPa (Viner, 2017). ICO2 is less polar than most organic solvents, 

exhibits high selectivity over neutral lipids, which are most desirable for biodiesel 
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production, and can minimize co-extraction of less desirable polar lipids in biodiesel 

production (Crampon et al.,. Unfortunately, there are limited studies on the topic of lCO2 

extraction. Paulel et al. (2015) found that CO2 extraction performed on lyophilized B. 

braunii at 6.8 MPa and 25°C resulted in a lipid yield of 19% (w/w). Chen et al., (2013) 

investigated that high yields could be provides with lCO2 in a continuous lipid extraction 

from a slurry of pre-dried commercial microalgae rich in docosahexaenoic acid (DHA; an 

omega-3 fatty acid) under pressures of up to 20 MPa. While these initial results are 

encouraging, more experimental results are needed to evaluate the effectiveness of lCO2 

technology. 

2.2.5 Ionic liquids extraction  

Since the cell walls of microalgae are mainly composed of cellulose, ionic liquids are 

considered effective solvents to dissolve microalgae. Therefore, the role of ionic liquids in 

lipid extraction from microalgae, is to use their ability to destroy the cellular structure of 

microalgae by dissolving biomass simultaneously, as well as displacing organic solvents 

(Choi, Oh, et al., 2014; Kim et al. 2013). Most of the ionic liquids studied so far have 

focused on imidazolium-based ionic liquids, probably because they are commercially 

available. A few publications described the use of pyridinium, ammonium, phosphonium, 

quanidinium and caprolactamium based ionic liquids (Fauzi & Amin, 2012; Olkiewicz et 

al. 2015; Orr, 2016; Yang et al., 2017; Chiappe et al. 2016; Shankar et al., 2017; Shankar 

et al., 2019). Chlorella vulgaris is probably the most studied microalgae for ionic liquid 

extraction, as it is known to be one of the most difficult species to dissolve (Orr, 2016). 

2.2.5.1 Ionic liquids extraction using dry microalgae  

Orr, (2016) reviewed that all the ionic liquids described to date were hydrophilic and water-
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soluble ionic liquids, except of 1-ethyl-3-methylimidazolium bis (trifluoromethylsulfonyl) 

imide [C2mim][NTf2]. Dialkylimidazolium cations can be widely used in combination with 

alkyl ester sulfates or phosphate. [C2mim] in combination with either [EtSO4], [MeSO4], 

or [Et2PO4] generally resulted in higher lipid yields (>70%) compared to conventional 

solvent extraction methods. One of the most commonly known ionic liquids is 1-ethyl-3-

methylimidazolium chloride [C2mim][Cl], which has also exhibited high lipid extraction 

efficiency, whereas other dialkylimidazolium chlorides worked poorly. Interesting 1-

hexyl-imidazolium showed moderate capacity (53.4%) to extract lipids at room 

temperature even when the ionic liquid water content was 30% (Orr, 2016). Acidic ionic 

liquids consisting of carboxylate anions also exhibited some lipid extraction capacity, 

which increased with increasing processing temperature and decreased with increasing 

carboxylic acid chain length. There are few reports of pyridinium, ammonium, and 

phosphonium based ionic liquids for lipid extraction. However, ammonium and 

phosphonium-based ionic liquids can be significantly cheaper to synthesize than their 

imidazolium-based ones (Olkiewicz, 2015; Shankar et al., 2017; Shankar et al., 2019). 

Similar to dialkylimidazolium ionic liquids studied to date, methyl-triethyl ammonium 

methyl sulphate [N1 2 2 2] [MeSO4] exhibited good lipid recovery, as did ammonium or 

phosphonium cations that combined with carboxylic acids. Lastly, only three pyridinium 

based ionic liquids were tested at room temperature, however, 1-butyl-3-methylpyridinium 

bromide[C4mβpy][Br], exhibited  significant disruption of the microalgal cell structure, 

allowing recovery of 100% of available lipids (Orr, 2016). Choline amino acid-based ILs 

is made up of bioavailable compounds (bio-based ILs), which can be considered as greener 

solvents as well as catalysts (Hulsbosch et al., 2016), which also considered as low cost IL 
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compared to imidazolium ILs. Based on a variety of choline amino acid-based ILs 

investigated for lipid extraction from microalgae in the study of To et al., (2018), choline 

arginine [Ch][Arg] gave higher extraction performance (up to 51.1% of total lipids) than 

glycine, lysine, phenylalanine anions based ILs. Using aqueous solutions (65% IL- 35% 

water) instead of pure ILs and mild pretreatment conditions (70 °C, 3h). However, the used 

of the concentrated hydrochloric acid in order to convert fatty acids to their neutral form 

that is more soluble in hexane to achieve high efficient extraction would be a major 

challenge in this process.   

Reaction conditions can play an important role in the success of screening studies using 

ionic liquids. Lower temperatures are generally desirable to minimize the energy required 

for the overall process. However, because many ionic liquids exhibit high viscosity at low 

temperatures, most studies have focused on the treatment of algal biomass at temperatures 

between 100 and 120°C. Viscosity also can be decreased to some extent by using a co-

solvent such as methanol. The ability to extract lipids using a mixture of an ionic liquid 

and a polar organic solvent has been demonstrated. In general, methanol was found to have 

little effect on lipid yield compared with ionic liquids alone, while hexane was found to 

decrease lipid extraction and chloroform increased it (Choi, Oh, et al., 2014). Acetone has 

also emerged as a promising co-solvent for [C2mim][MeSO4] (Young et al., 2010).  

A study by (Kim et al., 2012) monitored several IL-methanol co-solvents for lipid 

extraction from the microalgae Chlorella vulgaris to determine their effectiveness 

compared with the commonly used Bligh and Dyer method. The ILs used include 1-butyl-

3-methylimidazolium methyl sulfate [BMIm][MeSO4], 1-ethyl- l-3-methylimidazolium 

methyl sulfate [EMIm][MeSO4], and 1-butyl-3-methylimidazolium methyl sulfate triflate 
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[BMIm] [CF3SO3] with extraction yield of 11.84%, 11.88% and 12.54%, respectively, 

achieving higher yields than the 10.6% extraction method of Bligh and Dyer. This indicated 

that the lipid extraction efficiency was affected by the anionic structure and the 

hydrophobic or hydrophilic properties of the IL. In addition, Choi, Oh, et al., (2014) 

compared the effect of 12 ILs on the lipid extraction yield of Chlorella vulgaris microalgae. 

The results showed that ILs with organic solvents and IL mixtures, generally had higher 

lipid yields due to synergistic influences with various anions. For instance, the mixture of 

hydrophilic ionic liquid 1-ethyl-3-methylimidazolium acetate [C2mim][Ac] and the 

hydrophobic ionic liquid [C2mim][NTf2] increased the extraction efficiency from 76.3 and 

59.5% with each ionic liquid alone respectively, to 87.5% together compared to Bligh & 

Dyer extraction. Moreover, the yield improvement effects of mixing of molten salt with 

ionic liquid were investigated. Among the three molten salts zinc nitrate hexahydrate 

(Zn(NO3)2·6H2O), Magnesium perchlorate hexahydrate (Mg(ClO4)2·6H2O), and ferric 

chloride hexahydrate (FeCl3·6H2O), FeCl3·6H2O increased overall [C2mim][Ac] 

extraction efficiency up to 70% of available FAMEs (Choi, Lee et al., 2014; Choi, Jung, et 

al., 2014). 

2.2.5.2 Ionic liquid extraction using wet microalgae  

One of the largest cost factors in lipid extraction from microalgae is the dehydration and 

drying process. Therefore, the extraction of lipids from wet algal biomass by ionic liquids 

has received much attention. Salvo et al., (2011), Salvo et al., (2013) and Teixeira, (2012), 

have demonstrated the disruption of predominantly Chlorella sp structures using wet 

culture. Several species have been dissolved within one hour at temperatures above 100 

°C, mostly using imidazolium chloride-based ionic liquids. Soon after, the wet disturbance 
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of the cyanobacterium Synechocystis sp. was performed using 1-ethyl-3-

methylimidazolium methylphosphite [C2mim] [MeO(H)PO2] and 1-ethyl-3-

methylimidazolium acetate [C2mim] [O2CMe] at room temperature for 30 min (Fujita et 

al., 2013). It has also been reported that hydrophobic ionic liquids [C2mim][NTf2] and 1-

ethyl-3-methylimidazolium tetrafluoroborate [C2mim][BF4] were ineffective but has since 

shown some ability to extract lipids (Kim et al. 2012; Choi, Oh, et al., 2014). More recent 

reports have provided a better analytical understanding of extraction efficiency and the role 

of water in ionic liquid-based lipid extraction. Lipids were successfully extracted from 

fresh N. oculata biomass containing 71.7% water using phosphonium-based ionic liquid 

[P(CH2OH)4]Cl (Olkiewicz, 2015). About 75% of the available lipids were extracted using 

the ionic liquid based method when compared to the B&D method. Both methods exhibited 

a higher tendency to extract short-chain fatty acids when wet biomass was used. The ionic 

liquid [C2mim][EtSO4] in combination with the co-solvent methanol has also been shown 

to successfully extract lipids from wet biomass (Orr, 2016). This study also demonstrated 

that at water contents above 82% wt., the extraction efficiency decreased significantly and 

the solids loading factor and methanol to ionic liquid ratio dropped above or below 2:1 

(Methanol:IL). In both studies, room temperature ionic liquids could be processed in less 

than an hour, and these ionic liquids were successfully reused up to four times. 

Other reports have recently been reviewed that combined ionic liquid extraction from wet 

biomass with other methods of disruptions. For example, ultrasound or microwave 

irradiation combined with ionic liquid extraction using 1-ethyl-3-methylimidazolium 

hydrogensulfate [C4mim][HSO4] increased yields over ionic liquids alone , which was not 

compared with the theoretical maximum yield from dried biomass-extracted lipids (Pan et 
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al., 2016). In addition, previous studies using the related ionic liquid [C2mim][HSO4] 

showed very poor extraction of lipids from dry biomass (less than 15% of total available 

lipids) (Choi, Lee, et al., 2014; Choi, Oh, et al. ., 2014) and microwave irradiation and 

ultrasound are known to enhance the disruption of wet algae. It is difficult to discern 

whether the ionic liquid actually assisted this process, as no microwave irradiation or 

ultrasound negative controls were performed without the presence of the ionic liquid using 

the same extraction procedure. In another report using ultrasonication, again, no extraction 

was performed without the presence of ionic liquid using the same conditions as the IL 

extraction (for example the same solvents) and the total lipid content of the algae biomass 

produced was less than 3% (w/w). Using the B&D method indicating that either the  control 

extractions worked poorly, or there was no neutral lipids present in the biomass used 

(Wahidin et al., 2016). Finally, in a report involving the use of tri-etylammonium hydrogen 

sulfate [N0 2 2 2] [HSO4] in combination with high-pressure extraction (1 MPa) for 1 h at 

110°C resulted in the extraction of extraction of all available lipids. However, again, no 

negative controls were used to distinguish the role of ionic liquids from the role of 

extraction conditions at temperature and High pressure is used (Chen, Hu, et al., 2015; 

Zhuanni et al., 2016). In addition, the ionic liquid concentrations used in this study was 1% 

in water, were extremely low and thus these ionic liquids would be present mainly in 

dissociated form, which will greatly reduce their unique solvent properties. 

Recently, a novel protic IL (PIL) has been investigated for microalgal cell disruption and 

lipid extraction (Shankar et al., 2017; Shankar et al., 2019). The applicability of some PILs 

with butyrolactam, caprolactam, propylammonium and hydroxypropylammonium cations 

in combination with formate, acetate and hexanoate anions for cell disruption and lipid 
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extraction from microalgae was evaluated in these studies. The results showed that the lipid 

yield of formate and hexanoate-PIL anions was statistically comparable and/or superior to 

that of the B&D control. Furthermore, both studies explain the promising ability of these 

inexpensive green solvents, especially PIL containing formate and hexanoate anions, to be 

used for a relatively energy efficient and one-step cell disruption and lipid extraction 

process from wet microalgae. 

2.2.5.3 Switchable solvents  

Switchable solvents are a subclass of ionic liquids that can be divided into two categories: 

switchable polar solvents (SPS) or switchable hydrophilic solvents (SHS) (Orr, 2016). 

There are also called 'reversible' or 'smart' solvents that can reversibly change their 

properties when a 'trigger' is applied or removed. (Jessop, 2015). SPS invented by Jessop, 

(2015), switch from low polarity to high polarity IL upon CO2 (the trigger) exposure 

(Figure 2.1). Solvent polarity can be reversed by removing CO2. This can be accomplished 

by heating the solution or aerating it with a non-acidic gas such as air, N2, or Ar gas. Thus, 

SPS can extract lipids in one form and then separate the lipids from the solvent in the most 

polar form (Samorì et al., 2010; Samorì et al., 2013). N,N-Dimethylcyclohexylamine 

mixed with octanol has been shown to be effective in extracting lipids from the wet biomass 

of Nannochloropsis gaditana and Tetracermis suecica, Desmodesmus communis compared 

to 1,8-diazabicyclo-[5.4.0]-undec-7ene (DBU) octanol extraction of Botryococcus braunii, 

however it is difficult to ascertain whether this was due to differences in these microalgae 

species. Although this process can provide a unique method for lipid separation, the process 

is time consuming and can take 24 hours or more to lyse D. communis. In addition to the 

use of 1,8-diazabicyclo[5.4.0]undec-7-ene [HDBU] cation, Chiappe et al., (2016) was also 
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reported the use of switchable solvent based on tetramethylguanidinium and [HTMG] 

cation. The results showed extraction efficiencies similar to organic solvents at 80 ˚C for 1 

hour in presence of methanol. Furthermore, (Du et al., 2019) evaluated two switching 

processes for energy requirement of lipid recovery from microalgae with N-

ethylbutylamine. The processes are CO2 and temperature switching processes and the 

results showed that the total energy requirement of lipid recovery using CO2 switching is 

61.7 MJ/kg lipid, while, the cost of the lipids that recovered by temperature switching is 

only 12.4 MJ/kg lipid. Thus, the temperature switching process is a promising method for 

extracting lipids from algae and using them for energy applications. 

 

                           Low polarity form                                                  high polarity form 

                 (N-ethylbutylamine)                                                            (IL) 

Figure 2.1. The formation of SPS: change from a low polarity to a high 

polarity IL when exposed to CO2 

A SHS can be reversibly switched between a hydrophobic form that forms a two phasic 

mixture with water and a hydrophilic form that is miscible with water. In the case of lipid 

extraction from microalgae, a hydrophobic SHS will extract the lipid from the microalgae, 

which will then convert to a hydrophilic form upon addition of carbonated water (Figure 

2.2) (Jessop et al., 2010). ; Jessop et al., 2011). Boyd et al., (2012) used N,N-

dimethylcyclohexylamine, an SHS, to extract lipids from lyophilized B. braunii. The crude 

lipid fraction contained high concentrations of long chain TAG without phospholipids. 
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N,N-Dimethylcyclohexylamine extracted up to 22 % crude lipid on a microalgae dry mass 

basis.  

 

          Hydrophobic form                                                Hydrophilic form 

     (N,N-Dimethylcyclohexylamine)                                           (IL) 

 

Figure 2.2. The formation of SHS: convertion from a hydrophobic to a 

hydrophilic IL when exposed to CO2 

Overall, extraction with SHS does not require solvent drying, so using SHS is preferred over 

using SPS. However, the amount of lipids remaining in the recovered SHS needs to be 

lowered before this technique is considered viable. Although results using switchable 

solvents are promising, there are still many challenges to overcome before the use of 

convertible solvents for lipid extraction from microalgae becomes an economically viable 

commercial process. Further technological improvements are needed in extraction 

equipment technology, increasing solvent recovery efficiency, preventing environmental 

pollution and further reducing treatment costs. 

2.2.5.4 Deep Eutectic Solvents  

The latest generation of ILs, known as deep eutectic solvents (DES), have attracted 

considerable interest in recent years as solvents (Connor et al., 2020). DES is generally 

composed of an organic salt (such as choline chloride, choline acetate, quaternary 

ammonium or phosphonium salts) and a hydrogen bond donor (HBD) (such as an amide, 

amine, alcohol, or carboxylic acid, etc.). There are stable in hydrogen bond interactions form, 
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with a melting point much lower than its constituents (Durand et al., 2013). Abbott et al., 

(2004) was the first, who explained such solvents by reporting that a series of DES from a 

mixture of solid organic salts and a complexing agent could form liquids at temperatures 

below 100°C. Figure 2.3 depicts some of the most common DESs used today (Farrán et al., 

2015). The combination of DES and α-cellulose, hemicellulose, creates new hydrogen bonds 

that can damage microalgal cells to improve lipid extraction. Three different aqueous DESs, 

namely choline chloride-oxalic acid (Ch-O), choline chloride-ethylene glycol (Ch-EG) and 

urea-acetamide (U-A), were used for Chlorella sp. pretreatment and biomass lipid recovery 

rates were evaluated. The results showed that the lipid recovery rate increased from 52.0% 

of the blank control group to 80.9, 66.9 and 75.3% of the biomass treated with Ch-O, Ch-

EG and U-A, respectively (Lu et al. 2016). A consistent conclusion was obtained when DES 

was treated on wet (water content 65-67%) and unbroken biomass of Chlorella sp. and 

Chlorococcum sp. (GN38) through one and two-step methods (Pan et al., 2017). From the 

above studies it is clear that DES contributes significantly to improve the overall lipid 

extraction process.. However, the high cost the DESs could limit their sustainability. Another 

weakness is the high viscosity, which hampers with mass transfer kinetics and leads to poor 

performance (Connor et al., 2020). 
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 2.3 Biodiesel production from microalgal lipids 

As mentioned earlier, biodiesel is made from alkyl esters of fatty acids and is made from 

natural oils, such as vegetable or animal fats. Several techniques have developed to 

efficiently produce biodiesel including pyrolysis (Hsu, 2012; Harman-Ware et al., 2013), 

micro emulsification (Attaphong & Sabatini, 2013), and transesterification of oil (Farooq, 

Amin, & Abdullah, 2013). Pyrolysis is a thermochemical process that heats biomass (400-

500°C) in the absence of oxygen to produce bio-oils similar to crude oil. This bio-oil is 

then converted into a transportation fuel by hydro treating, where hydrogen reacts with the 

bio-oil to remove sulfur and oxygen, followed by hydrocracking, where the treated bio-oil 

reacts with hydrogen to produce smaller chain hydrocarbons that meet the specifications 

of diesel fuels (Hsu, 2012). Micro-emulsification involves reducing the viscosity of 

vegetable oils and improving the miscibility of the polar and oil phases in the biodiesel 

production process. (Attaphong & Sabatini, 2013; Ekkpowpan  et al., 2014). The 

Halide 

Salts 

Hydrogen Bond Donors 

Figure. 2.3. The common deep eutectic solve (Farrán et al., 2015) 
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transesterification or alcoholization of triglycerides (TAGs) by short chain alcohols in the 

presence of a catalyst is commonly used to produce biodiesel. This process has been widely 

adopted, as it can achieve high yields at a relatively low cost. 

2.3.1 Transesterification of lipids  

The transesterification involves the reaction of triglyceride molecules with alcohol in the 

presence of a catalyst to yield glycerol and esters of mono-alkylated fatty acids (Bucy et 

al., 2012). Common factors affecting transesterification efficiency involve reaction 

temperature, methanol/oil ratio, reaction time, catalyst type and concentration, FFA 

content, and water content of the oil (Khan et al., 2020). Non-catalytic transesterification 

can also produce biodiesel with high conversion, but is usually carried out under extreme 

conditions of temperature (200 - 400 ◦C) and pressure (10 - 25 MPa), reduces the economic 

feasibility of the process (Da Silva & Oliveira, 2014; Bhatia et al., 2021). For instance, 

environmentally friendly catalyst-free methods have been reported involving the use of 

supercritical alcohols at high temperature and pressure that can convert lipids in the 

presence of water, to biodiesel efficiently and/or rabidly (Srivastava, Paul, & Goud, 2018; 

Felix et al., 2019; Rathnam et al., 2020). Therefore, catalysts are frequently used to convert 

lipids to biodiesel under milder conditions. The catalysts utilized in 

transesterification/esterification processes could be homogeneous such as potassium 

hydroxide (KOH), sodium hydroxide (NaOH), or sulfuric acid (H2SO4), or heterogeneous 

catalysts such as calcium oxide (CaO) and magnesium oxide (MgO) (Park et al., 2017); 

Kim et al., 2013; Martínez et al., 2017). Commercially, homogeneous catalysts have been 

used for the transesterification reaction. Although commercial catalysts are relatively cheap 

and widely available, their hazardous and non-green properties make them unsustainable 
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for the environment. (Muhammad et al., 2015). These catalysts also generate large amounts 

of wastewater during post-treatment steps and are not recyclable, making them energy-

intensive processes (Aleman-Ramirez et al., 2021). Additionally, the catalyst is partially 

miscible with biodiesel, creating problems in separating the product from the reaction 

mixture (Tan et al., 2019). 

The use of enzymes as catalysts for these reactions eliminates most of the obstacles 

associated with acid or base catalysis; however, enzymes are quite expensive and in the 

presence of FFAs and short-chain alcohols, there are tend to denature (Tran et al., 2012; 

Teo et al., 2014; Rodriguez et al., 2016; Rangel-Basto et al. events, 2018; Sanchez-Bayo., 

2019). Overall, the desire to use greener methods with low energy consumption, low capital 

costs and environmental friendliness has prompted researchers to investigate the use of IL 

as an alternative catalyst. 

         2.3.2 Ionic liquids as a catalyst in biodiesel synthesis  

The properties of ionic liquids as green catalysts can be emphasized by their properties of 

having either acidic or basic properties. Their properties can be tuned by changing the 

combination of cations and anions. For example, some cationic bases are combined with 

alkyl substituents, such as the addition of functional groups that provide acidic properties 

such as sulfonic acid [-SO3H] and carboxylic acid [-COOH] (Olivier-Bourbigou et al. 

2010). Therefore, ionic liquids can be divided into two groups: (a) acidic ionic liquids 

(AILs) and (b) basic ionic liquids (BILs). 

2.3.2.1 Acidic ionic liquids  

Acidic ionic liquids (AILs) can be classified into three main categories: (i) Lewis Acidic 

Ionic Liquids (LAIL), (ii) Brønsted Acidic Ionic Liquids (BAIL), and (iii) Brønsted-Lewis 
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Acidic Ionic Liquids (BLAIL) ( Ishak et al. 2017; Tiong et al., 2018). Lewis acidic ionic 

liquids (LAILs) have Lewis acidic sites and thus accept lone pairs from Lewis bases. 

Brønsted acidic ionic liquids (BAILs) have one or more Brønsted acid sites that transfer 

protons to Brønsted bases, depending on the number of acid sites on the IL. Brønsted-

Lewis acidic ionic liquids (BLAILs) have both Brønsted and Lewis acidic sites and exhibit 

stronger acidity because both acidic sites act simultaneously to promote catalytic activity. 

Researchers have explored many AILs as potential catalysts in biodiesel production. 

Transesterification of microalgae lipids to biodiesel through AIL catalysts provides a better 

conversion process. Sun et al., (2017) reported that hydrogen sulfate anion based ILs 

([BMIM][HSO4]), were used as an extractant for lipid extraction and acid catalyst for in-

situ transesterification in Nannochloropsis sp. with biodiesel yield up to 95.3% in a short 

time of 30 min. However, this highest yielding reaction required a reaction temperature of 

200 °C. Combined with methanol and KOH, the IL, 1-ethyl-3-methyl- imidazolium ethyl 

sulphate [C2mim][EtSO4] has also been investigated for the direct trans- esterification of 

intracellular lipids in the wet biomass of the oleaginous yeast Rhodosporidium diobovatum 

(Ward et al., 2017). In this process, low temperature (65 ◦C) and short reaction time (2.5 h) 

were used to recover more than 97% of FAMEs in fresh yeast biomass containing up to 

80% water by weight. However, whereas IL was easily recovered, the homogeneous 

catalyst used in this study (KOH) was not. Moreover, Lee et al., (2015) used 1-butyl-3-

methylimidazolium trifluoromethane sulfonate ([BMIM][CF3SO3]) for the one-step lipid 

extraction and transformation to biodiesel with a moderate yield of 54%. 

Another study performed the in-situ transesterification of two species of microalgae 

(Duniella and Chlorella) using 1-ethyl-3-methylimidazolium methyl sulfates [C2C1IM] 
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[C1SO4] ionic liquid and methanol co-solvent to facilitate the acid-catalyzed (HCl) direct 

transformation of lipids to biodiesel (Young et al., 2011) . The results showed that higher 

biodiesel yield were obtained from Chlorella (36%). The use of switchable ionic liquids 

based on [HTMG]- and 1,8- [HDBU cations and methyl formate/hydrogen carbonate 

[MeOCO2/HCO3] anion were also explored in direct seperation of fatty acid methyl esters 

(FAMEs-biodiesel) from Scenedesmus obliquus biomass  (Chiappe et al., 2016). Their 

proposed process allows: (i) the use of milder temperature conditions, (ii) simplicity of 

operation, and (iii) the recyclability of IL.  

Other AIL which has received considerable attention as a catalyst in the production 

processes of biodiesel is 1-(4-sulfonic) butylcaprolactamium hydrogen sulfate ([SO3- 

bCPL] [HSO4]), which was examined only by Luo et al. (2017). With this catalyst, 95% 

biodiesel yield was achieved from jatropha oil under optimal conditions (oil/methanol/IL 

= 1:9:0.25 [molar ratio] at 80 °C for 1h). This ionic liquid showed many benefits, such as 

the low cost, simple synthesis process as well as good reusability. 

2.3.2.2 Basic ionic liquids (BILs)     

In addition to acidic ILs, basic ILs such as imidazolium- and choline-based ILs have also 

been used in biodiesel synthesis. (Luo et al., 2013; Ren et al., 2014). Basic ionic liquids are 

alkaline ILs with high thermal stability and low decomposition temperature. (Hajipour & 

Rafiee, 2009; Gadilohar & Shankarling, 2017). Other benefits include having 

characteristics similar to inorganic bases, being stable in air and water, having high 

catalytic efficiency, being simple to separate, and being reusable. (Hajipour & Rafiee, 

2009).  

Nonetheless, when compared to AILs, reports on the use of BILs in biodiesel production 
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from microalgae are scarce in published research. One such study was conducted by 

(Malekghasemi et al., 2021) who investigated the use of phosphonium carboxylate ionic 

liquid catalysts in direct transesterification of lipids from wet microalgae to biodiesel. Four 

ILs, namely, tetrabutylphosphonium formate ([P4444][For]), tetrabutylphosphonium acetate 

([P4444][Ace]), tetrabutylphosphonium propionate ([P4444][Prop]), and 

tetrabutylphosphonium butyrate ([P4444] [Buty]) have been tested at 102 ˚C for 4h. The 

leading candidate IL catalyst, ([P4444][For]), showed significant catalytic activity and 

allowed recovery of 98 % of biodiesel. The major limitations of this method is the cost 

effective in term of IL high price and energy saving. 

2.3.2.3 Ionic liquid-assisted enzymatic production biodiesel from microalgae 

Normally, the transesterification of lipid extracted from microalgae catalyzed by lipase- 

enzymes to produce biodiesel is carried out with or without organic solvents. The 

production of biodiesel through lipase-catalyzed transesterification of lipids extracted from 

microalgae is a viable and environmentally friendly substitute to its chemical counterparts 

requiring acids or alkalis as the catalyst (Vyas et al., 2010). However, the use of organic 

solvents has some significant limitations, including low conversion, difficulty in product 

separation, and difficulty in recovering and reusing lipases due to impeding their activation 

by methanol and increasing concentration of glycerol (a by-product). As a potential 

alternate for volatile organic solvents, ionic liquids (ILs) are often used as effective reaction 

media for bio-catalytic processes with many advantages, such as: improved conversion 

rate, improved optical selectivity, better enzyme activity and thermal stability, in addition 

to better recovery and recycling (Moniruzzaman et al., 2010).  In particular, ILs have been 

shown to have beneficial effect on lipase activity and stability (both free and immobilized) 
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(Moniruzzaman et al., 2010; Lozano et al., 2020). The first study on the use of IL in 

enzymatic conversion of lipids extracted from microalgae into biodiesel was reported by 

(Lai et al., 2012). Enzyme-catalyzed esterification of oil from Botryococcus braunii (two 

strains, BB763 and BB764), Chlorella vulgaris, and Chlorella pyrenoidosa  was carried 

out using two immobilized lipases, Penicillium expansum lipase and Candida antarctica 

lipase B (Novozym 435) in an IL [bmim][PF6] (1-butyl-3-methylimidazolium 

hexafluorophosphate). The authors studied the effects of the methanol/oil molar ratio, 

reaction temperature, solvent volume, and water content to optimize the yield. Both lipases 

produced significantly higher yields of FAME in the IL system than in tert-butanol, an 

organic solvent system commonly used in production of biodiesel. Based on these results, 

it is reasonable to conclude that IL [BMIM][PF6] or other hydrophobic ILs can be used as 

suitable solvent candidates for lipase-catalyzed microalgal biodiesel production. Bauer et 

al., (2017) reported a one-pot IL-assisted microalgae conversion to biodiesel. This 

integrated procedure combines the extraction of oil from a mixture of whole-cell 

microalgae followed by lipase-catalyzed transesterification to biodiesel in water using 

zwitterion IL as a co-catalyst. In this study, the authors combined lyophilized whole-cell 

microalgae with deionized water, MeOH, lipase (Candida antarctica lipase B (Novozyme 

435), and IL. In this method, the blends were vortexed and heated in a rotary hybridization 

furnace at 60 °C for 65 h. The authors selected two ILs, 1- octyl-3(propyl-3-sulfonyl) 

imidazolium (Oct-PrSO3) and 1- decyl-3(propyl-3-sulfonyl) imidazolium (Dec-PrSO3), 

which have specific surfactant properties to verify their effect on microalgal biodiesel 

production. The addition of IL significantly improved the selectivity of biodiesel 

production, but overall oil conversion was not affected. In fact, IL interacts with enzymes, 
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making them less reactive but more selective. More importantly, ILs are oil soluble due to 

their surfactant properties, increasing substrate availability for lipase (Bauer et al., 2017).  

Lozano and coworkers were also developed one-pot systems based on binary mixtures of 

ionic liquids and immobilized enzyme, appropriate for the direct extraction and bio-

catalytic convertion of algal oil to biodiesel without previous separation. These blends were 

based on a mixture of spongy ionic liquids (e.g. 1- hexadecyl-3-methylimidazolium bis 

(trifluoromethylsulfonyl) imide, [C16 mim][NTf2]) with the IL 1-butyl-3-

methylimidazolium chloride ([Bmim][Cl]) (Lozano et al. 2020). The finding showed that 

100 % of biodiesel yield was given after 2 h of reaction at 60ºC.  Although, these methods 

enabled rapid and efficient biodiesel synthesis, their sustainability, however, could be 

limited because of the high cost of both the ILs and the enzymes. Moreover, immobilization 

requires additional time, equipment and materials so is more expensive to set up (Basso & 

Serban, 2019; Poppe et al., 2015). 

2.4 Conclusion and research gab 

Microalgal biodiesel is considered a potential alternative to petroleum-based fuels. 

Numerous methods have been utilized to extract microalgal lipids. Mechanical, chemical, 

and biological pretreatment techniques have been sought to reduce the use of organic 

solvents and decrease extraction times. Each pretreatment method has specific advantages 

and limitations (Table 2.1). Due to the limited literature available, it is difficult to provide 

an optimal method that works for all microalgal strains. Mechanical support is energy 

intensive, while chemical support suffers from restrictions such as bio-toxicity, equipment 

corrosion, long extraction times, lipid degradation. Similarly, enzymatic lysis (biological 

procedure) requires longer extraction times and proper optimization of reaction conditions 
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to increase the process efficiency. In addition to efforts to streamline biodiesel production 

costs and increase energy efficiency, it is also important to ensure that all processes, 

materials and techniques involved are environmentally friendly. A promising alternative to 

toxic organic solvents and inorganic catalysts was the development of various green 

techniques such as supercritical fluids, gas expansion liquid extraction, and liquid CO2 

extraction. However, the major constraints of these procedures are represented by the high 

energy consumption and capital costs associated with various downstream processes. As a 

“green” tunable solvent, ILs have great potential in biodiesel production process. This 

review shows that ILs have already shown potential as extraction solvents, co-solvents and 

catalysts in biodiesel production. Ionic liquids introduce some unique properties compared 

to traditional solvent. There are offer significant advantages such as high product yield, 

recyclability, and the ability to degrade wet microalgal biomass faster than organic solvent 

extraction processes under mild conditions. 

Apart from that, the high cost of most ILs in terms of commercial feasibility remains a 

major obstacle to their application on an industrial scale and an obstacle to 

commercialization (George et al., 2015). Therefore, there is a need to improve current IL 

techniques through developing new IL methods that are inexpensive, environmentally 

friendly and sustainable. In recent years, the use of potentially cheaper cations to synthesis 

ILs have been proposed to increase efficiency and yields of lipid extraction and biodiesel 

production while reducing costs. As such, speculation on the use of caprolactam cation-

based ILs could be an option for achieving greener and more sustainable biodiesel 

production routes. The caprolactam-based ionic liquids have shown many benefits 

including availability in large-scale, low cost, simple preparation process as well as good 
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reusability (Du et al., 2005;  Fauzi & Amin, 2012; Luo et al., 2017; Shankar et al., 2017; 

Shankar et al., 2019). Despite these potential advantages, caprolactam-based ILs are rarely 

synthesized and therefore their application is limited. In particular, biodiesel production 

from microalgae using this class of ionic liquids has not yet been reported in the literature. 

Therefore, this study aims to investigate, for the first time, the feasibility of caprolactam-

based ILs to produce biodiesel from microalgae, as a potentially energy-saving and green 

system. 
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 CHAPTER 3: METHODOLOGY 

 
3.1 Materials and methods 

 

The microalgae species used in this study was Spirulina platensis.  Nine ILs were 

synthesized and characterized using FTIR and RAMAN techniques (for chemical 

structure), UV/VIS spectrometer (for acidity strength), and TGA for thermal analysis. 

Besides, density and viscosity were determined through pycnometer and viscometer, 

respectively. Lipid extraction from dry and wet biomass was performed using conventional 

methods such as Soxhlet  extraction using hexane: methanol mixture and methanol as 

positive and negative control, respectively. Pure ILs and with co-organic solvent were 

investigated for lipid extraction and direct biodiesel production. Extracts yields were 

determined gravimetrically and characterized via FTIR and GCMS analysis to identify the 

presence of FAMEs. Microalgae biomass surface changed before and after lipids extraction 

was identified by SEM analysis.  Catalytic activity of the ILs was studied through the 

indirect biodiesel production process and evaluated via determination of the produced 

biodiesel yields gravimetrically. Predictive methods were used to estimate the 

physicochemical properties of the produced biodiesel. Lastly, the recovery and reusability 

of synthesized ILs were investigated though determination of yield percentage of the 

extract after each cycle. 

3.1.1 Sources of microalgae, chemicals and reagents 

Spirulina platensis dried biomass was obtained from an algae cultivation pond at Masinde 

Muliro University of Science and Technology (coordinates: 0.5947° N, 34.7803° E), 

Kenya. Caprolactam (CP, 99 %), 1,4-butane sultone (99 %), Methane sulphonic acid 

(CH3SO3H, 99 %), Trifluoromethanesulphonic acid (CF3SO3H, 99 %) and n-hexane were 
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supplied by Sigma-Aldrich (Germany). Hydrochloric acid (HCl, 37 %), Sulfuric acid 

(H2SO4, 98 %), Trifluoroacetic acid (CF3CO2H, 98 %) and Methanol (CH3OH, 99.8 %) 

were supplied by Labo Chem PVT (India), (Toluene, 99.6 %) was supplied by VWR 

(China) and Acetic acid (CH3COOH, 99.6 %) was obtained from M&B (England). 

3.2 Synthesis of Ionic Liquids 

3.2.1 Synthesis of Caprolactam-based ionic liquids 

Six Caprolactam-based ionic liquids (CPILs) (Table 3.1), namely, Caprolactam chloride 

(CPHA), Caprolactam methyl sulphonate (CPMS), Caprolactam acetate (CPAA), 

Caprolactam hydrogen sulphate (CPSA), Caprolactam trifluoromethane- acetate (CPTFA), 

and Caprolactam trifluoromethane sulfonate (CPTFS) were prepared using the method 

reported by (Huang et al., 2014). The synthesis was carried out by adding equimolar 

amounts of caprolactam (CP) and a Brønsted acid (hydrochloric (HCl), methane sulphonic 

(CH3SO3H), acetic (CH3COOH), sulfuric (H2SO4), tri-fluoroacetic (CF3CO2H) and tri-

fluoromethane sulphonic (CF3SO3H). As a typical example, the synthesis procedure of 

CPHA is described here: 10 mL of water was added to a 100-mL flask containing 11.32 g 

of Caprolactam (0.1 mol) and stirred. Then 3.65 g of hydrochloric acid (0.1 mol) was added 

slowly into the flask, within 30 min, in an ice bath. The flasks were left to stand for 24 h at 

room temperature (r.t) (23 ˚C). Then water was evaporated by vacuum distillation and the 

mixture was washed with toluene, followed by drying at 80 oC in a vacuum oven, and the 

resultant percentage yields were calculated. The same procedure was conducted to 

synthesize the other CPILs. The preparation of CPILs is illustrated in Figure (3.1) and the 

synthesized ILs were listed in Table (3.1). 
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Figure 3.1: Preparation of CPILs (1) X= Cl (CPHA); (2) X= CH3SO3 

(CPMS); (3) X= CH3COO (CPAA); (4) X= HSO4, (CPSA); (5) X = CF3CO2 

(CPTFA) & (6) X = CF3SO3 (CPTFS). 

3.2.2 Synthesis of sulfonic butyl -functionalized Caprolactam Ionic Liquids 

Three sulfonic butyl-functionalized Caprolactam ionic liquids (SO3-bCPIL), namely 

sulfonic-butylcaprolactamium hydrogen sulfate (SO3‐bCPSA), was reported by (Luo et al., 

2017), sulfonic-butylcaprolactamium chloride (SO3‐bCPHA), and sulfonic- 

butylcaprolactamium methyl sulfonate (SO3‐bCPMS) were prepared according the 

described procedure of (Luo et al., 2017). Caprolactam was stirred, solvent-free, with equal- 

moles (0.1 mol) of 1,4-butane sultone for 10 h at 60 oC. The reaction mixture was then washed 

three times with toluene (5 ml) to remove unreacted reactants and impurities, and dry 

evaporated under vacuum (80 oC), to yield a white precipitate of sulfonic butyl-

functionalized caprolactam (zwitterion). Afterwards, equimolar concentrated sulfuric acid 

was added dropwise to the zwitterion, and the mixture was vigorously stirred at 800 rpm 

at 80 oC for about 8 h until the zwitterion was dissolved. The obtained viscous oil was 

washed thoroughly with toluene (5 ml) and dry evaporated under vacuum (80 oC). The 

same procedure was performed to synthesize (SO3‐bCPHA) and (SO3‐bCMS) by adding 

Acid 
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HCl and CH3SO3H, respectively, instead of H2SO4. The chemical reaction is illustrated in 

Figure (3.2) and the synthesized ILs were listed in Table (3.1). 

 

 

Figure 3.2: Preparation of SO3-bCPILs, (7) X- = HSO4
- 

(SO3-bCPSA); (8) X- 

= CH3SO3
- 

(SO3-bCPMS) & (9) X- = Cl- (SO3-bCPHA) 
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Table 3.1. The synthesized CPIL and SO3-bCPIL 
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3.3 Characterization of the synthesized ionic liquid 

3.3.1 Characterization of chemical structures 

The chemical structures of the synthesized CPILs and SO3-bCPILs were characterized 

using Fourier transform infrared (FT-IR) spectroscopy and Raman spectroscopy. The FT- 

IR spectra were recorded using a Shimadzu IRTracer –100 spectrometer (Japan), through 

the use of a KBr liquid cell or by dilution with thoroughly dried KBr followed by pressing 

into pellets, in the range of 500 to 4000 cm-1. Raman spectra were obtained using a Raman 

Spectrometer (CBEx 2.0, USA) at room temperature, in small glass tubes, by using laser 

light of 785 nm in the range of 400 to 2200 cm-1. 

3.3.2 Determination of density 

 
The density (ρ) expresses the mass per unit of volume. All densities were determined using 

a Pycnometer (weight method) (see Figure 3.3), following ISO 4787 standard (Gülüm & 

Bilgin, 2015).  First, the empty pycnometer (25ml) was weighed. Then the pycnometer 

filled with the IL and reweighed. The mass of IL was a subtract value of the two weighings. 

The density was calculated by the following formula: 

             ρ = m/v                                 (1) 

 
Where m is the mass of the IL, v is the volume of the pycnometer (25 ml). 

 
 

Figure 3.3. Pycnometer 
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3.3.3 Determination of viscosity 

Viscosity (η) is the resistance of a fluid to flow. The dynamic viscosities were determined 

following DIN 53015 standard. Measurements was made by capillary viscometer (Oswald) 

as depicted in Figure 3.4 (Gülüm & Bilgin, 2016). The viscosity was calculated using the 

following formula: 

η2 =
ρ2𝑡2

ρ1𝑡1
 ×  η1                           (2) 

Where η2 = viscosity of sample, ρ1 = density of water, ρ2 = density of sample, η1= 0.85 × 

10-3, t1= mean time of flow of water from A to B, t2 = mean time of flow of sample from 

A to B. 

 

 

 

 

A 
 
 

B 
 
 
 
 
 
 

          

 

3.3.4 Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a Simultaneous Thermal 

Analyzer (STA 6000, The Netherlands). Samples (~ 20-30 mg) were heated from room 

temperature to 600 °C under a nitrogen atmosphere, at a scan rate of 10 °C/ min. The 

percentage purity of the SO3-bCPIL/CPIL were determined from the mass losses of TGA 

thermogram using the following equation: 

  

Figure 3.4. Capillary viscometer (Oswald) 
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Purity % =
100 ×  W (mg)

W %
 /Winitial         (3) 

Where W is total weight loss of the SO3-bCPIL/CPIL. Winitial is the initial weigh of 

sample. 

3.3.5 Determination of the acidity strength  

The Brønsted acidity of SO3-bCPIL/CPIL was evaluated from the determination of the 

Hammett functions (H0) by UV-visible spectroscopy (Chiappe et al., 2013). The indicator 

4-nitroaniline and the CPILs were dissolved in distilled water at concentrations of 10 mg/L 

and 10 mmol/L, respectively. The UV–vis spectra of the solutions were then recorded on a 

Beckman coulter- DU 720 (US), UV-vis spectrophotometer at room temperature, both in 

the absence (2 ml of indicator solution mixed with 3 ml water) and in the presence of IL (2 

ml of indicator solution mixed with 3 ml of ionic liquid solution) after standing for 6 h. 

The Hammett acidity function was calculated by the following formula: 

                                     H0 = pK(I)aq + log ([I]/[IH]+)                     (4)  

 
Where H0 is Hammett function, pK(I)aq is the pKa value of the indicator (0.99 for 4-

nitroaniline), and [I] and [IH+] are the molar concentrations of the unprotonated and 

protonated forms, respectively, of the indicator in the solvent. A low value of H0 indicates 

that the IL has a strong acidity. According to Lambert–Beer’s Law, the value of [I] and 

[HI+] were calculated from the UV–vis spectra, on the basis of the absorbance values at 

380 nm (absorption maximum) (Chiappe et al., 2013). 

3.4 Determination of algae water content 

For water content determination, 10 g of algal biomass was placed in a conventional oven 

at 40°C for 24 h and then at 105°C overnight, to obtain constant weight (Chiappe et al. 
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2016). 

3.5 Lipid extraction using the conventional Hexane: Methanol method 

As described by (Chiappe et al., 2016) a hexane-methanol mixture (54:46, v/v, 150 ml) 

was used to extract lipids from wet (80 %) and dry microalgae (3.0 g) using the Soxhlet 

extraction method, which has three main compartments. 250 ml round bottom flask 

containing the solvent, extraction chamber and condenser. First, the sample was placed in 

a porous thimble, the flask was heated, and then the solvent was evaporated and transported 

to the condenser, where it was converted to a liquid and collected in the extraction chamber 

containing the sample. As the solvent passed through the sample, the lipids were extracted 

and carried to the flask. This process lasted 10 hours.  After extraction, the solvent was 

evaporated using a rotary evaporator. The extracted lipids fraction was transferred into a 

weighed beaker and dried to constant weight in an oven at 60 ˚C. The experiments were 

performed in duplicate and the crude lipids extraction yield was then calculated using the 

following formula: 

Rlipid% =  
Wlipid

Wbiomass
× 100                  (5) 

 Where the Rlipid and Wlipid are the recovery and the weight of lipid extracts, respectively.  

Wbiomass is the initial dry biomass weight (g) (Chiappe et al., 2016). 

3.6 Lipid extraction using ionic liquids 

3.6.1 The effect of reaction time and temperature on lipid extraction. 

Three caprolactam ionic liquids, CPAA, CPHA, and CPSA were utilized for lipid 

extraction at 75 oC for 5 h and at 95 oC for 2 h using reflux method (150 ml round bottom 

flask fitted with a condenser).  Take into consideration the fact that these conditions were 

modified from a study reported by Choi, Oh et al., (2014), who extracted lipids using 
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imidazolium-based ILs at 65 oC for 18h and 120 oC for 2h . The microalgae dry biomass 

was mixed with the ionic liquid in a ratio of 1:19 (w/w, 0.5 g of biomass, and 9.5 g of IL) 

under magnetic stirring. After extraction, the upper lipid phase could not be easily 

recovered due to the small scale of the experiment, and therefore the mixture was treated 

with n-hexane (10 ml) or a mixture of hexane: methanol 2:1 (v/v, 10 ml) to ascertain the 

actual lipid yield. The recovered n-hexane phase was washed two times with water to 

remove polar compounds. The lipid fraction was dried in a thermostat oven at 60 °C to a 

constant weight, and the residue was weighed to measure the gravimetric yield using 

formula (1). The overall process of the lipid extraction is shown in Figure 3.5. 

3.6.2 Lipid extraction using pure ionic liquids 

Lipid extraction using the six-caprolactam ionic liquids was carried out at 95 oC for 2 h. 

Afterwards, lipids were extracted from the ionic liquids according to the same procedure 

described above (section 3.6.1). In the case of CPSA, CPMS, and CPHA, hexane: methanol 

2:1 (v/v) was used, rather than hexane because there were solidified after mixing with 

hexane. The solidification happened, due to the fact that, CPHA and CPMS are solid at 

room temperature, whereas CPSA is highly viscous. Thus, when hexane was added at room 

temperature (in our case this ranged from 18 - 20 ˚C), and being immiscible with the ILs, 

there was a decrease in temperature which led to solidification of the mixture. Therefore, 

methanol was added because it is miscible with the ILs, to ease their transfer to centrifuge 

tubes. 

3.6.3 The effect of organic co-solvents on ionic liquid extraction of lipids 

 
Lipids were extracted using mixtures of SO3-CPIL/CPIL and methanol as co-solvent (1:1 

w/w). Methanol (MeOH) was also used separately as a negative control. The microalgae 
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dry biomass (0.5 g) was mixed with 4.8 g each of ionic liquid and methanol in a ratio of 

1:19 in a round- bottomed flask (150 ml) fitted with a condenser. The extraction was 

conducted at 95 °C for 2 h under magnetic stirring at 600 rpm. Thereafter, lipids were 

collected with hexane (2 × 5 ml). To facilitate the faster separation of layers, the mixture 

was further centrifuged at 4000 rpm for 30 min. 

 

 

 

Figure 3.5. A schematic presentation of the lipid extraction process 
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3.6.4 Extraction of lipids from wet biomass 

To find out the effect of water content on lipids extracted from microalgae, 4 g of distilled 

water was added to 1 g dried Spirulina platensis biomass, to form wet biomass with water 

content of 80 %. The lipids extraction was performed using mixtures of SO3-CPIL/CPIL 

with methanol (1:1 w/w) to dry weight equivalent wet microalgae biomass at the ratio of 

19:1 at 95 oC for 2h, following the procedure in section 3.6.1 

3.7 Characterization of biomass and extracted Lipids 

3.7.1 Characterization of Spirulina platensis biomass surface ultrastructures  

The cell wall and surface ultrastructures of microalgae cells were determined by scanning 

electron microscopy (SEM) (TESCAN Vega3 SBU, Czech), at an acceleration voltage of 

10 kV. 

3.7.2 Characterization of extracted Lipids 

3.7.2.1 FTIR analysis 

The FT-IR spectra of extracted lipids were recorded in the spectral range of 4000 – 400 

cm-1 using a FT/IR- 6600 spectrometer (Japan). For sample preparation, the same 

procedure in section 3.3.1 was used. 

3.7.2.2 Gas Chromatography analysis of free fatty acid methyl esters (FAMEs) 

The recovered FAMEs were analyzed using Gas chromatograph (MRC GC3420A, 

Germany) fitted with a flame ionization detector (FID), Agilent CP-Sil 88 capillary column 

(60m×0.25mm×0.20µm, Netherlands), with nitrogen as carrier gas and other gases were 

hydrogen and air. The FID and the injector port temperatures were maintained at 260 °C 

and 240 °C, respectively. The injection volume was 0.5 µL and the gas flow rate was 100 

ml/min. The temperature program was held at 150°C for 1 min, increased to 220 °C at 10 
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°C/min and held for 2 min, then increased to 240 °C at 3 °C/min, and finally maintained at 

240 °C for 8 min. For external calibration, a 37-component FAMEs standard mixture was 

used. 

3.8 Indirect transesterification of extracted lipids 

Variable quantities of extracted lipids (10–70 mg) were transesterification to FAMEs-

biodiesel through acid/catalysed esterification/transesterification, using a method reported 

by (Christie & Han, 2012). Lipids were dissolved in hexane (1 ml) in a stoppered tube, and 

1% sulfuric acid or SO3-CPIL/CPIL in methanol (2 ml) was added. The mixture was left 

to stand overnight at 50 °C. Water (5 ml) containing sodium chloride (5 %) was added and 

the required esters were extracted with hexane (2 × 5 ml), using Pasteur pipettes to separate 

the layers. The hexane layer was washed with water (4 ml) containing potassium 

bicarbonate (2 %) and dried over anhydrous sodium sulfate. The solution was filtered and 

the solvent evaporated (Figure 3.6). The yield of biodiesel was calculated using the 

following formula: 

The yield of Biodiesel % = 
FAME (g)

Lipids (g)
 × 100             (6) 

     

  

Figure 3.6: Indirect biodiesel production 
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3.9 Prediction of physicochemical properties of FAMEs 

Eight mathematical models that have been reported in the literature (Sarin et al., 2009; 

Sarin et al., 2010; Ramírez-verduzco et al., 2012; Su et al., 2011),were used to estimate the 

physicochemical properties of the produced biodiesels in this study. The physicochemical 

properties include cloud point (CP), pour point (PP), cold filter plugging point (CFPP), 

cetane number (Ø), kinematic viscosity (η), density (ρ), flash point (FP) and higher heating 

value (calorific value, δ) of fatty acid methyl esters. 

A set of predictive equations for the CP, the PP and the CFPP based on the composition of 

palmitic fatty acid methyl ester (PFAMEs) (in weight percentages) were developed by 

Sarin et al., 2009 and Sarin et al., 2010 as follow:  

                 CP= 0.526 (PFAME) – 4.992 (0% ˂ PFAME ˂ 45%)             (7) 

                         PP= 0.571(PFAME) – 12.24 (0% ˂ PFAME ˂ 45%)              (8) 

                CFPP = 0.511(PFAME) – 7.823 (0% ˂ PFAME ˂ 45%)          (9) 

The cetane number, density, and higher heating value of FAMEs were calculated using 

predictive equations obtained by Ramírez-verduzco et al., (2012); . In these mathematical 

models, Mi represents the molecular weight of each FAME, and N is the number of double 

bonds in a given FAME.  

The cetane number of each fatty acid methyl ester is obtained from  

Øi = -7.8+0.302× Mi - 20× N              (10) 

Where Øi is the cetane number of each FAME. 

The density of each FAME can be calculated from  

   ρi = 0.8463+ (4.9/ Mi) + 0.0118 × N     (11) 

Where ρi is the density at 20 ˚C of each FAME in kilogram per cubic meter (kg/m3). 
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The expression for higher heating value (calorific value) of each FAME is: 

                                δi = 46.19 – (1794/Mi) – 0.21× N        (12) 

Where δi is the higher heating value of the ith FAME in mega joule per kilogram 

(MJ/kg). 

Then the physical properties of biodiesel produced by SO3-CPIL/CPIL were estimated 

from the individual physical properties of FAMEs using the mixing rule that reported by 

(Ramírez-verduzco et al., 2012). The following general expression was used: 

                  𝑓b = ∑ (𝑥𝑖. 𝑓𝑖)𝑛
𝑖=1                     (13) 

Where 𝑓b is a function that represents any physical property (the subscripts b and 𝑖 refer 

to the biodiesel and the individual FAME, respectively), 𝑥𝑖  is the mole fraction of the 𝑖 

FAME. The function 𝑓b must be interchanged by the variables Øb, ρb and δb in order to 

specify the cetane number, density and calorific value of biodiesels, whereas the function 

𝑓𝑖 must be replaced by the variables Øi, ρi and δi in order to specify the properties of the 

individual 𝑖FAME. 

The mole fraction (𝑥𝑖) of individual FAME was estimated from its mass fraction (𝑤𝑖) 

composition using equation (14): 

𝑥𝑖 =

𝑤𝑖
𝑀𝑖

∑
𝑤𝑖
𝑀𝑖

𝑛
𝑖=1

              (14) 

Whereas, the mass fraction was calculated using the following formula  

𝑤𝑖 =
𝐴𝑖

∑ 𝐴
                           (15) 

Where 𝐴𝑖 is the peak area for individual FAME, ∑ 𝐴 is the total peak areas of FAMEs 

composition in each biodiesel product.  



60  

 

The flash point and viscosity properties for each biodiesel product was predicted using 

the method that has been reported by (Su et al., 2011) as shown below: 

  FP = 23.362NC + 4.854NDB          (16) 

                  η = 0.235Nc - 0.468NDB           (17) 

Where FP and η refer to the flash point and viscosity, respectively. NC is the weighted-

average number of carbon atoms and NDB is the weighted-average number of double bonds. 

The comparison between the experimental value and the calculated value of the physical 

properties of biodiesel was carried out using the means of the average absolute deviation 

(AAD) as reported by Ramírez-verduzco et al., (2012) and Su et al., (2011) using the 

following formula:  

    AAD = (
1

𝑛
) (∑ |

𝑓𝑗,𝑒𝑥𝑝−𝑓𝑗,𝑐𝑎𝑙.(100)

𝑓𝑗,𝑒𝑥𝑝
|𝑛

𝑗=1 )          (18) 

Where n is the number of experimental points that are being compared, whereas fj, exp and 

fj, cal are functions that represent the experimental and calculated biodiesel physical 

property. 

3.10 Recoverability and reusability of the SO3-bCPIL/CPILs 

After extraction of the S. plastensis lipids, a tri-phasic system was obtained by 

centrifugation. The top phase contained FAMEs, the middle phase contained SO3- 

CP/CPILs with methanol, and the bottom phase contained the algae residue. The top phase 

was collected by pasteurization, and the supernatant containing the ionic liquid and 

methanol was evaporated to remove methanol. The extraction of lipids using recycled ionic 

liquid was tested according to the same procedure in section 3.6.3.  
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3.11 Analysis of data 

The analysis was achieved in duplicate and the provided data was expressed as (Mean ± 

SD). T-test was used to compare results with controls, and an effect was considered to be 

significant when P ≤ 0.05.  The data analyzed using Microsoft excel. 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Physical properties of synthesized ionic liquids 

All of the SO3-CPILs/CPILs were prepared with high yields of 60.4 - 99.6 % as depicted in 

Table (4.1). Among them, CPAA, CPSA, CPTFA, CPTFS, SO3-CPSA, SO3-CPHA and 

SO3-CPMS were colorless with excellent fluidity at room temperature, whereas CPMS and 

CPHA were white solids (Figure 4.1). SO3-CPILs/CPILs were moisture stable, as attested 

by the consistent weigh measurements at various time intervals at 25 ˚C. All the SO3-

CPILs/CPILs were insoluble in hexane and revealed high miscibility with water and 

methanol, confirming that those ILs are hydrophilic. 

Table 4.1: The yield percentage of the synthesized ILs  

 

 

IL Yield % 

CPAA 83.3 

CPHA 80.7 

CPSA 91 

CPMS 99 

CPTFA 92.4 

CPTFS 99.6 

SO3-CPHA 60.4 

SO3-CPMS 75 

SO3-CPSA 95.6 
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4.2 Characterization of the Synthesized Ionic Liquids 

The synthesized ILs were characterized by identifying their chemical structure (the 

functional groups of each IL) using FTIR and RAMAN techniques, determination of 

density and viscosity, which are important properties for solvents and catalyst. The acidity 

strength and thermal stability of the ILs were determined via UV/VIS and TGA analysis, 

respectively.  

4.2.1 Characterization of chemical structures 

4.2.1.1 FTIR analysis of caprolactam 

 
Garbuzova & Lokshin, (2004) reported that solid caprolactam is present in dimeric 

hydrogen- bonded form as shown in Fig.4.2a. Therefore, the peaks at 3296.12, 3209.33 

and 3074.32 cm-1 correspond to N–H in hydrogen bonding as shown in Fig 4.2b. The 

observed peaks at 2929.67 and 2856.38 cm-1 were assigned to the vibration of asymmetrical 

and symmetrical stretching, respectively, of the –CH2- group from cyclic lactam. The peak 

Figure 4.1. The synthesized ionic liquids, (A) CPILs: from left to right, 

CPAA, CPSA, CPHA, CPMS, CPTFS and CPTFA. (B) SO3-CPILs: from 

left to right, SO3-CPSA, SO3- CPHA and SO3-CPMS 

(A) (B) 
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at 1487 cm-1 corresponds to a hydrogen bond formed between C=O and N–H. The band at 

1440.73 cm-1 relates to the scissoring vibration in the – CH2– group and the band located 

at 1417.58 cm-1 was assigned to the bending vibrations in the same group. The bands at 

1365.51, 1290.29, 1257.50, and 1197.71 cm-1 correspond to the amide group bonded with 

the alkyl group (– NH–CH2–). The C=O bond, related to lactam was observed at 1658.67 

cm-1 and was confirmed by the bands at 865.98 and 690.47 cm-1. The band located at 823.55 

cm-1 relates to out of plane bending vibration of the NH bond. Both bands at 582.46 and 

505.31 cm-1 correspond to the amide group of lactam ring (Garbuzova & Lokshin, 2004); 

(Farias-Aguilar et al., 2014). Moreover, according to a study reported by Huang et al. 

(2014), the characteristic peaks of caprolactam-based ionic liquids at 1441 – 1445 cm-1 and 

2930 - 2941 cm-1 may relate to N-H and N-C-H, respectively. 

 

 

(a) 
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(b) 

       

4.2.1.2 FTIR analysis of the synthesized caprolactam ionic liquids (CPIL) 

The characteristic IR absorption peaks of the ILs are shown in Figure 4.3 and Table 4.2. A 

significant change was observed in the caprolactam IR spectrum after reaction with HCl, 

CH3SO3H, CF3SO3H, CH3CO2H, CF3CO2H, and H2SO4 acids to produce ionic liquids. 

This modification resulted in the loss of three N–H hydrogen-bonded peaks, and new peaks 

at different frequencies appear due to the interaction between the cation and the anion. 

Furthermore, the decrease in intensities of the C=O peak observed in most spectra is 

attributed to the loss of double bond character in the caprolactam units due to the formation 

of hydrogen bonds (Shakeela, Sinduri, & Rao, 2017). 

Functional groups were assigned to the characteristic IR absorption peaks for each 

synthesized CPIL (Fig.  4.3a – 4.3f).  CPAA (Fig.  4.3a):  N-H2
+   (3286.48 cm-1); CH3 

asymmetric stretch (3041.53 cm-1) related to acetate ion; CH stretching (2929.67, 2858.31 

cm-1);  C=O  (1708.81,  1662.52  cm-1);  CO…H  (1485.09  cm-1);  CH  bending vibration 

 

 

Figure 4.2. (a) Solid caprolactam dimer showing hydrogen 

bonding between two amide groups, (b) FTIR spectrum of 

Caprolactam 
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(1440.73, 1357.79 cm-1).   CPHA (Fig.  4.3b):  N-H2
+   (2970.17 cm-1); asymmetric and 

symmetric CH stretching (2929.67 and 2860.24 cm-1), respectively; C=O (1645.17cm-1); 

CO…H (1483.16 cm-1); CH scissor vibration (1440.73, 1357.79 cm-1). CPMS (Fig. 4.3c): 

N-H2 
+(3404.13); CH3 asymmetric stretch (3049.25 cm-1) related to methylsulphonate ion; 

CH asymmetrical stretching (2937.38 cm-1); C=O (1704.96, 1623.95 cm-1); CO…H 

(1502.44 cm-1); CH bending vibrations (1413.72 cm-1); –NH–CH2– (1332.72 cm-1); the 

broad and sharp peak located at (1191.93 cm-1) may be due to overlapping of the symmetric 

stretching SO3 and (–NH–CH2–), whereas the peak at (1043.42 cm-1) may correspond to S-

O-H bend or SO3 symmetric stretch (associated). The peaks at 781.12, 599.82 and 557.39 

cm-1 may indicate free and associated stretch (C-S) and the peak at 536.17 cm-1 may be 

related to SO3 symmetric bend (Zhong et al., 2018; Chackalackal & Stafford, 1966). CPSA 

(Fig 4.3d): N-H2
+ (3045.39 cm-1): CH asymmetrical stretching (2935.46 cm- 1

); C=O 

(1681.81, 1633.59 cm-1): the band at (1512.09 cm-1) may be related to CO…H or scissoring 

H-C-H ); CH bending vibrations (1438.80 cm-1); overlapping of symmetric stretch SO3 and 

–NH–CH2– at (1193.85 cm-1). The peak that may be related to the S-O-H bend or SO3 

symmetric stretch (associated) is located at (1054.99 cm-1). The two peaks at (879.48 and 

852.48 cm-1) may indicate an associated and monomeric stretch of (S-OH) (Chackalackal 

& Stafford, 1966); stretch C-S at (781.12 cm-1); SO3 symmetric bend (580.53 cm-1). CPTFA 

(Fig. 4.3e): N-H2
+ (3047.32 cm-1); CH stretching (2939.31, 2866.02 cm-1; C=O (1676.03, 

1627.81cm-1); CH scissor vibrations (1438.80 cm-1) or may also be related to symmetric 

vibration in CO2, and the one at (1336.58 cm-1) associated to –NH– CH2- or may also 

attributed to symmetric vibration in CF3. Broadband at (1178.43 cm-1) may indicate  

vibrational  in  F-CF2  and  symmetrical  CF3  stretch.  The  peaks  located at (798.47, 721.33, 

601.75, and 514.96 cm-1) may be associated to symmetric CO2 scissor and umbrella, 
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bending and asymmetric vibrations in CF3, respectively (Christe & Naumann, 1973). 

CPTFS (Fig. 4.3f): N-H2 
+ (3242.12 cm-1); CH asymmetrical stretching (2941.24 cm-1); 

C=O (1638.74 cm-1); CO…H or scissor H-C-H at (1514.02 cm-1); CH bending vibrations 

(1450.37 cm-1). A broad overlapping band at (1251.72 and 1170.71 cm-1) indicates –NH– 

CH2-, asymmetrical SO3 stretching and symmetrical CF3 stretching (Singh et al., 2016). 

The peak located at (761.83 cm-1) may be attributed to symmetric FCF scissor and C-S 

stretch. The bands observed at 638.39, 578.60 and 518.82 cm-1 may be attributed to SO 

bond oscillation, symmetric (OSO) scissor & (FCF) scissor and asymmetric (OSO) scissor 

& (FCF) scissor, respectively (Singh et al., 2016). 

The observable split carbonyl bands in CPAA and CPTFA are related to carbonyl groups 

in acetate and caprolactamium ions at the higher and lower frequencies, respectively. 

Nevertheless, the same split exists in each of CPSA, CPMS, and CPTFS, and this 

phenomenon was explained by Winston & Kemper, (1971), as resulting from coupled 

stretching vibrations of the O=C-C group in acyclic structures, through symmetric 

asymmetric modes. Furthermore, there is a significant change in the fingerprint regions in 

IR spectra of all ILs except CPHA, which showed slight differences compared to the 

caprolactam spectrum. This may infer the presence of more interactions between 

caprolactamium cation and the anions. 
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(d) 

(e) 

(f) 

Figure 4.3. FTIR spectra of (a) CPAA, (b) CPHA (c) CPMS, (d) CPSA, 

(e) CPTFA and (f) CPTFS 
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Table 4.2. FT-IR Spectroscopy vibrational wavenumbers and mode assignments of CP 

and CPILs (in cm-1) 

Wavenumbers cm
-1

 
Band assignment Functional groups 

CP 
a
 CPAA CPHA CPMS CPSA CPTFA CPTFS 

3296.12, 

3209.33, 

3074.32 

3286.48 3269.12 3404.13 3045.39 3047.32 3242.12 νN-H, N-H 
+
 

Amine group of lactam 

and protonated amine of 

ILs 

- 3041.53 - 3049.25 - - - νasCH3 
CH3 methyl group of the 

methylsulphonate 

2929.67 2929.67 2929.67, 2937.38 2935.46 2939.31, 2941.24 νasCH2 CH2 methylene groups 

from cyclic lactam or 

alkyl group 2856.38 2858.31 2860.24 -  2866.02 - νsCH2 

1658.67 
1708.81, 

1662.52 
1645.17 

1704.96, 

1623.95 

1681.81, 

1633.59 

1676.03, 

1627.81 
1638.74 νsC=O 

The carbonyl group of 

the lactam 

1487 1485.09 1483.16 1502.44 1512.09 - 1514.02 C=O….N-H 

hydrogen bond formed 

between carbonyl and 

amine groups of lactam 

1440.73, 

1417.58 
1440.73, 1440.73, -1413.72 1438.8 1438.8 -1450.37 sciCH2 δCH2, 

CH2 methylene groups 

from cyclic lactam 

1365.51, 

1290.29, 

1257.50, 

1357.79, 

1259.43 

1357.79, 

1334.65, 

1286.43, 

1259.43 

1332.72 - 1336.58 1363.58 (–NH–CH2) 
The amide group bonded 

with the alkyl group 

1197.71 - 1197.71 1191.93 1193.85 - - 

Overlapping of (–

NH–CH2–) and 

νsSO3

b
 

The amide group bonded 

with the alkyl group & 

sulphonate group 

- - - - - 1178.43 
1251.72, 

1170.71 

Overlapping of (–

NH–CH2–), 

νasSO3 and νsCF3

c
 

The amide group bonded 

with the alkyl, 

sulphonate and trifluoro 

groups 

- - - 1043.42 1054.99 - - δ S-O-H 
b
 or νs SO3

b
 
The sulphate or 

sulphonate group 
- - - - 

879.48, 

852.48 
- - ν S-OH 

b
 

- - - 

781.12, 

599.82, 

557.39 

781.12 - 761.83 
Free and associated 

(νC-S
c
) 

The methanesulphonate 

group 

- - - 536.17 580.53 - - δsSO3

c
, δ SO4 

The sulphonate or 

sulphate group 

- - - - - 514.96 

638.39, 

578.6, 

518.82 

scis (OSO)& 

sci(FCF) 
c
 

scias(OSO) & 

sci(FCF) 
c
 

The sulphonate and 

trifluoro groups 

865.98, 

690.47 

869.84, 

619.11 
- - - 721.33 - δC=O 

The carbonyl group of 

the lactam 

823.55 819.69 - - - 798.74 - δN-H Amine group 

582.46, 

505 

580.53, 

507.24 

580.53, 

495.67 
- - - 

578.6, 

518.82 
OC-NH Amide group 

  ν= stretching, νs= symmetric stretching, νas = asymmetrical stretching, δ = deformation (bend), 

δs = symmetric, deformation (bend), sci = scissor, scis = symmetric scissor, scias = asymmetric 

scissor. Band assignments are taken from references, a (Garbuzova & Lokshin, 2004), b (Zhong et 

al. 2018) & (Chackalackal & Stafford, 1966); c (Singh et al. 2016).  
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4.2.1.3 FTIR analysis of sulfonic butyl-functionalized caprolactam IL (SO3-bCPIL) 

Compared to the caprolactam spectrum, there was similar observation on the loss of the 

three N–H hydrogen-bonded peaks, due to addition of the sulfonic-butyl (SO3 C4H8) group, 

and the new peaks appeared at 3295, 3231 and 3090 cm-1 (Figure 4.4a). The peak of (N- 

H+C4H8-SO3-) was located at 3394 cm-1. The peaks at 2929 and 2857 cm-1 were assigned 

to the vibration of asymmetrical and symmetrical stretching, respectively, of the –CH2- 

group from cyclic lactam and butyl chains. The peak at 1477 cm-1 corresponds to a 

hydrogen bond formed between C=O and N–H. The band at 1438 cm-1 relates to the 

scissoring vibration in the – CH2– group. The two sharp bands at 1348 and 1167 cm-1 

correspond to asymmetrical and symmetrical stretching vibration of S=O group, 

respectively, and confirm the presence of the sulfonic group. The C=O peak, related to 

lactam ring showed no shift, compared to the caprolactam peak at 1658 cm-1. However, the 

C-O bend vibration was shifted to 706.6 cm-1. The peak at 907 cm-1 may related to the 

amide group bonded with the alkyl group (–NH–C4H8–) of the butyl chain (Kiefer, 

Stuckenholz, & Rathke, 2018), or to the S-OH stretching (Zhong et al., 2018). The bands 

located at 826.2 and 779.3 cm-1 relate to out of plane bending vibration of the NH and C-S 

symmetric stretch, respectively. The bands at 579.4 cm-1 correspond to the amide group of 

lactam ring (Garbuzova & Lokshin, 2004); (Farias-Aguilar et al., 2014). The sharp band 

located at 502.5 cm-1 was assigned to SO3 asymmetric bend (Zhong et al., 2018). 

The major observation in SO3-bCPILs is the appearance of a broad peak at (2700-3300 cm- 

1
), which may be attributed to the OH group of S-OH (Figure 4.4b, c, d). The peak of (N-

H+C4H8-SO3
-) was not detected in all spectra, and that may due to overlap with the OH 

broad band. The decrease in intensities of the C=O peak was also observed in all spectra, 
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as explained previously. Additionally, the symmetrical stretching vibration of S=O of 

sulfonic group appeared as a broad band in all spectra, and this may attributed to the 

formation of hydrogen bond between sulfonic groups. 

Figures (4.4b– 4.4d) and Table (4.3) shows the functional groups that were assigned to the 

characteristic IR absorption peaks for each synthesized SO3-bCPIL. SO3 bCPHA (Fig. 

4.4b): asymmetric and symmetric CH stretching (2930 and 2865 cm 1), respectively; C=O 

(1721, 1625 cm-1); CO…H (1521cm-1); CH bending vibration (1439 cm-1); asymmetrical 

and symmetrical S=O stretching (1351 and 1151 cm-1), respectively; –NH–C4H8- (910 cm- 

1
); out of plane bending vibration of the NH and C-S symmetric stretch (827.1 and 782.9) 

cm-1, respectively; the amide group of lactam ring underwent a big shift (598.6 cm-1); SO3 

asymmetric bend (503.6 cm-1). SO3-bCPMS (Fig. 4.4c): asymmetric and symmetric CH 

stretching (2937 and 2863 cm-1), respectively; C=O (1727, 1672 cm-1); CO…H (1515cm- 

1); CH bending vibration (1438 cm-1); asymmetrical and symmetrical S=O stretching (1348 

and 1167 cm-1), respectively; –NH–C4H8- (906.5 cm-1); out of plane bending vibration of 

the NH and C-S symmetric stretch (826.4 and 775.3) cm-1, respectively; the C-O bend 

vibration (707.1 cm-1); the amide group of lactam ring (580.5 cm-1); SO3 asymmetric bend 

(502.9 cm-1). SO3-bCPSA (Fig. 4.4d): asymmetric and symmetric CH stretching (2939 and 

2864 cm-1), respectively; C=O (1678 cm-1); CO…H (1516 cm-1); CH bending vibration 

(1438 cm-1); asymmetrical and symmetrical S=O stretching (1346 and 1166 cm-1), 

respectively; –NH–C4H8- (906.4 cm-1); out of plane bending vibration of the NH and C-S 

symmetric stretch (826.2 and 781.9 cm-1), respectively; the C-O bend vibration (707.9 cm- 

1); the amide group of lactam ring underwent a big shift (571.8 cm-1); SO3 asymmetric bend 

(503.2 cm-1).  

The split carbonyl band also appeared in the spectra of SO3-bCPHA and SO3-bCPMS. To 
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explain the presence of the intense peak at 1034 cm-1 and the absence of the C-O bend in 

SO3-bCPHA, we need more structural interactions’ study. A more detailed assessment of 

band assignments for SO3-bCP and SO3-bCPILs is given in Table 4.3 
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Figure 4.4. FTIR spectra of (a) SO3-bCP, (b) SO3-bCPHA, (c) SO3-

bCPMS, (d) SO3-bCPSA 
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Table 4.3. FT-IR Spectroscopy vibrational wavenumbers and mode assignments of SO3-

bCP and SO3-CPILs (in cm-1) 

 
ν= stretching, νs= symmetric stretching, νas = asymmetrical stretching, δ = deformation (bend), δs = 

symmetric, deformation (bend), sci = scissor, scis = symmetric scissor, scias = asymmetric scissor, sh = 

sharp, w = weak. 

Band assignments are taken from references, a (Garbuzova & Lokshin, 2004), b(Kiefer et al., 2018), c 

(Zhong et al. 2018); d (Singh et al. 2016).
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4.2.1.4 Raman analysis of the synthesized caprolactam-based ILs 

 

Figure 4.5 shows Raman spectra of the original caprolactam and its ionic liquids (CPILs) 

in the region 400 - 2200 cm-1. The caprolactam (CP) spectrum shows two main absorption 

peaks. Compared to a previous study by (Triggs et al., 1993), the two peaks correspond to 

the vibrations of the C=O stretch between 1600 – 1700 cm-1 and C-N stretch between 1480 

- 1580 cm-1. Other peaks appeared in the spectrum for the bending vibration of C=O 

(579.75, 865.56 cm-1), and at 696.59 cm-1 which may be assigned to vibration of N-H. In 

the 739.59 - 1438.98 cm–1 region of the CP Raman spectra, the absorptions may be 

attributed to methylene sequences (CH2  rock, wag, twist, and scissor) (Schmidt & Hendra, 

1994). 

Similar absorption peaks were observed in CPAA and CPHA, with a slight shift in position 

and/or a difference in band areas and intensities. In particular, the C=O stretch on CPAA 

was located at 1618.73 cm-1 (for Caprolactamium cation) and 1708.61 cm-1 (for acetate 

anion), whereas on CPHA it was located at 1625.92 cm-1 (for Caprolactamium cation). The 

lower frequencies of C-O bend on CP, CPAA and CPHA appeared at 579.7, 619.3 and 

577.96 cm-1. The observable change in absorption peak intensities occurred in the region 

of C-N stretch and N-H vibration, which provide evidence for the generation of new 

interactions due to the formation of the ILs. Moreover, there is a band that appears at 879.94 

cm-1, which may relate to symmetric C-C stretch in the acetate ion (Yang, Tripathy, Li, & 

Sue, 2005). In CPSA, CPMS, and CPTFS spectra, a sharp and intense peak occurred 

between 1000 - 1100 cm-1, and was assigned to asymmetric vibration of SO4 and symmetric 

SO3 stretch (Rull & Sobron, 1994; Singh et al., 2016; Zhong et al., 2018). Whereas the 

peaks that appeared at 542, 544 and 572.5 cm-1 in CPMS, CPSA and CPTFS spectra may 
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be attributed to the S-O wag, as reported by (Chackalackal & Stafford, 1966), they also 

seemed to overlap with C-Obend frequencies. The strong peak at 742 cm-1 in the CPTFA 

spectrum may be attributed to the presence of a C-F bond (Shartsaa et al., 1998), although 

the vibration of CH2 rock may overlap it. Moreover, a significant change was revealed by 

the intensities and positions, as well as the disappearance, of the main characteristic peaks 

such as C=O, C-N, and N-H. Specifically, the missing carbonyl band in each of CPTFA 

and CPTFS spectra, may be explained by the presence of fluorine groups, which may 

generate more interactions with caprolactamium cations through the H- bond, due to 

protonation of the carbonyl group as illustrated in Figure 4.6 (Fábos et al., 2008). The 

summary of all absorption bands is presented in Table 4.4. 

 

 
 

Figure 4.5. Comparison of Raman spectra of caprolactam (CP, blue) and its 

ionic liquids (green) 
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4.2.1.5 Raman analysis of the sulfonic butyl-functionalized caprolactam ILs 

Figure 4.7 shows the Raman spectra of sulfonic butyl-functionalized caprolactam (SO3- 

bCP) and its ionic liquids. Compared to the caprolactam spectrum, the SO3-bCP showed 

the appearance of peaks that may assigned to the butyl sulphonic group, such as C-C and 

C-H in and out of plane bending at 782.9, 1072, 1165.8 cm-1 and 1439 cm-1; symmetric 

SO3 stretch at 1000.4 cm-1. The band at 506.7 cm-1 may be attributed to S-O wag 

(Chackalackal & Stafford, 1966). The peak located at 1359 cm-1 may be assigned to SO2 

asymmetric stretching (Chackalackal & Stafford, 1966) or C-C stretching mode (Singh et 

al., 2014). This is besides the observable shift in frequencies and intensities in the main 

characteristic peaks in caprolactam that was mentioned previously.  

In SO3-CPHA spectrum, there is a peak at 646 cm-1, which may represent a hydroxyl in S-

OH group. The intense reduction of C-H band at 740 cm-1 may be explained by the 

formation of hydrogen bonds between methylene groups in the butyl chain and chloride 

ions. The N-H at 706 and 707 cm-1 in SO3-bCPMS and SO3-bCPSA spectra appear as very 

intense peaks, which are different from other ILs. For demonstration of this phenomenon, 

more understanding of structural interactions will be needed. Moreover, the overlapping 

that was observed in C-H and SO4/SO3 regions of 700-1300 cm-1 and  1000-1100  cm-1,  

respectively (more  observable in  SO3-bCPMS), may due to  the sources of these groups: 

Figure 4.6. Protonation of ɛ-caprolactam 
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from methyl sulphonate, hydrogen sulphate and the sulphonic butyl chain. Another intense 

peak was observed at 773.8 cm-1 and overlapped with C-H at 750.5 cm-1 in SO3-bCPMS 

spectrum, and may be attributed to S-C stretch (Chackalackal & Stafford, 1966). The 

summary of all absorption bands of SO3-bCPIL/ CPIL is presented in Table (4.4). 

 

 
 

Figure 4.7. Comparison of Raman spectra of sulfonic butyl-functionalized 

caprolactam (SO3-bCP, blue) and its ionic liquids (green)
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Table 4.4. Raman vibrational wavenumbers and mode assignments of SO3-bCPIL/ CPIL (in cm-1) 

 
νs =symmetric stretch; νas= Asymmetric stretch δ= Asymmetric bend; r = rock, w=wag; tw= twist; sci= scissor; sho= shoulder. Band assignments are 

taken from references (Chackalackal & Stafford, 1966) and (H. Singh et al., 2014) 
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4.2.2 Density and Viscosity of CPILs and SO3-bCPILs 

 

The densities (ρ) and dynamic viscosities (η) of CPAA, CPSA, CPTFA, and CPTFS were 

measured at 20 oC without further drying, and the results are presented in Table 4.5. The η 

and ρ magnitudes of CPAA were the lowest. These values are different from η and ρ at 20 

oC (39.81 mPa.s and 1.06 g/ml), respectively, reported by (Chhotaray et al., 2014) with 

water content of 3872 µg/g. The viscosity and density of CPTFA (Table 4.5) are almost 

similar in magnitude to the values of 28 mPa.s and 1.24 g/ml reported at 25 oC by (Du et 

al., 2005). The CPSA exhibited a higher viscosity value (3549.63 mPa.s), however, the 

findings of (Fábos et al., 2008) showed that the viscosity was unmeasurable at 80 oC. The 

viscosity value of CPTFS has not yet been reported in literature. In contrast, the density of 

CPSA (1.358g/ml) is lower than the density of CPTFS (1.375g/ml). (Fábos et al., 2008) 

also reported that the density of CPSA was (1.372g/ml) at 50 oC. The differences in the 

viscosities and densities from literature can be explained by the presence of water 

impurities (Grishina et al., 2013). Moreover, given that viscosity and density depend on 

molecular weight (Mw) of the anions - as in the case of CPAA, CPTFA, and CPTFS - then 

it follows that the two properties increase with increase in Mw (Seki et al., 2010). However, 

CPSA is structurally dependent on density and viscosity, findings that have been reported 

for imidazolium-based ILs by Ullah et al., (2015) who demonstrated that the phenomena is 

due to strong interactions, and less steric hindrance, of cationic and anionic structures. We 

propose that the interaction between [HSO4]
- and Caprolactamium cation results in 

hydrogen bonding between the [HSO4]
- ion dimers and the acidity hydrogen of the amide 

group on the caprolactam (Figure 4.8). Ko1lle & Dronskowski, (2004) investigated and 

showed the bridge of two [HSO4]
- anions by two short hydrogen bonds to form dimers, as 

well as the formation of hydrogen bonding between the dimer and the acidity hydrogen on 
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the imidazolium ring. 

Table 4.5. Density and Viscosity of CPILs and SO3-bCPILs at 20 oC 

Ionic liquid Molecular 

weight 
(Mw, mol/g) 

Density (ρ) 
(g/ml) 

Viscosity (η) 
(mPa.s) 

Water 

content 
(w/w %) 

CPAA 137.212 1.042    13.69  4.52 

CPSA 211.239 1.358    3,549.63  1.21 

CPTFA 224.18 1.249    24.81  0.65 

CPTFS 263.24 1.375    144.76  1.53 

SO3-bCPHA 285.788 1.218    Unmeasurable*  0.29 

SO3-bCPMS 345.43 1.26    180.5*  0.65 

SO3-bCPSA 347.409 1.405    Unmeasurable*  1.28 
 

      *At 40 oC. Unmeasurable = couldn’t be determined using viscometer method 

 

Similar observations have been reported for the SO3-bCPILs. For instance, the densities 

follow the increasing order, SO3-bCPSA > SO3-bCPMS > SO3-bCPHA, and this indicates 

their dependency on molecular weight (Mw) of the anions. Thus, density increases with 

increase in Mw as shown in Table 4.5, while viscosity seems to be structurally dependent. 

We would also like to point out that the viscosity and density measurements of these ionic 

Figure 4.8. Proposed hydrogen bond interaction in CPSA 
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liquids have not yet been reported in literature. 

On the other hand, when the comparison of density and viscosity was performed for all 

CPILs and SO3-bCPILs together, they were found to be follow the increasing order, SO3- 

bCPSA > CPTFS > CPSA > SO3-bCPMS > CPTFA > SO3-bCPHA > CPAA, while the 

Mws of these compounds followed the order, SO3-bCPSA > SO3-bCPMS > SO3-bCPHA 

> CPTFS > CPTFA > CPSA > CPAA. Therefore, it was obvious that these properties are 

only dependent on cation-anion interactions. Hence, a deeper understanding of the structure 

interactions of these compounds is necessary. 

4.2.3 Determination of thermal stability and purity of SO3-bCPIL/CPIL 

Thermogravimetric analysis (TGA) of SO3-bCPIL/CPIL was performed to determine the 

thermal stability and the percentage purity of CPILs and SO3-CPILs. The thermograms of 

the two classes of CPILs demonstrated that there are three or more observable weight loss 

(in mg) regions, as presented in Figure (4.9 I) and Table (4.6). The exact temperature at 

which a weight loss occur has been determined from the 1st derivative of the TGA curve in 

the form of endothermic peaks for each IL, as demonstrated in TGA curve of CPTFS and 

its derivative (Figure 4.9 II). Initially, there are slight mass losses of 2 to 7 % between 41 

- 177 oC, which may be corresponded to the loss of physically bound water and breakup of 

hydrogen- bonded networks (Elavarasan et al., 2015). The decomposition of the ILs 

occurred then with the increase of temperature. The weight loss from 108 - 440 oC, with 

mass loss ranges of 4 – 63 % may be attributed to the loss of low molecular weight 

compounds (Ojha & Das, 2017) such as acetate and halides (chloride & fluoride), and to 

combustion of –SO3H (Li et al., 2021) present in SO3-CPILs and CPMS, CPSA and 

CPTFS, as well. The final step of thermal decomposition for the all ILs were occurred 
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between 167 oC and 541 oC, with mass losses of 9 – 44 %, which may be ascribed to 

decomposition of the C-H bonds of the cyclic ring of caprolactam.  

To insure that the weight losses in TGA curve for each IL belong to evaporation of water, 

loss of low molecular weight compounds, combustion of –SO3H and C-H bonds 

decomposition, X-ray diffraction studies should be performed after each weight loss step.  

Moreover, the sulphonic acid functional group in SO3-CPMS lowers the thermal stability 

of the ionic liquids compared to their corresponding CPMS. Amarasekara & Owereh, 

(2011) reported similar findings, when they demonstrated the effect of sulphonic groups 

on the thermal stability of imidazolium-based ionic liquids. However, on the contrary, the 

sulphonic acid functional group in each of SO3-CPSA and SO3-CPHA significantly 

increased their thermal stability compared to their corresponding CPSA and CPHA, 

respectively.    

 

Figure 4.9 Thermogravimetric analysis (TGA) of: (I) CPILs, (A) and SO3-

functionalized CPILs (B). (II) TGA curve and its derivative for CPTFS 
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The TGA of the SO3-bCPIL/CPIL shows that they are stable in the range of 108 °C to 221 

°C as depicted in Table 4.6 and their thermal stability followed an increasing sequence of 

CPTFS > CPMS > SO3-bCPMS > SO3-bCPHA > SO3-bCPSA > CPSA > CPTFA > CPHA 

> CPAA. Du et al., (2005) reported a similar result for CPTFA (up to 135 oC). Therefore, 

TGA confirmed that all SO3-bCPIL/CPIL that we prepared had excellent thermal stability 

(CPAA, recorded the minimum), and can therefore be used as catalysts for trans-

esterification of lipids, even at high temperature. 

Table 4.6. Thermal decomposition (Td/ oC) stages of CPILs and SO3 -functionalized 

CPILs 

  SO3-CP/ CPILs  Evaporation  of 

water 

Low Mwt compounds 

and / or - SO3H group 

combustion 

Final step in the  

thermal 

decomposition 

of SO3-CP/ 

CPILs 

CPAA 60 – 108 108-167 167 – 223 

CPHA 105 -128 128-254, 254-318, 318-

409 

409 - 479 

CPMS 41 – 177 177 - 223, 223 - 353 353 - 446 

CPSA 102 – 156 156 - 240, 240-307, 307 

- 440 

440 - 541 

CPTFA 72– 135 135 – 197, 197 – 251, 

251 - 386 

386 - 478 

CPTFS 81 – 127 221 – 355  355 - 465 

SO3-CPHA 76 – 166 166 – 236, 236 - 327 327 - 463 

SO3-CPMS 92 – 174 174 – 300 300 – 483 

SO3-CPSA 81 – 162 162 – 245, 245 – 318, 

318 - 351 

351 - 515 
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The percentage purity of the SO3-bCPIL/CPIL were also determined from the mass losses 

in TGA curve using equation  as shown in Table (4.7) and Appendix (A). The results 

revealed that all the synthesized ILs were prepared with high purity (100 %). 

Table 4.7: The percentage purity of SO3-CP/ CPILs 

 

4.2.4 Determination of SO3-bCPIL/CPILs acidity strength 

 
The role of SO3-bCPIL/CPIL acidity in the trans-esterification reaction is carried out by 

determining the Hammett acidity function (H0) of SO3-bCPIL/CPIL, which also indicates 

their catalytic activity. 

The maximum absorbance of the indicator in its unprotonated form was observed at 380 

nm in water as depicted in Figure (4.10), and this is consistent with previously reported 

values (Kore & Srivastava, 2011). When an acidic CPIL was added, the indicator was 

protonated by the acid and thus the absorbance of unprotonated 4-nitroaniline was reduced 

  SO3-CP/ CPILs Winitial (mg) Total W loss 

% 

Total W 

loss (mg) 

Purity % 

CPAA 30.58 74.01 22.64 100.01 

CPHA 28.66 77.67 22.55 101.00 

CPMS 31.65 72.47 22.94 100.00 

CPSA 38.82 73.05 28.36 99.99 

CPTFA 38.93 79.59 31.12 100.40 

CPTFS 44.20 73.5 32.41 99.76 

SO3-CPHA 43.17 76.89 33.19 99.99 

SO3-CPMS 47.88 99.95 47.88 100.05 

SO3-CPSA 37.75 69.2 26.12 99.99 
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as follows: CPAA > CPTFA ≈ SO3-bCPHA > CPHA > SO3-bCPMS ≈ CPSA > H2SO4 > 

CPMS > CPTFS >SO3-bCPSA (Figure 4.10). The [I]/[IH+] ratio was determined by 

measuring the difference in absorbance after the addition of SO3-bCPIL/CPIL, and 

Hammett's acidity of SO3-bCPIL/CPIL was calculated using Equation (4): 

H0  = pK(I)aq + log ([I]/[IH]+) 

Therefore, when a SO3-bCPIL/CPIL with stronger acidity was added, a lower H0 value 

would be obtained. According to the data reported in Table (4.8), acidity increases in the 

following order: CPAA ≈ CPTFA ≈ SO3-bCPHA ≈ CPHA ˂ SO3-bCPMS ≈ CPSA  ˂

H2SO4 ˂ CPMS ˂ CPTFS ˂ SO3-bCPSA, which is the reverse of the absorbance trend. 

Findings with a similar trend of CPSA ˂  H2SO4 ˂ SO3-bCPSA has been reported by (Luo et 

al., 2017). 

 

 
 

Figure 4.10. Absorption spectra of 4‐nitroaniline for various SO3-

bCPILs/CPILs in distilled water 
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Table 4.8. Hammett acidity (H0) values of the SO3-bCPIL/CPIL at room temperature. 

SO3-bCPIL/CPIL Amax [I]% [IH+]% H0 

Blank 0.928 100 0 - 

CPAA 0.876 94.4 5.6 2.23 

CPTFA 0.870 93.8 6.3 2.16 

SO3-bCPHA 0.870 93.8 6.3 2.16 

CPHA 0.860 92.7 7.3 2.09 

SO3-bCPMS 0.810 87.3 12.7 1.827 

CPSA 0.809 87.2 12.8 1.823 

H2SO4 0.790 85.1 14.9 1.747 

CPMS 0.776 83.6 16.4 1.697 

CPTFS 0.757 81.6 18.4 1.637 

SO3-bCPSA 0.730 78.7 21.3 1.558 

 

As stated above, the acidity of CPIL clearly depends on the anion structure, as CPTFS 

shows stronger acidity while CPAA shows lower acidity. On the other hand, the SO3- 

bCPILs, such as SO3-bCPSA, showed observable increase in acidity compared to their 

corresponding unfuctionalized CPILs (CPSA). In contrast, SO3-bCPMS had a lower 

acidity value than that of CPMS, whereas SO3-bCPHA had an acidity strength almost 

similar to CPHA. This finding is inconsistent with the report of (Luo et al., 2017), who 

demonstrated that the acidity of SO3-functional caprolactam-based ionic liquids is stronger 

than that of sulfone-free caprolactam-based ionic liquids. Therefore, we can conclude that 

the acidity of SO3-bCPIL/CPIL depends on the intra molecular interactions between the 

cation and anion. Thus, additional study on the structure of these compounds will be 
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required. 

4.3 Extraction of lipids from microalgae biomass 

4.3.1 Optimization of lipid extraction time and temperature 

Figure 4.11 depicted a comparison of lipid yield between 5 h at 75 ˚C and 2 h at 95 ˚C 

extractions of three selected CPILs. Thus, long period/low temperature and short 

period/high temperature were compared in order to minimize reaction time. There was no 

significant difference in lipid extraction yields (P-value = 0.23) of CPHA, CPAA and 

CPSA at 75 ˚C for 5 h and at 95 ˚C for 2 h. As a result, lipids were extracted using synthetic 

ionic liquids at 95 ˚C for 2 h. 

 
 

Figure 4.11. The yield of extracted Lipids by ionic liquids at 75 oC for 5 h 

and 95 oC for 2 h 
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4.3.2 Extraction of lipids by a conventional method and pure CPILs 

 

The extraction yields of the synthetic CPILs from dried biomass (with moisture content of 

11.2 ± 0.005 %) as well as the total recovered lipids obtained by conventional Soxhlet 

extraction using hexane- MeOH as solvents (control) (Derakhshan et al., 2015), are shown 

in Figure 4.12. The yield from the conventional organic solvent extraction method (control) 

was 9.5 ± 0.23 %, which is comparable to the yield obtained by Mandal et al., (2013), under 

the following conditions: Chloroform: methanol (2:1), 6 h at r.t. 8.60 % lipids from 

Spirulina algae biomass was also reported by Nautiyal et al., (2014) using Bligh and Dyer 

traditional method for lipid estimation. The extraction yields of three of the CPILs did not 

differ significantly from the control experiment (P > 0.05). CPAA, CPTFA, and CPHA, in 

particular, had lipid yields of 10.1 0.28% (P-value = 0.153), 10.1 0.25% (P-value = 0.159), 

and 9.3 0.1% (P-value = 0.326). This is in contrast to previous research on lipid extracts 

from dried and dehydrated marine Nannochloropsis oculata, Chlorella salina, and 

Chlorococcum sp microalgae, which found that using CPAA for extraction resulted in 

lower yields compared to the control (Shankar et al., 2017; Shankar et al., 2019). The 

reason for this can be due to the fact that the cell wall structures of microalgae, which 

contain cellulose, glycoprotein, silica, and peptidoglycan (Zhou et al., 2019), may vary 

from one type to another. As a result, various ILs may have varying levels of cell wall 

penetration. Therefore, CPAA may have a greater impact on the wall structure of S. 

platensis. On the other hand, lower yields (circa. 5%) were obtained using CPSA (P-value 

= 0.003), CPTFS (P-value = 0.031), and CPMS (P-value = 0.01). Overall, the CPILs 

containing sulphate and sulphonate anions yielded the least amount of lipids when 

compared to the control experiment. To et al., 2018 studied lipid extraction from S. 
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platensis utilizing choline and amino acid based ILs for efficient lipid extraction from S. 

platensis. A high lipid extraction yield up to 51.1% of total lipids was obtained after 3h at 

70 ◦C when choline argininate was used.  Although choline and amino acid based ILs, have 

similar potential properties of the caprolactam such as easily preparation and low toxicity, 

however, economic concerns usually limit their application for large scale biodiesel 

production due to high material cost compare to caprolactam-based ILs.   

 

 

Figure 4.12. The influence of pure ionic liquids on lipid extraction 

4.3.3 The effect of organic co-solvents on CPILs extraction of lipids 

 

Figure 4.13 depicts the yields for lipid extraction from dry biomass using ionic liquid and 

methanol mixtures (as co-solvent). Methanol (MeOH) was also used separately as an 

extraction solvent (negative control) for comparison purposes, yielding 1.31 0.27% lipids. 

The highest yields were 14.2 0.11% (P-value = 0.007) for the CPAA/ MeOH mixture and 

13.1 0.1% (P-value = 0.02) for the CPHA/ MeOH mixture. In this case, a significant 

increase (P ˂ 0.05) was observed over pure CPAA and CPHA. However, the lipid yield of 
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the CPTFA/ MeOH mixture was 11.1 0.13% (P-value = 0.028), which was slightly higher 

than the pure one but still significantly different from the control experiment (P ˂ 0.05). 

This is due to a variety of interaction mechanisms  between IL-IL, IL-methanol and lipids-

IL-methanol such as van der Waals Electrostatic, London forces, hydrogen bonds, and 

hydrophobic bonding (Cooney et al.,  2009; Singh et al., 2016; Halim et al., 2012). 

Therefore, the three CPIL/MeOH mixtures are better than organic solvents in the extraction 

of lipids from algae biomass, and hence they can be used as alternative green solvents. 

On the other hand, the mixtures of methanol with CPSA, CPTFA, and CPMS showed an 

enhancement of around 6% in lipid yield. The co-solvent effect can be explained by the 

action of polar methanol on microalgae cell disruption, which improves the efficiency of 

lipid extraction from biomass (Halim et al., 2012; Dong et al., 2016). The reason behind 

this is that some non-polar lipids are found in the cytoplasm as a complex with polar lipids. 

This complex is strongly bound to proteins in the cell membrane via hydrogen bonds. 

Therefore, polar solvents (CPILs and MeOH), can disrupt lipid-protein associations by 

forming hydrogen bonds with the polar lipids of the complex (Halim et al., 2012). As a 

result, methanol speeds up the precipitation of lipids from the cell, whereas CPILs improve 

the permeability of the cell wall (Zhou et al., 2019). It is also hypothesized that the action 

of the ionic liquid – methanol system creates a more hydrophobic environment, which 

makes lipid transfer easier (Zhou et al., 2019). The same author has also claimed that the 

addition of methanol may reduce the viscosity of ionic liquids, increasing the possibility 

of hydrogen bonds forming between fibers on the microalgae cell wall and ionic liquids. 

Moreover, the different intramolecular interactions of these ionic liquids appear to be the 

primary factor for their ability to form hydrogen bonds with microalgae cell walls, and thus 
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lead to the differences in their effectiveness for lipid extraction. 

 

 
 

Figure 4.13. Comparison of lipid extraction yields by CPILs and mixtures of 

CPIL/MeOH (1:1) 

4.3.4 The effect of CPIL/MeOH mixture on lipid extraction from wet biomass 

In order to reduce the cost of extraction of lipids from microalgae, we have also 

investigated the potential of these CPILs to extract lipids from wet biomass, thereby 

avoiding the drying stage, which is thought to be a key contributing factor to the high cost 

of biodiesel production. In this study, three mixtures of CPAA/ MeOH, CPTFA/ MeOH 

and CPHA/ MeOH were used, and the highest lipid yields recorded were from dry biomass. 

The control sample of wet S. platensis biomass (80%) provided a lipid yield of 4.1 ± 0.06 

%. The findings indicated that the CPAA/ MeOH mixture produced the highest yield of 

8.07 0.09 % (P-value = 0.001), followed by the CPTFA/ MeOH at 6.1 0.1% (P-value = 

0.005), and the CPHA/ MeOH mixture at 5.1 0.08 % (P-value = 0.008). As can be seen, 

the three mixtures offered a higher yield (P˂ 0.05) than the control (Figure 4.14). On the 

other hand, the lipids yield of CPAA is nearly identical (P-value = 0.047) to that of the 
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control sample from dry biomass (9.5 ± 0.23%). Therefore, from an economic point of 

view, CPAA could be the most promising CPIL for production of biodiesel from S. 

platensis biomass—in terms of energy and cost savings, when compared to conventional 

extraction processes. 

 

Figure 4.14. Lipid extraction yields from wet Spirulina platensis biomass 

4.3.5 Extraction of lipids by SO3-bCPIL/MeOH form dry and wet biomass 

The use of SO3-functionalized ionic liquids have been widely reported in the literature, but 

only in their use as catalysts (Fan et al., 2017; Keshavarz et al., 2019; Li et al., 2021; Ong 

et al., 2021). Particularly, SO3 butyl-functionalized caprolactam-based ionic liquids were 

used to catalyze biodiesel production from Jatropha oil (Luo et al., 2017). Thus, this study 

provides a chance to highlight the utilization of these compounds as solvents, too. Figure 

(4.15) depicted the lipid extraction yields for mixtures of methanol with SO3-bCPSA, SO3-

bCPHA and SO3-bCPMS, from both dry and wet microalgae biomass. The findings 

demonstrated that there was no discernible variation in extraction yields from dry biomass, 
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when each of the three mixtures was compared to the control i.e. 9.0 ± 1.41 % (P = 0.69), 

9.8 ± 0.35 % (P = 0.56) and 8 ± 0.00 % (P = 0.07), for SO3-bCPSA, SO3-bCPHA and SO3-

bCPMS mixtures, respectively. For wet biomass, both SO3-bCPSA and SO3-bCPMS 

showed no significant difference in extraction yields (8 ± 0.00 %, P = 0.07). However, 

SO3-bCPHA recorded a low yield of 2.5 ± 0.71 (P = 0.03).  

Consequently, from an economic perspective, SO3-bCPSA and SO3-bCPMS when 

compared to conventional extraction processes, could be the most promising ionic liquids 

for producing biodiesel from S. platensis biomass in terms of energy and cost savings. 

 

 
 

Figure 4.15. Lipid extraction yields from dry and wet Spirulina platensis 

biomass by SO3-CPILs 

4.4 Characterization of Biomass and Lipids 

4.4.1 SEM analysis of Biomass 

Here, structural analysis with SEM was carried out to thoroughly examine the extraction 

procedures. Figure 4.16 depicted the changes in the surface of microalgae cells before and 

after lipid extraction by CPIL/MeOH, which recorded the highest lipids yield, in two 
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different magnifications. Fig. 4.16(A) depicts the images of microalgae biomass before 

extraction, whereas Fig. 4.16 (B) and (C) depict the images of microalgae biomass after 

lipids extraction by CPAA and CPHA, respectively. The biomass image in Fig. 4.16 (A) 

showed the presence of intact cells (not damaged cells) of S. platensis algae, which have 

irregular shape with an uneven surface. In contrast, Fig. 4.16 (B) and (C) are distinguished 

by the absence of any intact cells and appears to be primarily composed of aggregates of S. 

platensis cellular debris. It was also noticed that a portion of the cell barrier structure of the 

cell was disrupted, although the cell wall structure was not altered. The findings suggested 

that ionic liquids primarily act on the dissolution of cell wall polysaccharides (cellulose 

and hemicellulose analogs), allowing lipids to be released from cells more easily. These 

results are consistent with previous research, which found that imidazolium-based ILs were 

effective for cell wall disruption and lipid extraction from Chlorella sp., Scenedesmus sp., 

and Neochloris oleoabundans (Teixeira, 2011; Zhuanni et al., 2016; Zhou et al., 2019). The 

ILs contact the cell and lyses, dissolves, or solvates the cell wall polysaccharides (cellulose, 

lignocellulose and lignin) and thus, the cell lipids are releases to the surrounding liquid 

(Teixeira, 2011; Zhou et al., 2019). In addition, the ILs that are hydrophilic in nature 

showed a higher lipid extraction efficiency than the one that is hydrophobic (Kim et al., 

2012).  

  
(A) 
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Figure 4.16. SEM images of S. platensis biomass before (A) and after (B) 

lipid extraction by CPAA, and (C) by CPHA 

4.4.2 FT-IR Characterization of the lipids extracts 

Infrared spectra (FT-IR) of the lipid extracts from S. platensis biomass using CPIL/MeOH 

mixtures are shown in Fig. 4.17. All spectra showed bands related to the hydrocarbon 

chain, where the main absorption bands at the regions 2922.47 - 2925.88 cm- 1 and 2852.52 

- 2853.54 cm-1, refer to the asymmetric and symmetric vibration stretching of the saturated 

carbon-carbon bonds, respectively. More interestingly, the recovered lipids showed a direct 

transformation of the fatty acids and triglycerides into the corresponding free fatty acid 

methyl ester (FAMEs-biodiesel), as indicated by the presence of peaks at 1739.67, 1740.49, 
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1741.60 cm-1, which were identified as C=O bonds of ester groups (Dean et al., 2010; 

Nautiyal et al., 2014). The maximum shift of 1704.96 cm-1, that related to the ester C=O 

bond in the CPAA and CPTFA spectra, may be caused by the presence of hydrogen 

bonding (Blume, 1996), or may be attributed to the keto C=O bond of chlorophyll. The 

bands at 1666, 1645 and 1633 cm-1 for CPAA, CPTFA, and CPMS (very weak), 

respectively, are associated with the C=C in chlorophyll and its derivatives (Xiaoli et al., 

2018), which are responsible for the dark green color. However, the corresponding bands 

were not detected in the spectra of CPHA, CPSA and CPTFS, which can be explained by 

the reduction of these pigments in their lipids extracts. The bands in the region 1000 - 1320 

cm-1 are related to the stretching vibration of the ester C- O groups (Fattah et al., 2020). 

Otherwise, the patterns of band distribution and peaks obtained for the other ILs were found 

to be similar for all the lipid extracts, with closely matching peaks. A more detailed 

assessment of band assignments for the recovered lipids is given in Table 4.9. 

More evidence for the above findings was given in Figure 4.18, which shows the FTIR 

analysis of lipids extracts, from S. platensis, of the control (Hexane: MeOH) before (4.18A) 

and after (4.18B) conversion to biodiesel. As can be seen in Figure 4.18(A), there is absence 

of carbonyl group absorption bands in the spectra of the lipids extract. Similar observations 

of the invisibility of the carbonyl group frequency in the spectra of lipids extracts from S. 

platensis and C. vulgaris were detected in Zhang et al., (2018) and  Mathimani et al., (2016) 

studies, respectively. Therefore, extracts of the control require an additional 

transesterification step for biodiesel production, as indicated in Figure 4.18B.  
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Table 4.9. Comparison of the main IR absorption bands for extracts (cm-1) of the control and CPIL/MeOH mixtures 

Wavenumbers cm-1 Band assignment Functional groups 

Control CPAA CPHA CPSA CPMS CPTFA CPTFS 

 

~3400 

3288.40  

~3400 

- - -  

~3400 

 

O-H, NH stretching 

FFA, fatty acid 

amides, and N- 

containing 

heterocyclic 

3228.62 - - - 

2926.01 2925.81 2925.81 2923.88 2923.88 2923.88 2922.47 νasCH2-CH3 CH2 and CH3 methyl & 
methylene groups 

2854.65 2852.52 2852.52 2852.52 2852.52 2852.52 2853.54 νsCH2-CH3 

- - - - 2360.71 2360.71 - Triple bonds or 

cumulative double 

Unsaturated 

compounds 

1741.72 1704.96 1741.60 1741.60 1739.67 1704.96, 
1739.67 

1740.49 νC=O Ester of lipids and fatty 

acids 

- 1666.38 - - 1633.59 1645.17 - νC=C Unsaturated 

hydrocarbon 

1460.11 1438.80 1461.94 1461.94 1460.01 1460.01 1461.64 δasCH2, 

δasCH3 

The bending 
(scissoring) of the 

CH2 

1369.46 1361.65 1375.15 1375.15 1363.58 1363.58 1363.67 δsCH2, The bending (scissoring) 

of the CH3 

- 1284.50 - - - -  νasP=O Phosphodiester of 

nucleic acids and 

phospholipids 

1199.72 1197.71 1195.78 - 1191.93 1197.71 1199.56  

C-O-C 

 

The stretching vibration 

of the ester groups 

1170.79 1122.49 1170.71 1168.78 1116.71 1170.71 1170.54 

- 1085.85 - 1093.95, 
1020.27 

1058.85 - 1086.65 

- 979.77 - - - - 981.6 P-O-P Polyphosphate 

719.45 723.26 723.26 - 723.26 721.33 722.2 γ(CH2)n CH2-rocking 

657.73 503.39 - 665.40 669.25 669.25 - C-H Aromatic 

νs= symmetric stretching, νas = asymmetrical stretching, δ = symmetric deformation (bend), δas = asymmetric deformation (bend).Band assignments are 

taken from references (Gomez et al., 2011), (Forfang et al., 2017), (Pohndorf et al., 2016), and (Mayers et al., 2013) 
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Figure 4.17. FT-IR spectra of the lipid extracts by 1) CPAA, 2) CPHA, 3) CPTFA, 4) CPSA, 5) CPMS, and 6) 

CPTFS 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

(1) (2) (3) 

(5) (6) 
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Figure 4.18. The FT-IR spectra of lipid extracts from S. platensis of the 

control before (A), and after (B), conversion to biodiesel.
 

4.4.3 The influence of SO3-CPIL/CPIL on the color of the lipid fractions 

The green color of plant-derived lipids is caused by the unfavorable presence of lipid-

soluble carotenoids and chlorophyll (Shankar et al., 2019). Because of the high intensity of 

the color, the number and length of biodiesel production processes would increase, 

resulting in less sustainable economics. Figure 4.19 (A and B) displays equal lipid fractions 

(w/w), produced by CPIL and SO3-CPIL (dry and wet biomass) with methanol, 

respectively, and diluted in hexane to enable color observation. The lipids extracted by 

CPTFA, CPHA, and CPMS in Figures 4.19 (A2), (A3), and (A5), respectively, appear to 

have substantially lighter color intensities than the lipids extracted by CPAA and SO3-

CPHA in Figures 4.19 (A1) and (B1). The change of color to brown, as shown in Figure 

4.20a, indicates the degradability of chlorophyll in microalgae biomass (Chiappe et al., 

2016). On the other hand, CPSA and CPTFS, in addition to dry and wet biomass extracts 

of SO3-bCPSA and SO3-bCPMS (Figures 4.19: A4, A6, B2, B3, B4 and B5), respectively, 

showed yellow extracts - indicating the absence of pigments, and the biomass residues 

(A) (B) 
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remained stable as indicated by the bright green color (Figure 4.20b). This finding was 

confirmed by the presence of characteristic functional groups in FT-IR spectra of CPAA, 

CPTFA and CPMS (very weak), as explained previously in section 4.4.2. Thus, the 

utilization of the CPILs and SO3-bCPIL (except for CPAA, CPTFA and SO3-bCPHA), 

causes pigments’ deterioration, which is a desirable consequence and might reduce the 

number of processes needed to produce biodiesel. 

 

Figure 4.19. Extracted lipid samples by CPIL/MeOH (A), and SO3-

CPIL/MeOH (B). 

 

Figure 4.20. The biomass residues after extraction showing, (a) degradability 

(brown colour) and (b) stability (bright green) of the chlorophyll pigments 
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4.5 Direct and indirect transesterification of recovered lipids of CPIL/MeOH and 

SO3-CPIL/MeOH 

Two procedures for producing biodiesel from S. platensis biomass through 

transesterification process were performed as follow: (1) direct transesterification, which 

involves the simultaneous extraction of lipids and the transesterification process, where the 

SO3-CP/CPIL act as solvents and catalysts at the same time. (2) Indirect transesterification, 

the two-stage method, which involves separating the lipids from the microalgae biomass 

and then transesterifying the extracted lipids. In this process the SO3-CP/CPIL were used 

as catalysts for transesterification of lipids in order to provide more evidence to their 

catalytic activity that were exhibited in the direct transesterification process.  

4.5.1 Identification of the FAMEs profile produced by conventional method 

The identification and quantification of FAMEs that were produced by the conventional 

method (Christie & Han, 2012) was done through comparison of the extracts with the 

FAMEs standard mixture, whose GC (FID) profile and retention times are presented in 

Appendix (B) and Table 4.10. 

The percentages of FAMEs in the biodiesel produced from the lipid extracts of Spirulina 

platensis microalgae, using the conventional method (for comparison purpose) are shown 

in Appendix (C) and Table 4.11. Among all FAMEs, palmitic acid (C16:0) methyl ester 

was the most abundant (61%), followed by caprylic (C8:0, 9%), oleic (C18:1, 6%) and 

linoleic (C18:2, 5%) acid methyl esters. Fattah et al. 2020 investigated the FAME 

compositions derived from Chlorella sp. and Spirulina sp. via enzymatic synthesis. Their 

findings revealed that palmitic (C16:0) and stearic (C18:0) acids were the major 

components for both Chlorella sp. and Spirulina sp. biodiesel. Nautiyal et al., (2014) also 
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reported that palmitic (C16:0, 41.21%), linolenic (C18:3, 17.79 %), linoleic (C18:2, 

12.64%), oleic (C18:1, 4.11%) and caprylic (C8:0, 3.90%) acids were the main FAME 

components in S. platensis. In a study by (Rahman et al., 2017), S. maxima showed the 

presence of palmitic acid (40.2%), linoleic (17.87%), linolenic acids (18.34%) as major 

fatty acids. 

Table 4.10. The retention time of all the FAMEs components of the standard mixture 

Peak  FAMEs 

 

 Retention  time (RT) 

(min) 

 (min 

 1  C6:0 Caproic acid  4.612 

 2  C8:0 Caprylic acid  4.98 

 3  C10:0 Capric acid  5.589 

 4  C11:0 Undecanoic acid  6.007 

 5  C12:0 Lauric acid  6.505 

 6  C13:0 Triundecanoic acid  7.08 

 7  C14:0 Myristic acid  7.73 

 8  C14:1 Myristoleic acid  8.336 

 9  C15:0 Pentadecanoic acid  8.448 

 10  C15:1 cis-10-Pentadecenoic acid  9.107 

 11  C16:0 Palmitic acid  9.296 

 12  C16:1 Palmitoleic acid  9.844 

 13  C17:0 Heptadecanoic acid  10.204 

 14  C17:1 cis-Heptadecenoic acid  10.797 

 15  C18:0 Stearic acid  11.413 

 16,17  C18:1 trans-9-Elaidic acid, C18:1 cis-9- Oleic  11.837 

 18  C18:2 trans-Linolelaidic acid  12.358 

 19  C18:2 cis- Linoleic acid  12.718 

 20  C18:3 γ-Linolenic  13.473 

 21  C18:3 α-Linolenic  14.008 

 22  C20:0 Arachidic acid  15.137 

 23  C20:1 cis-11-Eicosenoic  16.127 

 24  C20:2 cis-11,14-Eicosadienoic, C20:3 cis- 8,11,14-

Eicosatrienoic 

 17.396 

 25  C22:0 Behenic  19.192 

 26  C22:1 Erucic acid, C22:2 cis-13,16- Docosadienoic, C23:0 

Tricosanoic, C24:0   Lignoceric, C22:6 (cis- 

4,7,10,13,16,19-Docosahexaenoic), C24:1 Nervonic 

 22.625 

           Cn = carbon chain length. Cn:0 = saturated FAME. Cn:1, 2 or 3 = unsaturated FAMEs 
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The predominant of palmitic acid in S. platensis lipids extracts was also stated in (Rahman 

& Nahar, 2016); (El-Shimi et al., 2013); (El-Shimi et al., 2015) and (Saeedi Dehaghani & 

Pirouzfar, 2018) researches, with percentage values between 38.9 and 59.3 %. However, 

Pradana et al., (2018) and  Murad & Al-dawody, (2020) were reported different major 

components, which are oleic acid (45.10 %) and linoleic acid (39.92 %), respectively. If 

we take into account that all above studies used various methods (ILs not included) for 

FAMEs production from S. platensis biomass, thus, these variations may due to the method 

used for biodiesel production, as well as the different conditions of microalgae growth 

(Aratboni et al., 2019).  

Moreover, a higher proportion of saturated fatty acids (79 %) relative to unsaturated fatty 

acids (21 %), could be advantageous because saturated FAMEs have superior burning 

qualities, whereas unsaturated FAMEs have better fluidity in cold temperatures (Knothe, 

2005). Long-chain saturated fatty acids, in particular, palmitic (C16:0) and stearic acid 

(C18:0), are highly desirable (Hayyan et al., 2011), because biodiesel with a high saturated 

fatty acid content has a higher oxidation resistance. (Mostafa & El-Gendy, 2013). A data 

given by (Nautiyal et al., 2014) showed that about 50% saturated FAMEs and about 41% 

unsaturated FAMEs present in the S. platensis biodiesel, which revealed similar high 

proportion of saturated FAMEs. Palm oil, which consider the best crop for biodiesel 

production (Atabani et al., 2012), consists of about 43.4% saturated FAME and 56.6% 

unsaturated (Nautiyal et al., 2014). Therefore, the biodiesel produced in this study is more 

stable than biodiesel from palm due to its lower proportion of unsaturated fatty acids. 

Overall, structural features, namely hydrocarbon chain length, degree of saturation and 

branching, influence the structure of fatty acid esters. These have a direct effect on the 
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properties of biodiesel and thus on its properties and performance as an automotive fuel 

(Knothe, 2005). More details has been provided in section 4.6. 

Table 4.11. Identification of the FAMEs composition produced by conventional method 

(indirect transesterification) 

 Free fatty acid methyl esters (FAMEs) Retention time (RT) 

(min) 

FAME % (of 

total FAMEs) 

C6:0 Caproic acid 4.567 0.76 

C8:0 Caprylic acid 5.166 9.27 

C12:0 Lauric acid 6.492 0.16 

C13:0 Triundecanoic acid 7.379 1.63 

C14:0 Myristic acid 7.733 0.57 

C15:0 Pentadecanoic acid 8.683 2.57 

C15:1 cis-10-Pentadecenoic acid 8.996 1.46 

C16:0 Palmitic acid 9.286 61.18 

C16:1 Palmitoleic acid 9.818 3.27 

C17:1 cis-Heptadecenoic acid 10.618 0.79 

C18:0 Stearic acid 11.268 1.50 

C18:1 trans-9-Elaidic acid, C18:1 cis-
9- Oleic 

11.662 5.81 

C18:2 trans-Linolelaidic acid 12.175 0.31 

C18:2 cis- Linoleic acid 12.690 4.74 

C18:3 γ-Linolenic 13.423 1.84 

C20:1 cis-11-Eicosenoic 16.109 2.96 

C22:0 Behenic 20.477 1.18 

          Cn = carbon chain length. Cn:0 = saturated FAME. Cn:1,2 or 3 = unsaturated FAMEs 

4.5.2 Direct transesterification of recovered lipids by CPIL/MeOH 

 

To be able to confirm the occurrence of the direct production of biodiesel, which was 

indicated by FT-IR analysis (ester C=O bonds), GC analysis of the recovered lipids of 



115  

 

CPIL/MeOH was performed, and this gave more evidence of direct conversion of lipids to 

the corresponding FAMEs-biodiesel. Table 4.12 shows the composition of the FAMEs 

(only the major ones that have been reported in previous studies) of the obtained biodiesel 

for each CPIL, which identified through comparison with the FAMEs standard profile. The 

biodiesel of CPAA showed the total absence of the major FAME (palmitic acid, C16:0) 

that was found in the biodiesel produced by the conventional method. However, it was 

present in low percentages in each of CPHA (6%) and CPTFA (15%), which means that 

they have less catalytic activity to convert lipids to biodiesel. The biodiesel that was 

obtained from CPSA, CPMS and CPTFS showed conversions of palmitic acid of 54%, 

44% and 50%, respectively, which is higher than the 29% and 41.21% that was stated by 

Fattah et al. (2020) and Nautiyal et al. (2014), respectively. Additionally, the CPAA seems 

to have selectivity toward eicosenoic acid (C20:1) as shown in Table 4.12, while the same 

acid was also dominant in each of CPHA and CPTFA. In order to investigate the thermal 

efficiency of the biodiesel that was obtained by the CPILs, the ratio of the saturated to 

unsaturated FAMEs was evaluated and the results are shown in Figure 4.21. As can be 

seen, CPAA, CPHA and CPTFA have a higher level of unsaturated FAMES, compared to 

saturated FAMEs, indicating the poor/lower thermal efficiency of the produced biodiesel. 

However, CPSA, CPMS and CPTFS recorded a higher saturated FAMEs than the 

unsaturated ones, indicating the good/higher thermal efficiency of the biodiesel produced. 

Therefore, the last three CPILs act as solvents with good catalytic activity; hence, they are 

more appropriate for the direct production of biodiesel from microalgae biomass. 

From the above results, it is obvious that the direct conversion of the lipids (triglycerides) 

extracted by CPILs to the corresponding FAMEs was incomplete. Thus, the lipid extracts 
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were subjected to a further transesterification process, utilizing the approach described by 

(Christie & Han, 2012). An observable enhancement of the percentages of the main 

FAMEs occurred as depicted in Figure 4.22. In particular, the lipid profiles of the CPSA 

extracts produced palmitic of (81%), which is higher compared to the control (65%), 

followed by CPAA and CPMS (75%), while CPHA and CPTFS recorded 68 % and 66 %, 

respectively, which is nearly identical to the control. In contrast, the lipid yield produced 

by extraction with CPTFA was 55%, which was lower than the yield of the control. 

Furthermore, the biodiesel obtained by the CPILs had a higher proportion of saturated fatty 

acids (80-93%) than unsaturated fatty acids (9-21%), as depicted in Figure 4.23. These 

results showed the excellent thermal and other properties of the produced biodiesel 

(Knothe, 2005). 

Table 4.12. Percentage of FAME composition in obtained biodiesel using CPIL/MeOH 

 Free fatty acid  

methyl esters 

(FAMEs) 

  FAME % 

CPAA CPHA CPTFA CPSA CPMS CPTF
S 

C16:0 Palmitic acid - 
6 15 54 44 50 

C16:1 Palmitoleic acid - 
1 2 3 1 3 

C18:0 Stearic acid - 
- - - 0.5 0.9 

C18:1 trans-9-Elaidic acid, 
C18:1 cis-9- Oleic 

-   
0.05 

  
0.3 

  
0.5 

  
0.9 

  
3 

C18:2 trans-Linolelaidic 
acid 

- 
- - 3 - - 

C18:2 cis- Linoleic acid - 
1 3 - 7 11 

C18:3 γ-Linolenic - 
- 0.9 11 7 12 

C18:3 α-Linolenic - 
1 1 11 0.5 0.9 

C20:1 cis-11-Eicosenoic 92 89 73 8 24 9 

Others 8 2 5 9 14 10 
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Figure 4.21. Saturated and unsaturated fatty acid methyl esters profile in 

biodiesel produced by CPIL/MeOH 
 

 
 

Figure 4.22. The FAMEs composition in the extracted lipids by CPIL/MeOH 

after conducted to further transesterification process 
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Figure 4.23. Saturated and unsaturated fatty acid methyl esters profile in 

biodiesel produced by CPIL/MeOH after conducted to further 

transesterification process 

Based on the above information it can be concluded that the high efficiency of CPAA as 

solvents for extraction of lipids from microalgae, for biodiesel production, was confirmed 

by the higher percentages of main FAMEs composition that were detected by GC analysis 

- compared to the control, followed by CPHA and CPTFA. Despite their low extraction 

lipid yields, CPSA, CPMS and CPTFS also showed the presence of higher or similar 

percentages of FAMEs to that of the above three CPILs, assuming reduced extraction of 

unsaponifiable lipids such as hydrocarbons, ketones, sterols and pigments (Chiappe et al., 

2016). This means that, apart from their good catalytic activity, these CPILs are also better 

than conventional solvents in the extraction of lipids from algae biomass, and hence, are a 

promising green technology for biodiesel production in a single step. Therefore, more 

optimization studies on the last three CPILs will be required to increase their effectiveness 

for the direct biodiesel production process. 
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4.5.3 Direct transesterification of recovered lipids from dry and wet biomass using 

SO3- bCPIL/MeOH 

As already discussed, the fatty acid composition of biodiesel has a significant impact on its 

characteristics. Thus, the FAMEs composition that was obtained from dry S. platensis 

biomass SO3-bCPHA/MeOH, SO3-bCPMS/MeOH and SO3-bCPSA/MeOH, as well as 

from wet biomass using the last two solvent systems, was investigated, because the yield of 

their extracted lipids was similar to that of the control (Hexane: MeOH). As shown in Table 

4.13, the fatty acid profile for SO3-bCPIL/MeOH was dominated by palmitic acid (C16:0), 

except in case of SO3-CPHA/MeOH, which was predominated by eicosenoic acid (C20:1), 

followed by palmitic acid. 

On the other hand, an important difference could be observed in the FAME profile between 

the dry and wet biomass (Table 4.13). For instance, extraction of wet biomass using SO3- 

bCPIL/MeOH mainly increased the amount of palmitic acid. However, there was no effect 

on the total content of saturated and unsaturated FAME content of the dry and wet biomass. 

The total saturated FAMEs content obtained from dry biomass for SO3-bCPSA/MeOH and 

SO3-bCPMS/MeOH was 60 % and 57 %, respectively, compared to 59 % and 56 % from 

wet biomass, while the total unsaturated FAMEs content produced from dry biomass was 

40 % and 43 %, compared to 41 % and 44 % from wet biomass. In general, there was 

higher saturated than unsaturated FAMEs content in both dry and wet biomass, for SO3- 

bCPSA/MeOH and SO3-bCPMS/MeOH, and this is important for biodiesel properties, 

such as thermal efficiency, as discussed previously (Figure 4.24). Nevertheless, SO3- 

CPHA/MeOH showed opposite results (higher unsaturated than saturated FAMEs content) 

and hence is not suitable for application in direct biodiesel production. 
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Table 4.13. Percentage of FAME composition in obtained biodiesel for SO3-bC 

PIL/MeOH 

 

 

In view of the foregoing results, it can be stated that in addition to their comparable lipid 

extraction efficiency to organic solvents, SO3-bCPSA/MeOH and SO3-bCPMS/MeOH 

also possess good catalytic activity for both dry and wet biomass. Moreover, considering 

that eliminating biomass drying from lipid extraction processes can result in significant 

energy, time and cost savings (Dejoye Tanzi et al., 2013), these ionic liquids are 

considerably an effective and efficient technology for simultaneous extraction and 

transesterification of lipids in single step process.  

 
Free fatty acid 

methyl esters 

(FAMEs) 

                                                 FAME % 

SO3-
bCPHA-
dry 

SO3- 
bCPMS- 
dry 

SO3-
bCPMS- 
wet 

SO3-
bCPSA-
dry 

SO3-
bCPSA-
wet 

 C16:0 Palmitic 
acid 

9 27 47 43 51 

 C16:1 Palmitoleic  
acid 

1 6 4 6 4 

 C18:0 Stearic acid 0.1 - 1 2 0.4 

 C18:1 trans-9- 

Elaidic acid, C18:1 

cis-9- Oleic 

0.3 1 3 3 3 

 C18:2 trans-
Linolelaidic acid 

- - - - - 

 C18:2 cis- 
Linoleic acid 

1.0 5 11 13 13 

 C18:3 γ-Linolenic 1.2 6 11 13 13 

 C18:3 α-Linolenic 0.1 - - - - 

 C20:1 cis-11-
Eicosenoic 

84 23 7 3 6 

Others 3 34 14 17 9 
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Figure 4.24. Saturated and unsaturated fatty acid methyl esters profile in 

biodiesel produced by SO3-bCPIL/MeOH after conducted to further 

transesterification process 

The fatty acids content in the resulting biodiesel of SO3-bCPSA and SO3-bCPMS from wet 

S. platensis biomass was also compared with that produced by other reported conventional 

catalysts such as sulphuric acid (H2SO4) and potassium hydroxide (KOH), as well as ionic 

liquids (Table 4.14). As can be seen, all resulting biodiesel were observed to be rich in 

palmitic methyl ester, except for the case of biodiesel that was produced using KOH 

(Pradana et al., 2018), which was rich in oleic acid methyl ester (unsaturated fatty acid), 

and this indicates poor biodiesel quality. Compared with biodiesel acquired using H2SO4 

(El-Shimi et al., 2013)  shorter reaction time was needed for SO3-bCPSA and SO3-bCPMS, 

and this could largely reduce energy consumption, with a similar or even better 

transformation rate of fatty acids. Compared with other ionic liquids such as 1-ethyl-3-

methylimidazolium acetate [Emim] [OAc] and choline L-arginine [Ch] [ARG] ionic 
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liquids (To et al., 2018), a single step production process - with relatively milder operation 

conditions - was required for SO3- bCPSA and SO3-bCPMS. In summary, we propose that 

SO3-bCPSA and our novel SO3- bCPMS should be the best candidates for 

transesterification catalysis, given that there are easy-to-use catalysts for scaling purposes 

due to their low cost, relatively simple to separate, and their good catalytic performance. 

Moreover, such catalysts could far outperform other catalysts in terms of cost. For instance, 

the protic ionic liquids [HTMG] [MeOCO2/HCO3] and [HDBU] [MeOCO2/HCO3] 

reported by (Chiappe et al., 2016), and tetrakis(hydroxymethyl) phosphonium chloride 

[P(CH2OH)4]Cl reported by Olkiewicz, (2015), have been used for production of biodiesel 

from other microalgae species, and the starting material prices (according to the sigma 

Aldrich) for these ionic liquids are summarized in Table 4.15. 
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Table 4.14. Fatty acid content of biodiesel derived from Spirulina platensis produced by other reported catalysts and ionic 

liquids 

 

Method 

 

Transesterification 

conditions 

 

Palmitic 

(C16:0) 

 

Palmitoleic 

(C16:1) 

 

Stearic 

(C18:0) 

 

Oleic 

(C18:1) 

 

Linoleic 

(C18:2) 

 

Linolenic 

(C18:3) 

 

SO3- 

bCPMS- wet 

 

Algae: IL: MeOH, with 

ratio 1: 9.5: 9.5, 95˚C 

for 2h 

 

47 
 

4 
 

1 
 

3 
 

11 
 

11 

 

SO3-bCPSA- 

wet 

 

51 
 

4 
 

0.4 
 

3 
 

13 
 

13 

 

H2SO4 

 

100% H2SO4 

concentration (wt./wt oil) 

at 65˚C for 8 hr ,15 g of 

dry biomass and 80 ml of 

methanol 

 

48.35 
 

2.66 
 

2.02 
 

2.41 
 

5.37 
 

7.84 

 

KOH 
 

0.2 g of KOH, 150 g of 

biomass, methanol-

hexane (500 ml) 

were 3:7 at 50˚C for 2h 

 

41.03 
 

- 
 

5.54 
 

45.10 
 

8.34 
 

- 

 

[Emim] 

[OAc] 

 

1st step: Algae: IL, 1:5, at 

70˚C for 3h. 

2nd step: addition of 

chloroform/ MeOH at 85 

˚C for1h 

 

36.6 
 

9.3 
 

0.5 
 

1.2 
 

17.2 
 

18.7 

 

[Ch] [ARG] 
 

64.3 
 

0.9 
 

0.4 
 

- 
 

7.3 
 

- 
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Table 4.15. The price of starting materials for state-of-the art protic ionic liquids 

Ionic liquids Starting material Price in euro 

This study Caprolactam 41.8/ kg 

[Emim] [OAc] Imidazole 153/kg 

[Ch] [ARG] Choline hydroxide 271/500 ml 

[HTMG][MeOCO2/HCO3] Tetramethylguanidinium 427/ kg 

[HDBU][MeOCO2/HCO3] 1,8-diazabicyclo[5.4.0]undec-7-
ene 

≈ 86/L 

[P(CH2OH)4]Cl Aluminum phosphate 117/500 ml 

 

4.5.4 Indirect transesterification of recovered lipids from microalgae biomass using 

SO3-CPIL 

This study was performed to confirm the catalytic efficacy of SO3-bCPIL/CPIL, which was 

observed in the investigation of direct transesterification of lipids. This was done by 

determining the maximum yield of biodiesel products, and comparing it with acidity 

strength measurements (section 4.2.3). Biodiesel was obtained via a two-step process of 

oil extraction using conventional method (Hexane: MeOH, 1:1, v/v) followed by 

transesterification using the CPSA, CPMS, CPTFS, SO3-bCPSA, and H2SO4 as control. 

The biodiesel yield was expressed in the terms of relative weight of biodiesel obtained to 

that of extracted oil. It was observed that the SO3-bCPSA resulted in high biodiesel yield 

(80 %), followed by CPTFS (78 %), CPMS (75 %), CPSA (60 %) and H2SO4 had the 

lowest yield of 31%. As can be seen, the biodiesel yield of the ionic liquids in these 

catalytic investigations followed the order, SO3-bCPSA > CPTFS > CPMS > CPSA > 

H2SO4, which is consistent with the order of acidity measurements - using UV-VIS 
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spectroscopy - as shown in Table 4.8. The results demonstrated that higher acidity resulted 

in greater the catalytic activity because of the ease and readiness of the IL to donate a 

proton, H+ (Xing et al., 2005; Zabeti et al., 2009), except for the case of H2SO4, whose 

activity was supposed to be higher or closer to CPSA. These differences may be due to the 

different conditions that were used in performing the experiments e.g., purity of the 

chemical. 

These findings not only confirm the importance of acidity in catalytic transesterification of 

lipids using SO3-bCPIL/CPIL, but also provide further evidence of the effectiveness of 

these ionic liquids as green catalysts for biodiesel production. 

4.5.5 Transesterification reaction mechanism using SO3-CPIL/CPIL 

As was explained previously in section 1.3, and as has been reported by (Maaira et al., 

2011), the transesterification reaction is made up of three reversible and stepwise reactions. 

In each step, the triglyceride is converted into a diglyceride, a monoglyceride (FAME), and 

finally a glycerol. In contrast to the mechanism that was suggested by Ishak et al. (2017), 

which proposed that the transesterification reaction was catalyzed by donation of a proton 

from the acidic anion of ionic liquids, Luo et al. (2017) proposed that a proton was donated 

by the acidic cation of SO3-bCPSA ([SO3-bCP] [HSO4]), which contains a sulfonic group 

as depicted in Figure (4.25). Therefore, the same transesterification mechanism was used 

for all SO3 bCPIL as follows: In the first step, the proton (H+) supplied by the sulfonic 

group of the SO3-bCPIL attacks the carbonyl group of the triglyceride, and the protonated 

carbonyl group generates a carbocation. Nucleophilic attack of methanol on carbocation 

produces intermediate adducts with H-bonds (Zaramello et al., 2012; Da Silva et l., 2014). 

Finally, the intermediate product is decomposed into FAME and the catalytic cycle ends. It 
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is obvious that the catalytic activity of SO3-bCPIL in transesterification comes mainly from 

the sulfonic group, which can donate H protons. 

 

Figure 4.25. The transesterification mechanism in the presence of SO3-

bCPIL, X- is Cl-, HSO4
-, or CH3SO3

- 
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According to the above acid-catalyzed transesterification suggested by Ishak et al. (2017) 

and Luo et al. (2017), two possible transesterification reaction mechanisms in the presence 

of CPILs are depicted in Figure 4.26. In the first mechanism, the transesterification reaction 

is catalyzed via a proton that is donated from the acidic cation provided by the 

caprolactamium group, as in CPMS and CPTFS (Figure 4.26a). The second mechanism is 

catalyzed through donation of a proton from acidic anions, such as HSO4
- in CPSA, as 

shown in Figure 4.26b. Otherwise, a similar transesterification mechanism was followed 

as demonstrated in Figure 4.25. 

 

 

Transesterification mechanism (a) 
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Transesterification mechanism (b) 

 

Figure 4.26. Proposed transesterification mechanism in the presence of CPMS or 

CPTFS, X- is CH3SO3
- or CF3SO3

-, respectively (a), and the transesterification 

mechanism in the presence of CPSA (b) 
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4.6 Quality evaluation of the produced biodiesel 

In addition to the structural configurations of the FAMEs as stated above, the 

physicochemical characteristics of each FAME have a significant impact on the qualities 

of biodiesel. In this work, predictive methods that have been reported by (Sarin et al., 2009; 

Sarin et al., 2010; Su et al., 2011 and Ramírez-verduzco et al., 2012)  were used to estimate 

some of the important physicochemical properties of biodiesels that obtained by SO3-

CPIL/CPIL via direct transesterification, which influence the engine performance. The 

evaluation of produced biodiesels have been performed by comparison with the 

specifications of the international biodiesel standards  prescribed by American Society for 

Testing and Materials (ASTM 6751) and European Standard (EN 14214) as shown in Table 

(4.16), and Table (4.17). Furthermore, comparison between experimental data that have 

been stated in the literature, which are close to the predicted data in this study was 

expressed as an average absolute deviation (AAD). The prediction of kinematic viscosity 

(ή), density (ρ), cloud point (CP), pour point (PP), cold filter plugging point (CFPP), cetane 

number (Ø), calorific value (δ ) and flash point (FP) were explained in details below. 

4.6.1 Kinematic viscosity 

Viscosity (ή) is an important characteristic of a fuel that indicates its ability to flow. Highly 

viscous fuels that are prone to forming huge droplets during injection may not be properly 

atomized during the spray, increasing engine deposits and necessitating additional energy. 

As a result, higher viscosity causes poor combustion as well as increased exhaust smoke 

and pollutants. In Table (4.16) and Table (4.17), the kinematic viscosity at 40 ˚C was 

provided for biodiesel samples that obtained from S. platensis via the direct 

transesterification by SO3-CPIL/CPIL.
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a (Mostafa & El-Gendy, 2013), b (Nautiyal et al., 2014), c (Rahman et al., 2017), d (El-Shimi et al., 2013), e (Hariram & Kumar, 2013),  f 

(Murad & Al-dawody, 2020), g (Rahman & Nahar, 2016), h (Kenya Bureau of Standards (KEBS)  

 

Table 4.16. The prediction of physicochemical properties for biodiesel produced by Control and CPILs compared to 

experimental data and standard biodiesel specifications 
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a(Mostafa & El-Gendy, 2013), b (Nautiyal et al., 2014), c (Rahman et al., 2017), d(El-Shimi et al., 2013), e (Hariram & Kumar, 2013),    

f (Murad & Al-dawody, 2020), g (Rahman & Nahar, 2016), h  (Kenya Bureau Of Standards (KEBS).

Table 4.17. Physicochemical properties for biodiesel produced by SO3-CPILs compared to experimental data and 

standard biodiesel specifications 
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The prediction values of biodiesel viscosities that obtained by SO3-CPIL/CPIL are in the 

range of 2.6 – 4.1 mm2 /s, which are fall within the minimum (1.9 mm2 /s) and maximum 

(6.0 mm2 /s) range required by the ASTM D6751 specification. Gopinath et al., (2015) 

have reviewed a number of research studies, which related the viscosity to the FAMEs 

composition. It has been found that the increases in the number of carbon atoms of FAME 

(chain length) and increasing degree of saturation leads to increase of the kinematic 

viscosity, whereas, it decreases with increasing degree of unsaturation. This fact is highly 

agreed with the finding in this study as stated previously, except in case of SO3-CPMS, 

which have been used to synthesize biodiesel from wet biomass showed slightly lower 

viscosity than the minimum value that required by biodiesel standard. The reason may be 

that the cis double-bond configuration was dominant than the trans configuration, which 

can also affects the viscosity as stated by (Knothe & Steidley, 2005), resulting in lower 

viscosity. 

On the other hand, when the experimental data of S. platensis biodiesel that have been 

provided in the literature was compared versus the predicted values of the viscosity in this 

study as shown in Table (4.16), Table (4.16) and Appendix(Y). The average absolute 

deviation (AAD) of 16.5% was obtained, which indicated to the high variation between the 

experimental and calculated values.  Similar findings has been reported by (Mostafa & El-

Gendy, 2013), who recorded a high viscosity of 12.4  mm2 /s, which was much higher than 

that of biodiesel standard and that of the other studies as depicted in Table (4.16) and Table 

(4.17). These variations may due to the fact that different cultivation conditions of 

microalgae is highly effected on the biomass composition, as the result, the changes in 

FAMEs composition could be observed (Barros et al., 2015; Japar et al., 2017). 
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4.6.2 Density    

One of the main fuel qualities used to calculate how much fuel should be injected by the 

injection systems to ensure optimum combustion is density (ρ). Thus, fuel density can have 

a significant impact on engine performance and emissions. Additionally, correlation of 

density with nitrogen oxide (NOx) emissions was investigated, and it has been found that 

lower densities producing lower NOx emissions (McCormick et al., 2001).  

From Table (4.16) and (4.17), it is obvious that the density of the majority of the biodiesel 

produced by SO3-CPIL/CPIL was mostly in the range of 860 kg/m3 to 900 kg/m3 required 

by the ASTM D6751 and EN 14214 specifications. Pratas et al., (2010) have stated that the 

density increases with increasing the percentage of short chain of FAMEs (C4 –C16) and 

increasing unsaturation percentage (number of double bonds) whereas, Yuan et al., (2009) 

have investigated that the density decreases with increasing the percentage of long chain 

(from C17) and increases with decreasing saturation percentage. These facts are very 

consistent with our findings as depicted in Table (4.18). For example, the density value of 

873 kg/m3 produced by SO3-CPHA, CPAA, CPHA increased with increasing of 

unsaturation and decreasing of saturation, whereas, in case of CPMS, CPTFS, SO3-

CPMS/wet, SO3-CPSA/dry, SO3-CPSA/wet, increased with increasing the short chain  

percentage and decreasing the long chain percentage. The density of biodiesel produced by 

SO3-CPMS/dry recorded the minimum value of 840 kg/m3, and it seems that the density 

value was more effected with unsaturation than the short chain percentages, thus, it 

decreased with decreasing unsaturation. The reason behind the slightly higher and lower 

density values of 874 kg/m3 and 872 kg/m3, which recorded by CPTFA and CPSA, 

respectively, could not be explained by Pratas and Yuan findings. However, the effect of 
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cis and trans double-bond configuration could also be considered as mentioned previously.   

As can be seen in Appendix (Y), the AAD between experimental and estimated density 

values was 1.37 % with reproducibility of (± 1.2), indicated that there is excellent 

agreement between the experimental and calculated values. 

Table 4.18. The percentage of saturation/short chain and unsaturation/ long chain of 

FAMEs in biodiesel products  

 

4.6.3 Properties of low-temperature  

One of the major issues associated with the use of biodiesel in a cold weather areas is poor 

cold-flow properties (Gopinath et al., 2015). Biodiesel's applicability is limited by its poor 

low-temperature flow characteristics. The formation of deposits in biodiesels at low 

temperatures might have serious effects for diesel fuel delivery systems. The metrics used 

to evaluate the low temperature qualities of biodiesel are the cloud point (CP), pour point 

(PP), and cold-filter plugging point (CFPP) (Gopinath et al., 2015; Sakthivel et al., 2018). 
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4.6.3.1 Cloud point 

The lowest temperature at which the wax in the fuel initially crystallizes and takes on a 

cloudy appearance is known as the cloud point (CP) (Joshi & Pegg, 2007). Only the cloud 

point of biodiesel that produced by CPAA meet the required values for biodiesel (-4.99 ˚C) 

as shown in Table (4.16). The presence of cis unsaturation FAMEs increases the CP as 

reported by (Gopinath et al., 2015). This observation was detected in the biodiesel products 

that obtained by CPHA, CPTFA and SO3-CPHA. Although the rest of the produced 

biodiesels in this study had higher values of cloud point (1.67 to -1.98 ˚C) than those of 

biodiesel standard specifications (-3 to -12 ˚C), better cold flow qualities are still being 

reported, which boosts the benefits of the produced biodiesel and makes it more suited for 

use in the majority of African countries. As can be seen in Table (16) and Table (4.17), 

limits are not given in European Standard (EN 14214), rather a report is required. For its 

seasonal classes (summer and winter), each country could select one of two possibilities 

(temperate or arctic climate), and may alter this specification in accordance with local 

meteorological information (Knothe, 2005). 

On the other hand, a higher experimental value of cloud point (5 ˚C) was also reported by 

Nautiyal et al., (2014), indicated that the variation is a result of different FAMEs content 

as explained previously.   

4.6.3.2 Pour point 

The pour point (PP) of a fuel is the lowest temperature at which it loses its flow qualities 

(Joshi & Pegg, 2007). Pour point is also an important characteristic in cold flow operation 

because the fuel is only suitable for use above the pour point value. The prediction values 

of biodiesel pour points that obtained by SO3-CPIL/CPIL, are between -5.01 and  -12.24 
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˚C, which are much higher than the range required by the ASTM D6751 specification (-15 

to -16 ˚C). Mostafa & El-Gendy, (2013) and Nautiyal et al., (2014) were reported a 

relatively comparable observation of pour point values of  -9 and -1 ̊ C , respectively, which 

do not meet the ASTM D6751 specification. According to Su et al., (2011), the AAD of 

4.83 % indicated that the predicted values of PP are close to the experimental values of 

Mostafa & El-Gendy, (2013). The excessive deviation of both predicted values in this study 

and experimental values from the requirements of the biodiesel standard is due to the fact 

that these biodiesel are particularly consist of saturated fatty acids. Longer saturated methyl 

ester than C12 increases both CP and PP (Gopinath et al., 2015).  

4.6.3.3. Cold filter plugging point 

The most crucial factor considered when assessing a fuel's capacity to operate in a cold 

flow is its cold filter plugging point (CFPP). It is the lowest temperature at which the 

production of crystal blocs causes the fuel to clog the filter device (Boshui et al., 2010). 

The filterability limit of the fuel can be precisely described by the CFPP more than CP; the 

cloud point (CP) value of the fuel is always less than its CP value (Sakthivel et al., 2018). 

Table (4.16) and Table (4.17) showed that all SO3-CPIL/CPIL exhibits CFPP values in the 

range of maximum -1.35 ˚C (CPTFA) and minimum -7.82 ˚C (CPAA), which are into the 

range required by the ASTM 6751 specification (5 ̊ C maximum). The CFPP determination 

of biodiesel produced from S. platensis has not been reported, as a result, the AAD could 

not be calculated. 

4.6.4 Cetane number  

One of the most important characteristics of biodiesel is its cetane number (Ø), which 

indicates the ignition quality of diesel fuel and influencing engine efficiency (Gerpen, 
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1996). Cetane number has a direct effect on the ignition delay period, which is the time 

from the injection of fuel into the combustion chamber to the onset of ignition. The shorter 

the ignition delay, the higher the cetane number, and vice versa (Atabani et al., 2012). 

Lower cetane number leads to knocking, increased engine emissions and excessive engine 

deposits due to incomplete combustion (Atabani et al., 2013). It should be noted that the 

cetane number of biodiesel increases as the chain length and degree of fatty acid saturation 

increases as stated by (Gopinath et al., 2015). The cetane number of biodiesel fuel is 

specified by ASTM D6751 (47 minimum) and EN 14214 (51 minimum) (Atabani et al., 

2013; Sakthivel et al., 2018). The cetane number of biodiesel varies from 45 to 67 (Gerpen, 

1996). 

From Table (4.16) and Table (4.17), it is evident that all obtained biodiesels showed higher 

cetane number in the range of 49.4 and 68.7, which would result in higher combustion 

efficiency. Furthermore, the cetane number of biodiesel samples was predicted, and it is 

fairly close to the experimental values, because an AAD of 2.9 % was founded as shown 

in Appendix (Y).  

4.6.5 Calorific value 

Calorific value (δ) or the heat of combustion of a fuel is the number of heat units (kJ or 

MJ) released after the complete combustion of one kilogram or one liter of fuel. A higher 

calorific value is hence preferable for internal combustion engines. Generally, calorific 

value of conventional diesel fuel is higher than calorific value of biodiesel fuel. ASTM 

D6751 and EN 14214 standards do not specify calorific value, but EN 14213 (Biodiesel 

for Heating) specifies a minimum value of 35 MJ/kg (Atabani et al., 2013; Sakthivel et al., 

2018), whereas,  ASTM D 4868 specifies a minimum value of 40.5 MJ/kg according to 
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Kenya Bureau Of Standards (KEBS). From Table (4.16) and Table (4.17), the highest 

calorific value is 40.2 MJ/kg for biodiesel produced by CPHA and SO3-CPHA and the least 

calorific value is 35.1 for SO3-CPMS/dry, while the others were obtained calorific value 

values of (circa. 39 MJ/kg). The AAD between experimental, calculated and Kenyan 

standard high calorific values was 3.17 %, with reproducibility of (± 1.6), which indicated 

to high accuracy of predicting and sufficient energy content as well.  

4.6.6 Flash point  

The flash point (FP) is the lowest temperature at which vapors of volatile fuel compounds 

ignite when they come into contact with an ignition source (Liaw & Chiu, 2003). It is one 

of the most significant flammability indices used to assess a liquid's risk of fire and 

explosion. The conventional petro diesel has a flash point less than the biodiesel. The flash 

point of biodiesel fuel is specified by ASTM D6751 (130 minimum) and EN 14214 (101 

minimum) (Atabani et al., 2013; Sakthivel et al., 2018). Table (4.16) and Table (4.17) 

depicted the characteristics of the flash point of various biodiesels produced using SO3-

CPIL/CPIL. It can be noticeably observed  that the flash point values lies between 277 and 

457 ˚C, which indicated that the biodiesel obtained in this study are much less flammable 

fuel, making it much safer to handle, store, and transport. The maximum flash point value 

of 189 ˚C have been reported by (Mostafa & El-gendy, 2013). The high variation between 

estimated and experimental values may due to the fact that biodiesel with longer chain 

components has a higher flash point (Gopinath et al., 2015). 

4.7 Recoverability and reusability study of the SO3-bCPIL/CPIL 

 

The possibility of ionic liquid recycling is also a critical problem for an energy-saving 

system, as it has the potential to considerably reduce the cost of biodiesel manufacturing. 
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Considering the low volatility of SO3-bCPIL/CPILs, they are often claimed to be readily 

recyclable. For these reasons, the recycling of the SO3-bCPIL/CPILs for subsequent lipid 

extraction and biodiesel production was investigated. A great advantage of using SO3-

bCPIL/CPILs is that it is very easy to separate the final products by decanting, due to their 

hydrophilic nature and thus, reuse the supernatant in the next cycle. The SO3- CPILs/CPILs 

appeared as a gel-like liquid in the middle layer after the extraction process (Figure 4.27). 

 

 
 

Figure 4.27. The recovered SO3-bCPILs/CPILs 

Extraction of lipids was done for up to six cycles (fresh extractan + five successive runs) 

using each of CPHA, SO3-bCPMS and SO3-bCPSA, due to their extraction efficiency and 

clear extraction products. More cycles were not performed, considering that there were 

weight losses and unpurification associated with the process of recovering CPIL. The 

yields of lipid extracts using these SO3-bCPIL/CPILs in the six repeated runs are displayed 

in Figure 4.28. These observations point to a very slow inactivation of the efficacy of SO3-

bCPILs/CPILs. Further investigation will be required to demonstrate that SO3-bCPIL/CPIL 

can be recycled without lowering the lipid and biodiesel efficiencies. 
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Figure 4.28. Reusability study of SO3-CPIL/CPIL 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



141  

 

CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

Nine CPILs and SO3-bCPILs were synthesized successfully through a simple 

neutralization reaction using low-cost starting materials, and resultant yields were good. 

Characterization was done using FTIR and Raman spectroscopic techniques, density and 

viscosity measurements, thermal stability using TGA, and acidity strength using UV/VIS 

spectroscopy. The characteristic absorption bands in the FTIR and Raman spectra of the 

prepared compounds exhibited a significant shift in position and/or intensity (compared to 

caprolactam), indicating the successful formation of ionic liquids. Five of these 

compounds, namely, Caprolactam chloride (CPHA), Caprolactam methyl sulphonate 

(CPMS), Caprolactam trifluoromethane sulfonate (CPTFS), sulfonic-butylcaprolactamium 

chloride (SO3- bCPHA) and sulfonic-butylcaprolactamium methyl sulfonate (SO3-bCPMS) 

are novel. The results revealed that both density and viscosity values of CPILs/SO3-bCPILs 

do not depend on their molecular weights, but only depend on intra molecular cation-anion 

interactions of the compounds. The TGA analysis showed that all SO3-bCPIL/CPILs had 

good thermal stability, ranging between 108 ˚C and 221 ˚C (CPAA recorded the lowest 

value), and the compounds can therefore be used as catalysts for transesterification of 

microalgal lipids, even at high temperatures. The acidity strength of CPMS, CPTFS and 

SO3-bCPSA was found to be higher than that of sulphuric acid (H2SO4), while lower 

acidity values were recorded for CPAA, CPTFA, CPHA, CPSA, SO3-bCPHA and SO3-

bCPMS. 

The pure forms of three of these CPILs - Caprolactamium acetate (CPAA), 

Caprolactamium chloride (CPHA), and caprolactam trifluoromethane acetate (CPTFA) - 
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showed comparable lipid recovery efficiency from dry biomass to the conventional organic 

solvent (hexane –methanol) extraction method, while their mixtures with methanol 

(CPIL/MeOH) were found to exhibit enhanced in lipid extraction relative to the control (9.5 

%). A maximum lipid recovery of 14% and 8% from dry and wet biomass, respectively, 

was achieved with the use of CPAA/MeOH, followed by CPHA/MeOH (13 %) and 

CPTFA/MeOH (11 %) from dry biomass.  

In respect of SO3-bCPILs, results showed the lipids yield to be similar to the control, for 

both wet and dried microalgae biomass, except for SO3-bCPHA, which recorded a lower 

lipid yield from wet biomass. The energy-intensive drying process employed in 

conventional organic solvent-based lipid extraction could be replaced by the utilization of 

wet biomass. SEM analysis revealed that the cell wall was weak, non-uniform, and likely 

non-intact, implying that the CPILs had a high dissolution capacity, resulting in the 

effective rupture of microalgae cell walls. The CPILs and SO3-bCPILs also displayed the 

potential for direct transformation of lipids into the corresponding methyl esters, 

particularly CPSA, CPMS, CPTFS, SO3-bCPSA, and SO3-bCPMS. The conversion rate of 

fatty acids was similar or even better than that of the conventional method (H2SO4, KOH), 

and state of the art ionic liquids such as choline L-arginine [Ch] [ARG]. The CPAA, CPHA, 

CPTFA and SO3-bCPHA showed less conversion rate of the major fatty acids, and thus 

poor biodiesel quality, due to their low acidity strength - and hence little catalytic activity. 

Catalytic activity of the ILs followed the order, SO3-bCPSA > CPTFS > CPMS > CPSA > 

H2SO4, and was dependent on acidity strength. 

In addition, all CPILs and SO3-bCPILs (except CPAA and SO3-bCPHA) minimized 

pigment co-extraction, and this could potentially reduce the number of steps involved in 
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biodiesel production. 

Despite the effectiveness of CPMS, CPTFS and SO3-bCPSA in direct transesterification of 

lipids, the extremely strong acidity (higher than H2SO4), and therefore corrosiveness, of 

these ionic liquids is a drawback. However, CPSA and SO3-bCPMS have a lower acidity 

than that of H2SO4 and could thus be used as catalysts to avoid or minimize corrosivity. In 

particular, SO3-bCPMS, which also exhibited efficacy with wet biomass, is a promising 

green technology for production of biodiesel in single step, with potential energy and cost 

savings.  

The biodiesel quality characteristics provided in this study are largely in accord with the 

specifications of ASTM D6751 and EN 14214. Furthermore, the CPILs and SO3-bCPILs 

were easily recovered and successfully recycled for up to six runs.  

This thesis provided insights into the emergence of more environmentally friendly, simple 

and cost-effective technologies, that are faster and have higher or comparable 

lipid/biodiesel yields to conventional methods, and that can therefore replace fossil fuels, 

which contribute significantly to global warming.  

5.2 Recommendations and further work 

Some further important chemical structure characterization for the synthesized ionic 

liquids such as nuclear molecular resonance (NMR) and mass spectroscopy (MS) can be 

undertaken. The simultaneous lipid extraction and transesterification reaction of SO3-

bCPMS as well as CPSA, CPMS, CPTFS and SO3-bCPSA that were carried out for 

biodiesel production at 95 oC for 2 h could be improved. Therefore, future optimization 

experiments will be necessary for parameters such as the ratio of ionic liquid: methanol, as 

well as the temperature and time. For biodiesel characterization, some important additional 

studies need to be carried out, including physical properties such as acid value, alcohol 
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control, and cloud soak filtration, oxidation stability, Karl Fischer water, free and total 

Glycerin and the FAME profile and compared with the conventional fuels. This to assure 

the quality of the biodiesel produced, as well as the accurate yield determination of the 

biodiesel produced through direct transesterification of lipids using EN 14103:2011 

standard test method. Analysis will also be needed to determine the quality of the produced 

biodiesel after reusability of the ILs. Furthermore, it is important to investigate the potential 

toxic effects of CPILs and SO3-bCPILs, for safety in use and disposal considerations. 

Lastly, SO3-bCPIL/CPIL can be used as an eco-friendly solvent/catalyst for biodiesel 

production from other microalgae species. 

Eventually, these techniques, which have been investigated to enhance the conversion of 

microalgae lipids to biodiesel, can be scaled up, especially for uses in the transportation 

applications. 
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APPENDICES 

 

Appendix A. TGA curves of SO3-CP/CPILs 
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Appendix B. GC chromatogram of the FAMEs standard mixture 

 

 

Appendix C. GC chromatogram of the FAMEs produced by conventional method 

(indirect transesterification) 
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Appendix D. GC chromatogram of the FAMEs produced by CPAA (direct 

transformation) 

 

 

Appendix E. GC chromatogram of the FAMEs produced by CPHA (direct 

transformation) 
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Appendix F. GC chromatogram of the FAMEs produced by CPTFA (direct 

transformation) 

 

 

 

Appendix G. GC chromatogram of the FAMEs produced by CPSA (direct 

transformation) 
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Appendix H. GC chromatogram of the FAMEs produced by CPMS (direct 

transformation) 

 

 
Appendix I. GC chromatogram of the FAMEs produced by CPTFS (direct 

transformation) 
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Appendix J. GC chromatogram of the FAMEs produced by SO3-bCPHA (direct 

transformation) 

 

 

 
Appendix K. GC chromatogram of the FAMEs produced by SO3-bCPMS (direct 

transformation) from dry biomass 

 

 



174   

 

Appendix L. GC chromatogram of the FAMEs produced by SO3-bCPMS (direct 

transformation) from wet biomass 

 

 
Appendix M. GC chromatogram of the FAMEs produced by SO3-bCPSA (direct 

transformation) from dry biomass 
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Appendix N. GC chromatogram of the FAMEs produced by SO3-bCPSA (direct 

transformation) from wet biomass 

 

 
Appendix O. GC chromatogram of the FAMEs produced by CPAA (indirect 

transformation) 
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Appendix P. GC chromatogram of the FAMEs produced by CPHA (indirect 

transformation) 

 

 

 
Appendix Q. GC chromatogram of the FAMEs produced by CPTFA (indirect 

transformation) 
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Appendix R. GC chromatogram of the FAMEs produced by CPSA (indirect 

transformation) 

 

 

 
Appendix S. GC chromatogram of the FAMEs produced by CPMS (indirect 

transformation) 
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Appendix T. GC chromatogram of the FAMEs produced by CPTFS (indirect 

transformation 
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Appendix U. Raw data and statistical analysis of extracted lipids yields from dry and wet biomass using pure CPILs and their 

mixture with methanol 
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Appendix V. Raw data and statistical analysis of extracted lipids yields from dry and wet biomass using mixture of SO3-CPILs 

with methanol 

 

 

 

 

 

 

 

 

Raw data of extracted lipids yield % from dry  biomass  by SO3-CPIL/MeOH at 95C for 2h   
IL LIPID YIELD% Average STD           
SO3-CPSA 10 8 9 1.41           
SO3-CPMS 8 8 8 0           
SO3-CPHA 10 9.5 9.75 0.35           

                    
  
T-test analysis of extracted lipids yield by SO3-CPIL/MeOH /dry compare to the control (Hexane: MeOH) 

T TEST/ P-VALUE                 
SO3-CPSA 0.69                 
SO3-CPMS 0.07                 
SO3-CPHA 0.56                 

                    
                    

Raw data of extracted lipids yield % from wet  biomass  by SO3-CPIL/MeOH at 95C for 2h   
IL LIPID YIELD% Average STD           
SO3-CPSA 8 8 8 0.00           
SO3-CPMS 8 8 8 0           
SO3-CPHA 2 3 2.5 0.71           

                    
  
T-test analysis of extracted lipids yield by SO3-CPIL/MeOH /wet compare to the control (Hexane: MeOH) 

T TEST/ P-VALUE                 
SO3-CPSA 0.07                 
SO3-CPMS 0.07                 
SO3-CPHA 0.03                 
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Appendix W. Raw data for fatty acid methyl esters (FAMEs) of the standard and which produced by CPILs (direct 

transesterification) 

 
R.T = Retention time. % = percentage yield of each FAME based on total area. 
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Appendix X. Raw data for fatty acid methyl esters (FAMEs) produced by SO3-CPILs (direct transesterification) 
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Appendix Y. Comparisons between experimental and predicted values of physicochemical properties of S. platensis biodiesel 

by means of the average absolute deviation (AAD).  

 

CP  PP CFPP Ø ή ρ δ FP CP PP Ø ή Reproducibility(ρ) Reproducibility (δ) FP

CPAA -4.99 -12.24 -7.82 67.7 0.24 0.87 40 444 66.3 36 3.29 94.4186 1.16 2.25 0 1.12382 3.382 2.83 4.17 0.67276873 134.92

CPHA 0.96 -5.79 -2.05 68.6 0.33 0.87 40.2 457 132 35.67 2 92.32558 1.16 2.25 0 1.12382 2.899 3.34 4.69 0.931623428 141.8

CPSA -1.46 -8.39 -4.39 58.9 2.67 0.87 39.3 382 51.3 6.778 2.97 37.90698 1.16 2.25 0 1.12382 5.072 1.03 2.34 2.06283736 102.12

CPMS -1.98 -8.97 -4.9 63 2.33 0.87 39.3 383 34 0.333 3.79 45.81395 1.16 2.25 0 1.12382 5.072 1.03 2.34 2.06283736 102.65

CPTFA 1.67 -5.01 -1.35 66.64 0.85 0.87 39.8 430 156 44.33 9.79 80.23256 1.16 2.25 0 1.12382 3.865 2.31 3.65 0.839507652 127.51

CPTFS -1.2 -8.13 -4.14 60.06 2.46 0.87 39.3 381 60 9.667 1.05 42.7907 1.16 2.25 0 1.12382 5.072 1.03 2.34 2.06283736 101.59

SO3-CPHA 0.76 -6 -2.24 68.68 0.52 0.87 40.2 452 125 33.33 1.89 87.90698 1.16 2.25 0 1.12382 2.899 3.34 4.69 0.931623428 139.15

SO3-CPMS/dry -1.15 -8.07 -4.09 49.4 1.42 0.84 35.1 277 61.7 10.33 0.9 66.97674 2.33 5.62 3.4 1.2 1.88355 46.561

SO3-CPMS/wet -1.78 -8.76 -4.7 60.27 2.44 0.87 39.4 387 40.7 2.667 0.71 43.25581 1.16 2.25 0 1.12382 4.831 1.29 2.6 1.792055554 104.76

SO3-CPSA/dry -1.98 -8.97 -4.9 58.52 2.4 0.87 39.2 375 34 0.333 3.59 44.18605 1.16 2.25 0 1.12382 5.314 0.77 2.08 2.337947345 98.413

SO3-CPSA/wet -1.7 -8.67 -4.63 59.55 2.49 0.87 39.3 383 43.3 3.667 1.89 42.09302 1.16 2.25 0 1.12382 5.072 1.03 2.34 2.06283736 102.65

Kenyan standard 40.5 2.174 5.47 4.11 1.656412888

SUM 804 183.11 31.86 677.91 13.12 17.41 1202.12

AVERAGE 73.12 16.65 2.90 61.63 1.19 1.58 109.28

Calculated Values 
Methods 

AAD

1.37

104.48

3.17

δρ

46.70
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Appendix Z. Raw data for (FAMEs) produced by conventional method and CPILs (indirect transesterification) 
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