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ABSTRACT 

USE OF NATURAL LECITHIN-BASED EMULSION GELS TO ABSORB TOLUENE 

AND HEXANE SPILLS FROM SURFACE WATER 

Peter Safieh 

University of Guelph, 2019

Advisor(s): 

Dr. Erica Pensini 

 

Natural sorbents for the removal of free toluene, hexane, and toluene/hexane mixtures 

from surface water were made using lecithin, food grade oils (canola, sunflower, 

safflower and corn oil) and water, or lecithin, hydroxystearic acid (HSA) and soy wax. 

These emulsions were gel-like, with shear elastic moduli (G’) greater than the shear 

viscous moduli (G”). The addition of either toluene and hexane rigidified lecithin-based 

gels by altering the structure of the droplet clusters or characteristics of the lecithin films 

at the oil-water interface. Lecithin based gels could absorb up to 33% of toluene and 

67% of hexane over 20 hrs. The addition of HSA and soy wax also increased the 

cohesiveness of the gels.  
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1 Introduction 

This chapter looks to introduce the problem that this thesis addresses and looks at 

current solutions. It also looks to outline the scope of the project as well. All figure and 

tables for this chapter appear in Appendix A. Introduction. 

1.1 Oil and Oil Spills 

Humanity has always polluted the environment that we live in. From the earliest 

of hunters and gathers who would throw bones from their meals along with broken pots 

and tools onto the midden of their caves to medieval castles fouling their water supply 

with sewage and waste U. While this type of pollution was relatively harmless, the 

Industrial Revolution changed this with vast quantities of waste material being 

discharged at rates far exceeding what could be consumed or deteriorated by nature. 

Oil has been called black gold and petroleum production is viewed by nations as a 

means for achieving industrialization 2. Early welling operations unconcerned or 

uninformed on the damages of oil discharges, many would dispose of the oily water 

residuum of the operations in the immediate vicinity. This changed over time, as the 

adverse health effects were studied on those in close proximity to the operations as well 

as becoming a cause for public concern. The extent of consideration for both health and 

environmental impact varies drastically from country to country as well as from industry 

to industry 1. The ocean in particular had long been seen as an infinite sink for theses 

discharges, with this opinion changing and many conventions signed to control the 

discharge of oil and regulate the requirements for machinery in the industry. To 

understand the nature and effects of the petroleum industry, the recognition of the 

growth oil production globally and the trends of future production must be realized. 

Energy is the fundamental principal of any healthy economic and social society. 

Mineral oil has been a known commodity for centuries with bitumen and natural oil 

providing the valuable raw material that would eventually be distilled. Of all modern 
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primary resources there are three that make up the majority of the supply: oil (31.9%), 

coal (27.1%) and natural gas (22.1%) (Figure 20) 3. Refined oil products are considered 

the most versatile due to its high energy density, relative ease of transportation, and its 

capacity to be used in practically any modern energy service (i.e. transportation, 

electrical generation, and heating and cooling) 4. The first oil well was drilled in 1859 in 

Pennsylvania, USA. The United States was home to the world’s major producing areas, 

however by 1900 Russia, Burma, the East and West Indies, and Romania all started to 

industrialize their oil production 1. It was not until 1911 that the Middle East began to drill 

oil rigs with Persia being the first in the region, followed by Venezuela and Mexico. 

America was still the major producing and consuming country until the post WWII 

period, with up to 65.0 percent of the crude oil production and 61.9 percent of the 

consumption in 1948 2,5. By 1963 the United States share of the world’s production and 

consumption was down to 29.0 and 38.9 percent respectively 2. The decrease coincides 

with a global shift in using crude oil as a primary means of energy. As shown in Figure 

21, the first seven decades of the 20th century observed an unprecedented exponential 

growth in production with the rate doubling approximately every 10 years. The result 

was an increase from approximately 450 000 barrels per day in 1900 to almost 50 

million barrels per day in 1970. The rise in production of oil has only been interrupted as 

a result of two oil “shocks” in the mid to late 1970’s, which reduced the world’s total oil 

supply 6,7. Despite these shocks and new commitments by western governments to 

reduce energy intensity, growth in production resumed albeit in a more linear model 4. In 

more recent years oil majors have developed offshore operations that are becoming 

more efficient at significantly cheaper costs that in the past.  

 The new cost effectiveness of offshore operations can partially be attributed to 

the productivity of the results. Shale well onshore produce roughly 4 000 barrels a day 

compared to its offshore counterpart which has the capacity to produce up to 50 0000 

barrels per day. Offshore wells generally produce at peak volume for 10-20 years which 

is much longer than the onshore rigs which typically have a shorter lifespan. About thirty 
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percent of the global production of oil comes from offshore drilling 8. Beginning in the 

1950s offshore drilling generally began in shallow waters of about 200 meters, however 

as technology improved drilling got deeper and deeper. Current deep-water drilling 

ranges from 400 to 1 500 meters with ultra-deep-water drilling reaching depths of up to 

3 000 meters. Increasing the depth opens up new possibilities for companies that are 

trying to reach oil with some companies working to a benchmark goal of 4 000 meters 9.  

Similar to onshore process, once the initial well is drilled concrete lines the hole. 

Depending on how deep the drilling is occurring either a fixed platform is anchored to 

the ocean floor or a floating platform with flexible risers are built. Once the oil is pumped 

it is then sent directly to the shore via pipelines or it is stored on the platform. Types of 

offshore platforms (Figure 22) include the following: fixed platform, compliant towers, 

sea star, floating production system, tension leg platform, subsea system, and spar 

platform. Despite these technological advances, each stage of the production process 

from exploration, drilling and extraction may cost a producer billions of dollars and is 

assessed on a case-by-case basis. 

However, as mentioned above, despite the significant upfront cost, oil producers 

are putting more resources towards the market for subsea equipment 10. In particular 

areas such as the North Sea, South America off the Brazilian coast, the Gulf of Mexico 

as well as many African countries including Nigeria, Ghana and Angola have seen an 

increase in activity 10,11. One more area that is becoming an area of interest not only for 

petrol and oil products but for international shipping and exploration is the Arctic Ocean 

12. It is one of the most remote oceans in the world and has long been inaccessible for 

transport, trade, and oil drilling until recent years with changes in the climate that 

reduced the glacial surface of the North Pole. In total the deep-water industry is 

expected to grow up to 20 to 25 percent in the next three years 11. 

With the number of drilling rigs in the deep-sea increasing year-to-year, the 

chance of spills increases. Discharges of oil from can be either accidental (oil spills) or a 
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result of operational discharges. Examples of accidental oil spills include spills from 

ships where vessels collide or come into distress while at sea (fire, explosion, or engine 

failure), when there is a blowout of an offshore oil well, or if there is a pipeline break. 

Operational discharges are the deliberate and “normal” release as a result of crude oil 

washing systems, cleaning of ballast tanks, as well as the operational oil separation and 

filtering equipment. The main causes for pollution in the last few decades are a result of 

oil spills during transportation, which are extremely detrimental to both the aquatic life 

and ecosystems in close proximity to the affect bodies of water 13–15. Over the past 50 

years more than 44 oil spills of over 420 000 gallons have polluted American water 

alone, with the largest being BP’s Deepwater Horizon oil spill in 2010 that released 134 

million gallons 16,17. Another significant oil well blowout occurred in 1969 in Santa 

Barbra, California, which released up to 4.6 million barrels of oil in the Pacific Ocean 

16,17. The largest oil spill ever recorded however, was due to the deliberate release of 

over 240 million gallons (about 800 000 tonnes) of crude oil into the Persian Gulf during 

the 1991 Gulf War in Iraq 18. Statistics show that there are two to four large oil spills 

around the world each year 19. More recently, last year (2017), over 2,500 tonnes of oil 

were released during the Agia Zoni II spill (Greece)20 and 160 tonnes were spilled 

during the Ennore spill (India)21. This year (2018), the Sanchi oil tanker collision 

released 136,000 tonnes of natural-gas condensate 22.  

 While spills can range from small leaks to large plumes, the steps in the spill 

response are generally the same. The first step is to identify the substance, amount of 

liquid, and determine the risk and potential dangers. Oil is a naturally occurring 

substance, however since there are normally no large plumes flowing through the ocean 

at once, living organisms have not evolved tolerance for its toxicity. Crude oil contains 

many toxic components including benzene, a known carcinogen, as well as a vast array 

of other hydrocarbons such as toluene, hexane, and xylene (shown in Table 5). 

Following the identification, the next steps are stopping the spill, containing the spread 

and exposure of the spill, and finally cleaning the spill. Various methods have been 
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used to clean spills and include both physical and chemical methods that are identified 

below. 

1.2 Previous Cleanup Methods 

The unique physical properties of oil including the density, viscosity, pour point, 

solubility in water and surface tension allow for dramatic speed that oil spreads 23. The 

density of most oils is lower than that of water which allows for the oil to float and lie flat 

on the water’s surface spreading horizontally 24. Oils that do have a higher density than 

water sink in the water column and interacts with the seawater, aquatic life, and 

sediment on the floor of the ocean 25. The viscosity of the oil is an important parameter 

because it relates to the rate of oil spreading, with the increase in viscosity leading to an 

increase in difficulty in degradation and treatment of the spill 26. Density and viscosity 

are dependent on the composition of the oil and on the temperature. An increase in 

temperature will lead to a decrease in the density and viscosity and increase the 

horizontal spreading of the spill 27. The pour point is a function of temperature, where 

below a certain point the oil becomes a semi solid and flow ceases. Solubility is 

dependent on temperature and chemical makeup of the crude oil and the hydrocarbons 

that are present. From experiments the solubility of oil in water is suggested to be 28-31 

ml/l 28. Interfacial tension is also an important parameter, as it relates to mixing between 

water and oil. Oil contain interfacially active molecules that promote emulsification 

between water and oil, lowering the interfacial tension 29.The surface tension of oil has 

an inverse relationship with temperature, with warm waters leading to an increase in 

spreading. Hydrocarbons make up the majority of the total components in oil with the 

primary classes identified in Table 5. The two primary classes that were a focus in the 

following research are alkanes and aromatic hydrocarbons. Alkanes are saturated 

hydrocarbons generally have little chemical reactivity, are flammable, and are non-polar, 

and thus do not solute in water 30. Aromatics contain at least one aromatic ring and are 

serious pollutants due to its carcinogenic nature. Crude oil on average contains 30% 
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alkanes, 15% aromatics, 50% alkenes, cycloalkanes, cycloalkenes, and other 

hydrocarbons, and 5% non-hydrocarbon components (oxygen, sulfur, nitrogen and 

trace metals) 31. Remedial methods should aim at recovering or treating all fractions of 

crude oil. Remedial methods can be divided into physical techniques, chemical 

techniques, and thermal techniques. 

1.2.1 Physical Methods 

Physical methods are generally aimed at containing the spill using barriers to 

control the spreading. Physical techniques include the use of booms, skimmers, and ad 

adsorbent materials. 

 Booms are a common simple approach used to contain oil spills from spreading. 

They float on the surface of water acting as a fence and contain three basic parts: a 

freeboard, a skirt, and a cable or chain. A freeboard is the part of the boom that floats 

above the surface of the water and prevents oil from splashing over. The skirt is used to 

keep oil from escaping under the boom and the chain connects each section of the 

boom and strengthens and stabilizes the structure. The effectiveness of this type of 

arrangement is dependent not only on the design of the boom but also the 

characteristics of the wind, velocity and height of the waves in the vicinity, as well as the 

currents. The three most commonly used booms are fence booms, curtain booms, and 

fire resistant booms (Figure 23) 32,33. Fence booms are used mainly to prevent oil 

spreading vertically. Advantages of this design include the lightweight material, minimal 

storage space, corrosion resistant, and highly reliable on calm waters 34. Disadvantages 

of the fence boom are the low stability under strong winds or currents and low flexibility. 

Curtain booms objective are to prevent horizontal spreading and are highly reliable, 

however storage and recovery are difficult 34. Fire resistant booms are made from 

fireproof material and used to prevent the impacts of oil fires as a result of spills. Due to 

the materials however, they are difficult to tow and put in place. Overall booms are 
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effective when the oil is in one spot and the spill is accessible within a few hours of 

transpiring otherwise the area of spill becomes too large for this method to be effective. 

 Skimmers are used once the oil has been contained with booms and suck the oil 

from the surface of the water much like a vacuum cleaner. They can be used to 

separate oil form the water so that they can be processed for re-use. There are many 

different types of skimmers including oleophilic skimmers, weir skimmers, elevating 

skimmers, submersion skimmers, suction skimmers, and vortex (centrifugal) skimmers 

(Figure 24Figure 29). Oleophilic skimmers can use either discs, drums, ropes, or belts 

made with oleophilic (“oil attracting”) materials to blot the oil from the surface of the 

water. They are effective on spills of any thickness and work well when the water is 

clogged with debris or rough ice35. Weir skimmers use a dam positioned at the oil/water 

interface to trap and pump the oil. The can be used to recycle the oil or for disposal, 

however they are prone to becoming clogged with debris 35. Elevating skimmers use 

conveyers to lift oil from the water’s surface. They work best with medium to heavy oils 

in calm waters and are sometimes built onto specialized vessels 30. Submersion 

skimmers use a belt or inclined plane to force water below the surface towards a 

collection well as the oil flows upward. The oil is then removed by a pump. They work 

best with light oils and are much larger than the other types, thus they are mounted on 

powered vessels 30. Suction skimmers operate most closely to a vacuum cleaner and 

use wide floating heads to pump oil to a storage tank. They are generally very efficient 

but are susceptible to clogging by debris and require constant skilled observation 35. 

The effectiveness each class of skimmer is summarized in Table 6. Skimmers are 

limited in the dependence on various factors including the type and thickness of the 

spilled oil, weather conditions, as well as the state of the sea.  

 Sorbents are materials that recover oil through absorption or adsorption. They 

are often used as a final step for cleanup after using skimmers for the bulk of the spill. 

There are three different types of adsorbent materials: natural organic materials, 
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inorganic sorbent materials, and synthetic materials 36. Natural adsorbents such as rice 

hull and bagasse have also been proposed37. While the results obtained using natural 

sorbents were promising, previous studies did not analyze the cohesion and the 

mechanical properties of the semi-solid phase formed (which relate to the ease with 

which it can be recovered). Inorganic materials can be harmful to the aquatic habitat, 

have low retention and can lead to sea bed contamination. The use of synthetic 

materials has increased in the last few years due to the high sorption capacity and can 

often be reused. Disadvantages of this type of sorbent include the nonbiodegradability 

of the materials and the high cost. Sorbents may be used in a loose form or contained in 

bags, nets or “socks” 30. The capacity of a sorbent’s effectiveness is dependent on 

various factors, however the most important is the amount of surface area that the oil 

can adhere to. A fine porous surface with many capillaries are best used for light oils, 

while a coarse surface is most effective for heavy crude oils 30. They are sometimes 

treated before use with oleophilic and hydrophobic agents in order to limit the amount of 

water uptake and improve oil absorption. Sorbent booms, e.g. sorbent material such as 

woven or fabric polypropylene, can be also used for the removal of small traces of oil or 

as a back-up for non-adsorbent booms30. Other sorbents able to sorb oil or organic 

solvents include polyurethane foams 38, carbon fibers derived from the pyrolysis of 

Calotropis gigantea 39, and sorbents derived from waste agricultural products or 

minerals 40. Classification and oil recovery potential is summarized in Table 7. 

The physical methods characterized above are used as a primary line of defense 

against oil spills. In addition to natural processes (Figure 30) such as evaporation, 

oxidation, and biodegradations, physical methods can be used to assist these 

measures. 
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1.2.2 Chemical and Biological Methods 

An assortment of chemical techniques can be used for the remediation of oil at 

sea. The most common methods include the use of dispersants, solidifiers, and 

biodegradation agents. 

 Dispersants in a general term used to describe the chemical spill-treating agents 

that promote the formation of small oil droplets that “disperse” along the top of the water 

column. These agents accelerate the disintegration of oil and are often used in larger 

areas when the use of physical methods is no longer an option. Dispersants are a blend 

of various different surfactants that roughly have the same solubility in oil and water, 

and can disperse  oil droplets in the water 30. The effectiveness of this method is 

determined by comparing the amount of oil that is put in the water column to the amount 

that remains on the surface 30,31. If the dispersant is working a coffee-coloured plume 

will appear and can take up to half an hour to form. A white plume may form if the 

dispersant is not performing as planned and is a result of the dispersant not mixing 

properly with the oil 30. Factors that determine the performance include the type of oil, 

weather conditions, sea salinity and temperature, and the amount and type of 

dispersant used. Figure 31 illustrates how different factors can affect the effectiveness 

of dispersants and the sequence of events that occur when using dispersants at sea. 

Dispersants can be delivered either aerially or by boat, however studies have shown 

that oil slicks begin to disappear after 10 minutes by plane compared to 0.5-1.0h by 

boat 36,41. Once applied there are three different ways that the dispersant may interact 

with the oil. If the oil is very viscous it can run off creating a white plume, it can also 

break through the slick and allow for the oil to return. These two scenarios are not 

desirable, because the dispersant should mix with the oil. Once mixing occurs the oil will 

move to the oil-water interface and start to increase the number of small droplets 

formed. Dispersants work best in rough waters as it allows for more droplets to be 

formed and keeps the droplets from coalescing. Advantages of this method are that if 
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under ideal conditions can disperse 90% of the spilled oil, its ability to work on rough 

seas, rapid treatment, and acceleration of natural biodegradation 27,42. Disadvantages 

are that they can contain toxic compounds to the aquatic environment, are ineffective on 

calm water, can be difficult to use with thinner oil and are quite costly.  

 Solidifiers are granular materials, that are used to change liquid oil to a solid 

compound that is then collected from the water’s surface. They consist of cross-linking 

chemicals that couple two molecules, or polymerization catalysts that link molecules 

together 30. The major advantage of this type of solution is that it is effective on rough 

seas. In the past solidifiers were not used because they make recovery difficult as the 

physical methods described above are built to deal with liquid oil, they have a lower 

efficiency compared to dispersants 43, and large amounts of the agent is needed to treat 

even moderate spills. The solidification of oil spills and organics can also be achieved 

by using organogelators, which selectively gel oil 44. Examples of organogelators 

include amino acid derivatives in ethanol, L-valine and L-isoleucine derivatives, 

biscalixarene and thiophene based gelators, amino acid based gelators, cinnamic acids 

and dicyclohexylamine, alkylhydrazide and polymer organogelators 44, mannitol-based 

organogelators 45 and tetrazolyl-based ligands and n-alkylamines 46. While these 

organogelators are promising, research to identify gelators that simultaneously gel at 

room temperature, have low cost, good mechanical properties and are non-toxic is still 

ongoing. 

The chemical methods described above are often used on oil spills due to the 

high efficiency and the little manpower that is needed compared to the physical 

treatment methods. The big disadvantage of these methods is that oil recovery is 

extremely hard and non-existent in some cases. 

 Biodegradation agents are used primarily to accelerate the biodegradation of oil 

and include both bioenhancement agents, which enhance the activity of hydrocarbon 

degrading microorganisms, and bioaugmentation agents, that contain microbes to break 
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down oil 30. Organisms used in this method include various types of bacteria, yeasts, 

and fungi, however the rate of bacterial degradation is slow 47. 

1.2.3 Thermal Methods 

In-situ burning of oil spill is a technique that involves the controlled burning of 

spilled oil. The most significant advantage that this technique has over others is its 

power to be a final solution and ability to rapidly remove large amounts of oil. This 

method was tested in the Newfoundland Offshore Burn Experiment in 1993, the largest 

in situ burn experiment to date 48. Efficiency rates were recorded as high as 98% in 

these experiments. The major concern using this method is the smoke plume that 

results and the toxic emissions that result 40,49. 

1.3 Scope of the Thesis: Sorbent Emulsion Gels 

In response to current gaps this study focuses on the development of natural 

lecithin-based water in oil emulsion gels and sorbents for the sorption of toluene and 

hexane floating on either fresh or saline water. A detailed description of emulsions is 

provided in Appendix B: Emulsions. 

The effectiveness of the sorbents in removing toluene and hexane was tested in 

batch tests. The structure and the mechanical properties of the gels before and after 

toluene sorption were studied to understand if the gels were cohesive and could thus be 

easily recovered from the water surface, facilitating the removal of toluene and hexane. 

The structure of the gels was probed with confocal microscopy and cryo-SEM, and their 

mechanical properties were probed with shear rheology. The changes in the mechanical 

properties of the gels following toluene sorption were explained in terms of the changes 

of lecithin films at oil-water interfaces, as probed through optical microscopy and 

interfacial tension measurements, as well as in terms of changes in the gel structure. 
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The following chapter (chapter 2) describes the materials and methods used, and 

chapter 3 discusses the findings of our experimental work. Conclusions, 

recommendations and future work are given in chapter 4. 
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2 Materials and Methods 

This chapter describes the materials and methods used to prepare lecithin-based 

emulsion gels and investigate their effectiveness in removing toluene and hexane 

floating on water. 

2.1 Chemicals 

Soluble (i.e. liquid) lecithin (Happy Home brand), food-grade oils (canola, corn, 

sunflower and safflower oil, selection brand) and soy wax (Art Minds Brand) were 

purchased from local stores. The melting point of soy wax and the enthalpy of fusion of 

the wax were determined to be 53.74±0.31°C and 114.53±0.74J/g, respectively. The 

fatty acid composition of the soy wax was determined to be as follows: C16:0 (palmitic 

acid) = 13.91±0.08%, C18:0 (stearic acid) = 27.76±0.00%, C18:1 cis (oleic acid) = 

2.16±0.01%, C18:1 trans (elaidic acid) = 54.65±0.13%, C18:2 (linoleic acid) = 

1.52±0.03%. 12-Hydroxystearic acid (HSA)was purchased from TCI (>80% purity). 

Toluene (99.8% pure), hexanes (n-hexane) and technical grade fluorescent Nile red 

were purchased from Sigma Aldrich. CaCl2 salt was purchased from Fisher Scientific 

and added to the water phase in selected experiment to mimic salty waters. Sea salt 

(NaCl) was purchased from a local market and was also added to the water phase (35 

g/L) to simulate sea water. Deionized water (DI) was used in all tests, either with or 

without salts added. 

 Toluene is representative of the alkyl (benzene) primary class in crude oil (Table 

5) and is investigated in Chapter 3. Hexane is representative of the n-alkane primary 

class in crude oil (Table 5) and is investigated in Chapter 3. 
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2.2 Determination of Phosphorus Content of Soluble Lecithin 

The amount of phosphorus in the lecithin was determined using the AOCS Official 

Method Ca 12-55 73. This method determines the phosphorus or equivalent phosphatide 

content by ashing the sample in the presence of zinc oxide, followed by 

spectrophotometric measurement of blue phosphomolybdic acid complex. This process 

involves heating the lecithin at 500oC until the mass is completely charred and washing 

out the phosphorus content with hot water and hydrochloric acid. Mixing the filtered 

solution with hydrazine sulphate and sodium molybdate before bringing to a boil creates 

the distinct blue color. Using a spectrophotometer and measuring the absorbance at 

650 nm provides the phosphorus content when compared to a prepared standard curve. 

2.3 Gels 

Three types of gels were prepared for the investigation of toluene in Chapter 3 and 

used as sorbents to remove the aromatic hydrocarbon floating on water in a beaker 

(simulating organic solvent spills of surface water). The first type of gel was obtained by 

first dissolving 5 g of lecithin in 5 mL of canola, corn, sunflower or safflower oil, and 

subsequently adding 5 mL of water. The lecithin in oil was hand-mixed with water for 

approximately 2 min at room temperature (23 °C). A second type of gel was obtained by 

melting 0.5 g of HSA into a lecithin (4.5 g) in canola (2.5 mL) solution on a hot plate, 

and subsequently adding 5 mL of boiling water. The water was hand-mixed with lecithin, 

HSA and canola oil, and then the gel was allowed to cool to room temperature (23 °C). 

A third type of gel was obtained by melting 0.5 g of HSA, 1.5 g of soy wax and 3 g of 

lecithin on a hot plate, and subsequently adding 5 mL of boiling water. The water was 

hand mixed with lecithin, HSA and soy wax, and then the gel was allowed to cool to 

room temperature (23 °C). HSA and soy wax were chosen as they were known to 

increase the viscous properties of gels. Additional experiments (shear rheology and 

confocal microscopy) were conducted on these three types of gels, as well as on gels to 
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which the following volumes of toluene were added: 2 mL, 5 mL, 7 mL and 10 mL (i.e. 

13%, 33%, 47%, and 67%, volume based).  

 The lecithin gels used in Chapter 4 were obtained by dissolving 5 g of lecithin in 

5 mL of canola oil, and then hand mixing with 5 mL of water for ~2 min at 23 °C. The 

gels were then tested as such or with the addition of hexane at different concentrations 

(2 mL, 5 mL, 7 mL and 10 mL, i.e. 13%, 33%, 47% and 67%, volume based). 

2.4 Sorption Tests 

Sorption tests were conducted to test the effectiveness of lecithin-based gels 

(obtained as described in section 2.3) to adsorb toluene floating on water in a beaker 

(simulating organic solvent spills of surface waters). In these experiments, toluene was 

dyed with Nile red to enhance visual contrast with the water phase and its sorption into 

the gels. The gels were placed on top of the dyed toluene layer floating on water in 

beakers, which were sealed with a plastic paraffin coated film (Parafilm M) to prevent 

toluene evaporation. Control experiments without gels added were also conducted to 

ensure that toluene did not volatilize from the sealed beakers. After 20 hrs, the gels 

were extracted from the beakers with the aid of a spoon, to qualitatively test the ease 

with which they could be recovered from surface waters. The toluene remaining in the 

beakers at the end of sorption tests was recovered and its volume quantitated using 

graduated cylinders. Each test was conducted in duplicate. 

2.5 Shear Rheology 

Rheology measurements were conducted at 23°C to determine the shear 

viscoelastic behavior of the gels described in section 2.2 before and after toluene 

addition. High elastic moduli are typical of cohesive materials. Cohesion is an important 

property for materials used as sorbents for spills in seas and oceans. Sorbents have to 

withstand mechanical stress (e.g. waves) without losing cohesion, to ensure their simple 
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recovery from the water. Experiments were also conducted to determine the rheology of 

the bulk phase before addition of water, to assess the effect of the rheological 

properties of the bulk oil phase on the structure of the emulsion gels comprised of an oil 

phase and a water phase. Specifically, the following mixtures were analyzed: 1) 5 g of 

lecithin in 5 mL of canola oil; 2) 3 g of lecithin, 0.5 g of HSA and 1.5 g of soy wax in 5 

mL of canola oil and 3) 4.5 g of lecithin and 0.5 g of HSA in 5 mL of canola oil. The 

mixtures were heated on a hotplate until HSA and soy wax were completely dissolved, 

and then cooled to room temperature before conducting rheology measurements. All 

measurements were conducted using a rotational torque-controlled (i.e. combined-

motor-transducer type) rheometer (MCR302 Anton Paar, Graz, Austria). Gel-like 

materials were analyzed using parallel plate geometries (with a 50 mm diameter), with a 

gap height of 2 mm. Materials with low shear viscoelastic moduli were analyzed using a 

single-gap concentric-cylinder geometry with fixed outer measuring cup and torque 

controlled inner bob (with a conical bottom). The inner cylinder radius was 13.33 mm 

and the length was 40.01 mm. Each test was conducted in duplicate. 

2.6 Interfacial Tension (Pendant Drop Method) 

Lecithin is an amphiphilic compound, which adsorbs at oil-water interfaces 74. 

Changes in its interfacial activity and hence its sorption onto oil-water interfaces can 

affect the characteristics of lecithin-based emulsion-gels. The interfacial tension 

between lecithin in canola oil and water was measured with and without toluene, to 

explain the changes in the mechanical properties of lecithin-based gels upon toluene 

addition. Interfacial tension measurements were also conducted with lecithin, HSA and 

soy wax and with lecithin and soy wax in canola oil, to gain insights regarding the effect 

of HSA and soy wax on the emulsification of water droplets in the oil phase. Dynamic 

interfacial tension measurements were conducted at room temperature (23 °C) with a 

Theta Lite optical tensiometer (Biolin Scientific), using the pendant drop method. 

Interfacial tension measurements were conducted by placing the oil phase in a quartz 
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cuvette and the water phase in a Hamilton gastight syringe having a straight needle. A 

water droplet was produced and kept suspended from the syringe. The Attension 

software provided by Biolin Scientific was used to track the droplet profile, and to 

estimate the interfacial tension using the Young-Laplace model 75. The oil phase 

contained lecithin dissolved in canola, toluene, hexane, canola and toluene, or canola 

and hexane. Measurements were also conducted in the absence of lecithin for 

reference. 

2.7 Optical Microscopy 

Optical microscopy images were taken to investigate the structure of water/lecithin 

in canola oil interfaces, with and without toluene, complementing interfacial tension 

measurements. In these experiments, lecithin was dissolved in canola, toluene, hexane, 

canola and toluene, or canola and hexane, and carefully poured on a water layer in a 

glass petri dish. Images were then collected at different time intervals for 1 hr. Images 

were also taken for interfaces between DI water and canola, DI water and toluene, and 

DI water and mixtures of toluene and canola (50:50 volume based). A VHX-5000 digital 

microscope (Keyence) was used to obtain all optical microscopy images. 

2.8 Confocal Microscope 

Confocal microscopy images were taken to elucidate the structure of lecithin-

based gels with the following compositions for Chapter 3: 1) lecithin (5 g), canola oil (5 

mL), water (5 mL); 2) lecithin (4.5 g), canola oil (2.5 mL), HSA (0.5 g) and water (5 mL); 

3) lecithin (3 g), soy wax (1.5 g), HSA (0.5 g) and water (5 mL). Images were taken with 

and without toluene added to the gels, to study the effect of toluene on the gel structure 

and correlate it to their shear rheological properties. Composition for Chapter 4 are as 

follow: 1) lecithin (5 g), canola oil (5 mL) and DI water (5 mL). Images were taken with 

and without hexane added, in addition to a toluene/hexane mixture to access the effects 

on the gel structure. 
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Fluorescent Nile red was added to the oil phase of the gels prior to mixing with water, to 

allow imaging the gels. Nile red is hydrophobic, and it does not partition into the water 

phase. Therefore, in confocal microscopy images water droplets appear black, whereas 

the oil phase appears bright. When the hydrocarbons were added, Nile red was also 

added to the mixture. Confocal microscopy images were obtained using an upright 

Leica TCS SP5 Laser Scanning Microscope (Leica, Mannheim, Germany) equipped 

with a 20x glycerol objective and an Argon laser with excitation at 476 nm, emission 

range 555-620 nm. 

2.9 Cryo-SEM 

A scanning electron microscope (FEI Quanta FEG 250) was used to image the 

material at the University of Guelph Molecular and Cellular Imaging Facility. A Quorum 

PP3010 Cryo-Unit was used to freeze, fracture, sublime and sputter coat the sample 

before insertion into the vacuum chamber of the SEM. A low temperature of –175°C 

was maintained while acquiring the images. The following two materials were used to 

glue the sample to the sample holder: 1) Colloidal Graphite from Agar Scientific, UK and 

2) Tissue Plus O.C.T. Compound (optimal cutting temperature) from Scigen, USA. 

The stub was fixed in the shuttle by adjusting a screw. The shuttle with the stub 

and sample were immersed in a slurry of liquid nitrogen to quickly freeze the material. 

The shuttle was transferred to the aQuilo chamber while maintaining a low vacuum. 

Fracture was performed with the side knife. Sublimation was carried out at -90 °C for 10 

minutes, while the sputtering used Argon and deposited a layer of ~25 nm of platinum (5 

mA for 60 s) onto the fractured-sublimed-sample. Images were captured using the SEM 

software provided by the manufacturer. 
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2.10 WAXS and SAXS Measurements 

XRD measurements were conducted to investigate the characteristics of the 

structures formed by lecithin (4 g) mixed with canola oil (1 mL), toluene (1 mL) or 

toluene (0.5 mL) and canola oil (0.5 mL). Changes in the oil phase could potentially 

affect the characteristics of the structures of lecithin dissolved in it, resulting in the 

changes in the shear rheology of the lecithin-based gels. Measurements were 

conducted at room temperature (23 °C), using a Rigaku Automated Powder X-Ray 

Diffractometer (Rigaku, Tokyo, Japan). The copper X-ray tube (wavelength of 1.54 Å) 

was operated at 40 kV and 44 mA. The measurement scan was performed at 0.1 

scans/min, in the range 2θ = 1–30. The samples were evenly spread in an aluminum 

slide surface, equipped with a sample well holder approximately 0.5 mm deep. The X 

Ray spectra were analyzed using MDI Jade 9 (MDI, Livermore, CA, USA) software.  
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3 Results and Discussion 

This chapter describes and discusses the findings of the experimental study 

conducted. Experiments conducted to investigate the sorption of toluene by lecithin-

based emulsion gels will be discussed first (section 3.1). The discussion of the 

experiments conducted using hexane will follow (Section 3.2). 

3.1 Lecithin-Based Emulsion Gel: Sorption of Toluene Floating on 

Water 

This section discusses the sorption of toluene floating on water using the lecithin-

based emulsions that will be described. 

3.1.1 Characteristics of lecithin-based gels before contaminant sorption 

The phosphorus content in the soluble lecithin sample used in this study was 

0.0714% (corresponding to 2.142% equivalent phosphatides). These phosphorus and 

phosphatides concentrations are similar to those previously determined for soybean oil 

76. 

In the absence of water, soluble lecithin in canola oil was a viscous fluid with 

G”>G’ (Figure 1). The size of a single dry lecithin molecule is 20-28 Å 66. WAXS and 

SAXS measurements (Figure 34) revealed that lecithin formed lamellar structures, as 

indicated by the regular spacing of the SAXS peaks. The lamellar spacing was similar 

for soluble lecithin and for soluble lecithin with canola oil added (≈52 Å). In either case 

the lamellar spacing was lower than for dry lecithin (49 Å), which was analyzed for 

comparison. 
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Figure 1: Elastic (G') and viscous (G") moduli of lecithin in canola oil (1kg/L). 

In the absence of water, lecithin molecules can form micron- and submicron-

sized aggregates 77, the size of which increases upon addition of water, which induces 

gelation 77. In this study, mixing water (5 mL) with lecithin in canola oil solutions (5 g 

lecithin/5 mL oil) formed gels (i.e. G’>G” in the linear region, below shear strains of 

approximately 1% to 10%, as shown in Figure 2 and Table 1). Gelation was also 

observed when canola oil was substituted with sunflower, safflower or corn oil (Figure 

35-Figure 38 and Table 1). Previous work showed that the gelation of lecithin in canola 

oil upon addition of water is due to the formation of reversed giant micelles, which 

entangle to form a viscoelastic network 78. The average shear elastic moduli increased 

when the gels were made with CaCl2 aqueous solutions instead of DI (Table 1 and 

Figure 35-Figure 38). CaCl2 aqueous solutions were used to mimic the saline 

environments such as seas or oceans. Calcium can bind the phosphate moieties of 

lecithin molecules 79–81, bridging them 82. In this study, it is speculated that: 1) calcium 

bridges are formed between lecithin molecules and 2) that those bridges are 

responsible for increasing the elastic moduli on the gels. The shear viscoelastic moduli 

of lecithin gels with 35 g/L NaCl were lower than those measured with DI water (G’ = 

1621±202 Pa and G” = 250±28 Pa) and with 60 g/L CaCl2 (G’ = 1665±267 Pa and G” = 

241±39 Pa). These results show that gels obtained with lecithin (without soy wax or 
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HSA) are sensitive to both the ionic strength and the type of ion present in the water 

phase. These results also suggest that gels obtained with lecithin only are better suited 

to sorb spills from waters with low concentrations of NaCl (e.g. lakes and rivers) than 

from seas and oceans. The next sections will focus on how the stability of the gels in 

sea water can be improved with the addition of HSA. 

 

Figure 2: Elastic (G') and viscous (G") moduli of emulsion gels obtained with lecithin (5g), canola 

oil (5g), and deionized water (5g). 

Table 1: Shear viscoelastic moduli of gels obtained with lecithin, food grade oil and either DI water 

or CaCl2 aqueous solutions in DI water. The values of the shear moduli refer to the linear region 

(e.g. in Figure 2 for shear strains below ≈10%). 

Components added to lecithin (5 g)  G' G" 

Oil (5 mL) Water (5 mL) average stdev average stdev 

safflower DI 1161 95 212 15 

safflower 20 g/L CaCl2 1629 113 250 16 

safflower 60 g/L CaCl2 1979 142 266 22 

sunflower DI 1238 113 216 14 

sunflower 60 g/L CaCl2 1884 106 248 16 

corn DI 1514 201 227 23 

corn 60 g/L CaCl2 1713 180 275 59 

canola DI 1621 202 250 28 

canola 60 g/L CaCl2 1665 267 241 39 

Canola 35 g/L NaCl 1041 13 196 7 
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 With all oils used and with either DI or salt solutions (with CaCl2 or NaCl), 

lecithin-based gels behaved as elastic fluids (G’>G”) below shear strains of 

approximately 1% to 10%. Above this range of shear strains the viscoelastic moduli 

decreased with increasing strain, indicating shear-thinning and fluidization of the gels. 

The moduli of the lecithin-based gels measured in this study are of the same order of 

magnitude as those measured in previous studies for gels obtained by mixing 30 wt% 

deoiled lecithin in canola oil and 0.15–2.5 wt% distilled water 77. In previous studies, 

deoiled lecithin was allowed to dissolve in canola oil overnight at 60 °C 77. This study 

focused on the use of soluble (i.e. liquid) lecithin, which presented the following 

advantages: 1) it could be promptly dissolved in canola oil (and in all other oils used) at 

~23°C (room temperature), 2) it formed gels immediately after mixing with oil and water. 

 In the absence of food grade oil (canola, corn, sunflower or safflower oil), gels did 

not form, and lecithin remained separated from the water phase, as assessed through 

visual observations. Previous studies showed that lecithin formed vesicles ranging 

between 300 Å and 1000 Å, rather than an interconnected network, upon sonication in 

aqueous solutions and in the absence of oil 83. The formation of separated lecithin 

vesicles in aqueous solutions and in the absence of oil is in agreement with the 

observations of this study. Similarly, the food-grade oils tested in this study formed 

unstable emulsions upon mixing with water, but gels formed only upon addition of 

lecithin. 

 These results suggest that the interfacially active components in lecithin and in 

the oils acted synergistically in forming the gels. Interfacial tension measurements were 

conducted to investigate the synergistic interactions between the interfacially active 

components present in canola oil and in the lecithin (Figure 3). These measurements 

showed that the interfacial tension decreased with canola oil, indicating that canola oil 

contained interfacially active components, in agreement with previous studies 84. The 

interfacial tension was lower with lecithin in canola oil than with canola oil only, 
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indicating that both the interfacially active species in canola oil and in lecithin adsorbed 

at the oil water interface (Figure 3). Sorption was slow, and a plateau was not reached 

after 30 min, indicating non–equilibrium conditions. 

 

Figure 3: Interfacial tension between DI water and either canola oil or 10 g/L lecithin in canola oil 

solution. The data points in the chart have been parsed for the sake of clarity. The average error in 

the measurement is approximately 1 mN/m. 

 The interface between canola oil and DI water was smooth and its thickening 

over time could not be observed with the naked eye or with an optical microscope 

(Figure 39). The addition of lecithin to canola oil significantly changed the morphology of 

the oil-water interface. The films formed at the interface between DI water and lecithin in 

canola oil were textured, as observed with an optical microscope, and progressively 

thickened, as qualitatively observed with the naked eye (Figure 4,Figure 40Figure 41). 

The progressive thickening of the interfacial films at the lecithin in canola oil/water 

interface is in agreement with interfacial tension measurements, which demonstrated 

the progressive sorption of interfacially active species present in canola oil and lecithin 

onto the oil-water interface. 
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Figure 4: Planar interface between DI water and lecithin in canola oil solution after 5 min (1, 2, and 

3), after 7 min (4), and after 10 min (5,6). DI water was at the bottom of the petri dish, and the 

lecithin in canola was poured on top of the petri dish, obtaining a planar interface. The length of 

the scale bar is 100 µm. 

 Thick films at oil-water interfaces can sterically stabilize emulsions, as previously 

reported for diverse systems, including (but not limited to) water in oil emulsions 

stabilized by polymers such as ethylene oxide – propylene oxide co-polymers 85 and 

asphaltenes 86, and oil in water emulsions stabilized by proteins 87. Lecithin is a 

zwitterionic 88, lipophilic surfactant 89. Because of its lipophilic character, lecithin should 

prevalently form water in oil emulsions 89. It was therefore speculated that oil was the 

continuous phase in the emulsion gels, and that the water droplets in oil were sterically 
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stabilized. Interfacial film rigidity can also contribute to emulsion stabilization 90, and its 

role cannot be discounted. 

 Confocal microscopy and cryo-SEM observations were conducted to test the 

hypothesis that lecithin, canola oil and water formed water in oil emulsion gels, and to 

study the gel structure (Figure 5Figure 6). In confocal microscopy observations lecithin 

in canola oil was dyed with fluorescent Nile red before mixing with DI water. Nile red is 

hydrophobic and does not partition into the water phase. Therefore, in confocal images 

oil and lipophilic substances such as lecithin appear bright, whereas the water appears 

dark. Confocal microscopy images show that the gels were comprised of large clusters 

of oil droplets in water, surrounded by oil containing dispersed water droplets (Figure 5). 

It is speculated that the clusters of oil droplets in water were responsible for the 

viscoelastic behaviour of the gels, characterized by G’>G”. This hypothesis is in 

agreement with previous studies, which hypothesize that gelation of lecithin, oil and 

water is due to micelle entanglement 78, as previously discussed. Cryo-SEM images 

confirmed the water in oil structure apparent from the confocal microscopy images 

(Figure 6). 

 

Figure 5: Confocal images of emulsion gels comprised of lecithin (5 g), canola oil (5 mL) and DI 

water (5 mL). 
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Figure 6: Cryo-SEM images of emulsion gels comprised of lecithin (5 g), canola oil (5 mL) and DI 

water (5 mL). The sublimation of the water left a crater behind that allows the observation of the 

interface. The squares in images 1 and 2 represent the regions shown at higher magnification in 

images 3 and 4. 

 The effectiveness of lecithin-based emulsion gels in sorbing toluene and the 

characteristics of the emulsion gels following toluene sorption are discussed in the next 

section. 

3.1.2 Characteristics of lecithin-based gels upon addition of toluene and 

sorption tests 

In the absence of any of the tested food grade oils (canola, sunflower, safflower 

or corn oil), lecithin dissolved in toluene did not form gels upon mixing with water. These 

results support the hypothesis that lecithin and the tested food grade oils acted 
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synergistically in forming emulsion gels, as previously discussed. Instead, lecithin 

dissolved in any of the four food grade oils formed gels upon mixing first with water and 

then toluene. The elastic (G’) moduli of lecithin-based gels upon addition of toluene are 

shown in Figure 7 and summarized in Table 2. The shear elastic (G’) moduli of the gels 

containing lecithin (5g), canola oil (5mL) and deionised (DI) water (5mL) increased from 

1621 ± 203 Pa to 6372 ± 168 Pa and to 2130 ± 376 Pa upon mixing with 3 mL (20%, 

volume based) and 5 mL (47%, volume based) of toluene, respectively. With canola oil 

and DI water, G’ decreased to 846±60 Pa upon increasing the toluene volume to 7 mL. 

Similar results were obtained with canola oil and CaCl2 solutions, for which G’ was 

greater with 5 mL of toluene than without toluene (Figure 7,Figure 43Figure 45 and 

Table 2, G’ = 1912 ± 271 Pa with no toluene and G’ = 2130 ± 376 Pa with 5 mL of 

toluene, i.e. 47% of toluene). The effect of toluene addition on the elastic moduli of 

lecithin-based gels was similar with canola, safflower, sunflower and corn oil (Figure 

43Figure 45 and Table 2). Instead, when gels were prepared with 35 g/L NaCl, upon 

addition of 5 mL of toluene to 15 mL of emulsion gel (i.e. 33% toluene), the viscoelastic 

moduli of gels obtained with lecithin initially decreased significantly (G’ = 275 ± 92 Pa 

and G” = 7 ± 1 Pa). As time elapsed, oil was ejected from the gel (as observed with the 

naked eye), and the viscoelastic moduli increased to G’ = 2128 ± 55 Pa and G” = 597 ± 

7 Pa after 30 min due to the compaction of the gel structure. Ejection of oil from the gel 

was not observed with CaCl2 or with DI water. These results confirm the hypothesis that 

lecithin gels are sensitive to both ionic strength and ion type, as discussed above. 
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Figure 7: Viscous (G”) and elastic (G’) moduli of lecithin-based gels obtained with canola and 

either DI or CaCl2 aqueous solutions, after addition of toluene. The volumes added correspond to 

the following volume percentages of the gel: 1) 3 mL, 20%, 2) 5 mL, 33%, 3) 7 mL, 47%. 
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Table 2: Shear viscoelastic moduli of lecithin-based gels upon toluene addition. The values of the 

shear moduli refer to the linear region. 

Components added to lecithin (5 g) G' G" 

Oil (5 mL) Water (5 mL) 
Toluene(mL); 
volume % average stdev average stdev 

safflower DI 0 1161 95 212 15 

safflower DI 2.5; 17 9165 246 518 11 

safflower DI 5; 33 6871 678 824 80 

safflower DI 7; 47 1612 63 295 6 

sunflower DI 0 1238 113 216 14 

sunflower DI 5; 33 8404 1325 465 24 

sunflower DI 7; 47 1040 98 307 17 

corn DI 0 1514 201 227 23 

corn DI 3; 20 7393 256 445 14 

corn DI 5; 33 1602 49 229 5 

corn DI 7; 47 1441 72 366 13 

canola DI 0 1621 202 250 28 

canola DI 3; 20 6372 168 336 68 

canola DI 5; 33 2130 376 439 25 

canola DI 7; 47 846 60 321 19 

canola 20 g/L CaCl2 0 1912 271 448 26 

canola 20 g/L CaCl2 5 2130 376 439 25 

 WAXS and SAXS measurements were conducted to understand the effect of 

toluene on the characteristics of lecithin bilayers in the bulk oil phase. In the absence of 

water, the lamellar spacing of lecithin bilayers was significantly higher for lecithin (5 g) 

mixed with toluene (1 mL) (≈60 Å) than for lecithin (5 g) mixed with canola oil (1 mL) 

(≈52 Å), as indicated by SAXS measurements (Figure 8, Figure 34). Conversely, the 

lamellar spacing was similar for soluble lecithin with canola oil only (5 g lecithin and 1 

mL of canola oil) and for lecithin with canola oil (0.5 mL) and toluene (0.5 mL). In a 

hydrophobic medium, the polar moieties of lecithin should be facing each other, 

whereas the hydrophobic tails should be exposed to the solvent, either toluene or 

canola oil. Toluene is hydrophobic, whereas the species present in canola oil are 

amphiphilic. It is speculated that toluene molecules penetrated the hydrophobic faces of 
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stacked lecithin bilayers more effectively than the species present in canola oil, due to 

both their hydrophobicity and to their relatively small size. The amorphous peak in the 

WAXS region is narrower and has greater intensity for lecithin and toluene than for 

lecithin and canola oil (Figure 34). This result may suggest that the toluene partitioning 

between the hydrophobic faces of stacked lecithin bilayers is ordered, possibly due to 

hydrophobic attractive interactions between toluene and the hydrophobic moieties of 

lecithin. Partitioning of solvents into bilayers can cause an increase or a decrease in 

their volume, depending on the interactions between the solvent and the molecules 

comprising the bilayer, and on changes in the membrane properties induced by solvent 

91. For instance, previous studies showed that partitioning of short-chain alcohols (1-

hexanol and shorter) into dimyristoylphosphatidylcholine bilayers increased their 

volume, whereas longer alcohols decreased it 91. It is reported that the repulsion 

between lecithin is reduced by interposing glycerides (fatty acids) 92. It is therefore 

possible that when fatty acids present in canola oil penetrated the lecithin bilayers they 

reduced the repulsion between lecithin, explaining why the lamellar swelling in canola 

oil was less significant than in toluene. Elucidating the validity of these hypotheses 

should be the objective of future research. 
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Figure 8: A) Lamellar swelling of dry lecithin, soluble (i.e. liquid) lecithin, and soluble lecithin (5 g) 

with either canola oil (1 mL) (Lec + Canola), or canola oil (0.5 mL) and toluene (0.5 mL) (Lec + 

Canola + Tol), or toluene (1 mL) (Lec + Tol). The letters a, b and c are used to indicate the 

statistical similarity of the lamellar spacing of lecithin in different systems, as determined by 

conducting a one-way analysis of variance with a Tukey multiple comparison test. Systems with 

similar lamellar spacing are assigned the same letter; B) Comparison between the lamellar 

swelling relative to dry lecithin. 
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 The effect of toluene on the rheology of the bulk hydrophobic phase was also 

tested. In the absence of water, the viscoelastic moduli of lecithin in toluene were low 

(G’ ≈ 0.05 Pa and G” ≈ 0.10 Pa, which is close to the detection limit of the rheometer) 

and toluene also decreased the viscoelastic moduli of lecithin in canola solutions (G’ ≈ 

0. 5 Pa and G” ≈ 1.8 Pa for 5 g lecithin in 5 mL of canola oil; G’ ≈ 0.0 Pa and G” ≈ 0.3 

Pa for 5 g lecithin in 2.5 mL of canola oil and 2.5 mL of toluene and G’ ≈ 0. 6 Pa and G” 

≈ 0.8 Pa for 5 g lecithin in 5 mL of canola oil and 1 mL of toluene). The viscoelastic 

moduli measured for lecithin in the bulk oil phase (toluene or in toluene and canola oil) 

without water were well below the moduli measured with water, with which gels formed. 

These results suggest that the increase in the elasticity of emulsion gels upon addition 

of small volumes of toluene (e.g. 2 mL of toluene added to gels obtained with 5 g of 

lecithin, 5 mL of canola oil and 5 mL of water) was not due to an increase the 

viscoelastic moduli of the bulk oil phase. It is therefore speculated that toluene at low 

concentrations increased the viscoelastic moduli of lecithin-based emulsion gels by 

altering the interfacial films stabilizing the oil-water interfaces. Interfacial stabilizing films 

could be comprised of lecithin, interfacially active species in the canola oil, or both. 

 

Figure 9: Dynamic interfacial tension of lecithin in either toluene or canola oil, and of canola oil-

water interfaces (without lecithin). The data points have been parsed for the sake of clarity. The 

average error was 1 mN/m. 
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 In the absence of lecithin, the interfacial tension between water and canola oil 

was the same as with canola and toluene (Figure 46). Interfacial tension data therefore 

suggest that toluene did not increase the partitioning onto the oil-water interface of the 

interfacially active species present in canola oil. With lecithin, the interfacial tension was 

lower in toluene (approximately 12.5 mN/m after 15 mins) than in canola oil 

(approximately 17 mN/m after 15 mins), as shown in Figure 9. Also, the interfacial 

tension decreased upon addition of toluene to lecithin in canola oil solutions, and it was 

lower with lecithin in a 1:1 toluene: canola mixture than in canola oil only (Figure 47). 

Interfacial tension data suggest that toluene addition increased the partitioning onto the 

oil-water interface of the interfacially active components in the lecithin (rather than those 

in canola oil). The formation of complexes between the interfacially active species in 

canola oil and lecithin, and their increased sorption onto oil-water interfaces upon 

toluene addition, cannot be discounted. Interfacial tension data may be explained based 

on the Hansen Solubility Parameters (HSP), which predict the miscibility between 

materials (materials with similar HSP have high affinity for each other) 93. The HSP 

values reflect the contributions of three types of interactions between molecules: 

nonpolar interactions (dispersion, δd), polar interactions (polarity, δp) and hydrogen-

bonding (δh). The partial solubility parameters (δd, δp and δh) can be estimated using 

the method of Van Krevelen–Hoftyzer, as described elsewhere 94. As indicated earlier, 

lecithin’s are mixtures of glycerophospholipids, including phosphatidylcholine. The HSP 

for 1-stearoyl-2-oleoyl phosphatidylcholine (SOPC) is 17.750 (J/cm3)0.5 (δd = 16.505 

(J/cm3)0.5, δp = 2.460 (J/cm3)0.5, δh= 6.048 (J/cm3)0.5), as reported in the database 

of Molecular Modeling Pro Plus software (Norgwyn Montgomery Software, Inc.). 

Trinoleic (OOO) triacylglycerol (which is a component of food grade oils) has an HSP of 

17.223 (J/cm3)0.5, (δd = 16.548 (J/cm3)0.5, δp = 0.889 (J/cm3)0.5, δh = 4.690 (J/cm3)0.5) 

(Molecular Modeling Pro Plus software database). The HSP for toluene is 19.166 

(J/cm3)0.5, (δd = 19.161 (J/cm3)0.5, δp = 0.428 (J/cm3)0.5, δh = 0 (J/cm3)0.5) (Molecular 

Modeling Pro Plus software database). SOPC and OOC have similar HSP, whereas 
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toluene has a different HSP. The lower solubility of lecithin in toluene than in canola oil 

may explain the increased partitioning of the lecithin at the interface between water and 

the hydrophobic phase, and hence the low interfacial tension measured for lecithin in 

toluene solutions and DI. It is noted that the lecithin used in this study is a complex 

mixture of phospholipids. Here above, we have presented a simplified analysis 

regarding the correlation between the solubility of 1-stearoyl-2-oleoyl-

phosphatodylcholine in toluene and canola oil, and the effect of toluene addition on the 

interfacial tension. Qualitatively, we noticed that lecithin dissolved more promptly in 

toluene than in canola oil. However, future research should focus on the quantitative 

analysis of the solubility of the different components in lecithin in canola oil and toluene, 

and on the accurate correlation between their solubility and the interfacial tension with 

toluene added. In the absence of lecithin, optical microscopy observations did not reveal 

any changes in the morphology of canola oil-water interfaces upon toluene addition 

(Figure 39). Instead, in the presence of lecithin, optical microscopy images showed that 

toluene altered the morphology of oil-water interfaces (Figure 40). In the absence of 

toluene, the interfaces between DI water and lecithin in canola oil were highly textured 

and millimeter-sized structures were observed, as previously discussed (Figure 4,Figure 

40). In the absence of canola oil, the interfaces between DI water and lecithin in toluene 

were smoother (i.e. less textured) and more homogenous compared to the interfaces 

between DI water and lecithin in canola oil (Figure 42). Similar results were obtained 

with both toluene and canola oil (Figure 40). It is speculated that toluene addition 

rendered the interfacial lecithin films fairly smooth and homogeneous because it 

increased the affinity for the oil-water interface of interfacially active species in lecithin 

(or of complexes between interfacially active species in lecithin and canola oil), limiting 

aggregation. This hypothesis is in agreement with the low interfacial tension measured 

upon toluene addition. 

 Confocal microscopy experiments were conducted to elucidate the effect of 

toluene addition on the structure of lecithin-based emulsion gels (Figure 10). Addition of 
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2 mL toluene (13%, volume based) to lecithin-based emulsion gels (5 g lecithin, 5 mL 

canola oil and 5 mL DI) increased the dispersion of water droplets in oil (Figure 10), 

which were instead segregated into separate clusters without toluene (Figure 11). 

Addition of increasing volumes of toluene (5 mL and 7 mL, i.e. 33% and 47%) to the 

lecithin-based emulsion gels further dispersed the water droplets (Figure 35). At 

intermediate toluene concentrations (5 mL, i.e. 33%), the water droplets were 

homogeneously dispersed throughout the oil phase (canola and toluene) and were in 

close contact with each other. At high toluene concentrations (7 mL, i.e. 47%), the 

clusters of water droplets were separated from one another because of their significant 

dilution in the oil phase (5 mL of canola oil and 7 mL of toluene, for a total of 12 mL). It 

is speculated that toluene increased the elastic moduli G’ of lecithin-based emulsion 

(from 1621 ± 203 Pa with no toluene to 6372 ± 168 Pa with 3 mL of toluene, i.e. 20%, 

Table 3) because it effectively dispersed the water droplets in the oil phase (canola and 

toluene), in agreement with the decrease in the interfacial tension of oil-water interfaces 

upon toluene addition (Figure 12). The formation of an interconnected, homogeneous 

network of interconnected water droplets possibly produced a more elastic structure 

compared to separated clusters of water droplets. The rigidity of interfacial lecithin films 

at the oil-water interface was not measured, and its increase upon addition of toluene 

cannot be discounted. It is also speculated that upon addition of significant volumes of 

toluene, the dilution of the water droplets in the oil phase caused the progressive 

decrease in the elastic moduli G’ of emulsion gels (G’ = 2130 ± 376 Pa with 5 mL of 

toluene, i.e. 33%, and G’ = 846 ± 60 Pa with 7 mL of toluene, i.e. 47%, Table 3). It is 

hypothesized that micelle entanglement is responsible for the gelation of lecithin, oil, 

water mixtures 78. Upon dilution in large volumes of toluene, the micelles are likely not 

as tightly entangled as when they are concentrated in the oil phase, decreasing the 

elasticity of the gels. 
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Figure 10: Confocal microscopy images of lecithin-based emulsion gels obtained by mixing 5 g of 

lecithin in 5 mL of canola with 5 mL of DI water, followed by addition of toluene. The toluene 

volumes added were 2 mL i.e. 13% (1, 2), 5 mL i.e. 33% (3, 4) and 7 mL i.e. 47% (5, 6). Image 6 is a 

magnified view of the region marked by a square in image 5. 
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Figure 11: Confocal images of emulsion gels comprised of lecithin (5 g), canola oil (5 mL) and DI 

water (5 mL). 

Table 3: Shear viscous (G”) and elastic (G’) moduli of lecithin dissolved in toluene, canola oil or in 

toluene and canola oil in the absence of water. The values in the table refer to the moduli 

measured in the linear region of the strain sweep curves. It is noted that all moduli were low and 

close to the detection limit of the instrument. 

Components added to 5 g 
lecithin G' G" 

Canola oil (mL) 
Toluene (mL); 

volume % average stdev average stdev 

0 5; 33% 0.05 0.13 0.14 0.21 

5 0 0.53 0.31 1.75 0.79 

2.5 2.5; 17% 0.00 0.02 0.29 0.18 

5 1; 0.07% 0.53 0.31 1.75 0.79 
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Figure 12: Dynamic interfacial tension of lecithin in either toluene or canola oil, and of canola oil-

water interfaces (without lecithin). The data points have been parsed for the sake of clarity. The 

average error was 1 mN/m. 

 In summary, lecithin-based emulsion gels remained cohesive when toluene was 

incorporated into them up to a maximum volume, above which the viscoelastic moduli of 

the emulsion gels decreased likely due to excessive dilution, as was demonstrated with 

confocal microscopy for gels obtained using canola oil. The benchmark volume of 

toluene that could be added before dilution decreased the viscoelastic moduli was 

dependent on the oil used to produce the emulsion gel, as show in Table 2. When 

canola oil was used, the viscoelastic moduli of lecithin-based gels were greater than 

those measured without toluene with up to 5 mL of toluene (i.e. 33%, volume based) 

added to 5 g of lecithin in 5 mL of canola and 5 mL of water. When the volumes of 

toluene added increased from 5 mL (33%) to 7 mL (47%), the moduli of lecithin-based 

gels decreased below those measured without toluene. 

 While rheology experiments were conducted by mixing toluene into lecithin-

based emulsion gels by hand, sorption tests were conducted to assess the 

effectiveness of lecithin-based gels in spontaneously sorbing toluene from water. In 

sorption tests lecithin-based emulsion gels were distributed on top of the toluene phase, 

which floated on water to simulate organic solvents spills on water bodies. In a first set 
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of experiments, mounts of lecithin-based emulsion gels were placed on top of the 

toluene phase (Figure 48-Figure 50). In this first set of experiments, gels prepared with 

5 g lecithin, 5 g canola oil and 5 g water could effectively sorb 5 mL of toluene (i.e. 33%, 

volume based) in approximately 20 hrs. Any toluene in excess to 5 mL was not sorbed 

in this time period and remained floating on the water surface. Control tests conducted 

without lecithin gels demonstrated that toluene did not evaporate from the water surface 

when tests were conducted for 24 hrs in containers sealed with parafilm. After toluene 

was sorbed for 24 hrs, the lecithin gels were cohesive, and could be recovered from the 

water surface using a spoon (Figure 48Figure 50). The surface of the lecithin gels was 

dyed pink at the end of the sorption tests, due to sorption of toluene dyed with Nile Red. 

When the lecithin gels were placed on the surface of the water in mounts of 

approximately 10 cm in size, the core of the lecithin emulsion gels was not coloured. 

This result indicates that the emulsion gels had only been partially penetrated by the 

toluene. In a second set of experiments, lecithin-based gels were spread on the toluene 

phase to obtain complete coverage (Figs. 27). The area of contact between toluene and 

lecithin-based gels was approximately 80 cm2. In these experiments approximately 7 

mL of toluene could be absorbed by the lecithin gels in 20 hrs, indicating that increasing 

the contact area can improve the sorption efficiency. Sorption of 7 mL of toluene (i.e. 

47%, volume based) softened the lecithin-based gels, which could however be scooped 

out of the beakers. When 10 mL of toluene were added, the gels lost cohesion and their 

removal from the beakers using a spoon became difficult, in agreement with the 

decrease of their elastic moduli observed during shear rheology experiments. 

 In situ mixing of lecithin in canola and water is a potential alternative to premixing 

lecithin in canola with water to form emulsion gels, and subsequently using them as 

sorbents. Spreading lecithin in canola on toluene spills and mixing in situ could facilitate 

incorporating toluene in the lecithin-based emulsion gels, allowing its quick recovery. In 

the lab, gels could form in the presence of a large excess of water. On the field, suitable 

methods should be identified to mix lecithin in canola with water in situ following its 
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spreading on toluene spills. Sorption tests show that lecithin-based gels can be used as 

sorbents for toluene in passive treatments of oil spills. However, the ratio between the 

volume of gel and the volume of toluene required for complete toluene removal is 

significant. The lecithin-based gels were therefore additioned with HSA and soy wax to 

improve their effectiveness in absorbing toluene, as described in the following section. 

3.1.3 Emulsion gels containing lecithin, soy wax, and HAS 

Addition of HSA to lecithin-based emulsion gels increased their effectiveness in 

sorbing toluene over a 20 hrs period. Gels obtained with 4.5 g of lecithin, 0.5 g of HSA, 

5 mL of DI water and 2.5 g of canola oil could adsorb 10 mL of toluene in 20 hrs when 

the contact area between toluene and the gel was approximately 10 cm2. Similar results 

were obtained using sorbents comprised of 3 g lecithin, 0.5 g HSA and 1.5 g of soy wax. 

Sorption of toluene into the gels was slow, as tested by mixing toluene directly with the 

gels, in the absence of water. Upon mixing, the toluene was initially segregated from the 

gel and it progressively absorbed into it, forming a paste after approximately 2 hrs. 

 Shear rheology experiments were conducted to investigate the mechanical 

properties of the gels before and after toluene addition. With DI water, the shear viscous 

(G”) and elastic (G’) moduli of gels containing HSA or soy wax were approximately 2 

orders of magnitude higher than those of gels without HSA or HSA and soy wax, either 

before or after the sorption of toluene (Figure 13). Before toluene addition and with 35 

g/L NaCl the shear viscoelastic moduli were G’ = 50160 ± 8946 Pa and G” = 988 ± 194 

Pa with lecithin, HSA and soy wax. The viscoelastic moduli measured with 35 g/L NaCl 

were lower than those measured with DI (G’ ≈ 7·105 Pa and G” ≈ 2·105 Pa). Instead, the 

effect of 35 g/L NaCl was less marked for gels containing HSA and lecithin gels, for 

which the shear viscoelastic moduli with NaCl were G’ = 18251 ± 258 Pa and G” = 2448 

± 65 Pa and approximately G’ ≈ 2·105 Pa and G” ≈5·104 Pa with DI water. 
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Figure 13: Shear viscous (G”) and elastic (G’) moduli of lecithin-based gels containing lecithin (4.4 

g), HSA (0.5 g), canola oil (2.5 mL) and DI water (5 mL) (top), and of lecithin-based gels containing 

lecithin (3 g), HSA (0.5 g), soy wax (1.5 g) and DI water (5 mL) (bottom), either without toluene or 

with 10 mL (i.e. 67%, volume based) of toluene. The shear moduli were measured 2 hrs following 

toluene addition. 

 G’ and G” decreased upon addition of toluene to lecithin-based gels with HSA or 

HSA and soy wax, and with DI water. However, the gels remained cohesive and elastic 

with G’>G” upon mixing with 10 mL of toluene (67%, volume based) to either 4.5 g of 

lecithin, 0.5 g of HSA, 5 mL of DI water and 2.5 g of canola oil, or to 3 g lecithin, 0.5 g 

HSA and 1. 5 g of soy wax. With 35 g/L NaCl, addition of 33% toluene decreased the 

moduli of gels obtained with lecithin, soy wax and HSA (G’ = 3216 ± 136 Pa and G” = 
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137 ± 8 Pa) more significantly than when the gels were prepared using DI water and 

67% of toluene was added. With NaCl, addition of 33% of toluene (volume based, i.e. 5 

mL of toluene to 15 mL of gel) to gels containing lecithin and HSA (but no soy wax) 

decreased the viscoelastic moduli. However, the shear viscoelastic moduli of gels with 

lecithin, HSA and NaCl remained significant upon 33% toluene addition (G’ = 4395 ± 62 

Pa and G” = 1073 ± 6 Pa), and the gels were very cohesive. These results show that 

addition of HSA to gels containing lecithin in canola oil can improve their stability in salty 

water (e.g. sea water) and makes them better candidates for the sorption of toluene 

than gels containing lecithin only. 

 It is noted that although rheology showed that selected gels remained cohesive 

following the sorption of toluene, sorption tests were conducted under quiescent 

conditions. It is possible that significant agitation could disrupt lecithin gels, hindering 

their recovery. Specifically, the presence of interfacially active species in lecithin may 

promote mixing of the lecithin gels in water following toluene sorption. Addition of HSA 

and wax improved the cohesiveness of the gels following the sorption of 67% toluene 

with DI water. HSA also improved the cohesiveness of gels following sorption of 33% 

toluene when using NaCl solutions, as discussed above. These results suggest that 

gels containing HSA could remain intact and withstand greater agitation than gels 

containing lecithin only. However, this hypothesis should be further tested under non-

quiescent conditions. This investigation should be the object of future research. 

 The structure of gels containing lecithin, HSA, canola oil and water or lecithin, 

HSA, soy wax and water, before and after toluene sorption, was studied using confocal 

microscopy (Figure 14, Figure 51Figure 53). Before toluene addition, the gels were 

characterized by regions with different brightness, indicative of compositional 

differences. Gels containing lecithin, water and either canola oil and HSA, or soy wax, 

were obtained by heating until melting was complete, followed by cooling. It is 

speculated that differences between the melting point of wax, HSA, lecithin and canola 
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oil caused segregation between the different components. Few water droplets (black in 

the images) were visible in either gel containing lecithin, water and either canola oil and 

HSA, or soy wax. However, the volume of the visible water droplets emulsified in the 

gels did not account for the total volume of water added (5 mL). It is hypothesized that 

addition of HSA and soy wax promoted the emulsification of water droplets, which were 

possibly more finely dispersed with HSA and soy wax than without them. Accepting this 

hypothesis, the dispersed water droplets may have not been visible at the magnification 

used. Part of the added water could have also been absorbed by lecithin or HSA. 

Lecithin is an amphiphilic molecule, and its hydrophilic moieties can bind water, as was 

for instance demonstrated using deuteron magnetic resonance spectroscopy 95 and by 

measuring the osmotic pressure between lecithin bilayers 96. Similarly, HSA can form 

hydrogen bonds with water 97. 
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Figure 14: Confocal microscopy images of gels obtained with lecithin, HSA, canola oil and water 

(1 and 2) and of gels obtained with lecithin, HSA, soy wax and water (3 and 4). 

 Interfacial tension measurements were conducted with DI water and with either 

lecithin in canola, or with lecithin and HSA in canola or with lecithin and soy wax in 

canola. The interfacial tension decreased faster when either soy wax or HSA were 

added to lecithin in canola, compared to when soy wax and HSA were not added. 

However, after approximately 50s the interfacial tension became slightly lower without 

HSA and soy wax, compared to when soy was, or HSA were added (Figure 54). These 

results suggest that although HSA and soy wax favoured the rapid sorption of stabilizing 

species onto the oil-water interface, interfacial tension alone cannot explain the 

improved emulsification of the water droplets into the oil phase in the presence of HSA 
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and wax. The characteristics of emulsions do not however depend on interfacial tension 

alone, and the viscosity of the medium between the droplets can also play a role 98. 

Specifically, significant viscosity impedes the drainage of the medium between droplets, 

hence improving the emulsification of the droplets 98. Measurements were conducted to 

determine the rheological behaviour of the following mixtures (without water added): 1) 

5 g of lecithin in 5 mL of canola oil; 2) 3 g of lecithin, 0.5 g of HSA and 1.5 g of soy wax 

in 5 mL of canola oil and 3) 4.5 g of lecithin and 0.5 g of HSA in 5 mL of canola oil. 

These mixtures were also used to prepare the gels, as described in section 2.3. The 

viscoelastic moduli of mixtures of lecithin, HSA and canola (G’ = 5.65·104 ± 1155 Pa, G” 

= 1.49·104 ± 188 Pa) and of lecithin, soy wax and canola (G’ = 1.98·105 ± 12897 Pa, G” 

= 4.62·104 ± 669 Pa) were significantly higher than the viscoelastic moduli of lecithin in 

canola (G’ ≈ G” ≈ 1 Pa). The increase of the viscoelastic moduli can likely explain the 

improved emulsification of the water droplets in the oil phase upon addition of HSA or 

HSA and wax. 

 Upon addition of toluene to the gels, the visible water droplets emulsified in the 

gels increased in number and size (Figure 15Figure 16, Figure 50Figure 53). The 

increase in water droplets visible at the magnification used is possibly due to the dilution 

of the emulsifying species (lecithin, soy wax and HSA), leading to coalescence of some 

of the water droplets. Water desorption from lecithin and HSA due to preferential 

sorption of toluene cannot be discounted, because both lecithin and HSA are mainly 

lipophilic. Addition of toluene also increased the structural heterogeneity of gels 

containing HSA, lecithin, soy wax and water. The structural changes of the gels upon 

mixing with toluene can explain the decrease in their shear viscoelastic moduli. 
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Figure 15: Shear viscous (G”) and elastic (G’) moduli of lecithin-based gels containing lecithin (4.4 

g), HSA (0.5 g), canola oil (2.5 mL) and DI water (5 mL) (top), and of lecithin-based gels containing 

lecithin (3 g), HSA (0.5 g), soy wax (1.5 g) and DI water (5 mL) (bottom), either without toluene or 

with 10 mL (i.e. 67%, volume based) of toluene. The shear moduli were measured 2 hrs following 

toluene addition. 
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Figure 16: Confocal microscopy images of gels obtained with lecithin, HSA, canola oil and water 

(1 and 2) and of gels obtained with lecithin, HSA, soy wax and water (3 and 4). 

3.2 Lecithin-based Emulsion Gels: Sorption of Hexane and Hexane-

Toluene Mixtures Floating on Water 

This section discusses the sorption of hexane and toluene/hexane mixtures 

floating on water using the lecithin-based emulsion gels previously described. 
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3.2.1 Effect of toluene, hexane, and mixtures thereof on lecithin-based emulsion 

gels 

Sorption tests showed that gels prepared with 5 g lecithin, 5 g canola oil and 5 g 

water could effectively sorb 5, 7, and 10ml of hexane floating on DI water over 

approximately 20 hrs (33%, 47% and 67%, volume based). Sorption of larger volumes 

of hexane was not tested. Following contaminant sorption, the gels floating on the water 

were sufficiently cohesive to be easily scooped from the water (Figure 55). Our previous 

study showed that toluene could also be sorbed by the gels, although the volumes 

removed over 20 hrs were smaller (33%) than with hexane 99. The cohesiveness of the 

sorbents following sorption is crucial in determining the ease with which they can be 

recovered from water bodies. The cohesiveness of gels following hexane and toluene 

sorption was quantitated by measuring their shear viscoelastic moduli.  

Table 4 summarizes the shear viscoelastic moduli of lecithin-based emulsion 

gels upon mixing with toluene (as determined in our previous study 99), hexane and 

mixtures thereof. The data show that mixing with small amounts of either toluene (3 mL 

and 5 mL, i.e. 20% and 33%) or hexane (2 mL, i.e. 13%) increased the elasticity of the 

lecithin-based gels relative to the base case (no toluene or hexane added). Instead, 

high concentrations of hexane, toluene or mixtures thereof (for a total concentration of 

47% or above) decreased the elasticity of the lecithin-based gels relative to the base 

case (without toluene or hexane). 
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Table 4: Shear viscoelastic moduli of lecithin-based gels with toluene, hexane and mixtures 

thereof addition. The values of the shear moduli refer to the linear region. 

Components added to lecithin (5 g) 
in canola oil (5mL) and DI (5 mL) G' (Pa) G" (Pa) 

Toluene (mL); 
volume % 

Hexane (mL); 
volume % average stdev average stdev 

0 0 1621 202 250 28 

3; 20 0 6372 168 336 68 

5; 33 0 2130 376 439 25 

7; 47 0 846 60 321 19 

0 10; 67 735 72 153 8 

0 2; 13 5082 77 207 6 

5; 33 5; 33 317 8 65 1 

7; 47 2; 13 295 4 48 2 

When 5 g of lecithin were dissolved in 5 mL of either toluene or hexane, or in 

mixtures of canola oil (2.5 g) and either toluene or hexane (2.5 mL), the viscoelastic 

moduli were below the detection limit of the instrument. These results indicate that 

hexane and toluene did not increase the elasticity of lecithin-based gels by increasing 

the elasticity of the bulk oil phase. It was thus speculated that toluene and hexane 

rigidified lecithin-based gels by either altering the structure of the droplet clusters or the 

characteristics of lecithin films at oil-water interfaces.  

Confocal microscopy images show that both toluene and hexane increased the 

miscibility of the oil in the water phase and the homogeneity of the lecithin-based gels 

(Figure 17Figure 18). 
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Figure 17: Confocal microscopy images of lecithin (5 g) in canola (5 mL) mixed with water (5mL) 

and with different amounts of hexane and toluene. Hexane 2 mL (top left), hexane 5 mL (top right), 

hexane 10 mL (bottom left), and hexane 5 mL and toluene 5 mL (bottom right). 
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Figure 18: Confocal microscopy images of lecithin (5 g) in canola (5 mL) mixed with water (5mL) 

and with either 2 mL of toluene (top) or 10 mL of toluene (bottom). 
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The increased miscibility between the oil and the water phase upon addition of 

either toluene or hexane is attributed to the increased interfacial activity of lecithin, as 

demonstrated by interfacial tension measurements (Figure 19). The decrease in the 

interfacial tension was more significant with toluene than with hexane. Five-fold 

concentrations of hexane (50%) were added to decrease the interfacial tension to the 

same values attained when adding toluene (10%) to lecithin in canola oil. 

 

Figure 19: Interfacial tension of lecithin in canola oil, with and without toluene and hexane added. 

Hexane and toluene altered the structure and the rigidity of lecithin films at the 

oil-water interface. Optical microscopy observations showed that interfacial lecithin films 

were smoother with hexane and canola oil or toluene and canola oil than with canola oil 

only (Figure 56Figure 58) As discussed above, the interfacial activity of lecithin was 

greatest with toluene and canola, and lowest with canola oil only.  
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The effect of solvent on lecithin sorption can be interpreted based on the Hansen 

Solubility Parameters (HSP), which allow predicting the ability of solvents to solubilize 

compounds (when HSP are similar, the solubility is high) 93. Partitioning of interfacially 

active compounds (such as lecithin) at oil-water interfaces should be more significant 

with poor than with good solvents. The HSP values account for the contributions of 

nonpolar interactions (dispersion, δd), polar interactions (polarity, δp) and hydrogen-

bonding (δh), each of which can be estimated with the Van Krevelen–Hoftyzer method 

94. Based on the database of Molecular Modeling Pro Plus (Norgwyn Montgomery 

Software Inc.) 1-stearoyl-2-oleoyl-phosphatidylcholine (SOPC, a component of lecithin) 

has an HSP of 17.750 (J/cm3)0.5 (δd = 16.505 (J/cm3)0.5, δp = 2.460 (J/cm3)0.5, δh= 

6.048 (J/cm3)0.5), trinoleic (OOO) triacylglycerol (a component of food grade oils) has an 

HSP of 17.223 (J/cm3)0.5 (δd = 16.548 (J/cm3)0.5, δp = 0.889 (J/cm3)0.5, δh= 4.690 

(J/cm3)0.5), and toluene has an HSP 19.166 (J/cm3)0.5 (δd = 19.161 (J/cm3)0.5, δp = 

0.428 (J/cm3)0.5, δh = 0 (J/cm3)0.5). The HSP values for hexane are δd = 14.9 (J/cm3)0.5, 

δp = 0 (J/cm3)0.5, δh = 0 (J/cm3)0.5, and the HSP values for benzene are δd = 18.4 

(J/cm3)0.5, δp = 0 (J/cm3)0.5, δh = 0 (J/cm3)0.5 100. Based on the HSP, canola oil is a 

better solvent for lecithin than hexane and toluene. The HSP may hence explain why 

the interfacial tension was higher and the interfacial lecithin films thinner with canola oil 

than with canola oil and toluene, or than with canola oil and hexane. 

 

 



 

 

55 

 

4 Conclusion 

This final section summarizes the findings of this work and provides 

recommendations for future work. 

4.1 Usefulness of Lecithin-Based Emulsion Gels to Remove Toluene 

from Surface Water 

Lecithin-based emulsions gels were obtained with lecithin, food grade oil (canola, 

corn, sunflower and safflower oil) and water, with or without soy wax and HSA. Lecithin-

based emulsion gels could float on water and absorb toluene, which was used as model 

organic solvent in this study. Up to 7 mL of toluene could be absorbed over 20 hrs by 

gels comprised of 5 g of lecithin, 5 mL of canola and 5 mL of water. G’ increased upon 

addition of up to 5 mL of toluene to emulsion gels obtained with 5 g of lecithin, 5 mL of 

oil and 5 mL of water. Addition of toluene lowered the interfacial tension between water 

and lecithin in canola oil, promoting the homogenous distribution of water droplet 

clusters in the oil phase, and the formation of homogeneous lecithin films at oil-water 

interfaces. The changes in the emulsion gel structure and in the oil-water interfaces 

could possibly account for the increase in the elastic moduli of emulsion gels comprised 

of lecithin (5 g), canola oil (5 mL) and water (5 mL) upon addition of up to 5 mL of 

toluene. Addition of more than 5 mL of toluene to emulsion gels containing lecithin, 

canola oil and water diluted the water droplets clusters (as probed with confocal 

microscopy), decreasing the elastic moduli of the emulsion gels. Addition of HSA or 

HSA and soy wax to the lecithin-based gels increased the volumes of toluene than 

could be absorbed and the shear viscoelastic moduli of the emulsion gels, both before 

and after toluene sorption. 
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4.2 Usefulness of Lecithin-Based Emulsion Gels to Remove Hexane 

and Toluene/Hexane Mixtures from Surface Water 

Lecithin-based emulsions gels were obtained with lecithin oil and water and used 

to sorb toluene and hexane floating on water. Lecithin-based emulsion gels floated on 

water and could absorb up to 33% of toluene and 67% of hexane (larger volumes were 

not tested) over 20 hrs. Toluene and hexane decreased the interfacial tension, 

increasing the miscibility between the oil and the water phases (as shown with confocal 

microscopy) and the characteristics of interfacial lecithin films (as shown with optical 

microscopy observations and by measuring the intensity of the light reflected from water 

droplets in lecithin solutions). Toluene and hexane increased the shear elastic moduli of 

lecithin emulsion gels at concentrations up to 33%, likely due to their effect on the 

structure of lecithin films stabilizing the oil-water interfaces. At higher concentrations 

toluene and hexane decreased the shear viscoelastic moduli of lecithin emulsion gels, 

likely due to the dilution of the droplet clusters in the oil phase. 

4.3 Recommendations and Future Work 

This thesis has shown the potential usefulness of lecithin-based emulsion gels to 

remove hexane and toluene from surface water. Such compounds were used as model 

pollutants, and future work should focus on the effectiveness of these materials in 

removing a broad array of compounds, including for instance crude oil and diluted 

bitumen. 

Additionally, all tests were conducted under quiescent conditions. While our work 

suggests that the gels remain cohesive upon sorbing significant amounts of hexane and 

toluene, research should be conducted to show that the gels can be recovered in real 

conditions (e.g. in turbulent waters). 
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Moreover, additional work should be conducted to further improve the 

effectiveness of the lecithin-based gels in absorbing contaminants from water. This 

study investigated the usefulness of HSA and soy wax to improve the cohesiveness of 

emulsion gels. Additional materials can also be studied, such as different types of 

waxes. 

One other area for future work should include the effect that a change in 

temperature will have on the effectiveness of the gels. All work was done under room 

temperature conditions, and work should focus on the effects of cooler or warmer water 

temperature. 
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Appendices 

A. Introduction 

 

Figure 20: World total primary energy supply by fuel 3. 

 

Figure 21: World Oil production: estimates (1900-1964), actual (1965-2008), IEA projections (2009-

2035) 4. 
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Figure 22: Types of offshore oil drilling platforms 50. 

Table 5: Primary classes of hydrocarbons found in crude oil. (Highlighted are compounds used in 

the research for this thesis). 

Primary Class Compounds 

n-alkanes Propane 

n-Hexane 

n-Dodecane 

n-alkenes Cis-but-2-ene 

Pent-1-ene 

Trans-hept-2-ene 

Cycloalkanes Cyclohexane 

n-Propyl-cyclopentane  

Ethyl-cyclohexane 

Cycloalkenes Cyclopentene 

3-Methyl-cyclopentene 

Branched chain alkanes 2-Methyl-propane  

2,2-Dimethyl-butane  

2,2-Dimethyl-propane  

2-Ethyl-hexane 

Branched chain alkenes 2-Methyl-but-1-ene  

4,4-Dimethyl-cis-pent-2-ene  

Alkyls (benzenes) Benzene  

Methyl benzene (toluene) 
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Ethyl benzene  

Other aromatic 

hydrocarbons 

Phenol 

Cresol 

Hexachlorocyclohexane 

Polycyclic aromatic 

hydrocarbons 

Acenaphthene with 2 rings of benzene 

and a ring of cycloalkane 

Pyrene with 3 rings of benzene, a ring of 

cycloalkene 

Naphthalene with 2 rings of benzene 

 

Figure 23: Boom Types: (left to right) Curtain Boom, Fence Boom 27. 
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Figure 24: Oleophilic skimmers: a) disc, b) drum, c) rope, d) belt. 
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Figure 25: Weir skimmers: a) advancing, b) stationary. 

 

Figure 26: Elevating skimmers. 
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Figure 27: Submersion skimmer. 

 

Figure 28: Suction skimmers. 
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Figure 29: Vortex (centrifugal) skimmers: a) stationary, b) advancing. 

Table 6: Oil recovery potential of skimmers. * Depends on type of oil, thickness of oil, sea state, 

and other factors. 

Skimmer Type Percent of Oil Recovery (%) 

Oleophilic 75-95 

Weir 20-90 

Elevating 10-40 

Submersion 70-95 

Suction 3-90 

Vortex 2-20 

Table 7: Oil Recovery potential of Sorbents. * Depends on type of oil, thickness of oil, sea state, 

and other factors. 

Sorbent Type Percent of Oil Recovery (%) 

Natural Organic Sorbents ≈75 

Wood Fiber 70 

Bird feathers 80 

Cellulose (treated) 

squares 

80 

Peat Moss 80 

Natural Inorganic Sorbents ≈70 

Vermulite 70 

Clay (kitty litter) 70 

Treated pearlite 70 
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Synthetic Sorbents ≈90 

Polyester pads 90 

Polyethylene pads 90 

Polypropylene pads 90 

 

Figure 30: Weathering processes that take place on the sea surface 51. 
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Figure 31: Illustration of dispersant on oil spill 30. 

B. Emulsions 

Colloids (of which water droplets in oil are an example) are a broad class of material 

that consists of a dispersion of one phase into another 52. While some colloids are able 

to form spontaneously and are thermodynamically stable, in some cases they require 

energy to prepare them and are considered metastable. Metastable colloids can be 

formed in one of two ways: through nucleation and growth and fragmentation 52. For the 

case of metastable colloids, surface-active species are usually employed as a way to 
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stabilize freshly formed growing nuclei and fragments. Emulsions are an example of 

metastable colloids that use surface active species to provide enough colloidal repulsive 

forces. Emulsions have been used for millenniums with ancient Egyptians forming 

emulsified paints using eggs, oils, and berry extracts 53. Today emulsions are used in 

various industries including for health (e.g. drugs delivery) 54, consumer products (e.g. 

cosmetics, paints) 55,56, and in various food practices (e.g. salad dressing, milk, 

improving shelf life) 57,58. Emulsions have also been studied for their use in remediation 

efforts of crude oil spills 59–61. The physical and chemical nature of the continuous phase 

of the emulsion (oil) is important as it governs the stability of the emulsion formed and 

the kinetics of the formation 51.  

An emulsion is a two-phase system that describes at least one immiscible liquid, 

called the dispersed phase, distributed in the form of droplets in another liquid (or solid) 

called the dispersion medium 51,53,62. The destruction of the emulsions may occur as a 

result of two distinct mechanisms: Ostwald ripening and coalescence (Figure 32).  

 

Figure 32: Schematic representation of potential emulsion instability 63. 

Ostwald ripening is the process by which large droplets grow at the expense of 

smaller ones. This occurs because the solubility within a droplet in the surrounding 

continuous phase increases as the interfacial curvature increases 64,65. Coalescence 

occurs when there is a rupture in the thin liquid film that forms between two droplets 

52,66. The decrease in interfacial area is the driving force and can result in the complete 



 

 

78 

 

separation of the phases 66. While emulsions are generally unstable, they can be made 

more stable by the addition of surfactants. The presence of surface active species is 

strongly correlated to the metastability of the emulsion62,66. The surfactant can be any 

soluble substance that is able to reduce the surface tension between the two liquids. 

This is important because this is one of the important physical properties that 

determines how effective two liquids intermingle 62. Microemulsion (Figure 33) are going 

in interest due to the greater stability that they offer relative to conventional macro or 

nano emulsions, as they are in fact thermodynamically stable 67. One natural surfactant 

that can promote the formation of microemulsions is lecithin. 

 

Figure 33: Illustration of relative sizes of different emulsions 68. 

Lecithin is a naturally occurring nontoxic surfactant and is used to refer to a mixture 

of the phospholipid species phosphatidylcholine and phosphatidylethanolamine 69–71. 

Initially these phospholipids were produced from egg yolk, however the process of 

refining vegetable oils, particularly soybean oil, made large scale production possible 72. 

Crude soybean oil contains 1-3% phospholipids and through extraction and purification 

(degumming crude oil and drying the hydrated gums) can yield up to 65-75% 

phospholipids, 34% triglycerides, and trace amounts of other organic molecules 69,73. 

De-oiling this commercial grade soy lecithin, which removes the triglycerides, can return 

upwards of 90% phospholipid-enriched lecithin 70,74. It is the phospholipids that give 

lecithin its unique properties and allow for numerous applications. Lecithin is commonly 

used as an emulsifier, particularly for oil-in-water (o/w) emulsions 75. Phospholipids are 
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amphipathic molecules with polar heads that are hydrophobic and nonpolar fatty acid 

tails that are hydrophobic 69. Amphipathic molecules tend to adsorb surfaces with the 

hydrophobic head facing the surface or oil phase and the hydrophilic head facing the 

water phase, producing a decrease in surface or interfacial tension 70,72. This is 

important because different phospholipid compositions and their relative abundance can 

drastically influence the characteristics of the emulsion 72. A weak hydrophilic lecithin 

can prepare water-in-oil emulsions, while stronger hydrophilic lecithin can prepare oil-in-

water emulsions. Linker molecules can be added to increase the surfactant-oil (lipophilic 

linker) or surfactant-water (hydrophilic linker) interactions. 
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C. Sorption of Toluene Floating on Water 

 

Figure 34: : X-ray spectra of: A) dry lecithin, B) liquid lecithin (5 g) with toluene (1 mL); C) liquid 

lecithin; D) liquid lecithin (5 g) in toluene (0.5 mL) and canola oil (0.5 mL); E) liquid lecithin (5 g) in 

canola (1 mL), E) liquid lecithin F) Comparison between the second peaks of the diffraction 

spectra. 
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Figure 35: Elastic (G') and viscous (G") moduli comprised of lecithin (5g), canola oil (5mL), and 

aqueous CaCl2 solutions in DI water (5mL). 
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Figure 36: Elastic (G') and viscous (G") moduli comprised of lecithin (5g), safflower oil (5mL), and 

aqueous CaCl2 solutions in DI water (5mL). 
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Figure 37: Elastic (G') and viscous (G") moduli comprised of lecithin (5g), sunflower oil (5mL), and 

aqueous CaCl2 solutions in DI water (5mL). 
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Figure 38: Elastic (G') and viscous (G") moduli comprised of lecithin (5g), corn oil (5mL), and 

aqueous CaCl2 solutions in DI water (5mL). 
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Figure 39: Optical microscopy observations of the interface between DI water and either canola oil 

and toluene (50:50, volume based) (left), or canola oil only (right). 

 

Figure 40: Interface between DI water and lecithin in canola oil solution after 15 min (1,2), 20 min 

(3, 4). DI water was at the bottom of the petri dish, and the lecithin in canola was poured on top of 

the petri dish, obtaining a planar interface. The length of the scale bar is 100 µm. 
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Figure 41: Interface between DI water and lecithin in canola oil solution after 30 min (1), 50 min 

(2,3), 60 min (4) and 70 min (5-6). DI water was at the bottom of the petri dish, and the lecithin in 

canola was poured on top of the petri dish, obtaining a planar interface. The length of the scale 

bar is 100 µm. 
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Figure 42: Interfaces observed with 0.5 g lecithin in 12.5 mL of toluene and 12.5 mL of canola oil 

after 5 min (1), 10 min (2), 30 min (3) and 1 hr (4). DI water was at the bottom of the petri dish, and 

the lecithin in toluene was poured on top of the petri dish, obtaining planer interface. The length 

of the scale bar corresponds to 100 µm. 
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Figure 43: Elastic (G’) and viscous (G”) moduli of gels comprised of lecithin (5 g), safflower oil (5 

mL) and DI water (5 mL) after toluene addition. 
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Figure 44: Elastic (G’) and viscous (G”) moduli of gels comprised of lecithin (5 g), sunflower oil (5 

mL) and DI water (5 mL) after toluene addition. 
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Figure 45: (G’) and viscous (G”) moduli of gels comprised of lecithin (5 g), sunflower oil (5 mL) 

and DI water (5 mL) after toluene addition. 

 

Figure 46: IFT a mix of 2:1 canola oil:toluene (without lecithin). The data points in the chart have 

been parsed for the sake of clarity. The average error in the measurement is approximately 1 

mN/m. 



 

 

91 

 

 

Figure 47: Dynamic interfacial tension of lecithin in canola oil and of lecithin in canola oil and 

toluene. Data points were parsed for the sake of clarity. 
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Figure 48: Emulsion gels comprised of lecithin, canola, and water at the end of sorption tests. 
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Figure 49: Emulsion gels comprised of lecithin and HSA at the end of sorption test conducted with 

10 mL (i.e. 76%, volume based) or 20 mL (i.e. 130%, volume based) of toluene (top) and emulsion 

gels comprised of lecithin, HSA and soy wax at the end of sorption test conducted with 10 mL of 

toluene (i.e. 67%, volume based) or with 20 mL of toluene (130%, volume based) (bottom). 
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Figure 50: Emulsion lecithin-based gels spread on the toluene phase to obtain complete coverage. 

 

Figure 51: Confocal microscopy images of gels obtained with lecithin (5.5 g), HSA (0.5 g), canola 

oil (2.5 mL) and water, and additioned with 15 mL (i.e. 100%, volume based) of toluene. 
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Figure 52: Confocal microscopy images of gels obtained with lecithin (3 g), HSA (0.5 g), soy wax 

(1.5 mL) and water, and additioned with 10 mL (i.e. 67%, volume based) of toluene. 
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Figure 53: Confocal microscopy images of gels obtained with lecithin (5.5 g), HSA (0.5 g), canola 

oil (2.5 mL) and water, and additioned with 10 mL (i.e. 67%, volume based) of toluene. 
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Figure 54: Shear viscous (G”) and elastic (G’) moduli of lecithin-based gels containing lecithin (4.4 

g), HSA (0.5 g), canola oil (2.5 mL) and DI water (5 mL) (top), and of lecithin-based gels containing 

lecithin (3 g), HSA (0.5 g), soy wax (1.5 g) and DI water (5 mL) (bottom), either without toluene or 

with 10 mL (i.e. 67%, volume based) of toluene. The shear moduli were measured 2 hrs following 

toluene addition. 
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D. Sorption of Hexane and Hexane-Toluene Mixtures Floating on 

Water 

 

Figure 55: Sorption of hexane (5 mL, 7 mL and 10 mL, from left to right) using lecithin gels 

obtained with 5g of lecithin, 5mL of canola oil and 5 mL of DI water. 
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Figure 56: Optical microscopy images of lecithin (0.5 g) in 25 mL of hexane after 5 min (top left), 

10 min (top right), 25 min (bottom left) and 45 min (bottom right). The scale bar is 100 µm. 
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Figure 57: Optical microscopy images of lecithin (0.5 g) in 12.5 mL of hexane and 12.5 mL of 

canola oil after 5 min (top left), 10 min (top right), 25 min (bottom left) and 45 min (bottom right). 

The scale bar is 100 µm. 



 

 

101 

 

 

Figure 58: Optical microscopy images of lecithin (0.5 g) in 25 mL of toluene (left) and in 12.5 mL of 

toluene and 12.5 mL of canola oil (right) after 60 min. The scale bar is 100 µm. 

 


