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Abstract 

Amphiphilic molecules play an important role in numerous products and processes because of 

their interesting solution association and surface/interface adsorption properties. We address here 

"natural" biosurfactant amphiphiles and "synthetic" block copolymer amphiphiles. 

Natural amphiphiles are relatively less studied, despite their potential practical applications and 

consumer appeal as "green" ingredients. We studied the influence of chemical structure, purity 

and salinity on the aqueous solution micellization and solid surface adsorption of a glycolipid 

biosurfactant, rhamnolipid. Furthermore, we compared the micellization and adsorption properties 

of various types of biosurfactants, rhamnolipid, sophorolipid and surfactin, to the properties of 

common synthetic surfactants. 

Synthetic amphiphiles of the poly( ethylene oxide )-poly(propylene oxide )-poly( ethylene oxide) 

(PEO-PPO-PEO) chemical composition have been used in many fundamental studies related to 

self-assembly, and their nanoscale structure is useful to diverse applications including drug 

delivery and semiconductors. We investigated the effects of a protic ionic liquid (IL), 

ethylammonium nitrate (EAN), and an aprotic IL, 1-butyl-3-methylimidazolium tetrafluoroborate 

(BmimBF4), on the micelle structure of the PEO-PPO-PEO block copolymer Pluronic P123 , and 

further compared to the effects of a classic salt ammonium nitrate (NH4NQ3). 

This work systematically compares for the first time three types ofrepresentative biosurfactants in 

terms oftheir solution association and surface adsorption for potential bioremediation applications. 

The investigated effects of different IL additives on the amphiphilic block copolymer micelle 

structures provide guidance on modulating nano-scale structure for tailoring material properties 

and function. 
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Outline 

Amphiphiles are compounds composing of a hydrophilic part and a hydrophobic part. They can 

be divided into two categories: natural amphiphiles and synthetic amphiphiles . Natural 

amphiphiles are produced from microorganisms, while synthetic amphiphiles are chemically 

synthesized. In aqueous media, amphiphiles tend to self-assemble into various structures including 

micelles, vesicles, etc., allowing for extensive applications in designing novel materials. Another 

important property of amphiphiles is the surface adsorption behavior. Amphiphiles can adsorb at 

an oil-water interface, surrounding the oil droplets in water phase ( or water droplets in oil phase) 

with the hydrophobic part extending into oil phase and hydrophilic part in water phase. They 

reduce the interfacial tension between the two liquid phases, thus preventing unstable emulsions 

from coalescence. The adsorption of surfactants at a solid-liquid interface also plays a key role in 

controlling various interfacial processes in technological applications. Therefore, a better 

understanding of the amphiphile self-assembly and solution adsorption properties is essential to 

developing new materials and facilitating emerging applications in various fields . 

This dissertation starts with the introduction of oil spill clean-up and the properties of amphiphiles 

in Chapter 1. One method to clean-up oil spills, that of using dispersants (in which surfactants are 

the main component), is first introduced. The mechanism of action, the dispersant effectiveness 

and the negative effects imposed to ecosystems by their use are discussed. Considering the toxicity 

of the currently employed surfactants, the usage of non-amphiphilic solid particles has attracted 

particular attention. The particles can be mineral particles, metal oxide particles, polymers, 

modified particles, or bio-based particles. Moreover, the combination of surfactants and solid 

particles has been reported to have a synergistic effect on stabilizing the emulsions for oil spill 

clean-up. Another group of materials that can be a very promising substitute for synthetic 
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amphiphiles is the natural amphiphiles. Compared to their synthetic counterparts, natural 

amphiphiles are generally more effective, environmental friendly, less toxic and can remain active 

under extreme conditions. However, there is still lack of information on some physicochemical 

properties of natural amphiphiles such as their adsorption on solid surfaces as well as on the 

differences between the properties of various natural amphiphiles. 

In response to the above-identified issues, in Chapter 2 of this dissertation, we examined the self

assembly properties of representative biosurfactants, rhamnolipids, in aqueous solutions and their 

adsorption behavior on model solid surfaces. We investigated the effects of the difference between 

mono- and di-rhamnolipid chemical structures, rhamnolipid purity, and salinity of the aqueous 

solutions on the micellization behavior in aqueous solution and their adsorption on model solid 

surfaces. The solution self-assembly properties of rhamnolipid were then compared to 

corresponding properties of typical synthetic surfactants. Rhamnolipid adsorption on gold surfaces 

was found to be mostly reversible and the adsorbed layer is rigid in plain water. NaCl addition 

reduces the critical micellization concentration (CMC) of rhamnolipid, and promotes the 

adsorption on the gold surface. The rhamnolipid has a lower CMC than typical synthetic ionic 

surfactants in both plain water and aqueous NaCl solutions. 

Furthermore, in Chapter 3, we investigated the micellization properties in aqueous solution and 

the adsorption behavior on model solid surfaces of various types of biosurfactants in a systematic 

way. The three types of biosurfactants we selected are rhamnolipid, sophorolipid and surfactin. 

Their properties were also compared to the common synthetic surfactants of interest to oil-spill 

dispersion. The influence of the aqueous salinity on these properties was examined. The CMC 

values of these biosurfactants in plain water follow the order: crude surfactin > crude rhamnolipid > 

crude sophorolipid. All crude biosurfactants presented here exhibited a higher tolerance towards 
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salinity compared to the representative synthetic surfactants. Their adsorption behavior on model 

solid surfaces with different hydrophilicity was also examined. The more hydrophobic (the lower 

CMC) the biosurfactant is, the higher the biosurfactant adsorption on alumina surfaces. On 

hydrophilic gold surfaces, the crude biosurfactants adsorbed from plain water formed rigid layers; 

the adsorption of all biosurfactants is promoted in the presence of salt, and the adsorbed layers are 

viscoelastic. The negative charge on silica surfaces prevents the adsorption ofall the biosurfactants 

from water unless salt is added. All the biosurfactants considered here adsorb in a partially 

irreversible manner on solid surfaces. 

The various structures formed by amphiphiles in aqueous media are also of great importance for 

industrial applications. However, the elucidation of micelle structure of some widely used 

amphiphiles are still lacking. In what follows (Chapter 4), we examined a representative synthetic 

amphiphile, PEO-PPO-PEO block copolymer Pluronic P123 , for its self-assembly structure in 

selective solvents. The effects of a protic ionic liquid (IL), EAN, and an aprotic IL, BmimBF 4, as 

well as a classic salt (NH4NQ3) with a similar molecular structure to EAN on the PEO-PPO-PEO 

block copolymer micelle structure are compared. The temperature effect on the micelle structure 

was also examined. The co-solvent/co-solute effects were compared with temperature effects in 

terms of micelle structure parameters. The protic IL EAN and salt NH4NQ3 promote the Pluronic 

P 123 micellization and show a similar effect on the Pluronic micelle structure (larger micelle core 

radius and Nassoc, thinner micelle shell) by dehydrating the block copolymer. The aprotic IL 

BmimBF4 hinders the micellization and has an opposite effects on the micelles (smaller micelle 

core radius and Nassoc, thicker micelle shell) due to a better solubility of PEO-PPO-PEO block 

copolymer in it. Similar to the salt effects, as temperature increases, the PEO-PPO-PEO block 
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copolymer is also dehydrated, resulting in a larger micelle core radius and N assoc, and thinner 

micelle shell. 

Although natural amphiphiles have attracted much attention recently, information on the self

assembly properties and surface adsorption behavior ofvarious types ofnatural amphiphiles is still 

lacking, and the reported techniques for CMC determination are usually limited to surface tension 

measurements. What is more, between the various publications focused on biosurfactants, 

biosurfactants under the same name may be different, and the methods used for determining their 

properties are also different. Regarding the representative biosurfactant rhamnolipid, there is only 

one report available on rhamnolipid adsorption on CP AC-modified surface and a few on 

rhamnolipid adsorption on soil. This dissertation presents for the first time the effects of chemical 

structure, purity and salinity on the rhamnolipid adsorption on a solid surface. It is also the first 

time that three types of biosurfactants are compared with the same methods in terms of their 

micellization properties (CMC determined by pyrene fluorescence) and their adsorption properties 

on solid surfaces from aqueous solutions. A better understanding of biosurfactant molecular 

organization in both the aqueous solution and on solid surfaces is essential for the development of 

biosurfactant commercial applications such as in bioremediation, in cosmetics and food industries, 

which are still in early stages. 

Future investigations should focus on the adsorption behavior of biosurfactants on naturally 

occurring particles or other solid surfaces that they may come in contact with during oil spills, and 

on how the different chemical nature and morphology of various surfaces affect the adsorption 

properties of the biosurfactants. Such results can facilitate more efficient and effective application 

of biosurfactants in the removal of oil components already adsorbed on the seafloor and other 

marine surfaces. 
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Self-assembly behavior offered by the amphiphilic copolymers, such as PEO-PPO-PEO block 

copolymer, in selective solvents is also of great importance for practical applications such as drug 

delivery and polymer electrolytes. It is known that PEO-PPO-PEO block copolymers can form the 

whole spectrum of self-assembled structures in ternary systems with a selective solvent for PEO 

(for example, water) and a selective solvent for PPO. Although there are several reports on PEO

PPO-PEO block copolymer self-assembly in aqueous media, the information on PEO-PPO-PEO 

block copolymer micelle structure in IL and water mixtures is still lacking. To the best of our 

knowledge, this is the first report to compare the effects of a protic IL, an aprotic IL, and a classic 

salt on the PEO-PPO-PEO block copolymer micellization in aqueous solutions in terms ofmicelle 

structure. An improved fundamental understanding gained here would be of great importance in 

designing more efficient, effective amphiphile formulations with desired structure and superior 

properties for diverse applications, such as utilizing additives to change micelle size/structure for 

synthesizing novel materials, using IL additives in PEO-containing formulations for drug delivery, 

and preparing PEO polymer-IL electrolytes. 

Future efforts should focus on hydrogels, in selective solvents including ILs and salts. The thermo

reversible nature of hydrogels makes them good vehicles for temperature-tuned drug delivery. 

Therefore, a better knowledge of modulating the micelle structure with various additives will be 

beneficial for designing and producing multiple forms ofdrug delivery carriers for different targets. 
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1. Surfactants and Particles in Oil-Spill Cleanup 

Abstract 

Marine oil spills cause detrimental effects on ecosystems due to the spreading of oil on the ocean 

surface. The released oil undergoes several complex physical, chemical, and biological 

transformations over time. Such processes may be greatly affected by the interactions between oil 

components with dispersants used and/or existing mineral particles (sediments) or other surfaces 

(rocks, plants, marshes). A better understanding of the mechanisms and interactions between 

surfactants and particles at the oil-water interface is critical for the design of more effective 

dispersant systems and for determining oil spill remediation methods close to shorelines. 
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1.1 Oil Spill 

In our society, oil is necessary for human's life, in fact, the production and consumption of oil and 

related products are increasing all over the world, as well as the risk of oil spill and oil pollution. 1 

As long as our society depends on petroleum and its products, oil spill and oil pollution can not be 

avoided. The National Academy of Sciences estimate that 1.7 to 8.8 million tons ofoil are released 

into water worldwide every year, of which more than 70% is directly related to human activities. 1 

For example, the 2010 Deepwater Horizon (DWH) oil spill released an estimated 4.9 million 

barrels of South Louisiana sweet crude oil into the Gulf of Mexico, resulting in the largest marine 

oil spill in U.S. history.2
-
3 It is widely known that oil spills have many adverse influences on the 

environment, wildlife and human activities, so the oil spill cleanup is an essential issue needing 

investigating. 

The average cost of oil cleanup worldwide ranges from $20 to $200 per liter, depending on the 

type of oil and where it is spilled, and in America, it is $100 per liter. 4 It is necessary to find more 

efficient and effective countermeasures to the oil spill. 

1.2 Oil-Mineral Interaction 

1.2.1 Oil-SPM aggregates 

In water, oil presents in two physical forms as dispersed oil droplets or dissolved oil components. 

Similarly, the sediments can be suspended particulate material (SPM) or settled aggregates in 

water. Oil can interact with the sediments through (1) direct aggregation to form oil-SPM 

aggregates (OMAs), and (2) adsorption on or incorporation in the sediment phase. 5 
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Naturally dispersed oil droplets may aggregate with SPMs to form OMAs in near shore waters. 

OMAs are typically formed by a two-step process as the Figure 1.1 shows: 2 firstly, some kind of 

force breaks the oil film into oil droplets; then, the oil droplets interact with SPM to form OMAs, 

which is actually the interaction between SPM and polar compounds within the oil droplets. The 

force in the first step can be either the external disturbing forces produced by the flow field, such 

as inertia or viscous force, or the internal restoring forces of the oil, such as the interfacial tension 

to sustain the oil droplet shape, and the main affecting parameters for this step are the mixing 

energy, oil viscosity, and interfacial tension between oil and seawater; parameters that can affect 

the second step are salinity ( or ionic strength), oil type and concentration, and sediment type and 

particle concentration. 2 

A better understanding of both the properties and the affecting factors of OMAs formation are 

crucial to evaluate their environmental influence and the effectiveness of the oil spill 

countermeasures. 

There are several factors that can affect the OMA formations , which include: (1) characteristics of 

oil, such as viscosity, droplet size, composition, density, and concentration; (2) the physical 

properties ofthe solids, such as mineralogy, grain size distribution, organic matter content, density, 

concentration; (3) environmental conditions such as temperature, pH, water salinity (or ionic 

strength), pressure, and hydrodynamic conditions.2 

To be specific, the effects of oil characteristics are investigated. Since the oils with high viscosity 

are hard to disperse, they are less favorable to form OMAs than low viscosity oils.6 

The properties of solids ( solid type, particle size and concentration) are also important. Among 11 

types of sediments including kaolin, blue earth silt, marl, diatomaceous earth, decora shale, 
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bentonite, sandy silt, calcareous shale, calcareous silt, oil shale, and humus in artificial seawater, 

kaolin is most efficient for sedimenting oil. 2 The smaller particle sizes are more favorable for OMA 

formation. 7 Besides, as the sediment concentration increase, more sediment grains are available in 

the suspension, so more OMAs will form. 

For salinity influence, a mechanism was proposed that as the salinity increases, the electrical 

double layers on particles surfaces are compressed, decreasing the repulsion potential of particle 

surfaces; once the double-layer thickness is below a certain value, further increasing salinity has a 

less influence on OMAs formation. 8 

1.2.2 Oil adsorption on minerals 

To know more about the oil-mineral interactions, the asphaltenes in crude oil is mentioned in 

several studies. The crude oil can be divided into four classes based on their polarity and solubility: 

asphaltenes, resins, aromatics and saturates. 

In crude oils, asphaltenes are indigenous surface active components and defined as a class that is 

insoluble in aliphatic solvents as n-pentane, but soluble in aromatic solvents as toluene,9 which 

may arise at different stages of oil production and cause wettability alteration, fouling, and 

coking. 10 Their surface-active property and key role in structure decide their importance in 

determining the stability of the crude oil emulsion. 11 In fact, asphaltenes can be treated as natural 

surfactants stabilizing water-crude oil emulsion. 12 

Early studies on asphaltene adsorption showed that the adsorption behaviors of the isolated 

asphaltenes were similar to that of the corresponding whole oil. 13 Then several reports indicating 

that the adsorption behaviors of an oil is determined mainly by the asphaltenes component were 
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also put forward (usually the whole oil adsorption is slightly less) .14 So it is essential to study the 

asphaltene adsorption behaviors in order to know more about the oil adsorption behaviors. 

However, the scientists did little research on asphaltenes adsorption on surfaces until recently, with 

the urgency to solve the energy-shortage and environmental problems. In these studies, the liquid 

phases are usually toluene and toluene-alkane mixture, the surfaces included metals and minerals. 

Since the oil-mineral interaction is essential in the dispersion and degradation of spilled oil, 2while 

oil-metal interaction is less practical in this field, this review will mainly focus on the former one. 

Buckley et al. 15 suggested four different mechanisms for asphaltene adsorptions on minerals : polar 

interactions, surface precipitation, acid/base, and ion-binding interactions. Till now, there is still 

no simple explanation for experimental results since asphaltenes adsorption on solid surfaces is a 

multifaceted process, many variables make it complicated and there are some inconsistencies in 

the related literature. 16 

In asphaltene adsorption research, clay minerals have been extensively studied. 

Concerning the adsorption isotherms, Coolins and Melrose found Langmuir-type isotherms in 

asphaltene-in-toluene system on minerals. 17 

Marczwski and Szymula' s research offers deeper insight into the adsorption of asphaltenes on the 

minerals including quartz, dolomite, calcite and kaolin, along with Fe203 and Ti02, showing 

Freundlich characters initially or/ and inflections characteristic of lateral interactions, as well as 

multiple steps that may result from surface phase reorientation, multilayer formation or 

hemimicelle formation. 18 

Dudasova et al. investigated adsorption and deposition of asphaltenes onto differently coated 

(hydrophilic surfaces: silica, titanium, alumina, and a noncommercial tailor-made FeOx) quartz 
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crystals from heptane/ toluene (1: 1) and toluene solutions, showing that the adsorbed mass is 

related to the solubility state of asphaltenes (aromaticity of the solvent), their origin (aggregate 

size in solution) and very little to the hydrophilicity of the investigated crystal. 19 

The investigators also did research on the adsorption kinetics : irreversible second-order adsorption 

kinetics was recorded from absorbance studies of Acevedo et al., where the adsorption rate k was 

strongly dependent on concentration.20 

Quantities of research have been done to know more about the mechanism,21 
-
22 as well as the 

factors that may influence these interactions, such as the nature of asphaltenes (including effect of 

saturates, aromatics, and resins, physical size of asphaltenes and their aggregates pertaining to 

adsorption), temperature, mineral load,23 water salinity,8 oil type,23 clay type,8 mineral 

concentration 24 and particle size,25 etc. 

The influences are concluded below. 

(1) Chemical characteristics of asphaltenes: the asphaltene adsorption can be influenced by the 

aromaticity of asphaltenes. Asphaltenes with a higher degree of aromaticity are reported to cause 

multilayer adsorption, making them more prone to precipitate.26 

(2) Temperature: it is generally accepted that the size of asphaltene aggregates decreases when the 

temperature of the supporting medium increases. 86 

(3) Water: most oils contain considerable amounts of water, which can have a dramatic effect on 

adsorbent-adsorbate interactions. Hydrogen-bonding interactions are important for asphaltene

sorbent and asphaltene-asphaltene interactions which can be significantly altered by the presence 

of water.27 Adsorption decreases because water strongly competes for surface adsorption sites. 
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(4) The source, concentration, and solvent strength of the solution: they determine the degree of 

asphaltene-asphaltene association. By competing for surface active sites, the increasing solvent 

strength can effectively decreases aggregate size and/or reduces adsorption. 

(5) Physical size of asphaltenes and their aggregates: by greatly affecting the ability of the surface 

active sites of asphaltenes to favorably interact with the active sites of a sorbent, two main physical 

properties of asphaltenes, the size of the primary asphaltene molecules and the resulting size of the 

asphaltene aggregate, are related to the adsorption. 28 

The quartz crystal microbalance with dissipation monitoring (QCM-D) was first introduced by 

Ekholm et al. to investigate the adsorption of asphaltene and resin onto gold surfaces,29 showing 

that asphaltene adsorbed irreversible on the surface and forms a rigid film at moderate 

concentration. 

Since then, only a few investigators have studied the adsorption of oil on metal surfaces compared 

with that on minerals, which may be much less applicable in commercial application than the 

research of adsorption on minerals. But these studies provide us with useful information about the 

characteristics of adsorbed asphaltene layers, the influence of resins on asphaltenes, the behaviors 

of asphaltenes in whole oils, solvent effects, and desorption. 28 

The adsorption kinetics and isotherms were investigated among these studies: the asphaltene 

adsorption onto gold surfaces is diffusion controlled at longer times and follows first-order kinetic, 

and the fractional coverage data followed Langmuir (type-I) isotherm;30 the Langmuir isotherm 

was also found in C1-asphaltenes in toluene system on stainless steel, iron and aluminum. 31 The 

thermodynamic free energy predictions suggested that asphaltene would adsorb preferentially in 

the order of gold, stainless-steel, aluminum surfaces. 32 
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However, there is not much research on the factors affecting asphaltene adsorption on metal 

surfaces, so Tavakkoli et al. provided information on the deposition tendency of asphaltene from 

model oil systems in different depositing environments ( temperature, asphaltene polydispersity, 

solvent, depositing surface, and flow rate) and discussed the roles of convective, diffusive, and 

adsorption kinetics on asphaltene deposition by modeling the adsorbed mass before asphaltene 

precipitation onset. 33 

Besides asphaltenes, other oil adsorption on solid surfaces has been reported, such as soybean oil 

(SBO) and methyl oleate (MO) from hexadecane solvent onto a steel surface.34 

1.3 Surfactants in Oil Spill Cleanup 

Inherently, emulsions are not stable unless emulsifying agents are used against coalescence. The 

emulsifying agents include surfactants, polymers, particles, among which surfactants are widely 

used because they can adsorb to oil-water interfaces with hydrophobic parts pointing towards the 

oil phase and hydrophilic parts towards the water phase. 35 The surfactant consists of two parts: a 

hydrophilic head group and a hydrophobic tail, which help to form the oil droplet in water. 

Surfactant adsorption is a process of transfer of surfactant molecules from bulk solution phase to 

the surface or interface. 36 The adsorption of surfactants at a solid-liquid interface plays a key role 

in controlling a series of interfacial processes for technological application, including the oil spill 

cleanup.37 So the understanding for the mechanism is essential for improving these processes. 

Consequently, more and more investigators have studied the phenomena to understand the uptake 

of various surfactants on solid surfaces. 
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1.3.1 Synthetic surfactants 

Paria and Khilar36 have reviewed the experimental studies of surfactants adsorption at the 

hydrophilic solid-water interface, including the ionic surfactant, non-ionic surfactant, anionic 

cationic surfactant mixture, anionic non-ionic surfactant mixture and cationic non-ionic surfactant 

mixture, as well as the effects of various parameters such as molecular structure, temperature and 

salt concentration on surfactant adsorption. 

Based on the studies of Griffith and Alexander,38 as well as that of Paria and Khilar,36 the 

adsorption of surfactants generally involves single ions rather than micelles: 

(1) Ion exchange: Replacement of counter ions adsorbed onto the substrate from the solution by 

similarly charged surfactant ions. 

(2) Ion pairing: Adsorption of surfactant ions from solution onto oppositely charged sites 

unoccupied by counter ions. 

(3) Hydrophobic bonding: Adsorption occurs by this mechanism when there 1s an attraction 

between a hydrophobic group of adsorbed molecule and a molecule present in the solution. 

(4) Adsorption by polarization ofp electrons: When the surfactant contains electron-rich aromatic 

nuclei; the solid adsorbent has strongly positive sites, attraction between electron rich aromatic 

nuclei of the adsorbate and positive sites on the adsorbent results in adsorption. 

(5) Adsorption by dispersion forces : Adsorption by London-van der Waals force between 

adsorbate and adsorbent increases with the increasing molecular weight of the adsorbate. 

The surfactant adsorption at the solid-liquid interface depends on the characteristics of surfactant 

and the nature of the solid surface. 
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The adsorption kinetics of ionic and nonionic surfactants is concluded below. 

(1) Ionic surfactant: The influences of bulk concentration, pH, ionic strength, temperature and 

electrolyte on the adsorption of cationic surfactant at silica-water interface have been studied by 

Biswas, et al. ; they also reported that the adsorption process is two-step with two different first 

order process rate constants.39 

(2) Nonionic surfactant: Figure 1.2 is a schematic picture of the process outside the silica surface. 

The adsorption was also described as a two-step process, where the first step was diffusion from 

the bulk solution to a subsurface, and second step was transportation from the subsurface to the 

surface and the concomitant adsorption. 36 

Besides, the factors that affect the equilibrium of the surfactant adsorption are also listed below. 

43 (1) Factors for ionic surfactants: surfactant hydrocarbon chain length, 4041 electrolyte,42
-

functional group 44 and temperature. 45 

(2) Factors for nonionic surfactants: molecular structure,46 temperature,46 and electrolyte.47 

1.3.2 Biosurfactants 

The substrates with surface-active properties produced by microorganisms are called 

biosurfactants.48 Low molecular weight biosurfactants decrease the oil-water interfacial tension; 

high molecular weight biosurfactants can prevent coalescence of oil drops in water. 

By increasing the bioavailability of hydrophobic compounds or/and the surface area of 

hydrophobic water-insoluble substrates, biosurfactants are involved in bioremediation.49 
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Compared with chemical surfactants, biosurfactants have many advantages such as 

biodegradability, compatibility with the environment, low toxicity, high selectivity and activity in 

extreme temperature, pH and salinity conditions. 50 

Biosurfactants have lipophilic groups ofproteins and/or peptides with hydrophobic parts or carbon 

chains of 10-18 carbons, and hydrophilic groups characterized by esters, hydroxyl, phosphate, 

carboxyl or carbohydrates.48 

There are two mechanisms that can explain the biodegradation by biosurfactants for oil spill 

cleanup. The first one shows that the increase of biological availability of the hydrophobic 

substrate to micro organisms reduces the surface tension of the medium around the bacteria and 

the interfacial tension between the bacterial cell wall and hydrocarbon molecules; the other 

mechanism involves the interaction between biosurfactant and cell surface, promoting 

modifications in the membrane, facilitating hydrocarbon adherence (hydrophobicity increase) and 

reducing the lipopolysaccharide index of the cell wall without damaging the membrane. 48 

By blocking the formation ofhydrogen bridges and allowing hydrophobic-hydrophilic interactions, 

biosurfactants can cause molecular rearrangement and reduce the surface tension of the liquid, 

increasing its surface area and promoting bioavailability and consequent biodegradability. 48 

1.4 Dispersants in Oil Spill Cleanup 

1.4.1 Mechanism 

The oil composition is the principal factor that influences the oil dispersion, and the heavy 

components such as asphaltenes, resins and waxes do not disperse. 1 
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Dispersants were first applied to oil spills in the 1960s.51 Usually, dispersants for oil are composed 

of three types of chemicals: solvents, additives and surfactants. Solvents are added primarily to 

promote the dissolution of surfactants, reduce the dispersant's viscosity and affect its solubility in 

spilled oil;2
•
52 additives may improve the dissolution ofthe surfactants into an oil slick and increase 

the long-term stability of the dispersant. 53 Commercial chemical dispersants usually consist of two 

or more surfactants. 

For example, Corexit 9527 consists of two nonionic surfactants including ethoxylated sorbitan 

mono- and trioleates and an anionic surfactant in an aqueous hydrocarbon solvent of ethylene 

glycol mono butyl ether. 54 The same surfactants can be found in Corexit 9500, but unlike Corexit 

9527, Core 9500 does not contain 2-butoxy.55 

The mechanism ofthe application ofdispersants in oil spill is:56 when the dispersants applied, they 

diffuse into the oil slick, and arrange themselves at the interface between the oil and water, 

lowering the water-oil interfacial tension, thereby breaking the oil slicks into small oil droplets. 

The formation accelerates the biodegradation of the oil in the marine environment. 

The oil-spill cleanup requires a balancing of the advantages and disadvantages of dispersant use 

and a comparison with the consequences ofother available response methods, which is called "Net 

Environmental Benefit Analysis" (NEBA). 56 

After 30 years of study, there is now a definitive body of evidence that compared with other 

countermeasures, using dispersants to counter the effects of oil spills can produce lower overall 

environmental impact. 57 
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1.4.2 Effectiveness 

Usually, dispersants are effective on the majority of crude oils, especially when they are used in 

time, but they still have some limitations. The changes of oil composition and physical properties, 

caused by the loss of more volatile components from the oil by evaporation and the formation of 

emulsion ( collectively known as oil "weathering"), may decrease their effectiveness with time. 56 

Besides, the specific chemical and physical factors that influence the effectiveness is complicated. 

Laboratory and meso-scale testing is useful to know the effectiveness of one dispersant compared 

with others.58 

1.4.3 Toxicity 

63The toxicity of oil dispersants, as well as spilled crude oil, to marine species such as fish, 59 
-

crabs,64
-
65 corals,66 sea grasses,67 bacteria,68 organisms,69

-
70 etc. has been found. It also has adverse 

effects on human. 71 

For instance, both the Corexit 9500 and Corexit 9527 are Environmental Protection Agency 

(EPA)-approved dispersants and the most prevalent in industry stockpiles in the U.S. 53 About 0.3 

million gallons of Corexit 9527 were applied in the early stage of the DWH oil spill, and later 

replaced with Corexit 9500 (1.8 million gallons) to avoid the higher toxicity of the former one. 2 

1.5 Pickering Emulsions for Oil Spill Cleanup 

The hydrophilic-lipophilic balance (HLB) is used to characterize the surfactants. Usually, A 

surfactant with an HLB between 1 and 8 promotes the formation ofwater-in-oil emulsions and one 

with an HLB between 12 and 20 promotes the formation of oil-in-water emulsions. 1 The HLB of 

dispersants typically ranges from 9 to 11 , and ionic surfactants can be rated using an expanded 

scale and have HLBs ranging from 25 to 40. 1 
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Although surfactants are widely used for emulsion stability, they may cause negative effects such 

as the interaction with living matter, so emulsions made without surfactants have attracted 

particular attention. Particles that are partly wetted by the two phases can effectively stabilize 

emulsions, and they are considered to be environmentally friendly and cost-effective.72 As Figure 

1.3 shows, an elegant way to stabilize droplets is using solid particles adsorbed at oil-water 

interface to substitute surfactants. 73 

The major benefit of the solid-particle stabilizations is the high resistance to coalescence while 

they retain the basic properties of classical surfactant-stabilized emulsions. Some general rules 

concerning solid-stabilized emulsions (the Pickering emulsion) arise from the different studies 

reported in the literature. 

They can be summarized as follows : (1) for efficient stabilizing emulsions, the particles have to 

be partially wettable by both water and oil phases; (2) usually, the continuous phase of the 

preferred emulsion is the one in which the particles are preferentially dispersed (similar as for 

surfactants); (3) the interactions between particles are important in emulsion stabilization 

(flocculated dispersions are reported to be more efficient in stabilizing emulsions). 74 

Solid particles should be partly wetted by both the oil and water phases in order to be adsorbed on 

the interface. 75 The contact angle 8 in this case is the angle between the tangent to the solid-water 

interface and the tangent to the oil-water interface at the point where the three phases meet (see 

Figure 1.4). The type ofemulsion (water-in-oil or oil-in-water), is determined by the contact angle, 

which establishes the position of the particles relative to the oil-water interface: for a preferentially 

water (respectively oil) wetted particle the contact angle is smaller (respectively larger) than 90°74 

(see Figure 1.5). 
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In Pickering emulsions, the stabilizing film in between the droplets, which are rigid layers, acts as 

a mechanical barrier against coalescence. The solid particles are irreversibly anchored at the oil

water interface and develop strong lateral interactions. 76 The particles applied in Pickering 

emulsions include silica, metals, metal oxides, etc. 

1.5.1 Mineral particles 

Many mineral particles have been used as the solid particles for Pickering emulsions, such as 

silica,77-
79 clay,80

-
83 wax,84 carbon nanotube, 85 etc. 

Colloidal silica (Ludox), flocculated with the homopolymer hydroxypropyl cellulose, has been 

used as the stabilizing agent to produce a highly stable oil/water emulsion, showing no signs of 

particle growth over 3 months. 78 Ashby and Binks proposed that toluene-in-water emulsions are 

stable to creaming and coalescence by disc-like Laponite RD clay particles for at least 6 months. 80 

Blinks and Lumsdon 77 demonstrated that for emulsions stabilized by hydrophilic silica particles, 

phase inversion from oil-in-water to water-in-oil occurs at the same dispersed phase volume 

fraction, suggesting that the system HLB is determined by the particle wettability. 

The control of droplet size and stability of oil-in-water Pickering emulsions stabilized by 

hydrophobized fumed silica was also investigated. 86 The influences of the size, concentration, and 

type of inorganic solid particles on stability of crude oil emulsion have been investigated by 

Sullivan and Kilpatrick. 87 

By now, factors that have been considered are particle size and shape, concentration, wettability 

of the particles, pH and electrolyte concentration in the aqueous phase, and other inter-particle 

interactions. 88 
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1.5.2 Metal oxide particles and polymers 

The stability of the Pickering emulsions incorporating TiO2 suspensions pre-adsorbed SDS was 

investigated by Kawazoe and Kawaguchi. 89 They proposed the formation of a three dimensional 

network of the flocculated TiO2 particles pre-adsorbed SDS on the silicone oil droplets. 89 Another 

type of metal particles emulsions is using amphiphilic particles, which are both hydrophilic and 

hydrophobic. Acting as surfactants, they are able to stabilize liquid-liquid interfaces to form 

Pickering emulsions,90 such as the amphiphlic gold nanoparticles that stabilized emulsions of 

hexadecane-in-water.35 

The conditions required for particle adsorption at the liquid-liquid interface and the effect of the 

initial composition of the emulsion on the final microstructure of oil-water mixtures containing 

high concentrations of alumina particles modified with short carboxylic acids were also 

evaluated.91 

Several studies on the polymers-stablized Pickering emulsions were also reported, such as 

hydroxyapatite-coated poly ( E:-caprolactone) microspheres,92 copolymer P(St-co-DM).93 

1.5.3 Modified particles 

In order to make the particles wettable by water and oil, the surfaces of solid particles can be 

modified to be more hydrophobic. The modification based on chemical grafting of organic 

molecules or adsorption of different types of (macro) molecules; the former one is usually 

preferred since the organic grafts can be tightly attached to the solid by chemical bonding.94 By 

modifying the particles to tailor wetting behaviors in liquid phase, stable oil-in-water emulsions 

can be obtained. 
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Clay is the most common used material, grafting organosilanes make its surface hydrophobic 

easily. To stabilize the emulsions, Laponite particles were modified by short-chain aliphatic 

amines, etc. 95
-
96 The reported particles also include hydrophilic metal oxide particles modified by 

short amphiphilic molecules,91 nanoparticles with thermally responsive grafted polymer brushes,97 

nanoparticle modified by weak polyelectrolytes for pH-sensitive Pickering emulsions.98 

1.5.4 Bio-based particles in Pickering emulsions 

Most of the literature dealing with Pickering stabilization concerns a variety of inorganic, 

commercially available particles such as silica, montmorillonite,99 etc. To produce symmetrical or 

asymmetrical (Janus) particles, surface modification and the addition of co-surfactants, etc., have 

been developed. However, these methods increase the use of chemicals, as well as make a more 

complicated process for large-scale production. The development of environmental friendly, bio

based nanoparticles has been focused on, but there are few studies, have showed emulsion 

stabilizations by particles derived from renewable resources .100 

Using triglyceride oil and solid organic particles made of block copolymer nanoparticles, Laredj

Bourezg et al. prepared oil-in-water emulsions which are biodegradable and biocompatible.101 

Kalashnikova, et al. 100 obtained cellulose nano-crystals by hydrochloric acid hydrolysis of 

bacterial cellulose to stabilize oil-in-water Pickering emulsions, which offer opportunities for eco

friendly materials development due to the sustainability and low environmental impact of 

celluloses. The Pickering emulsions stabilized by proteins, 102
-
104 lipid, 105 and polysaccharide106 

were also investigated. 
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1.5.5 Surfactant-particles synergistic stabilizations 

By adding surfactants to tailor the wettability ofcolloidal particles in the liquid media, the stability 

and type of Pickering emulsions can be controlled. 107 The emulsion stability is improved in this 

way. 

Tsugita et al. 99 found a synergistic effect of combined Na-Montmorillonite with polar organic 

compounds on stabilization of emulsions, which result from the formation of insoluble complexes 

surrounding oil droplets. By use of silica particles together with a nonionic poly ( oxyethylene) 

surfactant, Midmore described a strong particle-surfactant synergistic effect on stabilization ofoil

in-water emulsions.108 The synergistic effect is also exhibited in emulsifying oil phases containing 

the lipophilic nonionic surfactant Span 80 and aqueous phases containing LDH or Laponite 

particles.107 Binks et al. investigated the emulsions stabilized by silica particles with a series of 

surfactants including cationic, anionic, and nonionic surfactants, such as cetyltrimethylammonium 

bromide,109 SDS, 110 and alkylpoly( oxyethylene) types .111 Their results exhibited the silica 

particles-surfactants synergistic effect in stabilizing emulsions, which due to the increase of both 

particle hydrophobicity and particle flocculation after surfactant adsorption.107 

However, the combinations may not always act synergistically with respect to emulsion stability, 

they result in an antagonistic effect in some cases. Binks and co-workers lll also reported that 

adding hydrophilic silica particles into an emulsion stabilized by alkylpoly ( oxyethylene )-type 

surfactants resulted in emulsion coalescence. Legrand et al. 112 showed that adding silica particles 

to the continuous phase of a bitumen-in-water emulsion stabilized by a cationic surfactant led to 

flocculation and partial coalescence of the emulsion droplets. 107 
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The research results of Reger et al. highlighted the relevance of the novel hydrophobin-clay 

synergism, resulting in excellently stabilized surfactant-free emulsions.113 They did further 

research on solutions or precipitates of amphiphile-covered clay particles, which are ideal systems 

for the formation of stable Pickering emulsions. 114 
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Figure 1.1 Formation and movement of various types of oil-SPM aggregates (OMAs) in marine 

systems. 
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Figure 1.2 Schematic presentation of the solution profile outside the silica surface.11 5 Copyright 

(1998) ACS . 
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Figure 1.3 Sketch ofa classical ( surfactant-based) emulsion and a Pickering emulsion. 94 Copyright 

(2013) Elsevier. 
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A B 

Figure 1.4 (A) Position of a spherical particle (radius r) at an oil-water interface with a surface 

tension y and a contact angle 0 (measured through the aqueous phase) less than 90°, and (B) 

Position of multiple particles adsorbed at an oil-water interface, resulting in a solid-stabilized oil

in-water emulsion. 116 Copyright (2002) Elsevier. 
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Figure 1.5 Definition of the contact angle 8 for a particle adsorbed at the water-oil interface. Case 

where the particle is preferentially wetted by (A) water and by (B) oil. 74 Copyright (2007) Elsevier. 
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2. Rhamnolipid Solution Self-Assembly and Surface Adsorption1 

Abstract 

Biosurfactants are naturally occurring amphiphiles that are being actively pursued as alternatives 

to synthetic surfactants in cleaning, personal care and cosmetic products. On the basis of their 

ability to mobilize and disperse hydrocarbons, biosurfactants are also involved in the 

bioremediation of oil spills. Rhamnolipids are low molecular weight glycolipid biosurfactants that 

consist of a mono- or di-rhamnose head group and a hydrocarbon fatty acid chain. We examine 

here the micellization of purified mono-rhamnolipids and di-rhamnolipids in aqueous solutions 

and their adsorption on model solid surfaces. Rhamnolipid micellization in water is endothermic; 

the CMC (critical micellization concentration) of di-rhamnolipid is lower than that of mono

rhamnolipid, and both CMCs decrease upon NaCl addition. Rhamnolipid adsorption on gold 

surface is mostly reversible and the adsorbed layer is rigid. A better understanding ofbiosurfactant 

self-assembly and adsorption properties is important for their utilization in consumer products and 

environmental applications. 

1Tess Placek (MS, University at Buffalo, 2017) has contributed to the experiments and data analysis of this chapter. 
Raksana Jahan has contributed the ITC data. 
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2.1 Introduction 

Biosurfactants are molecules with surface-active properties produced by microorganisms (bacteria, 

fungi , yeasts). 1 Biosurfactants usually have hydrophobic groups of proteins and/or peptides or 

carbon chains, and hydrophilic groups comprising esters, hydroxyl, phosphate, carboxyl, or 

carbohydrates.2 

Surfactants play an important role in numerous processes and products for rheological 

modification,3 surface modification,4 emulsions,5 dispersions,6-
7 material synthesis,8 drug 

delivery,4• 
9 etc. Accordingly, biosurfactants have a wide range of potential applications: 

detergents in household and agriculture products; 10 solubilizers in pharmaceuticals, wetting and 

penetrating agents; emulsifiers, dispersants in paints, wetting and thickening agents. 10 The 

application of biosurfactants in personal care products and cosmetics is trending due to their low 

toxicity, excellent moisturizing ability and skin compatibility. 11 In enhanced oil recovery, oil spill 

cleanup, and bioremediation ofhydrophobic pollutants, biosurfactants are promising substitutes to 

the currently utilized synthetic surfactants. 12 Biosurfactants can be very selective and effective 

under many conditions, and only small quantities are required for the oil recovery or cleaning; 

further, the whole cell broth can be utilized without complicated purification process_ 13
-
15 

Among various types of biosurfactants, the most widely studied class are the glycolipids, and 

rhamnolipid is the most extensively studied glycolipid biosurfactant. 16
-
17 Rhamnolipids find 

application in food, health and beauty products, pharmaceutical and therapeutics, detergents and 

cleaners, enhanced oil recovery, bioremediation, etc. 17 
-
18 Compared with other biosurfactants, the 

number of patents on rhamnolipids is the highest. 18 Rhamnolipids are found in commercial 

products such as hand soaps (Mayluclean) 19 and biofungicide Zonix TM (NOP Supply LLC).20 

Rhamnolipids are produced by several types ofmicroorganisms: the main producing species is the 

bacterium Pseudomonas aeruginosa; bacterial strain Nocardiopsis spp., Acinetobacter 

calcoaceticus, Serratia rubidaea, Burkholderia spp., and Enterobacter spp. are also able to 

produce rhamnolipids under suitable conditions. 17 Several industrial waste products such as 

cassava waste water,21 waste cooling oil 22 and soybean oil waste 23 have been used in the culture 

medium for rhamnolipid production, which can reduce the cost of rhamnolipid production.21 
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Rhamnolipids consist of a mono- or di-rhamnose head group (i.e. mono-rhamnolipids or di

rhamnolipids, respectively), which is hydrophilic, and a hydrocarbon fatty acid chain as the 

hydrophobic tail. 24 The chemical structures of mono- and di- rhamnolipids1 are shown in Figure 

2.1. The rhamnolipids obtained from microorganisms are usually a mixture of rhamnolipid 

homologues. The chemical structure varies depending on the bacterial strain type, carbon source 

and culture conditions.25
-
26 As many as 28 different homologues of rhamnolipids have been 

reported with the most common being Rha-C10-C10 and Rha-Rha-C10-C10.27 

An improved understanding of the properties of biosurfactants under different conditions 1s 

essential for supporting their possible applications. One of the most important parameter in 

investigations concerning surfactants is the critical micellization concentration (CMC),28 i.e., the 

concentration at which the surfactants start to form micelles in aqueous solution. 24 

Rhamnolipid CMC data from articles published between 2000 and 2016 have been compiled and 

the rhamnolipid CMC is in the range 1.6-400 mg/L.29 Since inconsistent terms were used to 

describe the purity of rhamnolipids in different publications, it is hard to make a reliable 

assessment of the purity based on these descriptions. 29 After summarizing 97 rhamnolipids of 

different purity and produced from different substrates, the authors concluded that the 

hydrophobicity of the carbon substrate used for the biosynthesis had the most significant influence 

on the CMC of the final rhamnolipid, and the purity of the rhamnolipid also had a significant 

impact (generally the less pure the rhamnolipid, the higher the CMC). 

Another important property of surfactants is their adsorption behavior at solid-liquid interfaces. 

This plays a key role in controlling a series of interfacial processes for technological applications, 

for example, detergency, corrosion inhibition, dispersion of solids, mineral flotation, lubrication 

and oil recovery. 30 It is also ofwidespread interest for potential applications in the fields ofmicro

electronics, sensors, conductors, and thin insulators.3°For some applications, such as enhanced oil 

recovery, adsorption of surfactants is detrimental as it results in surfactant loss and reduced 

surfactant mobility; the adsorption may even create new adsorption sites for hydrophobic 

compounds.31 In other applications, strong adsorption is desirable. 

Only a few types of biosurfactants have been studied in terms of their surfactant properties, and 

most publications focus on crude biosurfactants or mixtures of the biosurfactant homologues 

(without reporting the composition), and the CMC values determined for biosurfactants were 
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obtained mainly from surface tension changes.26 There is a lack of attention on purified 

biosurfactants and physicochemical properties such as the adsorption on solid surfaces. 

We investigate here the role of the difference between mono- and di-rhamnolipid chemical 

structures, rhamnolipid purity, and salinity of the aqueous solution on the rhamnolipid 

micellization in aqueous solution and the rhamnolipid adsorption on a model solid surface. The 

solution self-assembly and surface adsorption properties of rhamnolipids are compared with 

corresponding properties oftypical synthetic surfactants. An improved fundamental understanding 

would be of great importance in designing more efficient, effective and environment-friendly 

biosurfactant formulations for diverse applications. 

2.2 Materials 

Rhamnolipids 

95% pure rhamnolipid containing 90% mono-rhamnolipid (R95M90) (Sigma, AGEA 

Technologies), 95% pure rhamnolipid containing 90% di-rhamnolipid (R95D90) (Sigma, AGEA 

Technologies), and Pseudomonas aeruginosa rhamnolipid (P.R.) crude extract (University of 

Ulster) were used as received. In what follows , "R95M90" and "R95D90" refer to the mono-RL 

and di-RL samples from Sigma used in our study, while "Rl" and "R2" refer to mono-RL and di

RL reported in the literature. In converting from mass to molar concentrations, we used 504.7 

g/mol and 650.8 g/mol as the M.W.s for R95M90 and R95D90 samples, respectively. 

Other chemicals 

Milli-Q grade (18 MQ·cm) water was used as the solvent. Sodium chloride (NaCl) (>99%, EMD 

Millipore Sigma) aqueous solution was prepared with Milli-Q water. Pyrene (>99%, Sigma) and 

ethanol (200 proof, Decon labs, Inc.) were used in the fluorescence spectroscopy measurements. 

Sample preparation 

For the fluorescence spectroscopy measurements, 0.1 wt.% R95M90 or R95D90 aqueous stock 

solution, and 1.0 wt.% crude P.R. rhamnolipid aqueous stock solution were first prepared, then 

mixed on a rotator for at least 24 hours. Rhamnolipid aqueous solution samples of various 

concentrations in the range 0.0001-1.0 wt.% were prepared by dilutions from the stock solution. 
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Pyrene solution was prepared by dissolving 0.01 g pyrene in 50 mL ethanol and mixed for at least 

24 hours.32-33 2 µL of the as-prepared pyrene solution was added to each aqueous solution sample 

and then rotated at room temperature. The fluorescence experiments were carried out within two 

days of pyrene addition to the rhamnolipid aqueous solutions. To prepare surfactant in NaCl 

aqueous solutions, a small mass of concentrated NaCl aqueous solution was added to each 

surfactant solution sample in order to achieve a salt content of 3.5 wt.% without significantly 

altering the original surfactant concentration. 

For samples used in ITC or QCM-D, a specific mass of surfactant was mixed with the aqueous 

solvent to get a specific total mass of sample, followed by at least 10 hours of rotation at room 

temperature to allow for equilibration prior to the measurement. 

2.3 Methods 

Fluorescence Spectroscopy 

The fluorescence data for the determination of CMC and micropolarity were obtained with a 

Hitachi F-2500 Fluorescence Spectrophotometer (Tokyo, Japan). An excitation beam of 335 nm 

was used, and data were recorded between 340 and 460 nm at 25°C. The determination of CMC 

by pyrene is based on the solvent dependence of the vibrational band intensities in the pyrene 

monomer fluorescence. 34 Pyrene is a hydrophobic molecule exhibiting five characteristic vibronic 

bands in the fluorescence spectrum. The bands vary in intensity as pyrene interacts with solvents 

of different polarities to produce different intensity profiles when excited from the ground state. 

The five peaks are referred to as 11-ls, from shorter to longer wavelengths. The intensity ratio Ii/fa 

increases with increasing polarity of the environment where pyrene is located.32· 35-36 Below the 

CMC, pyrene senses the polar environment of the aqueous solvent, and the Ii/fa ratio is relatively 

high. Above CMC, the hydrophobic pyrene molecules are solubilized in the interior of micelles, 

hence the pyrene senses a less polar environment and the Ii/fa ratio decreases. This results in a 

sigmoidal decrease of Ii/fa ratio around the CMC in an Ii/fa versus log (surfactant concentration) 

plot.3s 

Two ways can be used for CMC determination from pyrene Ii/fa data.28· 37 (i) Calculate the first 

derivative of the Ii/fa ratio versus concentration, and the concentration at which the derivative is 

minimum is the CMC value (CMC1); this is typical ofnonionic surfactants. (ii) The concentration 
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where the line fitting the decreasing portion of the plot intersects with the lower limit plateau line 

is identified as CMC (CMC2); this method is typically applicable in ionic surfactants.28 

Isothermal Titration Calorimetry 

Isothermal Titration Calorimetry (ITC) (iTC2OO MicroCal, Malvern, Westborough, Massachusetts) 

was used to determine the thermodynamic parameters ofthe micellization38 and the CMC. R95D9O 

aqueous solution at concentration much higher than the CMC was injected successively with 1.5 

µL per injection to the Milli-Q water in the ITC cell, and the heat releases or uptake during each 

injection was recorded. The initial injections of the concentrated surfactant solution to the ITC cell 

resulted in a solution with a concentration below CMC, and micelles were disassembled into 

individual surfactant molecules (unimers).39 As more concentrated surfactant solution was added, 

the demicellization heat decreased. The CMC can be determined from the first derivative of the 

heat versus concentration plot. As the CMC is reached, the observed enthalpy change decreased 

gradually and, for the last several titrations, the micelles stop dissociating into unimers, and only 

dilution of the micelles takes place. The enthalpy difference between the end and the start of the 

micelle dissociation is the micellization enthalpy /:J.Hmic·34 To calculate /:J.Hmic, linear fits were 

done for the first and for the last several points in Figure 2.2a. The points at which the fits diverged 

from the enthalpy curve were chosen as the start/end point of the micelle dissociation.34 

The Gibbs free energy of micellization for ionic surfactants can be obtained from:4041 

(1) 

where n is the micelle association number and m the number of counterions bound per micelle. 

The factor Cw =55.5 M denotes the concentration of water, thus CMC/Cw is the CMC value of the 

surfactant in mole fraction units. 

With both /:J.Hmic and /:J.Gmic known (in our case at T=25 °C), the entropy of micellization /:J.Smic 

can be calculated from the Gibbs equation: 

(2) 
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Quartz Crystal Microbalance with Dissipation (QCM-D) 

The adsorption experiments were carried out with a model E4 QCM-D instrument and QSX301 

gold sensors (Q-Sense, Gothenburg, Sweden). QCM-D is a very useful and sensitive tool to 

measure the mass adsorption/ desorption and viscoelastic behavior.42 The adsorption isotherms, 

film thickness and adsorption/desorption kinetics can be abtained by QCM-D via analyzing the 

changes of mass and viscoelastic characteristics of the film. 43
-
44 

The sensor is a thin plate of a piezoelectric quartz crystal, sandwiched between a pair of gold 

electrodes. The quartz crystal can oscillate at a specific frequency when a voltage is applied. For 

rigid adsorbed layers, the frequency (f) will decrease as the mass adsorbed onto the surfaces of the 

crystal. 

The mass change can be calculated by the frequency change (~f) from the Sauerbrey equation:45 

(3) 

where C is the sensitivity factor for the quartz crystal that depends on the properties of the crystal, 

and ~m is the adsorbed mass on the crystal surface. 46 It should be noted that the Sauerbrey relation 

is valid only when the following conditions are fulfilled: 46
-4

7 (i) the mass adsorbed is evenly 

distributed over the crystal, (ii) ~mis much smaller than the mass of the crystal itself, and (iii) the 

mass adsorbed is rigidly attached to the surface. 

Based on these assumptions, it is also possible to estimate the adsorbed layer thickness ( detI): 

d - !im 
ep Ap (4) 

ejf 

where Peff is the effective density of the adsorbed layer and A is the active area of the crystal (in 

our case, 0.785 cm2
).

48 

If the adsorbed layer on the quartz crystal is not rigid, it will not fully couple to the oscillation of 

the crystal, and the mass on the surface would be underestimated by the Sauerbrey equation, thus 

viscoelasticity must be taken into consideration. The simultaneous measurements of changes in 

both resonance frequency and energy dissipation of QCM-D enables its application for studying 

soft films. The dissipation factor D is proportional to the power dissipation in the oscillatory 
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system and can provide valuable information about the film rigidity: 43 

D= E dissipated (5)
2 1rEstored 

(6) 

where E dissipated is the energy dissipated during one oscillation and E stored is the energy stored in 

the oscillating system. Equation 6 describes the dissipation shift (~D), p q and lq are the density and 

thickness of the crystal quartz sensor, respectively, and pi and Y/l represent the density and viscosity 

of the fluid, respectively.46
• 

49 Therefore, any coupling between the bulk medium and crystal will 

affect the dissipation. This coupling, in tum, will affect the viscoelastic properties of the layer 

adsorbed to the surface. The response of a freely oscillating sensor, which is vibrated at its 

resonance frequency, can be recorded to measure the dissipated energy. Voigt modeling ( equation 

7) is the most common viscoelastic model system used for estimating structural properties of 

adsorbed soft film in QCM-D measurements.50 The Voigt model represents a solid undergoing 

reversible viscoelastic strain: 

(7) 

where G* , G' and G" are the complex shear modulus, storage modulus, and loss modulus, 

respectively; µ, f and, rt are the elasticity, frequency, and shear viscosity coefficient. 50
-
51 The 

incorporation of the viscoelastic model into the Q-Sense software QTools following the 

measurement at multiple overtones can characterize the adhering film in detail. The layer viscosity, 

shear modulus and adsorbed mass may be extracted for soft adsorbed layers with certain 

assumptions on the layer density and fluid properties. 

To be specific, if ~Dis less than 2x10-6 or if ~D/~f is very small, the Sauerbrey relation can be 

used to obtain the adsorbed mass.49 For a large ~D, the film is not rigid and the viscoelastic model 

can be utilized for data analysis. During the adsorption process, f and D shifts at various overtones 

(5 th 7th 
, , 9th and 11 th) are collected in real time. For a rigid film, mass change is only related to the 

~fvalue (Sauerbrey equation), ~mis the average of the mass changes at different overtones of the 

sensor. However, in a viscoelastic system each harmonic is unique, thus f and D shifts at different 

overtones of one sensor are included in the modeling to determine ~m. 
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Assuming the soft film is homogeneous, the film thickness can also be calculated via equation 4. 

Furthermore, the area per molecule of adsorbed surfactant that occupies the sensor surface can be 

obtained from equation 8 using the mass adsorbed, surfactant molecular weight (M.W.), and 

Avogadro 's number (NAvogadro) :
52 

21 (J014
nm ) (8)

ao= (L1m.!!!L)(Io-9.JL)(_!_ xmol)(N molecule) ~ 
cm2 ng \M. w g Avogadro mo/ 

All QCM-D measurements were carried out at 25 ± 0.05°C. The flow rate was 0.1 mL/min for all 

the liquids. Initially the QCM-D modules were flushed with the solvent to obtain a stable baseline. 

Then the surfactant solution flowed through the modules . When the frequency reached a plateau, 

solvent was flushed over the sensors. The data from overtone frequencies 5, 7, 9 and 11 were 

analyzed for each sensor. Experiments were performed on three sensors for each adsorption 

measurement, and the data are reported with a standard error. 

Ammonium hydroxide (25% in water, Sigma Aldrich) and hydrogen peroxide (30% in water, 

Fisher Scientific) were used for cleaning the QCM-D sensors prior to each measurement. The gold 

sensors were first placed in an UV/ozone chamber for a 10-min treatment. Then they were 

submerged in a 5:1:1 mixture of Milli-Q water, ammonium hydroxide (25% in water) and 

hydrogen peroxide (30% in water) at 75 °C for 5 min. After that, they were rinsed with Milli-Q 

water, dried with nitrogen gas, and again placed in the UV/ozone chamber for a 10-min treatment. 

2.4 Results and Discussion 

2.4.1 Micellization in aqueous solution 

Plots of pyrene Ii/fa ratio as a function of rhamnolipid aqueous solution concentration are shown 

in Figure 2.3 and the CMC values are summarized in Table 2.1. In addition to plain water, 3.5 

wt.% (0.6 M) NaCl solution was utilized as a solvent in order to mimic seawater in connection to 

the potential application ofbiosurfactants in oil spill cleanup. 

Following the second method of CMC determination by pyrene fluorescence, the CMC values of 

R95M90 and R95D90 in water are 0.059 wt.% (1.17 mM) and 0.063 wt.% (0.97 mM), respectively. 

Due to the missing second rhamnosyl group, R95M90 is relatively less hydrophilic than R95D90. 53 

The difference between R95M90 and R95D90 CMCs is consistent with previous findings . For 
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example, from surface tension measurements at 25 °C, Singh et al. 54 reported that purified Rl 

(purity not known) CMC is 150 mg/L (0.30 mM) and purified R2 (purity not known) CMC is 125 

mg/L (0.19 mM). From surface tension measurements, Guo and Hu55 also reported a higher CMC 

of Rl (0.11 mM, Rl purity - 80%) compared with the CMC value of R2 (0.07 mM, R2 purity 

- 75%). The CMC values ofR95M9O and R95D9O obtained here are higher than those reported in 

the literature (1.6-400 mg/L, i.e., l.6x10-4 wt.% - 0.04 wt.%). However, the "rhamnolipids" 

mentioned in literature are of various purities including cell-free culture broth, rhamnolipid 

mixtures with unknown compositions, etc. Besides, some CMC determinations were made based 

on very few data points, which may lead to a less accurate CMC. For example, one rhamnolipid 

CMC was determined according to only seven surface tension data points;56 In ref 26,26 there are 

8 data points of conductivity, with the first 3 points being quite close to each other. 

Comparing the purified rhamnolipids to crude P.R. rhamnolipid in terms of the CMC in water, the 

CMC of P.R., 0.006 wt.%, is around one order of magnitude lower than that of the purified R95. 

The lower CMC of P.R. rhamnolipid maybe due to the different carbon source used29 (the carbon 

substrate for P.R. is glucose, and for purified R95 is canola oil and/or vegetable oil substrate), or 

the hydrophobic impurities present in P.R. rhamnolipid. The crude P.R. rhamnolipids considered 

here were solvent extracted from the product of Pseudomonas aeruginosa cultured with glucose. 

The P.R. CMC is very close to the reported CMC 50 mg/L (- O.OO5wt%) of another crude 

rhamnolipid also produced from Pseudomonas aeruginosa J4 with glucose as carbon source and 

solvent extracted. 57 

The introduction of NaCl decreased the CMC of both R95M9O and R95D9O by - 80% (both 

reduced to 0.011 wt.%). Rhamnolipids are anionic surfactants due to the carboxylic groups, thus 

can be strongly affected by the solution pH and the presence of electrolytes. ss-59 According to the 

reported acid dissociation constant (pKa) values 5.559 and 5.960 for Rl , and 5.661 for R2, at a neutral 

pH most of the rhamnolipid molecules are negatively charged, whereas at acidic pH most of the 

molecules are neutral.60 The CMC of the negatively charged rhamnolipids was found to depend 

on the ionic strength, while the CMC of the protonated rhamnolipids did not.60 Since it is reported 

that the natural pH ofrhamnolipid solutions, including pure Rl (Rha-C10-C10), pure R2 (Rha-Rha

C10-C10) and their mixtures, is 6-6.8,62 the rhamnolipid molecules in pure water or the aqueous 

NaCl solution in our study should all be negatively charged. Hence, the observed CMC reduction 
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of rhamnolipids upon NaCl addition is attributed to diminishing repulsions between the 

rhamnolipid headgroups caused by the electrolyte. Addition of NaCl was also found to lower the 

CMCs of pure Rl (96%, Jeneil Biosurfactant Co. , Wisconsin, USA) and R2 (99%, Jeneil 

Biosurfactant Co. , Wisconsin, USA) and to reduce the aggregate sizes.63 

The NaCl addition also decreased the CMC of the crude P.R. rhamnolipid by about 20 % (0.005 

wt.%). Compared with the CMC changes of R95M90 and R95D90 (~80% reduction), the crude 

rhamnolipid exhibited a higher tolerance towards salinity, which may due to the presence of 

impurities that affect CMC but are not affected by salt. 

As a comparison, the anionic surfactants sodium dodecyl sulfate (SDS)64 and dioctyl 

sulfosuccinate sodium salt (Aerosol-OT, AOT)65 were chosen as representative synthetic 

surfactants. Under the same conditions (in water at 25 °C), the CMC values of SDS and AOT are 

0.24 wt.% 66 and 0.12 wt.%, 67 respectively. It is clear that rhamnolipids have a CMC in water at 

least 50% ( 60% if the molar concentration is used for comparison) lower than that of synthetic 

surfactants SDS or AOT. Salt addition reduced the CMC of SDS by 87% (in 1.6 wt.% NaCl 

solution),68 of AOT by 92% (in 0.75 wt.% NaCl solution),69 comparable to the CMC reduction 

(80%) of purified rhamnolipids. 

In order to shed further light on the micellization of the rhamnolipids in plain water, micellar 

R95D90 aqueous solution was successively titrated into water with ITC. ITC is a very useful 

technique to characterize a demicellization process from a thermodynamic point ofview,34 and can 

also be used to determine CMC. During the dilution process of the concentrated surfactant micellar 

solution, the heat released or consumed in each dilution step was recorded by ITC. Figure 2.2a is 

the heat versus concentration plot and Figure 2.2b shows the first derivative of this titration curve. 

The CMC (maximum of the first derivative) is located at a concentration of 0.156 mM (0.010 

wt.%). This CMC value is in the range of the reported CMC, but lower than the value from our 

fluorescence data. Since the affinity of pyrene to micelles depends strongly on the type of 

surfactant,35 during the fluorescence measurement, pyrene might not be adequately solubilized into 

micelles due to the strong polarity of rhamnolipid head groups with relatively short hydrophobic 

tails, resulting in a higher CMC value with fluorescence data. The CMC of R95D90 determined 

with ITC (0.010 wt.%) is close to a reported CMC of R2 , 0.007 wt.% (0.110 mM), at 25°C 

determined by ITC,38 but the solvent is different (150 mM NaCl, 5 mM Hepes, pH 7.4). 
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The tendency of rhamnolipids to associate m aqueous solution can be rationalized by the 

thermodynamic parameters of the micellization process. 26 Assuming 100% counterion binding to 

the micelles,66 based on equation 1, t:.Gmic ofR95D90 micellization in water is -63.4 kJ/mol, very 

close to the reported range -61.7 to -60.2 kJ/mol at 20 °C,26 with the negative value consistent with 

spontaneous micelle formation when the concentration reaches the CMC. 70 
-
71 t:.Hmic of R95D90 

is 12.6 kJ/mol. This positive enthalpy value means that the transfer of a R95D90 molecule from 

the aqueous solution to a micelle is an endothermic and enthalpically unfavorable process. 38 The 

entropy term Tt:.S of R95D90 is calculated to be 75.95 kJ/mol. This positive entropy of 

micellization is commonly explained by the hydrophobic effect, primarily arising from the strong 

attractive forces between the water molecules which have to be disturbed when the amphiphile is 

dissolved.40 

2.4.2 Adsorption on solid surface 

Hydrophilic surfaces are highly desirable m many applications: anti-fogging, anti-fouling, 

detergent-free cleaning, oil and water separation,72 water treatment and biomedical applications,73 

etc. Hydrophilic solid materials include quartz, 74 kaolin, 75 diatomite, 75 fly ash, 75 calcite, fluorite, 

apatite, magnetite, highly oxidized coal, etc. 76 The knowledge of surfactant adsorption on 

hydrophilic surfaces is relevant to applications involving these minerals. The reported contact 

angle of the QCM-D gold sensors is only 11 °,52 thus we selected the gold surface as a model 

hydrophilic surface to study rhamnolipid adsorption. The concentration of each pure rhamnolipid 

sample (0.15 wt.%) or P.R. rhamnolipid sample (0.10 wt.%) used in the adsorption experiments is 

much higher than its CMC value in water. 

The adsorption ofrhamnolipids to the gold surface is shown in Figure 2.4, 2.5 and 2.6. During the 

measurement, both the frequency and dissipation shifts are monitored and recorded in real time. 

All the adsorption experiments involved three steps. (i) Rinse of the gold surface with the solvent 

to set the baseline for the measurement; frequency and dissipation shifts are zero in this process. 

(ii) Adsorption of the rhamnolipids from solution to the gold surface, causing a negative frequency 

shift and a positive dissipation shift. (iii) After the frequency and dissipation shifts reach a plateau, 

rinse of the adsorbed layer with the solvent, during which surfactant desorbs from the gold surface, 

thus the frequency shift increases and the dissipation shift decreases. In the QCM figures presented 
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next, the first arrow indicates the time when the rhamnolipid micellar solution was injected, while 

the second arrow denotes the time when the solvent rinsing was initiated. 

The model to calculate the adsorbed surfactant amount is selected based on the adsorbed layer 

softness. The equilibrium ~D/~fratio (~D/~fratio at equilibrium adsorption) is often used as an 

indication of the layer softness. 77 In plain water, the ~DI ~f ratios of both R95M90 and R95D90 

are very small, indicating that the adsorbed layers are rigid. The Sauerbrey relation (equation 3) is 

applicable in these cases to calculate the areal mass of adsorbed molecules. 49 After the solvent 

(water) rinsing, ~D and ~f did not return to 0, meaning that there was still rhamnolipid remaining 

on the surface, thus the adsorption of both surfactants is partially irreversible. The adsorbed 

amounts before and after the solvent rinsing are summarized in Table 2.2. R95D90 adsorbed less 

than R95M90 before and after the rinsing, possibly due to the steric or packing constraints of the 

larger R95D90 di-rhamnose head groups. There is very little information in the literature on the 

morphology of rhamnolipid layers adsorbed on a solid surface, so the structure of rhamnolipids at 

aqueous solution/air interface is used here to infer the structure of the adsorbed layer on a solid 

surface. The area that each surfactant molecule occupied on the gold surface was calculated from 

equation 8. In plain water, the area per adsorbed R95M90 molecule before rinsing was 0.47 nm2
, 

almost half of the area occupied by Rl in the saturated monolayer at the water/air interface (0 .826 

nm2
,
26 calculated with the maximal Gibbs surface excess concentration obtained from surface 

tension data), suggesting a possible bilayer ofR95M90 on the gold surface. At 0.85 nm2/molecule, 

R95D90 surfactant molecules take up about double of space as the R95M90 molecules do in plain 

water (0.47 nm2
) . 

To clarify the structure of the adsorbed layer, an estimation made with the critical packing 

parameter (CPP) value. It is defined as:78 

CPP= Vtail (9)
ltail ao 

In this equation, Dtail is the molecular volume of hydrophobic portion of the surfactant, and ltail is 

the maximum length (nm) of a fully extended hydrocarbon chain. 

(10) 

(11) 
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where n c is the total number of carbon atoms per chain, and nMe is the number of methyl groups 

which are twice of the size of a CH2 group. The hydrophobic tail properties of RLs are found to 

be ltail = 0.912 nm, Vtail = 0.432 nm3
. In pure water, CPP for R95M90 is 1.0, indicating that R95M90 

may form a planar bilayer. 79 By assuming the adsorbed layer density is 1 g/cm3
, the R95M90 layer 

thickness in water is calculated to be 1.78 nm (based on equation 4), almost twice of the surfactant 

tail length 0.912 nm, further supporting the estimation that R95M90 adsorbed as a bilayer on the 

gold surface from water. The CPP values for R95D90 in plain water and 3.5 wt.% NaCl solution 

are both 0.6, in the range 1/2 < cpp < 1, where the surfactants tend to form vesicles .79 The R95D90 

layer thickness in both cases (1 .27 and 1.48 nm) is larger than the tail length, but lower than two 

times of 0.912 nm, which is also possible for vesicles. 

The influence of rhamnolipid purity on the adsorption behavior was also investigated. The 

adsorbed layer of P.R. rhamnolipid is also rigid (equilibrium ~D/~f =0.01), and the Sauerbrey 

equation is applicable . The calculated area per molecule occupied on the gold surface is as small 

as 0.09 nm2/molecule based on the large adsorbed amounts, suggesting the formation of a rather 

thick layer on the gold surface, which might be attributed to hydrophobic impurities present in the 

P.R. rhamnolipid sample. 

Similar to the case ofplain water, the adsorption ofpurified rhamnolipids from 3.5% NaCl aqueous 

solutions is partially irreversible. Although ~D/~f ratios of both R95M90 and R95D90 increased 

slightly, they are still in the 0. 04-0 .10 range ( see Figure 2.7), indicating that the adsorbed layers 

are rigid. The adsorbed amount of both surfactants increased since the repulsion between the 

rhamnolipid head groups was reduced by salt. R95D90 still adsorbed less than R95M90 due to 

larger R95D90 di-rhamnose head groups. The adsorbed amount ofR95M90 increased more ( 48%) 

upon electrolyte addition compared with R95D90 (17%), in accordance with the report by Helvac1 

et al. 63 that the effect of the reduction in the repulsive interactions is stronger in the case of the 

more hydrophobic Rl molecules. In the presence of NaCl, the irreversible adsorbed amounts for 

R95M90 and R95D90 also increased, indicating a stronger binding to the gold surface due to the 

screening of electrostatic repulsion. Helvac1 et al. 63 also calculated the coefficient of elasticity for 

Rl and R2 at the CMC, and concluded that Rl formed a more rigid monolayer at the solution/air 

interface than R2 with increasing NaCl concentration, in agreement with our results that the 

equilibrium ~D/~f (softness) ofR95M90 is slightly lower than that ofR95D90. 
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Salt addition promoted the adsorption ofP.R. rhamnolipid (the amount ofP.R. adsorbed from brine 

is twice as much as that from plain water) and the adsorption was still partially reversible . However, 

after adding salt, the viscoelasticity of the adsorbed film changed according to the large 

equilibrium ~D/~fratio (0.13) observed for P.R, and the viscoelastic Voigt model is applied for 

the adsorbed mass calculation. The ~D vs ~fplot reveals the conformation of the adsorbed layers: 

a straight line suggests the buildup of a homogeneous layer while a curved profile may indicate 

variations in the conformation with the degree of coverage.80 In plain water, P.R. rhamnolipid 

adsorbed as rigid layer during the whole adsorption process according to the low ~D value; 

however, in 3.5 wt.% NaCl solution, the adsorbed layer became more viscoelastic. In the presence 

ofNaCl, two different slopes of ~D vs ~fplot are observed (Figure 2.8) . The slope between -70 

Hz and -74 Hz is higher than that corresponding to 0 to -70 Hz regime, showing that the film 

became softer as more P.R. rhamnolipids accumulated on the surface after ~f reached -70 Hz. The 

percentage of irreversible adsorbed P.R. rhamnolipids on the gold surface did not increase with 

NaCl addition, indicating that NaCl has less influence on P.R. rhamnolipid adsorption comparing 

with that it has on R95M90 and R95D90 adsorption, owing to the impurities that are not affected 

by salt. 

There are very few studies of rhamnolipid adsorption on solid surfaces. We are aware of 

only one article on rhamnolipid adsorption probed by QCM-D. The rhamnolipids used were a 

mixture of Rl and R2 in the ~ 1:5 ratio; 77 this composition (- 83% R2) is close to the R95D90 

sample considered here. The adsorption behavior of rhamnolipids was investigated on cranberry 

proanthocyanidin (CPAC)-coated TiO2 surfaces, and was found within the Sauerbrey regime, 

meaning that the film is rigid, 77 and the adsorbed mass can be calculated directly from ~f (Table 

2.3). Similar to our study, irreversible adsorption occurred on the CP AC surface. Compared with 

R95D90 on gold, more rhamnolipid molecules remained on CP AC after rinsing; the possible 

reason being a higher affinity between the rhamnolipid molecules and the CP AC functional groups 

(information on the characterization was not reported in ref77). The ratio of ~D /~fat equilibrium 

adsorption on CP AC was also calculated as an indication of the viscoelasticity of the equilibrium 

layer.77 At low rhamnolipid concentrations (below 40 µM) , the ~D /~f ratio is quite low, whereas 

at high concentrations (higher than 40 µM) , it showed a marked increase, suggesting a change in 

adsorbed form from rhamnolipid molecules to viscoelastic rhamnolipid micelles. 77 A few 

publications considered adsorption of rhamnolipid on soil in batch adsorption experiments. 
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Noordman et al. 31 investigated the adsorption of Rl and R2 (6 congeners) mixture on two sandy 

soils ( the adsorbed amount was determined from the difference in the rhamnolipid concentration 

in the aqueous phase before and after adsorption) . They concluded that the more hydrophobic 

rhamnolipid components are preferentially adsorbed. For another rhamnolipid mixture (8 

congeners), the more hydrophobic congeners also showed preferential adsorption to soil (76% 

sand, 21 % silt, and 3% clay) . 81 Renfro et al. 82 reported that the formation of rhamnolipid 

( composition not mentioned) micelles prevented rhamnolipid adsorption to soil (40% clay, 30% 

sandy clay and 30% highly clayey sand) above the CMC. 

2.5 Conclusions 

Rhamnolipids can be promising substitutes to the synthetic surfactants that are currently utilized 

in many applications including bioremediation and oil spill cleanup. However, there is a lack of 

information on rhamnolipid micellization in aqueous media and adsorption on solid surfaces, 

which hinders their efficient utilization. This work discusses the effects of chemical structure 

(mono- and di-rhamnolipids), rhamnolipid purity, and salinity on the rhamnolipid micellization 

and adsorption properties. 

The difference between the chemical structures ofmono-rhamnolipid R95M90 and di-rhamnolipid 

R95D90 (having a second rhamnosyl group) renders R95M90 more hydrophobic. R95M90 

requires more molecules to shield the lipophilic chain from aqueous solution since it has a smaller 

hydrophilic head than R95D90, resulting in a slightly higher CMC of R95M90 in plain water. The 

larger R95D90 di-rhamnose headgroups also lead to a lower adsorbed mass than that of R95M90 

on model hydrophilic (gold) surface due to packing constraints . Both R95M90 and R95D90 

adsorbed as rigid films and their adsorption was found irreversible to some extent. 

The presence in water of NaCl reduced the repulsion between the head groups of the negatively 

charged purified rhamnolipids, hence the CMC values decreased and the amount of both 

surfactants adsorbed on the gold surface increased. The adsorbed amount of R95M90 increased 

more compared with R95D90, indicating that the effect of the reduction in the repulsive 

interactions are stronger for the more hydrophobic R95M90 molecules . The softness of the 

adsorbed R95M90 film is slightly lower than that of the R95D90 film. 
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The purity of rhamnnolipids has an influence on the micellizaiton in aqueous solutions and 

adsorption properties on a solid surface. The crude P.R. rhamnolipid has one order of magnitude 

lower CMC in plain water in comparison with the purified rhamnolipids. The crude rhamnolipid 

showed a higher tolerance towards the salinity compared with the CMC change of R95M90 and 

R95D90; these observations are consistent with the presence of hydrophobic impurities in P.R. 

rhamnolipid. In plain water, similar to the purified rhamnolipids, P.R. formed a rigid film on the 

gold surface. However, in NaCl solution, the adsorbed layer of R95M90 or R95D90 is still rigid, 

whereas the P.R. layer is much softer, and the increased amount of P.R. rhamnolipid adsorbed on 

the surface is much higher. 

The rhamnolipid biosurfactants have a lower CMC than typical synthetic ionic surfactants in both 

plain water and aqueous NaCl solutions. 

This work presents for the first time the effects of chemical structure, purity and salinity on 

rhamnolipid adsorption on a solid surface. There is only one report available on rhamnolipid 

adsorption on CP AC-modified surface and a few on rhamnolpid adsorption on soil. A fundamental 

understanding of rhamnolipid solution self-assembly and surface adsorption properties is of great 

importance to the design of more effective and environmental friendly products for future 

applications. 
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Table 2.1 CMC values ofR95M90, R95D90, and P.R. rhamnolipids in water and in NaCl 

aqueous solutions, determined from pyrene fluorescence by the linear intercept of the pyrene Ii/fa 

vs log (surfactant concentration) plot. 

Surfactant NaCl (wt.%) CMC (wt. %) CMC(mM) 

0 0.059 1.17 
R95M90 

4.7 0.01 l 0.22 

0 0.063 0.97 
R95D90 

3.5 0.01 l 0.17 

0 0.006 0.10 
P.R. 

3.5 0.005 0.09 

Table 2.2 Adsorption properties of rhamnolipids adsorbed from aqueous solutions to gold 

surfaces during QCM-D experiments. 

Area per Area per Irreversibly
Areal Mass 

NaCl molecule molecule after Adsorbed 
Surfactant Model Adsorption

(wt.%) 2 before rinsing rinsinga Massb 
(ng/cm ) 

(nm2/molecule) (nm2/molecule) (ng/cm2
) 

0.15 wt.% 0 Sauerbrey 178 ± 24 0.47 1.07 79 ± 8 [44%] 

R95M90 3.5 Sauerbrey 263 ± 28 0.32 0.45 185 ± 54 [70%] 

0.15 wt.% 0 Sauerbrey 127± 18 0.85 2.99 36 ± 16 [28%] 

R95D90 3.5 Sauerbrey 148 ± 14 0.73 1.34 81 ± 15 [55%] 

0.1 wt.% 0 Sauerbrey 1002 ± 49 0.10 0.32 297 ± 40 [30%] 

P.R. 3.5 Viscoelastic 1915 ± 398 0.05 0.27 352 ± 19 [18%] 

a: area values were calculated by assuming a full coverage on the surface 
b: the data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass after 
rinsing. 
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Table 2.3 Frequency shift data and mass data ofR95D90 or P.R. rhamnolipid adsorption on gold 

surface and ofrhamnolipid (Rl:R2=1:5) adsorption on CPAC-coated surface. 

0.15 wt.% R95D90 in water 0.10 wt.% P.R. in water rhamnolipid in PBS on 
on gold (our data) on gold (our data) CP AC-coated surface 77 

,Mafter 
-7 Hz (126.8 ng/cm2

) -58 Hz (1018 ng/cm2
) - -60 Hz (- 1062 ng/cm2

)
adsorption 

!if after 2 -17 Hz (303 ng/cm2
) - -30 Hz (- 531 ng/cm2

)
-2 Hz (36.1 ng/cm ) [28%] 

desorption [30%] [50%] 
Note: The data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass 

after rinsing. 
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Figure 2.1 Chemical structures of (a) mono-rhamnolipid and (b) di-rhamnolipid. 
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Figure 2.2 (a) ~H of injection per mole of injected R95D90 in aqueous solution plotted as a 

function of the R95D90 concentration in the calorimeter cell; (b) first derivative of the ~H vs 

surfactant concentration plot. 
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Figure 2.3 Pyrene Ii/fa ratios for (a) R95M90, R95D90 and (b) P.R. rhamnolipid in water and in 

aqueous NaCl solution. 
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Figure 2.4 L'lf and L'lD over time of a gold sensor surface responding to exposure to (a) 0 .15 wt.% 

R95M90 aqueous solution and (b) 0.15 wt.% R95M90 in 3.5 wt.% NaCl aqueous solution. The 

first arrow indicates the time when the rhamnolipid solution was injected and the second arrow 

indicates the time when solvent rinsing was initiated. Fi and Di shown in the insert are the 

frequency and dissipation at ith overtone, respectively. 
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Figure 2.5 L'lf and L'lD over time of a gold sensor surface responding to exposure to (a) 0 .15 wt.% 

R95D90 aqueous solution and (b) 0.15 wt.% R95D90 in 3.5 wt.% NaCl aqueous solution. The first 

arrow indicates the time when the rhamnolipid solution was injected and the second arrow 

indicates the time when solvent rinsing was initiated. Fi and Di shown in the insert are the 

frequency and dissipation at ith overtone, respectively. 
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Figure 2.6 L'lf and L'lD over time of a gold sensor surface responding to exposure to (a) a O.1 wt.% 

P.R. rhamnolipid aqueous solution and (b) a O .1 wt.% P.R. rhamnolipid in 3.5 wt.% NaCl aqueous 

solution. The first arrow indicates the time when the rhamnolipid solution was injected and the 
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3. Biosurfactant Micellization and Adsorption Properties: A Comparative 

Study2 

Abstract 

Biosurfactants are naturally occurring amphiphiles. On the basis of their ability to mobilize and 

disperse hydrocarbons, biosurfactants are involved in the bioremediation ofoil spills, and are being 

actively pursued as alternatives to synthetic surfactants in cleaning, personal care and cosmetic 

products. An improved fundamental understanding of biosurfactant properties and function is 

needed to enable their practical applications. We compare here the micellization of various 

biosurfactants in aqueous solutions and their adsorption on model surfaces. Three types of 

biosurfactants are considered here: rhamnolipid, sophorolipid and surfactin. The CMC values of 

these biosurfactants in plain water follow the order pure rhamnolipid > crude surfactin > crude 

rhamnolipid > crude sophorolipid. All crude biosurfactants presented here exhibited a higher 

tolerance towards salinity compared to the synthetic surfactants. The more hydrophobic (the lower 

CMC) the biosurfactant is, the higher the biosurfactant adsorption on alumina surfaces. On 

hydrophilic gold surfaces, the crude biosurfactants adsorbed from plain water all formed rigid 

layers; the adsorption of all biosurfactants is promoted in the presence of salt, and the adsorbed 

layers are viscoelastic. The negative charge on silica surfaces prevents the adsorption of all the 

biosufactants from water unless salt is added. All the biosurfactants considered here adsorb in a 

partially irreversible manner on solid surfaces. 

2 Tess Placek (MS, University at Buffalo, 2017) has contributed to the experiments and data analysis of this chapter. 
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3.1 Introduction 

The compounds with surface-active properties produced by microorganisms (bacteria, yeasts or 

fungi) through fermentation processes as well as enzymatic syntheses1 are called biosurfactants.2 

Compared with synthetic surfactants ( chemically synthesized from petrochemical origins) , 

biosurfactants offer several potential advantages. (1) Biosurfactants can be more effective and 

efficient; the critical micelle concentration (CMC) of biosurfactants is generally several times 

lower than that of typical synthetic surfactants, which means that less biosurfactant would be 

required for a maximal decrease in surface tension. 3 (2) Biodegradability: biosurfactants are 

microbially derived, they can be readily degraded compared with synthetic surfactants.3 (3) Low 

toxicity: most biosurfactants are less toxic than synthetic surfactants.3 (4) High selectivity: the 

presence of specific functional groups allows specificity toward specific pollutants. ( 4) Activity in 

4extreme temperature, pH and salinity conditions.3
- Furthermore, some biosurfactants possess 

biocide or anticancer properties. 5-
6 These unique properties render the biosurfactants promising 

alternatives to synthetic surfactants. 

Surfactants play an important role m numerous processes and products for, e.g. , rheological 

modification, 7 surface modification, 8 emulsions,9 dispersions, 10
-
11 nanomaterial synthesis, 12 drug 

13delivery. 8
• By now, biosurfactants have been utilized in various applications including 

15 17pharmaceutics, 14
- agricultural industry, 6 household products, 16 food industry. 15

• The low 

toxicity, moisturizing ability and skin compatibility of biosurfactants also make them attractive 

ingredients for applications in personal care products and cosmetics. 18 
-
19 

One important application ofbiosurfactants is bioremediation. Bioremediation is the utilization of 

living organisms, primarily microorganisms, to degrade organic waste to an innocuous state, or to 

levels below concentration limits established by regulatory authorities.20 Bioremediation is a 

promising method for addressing pollution problems caused by industrial waste, refined petroleum 

products, pesticides, crude oil, etc. 21 There are two limiting factors for the degradation of organic 

pollutants. (i) For many hydrocarbons, especially polycyclic aromatic hydrocarbons (PAHs), their 

availability to microorganisms is limited by their low water solubility.3 (ii) For bacteria growing 

on hydrocarbons, the interfacial surface area between water and oil can limit their growth rate. 3 

Biosurfactants are involved in bioremediation by increasing the bioavailability of hydrophobic 
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compounds or/and the surface area ofhydrophobic water-insoluble substrates.22 Biosurfactants can 

be very selective and effective under many conditions; further, the whole cell broth can be utilized 

without complicated purification process.18
• 

23
-
25 However, bioremediation is a complex process, 

as is affected by many factors including the soil components and the aqueous phase properties 

(e.g. , biosurfactant concentration, pH, ionic strength).26 

The commercial applications ofbiosurfactants can be limited due to technical restrictions such as 

limitations ofmixing technology18 and the high cost resulting from the low product concentrations 

and expensive substrates required for growth ofbiosurfactant-producing microorganisms. 1 

A better understanding of the properties of biosurfactants under different conditions is essential 

for informing their possible applications. One of the most important parameter in investigations 

concerning surfactants in aqueous solutions is the CMC, the concentration at which the surfactants 

start to form micelles in solution and the micelle formation allows surfactants to emulsify oils. 27 

Another important property of surfactants is their adsorption at solid-liquid interfaces. Adsorption 

plays a key role in controlling a series of interfacial processes for technological applications, for 

example, detergency, corrosion inhibition, dispersion of solids, mineral flotation, lubrication and 

oil recovery, etc. 28 Adsorption is also ofwidespread interest for potential applications in the fields 

of micro-electronics, sensors, conductors, and thin insulators.28 For some applications, such as 

enhanced oil recovery, adsorption of surfactants is detrimental as it results in surfactant loss and 

reduced surfactant mobility; the adsorption may even create new adsorption sites for hydrophobic 

compounds.29 Thus, an improved understanding for the adsorption mechanism is essential for 

improving these processes. 

Biosurfactants come in five mam classes,30 namely (1) glycolipids, (2) lipopeptides and 

lipoproteins, (3) fatty acids, neutral lipids and phospholipids, ( 4) polymeric surfactants, and ( 5) 

particulate surfactants. Biosurfactants can be also classified in terms of their molecular weight: 

low molecular-weight such as glycolipids, lipopeptides, and phospholipids, etc. ; high molecular

weight includes the polymeric and particulate surfactants. 30 The biosurfactants are generally 

composed of a hydrophilic part of amino acids, peptide cations or anions, mono-, di-, or 

polysaccharides; and a hydrophobic part consisting of unsaturated, saturated hydrocarbon chains, 
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or fatty acids. 14 In what follows, we highlight the chemistry and applications of the three types of 

biosurfactants considered in this study: rhamnolipid, sophorolipid and surfactin. 

Rhamnolipids are the most extensively studied glycolipid biosurfactants.22· 26 A rhamnolipid 

molecule consists of a rhamnose sugar head group, which is hydrophilic, and a hydrocarbon fatty 

acid chain as the hydrophobic part. The head group can be either mono- or di-rhamnosyl (i.e. mono

or di-rhamnolipid)27· 31 (Figure 3.la and 3.lb). The rhamnolipids obtained from microorganisms 

are usually a mixture of rhamnolipid homologues. The chemical composition varies depending on 

the bacterial strain type, carbon source, and culture conditions.32-34. The number of patents on 

rhamnolipids is the highest compared with other biosurfactants. 35 Rhamnolipids find application 

in health36 and beauty products,37-38 pharmaceutical39 and therapeutics,40 detergents41 and 

cleaners,42 agricultural products,43
-4

4 etc. Rhamnolipids are used in commercial products such as 

hand soaps (Mayluclean) 45 and biofungicide Zonix TM (NOP Supply LLC).46 

Sophorolipids are glycolipid biosurfactants that consist of the sophorose sugar bonded to a fatty 

acid chain. 47-48 The two most common forms of sophorolipids are acidic sophorolipid (AS), and 

lactonic sophorolipid ( or free acid form, LS), where the acid on the end of the fatty acid bonds to 

the sophorose sugar to form a cyclic ester. 49 Between the two forms , LS is better studied because 

it is the prevalent form in nature. 50-51 In general, sophorolipids are mixtures of different 

hydrophobic homologues.3The possible structural variations include the length of fatty acid chain 

(C14-C22), number of double bonds on the chain (0-2), and number of acetyl groups attached to the 

sophorose sugar headgroup (0-2) . 50 The chemical composition of sophorolipids may vary due to 

different hydrocarbon substrate used in the sophorolipid production and the culture conditions.1·50 

The chemical structure of sophorolipid considered here (Figure 3.lc) is based on LS.52 

Sophorolipids can be utilized for the formulations of diverse products such as detergents, 53 

household cleaners, 42 pharmaceutical, 54-56 hair and skin cleansers, 57 cosmetics, 58 and fungicide. 59 

Sophorolipids can be fully biodegradable and have a low acute toxicity.16 Sophorolipids also 

exhibited excellent emulsifying activity against crude oil. 60 Very recently, lactonic sophorolipids 

were reported to have a function in modulating taste by blocking bitter taste receptors, which 

renders sophorolipids useful in masking the bitter tastes of food, beverages or drugs. 61 

Surfactin is a cyclic lipopeptide with a C14 or C15 /3-hydroxy fatty acid linked by a lactonering to 

a heptapeptide moiety.62 Two amino acids (Glu and Asp) of the seven amino-acid ring structure 
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constitute the hydrophilic domain, while the remaining amino acids and the fatty acid chain 

provide the hydrophobic character, promoting surfactin folding into a /3-sheet structure.63 
-
64 

Multiple forms of surfactin exist, which are influenced by the amino acids available in the culture 

media.65 Surfactin is the most extensively studied lipopeptide surfactant, 66 and one of the most 

powerful biosurfactants. 3
• 

62 It is reported to be an effective oil dispersant. 67 Surfactin also has 

antiviral, antibacterial and antitumor properties. 68 It has been utilized in the production of 

cosmetics,69
-
70 skin cleansers,71 sunscreen,72 food preservative,73 medicine,74 and fertilizers ,75 etc. 

While several publications have appeared on biosurfactants,6• 
76

-
77 biosurfactants with the same 

name may be different, and the methods for investigating their properties may be different between 

various reports. The CMC values reported for biosurfactants were obtained mainly from surface 

tension changes, which are subject to interference from molecules other than the surfactants under 

consideration.33 There is a lack of attention on the physicochemical properties of biosurfactants 

such as the adsorption on solid surfaces, and the differences in these properties between various 

biosurfactants. 

In response to the above identified issues, the present study was undertaken to investigate the 

micellization properties in aqueous solution and the adsorption behavior on model solid surfaces 

of three types of biosurfactants: rhamnolipid, sophorolipid and surfactin. Their properties were 

compared to the common synthetic surfactants of interest to oil-spill dispersion. The influence of 

the aqueous salinity on these properties was also examined. The knowledge of biosurfactant 

micellization and adsorption is required for an effective use of biosurfactants in bioremediation 

and other applications. 

3.2 Materials 

Biosurfactants 

95% pure rhamnolipid containing 90% mono-rhamnolipid (R95M90) (Sigma, AGEA 

Technologies), 95% pure rhamnolipid containing 90% di-rhamnolipid (R95D90) (Sigma, AGEA 

Technologies), Pseudomonas aeruginosa rhamnolipid crude extract (P.R.) (University of Ulster), 

Burkholderia thailandensis rhamnolipid crude extract (B.R.) (University of Ulster), Crude 

surfactin lot#ActySUR/CE00l (Actygea), and crude sophorolipid (Actygea, 66% HPLC 

calculated strength) were used as received. 
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Synthetic surfactants 

Sodium dodecyl sulfate (SDS) (Sigma, BioXtra, 2: 98.5%) and dioctyl sulfosuccinate sodium salt 

(Aerosol-OT, AOT) (Sigma, BioXtra, 2: 99%) were used as received. SDS78 and AOT 79
- are 

selected here as representative synthetic surfactants (Figure 3.2). SDS is widely used in bath

foams , shampoos, toothpastes, and detergents; it is therefore released in abundance to the 

environment, particularly in the sea. 81 AOT is a common ingredient in consumer products 

especially in laxatives, in the production of tablets (as a lubricant) and suspensions (as 

emulsifier). 82 It is worth noting that AOT is a major component of Corexit, a dispersant widely 

used for oil spills. AOT has been reported to slow down the rate ofbacterial oxidation ofcrude oil. 

Moreover, AOT itself does not degrade easily and persists in the ocean longer than other 

components of Corexit. 83 Thus the preparation of "greener" substitutes to these synthetic 

surfactants is of great importance. 

Other chemicals 

Milli-Q grade (18 m.O ·cm) water was the solvent used for all the solutions in this study. The 

sodium chloride (NaCl) (EMD Millipore Sigma, > 99%) aqueous solutions were also prepared 

with Milli-Q water. Ethanol (Decon labs. Inc, 200 proof) was used for cleaning alumina sensors 

and the pyrene solution preparation. Pyrene (Sigma, >99%) was used for fluorescence 

spectroscopy. 

Sample preparation 

For fluorescence and conductivity measurements, 0 .1 wt.% aqueous stock solutions were prepared 

for R95M90, R95D90, and 1.0 wt.% aqueous stock solutions for all other surfactant samples, then 

rotated for at least 24 hours. Surfactant aqueous solution samples of various concentrations in the 

range 0.0001 wt.% -1 wt% were prepared by dilutions from the stock solution. To prepare 

surfactant in aqueous NaCl solutions, a small mass of concentrated NaCl aqueous solution was 

added to each sample in order to achieve a NaCl content of 3.5 wt.% without significantly altering 

the original surfactant concentration. These samples were again rotated to achieve equilibration. 

For fluorescence spectroscopy, pyrene solution was prepared by dissolving 0.0lg pyrene in 50 mL 

ethanol and mixed for at least 24 hours. 84 2 µL of the as-prepared pyrene solution was added to 
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each aqueous solution sample and rotated at room temperature. The fluorescence experiments were 

carried out within two days after the addition of pyrene into the surfactant aqueous solutions. 

For the preparation of samples used in QCM-D, a specific mass of the surfactant was mixed with 

the aqueous solvent to obtain a specific total mass of the sample, followed by at least 10 hours of 

rotation at room temperature to ensure equilibration prior to the measurement. 

3.3 Methods 

Fluorescence spectroscopy 

The fluorescence data for the determination of CMC and micropolarity were obtained with a 

Hitachi F-2500 Fluorescence Spectrophotometer (Tokyo, Japan). An excitation beam of 335 nm 

was used, and data were recorded in the 340-460 nm range at 25°C. Based on the solvent 

dependence of the vibrational band intensities in the pyrene monomer fluorescence, the surfactant 

CMC can be determined utilizing the pyrene fluorescence. 85 Pyrene is a hydrophobic molecule 

exhibiting five characteristic vibronic bands in the fluorescence spectrum. From shorter to longer 

wavelengths, the five bands are referred to as Ii-Is. When excited from the ground state, the 

intensity ratio of Ii/fa increases characteristically with increasing polarity of the probe 

environment.86 When the surfactant concentration is below CMC, pyrene senses the polar 

environment of the aqueous solvent, hence the corresponding ratio Ii/fa is high. Above CMC, the 

hydrophobic pyrene molecules are solubilized in the interior of the micelles (a less polar 

environment), and the Ii/fa ratio decreases. The local environment change of pyrene results in a 

sigmoidal decrease of Ii/fa ratio around the CMC in an Ii/fa ratio versus surfactant concentration 

plot. The concentration where the fitting line of the decreasing portion and the lower limit line 

intersect is identified as the CMC. 85 

Quartz crystal microbalance with dissipation (QCM-D) 

The adsorption experiments were carried out with a model E4 QCM-D instrument (Q-Sense, 

Gothenburg, Sweden), QSX301 gold sensors, QSX303 silica sensors and QSX309 alumina sensors 

(Q-sense, Gothenburg, Sweden). QCM-D is a very useful and sensitive technique for measuring 

the mass adsorption/desorption and the viscoelastic behavior. 87 The adsorption isotherms, film 
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thickness and kinetics can be abtained via analyzing the changes including mass and viscoelastic 

89characteristics of the adsorbed layer by QCM-D.88
-

The quartz crystal (sensor) consists of a thin plate of a piezoelectric quartz crystal, sandwiched 

between a pair of gold electrodes. It oscillates at a specific frequency when a voltage is applied. If 

the adsorbed layer is rigid, the frequency will decrease as material adsorbs onto the surfaces of the 

crystal. The mass change of the sensor is proportional to the frequency change according to the 

Sauerbrey equation 88 below. 

1
1'1m=-C-1'1f (1)

n 

where C is the sensitivity factor for the quartz crystal and depends on the properties of the crystal, 

/;,.m is the adsorbed mass on the crystal surface, and /;,.f is the change in frequency upon adsorption 

of mass on the crystal surface. It should be noted that the Sauerbrey relation is valid only when 

three assumptions are valid: 90 (1) the mass adsorbed is evenly distributed over the crystal; (2) L'im 

is much smaller than the mass of the crystal itself and; (3) the mass adsorbed is rigidly attached. 

Based on these assumptions, it is also possible to estimate the thickness (detI) of the adhering layer: 

(2) 

where Peff is the effective density of the adhering layer, A is the active area of the crystal (0 . 785 

cm2 in our case). 91 According to the Qsense website, the root mean square (RMS) roughness of 

unused gold or silica sensors is less than 1 nm, and for alumina sensors is less than 2 nm, so the 

active area is calculated without considering the surface roughness. 

If the adsorbed layer on the quartz crystal is not rigid, it will not fully couple to the oscillation of 

the crystal, and the mass on the surface will be underestimated with Sauerbrey equation, thus the 

viscoelasticity must be taken into consideration. The simultaneous measurements of changes in 

both resonance frequency and energy dissipation of QCM-D enables its application for soft films. 

The dissipation factor D is proportional to the power dissipation in the oscillatory system and can 

provide valuable information about the rigidity of the film:88 

D= Edissipated (3) 
2nEstored' 
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!ill=-]- ~ (4) 
P/q ✓ 21rf 

where Edissipated is the energy dissipated during one oscillation and E srored is the energy stored in 

the oscillating system. Equation 4 describes the change in dissipation (~D),92 p q and lq are the 

density and thickness of the crystal, respectively, and p1 and Y/1represent the density and viscosity 

of the fluid, respectively.92 Therefore, any coupling between the bulk medium and crystal will 

affect the dissipation. This coupling in tum will affect the viscoelastic properties of the layer 

adsorbed to the surface. The response of a freely oscillating sensor, which is vibrated at its 

resonance frequency, can be recorded to measure the dissipated energy. Voigt is the most common 

viscoelastic model used for estimating structural properties of adsorbed soft film in QCM-D 

measurements.93 The Voigt model describes a solid undergoing reversible viscoelastic strain: 

(5) 

where G* , G' and G" are the complex shear modulus, storage modulus, and loss modulus, 

respectively; µ, f and, rt are the elasticity, frequency, and shear viscosity coefficient.93 

Incorporating the viscoelastic model with Q-Sense software QTools after the measurement at 

multiple frequencies can characterize the adhering film in detail. Under certain assumptions of the 

layer density and fluid properties, the layer viscosity, shear modulus and adsorbed mass can be 

extracted for soft adsorbed layers. 

Furthermore, the average area per molecule of adsorbed surfactant on the sensor surface can be 

obtained from equation 6 using the mass adsorbed, surfactant molecular weight (M.W.), and 

Avogadro 's number (NAvogadro):
94 

21 (J014
nm ) (6) 

ao= (ilm ng) (Io-9 1L) (-1- x mol) (N molecule) cm2 
cm2 ng M w g Avogadro mol 

During the measurement, the cleaned sensors were inserted into the modules for measurements. 

All QCM-D measurements were carried out at 25 ± 0.05°C. The flow rate was 0.1 mL/min for all 

the liquids. Initially the QCM-D modules were flushed with the solvent to obtain a stable baseline 

for frequency and dissipation shifts (~f and ~D are both 0). Then the surfactant solution flowed 

through the modules. When ~f and ~D reached a plateau, the solvent was flushed over the sensors. 
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Three sensors were used for each measurement. The data from overtone frequencies 5, 7, 9 and 11 

were analyzed for each sensor. The concentration ofeach purified rhamnolipid sample (0 .15 wt.%) 

or crude biosurfactant sample (0.10 wt.%) used in the adsorption experiments is much higher than 

their respective CMC value in plain water. 

Cleaning of the QCM sensors (followed the protocols in QCM manual)95 

Ammonium hydroxide (25% in water, Sigma Aldrich) and hydrogen peroxide (30% in water, 

Fisher Scientific) were used for cleaning the QCM-D gold sensors. The gold sensors were first 

placed in an UV/ozone chamber for a 10-min treatment. They were then submerged in a 5:1:1 

mixture of MilliQ water, ammonia (25%) and hydrogen peroxide (30%) at 75°C for 5 min. After 

that, they were rinsed with Milli-Q water, dried with nitrogen gas, and again placed in the 

UV/ozone chamber for a 10-min treatment. 

The cleaning protocol followed for silica sensors is similar to that of gold. They were first placed 

in an UV /ozone chamber for a 10-min treatment, then submerged in a 2 wt.% SDS solution for 30 

min, rinsed with Milli-Q water, dried with nitrogen gas, and again placed in the UV/ozone 

chamber for another 10-min treatment. 

To clean the alumina sensors, they were submerged in 200 proof ethanol and sonicated for 15 min, 

then rinsed with Milli-Q water, dried with nitrogen gas, and placed in the UV/ozone chamber for 

a 10-min treatment. 

3.4 Results and Discussion 

3.4.1 Micellization in aqueous solution 

Rhamnolipid 

Plots of pyrene Ii/fa ratio as a function of the purified and crude rhamnolipid aqueous solution 

concentration are shown in Figure 3.3 and the CMC values obtained are summarized in Table 3.4. 

In addition to plain water, 3.5 wt.% NaCl solution was utilized as a solvent in order to mimic 

seawater in connection to the potential application ofbiosurfactants in oil spill cleanup.96 

In plain water, the CMC values of R95M90 and R95D90 in water are 0.059 wt.% (1 .17 mM) and 

0.063 wt.% (0.97 mM), respectively. Due to the missing second rhamnosyl group, R95M90 is 
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relatively less hydrophilic than R95D9O.97 The difference between R95M9O and R95D9O CMCs 

is also consistent with previous findings . For example, from surface tension measurements at 25 °C, 

Singh et al. 98 reported that the CMC of purified Rl (purity not reported) is 150 mg/L (0.30 mM) 

and that of purified R2 (purity not reported) is 125 mg/L (0.19 mM). Guo and Hu 99 also reported 

a higher CMC ofRl (0.11 mM, Rl purity - 8O%) compared with the CMC value ofR2 (0.07 mM, 

R2 purity - 75%) from surface tension measurements. 

The CMC values of R95M9O and R95D9O obtained here are higher than those reported in the 

literature (1.6-400 mg/L).100 However, the "rhamnolipids" mentioned in literature are of various 

purities including cell-free culture broth, rhamnolipid mixtures with unknown compositions, etc. 

Besides, some published CMC determinations were based on very few data points, which may 

lead to low accuracy. 33· 101 

Comparing the purified rhamnolipids to crude P.R. rhamnolipid in terms of their CMC in water, 

the CMC of P.R. rhamnolipid, 0.006 wt.%, is around one order of magnitude lower than that of 

the purified. The CMC of another crude rhamnolipid sample, B.R. rhamnolipid, is 0.011 wt.%, 

close to the P.R. rhamnolipid CMC. The lower CMC values of crude rhamnolipids may be due to 

the different carbon source used100 (the carbon substrate for P.R. and B.R. was glucose and glycerol, 

respectively, and for the purified R95 was canola oil and/or vegetable oil), or the presence of 

hydrophobic impurities in crude rhamnolipids. The crude P.R. rhamnolipids considered here were 

solvent extracted from the product of Pseudomonas aeruginosa cultured with glucose. The P.R. 

CMC is very close to the reported CMC 50 mg/L (- 0.005 wt.%) of another crude rhamnolipid 

produced from Pseudomonas aeruginosa J4 with glucose as carbon source and solvent 

extracted.102 

The introduction to water of NaCl decreased the CMC of both R95M9O and R95D9O by - 80% 

(both reduced to 0.011 wt.%). Rhamnolipids are anionic surfactants due to the carboxylic groups, 

thus can be strongly affected by the solution pH and the presence of electrolytes. 103-104 According 

to the reported acid dissociation constant (pKa) values 5.5104 and 5.9105 for Rl , and 5.6106 for R2, 

at a neutral pH most of the rhamnolipid molecules are negatively charged, whereas at acidic pH 

most molecules are neutral. 105 The CMC ofthe negatively charged rhamnolipids was found depend 

on the ionic strength, while the CMC of the protonated rhamnolipids did not. 105 Since it is reported 

that the natural pH ofrhamnolipid solutions including pure Rl (Rha-C10-C10), pure R2 (Rha-Rha-
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C10-C10) and their mixtures is 6-6.8,107 the rhamnolipid molecules in our study should all be 

negatively charged. Hence, the observed CMC reduction of rhamnolipids upon NaCl addition is 

attributed to the repulsion reduction between the rhamnolipid headgroups by the electrolyte.108 

This is consistent with the finding that the addition of NaCl lowered the CM Cs of pure Rl (96%, 

Jeneil Biosurfactant Co. , Wisconsin, USA) and R2 (99%, Jeneil Biosurfactant Co., Wisconsin, 

USA) and reduced the aggregate sizes.109 

The NaCl addition also decreased the CMC of the crude P.R. rhamnolipid by about 20% (0.005 

wt.%). Compared with the CMC changes of R95M90 and R95D90 (- 80% reduction), the crude 

rhamnolipid exhibited a higher tolerance towards salinity, which may due to the presence of 

impurities that affect CMC but are not affected by salt. 

Sophorolipid 

The CMC of sophorolipids is 0.0002 wt.% (0.003 mM) in pure water as shown in Figure 3.4a. In 

the literature, the CMC of sophorolipids ranges from 11 mg/L to 250 mg/L (O.OOllwt.%-0.0250 

wt.%) (see Table 3.1); these reported CMC values were determined mainly by surface tension. 

The CMC value determined here by pyrene fluorescence is around fivefold lower than the lowest 

value reported. This may be due to the composition of the natural crude sophorolipid studied here. 

As Hirata et al. 110 reported, the natural sophorolipid produced by Candida bombicola ATCC22214 

is a mixture of LS and AS with LS :AS ratio=72 :28 . Ashby et al.111 also reported that the lactone 

contents in the sophorolipids produced from Candida bombicola ATCC 22214 using glucose and 

various fatty acids are all ? 92%. The combination of AS and LS in the natural sophorolipid can 

result in a synergistic effect on its surface active properties. 110 Among the sophorolipid mixtures 

ofLS and AS containing LS from Oto 100%, the natural sophorolipid (72% LS) was found to have 

the lowest surface tension and lowest CMC value (62 mg/L), and the natural sophorolipid CMC 

was about 10 times lower than the CMC of pure AS ( 680 mg/L ). 110 

The CMC of the sophorolipid remained 0.0002 wt.% following salt addition, exhibiting a high 

stability towards salinity, in agreement with previous findings . For example, Sen et al. 60 evaluated 

the stability of the sophorolipids over a wide range ofpH (2-10), salinity (2-10% NaCl) and found 

the surface tension at a given concentration to remain almost unaltered. 
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Sophorolipids have been found more hydrophobic than rhamnolipids .112 In this study, the CMC of 

sophorolipid in aqueous solution is around two orders of magnitude lower than the crude 

rhamnolipid CMC, which may due to the less hydrophilic nature of sophorolipid. Sophorolipid 

also exhibits a higher salt tolerance than rhamnolipid. 

Surfactin 

The surfactin CMC is found here 0.031wt.% in plain water. In the literature, the CMC of most 

surfactin analogues is on the order of µM (2 .9-240 µM , see Table 3.2). Since not all the molecular 

weights of surfactin used are available in the published articles, the CMCs in µM are converted 

here to wt.% assuming the M.W. is 1036.3 g/mol (chemical structure in Figure 3.ld), hence the 

reported surfactin CMC ranges from 0.0015 wt.% to 0.0240 wt.%. The CMC ofsurfactin obtained 

here is slightly higher than the reported values. It is worth noting that most of the reported CMC 

values of surfactin were based on surface tension changes, whereas our CMC determination is 

based on pyrene fluorescence. The different CMC values may be due to different chemical 

structures of these surfactins or different methods of CMC determination. 

In 3.5 wt.% NaCl solution, the surfactin CMC decreased to 0.025 wt.% (- 20% reduction, Figure 

3.4b). The effects of added electrolytes on surfactin were also studied by Li et al. , 113 who reported 

that O.1 M Na+ addition decreased the surfactin CMC from 24. 7 to 13.8 µM ( 44 % reduction) . 

Similar to the crude rhamnolipids and sophorolipids, the addition of electrolytes did not have a 

substantial effect on the surfactin CMC. 

Synthetic surfactants 

In order to compare the micellization properties of biosurfactants with synthetic surfactants, the 

CMC values of SDS and AOT in plain water was determined by here conductivity and pyrene 

fluorescence measurement. According to the pyrene fluorescence data, the CMC of SDS is 0.25 

wt.% (8 .7 mM), and based on the conductivity, SDS CMC is 0.23 wt.% (8 .0 mM), both very close 

to CMC values reported in the literature, e.g. , 8.2 mM (0.24 wt.%).114 At 25°C, the CMC of AOT 

in water obtained from the fluorescence measurement is 0.18 wt.% (4.0 mM) and 0.21 wt.% (4.7 

mM) based on conductivity data. The CMC value of AOT in the literature is roughly 0.10-0.14 

115wt.% (2 .3-3 .1 mM) in plain water at room temperature.92
• 
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In 2.0 wt.% NaCl solution, there is a nearly 90% reduction in the SDS CMC (0.026 wt.%). When 

the NaCl concentration increases to 3.5 wt.%, the CMC of SDS changes slightly (0 .019 wt.%, - 92% 

reduction compared with that in plain water) . In 2.0 wt.% NaCl, the AOT CMC is reduced to 0.016 

wt.% (- 91 % reduction), due to the reduction of the repulsion between the headgrouops. The CMC 

of AOT did not change upon further increase ofNaCl concentration (3.5 wt.% NaCl). 

The sophorolipid exhibited an almost three orders of magnitude lower CMC and a much higher 

tolerance to salinity compared to the common synthetic surfactants considered here. 

The CMC of surfactin is at least 80% lower than that of SDS and AOT, and the resistance of 

surfactin to salt addition is stronger than these two synthetic surfactants (20% reduction in CMC). 

Compared with the widely used dispersant for oil spill, Corexit 9500 (CMC 0.5 g/L), the CMC of 

surfactin (0 .015 g/L) is reportedly much lower, and its ability to disperse oil is comparable to 

Corexit (which contains AOT). 65 

The purified rhamnolipid has a CMC at least 60% (70% if the molar concentration is used for 

comparison) lower than that of synthetic surfactants SDS or AOT in water. The crude P.R. 

rhamnolipid has a CMC at least one order of magnitude lower (in wt.% and molar concentration) 

than that of SDS or AOT in water. The CMC values of purified rhamnolipids are as sensitive to 

salinity as the CMCs of SDS and AOT. The crude rhamnolipid exhibited a higher tolerance 

towards salinity compared to the synthetic surfactants. 

3.4.2 Adsorption on solid surfaces 

To investigate the surfactant adsorption behavior, we selected gold, silica and alumina as model 

surfaces. The gold surface is chosen as a representative hydrophilic surface. As the major 

constituent of the earth's crust, silica is a representative surface for bioremediation applications. 

Alumina is also an important material both in its own right as an engineering solid and as a model 

for important minerals such as aluminosilicate clay. 116 Compared with silicate surfaces, alumina 

can be more surface active toward adsorption under some pH conditions due to its amphoteric 

nature.116 In other cases, adsorption may not be facilitated on the alumina surface. The contact 

angles of the three sensor surfaces utilized here were 11 ° for gold, 94 22° 11 7 and 10.1 ° 11 8 for silica, 
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and 57.2 ° 11 8 for alumina. Therefore, the hydrophilicity of the mineral surfaces can be ranked as 

gold ~ silica> alumina. 

All the adsorption experiments involved three steps. (i) Rinsing of the sensor surface with solvent 

to set the baseline for the measurement; frequency and dissipation shifts are zero in this process. 

(ii) Adsorption of surfactants from solution (above the CMC) to the sensor surface, causing a 

negative frequency shift and a positive dissipation shift. (iii) After the frequency and dissipation 

shifts reach a plateau, rinsing of the adsorbed layer with solvent, during which surfactant desorbs 

from the sensor surface, thus the frequency shift increases and the dissipation shift decreases. Both 

the frequency shift (~f) and dissipation shift (~D) are recorded in real time during the measurement. 

In the figures , the first arrow indicates the time when the surfactant solution was injected, while 

the second arrow indicates the time when solvent rinsing was initiated. 

The model to calculate the adsorbed amount of surfactant is chosen based on the adsorbed layer 

softness (details are provided in the Methods section). The equilibrium ~D/~f ratio (i. e., ~D/~f 

ratio at equilibrium adsorption) is often used as an indication of the layer softness. 11 9 

Rhamnolipid 

In plain water, the ~DI ~f ratios of both R95M90 and R95D90 rhamnolipids are very small, 

indicating that the adsorbed layers are rigid. The Sauerbrey relation ( equation 1) is applicable in 

these cases to calculate the areal mass of adsorbed molecules.92 Following the solvent (water) 

rinsing, ~D and ~f did not return to 0, meaning that there was still rhamnolipid remaining on the 

surface, thus the adsorption of these surfactants in water is partially irreversible. The adsorbed 

amounts before and after the solvent rinsing are summarized in Table 3.6. R95D90 adsorbed less 

than R95M90 before and after the rinsing, possibly due to the steric or packing constraints of the 

larger R95D90 di-rhamnose head groups. There is very little information in the literature on the 

morphology of rhamnolipid layer adsorbed on a solid surface, thus the structure of rhamnolipids 

at aqueous solution/air interface is used here to deduce the structure of the adsorbed layer on a 

solid surface. The average area that each surfactant molecule occupied on the gold surface was 

calculated based on equation 6. In plain water, the area per adsorbed R95M90 molecule before 

rinsing was 0.47 nm2
, almost half of the area occupied by Rl in a saturated monolayer at the 

water/air interface (0.83 nm2
, 

33 calculated with the maximal Gibbs surface excess concentration 
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obtained from surface tension data), suggesting a possible bilayer of R95M90 formed on the gold 

surface. At 0.85 nm2lmolecule, R95D90 molecules take up about double space as the R95M90 

surfactant molecules do in plain water. 

The adsorption of crude P.R. rhamnolipids on the gold surface reveals the influence of purity on 

the adsorption behavior. The adsorbed layer of P.R. rhamnolipid is also rigid ( equilibrium ~DI ~f 

=0.01), and the Sauerbrey equation is applicable. The calculated average area per molecule 

occupied on the gold surface is as small as 0.10 nm2lmolecule based on the large adsorbed amounts 

observed, suggesting the formation of a thick layer on the gold surface, which might be attributed 

to impurities present in the P.R. rhamnolipid sample. 

Similar to the case of plain water, the adsorption of purified rhamnolipids from 3.5 wt.% NaCl 

aqueous solutions is partially irreversible. ~DI ~f ratios for both R95M90 and R95D90 increased 

slightly, but they are still in the 0.04-0.10 range, indicating that the adsorbed layer is rigid. The 

adsorbed amount of both surfactants increased since the repulsion between the rhamnolipid head 

groups was reduced by salt. However, R95D90 still adsorbed less than R95M90, possibly due to 

the larger R95D90 di-rhamnose head groups. The adsorbed amount of R95M90 increased more 

(48%) upon electrolyte addition compared to R95D90 (17% increase), in accordance with the 

observation by Helvac1 et al. 109 that the effect of the reduction in the repulsive interactions is 

stronger in the case of the more hydrophobic Rl molecules. 

Salt addition also reduced the repulsion between the P.R. rhamnolipid molecules, promoting the 

adsorption of P.R. (the adsorbed amount of P.R. in brine is twice as much as that in water) and the 

adsorption was still partially reversible. However, after adding salt, the viscoelasticity of the 

adsorbed film changed according to the large equilibrium ~Dl~f ratio (0.13) observed for P.R, and 

the viscoelastic Voigt model is used here for the adsorbed mass calculation. The ~D vs ~f plot 

also reveals the conformation of the adsorbed layers: a straight line suggests the buildup of a 

homogeneous layer, while a curved profile may indicate variations in the conformation with the 

degree of coverage. 120 In plain water, P.R. rhamnolipids adsorbed as a rigid layer during the whole 

adsorption process; however, in 3.5 wt.% NaCl aqueous solution, the P.R. adsorbed layer became 

softer as more P.R. rhamnolipids accumulated on the surface (Figure 3.8). 
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Unlike on the gold surface, on the silica surface, P.R. rhamnolipid did not adsorb at all in plain 

water. Since the silica surface in aqueous solution (above pH 3) bears a negative charge 117owing 

to the formation of silanol groups, the electrostatic repulsion between the surface and the anionic 

surfactants inhibits the adsorption.121 With NaCl addition, the observed rise in adsorbed amount 

of the anionic surfactant on the silica surface (Figure 3.9a) is attributed to the negative surface 

charge compensation by Na+ ions, in agreement with the literature ( on quartz surface) .122 In this 

case, the ~DI ~f ratio was large and the slope of ~D vs ~f plot of P.R. on silica sensor remained 

almost the same during the whole process, producing a viscoelastic film ofwhich the conformation 

did not change much. After solvent rinsing, only 1 % of the initially adsorbed rhamnolipid 

molecules remained on the surface. 

Contrary to the silica surface, it is reported that at pH 7, the surface ofalumina is positively charged 

because of a number of AlOH2+ groups present.123 When both the surfactant and the solid surface 

are charged, electrostatic interactions play a governing role over other forces in surfactant 

adsorption.121 Therefore, the carboxylic groups of rhamnolipids interact with the hydroxyl groups 

on the alumina surface, and rhamnolipids adsorb onto alumina. 124 

~DI ~f of P.R. rhamnolipid on alumina surfaces remained at a very small value in Figure 3.lla, 

indicating the formation of a very rigid P.R. rhamnolipid film adsorbed from pure water. The 

adsorbed mass (237 nglcm2) was calculated based on the Sauerbrey equation, and 19% of P.R. 

rhamnolipid remained irreversibly adsorbed. 

In the 3.5 wt.% NaCl solution, the ~Dl~f value is much larger and the adsorbed amount 

significantly increased, while only 9% of initially adsorbed P.R. rhamnolipids were irreversibly 

adsorbed. The ~D vs ~f curve (Figure 3.11) is composed of two sections based on the variation 

in the slope. In section 1, the curve is almost a straight line and the slope is not as steep as the slope 

in section 2. We can conclude that, at the initial stage of the adsorption, the film is relatively soft, 

but after ~f reached around -24 Hz, the film became even softer. 

We are aware of only one published QCM-D study on rhamnolipid adsorption. The rhamnolipid 

used was a mixture of Rl and R2 in a ~1: 5 ratio; 119 this composition ( ~83% R2) is close to the 

R95D90 sample considered here. The adsorption behavior of rhamnolipids on cranberry 

proanthocyanidins (CPAC)-coated TiO2 surfaces was investigated, which was also within the 
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Sauerbrey regime, meaning that the film is rigid, 119 and the adsorbed mass can be calculated 

directly from ~f. Similar to our study, it is clear that irreversible adsorption also occurs on the 

CP AC surface. Compared with R95D90 on gold, more rhamnolipid molecules remained on CP AC 

after rinsing with solvent; the possible reason being a higher affinity between the rhamnolipid 

molecules and the CPAC functional groups (the CPAC surface was not characterized). The ratio 

~DI ~f at equilibrium adsorption on CP AC was also calculated as an indication of the 

viscoelasticity of the equilibrium layer. 119 At concentrations below 40 µM , the ~D /~fratio is quite 

low, whereas at concentrations higher than 40 µM , it showed a marked increase, suggesting a 

change from adsorbed rhamnolipid molecules to viscoelastic rhamnolipid micelles.119 

A few publications have considered the adsorption of rhamnolipid on soil in batch adsorption 

experiments. Noordman et al. 29 investigated the mixture of Rl and R2 (6 congeners) adsorption 

on two sandy soils ( adsorption concentration was determined from the difference in the 

rhamnolipid concentration in the aqueous phase before and after adsorption) . They concluded that 

the more hydrophobic rhamnolipid components are preferentially adsorbed, and the adsorption is 

mainly an interfacial adsorption process, which is driven by hydrophobic interactions between the 

rhamnolipid components. According to a study of another rhamnolipid mixture (8 congeners) 

adsorption to soil (76% sand, 21 % silt, and 3% clay), the more hydrophobic congeners exhibited 

preferential adsorption. 125 Renfro et al. 126 reported that the formation of micelles prevented 

rhamnolipid ( composition not reported) adsorption to soil ( 40% clay, 30% sandy clay and 30% 

"highly clayey sand") above the CMC. 

Sophorolipid 

We first discuss the sophorolipid adsorption on gold surface. The ~DI ~f ratio of adsorbed 

sophorolipid layer from plain water is small, indicating the formation of a rigid film. The adsorbed 

amount of sophorolipid based on the Sauerbrey equation is 262 ng/cm2
, and the average area that 

each molecule occupied on gold is 0.40 nm2
. This value is around half the area for LS ( ~0.70 nm2

) 

or AS (- 0.85 nm2
) monolayer at the air/water interface,50 implying a bilayer organization of 

sopholipid on the gold surface. Following solvent rinsing, as much as - 95% of sophorolipid 

remained adsorbed on the gold surface. 
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In 3.5 wt.% NaCl aqueous solution, the ~D/~f ratio on the gold surface is large, thus the 

viscoelastic Voigt model is applied to calculate the adsorbed mass (64192 ng/cm2). The increase 

in the adsorbed amount indicates that added salt promoted sophorolipid adsorption on the gold 

surface. Figure 3.13 also shows that during the adsorption of sophorolipids from 3.5% NaCl, the 

slope of ~D vs ~f is almost constant, indicating that the layer conformation is almost unchanged 

during the process. After rinsing with 3.5wt.% NaCl solution, 62% of the initially adsorbed 

sophorolipid remained, and the layer was still viscoelastic. 

On the negatively charged silica surface, sophorolipids did not adsorb at all in plain water, similar 

to rhamnolipids. However, in the presence of salt, the negative charge of the silica surface was 

compensated with salt ions, allowing the adsorption of sophorolipid. The ~D value is very large 

in this case, thus the adsorbed film was soft, and the areal mass of sophorolipids adsorbed was 

calculated with the Voigt model. The adsorbed amount is very large (22283 ng/cm2) and the 

average surface area per sophorolipid molecule was as small as 0.005 nm2/molecule. After rinsing 

with 3.5 wt.% NaCl aqueous solution, the areal mass of sophorolipids reduced to 19240 ng/cm2, 

indicating that most molecules (86%) remained irreversibly adsorbed. The slope of ~D vs ~f 

remained constant during the sophorolipid adsorption, suggesting an unchanged conformation of 

the adsorbed layer. 

Contrary to the rigid sophorolipid layer observed on the gold surface, on the less hydrophilic 

alumina surface, sophorolipid forms a relatively soft layer in plain water at 1455 ng/cm2, and only 

34% of adsorbed sophorolipid remained on the alumina surface after solvent rinsing. Comparing 

the ~D vs ~fplots of sophorolipids in pure water and 3.5% NaCl aqueous solution, the layer on 

the alumina surface adsorbed in the presentce of NaCl is much softer than that in water. The 

adsorption was also greatly promoted by the addition of salt (increased to 34900 ng/cm2) and 23% 

of adsorbed sophorolipid was irreversibly adsorbed. 

There is little published information available on sophorolipid adsorption on solid surfaces. Peyre 

et al. 127 studied the surface self-assembly properties of AS (around 90% pure) at 25°C by using 

dip-coating on three different substrates namely gold, Si and TiO2 ( order of hydrophilicity: 

Si>TiO2>gold). On the basis of atomic force microscopy images, they reported that at pH 6, AS 

assembled into entangled needles on gold, and formed aggregates of various sizes on Si and TiO2 
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surfaces. 127 Therefore, it is possible that sophorolipid organized in different ways on surfaces 

having different hydrophilicity, resulting in different viscoelasticities of the adsorbed layers. 

The adsorption of acidic sophorolipids (>90%) on cysteamine-modified gold was studied with 

QCM-D.128 At the lower sophorolipid concentration - 0.0005 wt.% and 0.005 wt.%, homogeneous 

rigid layers formed on the surface, and the adsorption was partially irreversible ( after the solvent 

rinsing, the adsorbed amounts are ~70 ng/cm2 and 180 ng/cm2
, respectively). At a higher 

sophorolipid concentration (- 0.05 wt.%), a viscoelastic layer and/or a highly hydrated film 

formed. 128 

Adsorption of sophorolipid alkyl esters ( sophorolipids react with different sodium alkoxides) on 

hydrophilic solids was studied by Zhang, et al. 129 The surfactant adsorbed well on alumina surface 

with a sharp rise in the slope of the adsorption isotherm, suggesting lateral interactions (hemi

micelles), while the adsorption on silica surface was much less, without any hemi-micellar type 

association. 129 

Surfactin 

The surfcatin adsorbed layer on gold is rigid in water according to the ~D vs ~f plots (Figure 

3.18). The adsorbed amount of surfatin was 117 ng/cm2 from the Sauerbrey equation. The 

calculated area of each surfactin adsorbed from plain water on gold surface is 1.47 nm2
, in 

accordance with the reported area of a surfactin (produced from the Bacillus subtilis strain) 

2monolayer (1.45 ± 0.05 nm ) on a strongly hydrophobic surface.130 1.47 nm2 is within the range of 

reported molecular area for surfactin monolayer (1.26-1.70 nm2
) at the liquid-air interface 

obtained from molecular dynamic simulation studies.131
-
132 In water, 63% of surfactin was found 

irreversibly adsorbed in our case. 

Salt addition promoted the adsorption of surfactin on gold and led to a much softer adsorbed layer 

in brine. In 3.5 wt.% NaCl, 2536 ng/cm2 surfactin adsorbed on gold and as much as 95% of initially 

adsorbed surfactin remained irreversible adsorbed. 

The surfactin aqueous solution exhibited no adsorption on the silica sensor, in agreement with 

previous finding that surfactin does not adsorb at all at the silica/water interface. 133 However, 

adsorption of surfactin on silica occurred in the presence of salt. The areal mass of surfactin 
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adsorbed on the silica surface was large (15480 ng/ cm2
) in 3.5 wt.% NaCl aqueous solution, and 

the adsorbed film was soft according to the ~D value. The average area was only 0.01 

nm2lmolecule, indicating the formation of a thick layer. Following rinsing with 3.5 % NaCl 

aqueous solution, the frequency continued decreasing while the dissipation decreased slightly. The 

areal mass increased slightly when the rinsing started, and then decreased to 12291 nglcm2
, 

indicating that 79% of the surfactin molecules were irreversibly adsorbed. Further, the layer 

became slightly more rigid after rinsing, according to a decrease of the ~DI ~fvalue. 

On the less hydrophilic alumina surface, ~DI ~f remained small when the solvent is water and 

NaCl aqueous solution, so the surfacin formed rigid layers in both cases, and the Sauerbrey 

equation is applicable for both. The adsorbed mass of surfactin in plain water is 217 ng/ cm2
, and 

the average area each surfactin molecule occupied on the alumina surface is 0.79 nm2
, around half 

of the area in a mono layer (1.45 ± 0.05 nm2
) , implying a bilayer structure. After rinsing with water, 

60% of the molecules desorbed from the surface. Salt addition also promoted the adsorption of 

surfactin on alumina (increased to 359 ngl cm2
) while the adsorbed layer remained rigid, and the 

average area reduced to 0.48 nm2
. As much as 95% of surfactin molecules were irreversibly 

adsorbed on the alumina surface. 

In pure water, the adsorbed amount ofsurfactin on gold surface is less than that on alumina surface. 

Onaizi et al. 134 also showed that the amount of surfactin adsorption at the hydrophilic solid 

(functionalized with ~-mercaptoethanol)-liquid (20 mM sodium phosphate buffer solution) 

interface was about threefold lower than that at hydrophobic (functionalized with octadecanethiol) 

-liquid (the same solution) interfaces, revealing the importance of hydrophobic interaction in the 

surfactin adsorption process. 

Different from rhamnolipids and sophorolipids, surfactin undergoes a conformational change from 

linear to either a-helical (below CMC) or /3-sheet (above CMC) structure, depending on the 

surfactin concentration. 65
• 

135
-
136 pH also has an influence on the surfactin micellar structure. 137 

Below CMC, the surfactin monomers have a disordered conformation in alkaline solutions with 

pH= 8.5 or more; at neutral pH the conformation changed to /3-sheets, and in slightly acidic solution 

(pH 6), the surfactin monomers have an a-helical conformation. Above the CMC, the effect ofpH 

is different: when pH is 2:9, a-helices were formed; at lower pH values < 9 and as low as pH 6, P
sheets were formed. At a neutral pH, both surfactin monomers and surfactin micelles have /3-sheet 
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conformation. 137 This structure is stable and appears to be conserved in the aqueous phase or at 

the air/water interface.138 Ishigami et al. 138 attribute the excellent surface-activity of surfactin to 

the ease of piling of molecules organized by the /3-sheet formation. They also proposed that the 

special behaviors of surfactin such as the ease of surface adsorption are due to the exposure on the 

micellar surface of a large number of carboxylic groups resulting from the /3-sheet organization, 138 

which may also lead to a high fraction of irreversibly adsorbed surfactin on various solid surfaces. 

It has also been reported that a hydrophobic layer of perdeuterated octadecyl trichlorosilane 

induced some sort of close packing of surfactin ( and the adsorption was entirely irreversible), 

which could explain the rigid films of surfactin formed on the less hydrophilic alumina surface. 139 

Synthetic surfactants 

For SDS adsorption on gold and alumina surfaces from pure water or from aqueous NaCl solutions, 

the Sauerbrey relation is applicable for all the areal mass calculation since ~D is very small (Table 

3.10). The area per SDS molecule on gold is within the 0.42-0.59 nm2/molecule range ofpublished 

molecular areas when there is a mono layer adsorption. 94 The average area per SDS molecule on 

alumina is only half of it, suggesting that there is probably a bilayer on the alumina surface. 

~D in AOT adsorption from plain water on gold and alumina is also small, and the Sauerbrey 

equation is applicable . The area per AOT molecule on gold is slightly larger than the 0.60-0.71 

94 nm2/molecule range of published molecular areas of AOT, which indicates an incomplete 

mono layer. The area per molecule on alumina observed here is only half of the reported value for 

a monolayer, implying that AOT may form a bilayer on the alumina surface. That AOT adsorbed 

more on the alumina surface is consistent with the report that AOT adsorbed more on hydrophobic 

surfaces than on hydrophilic ones.94 In the presence of NaCl, the adsorbed layer of AOT on the 

gold surface is viscoelastic, and the adsorbed amount is higher. The adsorption of AOT 1s 

reversible in all cases. AOT adsorption at a sapphire surface is also completely reversible. 140 

Similar to the biosurfactants, on the same surface, the SDS or AOT adsorbed amounts increased 

with the electrolyte added due to reduced electrostatic repulsion. On the less hydrophilic alumina 

surface, SDS and AOT adsorbed more than they did on the more hydrophilic surfac. However, 

contrary to all the biosurfactants considered here, SDS and AOT experienced fully reversible 

adsorption. 
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On silica sensors in plain water, the adsorbed masses ofSDS and AOTwere nearly zero, indicating 

that there was no adsorption of the two anionic surfactants on silica surface. It is due to the negative 

charge of the silica surface in aqueous solution: 117 the electrostatic repulsion between the surface 

and the anionic surfactants inhibits the adsorption. 141 This is the same with the adsorption on silica 

sensors of the three types ofbiosurfactants considered here. 

3.5 Conclusions 

Biosurfactants are naturally occurring amphiphiles that have a great potential to replace their 

chemically based counterparts in many applications. A fundamental knowledge on biosurfactant 

solution association and surface adsorption properties is essential in order to facilitate their 

effective utilization. Here we compare three types of biosurfactants with two common synthetic 

surfactants in terms of their micellization properties in aqueous solution and their adsorption 

behavior on a solid surface. The effects of salinity are also discussed. 

In plain water, the CMC values of the three biosurfactants are ranked as surfactin > P.R. 

rhamnolipid > sophorolipid, which is attributed to the variation in hydrophility of these 

biosurfactants: rhamnolipid is more hydrophobic than surfactin, and sophorolipid is most 

hydrophobic among them. 

The presence of Na Cl in water reduced the repulsion between the head groups of the negatively 

charged biosurfactants, therefore, the CMC values of rhamnolipid and crude surfactin are reduced. 

The CMC reduction of purified rhamnolipid is - 80%, and that of P.R. rhamnolipid and surfactin 

is - 20%. The CMC of sophorolipids remained unchanged with salt addition. 

Compared with the typical synthetic surfactants SDS and AOT, the CMC in wt.% for all the 

biosurfactants considered here is at least 60% lower (70% lower in molar concentration). 

Sophorolipid shows an almost three orders of magnitude lower CMC. Salt shows a much more 

significant effect on the CMC values of SDS and AOT by a reduction of around 90% at 3.5 wt.% 

NaCl concentration. 

On the hydrophilic gold surface, the layers of the crude biosurfactants adsorbed from plain water 

are all rigid films. They adsorb more on the less hydrophilic alumina surface from water. On the 
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negatively charged silica surface, no adsorption at all was detected for all the biosurfactants 

considered here. 

The salt addition promoted the adsorption of all biosurfactants on the gold surface, and the 

adsorbed layers became viscoelastic. The negative charge of the silica surface is compensated with 

the salt ions, leading to the formation on the silica surface ofviscoelastic adsorbed layers of all the 

biosurfactants considered here. The biosurfactant adsorbed amount on the alumina also increased 

in the presence ofNaCl. 

Similar to the biosurfactants, the synthetic surfactants SDS and AOT formed rigid films in water 

on the gold surface and adsorbed more on alumina. They also exhibited no adsorption at all on the 

silica surface. The addition of salt increased the adsorbed amount of SDS on the gold and alumina 

surfaces. However, the SDS and AOT adsorption is fully reversible, whereas all the biosurfactant 

adsorptions are partially irreversible. 

This study for the first time compares with the same methods three types ofbiosurfactants in terms 

of their micellization properties and their adsorption properties on solid surfaces from aqueous 

solutions. A better understanding of biosurfactant molecular organization properties is essential 

for the development ofbiosurfactant commercial applications, which are in early stages. 
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Table 3.1 CMC and minimum surface tension data of aqueous solutions of sophorolipids 

produced from different carbon sources. 

Carbon source CMC 
Minimum surface tension 

(mN/m) 
Technique Ref 

Soybean dark oil 150 mg/L 48 Surface tension 142 

Com oil 82 mg/L 41 Surface tension 142 

Soybean oil 88 mg/L 40.5 Surface tension 142 

Sugarcane molasses 59.43 mg/L 34.15 Surface tension 143 

Rapeseed oil (Crude) 130 mg/L 39 Surface tension I 

Glucose + sunflower oil 
(Crude) 

11 mg/L 37.7 Surface tension I 

Glucose + sunflower oil 
(Purified) 

20 mg/L 36.1 Surface tension I 

Glucose 35-250 mg/L 35-36 Surface tension Ill 

Glucose 0.13 mM NA Pyrene fluorescence 144 

Glucose 130 mg/L 32.6 Surface tension 60 

Glucose + soybean oil 43 mg/L 37.2 Surface tension 49 

Glucose + soybean oil 30 mg/L 33.6 Surface tension 145 

Glucose + rapeseed oil 47.5 mg/L NA Surface tension 51 

A carbohydrate + 
vegetable oil 

82 mg/L 37 Surface tension 146 

soy molasses 1.2-14.7 mg/L 37 Surface tension 147 

94 



Table 3.2 CMC and minimum surface tension data of surfactin in aqueous solutions at different 

conditions. 

Condition /purity CMC 
Minimum surface 
tension (mN/m) 

Technique Ref 

In deionized double distilled 
water 

15 mg/L 27.4 Surface tension 65 

In pH 7.5 saline solutions (12 
ppt) 

20 mg/L 24.2 Surface tension 65 

In 0. lM NaHCO3, pH 8. 7 9.4 µM 
2.9 µM (0.0003 wt.%) 

6µM 

30 
27.2 

Surface tension 
NA 

138 
148 
133 

At pH 8.5 in 5 mM Tris-HCl 
buffer 

15.6 mg/L 36 Surface tension 149 

Buffer: 10 mM Tris, 100 mM 
NaCl, 1 mM EDTA, pH 8.5 

Standard (Sigma, 98%) 
Chemically isolated (32.1 %) 
Ultrafiltration product (70%) 

+l00mMNa+ 

7.5 µM 

13 mg/L 
22 mg/L 
17 mg/L 
240µM 

8µM 
45 mg/L 
20 mg/L 

35 .6 mg/L 

27 
31.3 
27.2 
34 

31.5 

NA 
28.3 

ITC 

Surface tension 
Surface tension 
Surface tension 
Surface tension 
Surface tension 
Surface tension 
Surface tension 
Surface tension 

64 

150 
150 
150 
151 
151 
152 
153 
49 

Linear surfactin in PBS buffer 
(pH 7.5) 

12.8 µM (MW 1054.36) NA 
Fluorescence 
spectroscopy 

135 

Cyclic surfactin 9.4 µM NA 
Fluorescence 
spectroscopy 

135 

Cwsurfactina in 0.1 M PBS 
(pH 8.0) 

30.6 µM 25 .7 Surface tension 154 

C15-surfactina in 0.1 M PBS 
(pH 8.0) 

20.3 µM 27.0 Surface tension 154 

Note a 14 and 15 denotes the carbon number in the ,8-hydroxyl fatty acid moiety. 
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Table 3.3 CMC values ofbiosurfactants in water and in aqueous NaCl solutions, determined 

from pyrene fluorescence. 

M.W. NaCl
Surfactant CMC (wt.%) CMC(mM)

(g/mol) (wt. %) 

0 0.059 1.17 
R95M90 504.7 

4.7 0.011 0.22 

0 0.063 0.97 
R95D90 650.8 

3.5 0.011 0.17 

B.R. 577.7 0 0.011 0.19 

0 0.006 0.10 
P.R. 577.7 

3.5 0.005 0.09 

0 0.0002 0.003 
Sophorolipid 622.7 

3.5 0.0002 0.003 

0 0.031 0.30 
Surfactin 1036.3 

3.5 0.025 0.24 

Note: M.W. of the crude rhamnolipid is the average ofR95M90 and R95D90 M.W. values . CMC is obtained by the 
linear intercept of the pyrene l i/h vs log (surfactant concentration) plots 

Table 3.4 CMC values of synthetic surfactants in water and in aqueous NaCl solutions, 

determined from pyrene fluorescence and conductivity. 

NaCl Conductivity Fluorescence
Surfactant 

(wt.%) CMC (wt.%) CMC(mM) CMC (wt.%) CMC(mM) 

0 0.23 8.0 0.250 8.7 

SDS 2 - - 0.026 0.9 

3.5 - - 0.019 0.7 

0 0.21 4.7 0.176 4.0 

AOT 2 - - 0.016 0.4 

3.5 - - 0.019 0.4 

Note: CMC is obtained by the linear intercept of the pyrene l i/h vs log (surfactant concentration) plots 
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Table 3.5 Adsorption properties of purified rhamnolipids adsorbed from aqueous solutions to 

gold surfaces during QCM-D experiments. 

Area per Area per 
Areal Mass Irreversibly 

NaCl molecule molecule after 
Surfactant Model Adsorption Adsorbed Mass 

(wt.%) before rinsing rinsing
(ng/cm2) (ng/cm2)

(nm2/molecule) (nm2/molecule) 

0.15 wt.% 0 Sauerbrey 178 ± 24 0.47 1.07 79 ± 8 [44%] 

R95M90 3.5 Sauerbrey 263 ± 28 0.32 0.45 185 ± 54 [70%] 

0.15wt.% 0 Sauerbrey 127 ± 18 0.85 2.99 36 ±16 [28%] 

R95D90 3.5 Sauerbrey 148 ± 14 0.73 1.34 81 ± 15 [55%] 

Note: The data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass 
after rinsing. 

Table 3.6 Areal mass data of crude P.R. rhamonlipid on different surfaces. 

Area per Area per 
Areal Mass Irreversibly Adsorbed 

NaCl molecule molecule after 
Surface Model Adsorption Mass

(wt.%) before rinsing rinsing 
(ng/cm2) (ng/cm2)1 

(nm2/molecule) (nm2/molecule) 

0 Sauerbrey 1002 ± 49 0.10 0.32 297 ± 40 [30%] 
Gold 

3.5 Viscoelastic 1915 ± 398 0.05 0.27 352 ± 19 [18%] 
0 - 0 - - 0

Silica 
3.5 Viscoelastic 49936 ± 3270 0.002 0.34 280 ± 82 [l %] 
0 Sauerbrey 237 ± 3 0.41 2.12 45 ± 3 [19%] 

Alumina 
3.5 Viscoelastic 4072 ± 981 0.02 0.26 373 ± 3 r9¾J 

Note: The data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass after 
rinsing. 

Table 3. 7 Areal mass data of crude sophorolipids on different surfaces. 

Area per Area per 
Areal Mass Irreversibly 

NaCl molecule molecule after 
Surface Model Adsorption Adsorbed Mass 

(wt.%) before rinsing rinsing
(ng/cm2) (ng/cm2) i 

(nm2/molecule) (nm2/molecule) 

0 Sauerbrey 262 ± 56 0.40 0.43 248 ± 34 [95%] 
Gold 

3.5 Viscoelastic 64192 ± 2070 0.002 0.003 39688 ± 780 [62%] 

0 - 0 - - 0 
Silica 

3.5 Viscoelastic 22283 ± 2772 0.005 0.005 19240 ± 2006 [86%] 

0 Viscoelastic 1455 ± 92 0.07 0.22 490 ± 28 [34%] 
Alumina 

3.5 Viscoelastic 34900 ± 6930 0.003 0.01 7954 ± 1282 [23%] 

Note: The data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass after 
rinsing. 
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Table 3.8 Areal mass data of crude surfactin on different surfaces. 

Area per Area per 
Areal Mass Irreversibly Adsorbed 

NaCl molecule before molecule after 
Surface Model Adsorption Mass

(wt.%) rinsing rinsing
(ng/cm2

) (ng/cm2
) 

1 

(nm2/molecule) (nm2/molecule) 

0 Sauerbrev 117 ± 5 1.47 2.32 74 ± 23 r63%J 
Gold 

3.5 Viscoelastic 2536 ± 308 0.07 0.07 2413 ± 382 [95%] 
0 - 0 - - 0

Silica 
3.5 Viscoelastic 15480± 1951 0.01 0.01 12291 ± 1468 [79%] 
0 Sauerbrey 217 ± 18 0.79 1.32 130± 22 [60%] 

Alumina 
3.5 Sauerbrey 359 ± 11 0.48 0.50 342 ± 11 [95%] 

Note: The data in brackets are the percentage difference between the initial adsorbed mass and the adsorbed mass after 
rinsing. 

Table 3.9 Areal mass of synthetic surfactants on different surfaces. 

Area per Areal Mass Area per 
Areal Mass 

NaCl molecule on Adsorption molecule on
Surfactant Model Adsorption on

(wt.%) Gold on Alumina Alumina
Gold (ng/cm2

) 
(nm2/molecule) (ng/cm2

) (nm2/molecule) 

0 Sauerbrey 104±5 0.46 199 ± 22 0.24 
0.5 wt.% 

2 Sauerbrey 171 ± 17 0.28 255 ± 10 0.1 9
SDS 

3.5 Sauerbrey 167 ± 14 0.29 296 ± 20 0.16 

0 Sauerbrey 92 ± 17 0.80 222 ± 14 0.330.5 wt.% 
AOT 2 Viscoelastic 2211±120 0.03 - -
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Figure 3.1 Chemical structures of (a) mono-rhamnolipid, (b) di-rhamnolipid, ( c) sophorolipid and 

(d) surfactin. 
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Figure 3.2 Chemical structures of (a) sodium dodecyl sulfate (SDS) and (b) dioctyl sulfosuccinate 

sodium salt (AOT). 
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Figure 3.3 Pyrene Ii/fa fluorescence intensity ratios for (a) R95M90, R95D90 in aqueous solutions 

with and without NaCl, (b) crude rhamnolipid from Burkholderia thailandensis (B.R.) compared 

to crude rhamnolipid from Pseudomonas aeruginosa (P.R.) in aqueous solutions, and (c) crude 

rhamnolipid from Pseudomonas aeruginosa (P.R.) in aqueous solutions with and without NaCl. 
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Figure 3.5 L'lf and L'lD over time ofa gold sensor surface responding to exposure to (a) a 0 .15 wt.% 

R95M90 aqueous solution, (b) a 0.15 wt.% R95M90 in 3.5 wt.% NaCl aqueous solution. The first 

arrow indicates the time when the rhamnolipid solution was injected and the second arrow 

indicates the time when solvent rinsing was initiated. Fi and Di shown in the insert are the 

frequency and dissipation at ith overtone, respectively. 
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Figure 3.6 L'lf and L'lD over time ofa gold sensor surface responding to exposure to (a) a 0 .15 wt.% 
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Figure 3. 7 L'lf and L'lD over time of a gold sensor surface responding to exposure to (a) a 0.1 wt.% 

P.R. rhamnolipid aqueous solution and (b) a 0.1 wt.% P.R. rhamnolipid in 3.5 wt.% NaCl aqueous 

solution. The first arrow indicates the time when the rhamnolipid solution was injected and the 
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Figure 3.8 ~D vs ~f ( 5th overtone) curves during adsorption of O.1 wt% P.R. rhamnolipids from 

aqueous solution and 3.5 wt.% NaCl aqueous solution on gold surfaces. 
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Figure 3.10 L'lf and L'lD over time of an alumina sensor surface responding to exposure to (a) a 0.1 

wt.% P.R. rhamnolipid aqueous solution and (b) a 0.1 wt.% P.R. rhamnolipid in 3.5 wt.% NaCl 

aqueous solution. The first arrow indicates the time when the rhamnolipid solution was injected 
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insert are the frequency and dissipation at ith overtone, respectively. 
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Figure 3.12 L'lfand L'lD over time ofa gold sensor surface responding to exposure to (a) a 0.1 wt.% 
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Figure 3.14 (a) ~f and ~D over time ofa silica sensor surface responding to exposure to a O .1 wt.% 
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Figure 3.15 L'lf and L'lD over time of an alumina sensor surface responding to exposure to (a) a 0.1 

wt.% crude sophorolipids aqueous solution and (b) a O.1 wt.% crude sophorolipids in 3. 5 wt.% 

NaCl aqueous solution. The first arrow indicates the time when the sophorolipid solution was 
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Figure 3.17 L'lf and L'lD over time of a gold sensor surface responding to exposure to (a) a O.1 wt.% 
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Figure 3.19 (a) L'lf and L'lD over time ofa silica sensor surface responding to exposure to a 0.1 wt.% 

crude surfactin in 3.5 wt.% NaCl aqueous solution. The first arrow indicates the time when the 

surfactin solution was injected and the second arrow indicates the time when solvent rinsing was 

initiated. Fi and Di shown in the insert are the frequency and dissipation at ith overtone, 

respectively. (b) L'lD vs L'lf ( 5th overtone) curves during adsorption of O.1 wt.% crude surfactin 

from 3.5 wt.% NaCl aqueous solution on silica surfaces. 
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Figure 3.20 L'lf and L'lD over time of an alumina sensor surface responding to exposure to (a) a O.1 

wt.% crude surfactin aqueous solution and (b) a 0.1 wt.% crude surfactin in 3.5 wt.% NaCl aqueous 

solution. The first arrow indicates the time when the surfactin solution was injected and the second 
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Figure 3.22 L'lf and L'lD over time ofa gold sensor surface responding to exposure to (a) a 0.5 wt.% 
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indicates the time when the SDS solution was injected and the second arrow indicates the time 

when solvent rinsing was initiated. Fi and Di shown in the insert are the frequency and dissipation 
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Figure 3.23 L'lf and L'lD over time ofa gold sensor surface responding to exposure to (a) a 0.5 wt.% 

AOT aqueous solution and (b) a 0.5 wt.% AOT in 2.0 wt.% NaCl aqueous solution. The first arrow 

indicates the time when the AOT solution was injected and the second arrow indicates the time 

when solvent rinsing was initiated. Fi and Di shown in the insert are the frequency and dissipation 

at ith overtone, respectively. 

121 



References for Chapter 3 

1. Otto, R. T. ; Daniel, H. J. ; Pekin, G. ; Muller-Decker, K. ; Furstenberger, G. ; Reuss, M.; 
Syldatk, C. , Production of sophorolipids from whey. Applied Microbiology and Biotechnology 
1999, 52 (4), 495-501. 
2. Souza, E. C. ; Vessoni-Penna, T. C.; de Souza Oliveira, R. P. , Biosurfactant-enhanced 
hydrocarbon bioremediation: An overview. International Biodeterioration & Biodegradation 
2014, 89 (0), 88-94. 
3. Vijayakumar, S.; Saravanan, V. , Biosurfactants-types, sources and applications. Research 
Journal ofMicrobiology 2015, JO (5), 181-192. 
4. Singh, R. ; Glick, B. R. ; Rathore, D. , Biosurfactants as a biological tool to increase 
micronutrient availability in soil: A review. Pedosphere 2018, 28 (2), 170-189. 
5. Gandhi, N. R. ; Skebba, V. L. P. Biocide formulations containing rhamnolipids and methods 
of use. WO2007095258A2, 2007. 
6. Naughton, P. J. ; Marchant, R. ; Naughton, V. ; Banat, I. M. , Microbial biosurfactants: 
current trends and applications in agricultural and biomedical industries. Journal of Applied 
Microbiology 2019, 127 (1), 12-28. 
7. Chronakis, I. S.; Alexandridis, P. , Rheological properties of oppositely charged 
polyelectrolyte-surfactant mixtures: Effect of polymer molecular weight and surfactant 
architecture. Macromolecules 2001, 34 (14), 5005-5018. 
8. Bodratti, A. M. ; Sarkar, B. ; Alexandridis, P. , Adsorption of poly(ethylene oxide)
containing amphiphilic polymers on solid-liquid interfaces: Fundamentals and applications. 
Advances in Colloid and Interface Science 2017, 244, 132-163. 
9. Kaizu, K. ; Alexandridis, P. , Effect of surfactant phase behavior on emulsification. Journal 
ofcolloid and interface science 2016, 466, 138-149. 
10. Bodratti, A. M.; Wu, J. ; Jahan, R. ; Sarkar, B.; Tsianou, M.; Alexandridis, P. , Mono- and 
di-valent salts as modifiers of PEO-PPO-PEO block copolymer interactions with silica 
nanoparticles in aqueous dispersions. Journal ofDispersion Science and Technology 2015, 36 (12), 
1806-1815. 
11. Lin, Y. ; Smith, T. W. ; Alexandridis, P. , Adsorption of a polymeric siloxane surfactant on 
carbon black particles dispersed in mixtures of water with polar organic solvents. Journal of 
colloid and interface science 2002, 255 (1), 1-9. 
12. Alexandridis, P. ; Tsianou, M. , Block copolymer-directed metal nanoparticle 
morphogenesis and organization. European Polymer Journal 2011, 47 (4), 569-583. 
13. Bodratti, A. M.; Alexandridis, P. , Amphiphilic block copolymers in drug delivery: 
advances in formulation structure and performance. Expert Opinion on Drug Delivery 2018, 15 
(11), 1085-1104. 
14. Banat, I. M. ; Franzetti, A. ; Gandolfi, I. ; Bestetti, G. ; Martinotti, M. G. ; Fracchia, L. ; Smyth, 
T. J. ; Marchant, R. , Microbial biosurfactants production, applications and future potential. Applied 
Microbiology and Biotechnology 2010, 87 (2), 427-444. 
15. Banat, I. M.; Satpute, S. K. ; Cameotra, S. S. ; Patil, R. ; Nyayanit, N. V. , Cost effective 
technologies and renewable substrates for biosurfactants ' production. Frontiers in Microbiology 
2014, 5, 1-18. 
16. Develter, D. W. G. ; Lauryssen, L. M. L. , Properties and industrial applications of 
sophorolipids. European Journal ofLipid Science and Technology 2010, 112 (6), 628-638. 

122 



17. Ali, H. R. ; Ismail, D. A. ; El-Gently, N. S. , The biotreatment of oil-polluted seawater by 
biosurfactant producer Halotolerant Pseudomonas aeruginosa Asph2. Energy Sources, Part A: 
Recovery, Utilization, and Environmental Effects 2014, 36 (13), 1429-1436. 
18. Shekhar, S. ; Sundaramanickam, A. ; Balasubramanian, T. , Biosurfactant producing 
microbes and their potential applications: A review. Critical Reviews in Environmental Science 
and Technology 2015, 45 (14), 1522-1554. 
19. Zhou, Y. ; Harne, S. ; Amin, S. , Optimization of the surface activity of biosurfactant-
surfactant mixtures. Journal ofCosmetic Science 2019, 70 (3), 1-10. 
20. Vidali, M. , Bioremediation. An overview. Pure and Applied Chemistry 2001, 73 (7), 1163-
1172. 
21. Kardena, E. ; Helmy, Q. ; Funamizu, N. , Biosurfactants and soil bioremediation. 2014; Vol. 
159, p 327. 
22. Ron, E. Z. ; Rosenberg, E. , Biosurfactants and oil bioremediation. Current Opinion in 
Biotechnology 2002, 13 (3), 249-252. 
23. Priya, N. S. ; Doble, M. ; Sangwai, J. S. , Bioremediation of costal and marine pollution due 
to crude oil using a microorganism Bacillus subtilis. Procedia Engineering 2015, 116, 213-220. 
24. Makkar, R. S. ; Cameotra, S.S. , Production ofbiosurfactant at mesophilic and thermophilic 
conditions by a strain of Bacillus subtilis. Journal ofIndustrial Microbiology and Biotechnology 
1998, 20 (1), 48-52. 
25. Zheng, M.; Wang, W. ; Hayes, M. ; Nydell, A. ; Tarr, M.A. ; Van Bael, S. A. ; Papadopoulos, 
K. , Degradation of Macondo 252 oil by endophytic Pseudomonas putida. Journal of 
Environmental Chemical Engineering 2018, 6 (1), 643-648. 
26. Liu, G. ; Zhong, H. ; Yang, X. ; Liu, Y. ; Shao, B. ; Liu, Z. , Advances in applications of 
rhamnolipids biosurfactant in environmental remediation: A review. Biotechnology and 
Bioengineering 2018, 115 (4), 796-814. 
27. Pomsunthomtawee, O. ; Chavadej , S.; Rujiravanit, R. , Solution properties and vesicle 
formation ofrhamnolipid biosurfactants produced by Pseudomonas aeruginosa SP4. Colloids and 
Surfaces B: Biointerfaces 2009, 72 (1), 6-15. 
28. Caruso, F. ; Serizawa, T. ; Furlong, D. N. ; Okahata, Y. , Quartz crystal microbalance and 
surface plasmon resonance study of surfactant adsorption onto gold and chromium oxide surfaces. 
Langmuir 1995, 11 (5), 1546-1552. 
29. Noordman, W. H. ; Brusseau, M. L. ; Janssen, D. B. , Adsorption of a multicomponent 
rhamnolipid surfactant to soil. Environmental Science & Technology 2000, 34 (5), 832-838. 
30. Silva, R. D. C. F. S.; Almeida, D. G. ; Rufino, R. D. ; Luna, J.M. ; Santos, V. A. ; Sarubbo, 
L. A. , Applications of biosurfactants in the petroleum industry and the remediation of oil spills. 
International Journal ofMolecular Sciences 2014, 15 (7), 12523-12542. 
31. Marchant, R. ; Banat, I. M. , Biosurfactants: a sustainable replacement for chemical 
surfactants? Biotechnology Letters 2012, 34 (9), 1597-1605. 
32. Penfold, J. ; Thomas, R. K. ; Shen, H.-H. , Adsorption and self-assembly of biosurfactants 
studied by neutron reflectivity and small angle neutron scattering: glycolipids, lipopeptides and 
proteins. Soft Matter 2012, 8 (3), 578-591. 
33. Manko, D.; Zdziennicka, A. ; Janczuk, B. , Thermodynamic properties of rhamnolipid 
micellization and adsorption. Colloids and Surfaces B: Biointerfaces 2014, 119, 22-29. 
34. Monteiro, S. A. ; Sassaki, G. L. ; de Souza, L. M.; Meira, J. A. ; de Araujo, J.M.; Mitchell, 
D. A. ; Ramos, L. P. ; Krieger, N. , Molecular and structural characterization of the biosurfactant 

123 



produced by Pseudomonas aeruginosa DAUPE 614. Chemistry and Physics ofLipids 2007, 147 
(1), 1-13. 
35. Sekhon Randhawa, K. K. ; Rahman, P. K. S. M. , Rhamnolipid biosurfactants-past, present, 
and future scenario of global market. Frontiers in Microbiology 2014, 5 (454), 1-7. 
36. Gueniche, A. ; Toumier-Couturier, L. Use of rhamnolipids for the cosmetic treatment of 
skin redness. WO2018115367 Al , 2018. 
37. DeSanto, K. High purity rhamnolipid cosmetic application. WO2015030702A2, 2015. 
38. Huang, Y. Moisturizing and freckle removing facial cleanser and preparation method 
thereof. CN108815003A, 2018. 
39. Piljac, G. The use ofrhamnolipids as a drug of choice in the case ofnuclear disasters in the 
treatment of the combination radiation injuries and illnesses in humans and animals. 
WO2011109200A2, 2011. 
40. Desanto, K. Therapeutic uses of a topical compositions having rhamnolipid as an active 
ingredient. WO2011056871A2, 2011. 
41. Schulz, A. ; Dreja, M.; Strotz, M. Rhamnolipid-containing detergents and cleaning agents. 
WO2019034490Al , 2019. 
42. Tong, X. ; Wang, J. ; Zhang, M.; Xu, N. Preparation method of kitchen oil stain cleaning 
agent containing biosurfactant. CN109705990A, 2019. 
43. Chen, Y. ; Chen, L. Application of rhamnolipid as nitrification inhibitor and slow-release 
fertilizer containing rhamnolipid. CN108794185A, 2018. 
44. Cui, Y. ; Yan, F. ; Gao, J. ; Wang, X. ; Wang, A. Crop nutrient fertilizer containing 
regenerated gypsum and rhamnolipid. CN109704875A, 2019. 
45. https://mayluclean.com/. 
46. http ://www.proptera.com/horticulture/zonix-horticulture. 
47. Dhasaiyan, P. ; Banerjee, A. ; Visaveliya, N. ; Prasad, B. L. V., Influence of the sophorolipid 
molecular geometry on their self-assembled structures. Chemistry -An Asian Journal 2013, 8 (2), 
369-372. 
48. Kang, S.-W.; Kim, Y.-B. ; Shin, J.-D. ; Kim, E.-K. , Enhanced biodegradation of 
hydrocarbons in soil by microbial biosurfactant, sophorolipid. Applied Biochemistry and 
Biotechnology 2010, 160 (3), 780-790. 
49. Hirata, Y. ; Ryu, M. ; Oda, Y. ; Igarashi, K. ; Nagatsuka, A. ; Furuta, T. ; Sugiura, M. , Novel 
characteristics of sophorolipids, yeast glycolipid biosurfactants, as biodegradable low-foaming 
surfactants. Journal ofBioscience and Bioengineering 2009, 108 (2), 142-146. 
50. Chen, M. ; Dong, C. ; Penfold, J. ; Thomas, R. K. ; Smyth, T. J.P. ; Perfumo, A. ; Marchant, 
R. ; Banat, I. M. ; Stevenson, P. ; Parry, A. ; Tucker, I. ; Campbell, R. A. , Adsorption of sophorolipid 
biosurfactants on their own and mixed with sodium dodecyl benzene sulfonate, at the air/water 
interface. Langmuir 2011, 27 (14), 8854-8866. 
51. Shin, J. D.; Lee, J. ; Kim, Y. B. ; Han, 1.-s.; Kim, E.-K. , Production and characterization of 
methyl ester sophorolipids with 22-carbon-fatty acids. Bioresource Technology 2010, 1OJ (9), 
3170-3174. 
52. De Oliveira, M. R. ; Magri, A. ; Baldo, C. ; Camilios-Neto, D.; Minucelli, T. ; Celligoi, M. 
A. P. C. , Review: Sophorolipids a promising biosurfactant and it's applications. International 
Journal ofAdvanced Biotechnology and Research 2015, 6 (2), 161-174. 
53. Ou, S. Environmentally friendly universal liquid detergent. CN108330014A, 2018. 
54. Song, X. ; Qu, Y. ; Li, H. Application of sophorolipid in medicine for resisting cervical 
carcinoma. CN101703514A, 2010. 

124 

http://www.proptera.com/horticulture/zonix-horticulture
https://mayluclean.com


55. Song, X. ; Qu, Y. ; Shao, L. New formulations of sophorolipid for antibiotic uses. 
CN101019875A, 2007. 
56. Prabhune, A. A. ; More, S. V. ; Agawane, S. B. A novel pharmaceutical wound healing 
composition comprising silk sericin and sophorolipid. WO2017051433A 1, 2017. 
57. Allef, P. ; Hartung, C.; Schilling, M. Aqueous hair and skin cleaning compositions 
comprising biosurfactants. DE 102011090030Al , 2013. 
58. Ryu, M. ; Igarashi, K. ; Hirata, Y. ; Kihara, K. ; Furuta, T. Cosmetics containing Siraitia 
grosvenori fruit extract and sophorolipid. JP2007106733A, 2007. 
59. Sieverding, E. Increasing agricultural crop yields by sophorolipids. WO2015172964Al , 
2015. 
60. Sen, S. ; Borah, S. N. ; Deka, S. ; Bora, A. , Production, characterization, and antifungal 
activity ofa biosurfactant produced by Rhodotorula babjevae YS3. Microbial Cell Factories 2017, 
16(1), 95. 
61. Ozdener, M. H.; Ashby, R. D. ; Jyotaki, M.; Elkaddi, N. ; Spielman, A. I. ; Bachmanov, A. 
A. ; Solaiman, D. K. Y. , Sophorolipid biosurfactants activate taste receptor type 1 member 3-
mediated taste responses and block responses to bitter taste in vitro and in vivo. Journal of 
Surfactants and Detergents 2019, 22 (3), 441-449. 
62. Maget-Dana, R. ; Ptak, M. , Interfacial properties of surfactin. Journal of colloid and 
interface science 1992, 153 (1), 285-291. 
63. He, Z. ; Zeng, W. ; Zhu, X. ; Zhao, H. ; Lu, Y. ; Lu, Z. , Influence of surfactin on physical and 
oxidative stability of microemulsions with docosahexaenoic acid. Colloids and Surfaces B: 
Biointerfaces 2017, 151 , 232-239. 
64. Heerklotz, H. ; Seelig, J. , Detergent-like action of the antibiotic peptide surfactin on lipid 
membranes. Biophysical Journal 2001, 81 (3), 1547-1554. 
65. Marti, M. E. ; Colonna, W. J. ; Patra, P. ; Zhang, H. ; Green, C.; Reznik, G. ; Pynn, M. ; Jarrell, 
K. ; Nyman, J. A. ; Somasundaran, P. ; Glatz, C. E. ; Lamsal, B. P. , Production and characterization 
of microbial biosurfactants for potential use in oil-spill remediation. Enzyme and Microbial 
Technology 2014, 55, 31-39. 
66. Le Guenic, S. ; Chaveriat, L. ; Lequart, V. ; Joly, N. ; Martin, P. , Renewable surfactants for 
biochemical applications and nanotechnology. Journal ofSurfactants and Detergents 2019, 22 (1), 
5-21. 
67. Romsted, L. S. , Surfactant science and technology: Retrospects and prospects. CRC Press: 
2014. 
68. Isa, M. H. M. ; Coraglia, D. E. ; Frazier, R. A. ; Jauregi, P. , Recovery and purification of 
surfactin from fermentation broth by a two-step ultrafiltration process. Journal of Membrane 
Science 2007, 296 (1), 51-57. 
69. Fujita, N. ; Tsumura, A. Hair cosmetics containing surfactin and silicone compound. 
JP2019064932A, 2019. 
70. Lu, J.-K. ; Wang, H.-M. ; Xu, X.-R. Applications of surfactin in cosmetic products. 
US20160030322Al , 2016. 
71. Kobayashi, D.; Hirayama, T. ; Kiyotaki, M. ; Miyamoto, K. ; Kitahara, J. ; Nakata, S. Skin 
cleansers containing surfactins and optionally acylisethionic acids. JP2004149446A, 2004. 
72. Zhang, D.; Sun, Y. ; Sun, H. ; Pei, Y. ; Nie, Y. ; Hu, L. Sunscreen cosmetic composition 
containing surfactin and sodium dodecyl sulfate. CN109589274A, 2019. 
73. Farmer, S.; Alibek, K. ; Moldakozhayev, A. Organic food preservative compositions. 
WO2019133315Al , 2019. 

125 



74. Kim, Y. H. ; Park, S. Y. ; Lee, S. J. Cancer metastasis inhibitor containing surfactin. 
KR2013012855A, 2013. 
75. Yang, L. ; Sun, W. ; Deng, J. ; Chen, T. Foliage fertilizer containing natural high-activity 
sodium surfactin and its preparation method. CN105294325A, 2016. 
76. Singh, P. ; Patil, Y. ; Rale, V. , Biosurfactant production: emerging trends and promising 
strategies. Journal ofApplied Microbiology 2019, 126 (1 ), 2-13. 
77. Santos, D. K. F. ; Rufino, R. D. ; Luna, J.M. ; Santos, V. A. ; Sarubbo, L.A. , Biosurfactants: 
Multifunctional biomolecules of the 21st century. International Journal of Molecular Sciences 
2016, 17 (3), 401. 
78. Tsianou, M.; Fajalia, A. I. , Cyclodextrins and surfactants in aqueous solution above the 
critical micelle concentration: Where are the cyclodextrins located? Langmuir 2014, 30 (46), 
13754-13764. 
79. Fajalia, A. I.; Antoniou, E. ; Alexandridis, P. ; Tsianou, M. , Self-assembly of sodium bis(2-
ethylhexyl) sulfosuccinate in aqueous solutions: Modulation of micelle structure and interactions 
by cyclodextrins investigated by small-angle neutron scattering. Journal of Molecular Liquids 
2015,21~ 125-135. 
80. Alexandridis, P. ; Holzwarth, J. F. ; Hatton, T. A. , Thermodynamics of droplet clustering in 
percolating AOT water-in-oil microemulsions. Journal ofPhysical Chemistry 1995, 99 (20), 8222-
8232. 
81. Mariani, L. ; De Pascale, D.; Faraponova, O. ; Tomambe, A. ; Sarni, A. ; Giuliani, S.; 
Ruggiero, G. ; Onorati, F. ; Magaletti, E. , The use of a test battery in marine ecotoxicology: The 
acute toxicity of sodium dodecyl sulfate. Environmental Toxicology 2006, 21 (4), 373-379. 
82. Bhattacharjee, J. ; Verma, G. ; Aswal, V. K. ; Patravale, V. ; Hassan, P.A. , Microstructure, 
drug binding and cytotoxicity of Pluronic P123-aerosol OT mixed micelles. RSC Advances 2013, 
3 (45), 23080-23089. 
83. Athas, J. C.; Jun, K. ; McCafferty, C. ; Owoseni, O.; John, V. T. ; Raghavan, S. R. , An 
effective dispersant for oil spills based on food-grade amphiphiles. Langmuir 2014, 30 (31 ), 9285-
9294. 
84. Sarkar, B. ; Ravi, V. ; Alexandridis, P. , Micellization of amphiphilic block copolymers in 
binary and ternary solvent mixtures. Journal ofcolloid and interface science 2013, 390 (1), 137-
146. 
85. He, Z. ; Alexandridis, P. , Micellization thermodynamics ofPluronic P123 (EO20PO10EO20) 
amphiphilic block copolymer in aqueous ethylammonium nitrate (EAN) solutions. Polymers 2018, 
10(1), 32. 
86. Alexandridis, P. ; Nivaggioli, T. ; Hatton, T. A. , Temperature effects on structural properties 
of Pluronic P104 and F108 PEO-PPO-PEO block copolymer solutions. Langmuir 1995, 11 (5), 
1468-1476. 
87. Tavakkoli, M. ; Panuganti, S. R. ; Vargas, F. M. ; Taghikhani, V. ; Pishvaie, M. R. ; Chapman, 
W. G. , Asphaltene deposition in different depositing environments: Part 1. Model oil. Energy & 
Fuels 2013, 28 (3), 1617-1628. 
88. Ekholm, P. ; Blomberg, E. ; Claesson, P. ; Auflem, I. H. ; Sjoblom, J. ; Komfeldt, A. , A quartz 
crystal micro balance study of the adsorption of asphaltenes and resins onto a hydrophilic surface. 
Journal ofcolloid and interface science 2002, 247 (2), 342-350. 
89. Goual, L. ; Horvath-Szabo, G. ; Masliyah, J. H. ; Xu, Z. H. , Adsorption of bituminous 
components at oil/water interfaces investigated by quartz crystal microbalance: Implications to the 
stability of water-in-oil emulsions. Langmuir 2005, 21 (18), 8278-8289. 

126 



90. Plunkett, M. A. ; Claesson, P. M. ; Emstsson, M.; Rutland, M. W. , Comparison of the 
adsorption of different charge density polyelectrolytes: a quartz crystal microbalance and X-ray 
photoelectron spectroscopy study. Langmuir 2003, 19 (11 ), 4673-4681. 
91. Abudu, A. ; Goual, L. , Adsorption of crude oil on surfaces using quartz crystal 
microbalance with dissipation (QCM-D) under flow conditions. Energy & Fuels 2009, 23, 1237-
1248. 
92. Thavom, J. ; Hamon, J. J. ; Kitiyanan, B.; Striolo, A. ; Grady, B. P. , Competitive surfactant 
adsorption of AOT and Tween 20 on gold measured using a quartz crystal microbalance with 
dissipation. Langmuir 2014, 30 (37), 11031-11039. 
93. Liu, S. X. ; Kim, J.-T. , Application of Kevin-Voigt model in quantifying whey protein 
adsorption on polyethersulfone using QCM-D. Journal of the Association for Laboratory 
Automation 2009, 14 (4), 213-220. 
94. Knock, M. M.; Sanii, L. S. , Effect of hydrophobization of gold QCM-D crystals on 
surfactant adsorption at the solid-liquid interface. ACS Symposium Series 2010, 1070, 175-192. 
95. Cleaning & Immobilization Protocols. Q-Sense, Ed. 
96. Bagby, S. C. ; Reddy, C. M. ; Aeppli, C.; Fisher, G. B. ; Valentine, D. L. , Persistence and 
biodegradation ofoil at the ocean floor following Deepwater Horizon. Proceedings ofthe National 
Academy ofSciences 2017, 114 (1), E9-E18. 
97. Ozdemir, G. ; Peker, S.; Helvaci, S.S. , Effect of pH on the surface and interfacial behavior 
of rhamnolipids Rl and R2. Colloids and Surfaces A: Physicochemical and Engineering Asp ects 
2004, 234 (1), 135-143. 
98. Singh, A. K. ; Cameotra, S.S. , Rhamnolipids production by multi-metal-resistant and plant
growth-promoting rhizobacteria. Applied Biochemistry and Biotechnology 2013, 170 (5), 1038-
1056. 
99. Guo, Y.-P. ; Hu, Y.-Y. , Solubilization of moderately hydrophobic 17a-ethinylestradiol by 
mono- and di-rhamnolipid solutions. Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 2014, 445, 12-20. 
100. Klosowska-Chomiczewska, I. E. ; M~drzycka, K. ; Ballmann, E. ; Karpenko, E. ; 
Pokynbroda, T. ; Macierzanka, A. ; Jungnickel, C. , Rhamnolipid CMC prediction. Journal of 
colloid and interface science 2017, 488, 10-19. 
101. Benincasa, M. ; Abalos, A. ; Oliveira, I. ; Manresa, A. , Chemical structure, surface properties 
and biological activities of the biosurfactant produced by Pseudomonas aeruginosa LBI from 
soapstock. Antonie van Leeuwenhoek 2004, 85 (1), 1-8. 
102. Wei, Y.-H. ; Chou, C.-L.; Chang, J.-S. , Rhamnolipid production by indigenous 
Pseudomonas aeruginosa J4 originating from petrochemical wastewater. Biochemical Engineering 
Journal 2005, 27 (2), 146-154. 
103. Rodrigues, A. I. ; Gudina, E. J. ; Teixeira, J. A. ; Rodrigues, L. R. , Sodium chloride effect 
on the aggregation behaviour ofrhamnolipids and their antifungal activity. Scientific Reports 2017, 
7 (1), 12907. 
104. Lebron-Paler, A. ; Pemberton, J. E. ; Becker, B. A. ; Otto, W. H.; Larive, C. K. ; Maier, R. 
M. , Determination of the acid dissociation constant of the biosurfactant monorhamnolipid in 
aqueous solution by potentiometric and spectroscopic methods. Analytical Chemistry 2006, 78 
(22), 7649-7658. 
105. Abbasi, H. ; Noghabi, K. A. ; Hamedi, M. M. ; Zahiri, H. S. ; Moosavi-Movahedi, A. A. ; 
Amanlou, M. ; Teruel, J. A. ; Ortiz, A. , Physicochemical characterization of a monorhamnolipid 

127 



secreted by Pseudomonas aeruginosa MAO 1 in aqueous media. An experimental and molecular 
dynamics study. Colloids and Surfaces B: Biointerfaces 2013, 101 , 256-265. 
106. Yutaka, I. ; Yasuo, G.; Hitoshi, N. ; Muneo, Y. ; Hisae, N .; Toshio, K. , The pH-sensitive 
conversion of molecular aggregates of rhamnolipid biosurfactant. Chemistry Letters 1987, 16 (5), 
763-766. 
107. Ikizler, B.; Arslan, G.; Kipcak, E.; Dirik, C. ; Celenk, D.; Aktuglu, T. ; Helvaci, S.S .; Peker, 
S. , Surface adsorption and spontaneous aggregation ofrhamnolipid mixtures in aqueous solutions. 
Colloids and Surfaces A: Physicochemical and Engineering Aspects 2017, 519, 125-136. 
108. Dey, J.; Bhattacharjee, J. ; Hassan, P.A.; Aswal, V. K.; Das, S.; Ismail, K. , Micellar shape 
driven counterion binding. Small-angle neutron scattering study of AOT micelle. Langmuir 2010, 
26 (20), 15802-15806. 
109. Helvac1, S- S.; Peker, S.; Ozdemir, G., Effect of electrolytes on the surface behavior of 
rhamnolipids Rl and R2 . Colloids and Surfaces B: Biointerfaces 2004, 35 (3-4), 225-233. 
110. Hirata, Y. ; Ryu, M. ; Igarashi, K. ; Nagatsuka, A. ; Furuta, T. ; Kanaya, S.; Sugiura, M., 
Natural synergism of acid and lactone type mixed sophorolipids in interfacial activities and 
cytotoxicities. Journal ofOleo Science 2009, 58 (11), 565-572. 
111. Ashby, R. D.; Solaiman, D. K. Y.; Foglia, T. A. , Property control of sophorolipids: 
influence of fatty acid substrate and blending. Biotechnology Letters 2008, 30 (6), 1093-1100. 
112. Nguyen, T.; Sabatini, D. , Characterization and emulsification properties of rhamnolipid 
and sophorolipid biosurfactants and their applications. International Journal of Molecular 
Sciences 2011, 12 (2), 1232-1244. 
113 . Li, Y. ; Ye, R.-Q.; Mu, B.-Z., Influence of sodium ions on micelles of surfactin-C16 in 
solution. Journal ofSurfactants and Detergents 2009, 12 (1 ), 31-36. 
114. Perez-Rodriguez, M.; Prieto, G. ; Rega, C.; Varela, L. M.; Sarmiento, F.; Mosquera, V. , A 
comparative study of the determination of the critical micelle concentration by conductivity and 
dielectric constant measurements. Langmuir 1998, 14 (16), 4422-4426. 
115 . Grillo, I. ; Penfold, J., Self-assembly of mixed anionic and nonionic surfactants in aqueous 
solution. Langmuir 2011, 27 (12), 7453-7463. 
116. Welboum, R. J. L. ; Lee, S. Y. ; Gutfreund, P.; Hughes, A. ; Zarbakhsh, A.; Clarke, S. M., 
Neutron reflection study of the adsorption of the phosphate surfactant NaDEHP onto alumina from 
water. Langmuir 2015, 31 (11), 3377-3384. 
117. Nourani, M.; Tichelkamp, T. ; Gawel, B.; 0ye, G., Method for determining the amount of 
crude oil desorbed from silica and aluminosilica surfaces upon exposure to combined low-salinity 
water and surfactant solutions. Energy & Fuels 2014, 28 (3), 1884-1889. 
118. Kele~oglu, S.; Volden, S.; Kes, M.; Sjoblom, J., Adsorption of naphthenic acids onto 
mineral surfaces studied by quartz crystal microbalance with dissipation monitoring (QCM-D). 
Energy & Fuels 2012, 26 (8), 5060-5068. 
119. Weckman, N . E. ; Olsson, A. L. J.; Tufenkji, N. , Evaluating the binding of selected 
biomolecules to cranberry derived proanthocyanidins using the Quartz Crystal Microbalance. 
Biomacromolecules 2014, 15 (4), 1375-1381. 
120. Liu, X. ; Vesterinen, A.-H.; Genzer, J. ; Seppala, J. V.; Rojas, 0 . J., Adsorption of PEO
PPO-PEO triblock copolymers with end-capped cationic chains of poly(2-dimethylaminoethyl 
methacrylate) . Langmuir 2011, 27 (16), 9769-9780. 
121 . Zhang, R. ; Somasundaran, P., Advances in adsorption of surfactants and their mixtures at 
solid/solution interfaces. Advances in Colloid and Interface Science 2006, 123, 213-229. 

128 



122. Nevskaia, D. M. ; Guerrero-Ruiz, A. ; de D. Lopez-Gonzalez, J. , Adsorption of 
polyoxyethylenic nonionic and anionic surfactants from aqueous solution: Effects induced by the 
addition of NaCl and CaCb. Journal ofcolloid and interface science 1998, 205 (1), 97-105 . 
123 . Grzadka, E.; Wisniewska, M.; Gun'ko, V. M.; Zarko, V. I. , Adsorption, electrokinetic and 
stabilizing properties of the guar gum/surfactant/alumina system. Journal of Surfactants and 
Detergents 2015, 18 (3), 445-453 . 
124. Raichur, A. M., Dispersion ofcolloidal alumina using a rhamnolipid biosurfactant. Journal 
ofDispersion Science and Technology 2007, 28 (8), 1272-1277. 
125 . Soltani, D.S.; Kohl, J.; Ju, L.-K. , Rhamnolipid adsorption in soil: Factors, unique features , 
and considerations for use as green antizoosporic agents . Journal of Agricultural and Food 
Chemistry 2016, 64 (17), 3330-3337. 
126. Renfro, T. D.; Xie, W.; Yang, G.; Chen, G., Rhamnolipid surface thermodynamic 
properties and transport in agricultural soil. Colloids and Surfaces B: Biointerfaces 2014, 115, 
317-22. 
127. Peyre, J.; Hamraoui, A. ; Faustini, M.; Humblot, V.; Baccile, N ., Surface-induced assembly 
ofsophorolipids. Physical Chemistry Chemical Physics 2017, 19 (23), 15227-15238. 
128. Valotteau, C.; Banat, I. M.; Mitchell, C. A. ; Lydon, H.; Marchant, R. ; Babonneau, F.; 
Pradier, C.-M.; Baccile, N .; Humblot, V. , Antibacterial properties of sophorolipid-modified gold 
surfaces against Gram positive and Gram negative pathogens. Colloids and Surfaces B: 
Biointerfaces 2017, 157, 325-334. 
129. Zhang, L. ; Somasundaran, P.; Singh, S. K. ; Felse, A. P.; Gross, R. , Synthesis and interfacial 
properties ofsophorolipid derivatives . Colloids and Surfaces A: Physicochemical and Engineering 
Aspects 2004, 240 (1-3), 75-82. 
130. Shen, H.-H.; Thomas, R. K. ; Chen, C.-Y. ; Darton, R. C.; Baker, S. C.; Penfold, J., 
Aggregation of the naturally occurring lipopeptide, surfactin, at interfaces and in solution: An 
unusual type of surfactant? Langmuir 2009, 25 (7), 4211-4218 . 
131. Gallet, X.; Deleu, M.; Razafindralambo, H.; Jacques, P.; Thonart, P. ; Paquot, M.; Brasseur, 
R., Computer simulation of surfactin conformation at a hydrophobic/hydrophilic interface. 
Langmuir 1999, 15 (7), 2409-2413 . 
132. Jang, S. S.; Goddard, W. A. , Structures and properties ofnewton black films characterized 
using molecular dynamics simulations. Journal of Physical Chemistry B 2006, 1JO (15), 7992-
8001. 
133 . Shen, H.-H.; Thomas, R. K. ; Taylor, P., The location of the biosurfactant surfactin in 
phospholipid bilayers supported on silica using Neutron Reflectometry. Langmuir 2010, 26 (1), 
320-327. 
134. Onaizi, S. A. ; Nasser, M. S.; Al-Lagtah, N . M. A. , Self-assembly of a surfactin nanolayer 
at solid-liquid and air-liquid interfaces. European Biophysics Journal 2016, 45 (4), 331-339. 
135 . Osman, M.; Ishigami, Y. ; Ishikawa, K. ; Ishizuka, Y. ; Holmsen, H., Dynamic transition of 
a-helix to ~-sheet structure in linear surfactin correlating to critical micelle concentration. 
Biotechnology Letters 1994, 16 (9), 913-918 . 
136. Li, Y. ; Zou, A.-H.; Ye, R.-Q.; Mu, B.-Z., Counterion-induced changes to the micellization 
of surfactin-C16 aqueous solution. Journal ofPhysical Chemistry B 2009, 113 (46), 15272-15277. 
137. Osman, M.; H0iland, H.; Holmsen, H.; Ishigami, Y. , Tuning micelles of a bioactive 
heptapeptide biosurfactant via extrinsically induced conformational transition of surfactin 
assembly. Journal ofPeptide Science 1998, 4 (7), 449-458 . 

129 



138. Ishigami, Y.; Osman, M. ; Nakahara, H. ; Sano, Y. ; Ishiguro, R. ; Matsumoto, M. , 
Significance of ~-sheet formation for micellization and surface adsorption of surfactin. Colloids 
and Surfaces B: Biointerfaces 1995, 4 (6), 341-348. 
139. Shen, H.-H.; Lin, T.-W. ; Thomas, R. K. ; Taylor, D. J. F.; Penfold, J. , Surfactin structures 
at interfaces and in solution: The effect of pH and cations. Journal ofPhysical Chemistry B 2011, 
115 (15), 4427-4435. 
140. Hellsing, M. S.; Rennie, A. R.; Hughes, A. V., Effect of concentration and addition of ions 
on the adsorption of Aerosol-OT to sapphire. Langmuir 2010, 26 (18), 14567-14573. 
141. Ma, K.; Cui, L. ; Dong, Y.; Wang, T. ; Da, C. ; Hirasaki, G. J. ; Biswal, S. L. , Adsorption of 
cationic and anionic surfactants on natural and synthetic carbonate materials . Journal of colloid 
and interface science 2013, 408, 164-172. 
142. Kim, H.-S .; Kim, Y.-B.; Lee, B.-S. ; Kim, E.-K. , Sophorolipid production by Candida 
bombicola ATCC 22214 from a com-oil processing byproduct. Journal of Microbiology and 
Biotechnology 2005, 15 (1), 55-58. 
143 . Daverey, A.; Pakshirajan, K. , Production, characterization, and properties of sophorolipids 
from the yeast candida bombicola using a low-cost fermentative medium. Applied Biochemistry 
and Biotechnology 2009, 158 (3), 663-674. 
144. Song, D.; Li, Y.; Liang, S. ; Wang, J., Micelle behaviors ofsophorolipid/rhamnolipid binary 
mixed biosurfactant systems. Colloids and Surfaces A: Physicochemical and Engineering Aspects 
2013, 436, 201-206. 
145 . Daverey, A. ; Pakshirajan, K. ; Sumalatha, S., Sophorolipids production by Candida 
bombicola using dairy industry wastewater. Clean Technologies and Environmental Policy 2011, 
13 (3), 481-488. 
146. Cooper, D. G. ; Paddock, D. A. , Production of a biosurfactant from Torulopsis bombicola. 
Applied and Environmental Microbiology 1984, 47 (1), 173-176. 
147. Solaiman, D. K. Y. ; Ashby, R. D.; Nufiez, A.; Foglia, T. A. , Production of sophorolipids 
by Candida bombicola grown on soy molasses as substrate. Biotechnology Letters 2004, 26 (15), 
1241-1245. 
148. Kurozuka, A.; Onishi, S.; Nagano, T.; Yamaguchi, K. ; Suzuki, T. ; Minami, H., Emulsion 
polymerization with a biosurfactant. Langmuir 2017, 33 (23), 5814-5818. 
149. Abdel-Mawgoud, A. M.; Aboulwafa, M. M.; Hassouna, N. A.-H., Characterization of 
surfactin produced by Bacillus subtilis isolate BS5 . Applied Biochemistry and Biotechnology 2008, 
150 (3), 289-303 . 
150. Sen, R.; Swaminathan, T. , Characterization of concentration and purification parameters 
and operating conditions for the small-scale recovery of surfactin. Process Biochemistry 2005, 40 
(9), 2953-2958. 
151 . Thim on, L. ; Peypoux, F.; Michel, G., Interactions ofsurfactin, a biosurfactant fromBacillus 
subtilis, with inorganic cations. Biotechnology Letters 1992, 14 (8), 713-718. 
152. Whang, L.-M.; Liu, P.-W. G.; Ma, C.-C.; Cheng, S.-S. , Application of biosurfactants, 
rhamnolipid, and surfactin, for enhanced biodegradation of diesel-contaminated water and soil. 
Journal ofHazardous Materials 2008, 151 (1), 155-163. 
153 . Moran, A. C.; Olivera, N.; Commendatore, M.; Esteves, J. L. ; Sifieriz, F., Enhancement of 
hydrocarbon waste biodegradation by addition of a biosurfactant from Bacillus subtilis 09. 
Biodegradation 2000, 11 (1), 65-71. 
154. Liu, X.; Ren, B. ; Chen, M.; Wang, H.; Kokare, C. R. ; Zhou, X.; Wang, J. ; Dai, H. ; Song, 
F.; Liu, M.; Wang, J. ; Wang, S. ; Zhang, L. , Production and characterization of a group of 

130 



bioemulsifiers from the marine Bacillus velezensis strain H3. Applied Microbiology and 
Biotechnology 2010, 87 (5), 1881-1893. 

131 



4. Block Copolymer Micelle Structure Modulated by Ionic Liquids3 

Abstract 

The very low volatility and high thermal and chemical stability that many ionic liquids (ILs) 

exhibit render them promising as solvents or additives in diverse applications. We are interested 

in the self-assembly properties in ionic liquids of block polymers, in particular those of the 

poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) family, 

commercially available as Poloxamers or Pluronics. We consider here aqueous solutions of a 

relatively hydrophobic PEO-PPO-PEO block copolymer (Pluronic P123 , E020P010E020) with the 

representative ionic liquids ethylammonium nitrate (EAN) (protic IL) or 1-butyl-3-

methylimidazolium tetrafluoroborate (BmimBF4) (aprotic IL). We further compare the effects of 

ionic liquid electrolytes to those of classic electrolytes, ammonium nitrate (NH4NQ3). We report 

on the block copolymer micelle structure obtained from small-angle neutron scattering (SANS), 

and discuss the observed IL effects in the context of the underlying intermolecular interactions. 

3 Zhiqi He (PhD, University at Buffalo, 2017) has contributed to the introduction and discussion of the results of this 
chapter. 
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4.1 Introduction 

Block copolymers consisting of two or more continuous polymer "blocks", when in the presence 

of a solvent selective to one block, tend to intra-molecularly segregate and self-assemble into 

micelles or ordered (lyotropic liquid crystalline, LLC) structures, depending on the degree ofblock 

segregation, solvent selectivity and solvent content. 1 Block copolymers have been used as model 

systems for fundamental studies associated with understanding the phase behavior, structure and 

molecular interactions during self-assembly.2
-
3 The nanoscale organization afforded by block 

copolymers can benefit a wide range of applications, from drug delivery carriers4
-
5 to templates 

for semiconductor processing. 6 

Poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) block 

polymers are commercially available under the names Pluronics or Poloxamers in a variety of 

molecular weights, block lengths, and PEO/PPO ratios. 7 As a selective solvent for PEO, water 

molecules form hydrogen bonds predominantly with PEO blocks, which leads to PEO-PPO-PEO 

block copolymer self-assembly in aqueous media into various structures including micelles and 

10LLCs.8
- It is notable that the self-assembly of PEO-PPO-PEO block copolymers in water is 

driven by entropy, 11 suggesting that the solvent (water) molecule interactions play an important 

role during this process; whereas the self-assembly of hydrocarbon block copolymers in organic 

solvents is typically enthalpy driven, indicating a more important role of interactions between 

polymer blocks. 12 The micelles formed by PEO-PPO-PEO block copolymer in water have a 

hydrophobic PPO-rich core and a hydrophilic PEO-rich shell, and the structure of micelle is 

14affected by the different composition and length of the PEO and PPO blocks; 13
- as well as by 

temperature and the presence of additives. 15
-
16 Higher temperature enhances the segregation 

between PEO and PPO in water and, as a result, lowers the onset of self-assembly, i.e. critical 
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micelle concentration (CMC). 17 The addition to water of electrolytes, polar organic solutes or 

solvents alters the solvent properties, and modulates the CMC as well as the micelle structure.18-23 

Various LLC structures can be formed by PEO-PPO-PEO block copolymer in aqueous solution, 

including lamellar, hexagonal, micellar cubic, bicontinuous cubic, depending on the PEO/PPO 

block ratio and polymer content.1· 24 PEO-PPO-PEO block copolymer have been applied in areas 

like viscosity modification,25 surface modification,26 emulsions,27 dispersions,28 composites,29 

materials synthesis30-31 and drug delivery. s, 32 

Ionic liquids (ILs) are molten salts with melting point below 100 °C, typically comprised by 

organic cations and inorganic anions.33 Ionic liquids can be divided into two subsets based on 

proton availability: protic ionic liquids can donate available proton(s) on their cations to form 

hydrogen bonds (e.g. , ethylammonium nitrate (EAN), (C2Hs)NH3+·NOf);34 the rest are classified 

as aprotic ionic liquids (e.g. , 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4)). The 

interactions within ionic liquids involve hydrogen bonding, Coulombic (electrostatic), van der 

Waals inductive and dispersion interactions, etc. , which work in tandem to form highly hydrogen

bonded ionic liquid networks with polar and nonpolar nanodomains.35-36 With unique properties 

such as negligible vapor pressure, good thermal stability, high ionic conductivity, broad 

electrochemical potential windows, good solubility, and high synthetic flexibility,37 ionic liquids 

are under active investigation for applications38 in batteries,39 separations,40 drug delivery41 and 

biomass processing. 42-43 

Block copolymer and ionic liquid mixtures can form solid/gel matrices depending on their 

intermolecular interactions.4445 By adding block copolymer into IL, the ILs can be solidified while 

retaining the liquid state properties.46 For example, ionogels, which involve a three-dimensional 

interconnected network structure of block polymer percolated throughout ionic liquid,45 can be 
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applied in batteries due to their good ionic conductivity while maintaining solid-like rheological 

response.47-48 Other applications include membranes in electrochemical devices operating in 

aqueous electrolytes49 or alternative electrolytes for lithium batteries.50 

PEO-PPO-PEO block copolymers can self-assemble in neat ionic liquids into micelles and ordered 

structures, similar to that in water. 51-54 The driving force of PEO-PPO-PEO self-assembly in ILs 

is analogous to that in water, but with relatively weaker solvophobic effect resulting from the 

weaker solubility difference between PEO and PPO blocks in ILs. 55 Similar to what happens in 

water, homopolymer PEO can dissolve in EAN due to the intermolecular hydrogen bonding 

network that EAN forms. EAN is a less good solvent for PEO compared to water, as indicated by 

a more contracted conformation (8 .1 nm radius of gyration for 38 kDa PEO) compared to that in 

water (9 .6 nm).56 Studies have been conducted on PEO-PPO-PEO self-assembly in EAN in terms 

of the thermodynamics and structure.57-58 In EAN Pluronic P123 (EO20PO10EO20) formed micelles 

with core radius similar to these in water, but with thinner shell (- 15% decrease in micelle shell 

thickness with 5 wt.% P123).58 SANS studies in 1-alkyl-3-methylimidazolium-based ILs showed 

that the coil dimensions of PEO increase with increasing cation alkyl side-chain length and 

decreasing anion basicity, due to the improvement in solvent quality resulting from the affinity 

between carbon chains. Compared to water, BmimBF4 is a less good solvent for PEO, given that 

the infinite dilution radius of gyration of PEO (30 kg/mol) is 58 A in BmimBF4, compared to that 

of 87 A in water. 59 The surface tension curve of PEO-PPO-PEO micellization in BmimBF4 was 

found similar to that in aqueous solutions. The micellization was enhanced by increasing 

temperature (entropy driven) .60 

The addition of molecular solvents, e.g. water, will significantly change the properties of ionic 

liquids, including improvements on viscosity and biocompatibility, enhancement of the ionic 
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conductivities, and lowering the cost of the IL solvent.34 , 61-62 Mixtures of ionic liquids and 

molecular solvents exhibit nanoscale heterogeneous structure, which varies with the mixture 

content. As EAN is fully miscible with water, the physicochemical prosperities ofEAN and water 

mixtures have been well studied.63-64 Another representative ionic liquid, BmimBF4, is partially 

miscible with water, exhibits an amphiphilic character and tends to locate at the water-air 

interface.65-66 The less hydrophilic character of BmimBF4 compared to EAN renders it good 

solvent for (nonpolar) hydrocarbons such as PPO. 

The thermodynamics of PEO-PPO-PEO block copolymer self-assembly in ionic liquid aqueous 

solutions have been explored in our recent studies.67-68 Pluronic P123 (EO20PO70EO20) is used as 

representative block copolymer in our studies. It is relatively hydrophobic but still fully miscible 

69 57 67 68with water, and has been well studied in water11 , -70 and in neat ionic liquids. 54, , - Pluronic 

P123 is also of interest in the synthesis ofordered mesoporous materials including the SBA family, 

whose morphology is closely relate to micelle size and shape. 70 Ionic liquids play the role of salt 

additive or cosolvent and promote or hinder PEO-PPO-PEO micellization in aqueous solutions.68' 

71 The observed effects of protic and aprotic ILs on PEO-PPO-PEO micellization in terms of 

altering the CMC and micellization enthalpy lie in their unique molecular structures and therefore 

the intermolecular interactions. The PEO-PPO-PEO micellization enthalpy exhibited an 

interesting transition as the IL concentration increased in the aqueous solution.68 The fact that 

micellization entropy increase and enthalpy decrease during PEO-PPO-PEO micellization in water 

with the addition ofprotic IL, while the micellization enthalpy increase with the addition ofaprotic 

IL, indicated possible micelle structure alteration, yet direct evidence has been lacking. The 

elucidation of PEO-PPO-PEO block copolymer micelle structure in IL and water mixtures is 

imperative to better understand the role of ILs in amphiphilic self-assembly. 
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We conduct this study to determine the micelle structure, and use this to further probe the 

intermolecular interactions between PEO-PPO-PEO block copolymers and ILs in aqueous systems. 

The effects on PEO-PPO-PEO self-assembly between protic and aprotic ILs with classic salt are 

compared, as well as the temperature effects. Small-angle neutron scattering (SANS)72
-
74 is an 

appropriate characterization method for block copolymer micelle structure in selective solvents. 

The large difference in scattering length between hydrogen and deuterium offers a convenient way 

in neutron scattering experiments to alter the contrast without changing the micelle structure. 75 

SANS has been widely utilized to determine the shape and size of PEO-PPO-PEO micelles in 

solution. 54,71, 75-81 

In what follows, we first use the case of the plain D20 solvent to ascertain the proper structure 

model used for fitting SANS intensity from Pluronic P 123 micelles, and to discuss the values of 

micelle parameters. The main discussion assesses the effects ofEAN, BmimBF4 and NH4NQ3 on 

the PEO-PPO-PEO micelle structure. The co-solvent/co-solute effects are compared with 

temperature effects in terms of micelle structure parameters and further exploration of their 

possible molecular origin. To our best knowledge this is the first report on PEO-PPO-PEO micelle 

structure in IL-water mixtures. 

4.2 Materials and Methods 

Materials. Pluronic P123 poly( ethylene oxide )-poly(propylene oxide )-poly( ethylene oxide) 

(PEO-PPO-PEO) block copolymer (BASF Corp., Vandalia, Illinois) was used as received. On the 

basis of the molecular weight and composition reported by the manufacturer, Pluronic P123 can 

be denoted as E020P070E020. Ethylammonium nitrate (EAN) (C2H5NH3NQ3, 97%, Iolitech, 

Tuscaloosa, Alabama) and 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4) 
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(CsH1sBF4N2, 97%, Sigma-Aldrich, St. Louis, Missouri) were stored in a desiccator before use. 

Ammonium nitrate (NH4NQ3, 98%, Fisher Chemical Company, Fair Lawn, New Jersey) was used 

as received. All solutions m this study were prepared with D2O (99.9%, 

Cambridge Isotope Laboratories, Andover, Massachusetts). 

Design of experiments. Having a large fraction of PPO (70 %), Pluronic P123 is a relatively 

hydrophobic PEO-PPO-PEO block copolymer, and has relatively low CMC in water (0.3 mM at 

20 °C), which is sensitive to changes in temperature. 11 Pluronic P 123 finds a number of practical 

applications, e.g., in pharmaceutics,82 and is often formulated together with other amphiphiles5 

and/ or small molecules,69 including ionic liquids.54· 67-68 On the basis of the above, Pluronic P123 

has been selected as the "model" amphiphile for this investigation. The selected Pluonic P123 

concentration ( 5 wt.% in aqueous solution) is relatively high so that block copolymer micelles are 

well-formed under the conditions of this investigation. 

The widely used protic ionic liquid ethylammonium nitrate (EAN) is selected here for study and 

compared to a classic salt having a similar chemical structure, ammonium nitrate (NH4NQ3), in 

order to elucidate the effect of ionic liquids on the structure of PEO-PPO-PEO block copolymer 

micelles.68 1-butyl-3-methylimidazolium tetrafluoroborate (BmimBF4) is selected as a 

representative aprotic ionic liquid to compare with EAN in terms of the ionic liquid type influence 

on the structure of PEO-PPO-PEO block copolymer micelles.68 

The concentration ranges considered here, EAN (0-2 M), NH4NQ3 (0-2 M), and BmimBF4 (0-1 

M), are selected to be completely miscible with water. EAN has been found similar to NH4NQ3 in 

promoting PEO-PPO-PEO micellization in water, and both EAN and NH4NQ3 lower the 

micellization enthalpy and increase the micellization entropy at 2 M concentration, whereas 
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BmimBF4 was found to exhibit opposite effects to those ofEAN.68 The self-assembly in water of 

PEO-PPO-PEO block copolymers is well known to be sensitive to temperature. 11 
• 

83 The 

temperature range we selected here is 20-60 °C. The lowest temperature 20 °C is well above the 

C. 11critical micellization temperature (CMT) for 5 ¾w/v P123 , which is 12.5 ° The highest 

temperature examined here is reported to be the "stability limit" of Pluronic P123 in water ( at 

which "the pure P123 micelles undergo a shape transition from spherical to rodlike"). 84 

Sample preparation. To prepare the aqueous solutions, a specified mass of ionic liquid or 

NH4NQ3 was mixed with D2O in a graduated cylinder to obtain a specific total volume of sample. 

The solid Pluronic P123 was mixed by mass with 2 MEAN, 2 M NH4NQ3, or 1 M BmimBF4D2O 

solutions in order to prepare 5 wt.% Pluronic P123 in 2 MEAN, 2 M NH4NQ3, or 1 M BmimBF4 

D2O solutions, respectively. To obtain Pluronic P123 in 1 M EAN, 1 M NH4NQ3, or 0.5 M 

BmimBF4 D2O solutions, 5 wt.% Pluronic P123 in 2 MEAN, 2 M NH4NQ3, or 1 M BmimBF4 

solution was mixed respectively, at a 1: 1 volume ratio with 5 wt.% Pluronic P123 in D2O solution. 

All samples were rotated for at least 8 hrs at room temperature to ensure equilibration prior to 

measurement. 

Small-Angle Neutron Scattering (SANS). The SANS measurements were carried out at the 

National Institute of Standards and Technology (NIST) in Gaithersburg, MD. The 30 m SANS 

spectrometer (NGB30) was used. Neutrons with wavelength of 6 A and wavelength spread (/111/ )...) 

of 12 % were focused on the sample solutions. The samples were kept in 2-mm path length quartz 

cells. The samples were equilibrated for at least 2 hrs at the specified temperature 20, 40 and 60 °C. 

Scattering data of pure D2O were collected under the same condition at 25 ± 0.01 °C. Data at 

sample-to-detector distances (SDD) of 1, 4, and 13 m were collected for each sample, in order to 
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cover the wave-vector (q) range 0.001 A-1 < q < 0.48 A-1
. For each measurement, the beam time 

was in the range 180-1800 s. PEO-PPO-PEO block copolymer micelles are strong scatterers. 

The two-dimensional scattering data were corrected for the scattering from background and empty 

cell, and were then reduced to one-dimensional absolute intensity scaling. 85 The one-dimensional 

absolute intensity data from the block copolymer solutions were corrected for the incoherent 

scattering of the corresponding solvent using the data reduction program provided by NIST85 in 

IGOR PRO. 

All the solvent subtractions were based on the volume fraction of the solvent in the sample, i.e. , 

I(q)(solvent) x (1-vol%P123). Scattering intensity data of pure D2O, 2 M EAN in D2O, 2 M 

NH4NQ3 in D2O, and 1 M BmimBF4 in D2O solutions were collected at NIST. The absolute 

intensities of 1 MEAN in D2O, 1 M NH4NQ3 in D2O, and 0.5 M BmimBF4 in D2O solutions were 

calculated based on the absolute intensities of 2 MEAN in D2O, 2 M NH4NQ3 in D2O, and 1 M 

BmimBF 4 in D2O samples, and Pluronic P 123 in 2 M EAN in D2O, Pluronic P 123 in 2 M NH4NQ3 

in D2O, and Pluronic P123 in 1 M BmimBF4 in D2O samples, respectively. 

As an example of the above calculation, let us consider 1 M EAN D2O solution. In 2 M EAN D2O 

solution: 

I(q)(2 M EAN)=I(q)(EAN)xvol%(EAN)+I(q)(D2O)xvol%(D2O) 

Since I(q)(2 MEAN) and I(q)(D2O) are known, I(q)(EAN) can be obtained. Then I(q)(l MEAN) 

can be calculated according to its volume composition (Table 4.1). 

The volume fractions were calculated based on the additivity rule. The density of the ionic liquid 

(EAN or BmimBF4) dissolved in water is assumed here to be the same as the density of the neat 

ionic liquid ( available from the manufacturer). The density used for Pluronic P 123 is also from the 
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manufacturer. For NH4NQ3, which is a crystalline solid in its neat form, its density in D2O was 

estimated from data available for the density ofNH4NQ3 solutions in H2O.86 The density of 2 M 

NH4NQ3 in D2O solution used here is 1.16 g/cm3. All the density and M.W. values of interest to 

this study are summarized in Table 4.2. 

4.3 SANS Data Analysis 

The SANS intensity data were analyzed with the help of the software Sas View provided by NIST. 

The description for the various form and structure factor models that we utilized, the calculation 

of the fitting parameter values, as well as certain constrains imposed on fitting parameters are 

presented here. 

Unimers 

The CMC value ofPluronic P123 in 1 M BmimBF4 aqueous solution at 23 °C is around 10 wt.% 68 

(Table 4.3), much higher than the Pluronic P123 concentration that we studied here (5 wt.%), 

therefore, the experimental data for 5 wt.% P123 in D2O+ 1 M BmimBF4 system at 20 °C were 

fitted with a combination of Debye Gaussian coil form factor and sphere form factor: 

I {q)=scale·(scale 1 -1{q)1+scale 2 -1{q)2) +background (1) 

The Debye Gaussian coil model describes the scattering from monodisperse polymer chains in 

theta solvents or polymer melts, conditions under which the distances between polymer segments 

follow a Gaussian distribution: 87 

I(q) 1 =Io.P(q)=2-10 ·[exp(-Z) +Z-l] /Z2 
(2) 

Z=(qRg)2 

(3) 

2 
JO= <ppoly V coil Ctpoly -psolv ) (4) 
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(5) 

<p is the volume fraction of polymer, V cail is the volume of a polymer coil, Mis the molecular pay1 

weight of the polymer, NA is Avogadro 's Number, J is the bulk density of the polymer, Ppaly is the 

SLD of the polymer, P salv is the SLD of the solvent, and Rg is the radius of gyration of the polymer 

coil. 

For the sphere model: 88 

J sin(qr) -qrcos(qr) 
2 (6)J(q) =--[3V-!,,.p·-----]

2 V (qr)3 

r is the radius of the sphere, Vis the volume of a sphere, t,,.p is the difference between the SLDs of 

the scatterer and the solvent. In the sphere model, scale represents the volume fraction of spheres 

if the intensity data are in absolute scale. 88 The fitting parameters for Debye Gaussian coil model 

+ sphere model are summarized in Table 4.4. 

Micelles 

The scattering function for a monodisperse system of particles can be expressed as8
9 

: 

I (q) =L1p2NP {q)S {q) (7) 

where N is the number density of the particles, L1p2 is the contrast factor, P(q) is the form factor 

which describes the shape and structure of the particles, and S(q) is the structure factor which 

contains information on the interactions between particles. 

The core-shell ellipsoid form factor P(q), and the hard sphere structure factor, S(q), were used to 

fit the SANS intensity data for all the block copolymer solutions of interest here ( except for the 

case of 5 wt.% P 123 in 1 M BmimBF 4 D20 solution at 20 °C, where the "unimers" section applies). 

The form factor P(q) for a core-shell ellipsoid micelle is given by:87 
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scale 
F2 (8)P {q,0)=V {q,0)+background 

(9) 

(10) 

and 

(11) 

/\,.p is the scattering length density difference, Re is the radius of the whole ellipsoid at the equator 

(Re=Rc +Ts), RP is the radius of the whole ellipsoid at the pole, and 0 is the angle between the 

ellipsoid axis and q. The volume of the ellipsoid is V= G) nRPR; . 

The structure factor S(q) for hard spheres was utilized to describe the interactions between micelles 

91and the overall arrangement of micelles in the solution:90
-

1 

S{q)= 1 +24</JG(A)/(2qRhs) (12) 

where <p is the hard-sphere volume fraction and Rhs is the hard-sphere interaction distance. 

G is a function of the hard-sphere volume fraction, ¢, and A= 2qRhs: 

G(A)= ( a~~)) [sin A-A cos A]+ r~~)) [2A sin A +(2-A2
) cos A-2] + (y~~)) {- (13) 

A4 cos A +4[(3A2-6) cos A +(A3-6A) sin A +6]} 

where a, /J and r are: 

a= (1 +2¢) 2/ {]-¢) 4 (14) 

(15)
~=-6¢ ( 1+ j) 2/ (1-¢)4 
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(~) (1+2¢)2 

y= (1-¢)4 (16) 

The hard-sphere volume fraction ¢ is given by: 

(17) 

where C is the block copolymer concentration (wt.%), Vppo is the molecular volume of a PPO 

block, VPEO is the molecular volume of the two PEO blocks present in one PEO-PPO-PEO block 

copolymer molecule, ((Jc is the average volume fraction of PPO in the micelle core, and ((Js is the 

average volume fraction of PEO in the micelle shell. 

In addition to the form factor parameters summarized in Table 4.5,87 there are also two parameters 

from the hard sphere structure factor: hard-sphere interaction distance (Rhs) and volume fraction 

(vol%). During the fits , Rhs is constrained to be greater than or equal to the micelle total radius. 

In fitting the scattering intensity data to the above mentioned form and structure factors , we assume 

(unless otherwise noted) the additive concentration with respect to D20 to be the same in the 

micelle shell and in the bulk solution. Under the assumption that the PEO-PPO-PEO micelle core 

consists of only the hydrophobic PPO blocks ( or all the PPO and some PEO at 60 °C) and the shell 

consists of PEO blocks and solvent, the SLD of the solvent ( comprising D20 plus the additive at 

the corresponding concentration) and the SLD of the core are known ( except at 60 °C, where only 

the solvent SLD is the known parameter in this case) and are considered as fixed input parameters. 

All the other parameters listed in Table 4.5 are obtained from the fits. 

Assuming that the micelle core consists of only PPO at 20 and 40 'C, and of only PPO and PEO at 

60 °C, and the micelle shell consists of only PEO and solvent at all three temperatures considered 
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here, the SLD of the micelle core (p) and the micelle shell (p) can be written as functions of the 

average volume fraction of PPO in the core(((}) and of the average volume fraction of PEO (((JJ 

in the shell as shown in the following equations : 

(18) 

P s =((Js PPEO +( l-((Js )Psolv (19) 

From geometric considerations, ((Jc and ((Js can be expressed as: 

((Jc V c =Nassoc VppQ (20) 

(21) 

where N assoc is the average number of block copolymer molecules associating in one micelle, Vppo 

is the molecular volume of a PPO block, and VPEO is the molecular volume of the two PEO blocks 

in one PEO-PPO-PEO block copolymer molecule (for Pluronic P123 , VPPO =6678 A3 and VPEO 

=2924 A3
) , 

14 Vc: and Vs are the micelle core volume and shell volume, respectively. 

All the fits have been performed under the constraint that the Nassoc value calculated based on the 

micelle core data (equation 20) equals the Nassoc value calculated based on the micelle shell data 

( equation 21). 

The SLD values of the solvents, PPO, PEO and Pluronic P123 were calculated with the online 

SLD calculator provided by NIST, based on the following equation:92 

I b-
p.= _j_ (22) 

V· 
. l 

J 

where vi is the molecular volume and b1 is the coherent scattering length of the/h atom. The SLD 

values obtained for systems of interest to this study are summarized in Table 4.6. In the 
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calculations of the SLD of solvents, the non-associated block copolymers (unimers) are neglected, 

since the CMC values of Pluronic P 123 in the temperature range that we studied ( except for the 

case of 5 wt.% P123 in 1 M BmimBF4 D2O solution at 20 °C, where the "unimers" section applies, 

see Table 4.3) is much smaller than the total Pluronic P123 concentration. 

Polydispersity was also considered in fitting the scattering intensity for the Pluronic P123 solutions. 

The polydispersity of the micelle core radius and the shell thickness were described as a Schulz 

distribution. This is defined as: 93 

1 +I ( x) exp[-(z+ ])xix] f(x)=--(z+l) z - z _____ (23) 
Norm x xI'(z+ 1) 

Where xis the mean of the size distribution for the parameter considered, Norm is a normalization 

factor, and z is a measure of the width of the distribution: 

z=[l-(PD)2]l(PD/ 
(24) 

The polydispersity PD is given by: 

PD='.: (25)x 

cr is the root mean square (RMS) deviation from x. 

4.4 Results and Discussion 

In what follows , we first describe the IL organization in D2O, and then focus on the structure of 

Pluronic P123 micelles in D2O (in the absence of additives) and the temperature effects on the 

P123 micelle structure. This serves to establish the appropriate form factor for the PEO-PPO-PEO 

block copolymer micelle structure. The effects of the protic IL EAN and the classic salt NH4NQ3 

on the Pluronic P123 micelle structure are then discussed and compared. The influence of the 
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aprotic IL BmimBF4 on the block copolymer micelle structure is compared to the influence of the 

protic IL EAN. The co-solvent/co-solute effects are also compared with temperature effects in 

terms of the block copolymer micelle structure parameters. 

Ionic liquids in D20 

Ionic liquids are known to form heterogeneities in the nanoscale.94 To this end, we examine first 

the structure in IL-water solutions. No heterogeneities were observed in the 2 MEAN D2O solution 

at the temperature range that we examined ( data not shown here), whereas some aggregates are 

observed in 1 M BmimBF4 D2O solution since the SANS intensity varies with q (see Figure 4.1). 

The monodispersed sphere form factor was used for fitting the SANS intensity data from 1 M 

BmimBF4 D2O solution, and the results from the fits are summarized in Table 4.7. Domains of 

nanometer size were observed. As the temperature increased from 20 to 60 °C, the spherical 

aggregate radius of 1 M BmimBF4 in D2O decreased from 12 to 8 A. It has been reported that 

aprotic ionic liquids dissolved in water have a tendency to form ion clusters; 68 for example, 

BmimBF4 is reported to form polydisperse spherical aggregates in aqueous solution at 25 °C with 

a mean radius 12.1 A (from SANS) for 1 M BmimBF4 D2O solution,95 very close to the sphere 

radius obtained here at 20 °C. The size decreases (obtained here by SANS) of the BmimBF4 

aggregates as the temperature increases is in accordance with SAXS results that a higher 

temperature (in the 25-70 °C range) can result in a "denser aggregation" in aqueous solutions of the 

ILs 1-dodecyl-3-methylimidazolium o-anisate or 1-dodecyl-3methylimidazoliumo-

bromobenzoate.96 
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Pluronic P123 micelle structure in D20 

The SANS intensity curves of Pluronic P123 in D2O solutions at 20 and 40 °C (Figure 4.2) show 

almost no variation of intensity with q in the low-q region, while the scattering intensity decreases 

as 1/q4 in the intermediate-q region, which is characteristic of spherical micelles.97 It is well 

accepted that the PEO-PPO-PEO block copolymers form core-shell structure micelles (a 

99hydrophobic core surrounded by a corona of solvated shell) .98 
- Therefore, a combination of a 

core-shell sphere form factor and a hard sphere structure factor is suitable for describing such 

intensity curves. 

When the temperature reaches 60 °C, the shoulder peak of the SANS intensity moves to a much 

lower q value, and the intensity ofthe shoulder peak is much higher, implying a much larger radius 

of the micelles. 60 °C is reported to be the "stability limit" of Pluronic P123 in water, at which "the 

pure P123 micelles undergo a shape transition from spherical to rod-like".84 However, the flat line 

in the low-q region that our experimental scattering intensity curve shows does not agree with the 

intensity curves expected from cylindrical micelles. Furthermore, the combination of core-shell 

cylinder form factor and hard sphere structure factor has not been mentioned in the literature. 

Therefore, it is reasonable to consider that at 60 °C, as the sphere-to-cylinder transition starts, the 

Pluronic P123 micelles are elongated spheres (at an intermediate stage between the spherical and 

cylindrical shapes), which we capture here with the core-shell elongated ellipsoid form factor. 

In order to fit in a consistent manner the SANS intensity data from the various systems that we 

have examined, the core-shell ellipsoid form factor together with the hard sphere structure factor 

have been utilized in this study at all the temperatures considered here (unless otherwise noted). 

When the core-shell ellipsoid form factor is used, the ratio of the core radius at the pole to that at 
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the equator (Xe) equals 1 when the micelles are spherical. Xe is greater than 1 when the micelles 

are elongated ellipsoids (we consider the ratio ofthe shell thickness at the pole to that at the equator, 

Xs, to equal 1 for all the micelles examined here; in other words, we consider the block copolymer 

micelles to have shells of uniform thickness). 

The scattering intensity data at 20 and 40 °C were fitted under the assumption that the micelle core 

(Xe = 1) contains only PPO (all the PPO) and the micelle shell consists of PEO (all the PEO) and 

D2O. This is in accordance with several published SANS studies, in which PEO-PPO-PEO block 

copolymers were considered to form spherical micelles consisting of a hydrophobic PPO core 

surrounded by hydrated PEO shell in aqueous or ionic liquid solution, such as 10% (w/v) Pluronic 

F127 in water at 30 °C,99 5 wt.% Pluronic F127, 1 wt.% and 3 wt.% Pluonic P123 in neat EAN at 

25 °C,54 and 10% Pluronic P123 in aqueous solution at 30 °C. 100 The fitting results ofPluronic P123 

in plain D2O are summarized in Table 4.8. The core-shell sphere form factor was also used for 

fitting SAXS intensities originating from 4.9 wt.% Pluronic P123 in water (the article did not 

specify whether it was H2O or D2O) at 25 °C.58 The reported Pluronic P123 micelle dimensions 

(core radius= 52.1 ± 0.2 A, shell thickness= 31.5 ± 0.3 A, Nassociation = 88.1) are very close to the 

results that we obtained here from SANS for 5 wt.% P123 in D2O at 20 °C. 

At the higher temperature considered here ( 60 °C), under the assumption that the micelle core 

contains only PPO, a very large core radius and a relatively thin shell are utilized in order to fit the 

experimental data properly, resulting in a much larger Nassoc value obtained based on the micelle 

core radius (equation 20) than the Nassoc value obtained based on the shell thickness (equation 21). 

Hence this assumption is not applicable for Pluronic P123 in plain D2O at 60 °C. Note that, at high 

temperature, water becomes a less good solvent not only for the PPO blocks but also for the PEO 

blocks.101 Based on SANS fits , the volume fraction (v) ofD2O and/or PEO in the micelle core of 
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Pluronic F108, F98, and F88 was reported to decrease and then increase as the temperature 

increased (for F108, v = 0.28 at 35 °C, 0.22 at 40 °C, 0.27 at 60 °C; for F98, v= 0.24 at 40 °C, 0.15 at 

50 °C, 0.21 at 60 °C; for F88, v = 0.24 at 40 °C, 0.15 at 50 °C, 0.20 at 70 °C). 102 The v decrease was 

attributed to dehydration in the core at elevated temperatures (till - 50 °C), and the subsequent 

increase at a higher temperature (- 60 °C) was considered to be due to the insertion of some PEO 

segments into the micelle core. 102 Therefore, it is reasonable to consider here that the micelle core 

at elevated temperatures consists of all the PPO of the PEO-PPO-PEO block copolymer and some 

PEO. In our case, the consideration that the micelle core contains all the PPO and some PEO 

improves the fit quality, and allows the N assoc value obtained based on the micelle core radius to 

be equal to the Nassoc value obtained based on the shell thickness. 

There are other possibilities for the composition of the micelle core of PEO-PPO-PEO block 

copolymers. We have tested the case that the micelle core contains PPO (all the PPO) and some 

D2O. Under this consideration, the SLD of the core is no longer a fixed parameter. Instead, the 

D2O content in the core is calculated based on the SLD of the micelle core from the equation: 

Pc =((JcPPPO+(J-((J)Pmo 

Since the SLD of D2O is much higher than that of PPO, the introduction of D2O into the micelle 

core increases significantly the SLD of the core. This increase in the core SLD leads to a decrease 

in the intensity of the shoulder peak (at q = 0.03-0.04 A-1), which lowers the quality of the fits 

(Figure 4.3a). To maintain the material balance (i.e. , keep the Nassoc value obtained based on the 

micelle core radius equal to the Nassoc value obtained based on the shell thickness), the SLD of the 

micelle shell would have to decrease sharply ( <ps became as large as 0.53), meaning that the shell 

dehydrates a lot. As shown in Figure 4.3a, a lower value of the shell SLD moves the shoulder 

150 

https://0.03-0.04


peak of the fit towards much lower q values, which also diminishes the fit quality. On the basis of 

the above, it is reasonable to conclude that the micelle core in our study contains almost no D2O 

under the assumption that there is no PEO in the core. 

Ifwe consider the micelle core to consist of all the PPO, some PEO and D2O, the SLD of the core 

is now an adjustable fitting parameter. In this case, the core composition is decided based on the 

core SLD, the material balance between the two Nassoc values, and the following equation: 

p c =((Jc,PPoPPPO +((Jc,PEoPPEO +{J-((Jc,PPO-((J c,PEJpD2O 

Still, since the SLD ofD2O is much higher than that ofPPO or PEO, there is very little D2O present 

in the micelle core, otherwise the large SLD of the core will result in a much lower intensity at the 

shoulder peak compared to the fits obtained under the consideration that the micelle core contains 

only PPO and PEO. In our case, the higher the D2O content (25%) in the micelle core is, the lower 

the intensity of the shoulder peak resulting from fits is, meaning a less satisfactory fit quality. In 

the study of Manet et al. , 70 the Pluronic P 123 micelle core at 20 and 40 °C contains all the PPO, 

some PEO and D2O, and the D2O content in the core is found relatively high (25-35%). We fitted 

our SANS intensity data from Pluronic P123 micelles at the same temperature (20 and 40 °C, 

respectively) with a similar D2O content (25-35%) in the micelle core (fits and experimental curves 

are shown in Figure 4.3b ). The fits agree with the experimental data at the shoulder peak. However, 

the increase of the core SLD leads to an abrupt increase of the hard sphere volume fraction (a 73% 

increase at 20 °C, and a 60% increase at 40 °C), which causes a deviation from the experimental 

curve in the low-q range. In a SANS study, Pedersen et al. 103 modeled Pluronic P85 micelles in 

D2O (0.25-10 wt.% concentration) at 50, 55 , and 60 °C as having a spherical core comprising all 

the PPO and some D2O, surrounded by a shell of hydrated PEO. They reported the P85 micelles 
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to contain about 40% D2O in the core in the concentration range and the temperature range they 

tested, while the micelle shell had a low volume fraction of polymer (- 10%). Compared to the 

Pluronic P123 micelles in our case (D2O vol% in the core is 0 and in the shell is - 75%), the 

Pluronic P85 micelles in the Pedersen study appear much more hydrated. 

Among all the assumptions regarding the micelle core composition, the consideration that it only 

contains PPO (all the PPO) and some PEO works best for fitting the SANS intensity data for 

Pluronic P123 in D2O at 60 °C. 

For Pluronic P123 in D2O at 20 and 40 °C, core-shell spherical micelles (Xe = 1) formed with a 

hydrophobic core containing only PPO (all the PPO) and a hydrated PEO shell (containing all the 

PEO); at 60 °C, the core-shell micelles were elongated (core-shell ellipsoids), the micelle core in 

this case is composed of all the PPO and some PEO, and surrounded by a hydrated PEO shell. 

Fitting results including the micelle structure parameters are summarized in Table 4.8. As the 

temperature increased from 20 to 60 °C the minor micelle core radius increased from 54.3 to 124.4 

A, Nassoc increased from 100 to 1129, and the micelle shell thickness decreased from 26.0 to 19.4 

A due to the dehydration ( the PEO volume fraction in micelle shell increased from O.19 to O.24). 

Temperature plays an important role in the micelle formation process for PEO-PPO-PEO block 

copolymers through the temperature dependent hydration of the EO units ( they become more 

hydrophobic at a higher temperature).83 

Manet et al. 70 studied the structure of Pluronic P123 micelles in water by using both SANS and 

SAXS with the core-shell sphere form factor. In the case of SAXS, the consideration that the 

micelle core contains only PPO ( all the PPO) and the micelle shell is composed of all the PEO and 

solvent (water) provided a good fit to the SAXS data. However, this hypothesis did not work well 

152 

https://temperature).83


in the case of SANS fits. Since the electron density values ofPPO and water are very close to each 

other, the authors indicated that it was not possible to quantify the core hydration level by using 

SAXS, but it was possible to identify the water content in the micelle core by SANS. They thus 

considered the micelle core to contain all the PPO, some PEO and D2O in the fitting of SANS data 

for 2.5 wt.% P123 in D2O at 20 and 40 °C. According to their fits , at 20 °C, the micelle core is 

composed of 57 vol% PPO, 6 vol% PEO, and 37 vol% D2O, micelle core radius=61 ± 0.5 A, 

micelle total radius= 91 ± 0.5 A (shell thickness= 30 A), and Nassoc = 81. When the temperature 

increased to 40 °C, the micelle core was found to contain 69 vol% PPO, 7 vol% PEO and 24 vol% 

D2O; the micelle core radius increased to 65 ± 0.5 A, micelle total radius = 93 ± 0.5 A (shell 

thickness = 28 A), and Nassoc = 117. As the temperature increases, the micelle core radius and 

association number increases, while the micelle shell thickness decreases and the shell become 

more dehydrated.70 These effects of temperature on the micelle structure are consistent with our 

results. The consideration in the Manet study that the D2O content in the micelle core is as high as 

24%-37% was tested here (Figure 4.3b ). The fits agree with the experimental data at the shoulder 

peak, but the increase of the core SLD leads to an abrupt increase of the hard sphere volume 

fraction (vol%), resulting in a relatively large deviation from the experimental curve in the low-q 

range. Hence, the high D2O content in the micelle core claimed in the Manet study is not in 

accordance with our findings. 

For the remainder of this study, the elongated core-shell ellipsoid form factor and the hard sphere 

structure factor are used for all the systems that we examined, unless the Pluronic P123 

concentration (5 wt.%) is lower than the CMC. We consider the micelle core to consist of only 

PPO (all the PPO) and the micelle shell to consist of PEO (all the PEO) and D2O for the Pluronic 

P123 micelles with the additive BmimBF4 at all the temperatures we tested here, and for the 
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Pluronic P123 micelles in the presence of EAN or NH4NQ3 at 20 and 40 °C. For Pluronic P123 

micelles in the presence of EAN or NH4NQ3 at 60 °C, we consider that some PEO is present in the 

micelle core, thus the micelle core consists ofPPO (all the PPO) and some PEO, while the micelle 

shell is hydrated PEO. 

Pluronic P123 micelle structure in EAN aqueous solution 

At a fixed EAN concentration in D20, as the temperature rose from 20 to 40 °C, the SANS intensity 

of the shoulder peak increased and the shoulder peak moved towards lower q values (Figures 4.4 

and 4.5), implying a larger micelle core radius. When the temperature is as high as 60 °C, the 

shoulder peak intensity is around 10 times higher than that at a lower temperature, and the shoulder 

peak is located at a much lower q value, indicating a similar micelle shape transition (from sphere 

to elongated ellipsoid) as that observed for Pluronic P123 micelles in plain D20. 

At 1 M EAN concentration, the micelles are spherical (Xe = 1) at both 20 and 40 °C, the micelle 

core radius rises from 55.0 A at 20 °C to 61.0 A at 40 °C, and Nassoc increases from 104 to 142 (37% 

increase), while the micelle shell thickness decreases from 25.5 A to 24.1 A (6% decrease), and 

the PEO volume fraction in the shell increased from 0.21 to 0.25 (Table 4.9). At 60 °C, the micelles 

have elongated ellipsoid shape (Xe= 1.2), and the micelle core consists ofboth PPO and PEO. The 

micelle core minor radius is 130.0 A, Nassoc is as high as 1288 and the core is composed of78 vol% 

PPO and 28 vol% PEO. In this case, the elongated micelles had a thinner shell thickness as well 

as a higher PEO volume fraction in the shell compared to the micelles in plain D20 at 60 °C, likely 

due to the solvophobic interactions ofP123 with EAN aqueous solution. At 2 MEAN (Table 4.10), 

as the temperature increased from 20 °C to 40 °C, the spherical micelles (Xe= 1) also showed an 

increasing trend in core radius (from 55.6 A to 61.5 A) and Nassoc (35% increase), as well as a 
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decreasing trend in micelle shell thickness (5% decrease). At 60 °C, the micelle core minor radius 

is 131.0 A (Xe= 1.2), the core consists of0.78 vol% PPO and 0.28 vol% PEO, Nassoc is 1319, while 

the shell thickness is 18.5 A. 

Upon increasing EAN concentration (from Oto 2 M), at a fixed temperature 20 °C (Table 4.11), 

the spherical micelle core radius increased from 54.3 to 55.6 A, Nassoc increased from 100 to 108 

(8% increase) and the micelle shell thickness decreased from 26.0 to 24.8 A (5% reduction). 

Similarly, at 40 °C, the addition ofEAN increased the spherical micelle core radius from 59.8 A to 

61.5 A, Nassoc from 134 to 146 (9% increase), while it decreased the micelle shell thickness from 

25.2 A to 23.5 A (7% reduction) (Table 4.12). At 60 °C, the much higher intensity and the lower

q location of the shoulder peak indicated a significant increase of the micelle core radius, and we 

consider that some PEO segments present in the hydrophobic micelle core. The micelle core minor 

radius raised from 124.4 A to 131.0 A as the EAN concentration increased from Oto 2 M (Xe = 

1.2, see Table 4.13). Correspondingly, Nassoc increased from 1129 to 1319 (17% increase), and the 

micelle shell thickness shrunk from 19.4 A to 18.5 A (5% reduction). 

All in all, at each temperature tested here, upon EAN addition, the block copolymer micelle core 

radius and Nassoc increased compared to the micelles formed in plain D20 , while the micelle shell 

thickness decreased due to the less hydrated micelle shell. As the temperature increases at a fixed 

EAN concentration (1 Mor 2 M), the percent increase in the micelle core minor radius and Nassoc, 

and the percent decrease in the micelle shell thickness are almost the same as the percentage 

changes of micelles in plain D20 with the same temperature changes. 

Chen et al. 58 reported that in neat EAN, the shell thickness of Pluronic P123 micelles was reduced 

(radius= 52.4 ± 0.1 A, shell thickness= 21.0 ± 0.2 A, Nassoc = 89.9) compared to micelles in plain 
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water (radius = 52.1 ± 0.2 A, shell thickness = 31.5 ± 0.3 A, Nassoc = 88.1) at 25 °C. The influence 

ofEAN on the structure of Pluronic P123 micelles is in agreement with our findings. 

Pluronic P123 micelle structure in NH4NQ3 aqueous solution 

At a fixed NH4NQ3 concentration, the shoulder peak of the SANS intensity curves moves to a 

lower q value and the shoulder peak intensity increased at elevated temperature, indicating an 

increasing trend in the micelle core radius (Figures 4.6 and 4.7). The nearly 10-fold higher 

intensity at 60 °C compared to 40 °C supports the consideration that the spherical micelles are 

elongated and the micelle core contains not only PPO but also some PEO at 60 °C. 

At a fixed 1 M NH4NQ3 concentration (Table 4.14), as the temperature rose from 20 °C to 40 °C, 

the shoulder peak moves to lower q value and intensified, the micelle spherical (Xe= 1) core radius 

increased from 55.0 Ato 62.8 A, Nassoc increased from 104 to 155 (49% increase), and the micelle 

shell thickness decreased from 25.4 A to 23.5 A (8% reduction). At 60 °C, the spherical micelles 

became elongated (Xe = 1.2), the micelle core minor radius became 125.5 A, compared to the 

micelles at 20 °C, Nassoc increased 10 times (1158), the micelle shell thickness decreased to 17.2 A 

(32% decrease). In this case, the core consists of 0.78 vol% PPO and 0.28 vol% PEO. 

At 2 M NH4NQ3, as the temperature increased from 20 °C to 40 'C, the micelles remained spherical, 

the micelle core radius increased from 56.5 A to 65.5 A, Nassoc increased from 113 to 176 (56% 

increase), and the micelle shell thickness decreased from 23.8 A to 23.3 A (2% reduction) (Table 

4.15). At 60 °C, the micelles became elongated (Xe= 1.2), the core consists of 0.78 vol% PPO and 

0.28 vol% PEO, and the minor micelle core radius was 126.0 A; compared to the micelles at 20 °C, 

Nassoc increased 9 times (1173), while the micelle shell thickness decreased to 16.0 A (33% 

decrease). 
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When the temperature is fixed at 20 °C (Table 4.16), compared to the Pluronic P123 micelles in 

plain D20 , in the presence of 2 M NH4NQ3, the micelle spherical core radius increased from 54.3 

A to 56.5 A, Nassoc increased from 100 to 113 (13% increase) and the micelle shell thickness 

decreased from 26.0 A to 23.8 A (9% decrease). At 40 °C, compared to the micelles in plain D20 , 

NH4NQ3 addition also led to a larger micelle core radius ( 65 .5 A at 2 M NH4NQ3 ), a 31 % higher 

Nassoc (176), and a 8% thinner thickness of micelle shell (23.3 A) at 2 M NH4NQ3 (Table 4.17). 

According to Table 4.18, at 60 °C, in the presence of at 1 M or 2 M NH4NQ3, Pluronic P123 

micelles were elongated ellipsoids with the presence of some PEO segments into the core. At 2 M 

NH4NQ3, the micelle core minor radius was 126.0 A, Nassoc was 1173 (4% increase), and the 

micelle shell was 16.0 A (18% thinner) compared to micelles in plain D20 at the same temperature. 

In summary, in NH4NQ3 aqueous solutions, as the NH4NQ3 concentration increased from O to 2 

M, the PEO-PPO-PEO block copolymer micelle core radius and Nassoc increased, while the micelle 

shell became thinner at all temperatures considered here. 

The presence of NH4NQ3 in Pluronic P123 aqueous solution increased micelle core radius and 

Nassoc, decreased the shell thickness, both similar to the effects of protic IL EAN on the micelle 

structure. Both EAN and NH4NQ3 promote the micellization of Pluronic P123.68 

At 20 °C, at 1 M concentration, the effects of EAN is almost the same as NH4NQ3 on increasing 

Nassoc and reducing the micelle shell thickness. At 40 °C, 1 M NH4NQ3 is 2.6 times more effective 

than EAN in increasing Nassoc, 1.5 times more effective in reducing micelle shell thickness. At 

60 °C, 1 M NH4NQ3 is 5.4 times less effective in increasing Nassoc than 1 MEAN is, while 1 M 

NH4NQ3 is 4.3 times more effective than 1 MEAN in reducing micelle shell thickness. 
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At 2 M concentration, NH4NQ3 is 1.6 times more effective in increasing Nassoc, and 1.8 times more 

effective in reducing the micelle shell thickness than EAN is at 20 °C. At 40'C, 2 M NH4NQ3 is 3.5 

times more effective in increasing Nassoc, and 1.1 times more effective in reducing micelle shell 

thickness than 2 MEAN is. However, at 60 °C, 2 M NH4NQ3 is 4.3 times less effective in increasing 

Nassoc than EAN, but 3.8 times more effective in reducing micelle shell thickness than EAN is. 

We can conclude that at 20 and 40 °C, the effects imposed by NH4NQ3 are close to or more 

significant than EAN at the same molar concentration. NH4NQ3 dehydrated Pluronic P 123 

molecules more, resulting a larger increase in the micelle core radius and Nassoc and a higher 

dehydration of the micelle shell in this temperature range. At 60 °C, NH4NQ3 dehydrated the 

micelle shell more than EAN (at the same molar concentration), while the micelle core radius and 

Nassoc increase upon NH4NQ3 addition is less than that in the presence ofEAN. 

Pluronic P123 micelle structure in BmimBF 4 aqueous solution 

Fits of the core-shell elongated ellipsoid form factor and hard sphere structure factor to the SANS 

scattering intensities of 5 wt.% P123 with 0.5 M BmimBF4 in D20 at 20, 40, and 60 °C are shown 

in Figure 4.8. As the temperature increased, the shoulder peak almost remained at the same q 

value and the shoulder peak intensity changed very little. The fitting results are summarized in 

Table 4.19. In the presence of 0.5 M BmimBF4, from 20 to 40 °C, the Pluronic P123 spherical 

micelle core radius increased from 54.6 Ato 56.0 A, Nassoc increased from 102 to 110 (8% increase), 

while the shell thickness decreased from 28.0 A to 26.7 A (5% decrease). At 60 °C, the micelles 

remained spherical (Xe = 1 ); compared to the micelles at 20 °C, the core radius further increased to 

57.0 A, Nassoc increased to 116 (14% increase) and the shell thickness decreased to 25.9 A (8% 

decrease). 
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Fits to the SANS scattering intensities of 5 wt.% P123 with 1 M BmimBF4 in D2O at 20, 40, and 

60 °C are shown in Figure 4.9. At 20 °C, the experimental intensity curve decays at 1/qm with m 

between 1.5 and 1.7, which is characteristic for a unimer phase (polymer coils in our case), while 

the almost flat signal in the low-q region implies that there may be some spherical micelles formed 

(see Table 4.20; details are discussed later). At 40 and 60 °C, the scattering originates spherical 

micelles. As the temperature increased from 40 to 60 °C, the shoulder peak moved to lower q value, 

and the shoulder peak intensity increased a little. The fitting results are summarized in Table 4.21. 

At a fixed concentration of 1 M BmimBF4 at 20 °C, most of the polymers exist in the aqueous 

solution as unassociated unimers since, under this condition, the concentration of Pluronic P123 

(5 wt.%) is much lower than its CMC (10.1 wt.% at 23 °C, see Table 4.3). As shown in Figure 4.9, 

the Debye Gaussian coil form factor and sphere form factor were combined here for fitting the 

SANS scattering intensities of 5 wt.% P123 in D2O + 1 M BmimBF4 at 20 °C and the results are 

summarized in Table 4.20. According to the manual discussing the SANS models,87 when two 

models are combined, there are two independent scale factors that determine the scaling of each 

individual model. These often describe "how material is distributed in the sample". 87 In the 

parameters for the sphere model, scale reflects the volume fraction of spheres. Based on equations 

4 and 5, the volume fraction of the polymer coils is 5.59 %, very close to the 5.50 vol% 

concentration of Pluronic P123 shown in Table 4.1. The volume fraction of spherical objects 

formed by Pluronic P123 (scale2) is 0.15 %, and their radius is 103 A. The ratio of the volume 

occupied by polymer coils relative to that occupied by spheres is as high as 37. Accordingly, at 1 

M BmimBF4 in D2O, the great majority of the polymers are present in solution as individual coils 

(unimers) and only a very small fraction ofpolymers (possibly block copolymer molecules on the 

more hydrophobic side of the Pluronic P123 molecular weight and PEO/PPO ratio distributions) 
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assembled into micelles at 20 °C. The Debye Gaussian coil model was utilized for unimers of 

Pluronic F127,98 F98, 101 F38, F68, F88, and F1O8 102 in aqueous solutions, and the reported Rg 

values of these PEO-PPO-PEO block copolymers were all in the 18-23 A range, close to the Rg 

value obtained here (20 A) for 5 wt.% P123 in D20 + 1 M BmimBF4 at 2O °C. 

When the temperature reached 4O °C, the Pluronic P123 concentration is much higher than the 

corresponding CMC, hence micelles are well defined in D20 + 1 M BmimBF4. As the temperature 

increased from 40 °C to 60 °C (Table 4.21), the spherical micelle (Xe= 1) core radius increased from 

55.0 Ato 61.0 A, N assoc increased from 104 to 142 (37% increase), and the shell thickness changed 

from 32.0 A to 28.0 A (13% decrease). 

When the temperature is fixed at 2O °C, in the presence ofO.5 M BmimBF4, the spherical Pluronic 

P123 micelle core radius and Nassoc almost remained the same as in plain D20, but the micelle shell 

thickness increased (Table 4.22). 

At 4O °C (Table 4.23), as the BmimBF4 concentration increased from Oto 1 M, the micelle core 

radius decreased from 59.8 A to 55.0 A (8% decrease), Nassoc decreased from 134 to 104 (22% 

decrease) and the shell thickness increased from 25.2 A to 32.0 A ( 27% decrease). 

At 6O °C, the Pluronic P123 micelles in both 0.5 Mand 1 M BmimBF4 aqueous solutions remained 

spherical in shape and the assumption that the micelle core contains only PPO (all the PPO) is still 

applicable. In the presence of 1 M BmimBF4, the micelle core radius is only half of that in plain 

D20 , and N assoc decreased around 87%, whereas the micelle shell thickness increased 44% (Table 

4.24). 
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At each temperature examined here, with the addition of BmimBF4, the Pluronic P123 micelle 

core radius and Nassoc decreased, and the micelle shell thickness increased. Opposite to the protic 

IL EAN, BmimBF4 hinders Pluronic P123 micellization. 68 

At a fixed BmimBF4 concentration, as the temperature increased (up to 60 °C), the Pluronic P123 

micelle core radius and Nassoc increased, and the shell thickness decreased. The effects are in 

accordance with an SAXS report on Pluronic P123 micelle structure in plain 1-butyl-3-

methylimidazolium hexafluorophosphate (BmimPF6) as the temperature is raised. 104 

At a fixed temperature, the effects of the aprotic IL BmimBF4 are opposite to that of the protic IL 

EAN on the Pluronic P123 micelle structure: the micelle core radius and Nassoc decreased upon 

addition of BmimBF4, but increased upon addition of EAN; the micelle shell thickness increased 

in the presence of BmimBF4, but decreased upon EAN addition. For example, at 40 °C, compared 

to the Pluronic P123 micelles in neat D20 , the micelle core radius decreased 8%, Nassoc decreased 

22% in the presence of 1 M BmimBF4, but the micelle core radius increased 2%, Nassoc increased 

8% in the presence of 1 MEAN; the micelle shell thickness increased 27% in the presence of 1 M 

BmimBF4, but decreased 4% in the presence of 1 MEAN. 

All the previous fit results and discussion are based on the consideration that the additive in the 

D20 solution present in the micelle shell has the same composition (with respect to the additive) 

as in the bulk solution. However, in the case of BmimBF 4 in D20 solution, since the addition of 

BmimBF4 increases the CMC of Pluronic P123 and promotes the solublization of Pluronic P123 , 

BmimBF4 may be preferably located in the micelles and act as a co-solvent in the micellization of 

Pluronic P123.68 The addition of some co-solvents (such as ethanol or formamide) to aqueous 

solutions increases the solubility of PEO-PPO-PEO block copolymers, thus increases the CMC of 
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the block copolymers. 21 Addition of the co-solvents ( ethanol or formamide) may also result in a 

slightly higher degree ofsolvation of the micelle core (<15% when the co-solvent vol% is up to 

40%)_21 

If we consider that BmimBF4 molecules partition inside the micelle shell, the BmimBF4 

concentration in the micelle shell is unknown, hence the SLD of the aqueous solution in the micelle 

shell is different from Psolv· The BmimBF4 concentration in the micelle shell can be obtained 

based on this SLD value and equation 19. 

Under the above consideration, in 0.5 M (9.8 wt.%) BmimBF4 aqueous solution, the concentration 

ofBmimBF4 in the micelle shell is 15 .1 wt.% at 40 °C and 17.0 wt.% at 60 °C. The IL concentration 

in the micelle shell is much higher than ( close to double) the IL concentration in the bulk solution, 

suggesting partitioning of BmimBF4 inside the micelle shell. The BmimBF4 concentration in the 

micelle shell appears to increase when the temperature increased from 40 to 60 °C. In this case, 

compared to the micelle structure parameters obtained previously, the micelle core radius and 

Nassoc did not change, while the micelle shell thickness increased (5% increase at 40 °C and 7% 

increase at 60 °C), and the shell became more hydrated. 

In 1 M (19.4 wt.%) BmimBF4 aqueous solution, the concentration ofBmimBF4 in the micelle shell 

is found 20.1 wt.% at 40 °C and 21.1 wt.% at 60 °C; both are very close to the bulk solution 

concentration of 1 M, indicating that there is almost no partitioning of BmimBF4 in the micelle 

shell. 

Comparison of co-solvent/co-solute effects and temperature effects 

Based on the results of SANS data fitting, as temperature increased from 20 °C to 60 °C, Pluronic 

P123 micelle shell thickness decreased by 25% in plain water. The intermolecular hydrogen bonds 
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between water and PEO-PPO-PEO molecules tend to break under high temperature, and lead to 

micelle dehydration, reflected by the less water in the micelle shell and the PEO block shrinkage. 

The result is in the agreement with the trend we earlier observed using isothermal titration 

calorimetry, that the increasing temperature promotes Pluronic P123 micellization through 

dehydrating the PEO-PPO-PEO molecule.67 In the meantime, the micelle volume, especially the 

micelle core radius, increases with increasing temperature, led by an increase in micelle association 

number. It is noticeable that the micelle association number increased to 1129 at 60 °C compared 

to 100 at 20 °C, indicating elongation of micelles. 

The addition of EAN or NH4NQ3 at a tested temperature lead to monotonic trends of increasing 

micelle core radius and association number, and decreasing shell thickness upon increasing salt 

concentration. While the concentration increase of BmimBF4 has opposite effects on the micelle 

parameter at 40 °C compared to that of EAN and NH4NQ3_ The shrinkage of micelle shell upon 

EAN addition is in agreement with previous study of Pluronic P123 in pure EAN. 105 It is 

noticeable that at 60 °C, the micelle core radius decreased to less than half and the association 

number decreased 7-fold upon addition of0.5 M BmimBF4; however, both the micelle core radius 

and association number slightly enlarged upon the addition of 1 M BmimBF4. The partition of 

BmimBF4 in the micelle shell at the concentration of 0.5 M BmimBF4 indicates the formation of 

mixture micelle, the Bmim + and BF4-ions adjacent to the PEO blocks can repel the PEO-PPO-PEO 

molecules from each other, resulting in significantly decrease of core radius and association 

number. At higher concentration of 1 M BmimBF4, it is possible that the slightly amphiphilic 

BmimBF4 molecules start to form micelle-like clusters, thus not participate in Pluronic P123 

micelles. 
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The salt effects of EAN and NH4NQ3 are similar in trend: both lead to less water in the shell and 

higher association number at each tested temperature. The addition of kosmotropic salts 

contributes to the stability and structure of water-water interactions, and dehydrates PEO-PPO

PEO block copolymer. The dehydration effect of EAN is not as significant as that of NH4NQ3, 

probably due to the formation of EAN ion clusters by the hydrogen bond network, which reduces 

the ion interactions with water molecules. On the contrary, the addition of BmimBF4 decreased 

the micelle core radius and association number, while increase the shell thickness. Better salvation 

ofPEO-PPO-PEO block copolymer is achieved upon the addition ofBmimBF4 as chaotropic salts, 

reflected in more water in the shell and possibly in the core. The results observed here are in 

consistent with our earlier findings of the thermodynamic parameter change of P123 micellization 

in aqueous solution upon addition of salts. That the protic ionic liquid EAN and its similar classic 

salt NH4NQ3 both promote PEO-PPO-PEO micellization, however, the interactions between EAN 

and PEO-PPO-PEO partially offsets the kosmotropic salt effects on micelle dehydration. The 

aprotic ionic liquid BmimBF4 hinders Pluronic P123 micellization by increasing the salvation of 

PEO-PPO-PEO in aqueous solution. 106 

For all the Pluronic P123 aqueous solutions we tested here, the increase of temperature dehydrates 

P123 micelle and lead to increase in core radius and association number, while decrease in shell 

thickness. It is noticeable that at 60 °C, the association number increased significantly in all the 

tested aqueous solutions at all salt concentrations except in 1 M BmimBF4. The large association 

number evidences the elongation ofPluronic P 123 micelle in aqueous solution at high temperature. 

The temperature effect on Pluronic P123 micellization in plain water and in EAN or NH4NQ3 

aqueous solution is to a similar extent: the core radius increases by - 130%, and the shell thickness 

decreases by - 25% from 20 °C to 60 °C. Whereas the increasing temperature does not change the 
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micelle parameters as much in 0.5 M BmimBF4: only 4% increase in core radius and 8% decrease 

in shell thickness. The addition of 1 M BmimBF4 significantly prohibit Pluronic P123 micelle 

formation by improving the solvent affinity to PEO-PPO-PEO block copolymer. For 5 wt.% 

Pluronic P123 , micelles do not form until at higher temperature of 40 °C. The weak solvophobic 

force in such solution is not able to drive the elongation of micelle at 60 °C. 

4.5 Conclusions 

PEO-PPO-PEO block copolymer can form the whole spectrum of self-assembled structures in 

selective solvents such as ionic liquid mixtures. This work discusses how temperature and/or 

different types of additives affect the PEO-PPO-PEO block copolymer self-assembly in terms of 

the micelle structure. 

In plain D20, Pluronic P123 formed core-shell spherical micelles with a hydrophobic core 

containing only PPO (all the PPO) and a hydrated PEO shell (containing all the PEO). As the 

temperature increased, the micelle core radius and association number increased, while the micelle 

shell thickness decreased and the shell became more dehydrated; besides, when temperature 

reached 60 °C, the core-shell micelles were elongated ( core-shell ellipsoids), the micelle core is 

composed of all the PPO and some PEO, and surrounded by a hydrated PEO shell. 

At a fixed temperature, the core-shell spherical micelle core radius increased and the shell 

thickness decreased in the presence of EAN or NH4NQ3 _At 60 °C, in the presence of EAN or 

NH4NQ3, the micelles were elongated with a core composed of all the PPO and some PEO and a 

hydrated PEO shell. At all the temperatures tested here, the core-shell spherical micelle core radius 

and Nassoc decreased, and the shell thickness increased upon the addition of BmimBF4. Overall, 
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NH4NQ3 or EAN addition promotes the micellization of P123 , while BmimBF4 hinders the 

micellization. 

For the first time we compared the effects of a protic IL with a classic salt, and with an aprotic IL 

on amphiphile micellization in aqueous solution in terms of the micelle structure. Self-assembly 

behavior offered by the amphiphilic copolymers in selective solvents provides guidance on 

tailoring material properties and/or functions by modulating micelle structure and utilizing ILs 

more effectively by employing their mixtures with molecular solvents. It is of great importance 

for practical applications such as utilizing additives to change micelle size/structure for 

synthesizing novel materials, using IL additives in PEO-containing formulations for drug delivery, 

and preparing PEO polymer-IL electrolytes. 
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Table 4.1 Compositions of Pluronic P123 solutions studied here by SANS. 

Additive 
Nominal 

concentration P123 

wt.% 

D2O Additive P123 
vol% 

D2O Additive 
none - 4.99 95 .01 - 5.40 94.60 -

EAN 
IM 
2M 

4.99 
5.00 

85.40 
76.46 

9.60 
18.54 

5.45 
5.50 

85 .71 
77.30 

8.84 
17.20 

NH4NQ3 
IM 
2M 

4.99 
5.00 

88 .05 
81.30 

6.96 
13 .70 

5.42 
5.44 

87.93 
81.43 

6.65 
13 .13 

BmimBF4 
0.5M 
IM 

4.99 
5.00 

85.20 
75 .63 

9.81 
19.37 

5.45 
5.50 

85 .51 
76.52 

9.03 
17.98 

Table 4.2 Molecular weight and density values used for the wt.% and vol% calculations. 

Compound MW(g/mol) Density (g/cm3) 
D2O 20.03 1.11 (neat) 
EAN 108.1 1.21 (neat) 

NH4NQ3 80.04 1.16 ( solution) 
BmimBF4 226.02 1.21 (neat) 

P123 5750 1. 02 ( solid) 

Table 4.3 CMC values of Pluronic P123 in D2O + additive solutions at 20, 40, and 60 °C. 

Additive 20'C 40'C 60'C 
0.313 mM <0.002mM <0.002mM

No additive -
(0.180 wt.%)11 (0.001 wt.%)11 (0.001 wt.%) 11 

0.060 mM (0.034 
IM wt.%)6s 

EAN 
< 0.015 mM

2M 
(0.009 wt.%)68 

0.045mM
IM 

(0.025 wt.%)68 
NH4NQ3 

< 0.010 mM
2M 

(0.006 wt.%)68 

0.75 mM (23 'C) 0.002 mM3 <0.002 mM3 

0.5M 
(0.431 wt.%)68 (0.001 wt.%) (0.001 wt.%)

BmimBF4 
17.5 mM (23 'C) 0.056mM3 <0.002 mM3 

IM 
(10.10 wt.%)68 (0.032 wt.%) (0.001 wt.%) 

a: CMC values were estimated based on the CMC value of Pl23 in aqueous BmimBF4 solution at 23 °C68 and the 

log(CMC of Pl23 in water) vs temperature dependence.11 
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Table 4.4 Fitting parameters for Debye Gaussian coil model+ sphere model. 

Parameter Description Units 
scale Source intensity None 
background Source background cm-1 

scalel Scale for coil model None 
Io Intensity at q=0 cm-1 

Rg Radius of gyration A 
scale2 Scale for sphere model None 
p Sphere scattering length density 1o-6k 2 

Solvent scattering length density 1o-6k 2 
Psolv 
r Sphere radius A 

Table 4.5 Fitting parameters for core-shell ellipsoid model. 

Parameter Description Units 
scale Source intensity None 
bkg Source background cm-1 

Re Equatorial radius of micelle core A 
Xe axial ratio of core None 
Ts thickness of micelle shell at equator A 
Xs ratio of shell thickness at pole to that at equator None 
Pc Core scattering length density 10-6 A -2 

Ps Shell scattering length density 10-6 A -2 

Psol Solvent scattering length density 10-6 A-2 

Table 4.6 SLD values ofD2O, PEO, PPO, EAN, BmimBF4, NH4NQ3, and the various solutions. 

D2O PEO PPO Pl23 
EAN BrnimBF4 

Pure liquid 

NILiNO3 

Solid 

EANin 
D2O a 

lM 2M 

NILiNO3 in 
D2O a 

lM 2M 

BrnimBF4 
in D2O a 

0.5 
lM

M 
p 

oo-6 6.34 0.577 0.350 0.415 1.32 1.41 2.74 5.84 5.38 6.01 5.69 5.96 5.59 
A-2) 

a: SLD of the additive +D2O mixture 
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Table 4.7 Fitting parameters of the sphere model to the SANS scattering intensities of 1 M BmimBF4 in D20. 

T (C) scale Bkg (cm-1
) SLD of sphere (1 o-6A-2) SLD of solvent (1 o-6A-2) Radius (A) 

20 0.18 0.24 4.88 6.34 12 

40 0.15 0.24 4.50 6.34 10 

60 0.15 0.27 4.00 6.34 8 

Table 4.8 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 in D20. 

SLD SLD SLD 
of of of Bkg

T Re Ts Rhssolvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-
(C) (A) (A) (A)(1 o-6 (l o-6 (] o-6 I) 

A-2) A-2) A-2) 

20 6.34 54.3 1 1 0.35 26.0 1 0.19 5.22 0.13 0.13 0.11 80.3 100 0.8 0.17 
40 6.34 59.8 l l 0.35 25.2 l 0.23 5.00 0.15 0.15 0.10 85.0 134 1.0 0.15 
60 6.34 124.4 1.20 0.78 0.40 19.4 l 0.24 4.97 0.13 0.13 0.1 l 143.8 1129 1.0 0.09 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.9 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 1 MEAN 

in D2O. 

SLD SLD SLD 
of of of Bkg

T R: Ts Rhs
solvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-

(C) (A) (A) (A)(1 o-6 (1 o-6 oo-6 I) 
A-2) A-2) A-2) 

20 5.84 55.0 1 1 0.35 25.5 1 0.21 4.76 0.13 0.13 0.11 80.5 104 0.9 0.13 
40 5.84 61.0 1 1 0.35 24.1 1 0.25 4.50 0.13 0.13 0.10 85.1 142 1.0 0.12 
60 5.84 130.0 1.20 0.78 0.40 18.9 l 0.26 4.49 0.15 0.15 0.10 148.9 1288 0.9 0.09 

Note: PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.10 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 2 M 

EAN in D2O. 

SLD SLD SLD 
of of of Bkg

T Re Ts Rhs
solvent Xe ({J c core Xs (f) s shell PDJ PD2 Vol% Nassoc scale (cm-

(C) (A) (A) (A)(J o-6 (J o-6 (] o-6 I) 
A-2) A-2) A-2) 

20 5.38 55.6 1 1 0.35 24.8 1 0.22 4.34 0.13 0.13 0.11 86.9 108 0.9 0.10 
40 5.38 61.5 l l 0.35 23.5 l 0.27 4.10 0.13 0.13 0.09 85.0 146 1.0 0.10 
60 5.38 131.0 1.20 0.78 0.40 18.5 l 0.27 4.10 0.15 0.15 0.10 149.5 1319 0.9 0.09 

Note : PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.11 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + EAN in 

D20 at 20 °C. 

SLD SLD SLD 
of of of Bkg

R: Ts RhsSystem solvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-
(A) (A) (A)oo-6 oo-6 (1 o-6 I) 

A-2) A-2) A-2) 
P123 6.34 54.3 1 1 0.35 26.0 1 0.19 5.22 0.13 0.13 0.11 80.3 100 0.8 0.17 

P123+1M 
5.84 55.0 l l 0.35 25.5 l 0.21 4.76 0.13 0.13 0.11 80.5 104 0.9 0.13

EAN 
Pl23+2M 

5.38 55.6 1 1 0.35 24.8 1 0.22 4.34 0.13 0.13 0.11 86.9 108 0.9 0.10
EAN 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.12 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + EAN in 

D20 at 40 °C. 

SLD SLD SLD 
of of of Bkg

Re Ts RhsSystem solvent Xe ({J c core Xs (f) s shell PDJ PD2 Vol% Nassoc scale (cm-
(A) (A) (A)(] o-6 (] o-6 (1 o-6 I) 

A-2) A-2) A-2) 
P123 6.34 59.8 1 1 0.35 25.2 1 0.23 5.00 0.15 0.15 0.10 85.0 134 1.0 0.15 

Pl23+1M 
5.84 61.0 1 1 0.35 24.1 1 0.25 4.50 0.13 0.13 0.10 85.1 142 1.0 0.12

EAN 
P123+2M 

5.38 61.5 l l 0.35 23.5 l 0.27 4.10 0.13 0.13 0.09 85.0 146 1.0 0.10
EAN 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.13 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + EAN in 

D20 at 60 °C. 

SLD SLD SLD 

System 
of 

solvent 
oo-6 

Re 
(A) Xe ({J c 

of 
core 
oo-6 

Ts 
(A) Xs (f) s 

of 
shell 
(1 o-6 

PDl PD2 Vol% Rhs 
(A) Nassoc scale 

Bkg 
(cm-

I) 
A-2) A-2) A-2) 

P123 6.34 124.4 1.20 0.78 0.40 19.4 1 0.24 4.97 0.13 0.13 0.11 143.8 1129 1.0 0.09 
P123+1M 

EAN 5.84 130.0 1.20 0.78 0.40 18.9 l 0.26 4.49 0.15 0.15 0.10 148.9 1288 0.9 0.09 

Pl23+2M 
EAN 5.38 131.0 1.20 0.78 0.40 18.5 1 0.27 4.10 0.15 0.15 0.10 149.5 1319 0.9 0.09 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.14 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 1 M 

NH4NQ3 in D20. 

SLD SLD SLD 
of of of Bkg

T R: Ts Rhssolvent Xe ({J c core Xs as shell PDl PD2 Vol% Nassoc scale (cm-
(C) (A) (A) (A)(1 o-6 (1 o-6 oo-6 I) 

A-2) A-2) A-2) 
20 6.01 55.0 1 1 0.35 25.4 1 0.21 4.89 0.14 0.14 0.11 80.4 104 1.0 0.11 
40 6.01 62.8 1 1 0.35 23.5 1 0.27 4.83 0.15 0.15 0.09 86.3 155 1.0 0.13 
60 6.01 125.5 1.20 0.78 0.40 17.2 l 0.27 4.52 0.13 0.13 0.12 142.7 1158 1.0 0.06 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.15 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 2M 

NH4NQ3 in D20. 

SLD SLD SLD 
of of of Bkg

T R: Ts Rhssolvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-
(C) (A) (A) (A)oo-6 oo-6 oo-6 I) 

A-2) A-2) A-2) 
20 5.69 56.5 l l 0.35 23.8 l 0.23 4.49 0.14 0.14 0.10 80.3 113 1.0 0.11 
40 5.69 65.5 1 1 0.35 23.3 1 0.29 4.19 0.15 0.15 0.09 88.8 176 1.0 0.11 
60 5.69 126.0 1.20 0.78 0.40 16.0 1 0.30 4.16 0.13 0.13 0.10 142.0 1173 1.0 0.09 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.16 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + NH4NQ3 

in D20 at 20 °C. 

SLD SLD SLD 
of of of Bkg

R: Ts RhsSystem solvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm·
(A) (A) (A)oo-6 oo-6 (1 o-6 I) 

A-2) A-2) A-2) 
P123 6.34 54.3 1 1 0.35 26.0 1 0.19 5.22 0.13 0.13 0.11 80.3 100 0.8 0.17 

P123+1M 
6.01 55.0 l l 0.35 25.4 l 0.21 4.89 0.14 0.14 0.11 80.4 104 1.0 0.1 l

NH4N03 
Pl23+2M 

5.69 56.5 1 1 0.35 23.8 1 0.23 4.49 0.14 0.14 0.10 80.3 113 1.0 0.11
NH4N03 

Note : PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.17 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + NH4NQ3 

in D20 at 40 °C. 

SLD SLD SLD 
of of of Bkg

Re Ts RhsSystem solvent Xe ({J c core Xs (f) s shell PDJ PD2 Vol% Nassoc scale (cm·(A) (A) (A)(] o-6 (] o-6 (1 o-6 I) 
A-2) A-2) A-2) 

P123 6.34 59.8 1 1 0.35 25.2 1 0.23 5.00 0.15 0.15 0.10 85.0 134 1.0 0.15 
Pl23+1M 

6.01 62.8 1 1 0.35 23.5 1 0.27 4.83 0.15 0.15 0.09 86.3 155 1.0 0.13
NH4N03 
P123+2M 

5.69 65.5 l l 0.35 23.3 l 0.29 4.19 0.15 0.15 0.09 88.8 176 1.0 0.11
NH4NQ3 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.18 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + NH4NQ3 

in D20 at 60 °C. 

SLD SLD SLD 

System 
of 

solvent 
oo-6 

Re 
(A) Xe ({J c 

of 
core 
oo-6 

Ts 
(A) Xs (f) s 

of 
shell 
(1 o-6 

PDl PD2 Vol% Rhs 
(A) Nassoc scale 

Bkg 
(cm· 

I) 
A-2) A-2) A-2) 

P123 6.34 124.4 1.20 0.78 0.40 19.4 1 0.24 4.97 0.13 0.13 0.11 143.8 1129 1.0 0.09 
P123+1M 
NH4N03 

6.01 125.5 1.20 0.78 0.40 17.2 l 0.27 4.52 0.13 0.13 0.12 142.7 1158 1.0 0.06 

Pl23+2M 
NH4N03 

5.69 126.0 1.20 0.78 0.40 16.0 1 0.30 4.16 0.13 0.13 0.10 142.0 1173 1.0 0.09 

Note : PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.19 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 0.5 M 

BmimBF4 in D2O. 

SLD SLD SLD 
of of of Bkg

T R: Ts Rhssolvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-
(C) (A) (A) (A)oo-6 (1 o-6 oo-6 I) 

A-2) A-2) A-2) 

20 5.96 54.6 1 1 0.35 28.0 1 0.18 5.00 0.15 0.15 0.12 82.6 102 1.0 0.09 
40 5.96 56.0 1 1 0.35 26.7 1 0.20 4.90 0.15 0.15 0.11 94.8 110 1.0 0.07 
60 5.96 57.0 l l 0.35 25.9 l 0.21 4.83 0.15 0.15 0.1 l 600 116 0.9 0.06 

Note: PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.20 Fitting parameters of Debye Gaussian coil model + sphere model to the SANS scattering intensities of 5 wt.% Pluronic 

P123 + 1 M BmimBF4 in D2O. 

SLD SLD of solvent
T (C) Scale Scale1 Io (cm-1) Rg (A) Scale2 r (A) Bkg (cm- 1)oo-6A-2) oo-6A-2) 

20 1.0 0.8 1.40 20.0 0.0015 4.00 5.59 103.0 0.01 

Table 4.21 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 1 M 

BmimBF4 in D2O. 

SLD SLD SLD 
of of of Bkg

T R: Ts Rhssolvent Xe ({J c core Xs (f) s shell PDl PD2 Vol% Nassoc scale (cm-
(C) (A) (A) (A)oo-6 oo-6 oo-6 I) 

A-2) A-2) A-2) 
40 5.59 55.0 l l 0.35 32.0 l 0.15 4.85 0.15 0.15 0.14 87 104 0.9 0.09 
60 5.59 61.0 l l 0.35 28.0 l 0.21 4.55 0.15 0.15 0.1 l 89 142 1.0 0.06 

Note : PDl , 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.22 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 

BmimBF4 in D20 at 20 °C. 

SLD SLD SLD 

System 
of 

solvent 
(1 o-6 

R e 

(A) Xe ({J c 

of 
core 
oo-6 

T s 

(A) Xs (f) s 

of 
shell 
(1 o-6 

PDl PD2 Vol% Rhs 

(A) N assoe scale 
Bkg 
(cm· 

I) 
A-2) A-2) A-2) 

P123 6.34 54.3 1 1 0.35 26.0 1 0.19 5.22 0.13 0.13 0.11 80.3 100 0.8 0.17 
P123+0.5M 
BmimBF4 

5.96 54.6 1 1 0.35 28.0 1 0.18 5.00 0.15 0.15 0.12 82.6 102 1.0 0.09 

Pl23+1M 
- - - - - - - - - - - - - - -

BmimBF4 
Note : PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 

Table 4.23 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 

BmimBF4 in D20 at 40 °C. 

SLD SLD SLD 
of of of Bkg

Re T s RhsSystem solvent Xe ({J c core Xs (f) s shell PDJ PD2 Vol% N assoe scale (cm·(A) (A) (A)(J o-6 (] o-6 (J o-6 I) 
A-2) A-2) A-2) 

P123 6.34 59.8 1 1 0.35 25.2 1 0.23 5.00 0.15 0.15 0.10 85.0 134 1.0 0.15 
Pl23+0.5M 

5.96 56.0 1 1 0.35 26.7 1 0.20 4.90 0.15 0.15 0.11 94.8 110 1.0 0.07
BmimBF4 
P123+1M 

5.59 55.0 l l 0.35 32.0 l 0.15 4.85 0.15 0.15 0.14 87 104 0.9 0.09
BmimBF4 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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Table 4.24 Fitting parameters of the core-shell ellipsoid model to the SANS scattering intensities of 5 wt.% Pluronic P123 + 

BmimBF4 in D20 at 60 °C. 

SLD SLD SLD 

System 
of 

solvent 
oo-6 

R e 

(A) Xe ({J c 

of 
core 
(1 o-6 

T s 

(A) Xs (f) s 

of 
shell 
(1 o-6 

PDl PD2 Vol% Rhs 

(A) N assoc scale 
Bkg 
(cm· 

I) 
A-2) A-2) A-2) 

P123 6.34 124.4 1.20 0.78 0.40 19.4 1 0.24 4.97 0.13 0.13 0.11 143.8 1129 1.0 0.09 
P123+0.5M 
BmimBF4 

5.96 57.0 l l 0.35 25.9 l 0.21 4.83 0.15 0.15 0.11 600 116 0.9 0.06 

Pl23+1M 
BmimBF4 

5.59 61.0 1 1 0.35 28.0 1 0.21 4.55 0.15 0.15 0.11 89 142 1.0 0.06 

Note: PDl, 2 are PD values of radius (Re) and thickness (Ts), respectively. 
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10°,------------r.==,===========;ia i i BmimBF4 BEMP 20C lo.txt 
- MB [BmimBF4 BEMP 20C lo.txt] 
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- M9 [BmimBF4 BEMP 40C lo.txt] 
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i f BmimBF4 BEMP 60C lo.txt 

- Ml0 (BmimBF4 BEMP 60C lo.txt) C 

Figure 4.1 Fits of the sphere form factor to the SANS scattering intensities of 1 M BmimBF4 in 

D20 at (a) 20, (b) 40, and (b) 60 °C. 
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Figure 4.2 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 in D20 at (a) 20, (b) 40, and (b) 60 °C. 
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Figure 4.3 (a) Fits of the core-shell elongated ellipsoid form factor+ hard sphere structure factor 

to the SANS scattering intensities of 5 wt.% P 123 in D20 at 60 °C. We consider the micelle core to 

contain all the PPO and some D20 or to contain all the PPO and some PEO. (b) Fits of the core

shell elongated ellipsoid form factor + hard sphere structure factor to the SANS scattering 

intensities of 5 wt.% Pl 23 in D20 at 20, and 40 °C. At 20 °C, we consider the micelle core to contain 

60 vol% PPO, 3 % PEO and 37 vol% D20 ; at 40 °C we consider the micelle core to contain 67 

vol¾PPO, 8 vol% PEO and 25 vol% D20 . 
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Figure 4.4 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 + 1 MEAN in D20 at (a) 20, (b) 40, and (b) 60 °C. 
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Figure 4.5 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 + 2 MEAN in D20 (a) 20, (b) 40, and (b) 60 °C. 
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Figure 4.6 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 + 1 M NH4NQ3 in D20 at (a) 20, (b) 40, and (b) 

60 °C. 
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Figure 4. 7 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 + 2 M NH4NQ3 in D20 at (a) 20, (b) 40, and (b) 

60 °C. 
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Figure 4.8 Fits of the core-shell elongated ellipsoid form factor + hard sphere structure factor to 

the SANS scattering intensities of 5 wt.% P123 + 0.5 M BmimBF4 in D2O at (a) 20, (b) 40, and 

(b)60 °C. 

186 



- MS [P123_1MBMI_BEMP_BMl_20C.t ] a 
£ P123_1MBMI_BEMP _BMl_20C.t 

110-

10-2 10-1 

Q(A-1) 

b 

101 

'g 
E-~ 
C 
~ 10° 
E 

10-l 
- M23 [Pl23_1MBMI_BEMP_BMI_ 40C.t] 

I Pl23_1MBMI_BEMP_BMI_40C.t ~ 
10 - 2 10 -1 

Q(A-1) 

102 

C 

10' 

'g 
E 10' -~ 
E 

10-l 

- M24 [P l 23_1MBMI_BEMP _BMl_60C.t] 

I P123_1 MBMI_BEMP _BMl_60C.t 

210-

10- 2 10-1 

Q(A-1) 

Figure 4.9 Fit of Debye Gaussian coil form factor + sphere form factor to the SANS scattering 

intensities of 5 wt.% P123 + 1 M BmimBF4 in D20 at 20 °C (a); fits of the core-shell longated 

ellipsoid form factor + hard sphere structure factor to the SANS scattering intensities of 5 wt.% 
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