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TiO2 titania 
TW Tween-20 

VDW van der Waal’s 
XmRL micelle mole fraction of monorhamnolipids 
ZnO zinc oxide 
αmRL bulk mole fraction of monorhamnolipids 
γCMC surface tension at the CMC 
τ fluorescence lifetime 
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ABSTRACT 

 The purpose of this dissertation was two-fold: 1) to explore the micelle structure 

and microenvironment of monorhamnolipids (mRL), produced by Pseudomonas 

aeruginosa ATCC 9027, and their mixtures with synthetic surfactants in order to 

postulate possible applications of these materials in industrial products and 2) to examine 

the effects of mRL  on commercial metal oxide nanoparticle (NP) aqueous dispersion 

behavior to reveal the potential impact of microbial secondary metabolites on NP fate and 

transport in the environment.  

 The mixing behavior of mRL with cetylpyridinium chloride (CPC) was measured 

using surface tensiometry.  Electrostatics resulted in cooperative enhancement in mixture 

properties, but these effects were not significant until αCPC ≥ 0.25.  This highlighted the 

weakly anionic character of mRL and allowed CPC quenching in subsequent 

fluorescence studies.   

 Steady-state and time resolved fluorescence quenching measurements in mRL 

micelles revealed that quenching proceeded via a combined static and dynamic 

mechanism.  Despite a large micelle volume, static quenching was the preferred 

mechanism in mRL illustrating the reactants form a globular micelle.  The hypothesis that 

mRLthe micelles core is fluid and the headgroup is complex was confirmed.  Changing 

the structure of the reactants displayed changes in the degree and mechanism of 

quenching further supporting this aggregate model.  Fluorescence measurements on 

mRL-Tween 20 micelles supported a previous postulate that a geometrically-driven shape 

transition occurs as mRL decreases.  The corresponding decrease in probe lifetime 
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indicated the polarity of the micelle was decreasing.  Tween “sealed” the mRL micelles 

making them less susceptible to water penetration.  

 The effect of mRL on metal oxide NP dispersions was evaluated on adsorption 

strength, NP aggregate size and stability, and zeta potential as a function of time, pH, and 

mRL concentration.  Silica NPs showed little adsorption of mRL and was impervious to 

all variables in altering the solution stable aggregate size.  NP aggregate size was 

decreased at very high mRL concentrations due to osmotic and electrosteric repulsions of 

mRL micelles in solution.  Titania, despite expectations, indicated fairly low adsorption 

of mRL and displayed very similar aggregate dispersion stability as that of silica.  The 

zeta potential was negative even in the absence of surfactant.  Spectroscopic 

investigations exposed that the commercial titania NPs were contaminated with a 

significant amount of silica altering NP surface properties.  Finally, zinc oxide (ZnO) 

dispersions were substantially affected by the adsorption of mRL.  In the absence of 

mRL, ZnO NPs were unstable independent of pH.  The addition of mRL stabilized the 

ZnO dispersions and lowered the zeta potentials.  Furthermore, mRL coating prevented 

the dissolution of ZnO, the major factor implicated in ZnO toxicity. 
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CHAPTER 1.  

INTRODUCTION TO SURFACTANTS AND BIOSURFACTANTS 

Surfactant Overview 

Surfactants are a class of molecules extremely important in industry.  The global 

demand for surfactants exceeded 7.5 million tons in 2010 alone, and the worldwide 

surfactant market is projected to generate over $41 billion in revenue in 2018.2  They are 

used in detergents, textiles, personal care products, pharmaceuticals, agriculture, paints, 

plastics, petroleum production and refinement, and many other product classes.3-7  The 

general surfactant structure contains two parts: 1) a hydrophilic, polar headgroup 

containing heteroatoms of nitrogen, oxygen, sulfur, and phosphorous with carbon in 

various functional groups such as alcohols, ethers, amines, phosphates, etc., and 2) a 

hydrophobic tail composed, most often, of hydrocarbon units although occasionally 

containing halogens or nonionized oxygen atoms.8  Structures of specific surfactants are 

shown in Figure 1-1. 

This amphiphilic nature makes it such that these molecules tend to congregate at 

the interface between two immiscible layers, orienting themselves so that their 

hydrophobic tails are suspended in the more nonpolar medium while the hydrophilic 

heads extend into the polar solvent.  This gives them unique surface properties and 

explains the etymology of their name: surface active agents (surfactants).  Two major 

functional characteristics direct their utility in all of the aforementioned industrial 

applications: 1) lowering the surface tension between two unlike phases by migrating to 
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Figure 1-1.  General surfactant classifications based on the charge of the headgroup.    
General surfactant classifications based on the charge of the headgroup: Nonionic (Ex: 
Polyoxyethylene sorbitan monolaurate); Cationic (Ex: Cetyltrimethylammonium 
bromide, CTAB); Anionic (Ex: Sodium dodecyl sulfate, SDS); Zwitterionic (Ex: 
Cocamidopropyl betaine). 

 

Cationic

Anionic

Zwitterionic

Nonionic

Nonpolar Hydrocarbon Tail Polar Head Group
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the interface and 2) the ability to form aggregate structures in solution when the surface 

sites have been saturated.  These aggregates assemble with the “like” portions of the 

molecules interfacing with the solvent and the “unlike” regions creating the core of the 

aggregate.  The classic example of a surfactant aggregate is a micelle containing a polar 

outer region and a hydrophobic inner zone as seen in Figure 1-29; these are discussed in 

greater detail in a later section. 

Surfactant Classifications 

 Surfactants are classified based on the charge of their headgroup: anionic, 

cationic, nonionic, or zwitterionic/amphoteric as shown in Figure 1-1.  A common 

commercial example of each, as well as their relative abundance in industrial production, 

is given in Table 1-1.  Surfactants of different classes typically have unique properties, 

and therefore, specific applications. 

Anionic 

 Anionic surfactants have a negatively charged headgroup, and are by far the most 

common of the four classes.  Typical anionic headgroups of these surfactants include 

sodium, potassium, and ammonium salts of carboxylic acid, sulfonic acid, and sulfuric 

acid esters as well as phosphoric and polyphosphoric acid esters.10  The general term 

“soap” is applied to a fatty acid salt and is by extension, an anionic surfactant.  They are 

made by saponification of triglycerides from vegetable oils or animal fat.8  Soaps are the 

earliest examples of surfactants synthesized and utilized by humans, and have been  
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Figure 1-2.  General structure for an anionic micelle.10  Cationic 
micelles will be the same except the counterions will be anions.  
Nonionic micelles have the same general structure except there are not 
counterions and, instead of a Stern layer, the headgroup region is 
typically called the palisade region due to the lack of an electrical 
double layer 

Gouy-Chapman 
Layer

Stern Layer

Hydrophobic Core

Shear Surface

~ 25 Å

< 10 Å
~ 100 Å
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Table 1-1.  Classification, examples, and percent production of surfactants. 

Classification Common Industrial Example Industrial Use % World 
Production8 

Anionic Sodium dodecyl sulfate (SDS) Soaps/Cleansers ~50 % 

Cationic Cetyltrimethylammonium bromide 
(CTAB) 

Bactericides/ 
Fabric Softener ~5-6 % 

Nonionic Polysorbate (Tween) Food Products/ 
Pharmaceuticals ~40 % 

Zwitterionic Betaines (long-chain amino acids) Cosmetics ~1 % 
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employed for centuries as cleaning agents.  However, because of their negative charge, 

they can interact with the minerals found in hard water and form free fatty acids which 

dry as soap scum.  They can also produce insoluble salts, leaving a film over hair and 

skin, when used in high mineral content water.4  This led to interest in alternative 

“synthetic” surfactants.  In the early 1950s, Evans began to investigate adding a sulfate 

group, instead of a carboxylic acid moiety, to the polar head.11  This alleviated many of 

the problems with soap scum and mineral deposits, but introduced skin irritation as a 

drawback.  One of the most common sulfate surfactants, dodecyl sulfate, is the foaming 

agent found in many shampoos, toothpaste, and laundry detergents.8   

Cationic 

 Cationic surfactants contain a positive charge that commonly arises from the 

presence of a protonated amine in the headgroup region.  Many of the chemical reactions 

required to synthesize an amine surfactant are selective and have low yields.8  Therefore, 

their production costs are quite high and only encompass 5-6% of the surfactant market.  

They became of considerable industrial interest in the 1930s when Gerhard Domagk 

discovered their bactericidal properties.12,13  Cationic surfactants are also used when a 

positive charge is functionally necessary as, for example, where adsorption to a 

negatively charged substrate is required (i.e. metals, plastics, cell walls, minerals, etc.), 

such as a fabric softener to reduce static cling in clothing.  Fabric softening products 

account for about 66% of the total usage of these types of surfactants.13  Concern over 

their use has arisen, however, because numerous studies have shown that cationic 

surfactants display acute and chronic toxicity to aquatic organisms such as fish, snails, 
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algae, etc.14-17  As a germicide/bactericide, cationic surfactants can be useful to kill 

organisms when sterile conditions are required (for example in an operating room), but 

for these same reasons, they can also have harmful effects on the environment.    

Nonionic 

 Nonionic surfactants have become important in the last few decades, and are now 

produced in numbers only slightly behind anionic surfactants.  They are used in products 

that may enter or interact with the human body such as pharmaceuticals, cosmetics, and 

food emulsifiers, because they tend to be relatively nontoxic.8  They are also less 

interactive with electrolytes so can be used as detergents and cleansers in hard water.  As 

excellent wetting agents, nonionic surfactants are further utilized in hydrophobic soils to 

increase plant productivity and reduce dry spots.18  Most nonionic surfactants are 

polyoxyethylene (POE) linear alcohols or alkyl phenols.  If at least 4-5 POE groups are 

present in the headgroup (which is often the case), nonionic surfactants will exhibit good 

solubility in aqueous solutions.8  They are often mixed with ionic surfactants to provide 

synergistic effects. 

Zwitterionic 

 Zwitterionic surfactants have both negative and positive subgroups, with resultant 

electrical neutrality overall for the headgroup.  Because there are other atoms between the 

charged subgroups, zwitterionic surfactants will display different behavior than nonionic 

molecules, though both have zero net charge.19  This is because the solution pH 

determines which subgroup directs surfactant behavior; zwitterionic compounds will 
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behave like an anionic surfactant at high pH and cationic at low pH.  Because of their 

dual nature, zwitterionic surfactants can have attractive interactions with both cationic 

and anionic surfactants.  For example, they can be used to enhance the foaming properties 

of anionic surfactants in aqueous solutions.20  Many of these compounds are alkyl amino 

acid derivatives with both an amine and carboxylic acid in the headgroup region.  They 

are expensive to produce, and thus, are only used in very specialized applications.8 

Surface Properties and Adsorption Isotherms 

When surfactants are dissolved in aqueous solutions, they tend to migrate to the 

air/water interface and orient themselves such that their hydrophobic tails extend into the 

air and their hydrophilic headgroups segregate into the water layer as an adsorbed 

monolayer as shown in Figure 1-3.  In this manner, they disrupt the hydrogen bonding 

network between surface and bulk solution water molecules.  They also replace the water 

molecules at the surface, and the surfactant-water molecule attractive force is lower than 

replaced water-water interaction.  The result is that there is a decrease in overall surface 

tension (γ).  

Surfactants can then be compared by their efficiency, the concentration required 

to reduce γ a specified amount, or their effectiveness, the maximum reduction in γ 

regardless of the surfactant concentration required.21  A general metric for the surfactant 

efficiency is the pC20, the negative logarithm of the surfactant concentration required to 

lower the surface tension by at least 20 mN/m.21.  The more efficiently the surfactant is  
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Figure 1-3.  Interfacial and higher order solution aggregation behavior of surfactants 
dissolved in aqueous solvent 

Bilayer
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adsorbed at the interface, the larger the pC20.  A means of comparing surfactant 

effectiveness is to measure ΠCMC, the difference between the initial surface tension and 

that at the critical micelle concentration (a metric to be discussed shortly).  The greater 

ΠCMC, the more effective the surfactant is at lowering the surface tension at the interface.   

Average values for the pC20 of surfactants range from 2-3 for ionic surfactants 

and 4-6 for nonionic or zwitterionic headgroups.  Values for ΠCMC typically range from 

25-40 mN/m22, though extremely efficient surfactants can reduce the surface tension from 

72 mN/m to below 22 mN/m.23  While efficiency and effectiveness typically track 

together, they are not necessarily correlated parameters.  The reason for the disparity is 

that efficiency is dictated by thermodynamics while the effectiveness is related to the 

ratio of the headgroup and tail areas.21  The most effective surfactants tend to be nonionic 

with small head groups, whereas the efficiency of a surfactant typically increases with 

increased hydrophobicity.22  Rosen’s Surfactants and Interfacial Phenomena gives a 

comparison of the effectiveness and efficiency of over 100 surfactants at different 

interfaces and conditions.22 

If the surface tension is measured as a function of surfactant concentration, a plot 

like that shown in Figure 1-4 results.  There are four distinct regions to the surface 

tension plot as shown in this figure.  Before any surfactant is added, the measured surface 

tension should be that of pure water, 72 mN/m.  As the surfactant concentration is 

increased (Region 2), the monomers in solution will migrate to the surface causing a 

decrease in the surface tension.  An equilibrium is established between monomers in  
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Figure 1-4.  Surface tension response at the air-water interface with increasing 
surfactant concentration.  Molecular pictures beside each number depict what is 
occurring at the surface and in solution throughout each region of the graph: 1) at very 
low surfactant concentrations molecules congregate randomly at the air:water interface 
with little change in the surface tension; 2) surfactant molecules orient at the interface 
decreasing the surface tension of the water; 3) water surface saturated with surfactant 
monolayers forming a monolayer.  At this point, there is no additional space at the 
surface to contain more molecules and surfactant is forced in solution forming 
aggregates.  This point is called the critical micelle concentration (CMC); 4) in this 
region, no change in surface tension is measured, but additional surfactant molecules 
are forced into solution increasing the number of micelles. 
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solution and those located at the surface.  At some surfactant concentration that is 

characteristic for a specific surfactant under certain solution conditions, the surface sites 

will be completely occupied.  This is called the critical micelle concentration (CMC) and 

is marked by an inflection in the surface tension plot (Point 3).  The surface tension at the 

CMC is the minimum surface tension (γCMC) that can be achieved for this particular 

system.  Beyond this point (Region 4), any added surfactant will be forced into solution 

and aggregate formation will occur.  In Region 4, there is no effect on the surface tension, 

since the number of molecules on the surface is constant and the only differences are 

occurring in bulk solution.  The higher-order aggregate structures, generally called 

micelles, can take on various shapes resulting from the driving force of the individual 

surfactant molecules to minimize interaction of their hydrophobic tails with the aqueous 

medium.  This is achieved by orienting themselves such that their hydrophilic headgroups 

are interfacing with the water and their hydrophobic tails are interacting with one another.  

The various shapes that aggregates can form are dependent on solution conditions and are 

discussed in the next section.   

Significant information can be extracted from the linear response of the surface 

tension in Region 2 from Figure 1-4.  At surfactant concentrations below the CMC, 

equilibrium exists between the surfactant molecules in solution and at the surface.  If 

there is a high surface excess, the surfactant is said to be more “surface active” and will 

be more effective at reducing the surface tension than a less surface active molecule.24  

The surface excess (Γ) can be calculated using the Gibbs’ adsorption isotherm and the 

surface tension at a particular surfactant concentration by 
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where R is the gas constant, T is the temperature (K), and (∂γ/∂ln C) is the rate of change 

of the surface tension with increasing surfactant concentration.25  This analysis shows 

that the steeper the slope in region 2, the greater the surface excess, and therefore, the 

surface activity of the molecule (i.e. the surfactant fills the surface sites very quickly).   

 This assessment gives, at best, an incomplete molecular picture.  The 

Szyszkowski equation relates the surface pressure, Π (where Π = γ0 – γ) to the cross-

sectional area of the surfactant molecules (ω) and the adsorption equilibrium constant 

(Kd) 

 
)1ln(0 CKRT

d+−=
ω

γγ
 (1-2) 

where γ is the measured surface tension, γ0 is the surface tension of pure water (72 

mN/m), C is the concentration of the surfactant, and all other variables are as defined 

previously.22,26  By fitting the linear portion (Region 2) of Figure 1-4, information can be 

obtained about both the size of the molecule and the adsorption equilibrium constant at 

the surface.  A surfactant with a very large headgroup, for example, may occupy the 

surface sites very quickly and have a high surface excess.24 

 If the intent is to utilize aggregates in aqueous solutions (for example as delivery 

routes for hydrophobic drugs) then a desired property for the surfactant would be to have 

a low CMC to utilize less of the component.27  On the other hand, if one is interested in a 
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more surface oriented application, such as a wetting agent, obtaining a γCMC that is as low 

as possible would be critical.25  Many functions of surfactants necessitate both of these 

characteristics to be present.  As such, the fact that a surfactant molecule is very surface 

active does not mean that it will be ideal for an intended purpose.  It is important, 

therefore, to explore the whole concentration range when measuring the surface tension 

of surfactant solutions, and determine whether efficiency and/or effectiveness are 

necessary for the targeted application. 

Solution Aggregate Structures 

The general structure for an anionic micelle is shown in Figure 1-2.  The charged 

headgroups cause the creation of an electrical double layer at the micelle-aqueous 

solution interface.  The hydrophilic headgroups, constituting the Stern layer, make up the 

inner portion of the shear surface, and this region also contains about 70-80% of the 

counterions associated with the micelle.28  The rest of the counterions are associated with 

the diffuse layer, or the Guoy-Chapman layer, where the electrical potential drops off 

more gradually.22  The thickness of the Stern layer and the number of counterions 

associated with each micelle depends upon the specific surfactant molecular properties 

(i.e. size and charge of the headgroup and the aggregation number).  There is also a 

highly hydrophobic inner core region of the micelle composed of the lipid tails.  This 

region is non-aqueous and is useful for the partitioning of hydrophobic molecules in a 

variety of different applications.  Cationic micelles have the same structure as that shown 
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in Figure 1-2 except that the headgroups are positively charged and the counterions are 

negative.  

 Nonionic aggregates have the same general morphology except that their 

headgroup is usually composed of oxyethylene chains.24  The polar region containing the 

POE chains surround the hydrophobic core and is usually referred to as the palisade 

layer.29  This hydrophilic region does not attract counterions, but can entrap a large 

number of water molecules.29  As a result, nonionic micelles are often highly hydrated.  

Nonionic surfactants also do not have repulsions between their headgroups and, thus, 

have higher aggregation numbers and larger micelle sizes than their ionic counterparts.  

As mentioned previously, surfactants tend to form aggregate structures in solution 

to minimize the interaction of their hydrophobic tails with the aqueous medium.  These 

structures, however, are not all identical and their size and shape will depend on the 

surfactant molecular properties, solution conditions, and surfactant concentration.  The 

four major structural categories are: 1) small, spherical assemblies with aggregation 

numbers less than 100; 2) elongated cylinders with hemispherical ends (prolate ellipse); 

3) long, flat lamellar structures (i.e. bicelle); and 4) vesicles which are bilayer concentric 

lamellar structures.22  These aggregate shapes in aqueous solutions are shown in the 

Figure 1-3. 

 In 1976, Israelachvili et al. formulated a model called the packing parameter (P) 

whereby the shape of a micelle could be predicted based on the geometric structure of the 

surfactant molecules.  For a given value of P, the micelle could be predicted to be 



48 
 

spherical, cylindrical, lamellar, or even inverse with the tails oriented towards the solvent 

and the polar headgroups pointing towards the core.  The packing parameter can be 

calculated if the molecular cross-sectional area of the molecule at equilibrium and the 

number of carbons in the lipid tail are known: 

 
cl

vP
ω

=
 (1-3) 

 where v is the volume of a single surfactant tail and is equal to 27.4 + 26.9•nc.30,31  nc is 

the number of carbons in the lipid tail that are imbedded in the hydrophobic core.  ω is 

the optimal/equilibrium cross-sectional area of the molecule at the interface calculated 

from fitting surface tension data using Eq. (1-2).  Finally, lc is the length of the 

hydrocarbon chain or 1.5 + 1.265•nc.30,31  It should be noted that since the tail length and 

volume are both dependent on the number of carbon units, the ratio is constant and equal 

to 21 Å2
 and 42 Å2 for single and double-tailed surfactants, respectively.32  Consequently, 

the micelle shape is determined predominantly by the size of the headgroup.   

However, the assumption that the packing parameter is dictated only by the 

headgroup size is a generalized statement for common surfactants, with recent work 

showing that the tail can sometimes play a significant role in determining the aggregate 

structure.33  For example, although the equilibrium area and the calculated packing 

parameter are not directly dictated by the tail group, the ionic strength can be altered by a 

long or short tail which subsequently affects the equilibrium area and the packing 

parameter in a spherical ionic micelle.33  Futhermore, in cylindrical micelles, the number 

of molecules that can be accommodated in the hemispherical endcaps is dictated by the 
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surfactant tail length and can prevent the transition from spherical to rodlike micelles 

even if the calculated parameter allows for such a formation.33  

 The nominal ranges of P for different geometrically shaped aggregates are as 

follows: 0 ≤ P ≤ 1/3 (spherical), 1/3 ≤ P ≤1/2 (cylindrical), 1/2 ≤ P ≤ 1 (lamellar), and P 

>1 (inverse micelles with the surfactant in a nonpolar solvent).30  There are common 

traits between surfactant type and the packing parameter.34  Spherical micelles tend to be 

made up of simple surfactants with a single chain and large headgroup.  Ionic micelles 

often are spherical in shape, because the repulsion between head groups gives them a 

large equilibrium cross-sectional area, driving them to form aggregates of high curvature 

(i.e. spheres).  Nonionic surfactants and those with relatively small headgroups or ionic 

surfactants in a very high concentration electrolyte solution develop cylindrical or rod-

like micelles.  The lack of repulsion between nonionic headgroups allows them to 

aggregate into more elongated structures.  Adding salt to an anionic surfactant will 

provide counterions to reduce the hydrophilic area of the headgroup and will result in a 

lower radius of curvature for the aggregate.35  Finally, double-chain surfactants with large 

headgroups and flexible chains tend to create vesicles or flexible bilayers (bicelles or 

lamellae), while those with small headgroups or rigid chains, such as phospholipids, will 

form extended bilayer structures.34  It has also been observed that the aggregation number 

and overall aggregate size increases in the sequence of going from sphere to cylinder to 

vesicle to bilayer.31  
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Surfactant Applications 

In the previous section, it was shown that surfactants and micelles can vary 

widely in size, shape, hydration, charge density, and aggregation number.  These 

properties all have a defining impact on the microenvironment of the micelle (i.e. local 

polarity, viscosity, counterion concentration, diffusion coefficient, etc.)  The surface 

activity, aggregation structure, and microenvironment all dictate how a particular 

surfactant can be used in industrial applications.  Some of these functions include, but are 

not limited to, detergents, emulsifiers, wetting agents, drug delivery routes, toxic 

chemical remediation, and micro-reaction vessels.  These applications are briefly 

examined in this section. 

Detergents 

 When surfactants are used as a detergent, they are removing some type of soil or 

sediment (i.e. “dirt”) from a substrate.  This substrate can vary from a smooth, hard 

surface (like tile) to a soft, porous material (such as a wool sweater).  Typically, 

surfactants are used to remove soil that is attached via van der Waals, dipole, or 

electrostatic forces and not covalently bonded to the substrate.22  The surfactant adsorbs 

to the soil altering the surface tension (and therefore the interfacial forces) between the 

soil and the washing solvent (typically water).  Upon subsequent agitation or rinsing, the 

soil is lifted off of the substrate leaving behind a clean surface.  The surfactant also 

remains on the substrate and soil surface.  For anionic surfactants, this results in an 

electrical repulsion that prevents agglomeration of the soil particles as well as 

redeposition onto the substrate.  If the surfactant is nonionic with POE chains, these 
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chains orient themselves toward the water hindering van der Waals attraction, and 

provides a steric hindrance to accumulation of soil particles both with each other and on 

the newly cleaned surface.22 

Emulsifiers   

 An emulsion is a stable suspension of liquid particles contained within another 

immiscible liquid (e.g. oil droplets in water).  By definition, the two mixing liquids are 

immiscible and cannot create an emulsion if they are mixed in their pure form. The 

surfactant aids in stabilizing the uniformity of the mixture.  Emulsions are found in a 

variety of products including paints, polishes, margarine, ice cream, metal cleaners, etc.  

Emulsification can be explained by examining the phenomena of mixing oil and water.  

Upon vigorous shaking, the oil is broken up and dispersed into the water.  The two phases 

will quickly separate again if allowed to sit at rest.  This is due to the fact that the 

dispersion increases the surface area of interaction between the two immiscible liquids.  

Since the interfacial tension is extremely high, the dispersed mixture is highly 

thermodynamically unstable.22  Surfactants change the properties of the mixture by 

physically surrounding the oil droplets thereby lowering the surface tension between the 

two immiscible layers with a consequent increase in stability.  As it does when used as a 

detergent, the emulsifying surfactant molecule acts as an electrostatic and steric barrier to 

prevent the oil droplets from colliding with one another and coalescing back into a 

separate phase.  Surfactant emulsified mixtures can be stable for a few minutes or up to a 

few years depending on the intended application and properties of the two liquid 

phases.22 
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Wetting Agents 

 Strictly speaking, wetting is the replacement of one fluid at a surface by another 

fluid.22  This is industrially important in spraying, such as in the application of paints and 

coatings, where the liquid being sprayed needs to come into contact with the entire 

surface very quickly to provide a uniform covering.  Wetting can be understood by 

considering the contact angle formed by a liquid drop on a solid surface.  The contact 

angle is the angle (θ) made at equilibrium at the “wetting perimeter,” the solid line made 

between the three phases (i.e. solid, liquid, and vapor).  As a result, if a liquid has “wet” 

the solid substrate and replaced the vapor at the interface, θ will be very small.  If the 

interfacial tension between the liquid and solid phases is high (such as water on a 

hydrophobic surface), θ will be large and wetting will not occur.  Surfactants aid in the 

wetting process by lowering the surface tension (i.e. γLV) of the liquid as discussed 

previously.25  They will also adsorb on the solid, lowering γSL, which contributes further 

to the wetting process. 

Drug Delivery Systems (DDS) 

 Molecular drug delivery systems can work in two ways: 1) simply as a drug 

vehicle; and 2) as targeting systems through natural biodistribution of the carrier or by 

directed localization, usually through specific ligands on the DDS surface to afflicted 

organs,.27,36  Surfactants aid in drug delivery by increasing the solubility of hydrophobic, 

water-insoluble drugs, forming protective barriers to reduce degradation, controlling drug 

release rate, minimizing toxicity, and increasing bioavailability.37  Because of the wide 

variety of pharmaceutical properties, application routes (topical, oral, respiratory, 
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intravenous) as well as the complexity of the human body, the proper useful surfactant 

phase can vary significantly.  This can range from micelles for low dose, low viscosity 

therapies to lamellae and liposomes for high viscosity, sustained release (dermal lotions) 

to vesicles for highly amphiphilic, low-water soluble solutes administered 

intravenously.27,38  Often nonionic surfactants are utilized as carriers because of their low 

toxicity.39,40   

There are still many problems associated with surfactant assemblies, however, 

that prevent their wide-spread application in DDS.  Micelles, for example, upon 

ingestion, are diluted in the mouth or stomach.  If diluted below the surfactant CMC, the 

micelles can disrupt and release the drug prematurely.  Also, the micelle loading capacity 

is small relative to normal dosage requirements requiring that only very potent drugs be 

used.    Because of their potential advantages, however, many studies have recently been 

performed to overcome these obstacles such as crosslinking to improve stability,41,42 

mixing POE surfactants with polymers to form co-block polymers with increased 

stability and loading capacity,43,44  mixing surfactants such as a biodegradable surfactants 

with synthetic ones, and using computer modeling programs to predict effective 

aggregate sizes and shapes.45 

Environmental Remediation    

 Perhaps the most well-known recent application of surfactants to environmental 

remediation was the use of the surfactant mixture, Corexit, during the 2010 Deepwater 

Horizon oil spill in the Gulf of Mexico to disperse and prevent surface accumulation of 
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the released oil.  The surfactant aided in the emulsification of the oil into small droplets 

such that they could be degraded by bacteria.  Some concern remains, however, that the 

synthetic surfactants may have long-term environmental impact themselves causing the 

Environmental Protection Agency to direct BP to explore alternative dispersants.46,47  For 

this reason, attention has shifted to using biosurfactants for environmental remediation.48-

51  This particular aspect will be further explored in the next section.  The discussion here 

will center on general surfactant remediation.  

 Most organic contaminants have very low water solubility, and tend to adsorb 

strongly to nonaqueous media like sediment, soils, or rocks.  Increasing their 

concentration in the aqueous phase, therefore, is critical to the process of their removal 

from the environment.  The general term given to these contaminants is nonaqueous 

phase liquids (NAPLs): those that have a lower density than water are L(light)NAPLs 

while those that sink below the water surface are D(dense)NAPLs.50  The latter are more 

difficult to remediate and include polychlorobiphenyls (PCB) and chlorinated solvents.52  

Surfactants can be used to increase aqueous solubility into wash water of contaminants 

strongly adsorbed to soil surfaces and also lower the surface tension at the NAPL/water 

interface. 

Surfactants have been utilized in the groundwater remediation of DNAPL pools 

that exist below the water table.  They help remove DNAPLs through two mechanisms: 

solubilization, uptake of the contaminant into the micelle to bring it to the surface more 

quickly, and mobilization, choosing the surfactant such that it congregates at the 
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DNAPL/water interface and lowers the surface tension between the two phases.53  Once 

the surfactant has solubilized and mobilized the contaminant, the water and soil can be 

cleaned through a pump and treat method.52 

 Surfactants have also been shown to aid in the degradation of polycyclic aromatic 

hydrocarbons (PAHs), combustion byproducts that possess genotoxicity.51,54-57  The 

chemical decomposition of the PAHs can be performed by several microorganisms 

through oxidative enzymes, but often the PAH is strongly attached to the soil surface and 

these aquatic organisms are unable to come into contact with the toxic molecules.58  

Surfactants increase the bioavailability by solubilizing the PAH molecules into the 

aqueous phase.  The microbe can then decompose the PAH by taking it up it from the 

micelle directly or from the aqueous solution if is released by the micelle.7  

Microreactors 

 Micelles can also serve as microreactors to catalyze certain reactions.  Ionic 

micelles have a charged Stern layer which can attract reactants of opposite charge and 

increase their effective concentration.  In this manner, kinetic reaction rates can be 

increased by up to 1000-fold using anionic surfactants.59  Micelle controlled kinetics 

closely follow those of enzyme catalyzed reactions and can be analyzed using the 

Michaelis-Menten equation.60   

Not only do ionic micelles increase reaction rates by attracting ions to their 

surfaces, but it has been observed that nonionic micelles of Triton X100 increase the 

complexation of thiocyanato with zinc (II), nickel (II), copper (II), and other metallic 
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cations.59,61,62  Micelles can solubilize hydrophobic reactants and also appear to aid in the 

formation of some metallic complexes.  This complexation behavior is similar to that 

observed in aprotic solvents, though the coordination structure also plays a role in how 

the molecules orient themselves inside the micelles so that complexation can proceed.62 

Another example of micelles acting as microreactors is in the synthesis of 

nanoparticles.  Here, reverse micelles are used with the microliter volume water core as 

the site of the controlled reaction.  This method has been used to form nanoparticles of 

multiple semi-conductor quantum dots (ZnSe, ZnS, CdS, etc.)63-65, metal oxide 

nanoparticles (TiO2, SiO2)66,67, and metal nanoparticles (Pd, Co, Fe, Au, Ag).68-70  

Typically, formation proceeds when the salt of the metal ion is dissolved inside the 

micelle and the anion (or reducing agent in the case of metal nanoparticles) quickly 

added.  In this manner, depending on the size constraints of the micelle in which the 

reaction occurs, nanoparticles of a controlled size and shape can be formed.71 

Surfactant Metrics and Analytical Methods for Determination 

 To this point, several attributes and applications of surfactants have been 

discussed.  The following section outlines analytical techniques by which these 

characteristics can be measured and quantified in order to compare different surfactants. 

Surface Tension 

 There are several methods by which the reduction in surface tension at an air-

liquid or liquid-liquid interface can be measured, but the simplest and most direct are the 

Wilhelmy plate72 and du Noüy ring73 methods.22  The general schematic for each method  
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is shown in Figure 1-5.  Both of these measure the restoring force that results when a 

liquid is in contact with some probe and capillary action drives the liquid to climb the 

probe increasing the interfacial area and pulling the probe toward the surface of the 

liquid.74.  This force is equal to the weight of the liquid adhered to the probe above the 

plane of the interface, and therefore, the surface tension (γ) can be calculated by 

 
)cos(* θ

γ
p

F
=

 (1-4) 

where p is the perimeter of the contact between the probe and the interface (p = 2L + t for 

the Wilhelmy plate method and p = 4πr for the du Noüy ring; see Figure 1-5), F is the 

force measured by the balance, and θ is the contact angle of the liquid meniscus.  In both 

the Wilhelmy plate and du Noüy ring methods, the probe is typically made of a platinum-

iridium alloy or platinum and is placed parallel/horizontal to the interface.74   

Critical Micelle Concentration 

 The critical micelle concentration (CMC) can be measured by several techniques 

including surface tension, light scattering, fluorescence, and conductivity.  The CMC is 

the concentration at which the surfactant begins to form aggregates/micelles in solution, 

and therefore, all of these techniques rely on a change in some sample property when 

micelles are present versus when they are not as seen in Figure 1-6.  Surface tension 

measurements were discussed in detail above (see Figure 1-4).  Light scattering 

measurements rely on the fact that the turbidity (τ) of a solution containing micelles is 

proportional to the number of micelles in solution and that scattering of a solution 

containing free molecules is negligible.75  Therefore, the intensity of the scattered light  
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Figure 1-5.  Schematic of common surface tension measurement techniques: a) 
Wilhelmy plate method; b) du Noüy ring method. 
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Figure 1-6.  Commonly used techniques for measuring the CMC of 
surfactants: a) surface tension, b) light scattering, c) fluorescence, and d) 
conductivity. 
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will increase sharply when micelles begin to form in solution as seen in Figure 1-6b.  

Several fluorescence techniques exist for measuring the CMC where some aspect of the 

spectral properties of the probe (absorbance/emission intensity, shifts, etc) is altered 

when it is solubilized inside a micelle.75,76  Most commonly, a hydrophobic dye is used 

which has neglible absorbance when it is in a polar environment.  As the concentration of 

micelles in solution increases, the solubilization and absorption of the dye will increase as 

it is solubilized inside the hydrophobic environment of the micelle as demonstrated in 

Figure 1-6c.  Finally, the specific conductance of ionic micelles is lower than that of the 

free surfactant, and a plot of the equivalent conductance (Λ) versus surfactant 

concentration will yield a straight line plot that can be extrapolated to determine the CMC 

as seen in Figure 1-6d.75.  Plots of the measured parameter versus surfactant 

concentration contain (or can be extrapolated to) an inflection point at the CMC.    

Foaming Ability 

 The foaming ability of a surfactant can be described in terms of the effectiveness 

(maximum height of foam) and stability (height after a specified time).22  Both of these 

can be measured using the Ross-Miles method.77  In this technique, a specified volume of 

surfactant solution in a pipette is allowed to drop a specific distance into a cylindrical 

container of the same solution held at a given temperature.  The height of the foam in the 

vessel is measured immediately after the pipette is emptied (effectiveness) and after a 

given time period (stability).  In order to compare surfactants, all of the experiment 

variables must be kept constant and the Ross-Miles method contains specific dimensions 

for each parameter.  Typical surfactant values for initial foam heights range from 100-200 
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mm when using the Ross-Miles method parameters.77  Interestingly, the stability of the 

micelle in solution is inversely related to the foaming effectiveness as a constant new 

supply of surfactant molecules is required at the surface to maintain the foam interface.78 

Emulsion Stability 

 The stability of an emulsion refers to the ability of the dispersed droplets to stay 

suspended in the medium without coalescing to form a distinct layer.22  The rate at which 

droplets coalesce in a surfactant solution is the metric by which the stability can be 

compared and is measured by counting the number of droplets in a given volume over 

time using a haemocytometer cell under a microscope.79,80 

Wettability 

Contact angles are measured using a goniometer eyepiece or photograph of a 

liquid droplet on a smooth, nonporous, planar substrate.22  The contact angle can be 

related to the surface tension forces between the different interfaces through Young’s 

equation81 

 
SLSVLV γγθγ −=cos  (1-5) 

In this case, the subscripts L, V, and S stand for liquid, vapor, and solid, respectively, and 

γ is the surface tension between the two phases denoted in the subscript.  The lower the 

contact angle, the more the material is said to be “wet” by the solution.  The effectiveness 

of a surfactant as a wetting agent can be evaluated by measuring the area to which a 

droplet containing a specified liquid spreads when it contains a surfactant and when it is 

pure in a specified amount of time.22  The ratio of the area spread by the surfactant and 
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that of the pure liquid is called the spreading factor and typical factors for water/buffer on 

a polyethylene film range from ~5 for common small ionic surfactants82 to >200 for some 

alkyl pyrrolidinones.83 

Aggregation Number 

 The micellar aggregation number (Nagg) of a surfactant, average number of 

molecules comprising a micelle, can be calculated using a variety of methods including 

small-angle neutron scattering (SANS), freezing point and vapor pressure, NMR 

diffusion coefficients, and time-resolved and steady state fluorescence quenching 

methods.22  The latter is probably the most simple and straightforward method using a 

technique described by Turro and Yekta.84 The Turro method assumes that a quencher 

molecule is associated exclusively with a micelle (i.e. not free in solution) and the 

quencher and probe are randomly distributed between the micelles following Poisson 

statistics.   If the probe only fluoresces when no quencher is present, then the ratio of 

luminescence intensities in a system with no quencher (I0) and at a specific quencher 

concentration (I) is 

 
])/[][exp(

0

MQ
I
I

−=
 (1-6) 

where [Q] and [M] are the bulk quencher and micelle concentrations, respectively. The 

probability that a quencher and probe are associated with the same molecule is dependent 

on concentration of micelles in solution which is related to the bulk solution 

concentration ([S]), CMC, and Nagg by: 
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If Eqs (7-9) and (1-7) are combined, a linear expression relating the fluorescence decay 

with the quencher concentration results:  
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If the total surfactant concentration and CMC are known, the aggregation number can be 

easily calculated from the slope of this plot.  However, this equation assumes quenching 

occurs by a static mechanism.84  The validity of this assumption will be discussed further 

in Chapter 4 of this Dissertation. 

Aggregate microenvironment 

 The aggregate microenvironment (size, shape, polarity, viscosity, etc.) can dictate 

how many and what type of molecules can be solublized, characteristics upon which 

many surfactant applications depend (see Surfactant Applications above).  The size of a 

micelle is typically measured using dynamic light scattering (DLS).  This technique is 

described in detail in Chapter 7 of this Dissertation.  However, the mathematical 

treatment for the determination of the micelle size assumes that the aggregates are 

spherical, and shape information can be determined from techniques such as small angle 

neutron scattering (SANS) 85,86  and cryo-TEM.87 While SANS is an extremely powerful 

technique it is not widely accessible, as it requires the use of a synchrotron while cryo-

TEM assumes that the morphology of the micelle is not altered during the freezing 

process. 
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 The micelle polarity and corresponding tendency to serve as hydrogen bond donor 

or acceptor in a specific solvent can be measured using the Kamlet-Taft solvatochrom 

comparison method,88,89 or the relative polarities of different surfactant micelles can be 

measured by comparing the fluorescence quantum yield and/or lifetime of a polarity-

sensitive fluorophore.  The microviscosity of a micelle can be evaluated using 

fluorescence time-resolved polarization where the translational and rotational diffusion 

coefficients are calculated from the anisotropic decay rate of the probe.90  The rotational 

diffusion coefficient can then be used to estimate the viscosity inside the micelle by 

applying the Stokes-Einstein equation. 

Surface adsorption behavior 

 The adsorption behavior of surfactants at the solid-liquid interface can be 

evaluated using ATR-IR.91-93  This technique only samples within the first few microns 

and can therefore give information about the excess of molecules at the interface by 

measuring the integrated absorbance without significant contribution from bulk species.  

By fitting the absorbance behavior to isotherm models, information about the 

cooperativity, surface coverage, and higher order structure can be obtained.  This method 

will be explained in more detail in Chapter 7 of this Dissertation. 

Biosurfactants and Rhamnolipids 

Introduction to Biosurfactants 

 There are many types of surfactants with multiple industrial purposes.  One of the 

problems with their use, however, is concern over toxicity and their environmental 
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impact.6,94,95  Until recently, it was assumed that most industrially employed surfactants 

were readily biodegradable.  Current research has shown that many surfactants, 

especially cationic species, can have acute toxicity to aquatic organisms and their 

anaerobic biodegradation pathways are much different and slower than under aerobic 

conditions.96-99  Beginning in the early 1970s, the European Union has continually 

enacted broader definitions of what constitutes a surfactant resulting in a larger number 

of products that must meet the minimum biodegradation level required for a specific 

surfactant to be marketed.35  The biodegradability of a surfactant is defined as a loss of 

functionality of the surface active groups, and can be measured by monitoring the 

production of CO2 and consumption of O2.100  This has resulted in the banning of alkyl 

phenol ethoxylates in cleaning products, cosmetics, and paper manufacturing, and will 

likely extend to other commonly used surfactants as new protocols come into effect.101 

 Growing regulatory restrictions on surfactant use have greatly increased the need 

for new, effective, and economical biosurfactants.101-103  Biosurfactants are amphiphilic 

compounds that are produced naturally by certain microorganisms;  the majority are 

secondary metabolites.104  They are of particular interest in industrial applications for two 

major reasons: 1) they exhibit very low CMC values (typically in the μM range) making 

it possible to use less material to obtain the desired surfactant properties and 2) as 

microbially-produced natural products, biosurfactants are known to be biodegradable.102  

As a result, this group of molecules serves as excellent candidates for ‘green’ alternatives 

to the synthetic, petroleum-based surfactants commonly used in the market today.  For 
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the widespread use of biosurfactants to be feasible, the ability to produce them on a large 

scale at a reasonable cost must be developed.105  

By definition, biosurfactants exhibit enhanced surface activity due to the presence 

of both a hydrophobic and hydrophilic group in their molecular structure.  The 

hydrophobic portion is typically a straight-chain fatty acid, hydroxyacid, or α-

akylalkanoate-β-hydroxy fatty acid.  The hydrophilic moiety is commonly a sugar, amino 

acid, peptide, or phosphate group.104  Although synthetic surfactants are typically 

categorized by the charge on their headgroup, biosurfactants tend to be identified 

according to the microbe that produces them and their biochemical nature.103  There are 

five major classes of lipid-based biosurfactants: glycolipids, phospholipids, 

lipopeptide/proteins, polymeric surfactants, and siderolipids.104,106  A representative 

example for each type of biosurfactant category is shown in Figure 1-7.  In general, these 

compounds have been shown to lower the surface tension of aqueous solutions from 72 

mN/m to 25-30 mN/m, and the interfacial tension between immiscible liquids to 1-5 

mN/m.103  

Biosurfactant Classes 

Glycolipids  

 Glycolipids have been the most widely studied of the biosurfactants.  Their 

general structure contains a mono- or di-saccharide (carbohydrate) group coupled to an 

aliphatic fatty acid via hemiacetal or ester links.104  There are three main subcategories of 

glycolipids that are of relevance: 1) trehalose lipids produced by Rhodococcus and other  
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Figure 1-7.  Representative structures of the major biosurfactant classes: (a) 
sophorolipid (glycolipid), (b) phosphatidylcholine (phospholipids and fatty acids), (c) 
surfactin (lipopeptides and lipoproteins), (d) emulsan (polymeric), (e) 9S-9S-
siderolipid (siderolipids). 

(a) (b)

(c) (d)

n

(e)



68 
 

mycolates, 2) sophorolipids from the yeast genus Candida, and 3) rhamnolipids as 

byproducts of Pseudomonas species.104  

Trehalose is composed of two glucose units joined by a glycosidic linkage.   The 

surfactants, made by coupling a trehalose to a lipid tail, are bound to the cell envelope of 

the producing organism.  They are suspected in the regulation of the hydrophilicity/ 

phobicity of the cell surface during different stages of growth on a hydrocarbon 

substrate.107,108  Because trehalose lipids are known to intercalate into phospholipid 

membranes, they may have interesting biomedical applications as therapeutic 

agents.109,110  They may also have environmental uses; for example, increasing the 

solubility of hydrocarbon contaminants for remediation.108  

 Sophorolipids are disaccharide structures that are connected via glycosylation to 

the hydroxyl moiety on the alpha carbon of a long-chain fatty acid.  They are useful as 

germicides, bactericides, sepsis treatments, and possible anticancer agents.111-115  This is 

especially important because nonoxynol-9, a nonionic synthetic surfactant and the most 

widely used spermicide in the world, is now being banned or strictly regulated in the 

European Union.116  Sophorolipid analogs, therefore, potentially offer a natural, effective 

alternative to help in the fight against HIV/AIDS.115   

Rhamnolipids are composed of rhamnose sugar headgroups coupled to one or two 

units of a β-hydroxyalkanoic acid.104  Rhamnolipids have a wide variety of potential uses 

including biodegradation of fuel, heavy metal complexation and remediation, cosmetics, 

crop protection, drugs, and oil production.117  One of the advantages that may factor into 
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increased industrial application of rhamnolipids is that they are overproduced by 

Pseudomonas spp. in quantities of 2 to >100 g/L of culture, depending on the strain and 

growth conditions.117-120  Because of the increasing relevance of this subcategory of 

biosurfactants, they will be discussed in more detail in the next section and are the main 

subject of this Dissertation. 

Fatty Acids/Phospholipids 

 This class includes neutral lipids, fatty acids, and phospholipids commonly 

produced by yeasts and hydrocarbon-degrading bacteria.121,122  They can form clear 

microemulsions of hydrocarbons in water and are useful as wetting agents.  Free fatty 

acids containing 12-14 carbon groups in their lipid tail, produced as extracellular waste 

by microorganisms when n-alkanes are present as a food source, have also shown 

surfactant properties.123  Phospholipids are primary components of the cell membrane and 

are not typically excreted as an extracellular byproduct into the culture medium to be 

collected for use.124  They are not being currently studied as a serious alternative to 

synthetic surfactants, but may still have some potential bioremediation properties.125 

Lipopeptides and Lipoproteins 

 Unlike the glycolipids, which can be broken down into three structurally 

homogenous categories, the lipopeptides/proteins are a heterogeneous class of molecules 

most commonly produced by Bacillus spp.104  Their general composition is a fatty acid 

with an amino acid moiety (or multiple amino acids in the case of lipoproteins).  

Lipopeptides/proteins are most well known for their antimicrobial and antiadhesive 
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activity.126,127  They are mainly used in the biopharmaceutical field as 

antibacterial/fungal/antiviral (by preventing adhesion and/or destroying organismal 

integrity),128,129 antitumor, and enzyme inhibiting agents.130,131  Surfactin, (shown in 

Figure 1-7c) a byproduct of B. subtilis, is by far the most potent and well-studied of the 

lipopeptides and biosurfactants.104  As implied by its name, surfactin has excellent 

surface activity properties and was found by Arima et al. to lower the surface tension of 

water to 27 mN/m at a concentration of only 20 µM.132,133  Lipopeptides could have 

enormous potential for use in the biomedical and biopharmaceutical fields if the cost of 

their (bio)production can be lowered. 

Polymeric Biosurfactants 

 The most well-known polymeric biosurfactants are emulsan, biodispersan, and 

liposan.  They are high molecular weight compounds characterized by high viscosity, 

high tensile strength, and shear resistance.104  Although emulsan does not reduce surface 

tension, it is utilized, as its name implies, as a powerful emulsification stabilizer.  

Emulsan binds tightly to a hydrocarbon droplet surface, creating a film which prohibits 

droplet recombination allowing the emulsions to be stable for long periods of time.134  

Biodispersan is produced by Acinetobacter caloaceticus A2  in quantities of up to 4 g/L, 

and is composed of an anionic heteropolysaccharide containing four reducing 

sugars.104,135,136  It functions to disperse inorganic minerals, such as limestone, and may 

have applications in the paint, ceramic, and paper industries where inorganic particulates 

are used.137  Unlike emulsan and biodispersan, liposan is not produced by Acinetobacter 

spp., but by the yeast organism Candida lipolytica.  It is composed of 83% carbohydrate 
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and 17% protein as characterized by Cirigliano and Carman.121  When compared to 

synthetic oil-in-water emulsifiers and stabilizers, liposan performed as well or better in 

both uses putting it on par with casein and Triton X-100 surfactants.121  In summary, 

polymeric biosurfactants show the most promise in emulsion and mixture stabilization 

applications. 

Siderolipids 

 Siderolipids, also known as flavolipids, are a new class of biosurfactants that have 

only been discovered within the past decade.  They were isolated from soil samples 

obtained from Mt. Lemmon, Arizona, and are produced by the Flavobacterium 

genus.106,138  These biosurfactants contain a citric acid moiety with two cadaverine 

molecules and may vary in the length and saturation of the lipid chains with 37 different 

congeners identified.106  While investigations into these new molecules are just 

beginning, they are known to show strong surfactant activity, scavenge iron from the soil, 

and may exhibit some anticancer activity.106   

Introduction to Rhamnolipids 

 As mentioned above, rhamnolipids (RL) are an extremely interesting class of 

biosurfactants produced by Pseudomonas spp, specifically P. aeruginosa.  These 

glycolipids were first discussed by Bergström et al. in 1946, and their molecular nature 

was elucidated by Jarvis and Johnson in 1949.118,139  Their basic structure includes a 

rhamnose sugar headgroup connected to a β-hydroxyalkanoic acid tail via a glycosidic 

linkage.  Figure 1-8 shows the two most common forms of Rha: Rha-C10-C10 and Rha-

Rha-C10-C10, each containing two lipid tails ten carbon units long and one or two  



72 
 

  

Figure 1-8. Structures of the two most common forms of L-α-rhamnopyranosyl-β-
hydroxydecanoyl-β-hydroxydecanoate (rhamnolipids): (1) containing one rhamnose 
sugar (Rha-C10-10) and (2) two rhamnose sugars (Rha-Rha-C10-C10).  

(1)

(2)
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rhamnose sugar groups, respectively.  RL are among the most well-studied class of 

biosurfactants because of two interesting, but conflicting attributes: 1) they display 

remarkable surface activity and are produced in large quantities by a well-understood 

microorganism, and 2) the most common RL source, P. aeruginosa, has been 

documented as an opportunistic pathogen, and is a complicating infection factor in a 

variety of diseases, such as cystic fibrosis.140,141  Many studies have focused on 

understanding the biosynthetic pathway to promote increased production of RL.142-146  

Other groups have identified the genes responsible for RL production so they may be 

transferred/ upregulated to nonpathogenic species, such as E. coli, P. fluorescens, P. 

putida, and P. oleovorans.147,148   

The biosynthetic pathway is complicated, and as it is not the focus of this 

dissertation, will only be discussed in general terms.  Researchers have discovered that 

RL production is a completely de novo synthesis in which the fatty acid tails are 

constructed separately from the sugar moiety.141  The lipid tails are assembled via 

conventional fatty acid synthesis through the FAS-II pathway common to many 

bacteria.143   Zhu and Rock discovered that the rhlA gene preferentially chooses 10-

carbon unit fatty acids in this pathway and converts them to the RL fatty acid precursor, 

3-(3-hydroxyalkanoyloxy)alkanoic acid (HAA).146  Although RL molecules are found 

with anywhere from 6-16 carbon units in their lipid chains, the majority of the surfactant 

produced contains 10 carbon units in each tail.  This can be explained by the specificity 

of the rhlA encoded enzyme which will selectively isolate C10 acids if they are available, 

but other congeners are possible if the amount of C10 fatty acids is limited.149  The 
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activated sugar, dTDP-L-rhamnose, is derived from a glucose source converted by a 

phosphoglucomutase into a substrate that is further transformed to the rhamnose sugar 

moiety by rhamnolipid specific enzymes.  RhlB encodes for the rhamnosyltransferase 

which combines the activated sugar with the HAA to give a RL with one rhamnose sugar 

(mRL).141  Finally, rhlC can convert mRLand another dTDP-L-rhamnose into the two-

sugar biosurfactant (diRL) using another rhamnosyltransferase.149,150  RhlA and rhlB are 

found encoded on the same operon in P. aeruginosa, while rhlC is located elsewhere in 

the genome.141   

Applications of Rhamnolipids 

 RLs cannot currently compete economically with synthetic surfactants in 

widespread industrial applications, although, their biocompatibility and ‘green’ properties 

make them useful for specialized applications such as in remediation of soils 

contaminated by heavy metals, oil, and polycyclic aromatic hydrocarbons (PAH).117  

Rhamnolipid, Inc. (St. Petersburg, FL) and Jeneil Biosurfactant Co. (Saukville, WI) are 

two companies that are commercializing rhamnolipid production.  In fact, the latter won 

the 2004 Presidential Green Chemistry Challenge Award in the small business category 

for their commercial production of RLs as a supplement/alternative to synthetic 

surfactants being used in personal care products, petroleum industry, agriculture, 

etc.151,152  Their biofungicide Zonix, containing RL, is used as a wetting and dispersing 

agent for agricultural chemicals as well as to kill mildew-producing plant pathogens.153  

Jeneil also produces a RL-containing Reco product line that is employed for oil cleaning 
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and recovery from refining storage tanks by creating an emulsion that can be pumped out 

and separated from the sludge that remains at the bottom of the tanks.151 

 There are still several as yet unrealized potential applications of rhamnolipids as 

well.  They have been shown to increase the biodegradation of hydrocarbons 

(octadecane) from 5% in the absence of biosurfactant to 20% in the presence of 1500 

mg/L of RL.48  This could have an impact on the bioremediation of sites contaminated 

with linear, branched, and cyclic hydrocarbons.  Environmental contamination with 

polycyclic aromatic hydrocarbons are also a concern, because they are practically 

insoluble in water, adsorb strongly to soil components (limited bioavailability to aqueous 

microbes), and are known or suspected carcinogens.154  In a review article, Rockne et al. 

compared synthetic surfactant and biosurfactant enhancement of the biodegradation of 

PAHs.51  Surfactants are suspected to aid in the break-down of PAHs by lowering the 

interfacial tension between the PAH and the microbe as well as increasing the aqueous 

solubility of the hydrocarbons.  Figure 1-9 shows four different proposed mechanisms 

whereby surfactants can aid in the biodegradation of PAHs.7,51  However, it was 

commonly found that synthetic surfactants showed a detrimental or conflicting effect on 

the biodegradation of organic molecules such as phenanthrene, pyrene, anthracene, 

fluorene, etc.155,156  RL, conversely, almost always had a positive impact on the 

biodegradation kinetics of these molecules in contaminated soil samples.157-160  A 

possible explanation for the results observed with the synthetic surfactants is that they are 

toxic to the microorganisms themselves and isolate the PAH molecules inside the micelle 

making them even less bioavailable for degradation.  Biosurfactants enable surfactant-



 
 

Figure 1-9.  Proposed mechanisms for surfactant-assisted biodegradation of PAHs by microorganisms: a) 
direct uptake of PAH from micelle, b) uptake of PAH from aqueous solution after release from micelle, c) 
direct uptake of PAH from surface by facilitated cell-surfactant-PAH interaction, d) theoretical directed 
uptake of PAH from nonmicellar biosurfactant aggregates.  Figure adapted from Makkar51 and Schippers7 
and used with permission. 
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assisted biodegradation without the drawback of toxicity, and most likely, lack a tight 

spherical micellar structure facilitating release of PAH to bacterial organisms (see Figure 

1-9d).51  The structure of the surfactant aggregate, which for RL is affected by pH and 

ionic strength, is likely to play a large role in the ability of  RL to aid in hydrocarbon 

degradation.48,154   

Additionally, biosurfactants can facilitate the removal of heavy metals from soils 

by impacting soil sorption, mass-transfer rates, and resistance to aqueous phase 

solubility.159  Unlike organic contaminants, metals cannot be biodegraded by microbial 

species.  They must first be desorbed from soil surfaces and then subsequently removed 

by flushing.  RL is known to strongly complex heavy metal contaminants such as lead, 

mercury, and cadmium from soil components.161  Removal of these metals from 

contaminated soil increased from 2.7% to 92% for Cd and 9.8% to 88% for Pb by 

changing the washing agent from tap water to a rhamnolipid solution.162  Similar results 

were found by Tan et al. in which the complexation constant of Cd2+ was found to be 

stronger between RL-Cd (using standard Cd(NO3)2 salt)163 than that of Cd to sediment or 

humic acid components collected from river soil samples in the US Pacific Northwest 

determined by Fu et al.164, indicating that Cd would preferentially bind to RL rather than 

common soil components (organics, carbonates, etc.).  An interesting aside to heavy-

metal removal by biosurfactants is that RL shows preferential complexation to heavy 

metals over common metal cations (Al3+ > Cu2+ > Pb2+ > Cd2+ > Zn3+ > Fe3+ > Hg2+ > 

Ca2+ > Co2+ > Ni2+ > Mn2+ > Mg2+ > K+) and will selectively remove the contaminants 

without being hindered by common ions.161  Rhamnolipids, therefore, have vast potential 
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to be utilized in a variety of different commercial applications from environmental 

remediation to agricultural, cosmetic, and personal care products.  It is important that the 

interfacial and solution characteristics of these molecules be investigated fully to realize 

their potential in the industrial market.  

Previous Work on Monorhamnolipids Produced by P. aeruginosa ATCC 9027 

The natural mutant, P. aeruginosa ATCC 9027, lacks the rhlC gene and, 

therefore, only produces rhamnolipids containing one rhamnose sugar head group 

(mRL).48  Because of the complexity and diversity of rhamnolipid molecules, this 

research effort focuses on those molecules containing a single rhamnose group as 

produced by P. aeruginosa ATCC 9027.  Throughout the remainder of this work, unless 

specifically noted, all results will be for monorhamnolipid (mRL) species collected from 

P. aeruginosa ATCC 9027.  This mutant produces a variety of different congeners which 

vary in the length and unsaturation of the lipid tails.  Previous work utilized HPLC-MS- 

MS to separate and identify almost 40 different congeners produced by P. aeruginosa 

ATCC 9027, 22 of which had not yet been previously identified in any other 

Pseudomonas strain.165  The chemical structures of the identified congeners are shown in 

Figure 1-10.  They vary in tail length from 6-14 carbon units and may contain 1 or 2 total 

degrees of unsaturation due to the presence of a double bond between C5 and C6 in the 

lipid tails.  Although there are a large number of different species generated, 

approximately 75-85% of the mixture is identified as the Rha-C10-C10 species with a 

molecular weight of 504 g/mol.166  This is because the RhlA enzyme operates as a 

“molecular ruler” in the biosynthetic pathway of the lipid synthesis and selectively



 
 

Figure 1-10.  Structures of mRL produced by P. aeruginosa ATCC 9027.167 
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Figure 1-10 cont’d.  Structures of mRL produced by P. aeruginosa ATCC 9027.167 
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Figure 1-10 cont’d.  Structures of mRL produced by P. aeruginosa ATCC 9027.167  
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isolates fatty acids containing 10 carbons.149  A typical HPLC purification chromatogram 

is shown in Figure 1-11, and the congener distribution based on peak area is summarized 

in Table 1-2.    

 Much of the work in this laboratory has focused on the fundamental solution and 

interfacial properties of mRL monomers and their aggregates.  Because of the carboxylic 

acid moiety, the behavior of mRL is driven significantly by pH.  The pKa of free 

monomers was found to be 4.28 ± 0.16, while it shifted to 5.50 ± 0.06 in an aggregate or 

adsorbed on a surface.167  At pH 4, therefore, ordered aggregates begin to form at 10 µM 

and are large, lamellar structures, while, at pH 8, the critical micelle concentration 

(CMC) is 190 µM, and because of electrostatic repulsion between the deprotonated head 

group, micelles are predominantly formed.86,154,168  This pH dependence also affects the 

extent of their adsorption on different common soil components (silica, goethite) and the 

complexation of heavy metals (Pb, UO2).169  In addition to pH effects, this laboratory has 

also been interested in the mixing of mRL with synthetic surfactants.  Dynamic light 

scattering and surface tension measurements on solution mixtures of mRL and Tween-20 

show a synergistic response with evidence for a geometrically-driven micelle shape 

change from rod-like to spherical as the mole fraction of Tween-20 is increased.168,170  

Research Goals 

Much of the previous research in this group has focused on the interfacial 

properties of mRL, either at the air/water interface or the solution/solid interface.  There 

are several other potential uses for biosurfactants, however, that depend on the micellar



83 
 

  

Figure 1-11.  Reversed-phase HPLC chromatogram of an 11.9 mM solution of  
purified mRL mixture harvested from P. aeruginosa ATCC 9027 eluted at 1 mL/min 
using a reversed-phase C18 column (3.9 x 150 mm) and a 60: 40 acetonitrile/H2O  
with 0.1% acetic acid mobile phase with evaporative light scattering detection.   
Percentages are based on peak areas. 
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Table 1-2.  Composition of major mRL congeners harvested from P. aeruginosa ATCC 
9027 from reversed-phase HPLC with evaporative light scattering detection. 

mRL Composition % Compositiona 

Rha-C10-C8 
Rha-C8-C10 8-10 

Rha-C10-C10 
Rha-C12-C8 
Rha-C8-C12 

75-85 

Rha-C10-C12:1 
Rha-C12:1-C10 1-3 

Rha-C10-C12 
Rha-C12-C10 3-5 

All Others < 1 
a Range due to variability between batches 
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structure and microenvironment in aqueous solutions, such as drug delivery systems or 

microreactors.  Some critical questions to be addressed include: How does the structure 

of the biosurfactant micelle affect its free volume and solubilization capacity for 

hydrophobic molecules?  Are the surfactant molecules tightly packed in the micelle or do 

they tend to be “leaky” allowing free exchange of aqueous species?  Is the Stern layer 

well hydrated, and thus, relatively polar, or does it tend to be sparse in water molecules 

creating a more hydrophobic microenvironment?  Is the micelle interior highly viscous 

limiting free diffusion of solubilized species or does a low microviscosity allow diffusion 

controlled reactions to dominate?  Answers to these questions can aid in defining the 

potential for new RL applications.   

 This laboratory has also begun to investigate the potential of using mixed 

RL/synthetic surfactant systems to increase the ‘green’ properties of the system while 

maintaining a lower cost of production.  Also, mixed surfactant systems can display 

synergistic effects that result in better surface activity and lower critical micelle 

concentrations than the individual pure surfactant systems.  When anionic mRL was 

mixed with nonionic Tween-20, a geometrically-mediated shape transition occurred in 

the micelle with a slightly synergistic response in the surface activity.170  Critical issues 

to explore are: i) whether this shape change also creates a variation in the 

microenvironment experienced by micellar solute molecules; ii) does the mixed 

surfactant system respond differently if the anionic biosurfactant mRL is mixed with a 

cationic synthetic surfactant? and iii) whether this would induce more electrostatic 

interactions rather than sterically driven changes as observed with a nonionic surfactant. 
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To address these issues, three main research goals are explored in the first part of 

this dissertation: 

1)  To utilize the du Nuöy ring method to obtain surface tension data on mixtures of 

anionic mRL and cationic cetylpyridinium chloride (CPC).  This information can 

also be extrapolated to determine interaction parameters between the two 

different surfactants and their relative surface activity and fraction in the micelle 

structure.  The goal of this experiment is to investigate how a cationic surfactant 

alters the surface activity, critical micelle concentration, and micelle structure of 

mRL aggregates.  This information can be utilized in gauging the potential for 

mRL mixed micellar systems for use in industrial applications.  The results from 

this experiment will also be used to outline the concentration limits for the 

second research goal described below. 

2) To employ steady state and time-resolved fluorescence quenching techniques as 

well as steady state fluorescence anisotropy measurements to understand the 

quenching kinetics of mRL micellar reactions.  By partitioning at least one of the 

reactants inside the mRL micelles, the relative degree of static and dynamic 

quenching can be calculated.  This information can be used to draw conclusions 

about the microenvironment (i.e. viscosity, polarity, shape, uniformity, etc.) of 

mRL micelles at pH 8.  Further insight about the mRL micelles can be made by 

comparing the quenching results with the same experiments performed in a well-

characterized micelle system such as sodium dodecyl sulfate (SDS).  The effect 

of the reactant size and structure on the micelle microenvironment experienced 
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will also be investigated by altering both the fluorescent probe and quencher in 

these experiments. 

3) The same fluorescence quenching experiments introduced in research goal 2 

above will be extended to mixed surfactant systems of mRL and Tween-20.  The 

goal is to discover if further information can be extracted on the micellar shape 

transition as the mole fraction of mRL is increased.  It is also imperative to 

investigate how the microenvironment of the micelle varies as this conversion 

progresses and the potential applications this could have on increasing 

solubilization capacity, emulsion stability, or reaction catalyzation. 
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CHAPTER 2.  

EXPERIMENTAL: MICROENVIRONMENT OF MONORHAMNOLIPID 

AGGREGATES 

 This chapter contains detailed information on the materials, instrumentation, and 

techniques used in the studies outlined in Section 1 of this dissertation. 

Materials 

 Crude monorhamnolipid (mRL) extracted from Pseudomonas aeruginosa ATCC 

9027 was received from the laboratory of Professor Raina Maier at the University of 

Arizona as a slightly orange/brown colored, highly viscous, oily mixture.  This mixture 

was purified by gravity column chromatography using a mobile phase consisting of  30% 

(v/v) hexane (EMD, 98.5%), 30% (v/v) ethyl acetate (EMD, 99.5%), 30 % (v/v) 

dichloromethane (EMD, 99.5%), 5 % (v/v) chloroform (EMD, 99.8%), 5 % (v/v) 

methanol (EMD, 99.8%) and 0.1 % (v/v) glacial acetic acid (EMD, 99.55) and a 

stationary phase of silica gel (Sigma Aldrich, 60 Å, 230-400 mesh).167  Sulfuric acid 

(EMD, 95-98%) and anthrone (Sigma Aldrich, >93%) were used to detect rhamnolipid on 

aluminum-backed, silica-coated thin layer chromatography (TLC) sheets (EMD).  

Phosphate buffers were made from sodium dibasic phosphate anhydrous (EMD, 98%) 

and sodium monobasic phosphate monohydrate (EM, 98%).  pH adjustments were made 

using hydrochloric acid (EMD, 36.5-38%) and sodium hydroxide (JT Baker, 98%).  

Probes used in fluorescence experiments were as follows and were used as received: 6-

propionyl-2-dimethylaminonapthalene (prodan) (Invitrogen Molecular Probes), pyrene 

(Fluka, ≥99%), anthracene (Aldrich, sublimed grade ≥99%), 9,10-dimethylanthracene 
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(Fluka, 99.8%) and 9,10-diphenylanthracene (Alfa Aesar, 99%).   Cetylpyridinium 

chloride (CPC, Sigma Aldrich) and sodium dodecylsulfate (SDS, Sigma, ~99%) were 

purified by recrystallizing in supersaturated ethanol solution and slowly cooling the 

solution.  Purified crystals were collected by vacuum filtration.  Butylpyridinium chloride 

(BPC) was stored in a desiccator and used as received (Alfa Aesar, 98%).  Solvents used 

for fluorescence experiments were acetonitrile (EMD, 99.8%), absolute ethanol (Decon 

Laboratories Inc., 200 proof), and 18MΩ water purified with a Milli-Q-UV system 

(Millipore Corp.)  Silanization of quartz cuvettes and glass vials used toluene (EMD, 

99.5%) dried by activated silica gel desiccant (Fisher Scientific, 28-200 mesh) and 

aluminum oxide (Alfa Aesar, 58Å, ~60 mesh), pyridine, CHROMASOLV® Plus (Sigma-

Aldrich, ≥99%), and (tridecafluoro-1,1,2,2-tetrahydrooctyl)triethoxysilane (Gelest).    

Instrumentation 

High Performance Liquid Chromatography (HPLC). Qualitative and quantitative mRL 

analysis was carried out with a Waters 600E system controller and multisolvent delivery 

system. Gravity column-purified rhamnolipid (6 mg/mL) was dissolved in methanol and 

a 20 μL sample was eluted onto an XTerra 3.9 x 150 mm RP C18 column (Waters) with a 

3.9 x 20 mm guard column (Waters) with 5 μm particles.  Separation was achieved with a 

60:40:0.1 (% v/v) acetonitrile: water: concentrated acetic acid mobile phase and 

rhamnolipid was detected using a Polymer Laboratories evaporative light scattering 

detector (ELSD).  The ELSD (Model: PL-EMD 960) had a PMT set to 4, N2 flow of 4 

L/min and temperature set to 70 °C.   A Peak Simple SRI model 203 data system and 

software was used for data analysis.   
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Tensiometry. Surface tension measurements were made with a Fisher Scientific Surface 

Tensiomat® 21 du Noüy ring tensiometer equipped with a platinum-iridium ring (Fisher 

Scientific) with a mean circumference of 6.001 cm.  The instrument was calibrated such 

that the surface tension of pure water was ~72 dyne/cm before beginning each 

experiment.   

Dynamic Light Scattering.  Dynamic light scattering measurements were made with a 

Viscotek model 802 instrument containing a 50 mW fiber-coupled diode laser at 830 nm.  

An instrument schematic is shown in Figure 2-1.  All measurements were made at 20°C 

and a scattering angle of 90°.  Measurements were performed by adding a 150 μL aliquot 

of the solution of interest to a 100 μL SubMicro quartz fluorometer cell (Starna Cells, 

Inc., 10 mm sample pathlength, height of window center = 15 mm).  For each trial, 10 

runs were performed with a laser pulse of 5 sec.  Each trial produces an autocorrelation 

function of the scattered light intensity fluctuations which were analyzed and averaged 

with Omnisize 3.0 software.171  The auto-correlation functions are derived by comparing 

the scattering intensity at time t and comparing it to the intensity at a short time later (t + 

τ) where τ is set automatically by the correlator.  This comparison is repeated at t+2τ, 

t+3τ, t+4τ, etc.  The correlation between the intensity will decay exponentially over time 

as the particles diffuse by random Brownian motion in solution.  The correlation 

function, G(τ) can then be fit to: 
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Figure 2-1.  Schematic for dynamic light scattering 
instrument 
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(2-1) 

 
 where A and B are the baseline and intercept of the function, respectively.   

 2Dq=Γ  (2-2) 

where D is the Z-averaged translational diffusion coefficient of the particles and q is a 

function based on instrumental and solution parameters (wavelength of laser, angle of 

detection, refractive index of solution).171  For a polydisperse sample, the correlation 

function is fit to: 

  (2-3) 

where g(τ) is simply the sum of the exponential decays contained within the correlation 

function.  The mean hydrodynamic diameter (dh) of the particles can be calculated by the 

software using the Stokes-Einstein relationship171: 

 
D

kTdh πη3
=  (2-4) 

where k is Boltzmann’s constant, T is the temperature (293 K), and η is the dispersant 

viscosity (1.0 cP for water at 293 K).  The construction and fitting of the correlation 

functions is performed within the software, and a distribution of the hydrodynamic radius 

is given in the report.  It is important to note that the calculated hydrodynamic radius is 

for a sphere having the same diffusion coefficient as the particle in solution, and 

therefore, some knowledge of the particle shape must be known a priori or it must be 

assumed that all particles in solution are spherical. 
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Fluorescence Spectroscopy. All fluorescence measurements were made with a Photon 

Technologies, Inc. Quanta Master 40 spectrofluorometer system equipped to perform 

both steady-state and lifetime measurements.  A block diagram of this system is shown in 

Figure 2-2.  Constant temperature was maintained with a TLC 50TM Quantum Northwest 

thermoelectric temperature control system.  The sample chamber was consistently purged 

with a slow stream of Ar through a gas inlet valve.  Sample measurements were made in 

standard 1-cm quartz cells, which had been previously silanized with a fluorosilane 

coating to prevent surfactant adsorption to the cuvette walls.  The details of this coating 

procedure are outlined in the Procedures section below.  All data were collected using 

Felix GX Software version 3.1 and lifetimes calculated using the provided non-linear 

least-squares iterative deconvolution data analysis feature.  The “goodness-of-fit” was 

assessed by the reduced χ2 values and examining the residual plots.  If the fit was 

determined to be “bad”, the exponential decay function was expanded to allow for more 

biexponential decay.  It was observed that if χ2 was ≤ 1.5, the expansion of the decay 

function resulted in minimal change in the “goodness-of-fit” (i.e. less than 10% change in 

χ2) and the residual plots.  Therefore, a reduced χ2 value for the fitting of the lifetime 

decays to be deemed a “good fit” was set at χ2 ≤ 1.5 based on literature precedent172-174 

and empirical observations of the current systems.  If this value was exceeded, the fit was 

considered unacceptable and the number of decay parameters expanded until the fit was 

satisfactory. 

Steady-State Fluorescence.  For steady-state fluorescence measurements, the excitation 

source was a continuous wave 75 watt Xenon arc lamp with a proprietary reflector and  
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Figure 2-2.  Block diagram of the PTI Quanta Master 40 spectrofluorometer used for 
steady-state and time correlated single photon counting lifetime measurements. 
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the detector was a PTI Model 814 PMT.  Excitation wavelengths were chosen using a 

Czerny-Turner f/4 single monochromator with a 200 mm focal length, a bandpass of 0 to 

25 nm with an accuracy of 1 nm and a resolution of 0.5 nm, a minimum step size of 0.25 

nm, and a 1200 lines/mm grating ruled at 300 nm.  In order to correct for fluctuations in 

the Xe arc lamp across the wavelength range and over time, ~10 % of the excitation beam 

was reflected into an “excitation corrector”.  The intensity of this light was fed back into 

the voltage control box from the system to serve as a real time correction during sample 

collection.  Excitation gains were chosen such that a voltage near 1.00 V was measured 

for the wavelength of excitation of the Xe lamp at the excitation correction filter.  The 

single emission monochromator was equipped with the same specifications as the 

excitation monochromator except that the grating was ruled at 400 nm with 1200 

lines/mm.  All slit widths were set manually and were typically 1.00 mm for both 

entrance and exit to the excitation and emission monochromators.   

Time Correlated Single Photon Counting (TCSPC).  Lifetime measurements employed as 

excitation sources pulsed diode lasers emitting at 370 and 405 nm with MHz pulse 

frequencies and a Becker & Hickl GmbH Model PMH-100-4 PMT detector.  The 

emission monochromator is the same one used for steady-state measurements except with 

a rotatable mirror that was used to direct the signal into the appropriate detector.  Slit 

widths were set such that the ADC signal was ~3-5 % of the LED pulse repetition rate, 

typically 4.00 – 5.00 mm for a 1.0 μM anthracene aqueous micellar solution. Instrument 

response functions were collected using a dilute scattering solution (~ 10 mg/mL of 20 

nm SiOx nanoparticles (Nanostructured & Amorphous Materials, Inc.) suspended in 
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Milli-Q water by sonication for 30 seconds) with the same instrument parameters used 

for the sample except with  λem set to be equal to the LED λex  

Anisotropy Measurements. Steady-state anisotropy measurements employed motorized 

polarizer lenses at the excitation monochromator exit slit and the emission 

monochromator entrance slit.  Slit widths were equal to 2.00 mm for both excitation and 

emission.  The fluorophore used was 1,6-diphenyl-1,3,5-hexatriene (DPH) and the 

corresponding excitation and emission wavelengths monitored were 350 and 429 nm, 

respectively.  The anisotropy G-factor was calculated by integrating the magnitudes of 

IHH and IHV for 3 s each and calculating the ratio IHH/IHV.  IHH is equal to the fluorescence 

intensity with the excitation polarizer in its horizontal position and emission polarizer 

also in a horizontal orientation, while IHV is measured with the excitation horizontal and 

the emission polarizer vertically oriented.  The G-factor was measured for each sample 

and the average was used for calculation of the anisotropy.  For anisotropy 

measurements, the excitation polarizer was kept in a vertical position while the emission 

polarizer oscillated back and forth to collect emission parallel and perpendicular to the 

axis of excitation.  The integration time was 0.05 s (or 20 points/s) for a total of 20 s.  

The emission intensity was averaged for the parallel (vertical) and perpendicular 

(horizontal) emission over the entire 20 s collection time.  The average intensities for IVV 

and IVH are used for the calculation of anisotropy as discussed in later chapters. 

UV-Visible Spectroscopy.  UV-Vis absorbance measurements for inner filter effect 

corrections of fluorophore/micelle systems were collected using a Thermo Fisher 
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Evolution Array UV-Vis spectrophotometer equipped with Vision Collect software.  

Absorbance was measured at the excitation and emission wavelength particular to a 

specific fluorophore system as described in the Fluorescence Quenching section of this 

Chapter below.  All absorbance measurements were the average of 30 scans with no 

baseline correction.  

Procedures 

Rhamnolipid Purification. A procedure for purifying the native rhamnolipid mixture was 

developed and reported earlier from this laboratory and is outlined briefly below.166,167  

The crude mixture collected from the bacterial strain Pseudomonas aeruginosa ATCC 

9027, a mutant known to produce only mRLs,175 was a viscous, oily material consisting 

of pigments, mRL congeners, and other possible side products.  The pure mixture of 

mRL was isolated via gravity filtration using a silica gel column (30 cm x 2.2 cm) and a 

slightly polar mobile phase (30% v/v hexane, 30% v/v dichloromethane, 5% v/v 

chloroform, 30% v/v ethyl acetate, 5% v/v methanol, and 0.1% v/v acetic acid).  

Approximately 40 g of silica gel was mixed with the mobile phase until a thick slurry was 

produced.  This slurry was added to the column in circular motions to make a well-

packed column.  1-2 g of crude rhamnolipid was dissolved in mobile phase and loaded 

onto the column.  To determine when the rhamnolipid was eluted from the column, an 

anthrone test was performed.  A few crystals of anthrone dye were dissolved in 

concentrated sulfuric acid; this compound will turn from yellow to blue under heat in the 

presence of sugars (e.g. rhamnolipid).  Anthrone tests were started after approximately 

120 mL of mobile phase had passed through the column.  For this, a drop of column 
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eluent was placed on an aluminum-backed silica plate and a drop of anthrone solution 

added.  The plate was then heated, and if a color change (yellow to blue) occurred, the 

eluent was collected separately.  This test was repeated until no color change occurred 

indicating that all the rhamnolipid had eluted from the column.  Solvent was evaporated 

using a rotoevaporator, isolating the pure rhamnolipid as a colorless, viscous oil.  

Complete solvent removal was achieved by lyophilizing the oil overnight.  The mixture 

was characterized by dissolving 3 mg in 500 μL of methanol and separating by high 

performance liquid chromatography.  The resulting chromatograms revealed that the 

mixture contained 9.5% Rha-C10-C8 (MW = 476 g/mol), 86% Rha-C10-C10 (MW = 

504 g/mol), and 4.5% of lower abundance congeners. 

pH Measurements.  All solution pH measurements were made with a ThermoOrion 

model 710 pH/ISE meter equipped with a ThermoOrion Ross Sure Flow model 8175 

glass pH electrode.  The electrode was calibrated daily with standard buffer solutions of 

pH 4, 7, and 10 (VWR). 

Surfactant Stock Solution Preparation.  All solutions were made with a pH 8, 10 mM 

phosphate buffer unless otherwise noted.  Rhamnolipid and Tween 20 stock solutions 

were prepared by weighing out an appropriate mass of the viscous oil into a Teflon 

beaker, diluting with a volume of buffer, and stirring with a Teflon coated stir bar until 

the solution was no longer cloudy (> 6 h).  For the concentrations studied in this 

dissertation, the volume of the rhamnolipid oil required is negligible to the overall 

volume.  Purified CPC and SDS stock solutions were prepared fresh the day of 
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experimentation. For all experiments except surface tensiometry, all surfactant stock 

solutions were sequentially filtered through Acrodisc® 25 mm syringe filters with 0.45 

μm, 0.2 μm, and 0.1 μm Supor® membranes.  Rhamnolipid stock solutions were then 

allowed to equilibrate at least overnight to allow micelles to form.  Rhamnolipid and 

Tween 20 stock solutions were stored in Teflon vials to prevent significant loss of 

surfactant to walls of the container through adsorption. 

Surface Tensiometry.  Stock solutions of CPC and mRL of 3.92 and 3.93 mM, 

respectively, were made with pH 8, 10 mM phosphate buffer.  5 mL of buffer were added 

to a 50 mL plastic beaker containing a 1 cm Teflon stir bar.  The du Noüy ring, stored in 

hexane, was rinsed with methanol and Milli-Q water.  The buffer solution surface was 

confirmed to be clean by verifying that the surface tension was 72 ± 0.5 dyne/cm.  

Aliquots of surfactant were added to the surface of the buffer solution and the mixture 

allowed to stir slowly for 5 min before measurements were taken.  During stirring, the 

beaker was covered with a watchglass to keep dust and other particulates from settling on 

the surface.  Before each measurement, the ring was rinsed with methanol and Milli-Q 

water.  Three replicate measurements were taken and averaged for each aliquot addition, 

and a minimum of three independently-prepared solutions were measured for a particular 

mRL:CPC mixture. 

Silanization Coating Procedure for Glass.  Toluene was dried through a column 

containing activated silica and alumina (activation at 650 °C overnight in a muffle 

furnace.)  A glass burette (30 cm x 2.2 cm) was filled 1/3 with silica and then 1/3 with 
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alumina.  A clean, oven-dried glass bottle was purged with N2 and sealed with a rubber 

septum.  The sealed bottle was connected to the bottom of the burette via a plastic tube 

(5/16 i.d., 1-2” long) connected to a syringe needle inserted through the septum.  The top 

1/3 of the burette was filled with toluene, and this was allowed to drain through the 

column into the bottle.  This apparatus is shown in Figure 2-3.  After the desired amount 

of dry toluene was collected, purging of the bottle with N2 was continued for 1-2 min, and 

then the septum was sealed with parafilm. This purified toluene was used immediately for 

silanization or stored in a desiccator. 

 Glass vials or quartz cuvettes were pretreated by boiling in RCA cleaning solution 

[4:1:1 (v/v) Milli-Q H2O: H2O2 (EMD, 70%v/v): NH4OH (EMD, 14.5 M)] for 1 h.  Vials 

were rinsed thoroughly with water and placed in a vacuum oven at 120 °C for 2-3 h.  In a 

controlled-environment chamber purged with N2 and Ar, a solution of 97.5% v/v dry 

toluene, 0.5% v/v dry pyridine, and 2% v/v (tridecafluoro-1,1,2,2-

tetrahydrooctyl)triethoxysilane was stirred in a clean, oven-dried beaker for 10 min.  The 

silane solution was immediately added to pretreated, dried vials/cuvettes until all desired 

walls to be coated were in contact with the solution.  The filled vials were allowed to sit 

undisturbed under ambient conditions in the controlled-environmental chamber for 4 h.  

Vials were then rinsed with several aliquots (5 mL each) of dry toluene followed by 

several aliquots of absolute ethanol.  This silane coating was cured overnight (> 3 h) in a 

vacuum oven at 100 °C at 6.6 x 10-2 atm. 
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Figure 2-3.  Apparatus used for drying of 
toluene for silanization of quartz cuvettes. 
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Dynamic Light Scattering.  To measure the dependence of mRL micelle size on mRL 

solution concentration and pH, 10 mL solutions of mRL ranging from 200-1000 μM were 

made in 20 mL plastic scintillation vials with pH 6 and pH 8 Milli-Q water (adjusted with 

NaOH) and 3.03 mM mRL stock solution adjusted to appropriate pH.  Three separate 

solutions were made for each mRL concentration and pH.  The solutions were sonicated 

for 5 s and then vortexed at 3000 rpm for 15 min.  The headspace was then purged for 10 

s with Ar, and the vessel was capped tightly and allowed to equilibrate for 1 week.  After 

1 week, a 150 μL aliquot was taken for measurement in a 100 μL SubMicro quartz 

fluorometer cell (Starna Cells) held at 20 °C.   

Micelle sizes of mixed surfactants were measured using the DLS instrument 

conditions described in the Instrumental section.  The solutions were made using the 

same stock solutions of mRL and Tween20 used for surface tension measurements; three 

independent aliquots were measured for each mRL:CPC mixture. 

Fluorescence Quenching.  Stock solutions of probe fluorophores were made at ~1 mM in 

ethanol and stored in glass vials, the headspace purged with Ar, and kept in a refrigerator 

when not in use.  To make surfactant solutions, an aliquot of fluorophore in ethanol was 

added to a Teflon vial, and the solvent was allowed to evaporate.  The appropriate 

amount of filtered surfactant stock solution (4 mM) was added to this Teflon vial, and the 

solution was allowed to stir overnight.  SDS samples were prepared the day of 

measurement, as it was observed that SDS began to degrade over time; fluorophore signal 
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maximized in less than 15 min, indicating that it had fully partitioned into the micelle. 

Quencher solution was made by weighing out an appropriate amount of CPC (or BPC) 

and dissolving in N2-purged phosphate buffer inside a controlled-environment chamber.  

After complete dissolution, the quencher solution was filtered through progressively 

smaller filters with pores of 0.45, 0.2, and 0.1 μm diameters.  A known volume of the 

probe/surfactant solution was added to pre-silanized, 1-cm quartz fluorescence cuvettes 

inside the controlled-environment chamber and sealed with parafilm before 

measurements were performed.  Aliquots of quencher solution were sequentially added to 

the cuvette using a micropipette, the headspace was purged with Ar, and the sample was 

allowed to stir at 300 rpm for 5 min before the fluorescence signal was measured.  

Steady-state emission spectra and TCSPC were measured consecutively before another 

aliquot of quencher was added.  Three traces for each quencher concentration were 

measured and averaged for each trial, and a minimum of three independently-prepared 

samples were measured for each fluorophore/surfactant/quencher condition. 

Fluorescence Anisotropy. To determine the anisotropy of the micellar solutions, a 

calibration curve of DPH anisotropy with increasing glycerol mass % in a series of 

glycerol-water solutions, N2-purged and ranging from 30-100%, was determined. A 5-µL 

aliquot of 1 mM DPH in hexanes was added to a 20 mL glass scintillation vial and the 

solvent allowed to evaporate.  Appropriate masses of glycerol and water were added to 

the vial by drop-wise addition of each liquid while simultaneously monitoring the mass 

on an analytical balance to give the desired mass % glycerol.  For each mixture, a total of 

5 mL of solution was measured taking the density of glycerol and water at 20°C into 
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account.  Three independently-prepared solutions were made for each glycerol-water 

mixture and hand shaken for about 10 s.  Approximately 2 mL of each glycerol-water 

solution was added to a quartz cuvette and the G-factor, IVV, and IVH measured.  For each 

sample, IVV and IVH were measured 3 times, and the average anisotropy value calculated.  

The average anisotropy values of the three independently-prepared solutions at each mass 

% glycerol were plotted using Excel and a linear regression line observed.   

 The anisotropy in SDS and mRL micelles was measured by adding 2 µL of the 1 

mM stock DPH in hexanes to 10 mL Teflon vials and allowing the solvent to evaporate.  

Separate stock solutions of 4 mM mRL and 50 mM SDS were made using appropriate 

masses of surfactant and pH 8, 10 mM phosphate buffer.  2 mL of surfactant stock 

solution was added to the vial containing DPH to give a final fluorophore concentration 

of 1 µM.  Three independently-prepared solutions of each surfactant type with DPH were 

prepared, the headspaces purged with Ar, and were allowed to stir overnight.  The G-

factor, IVV, and IVH were measured in the same way as described above. These values 

were used to determine the corresponding mass % glycerol equivalent of the micellar 

environment using the linear regression parameters determined from the calibration 

curve, and the average anisotropy value for each surfactant micelle solution was 

calculated.  The microviscosity experienced by DPH inside the micelle was determined 

by benchmarking the equivalent mass % glycerol of the micelle interior determined in 

this way to literature values of viscosity determined on bulk mixtures of glycerol-water.  
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Inner Filter Effect (IFE) Corrections.  To determine the magnitude of the inner filter 

effect (IFE) on the fluorescence quenching experiments, the UV-Vis absorbance of each 

solution was measured at the wavelength of excitation and emission.  Puchalski et al.176 

compared the accuracy of several correction methods and determined that the method of 

Gauthier et al.177 provided the best results for correction of the IFE at both excitation and 

emission wavelengths.  Ideally, the UV-Vis absorbance would be measured on the same 

solutions for which the fluorescence quenching was evaluated.  However, in the current 

case, the solutions were remade at a later time using the same concentrations and 

procedures for the quenching experiments described in the Fluorescence Quenching 

section above so that they would most closely represent the actual conditions under 

which quenching occurred.   

 The absorbance of each surfactant/fluorophore system at every quencher 

concentration used in the Stern-Volmer analysis was measured at the excitation (Aex) and 

emission (Aem) wavelength particular to that system.  The corrected fluorescence (Fcorr) 

intensity was evaluated using Eq (2-5)177: 
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where s is the excitation beam thickness, d is the width of the cuvette, and g is the 

distance from the edge of the beam to the edge of the cuvette as shown in Figure 2-4.  

The beam thickness, s, and g were determined by imaging the laser spot on a piece of  
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Figure 2-4.  Geometry of fluorescence cuvette with measurement parameters for inner 
filter effect correction for fluorescence quenching experiments.  
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paper the same dimensions of the cuvette affixed to the cuvette surface.  The beam was 

then traced out with a pensice.  This was repeated four times and the image size measured 

with a ruler.  The d, s, and g parameters for this cuvette and fluorimeter were measured to 

be 1.0 cm, 0.16 ±0.02 cm, and 0.44 ± 0.04 cm, respectively.  Fobsd is the fluorescence 

intensity measured during the fluorescence quenching experiments at each quencher 

concentration. 

 Once Fcorr values were determined, they were inserted into the Stern-Volmer 

equation ( Eq (4-15)) and the corrected value of the static quenching constant (Ks) was 

determined.  Because the dynamic quenching constant, KD, was determined from 

fluorescence lifetimes and not intensity, it should be unaffected by the IFE.  The chemical 

and physical meaning of Ks will be described in more detail in Chapter 4 of this 

Dissertation.  The values of Ks determined using the fluorescence intensities corrected 

(Ks,corr) and uncorrected (Ks,uncorr) for IFE for all systems studied, as well as a 

statistical comparison between corrected and uncorrected values, are shown in Table 2-1.  

As can be seen from tcalc, the values of  Ks,corr and Ks,uncorr are not statistically different 

at a 95% confidence level, and therefore, it was concluded that the IFE is negligible in all 

cases. 
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Table 2-1.  Assessment of IFE on fluorescence quenching parameters. 

System KS 
uncorrected 

KS corrected % Diff tcalc Statistically 
Different? 

EtOH/Anth/CPC 16.7 ± 1.2 17.1 ± 1.0 2.4 0.31 No 
SDS/Anth/CPC 225 ± 12 220 ± 12 2.0 0.31 No 
SDS/DPA/CPC 78.9 ± 3.8 78.1 ± 4.1 1.0 0.18 No 
SDS/Anth/BPC 137 ± 7 134 ± 8 1.6 0.23 No 
mRL/Anth/CPC 1709 ± 65 1694 ± 62 0.88 0.20 No 
mRL/DPA/CPC 370 ± 57 345 ± 48 7.1 0.42 No 
mRL/Anth/BPC 616 ± 21 688 ± 30 11.0 2.4 No 
*ttable,95%CI = 4.303 
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CHAPTER 3.  

MIXED MICELLES OF MONORHAMNOLIPIDS WITH 

CETYLPYRIDINIUM CHLORIDE 

Mixed Micelle Theory 

Surfactant systems display a great sensitivity to environmental conditions such as 

ionic strength, pH, temperature, and the coexistence of other surfactants in solution.178-180  

Mixed surfactant systems are especially interesting as they often show enhanced 

surfactant properties in solution and lower production cost.22  This phenomenon can 

typically be attributed to synergism arising from interactions of the surfactant monomers 

in a mixed micelle or monolayer.  These interactions include van der Waals attractive   

forces between hydrophobic, lipid tails as well as hydrogen bonding and steric exclusion 

between polar headgroups.22  Finally, electrostatic attraction amidst oppositely charged 

headgroups and electrostatic shielding of ionic groups by nonionic polar heads enhance 

the surfactant properties of mixed micelle systems compared to solutions of pure 

surfactants.  These interactions can have a significant impact on critical micelle 

concentration (CMC), aggregate size and shape, micelle stability, microviscosity, 

micropolarity, etc.180-184   

Several theories have been advanced for how surfactants mix to form aggregates 

in solution; the two that are applied most often in the literature are the ideal solution 

theory proposed by Clint and the nonideal mixing model, developed by Rubingh, based 

on regular solution theory.185,186  Other models, like that advanced by Motomura et al., 
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account for effects of specific system variables such as ionic strength and charge state of 

the surfactant.187  These more advanced theories are applicable to multicomponent 

systems, but for the present study, solutions are limited to two components.  It should be 

noted that mRL is itself a mixture of different congeners, but will be considered as a 

single component in these studies. 

Ideal binary mixtures of surfactants yield CMC values that are intermediate 

between those of the two pure surfactants.  The model advanced by Clint assumes ideal 

mixing in the micelle, and simple phase separation between the mixed monolayer at the 

surface and monomers in solution.185  This model is predicated on assuming no 

significant interactions between the surfactant components upon mixing. As a result, the 

CMC of the ideal mixture is simply predicted from the properties of the pure surfactants 

as given by Eq (3-1) 

 
BAmix CMCCMCCMC

αα −
+=

11

 (3-1) 

where α is the mole fraction of surfactant A in bulk solution, while CMCA and CMCB are 

the measured CMC values for pure surfactant solutions of A and B, respectively.  This 

type of ideal mixing is usually observed for mixtures in which the surfactants have the 

same or similar head groups such as mixtures of nonionic homologous alkyl benzene 

sulfonates or mixtures of cationic alkyltrimethylammonium surfactants.188,189  

 Often, and more advantageously, specific chemical interactions between 

surfactants in a mixture results in enhancement of the surface activity of the mixture 
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relative to that of the pure surfactants and can lead to changes in aggregate formation and 

morphology as well.22  For better surfactant properties the interactions between different 

surfactant molecules are attractive (synergistic) and can, in some cases, be tailored to 

provide desirable surfactant properties for certain industrial applications.22 Alternatively, 

some interactions between surfactant mixtures can be repulsive, and may result in inferior 

surfactant properties for the mixture.  For surfactant mixtures that display either positive 

or negative impacts on the solution surface properties, regular solution theory as 

described by Rubingh and Holland can be used to account for the interactions between 

surfactant monomers in nonideal mixing that can result in positive or negative deviations 

from the ideal solution theory described by Eq (3-1).186 The distinctive feature of this 

model is that these interactions lead to different mole fractions of each surfactant in the 

micelle than exist in bulk solution.  In this model, the mole fraction of surfactant A in the 

micelle, XA, can be determined by iteratively solving Eq (3-2): 

 

 

(3-2) 

where XA is the mole fraction of component A in the micelle and the other parameters are 

as defined above for Eq (3-1)186.190  The CMC for the pure surfactants as well as the 

mixture at specific values of the independent variable α can be measured using surface 

tensiometry.  Thus, the value of XA can be until it forces the solution of the left side of Eq 

(3-2) to be as close to 1 as possible.  Once XA has been resolved, an interaction parameter, 

β, can be calculated using Eq (3-3)186,190: 
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(3-3) 

A nonzero, negative interaction parameter indicates synergistic (attractive) interactions 

between different surfactants, while a nonzero, positive value implies an antagonistic 

(repulsive) relationship.22  If β is close to 0, the interactions occurring in the mixture are 

similar to those in the pure surfactant systems with the result that that the mixture 

approaches ideality.  Due to electrostatic attraction, most anionic/cationic mixtures 

exhibit negative interaction parameters as will ionic/nonionic mixtures due to 

electrostatic shielding of charged headgroups that minimize the excess free energy of 

micelle formation.22,191,192 

Goal of This research 

 Recent industry interest in environmentally “green” alternatives to synthetic 

surfactants has been driven by regulatory pressure and consumer demand.  In fact, many 

European countries are considering banning synthetic surfactants outright, and 

biosurfactants will be essential.193,194  Biosurfactants are produced by living organisms 

(like bacteria) and are typically less toxic and biodegradable.  One of the most well-

studied biosurfactant classes is rhamnolipids (RL) produced by bacterial strains of 

Pseudomonas aeruginosa.117,195  This class of surfactants is a major focus in this 

laboratory, and their potential use in industrial applications as a mixed micelle solution is 

of particular interest due to their environmental compatibility.  However, the major 

disadvantage of utilizing biosurfactants for industrial applications is being able to 
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produce them in large quantities at a low cost.105  One of the advantages of mixed 

surfactants is to lower the CMC, and consequently, the overall cost of production as well 

as enhance the surface properties.196  Dr. Hui Wang in this laboratory investigated the 

surface activity of mixed micelles of anionic mRL with the nonionic surfactant, Tween-

20.168  His results suggest a shape transition in the mixed micelles as the mole fraction of 

Tween-20 is increased that is presumably driven by geometric, rather than electrostatic, 

forces.  These surfactant mixtures are unique in that they do not follow the predictions of 

either ideal solution theory or regular solution theory closely. 

 As an obvious extension of this work, it is of interest to investigate how mRL in 

its anionic form mixes with a cationic surfactant, cetylpyridinium chloride (CPC).  Thus, 

the goals of this investigation are two-fold: 1) to investigate how closely a 

cationic/anionic mixture of mRL adheres to the aforementioned theories and 2) to 

determine how CPC affects the mRL micelle size and structure at low mole fractions.  

The results of the second part of this study are of utmost importance in determining 

whether CPC can be used as a reactant in fluorescence quenching experiments, which 

seek to define the microenvironment of mRL micelles, to be discussed in Chapters 4 and 

5 of this Dissertation.  If CPC significantly alters micelle structure, the results of these 

experiments will not be a true representation of the mRL micelle microenvironment. 
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Results and Discussion 

Surface Tension of Pure mRL, Pure CPC, and Their Mixtures 

 In order to determine the critical micelle concentration (CMC) for mixtures of 

CPC/mRL, surface tension measurements were performed using the du Noüy ring 

method discussed in Chapter 1.  The results of these measurements are shown in Figure 

3-1a.  All measurements were made at pH 8.0 to ensure complete deprotonation of the 

mRL monomers (pKa = 5.5 in aggregates).167  Parameters determined from the surface 

tension measurements for pure mRL, pure CPC, and their mixtures are summarized in 

Table 3-1.  The CMC for each mixture can be determined by extrapolating the two 

straight-line regions to the concentration at the intersection shown in Figure 3-1b.  For 

pure solutions of mRL and CPC in 10 mM phosphate buffer at pH 8, the CMCs are 155 ± 

27 μM and 106 ± 6 μM, respectively.  As a comparison, the CMC of sodium dodecyl 

sulfate (SDS), one of the most commonly used synthetic surfactants, is ~8 mM.197  This 

highlights the advantage of using biosurfactants with their much lower CMC which 

results in an overall need for less material.  Note that the standard deviation for the mRL 

biosurfactant mixture is much higher than that for CPC.  This is because the purified 

mRL mixture contains >30 different congeners as discussed in Chapter 1.165  This 

mixture of congeners likely results in surfactant mixing effects that result in a less precise 

inflection point for of the surface tension plot of “pure” mRL as seen with the other 

mRL/CPC mixtures (Figure 3-1a). 
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Figure 3-1.  a) Surface tension as a function of total surfactant 
concentration with increasing mole fraction of mRL; solutions prepared 
in pH 8, 10 mM phosphate buffer. b) Surface tension data for pure CPC 
(black squares) and pure mRL (blue triangles).  CMC is determined by 
the intersection of the two linear portions of each plot as shown. 

1 10 100
25

30

35

40

45

50

55

60

65

70
a

 

 

 

Total Surfactant Concentration (µΜ)

Su
rfa

ce
 T

en
sio

n 
(m

N/
m

)
 1.00 mRL
 0.97 mRL
 0.95 mRL
 0.90 mRL
 0.75 mRL
 0.50 mRL
 0.25 mRL
 0.10 mRL
 0.00 mRL

1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

32

36

40

44

48

52

56

60
b

 

 

 
Su

rfa
ce

 T
en

sio
n 

(m
N/

m
)

Ln Surfactant Concentration (µM)

 Pure CPC
 Pure mRL



116 
 

Table 3-1.  CMC, γCMC, and packing parameter for pure mRL mixture, pure CPC, and 
their mixtures. 

αmRL CMC (μM) γCMC 
(mN/m) Packing Parameter 

1.00 155 ± 28 31.9 0.45 
0.97 156 ± 20 31.3 0.41 
0.95 134 ± 33 31.1 0.39 
0.90 135 ±17 29.6 0.35 
0.75 53 ± 10 29.9 0.26 
0.50 32 ± 3 28.5 0.18 
0.25 42 ± 0.7 30.8 0.14 
0.10 47 ± 8 35.2 0.12 
0.00 106 ± 6 43.8 0.11 
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These results also indicate the sensitivity of the surfactant behavior to ionic 

strength.  The CMC for the same mRL mixture at pH 8 in pH-adjusted Milli-Q H2O was 

previously found to be 190 ± 10 μM.168  The decrease in CMC with ionic strength is due 

to more effective electrostatic screening of the anionic charge by counterions in solutions 

of higher ionic strength.  Indeed, within error, the CMC in 10 mM phosphate buffer was 

the same as that measured in water, and thus, the surface activity of mRL shows little 

effect of relatively low ionic strength.  Conversely, the CMC of CPC in pure water has 

been reported to be ~800 μM198, but only 112 μM199 in a 10 mM KCl solution.  This latter 

value is identical to that found in this study (106 μM) in 10 mM phosphate buffer 

solution; it is noted that no effort was made to control pH in the previous studies cited.  

Although mRL aggregation has been shown to be pH dependent due to the presence of a 

carboxylic acid moiety, it shows little effect of relatively low salt concentrations though it 

should be noted that this observation is not true at higher salt concentrations.166.  

However, since CPC does not contain an acidic proton, pH would not be expected to 

affect the CMC as it does mRL.  Indeed, CPC exhibits the opposite response of mRL in 

that its CMC is not dependent on control of pH, but shows a significant decrease in CMC 

at elevated ionic strength.  

Another important parameter that results from surface tension measurements is 

the minimum surface tension (γCMC), or the surface tension at the CMC.  The ability of a 

surfactant to lower the surface tension of an aqueous solution is directly related to the 

effectiveness of the surfactant in many industrial applications (i.e. wetting, remediation, 

detergents, emulsifiers, etc.).22  Thus, the lower the minimum surface tension, the more 
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potentially useful it may be in practice.  From Table 3-1, the γCMC for pure CPC is only 

43.8 mN/m while for mRL it is 31.9 mN/m, indicating that mRL is a more effective 

surfactant than CPC.  However, the lowest γCMC observed, 28.5 mN/m, was at an 

equimolar fraction of the two surfactants, highlighting the enhancement of surface 

properties in mixed systems. 

The Langmuir adsorption equilibrium constant and the molecular cross-sectional 

area for the pure surfactants can be estimated from the linear portion of the surface 

tension as a function of ln(concentration) data with the Langmuir-Szyszkowski 

equation200: 

 

 (3-4) 

where γ0 is the surface tension of Milli-Q water (72 mN/m), R is the gas constant in 

J/mol·K, T is the temperature in Kelvin, NA is Avogadro’s number, ω is the minimum 

cross-sectional area of the surfactant molecule, Kads is the Langmuir adsorption 

equilibrium constant in M-1, and C is the total bulk concentration of surfactant in the 

subphase.  The adsorption equilibrium constant (Kads) measures the equilibrium between 

the number of available surface sites, solution molecules, and number of occupied sites 

(i.e. extent of surface aggregation versus solution solubilization).22  The minimum cross-

sectional area of the molecule (ω) at the interface provides information on the orientation 

and packing of the surfactant compared to dimensions determined by computational 

molecular models.22  The variable n is the number of species present per molecule of 
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surfactant.  For ionic species, n=2 since each molecule will have associated with it a 

counterion to neutralize the charge.  Nonionic surfactants do not attract a counterion 

yielding n=1.200  Both CPC and mRL are ionic at pH 8.0, and therefore, n=2 for solutions 

of both pure surfactants.  The difference between experimental and calculated γ values, 

the latter from Eq (3-4) is minimized when ω = 106 Å2/molecule and Kads = 1.13 x 106
 M-

1 for mRL and when ω = 189 Å2/molecule and Kads = 9.11 x 106 for CPC.  The value of 

106 Å2/molecule is somewhat larger than the 83 Å2/molecule determined previously in 

this laboratory for pure Rha-C10-C10 at pH 8.0.168  However, considering that the current 

value was measured as the average for a mixture of mRL congeners, came from a 

different batch of crude mRL, and was measured in a solution with a higher salt 

concentration, the higher cross-sectional area value for the mRL used in this study 

relative to that determined previously can be rationalized.168   

The cross-sectional area of CPC has been estimated previously to be ~120 

Å2/molecule.201-203  This cross-sectional area is an equilibrium value and is highly 

dependent on solution conditions such as temperature, salt concentration, additives, 

impurities, etc., such that it could vary widely even for the same surfactant.33  This may 

be especially true for CPC whose CMC drops over 80% in a 10 mM salt solution, 

considering that the CMC in pure water was measured to be ~800 μM.  However, it 

would be expected that a higher salt concentration would provide more counterions to 

minimize repulsive interactions between the CPC headgroups resulting in a lower cross-

sectional area.  This is not what was observed here and the source of the variance seems 

to be in the minimum surface tension observed.  In the literature, the minimum surface 
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tension for a CPC solution was ~32 mN/m, but here it was much higher.204  The reason, 

however, is not known as these results were reproducible over several days and 

independent solutions, but may be tied to impurities at the solution surface or within the 

CPC salt itself even though the CPC salt was recrystallized until it was a white crystalline 

powder.  An alternative explanation for the higher minimum surface tension may be that 

a phosphate buffer was used to control the pH.  The previous studies in salt solutions use 

small anions (i.e. Cl-) as pH was not taken into account for those experiments.199  The 

counterion for the pyridinium headgroup is, in the present case, a phosphate anion which 

is a much larger anion than Cl- and may decrease the efficacy of the surfactant as 

evidenced by the increased surface tension.  However, since the CMC for CPC in the 10 

mM phosphate buffer matches closely the literature in low salt solutions of KCl,199 the 

anion identity does not hamper the efficiency of CPC (see Chapter 1 for an  explanation 

of the efficacy and efficiency of a surfactant).   

 The molecular packing parameter (P), first investigated thoroughly and 

popularized by Israelachvili et al. is a geometric model used to predict the shape of the 

higher-order aggregates (see Chapter 1).30,33  This model is based on the relative size of 

the head group-to-tail of the surfactant, with a particular range of P values corresponding 

to specific aggregate shapes, e.g. sphere, globule, rod, bilayer, vesicle, etc.   

The packing parameter is calculated as follows 
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 where vh, the volume of a single surfactant tail, is equal to 27.4 + 26.9(nc) where nc is the 

number of carbons in the lipid tail, ω is the equilibrium cross-sectional area of the 

molecule at the interface calculated from the surface tension data using Eq (3-4), and lc is 

the length of the hydrocarbon chain or 1.5 + 1.265(nc).31  For mRL, nc was set at 7, 

corresponding to the major Rha-C10:C10 congener, and since mRL possesses two fatty 

acid chains, the numerator of Eq (7-9) is doubled resulting in a P of 0.45.  The packing 

parameter predictions are as follows: 0≤ P ≤ 0.33 (sphere); 0.36 ≤ P ≤ 0.40 (globular); 

0.40 ≤ P ≤ 0.50 (rod); 0.5 ≤ P ≤ 1 (lamellar or infinite cylinder).30  Therefore, mRL 

micelles are predicted to be on the border between globular and rod-like based on this 

model, consistent with previous small angle neutron scattering (SANS) data which 

suggests it to be globular (modeled as an oblate ellipse).86   

In contrast, due to its much larger head group area and long alkyl tail, the packing 

parameter for CPC is calculated to be 0.11, with its aggregates predicted to be spherical; .  

This value is consistent with the literature value of 0.13 determined in Milli-Q water.203  

Considering the higher salt conditions in the current measurements, this difference in 

packing parameter is expected, since ionic strength decreases the cross-sectional area of 

the headgroup due to minimization of electrostatic repulsive forces between similarly 

charged headgroups by counterions.33  Based on these values, mixed micelles of these 

surfactants would be predicted to transition from globular to spherical as the mole 

fraction of CPC is increased.  
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Mixed CPC/mRL Solutions and Theoretical Modeling 

 CMC and minimum surface tension (γCMC) values for mixtures of mRL and CPC 

in pH 8, 10 mM phosphate buffer are shown in Figure 3-2a.  As expected for a simple 

mixed surfactant system, a minimum in both parameters is observed at approximately 

equimolar fractions of each surfactant due to the balancing of electrostatic repulsive 

forces in the micelle.  Figure 3-2b shows how the experimental CMC values compare to 

the predicted values based on the ideal mixing model or the regular solution theory (RST) 

of nonideal mixing.185,186  It is apparent that this mixture more closely follows the RST 

except at very high values of mRL mole fraction (αmRL > 0.90).  While the large errors 

associated with CMC measurements in this regime (Figure 3-2b) make definitive model-

fitting difficult, if the system strictly followed RST, the mixed CMC values would be 

expected to be much lower as is observed when small amounts of mRL are added to a 

CPC-dominated system (i.e. αmRL ≤ 0.10),  Using measured values for CMC, known mole 

fractions in the bulk (α), and Eqs (3-2) and (3-3), the mole fraction of each component 

within the micelle (X) and the interaction parameter (β) of the mixtures was calculated 

and is summarized in Table 3-2. 

 The mixtures follow RST except at very high mixing ratios of mRL where slight 

deviations are observed (see Figure 3-2b).  In this composition region, the standard 

deviations for the CMC values are large due to fact that a congener mixture is being used.  

As the mole fraction of mRL decreases, the overall contribution of the less abundant 

congeners becomes insignificant and the inflection point in the surface tension data, and 

consequently the CMC, become very clear.  Interestingly, at high mole fractions of mRL, 
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Figure 3-2.  a) Experimental CMC (black squares) and minimum surface tension (red 
triangles) values for mixtures of mRL and CPC in pH 8 (10 mM phosphate buffer);  b) 
Comparison of experimental and predicted CMC values for mRL and CPC mixtures at 
pH 8.  Black squares are experimental data points, solid black line represents predicted 
values based on fit to regular solution theory (Eq (3-3)) for β = -5; solid red line 
represents predicted values based fit to the ideal solution model (Eq (3-1)); c) Mole 
fraction of mRL in the aggregates (XmRL) as a function of bulk mole fraction (αmRL).  
Dashed line represents 1:1 ratio of mRL: CPC in the micelle. 
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Table 3-2.  Mole fraction of surfactants in bulk (α) and aggregate (X), experimental and 
predicted CMCs, and interaction parameter (β) for mixtures of mRL and CPC. 

αmRL αCPC XmRL 
CMCmix

* 
(μM) 

CMCRST
* 

(μM) 
CMCIM

* 

(μM) 
β# 

1.00 0.00 1.00 155 155 155 N/A 
0.97 0.03 0.82 156 78.0 153 0.58 
0.95 0.05 0.76 134 65.8 152 -1.23 
0.90 0.10 0.72 135 61.3 148 -0.65 
0.75 0.25 0.56 52.5 49.9 139 -3.52 
0.50 0.50 0.48 31.8 36.5 126 -5.63 
0.25 0.75 0.39 41.8 38.9 115 -4.71 
0.10 0.90 0.32 47.1 48.5 109 -5.09 
0.00 1.00 0.00 106 106 106 N/A 

* CMCmix = experimental values; CMCRST = predicted CMC based on regular solution theory     
(β= -5); CMCIST = predicted CMC based on ideal mixing 
# calculated using Eq (3-3) with experimental CMC value. 
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 the mixture appears somewhat ideal (red line in Figure 3-2b), but the large error 

associated with this regime makes further validation of this hypothesis difficult.  The 

apparent deviation from RST may be an indication of the absence of significant 

synergistic interactions between CPC and mRL at the interface, and by extension within 

aggregates, in this composition regime.  This is further confirmed by the magnitude of the 

interaction parameter, β, which remains close to 0 until αmRL decreases to ~0.75 when it 

decreases rapidly to -3.52.  The CMC simultaneously decreases from 135 μM at αmRL = 

0.90 to 53 μM at αmRL = 0.75.  This CMC is significantly lower than that for either of the 

two pure surfactant solutions.  It should be reiterated that, due to the large standard 

deviations in CMC when αmRL > 0.90, it is impossible to make decisive conclusions about 

the degree of interaction between mRL and CPC when mRL dominates the system and 

the discussion presented here is one possible explanation. 

 β values for mixtures of nonionic and ionic surfactants are typically between -5 

and 0, while those for cationic/anionic mixtures show much more negative values, often 

less than -10.205-207  Mixed anionic/nonionic systems are typically synergistic due to a 

decrease in electrostatic repulsions between the ionic headgroups.22  Therefore, when the 

mole fraction of the nonionic surfactant is high, this advantage is negligible and the 

behavior appears more ideal.208,209  Although mRL is expected to be anionic at pH 8, 

Chen et al. found by neutron reflectivity and SANS data that the degree of ionization 

(surface charge/aggregation number) for mRL was on the order of -0.15 to -0.2, which is 

slightly less than a typical anionic surfactant like SDS with an ionization degree around -

0.25 to -0.3.85,86,210  This result was explained by suggesting that mRL surfactants were 
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effectively nonionic with very low dissociation, and rationalized this explanation by 

increasing the salt concentration and measuring the CMC.86  There was very little 

difference in the CMC when the salt concentration was increased to 0.5 M NaCl.   

 The same behavior of the CMC values was observed in this laboratory where the 

CMC at pH 8 in Milli-Q water, determined by Dr. Hui Wang, was identical, within error, 

to that in 10 mM phosphate buffer.168  The reason that mRL might behave as a weakly 

anionic surfactant, even though it is known to be completely deprotonated at pH 8167, 

may be related to its three-dimensional molecular configuration.  Figure 3-3 shows a 

three-dimensional representation of Rha-C10-C10 that has been energy-minimized using 

molecular mechanics.168  Previous studies in this group suggest that the carboxylic acid 

moiety hydrogen bonds with one or more of the sugar hydroxyl groups.169  This 

arrangement would result in a cage-like polar head group that is believed to be the source 

of the metal-complexation ability of these molecules.49,161,169,211  Mass spectrometry 

results at pH 8 demonstrate that mRL does indeed dissociate, but captures a proton or Na+ 

in the binding pocket that may neutralize the negative charge causing the seemingly 

“weakly anionic” behavior observed both by Chen et al. and in this laboratory.86  The 

representation shown in Figure 3-3 is the protonated form and indicates that hydrogen 

bonding occurs with the sugar via the carbonyl oxygen.  For the carboxylate form, as 

would exist at pH 8, hydrogen bonding could occur with either oxygen since they are 

equivalent.  This cage-like structure, while assisting with metal complexation, may also 

serve to trap hydronium or other adventitious cations and shield the anionic charge from  
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Figure 3-3.  Energy-minimized structure of protonated Rha-C10-C10 as determined by 
molecular mechanics modeling.  Dashed yellow lines show hydrogen bonding 
between carbonyl carbon and sugar hydroxyls creating binding pocket which shields 
the negative charge on the molecule rendering it only weakly anionic.  Figure courtesy 
of Dr. Hui Wang and used with permission.168 

a. Front View b. Side View c. Top View
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nearby neighboring headgroups.  This headgroup chemistry could lead to mRL behaving 

as a weakly anionic or more nonionic surfactant in aggregates. 

 The change in β values as a function of CPC mole fraction further substantiates 

that mRL behaves only weakly anionic in the mixed system.  The mole fraction of each 

component in the micelle can be estimated using surface tension results using Eq 3-2 

where αA is the mole fraction of component A in the bulk solution and xA is the mole 

fraction of component A in the micelle.190  The comparison between bulk and micelle 

mole fraction of mRL is presented in Figure 3-2c.  At large values of αmRL, XmRL is less 

than αmRL.  Surprisingly, however, β remains close to 0, demonstrating that, although CPC 

is preferentially incorporated into the micelle, the presence of the cationic monomers 

does not significantly decrease the enthalpy of mixing for the system.  At low mole 

fractions (i.e. < 0.25) of CPC on the measured solution parameters, as evidenced by the 

CMC and β values, remains relatively minimal (Table 3-2).  If mRL were behaving as a 

traditional anionic surfactant, the addition of a cationic surfactant would be expected to 

significantly impact the aggregation parameters due to a substantial decrease in 

electrostatic repulsion.212  For example, when the cationic surfactant dodecyl pyridinium 

chloride (C12PyCl) was mixed with anionic alkyl sulfonates, β values more negative than 

–10 were observed throughout the range of αC12PyCl values at an ionic strength of 10 

mM.213 The absence of this response for mRL + CPC suggests that mRL does not behave 

as a conventional anionic surfactant.  
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As the bulk fraction of mRL decreases (αmRL ≤ 0.75), several changes in behavior 

are observed. First, the values of β decrease rapidly to ~ -5, and secondly, the values of 

XmRL become <αmRL for mixtures wherein αmRL <0.50.  However, as shown by the data in 

Figure 3-2c, the XmRL values level-off in the mid-range of αmRL most likely due to 

electrostatic repulsion between CPC headgroups that allows mRL to be incorporated into 

the aggregate at a mole fraction greater than its relative surface activity.  The most 

synergistic composition is found at XmRL of 0.5, wherein the CMC and minimum surface 

tension values are optimized for this mixed system.   

Although aggregate composition is not significantly altered for 0.10 ≤ αmRL ≤ 

0.75, the CMC values do depend on composition in this regime.  This is due to a 

minimization of the electrostatic repulsions between cationic CPC molecules as mRL is 

added to the micelle.  Since the optimum micelle structure contains approximately equal 

numbers of each surfactant type, it is reasonable that the closer the bulk fraction of mRL 

(αmRL) is to this value, the more likely that aggregates will be formed, since the 

surfactants can minimize interaction of hydrophobic groups with the solvent as well as 

minimize electrostatic repulsions.  Thus, micelles will be formed at a lower surfactant 

concentration.  The micelle composition ratio is stable at compositions in the vicinity of 

equimolar mixtures of the two surfactants until very high concentrations of mRL are 

present.  When αmRL >0.75, repulsive interactions between CPC molecules are 

insignificant; rather, the increased surface activity of the cationic surfactant allows it to 

be over-represented in the micelle resulting in XCPC >αCPC.  Despite the increased mole 
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fraction of CPC in the micelle, the bulk surface activity (CMC) and the cooperative 

interactions between surfactant molecules (β) at αmRL >0.90 are relatively unaffected. 

Conclusions and Implications 

Mixtures of cationic CPC and anionic mRL at pH 8 exhibit better surfactant 

properties than either of the pure surfactants.  The CMC values of the mixtures decrease 

to a minimum of 32 μM and the minimum surface tension decreases by 3.5 mN/m 

compared to pure mRL.  This enhancement is proposed to be due to synergistic 

interactions between the two surfactants.  However, this synergy is not significantly 

manifested until the mole fraction of mRL in bulk solution decreases below 0.75.  At 

higher mRL mole fractions, little interaction between two surfactants occurs giving rise 

to little synergy and minimal changes in CMC values.  It is postulated that, although 

mRL is deprotonated at pH 8, the ability to capture a counterion (H+ or Na+) in the cage-

like structure of its polar headgroup minimizes the ionic character of the surfactant such 

that the degree of ionization is significantly lower than in typical anionic surfactants.86  

As CPC becomes a more significant fraction in the aggregate, mRL serves to shield 

electrostatic repulsion between the CPC headgroups rather than neutralize the charge as is 

the case with typical anionic/cationic surfactant mixtures.  Although this will still result 

in synergistic behavior, the absolute value of β will be closer to that of nonionic/ionic 

mixtures than a cationic/anionic mixed system.   

Finally, these results have important implications for the fluorescence studies to 

be presented in later chapters of this Dissertation.  In these studies, CPC will be used as a 
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quencher to probe the microenvironment (shape, size, microviscosity, etc.) of mRL 

micelles, both pure solutions and mixed with a nonionic surfactant.  It is advantageous, 

therefore, that in this role, CPC does not significantly alter any of these characteristics.  

In the later studies, CPC is used at a bulk mole fraction < 0.05 and, according to the 

results presented in this Chapter, it will be incorporated into the micelles, but will not 

significantly change the surface activity or micelle structure because of the low 

interaction parameters observed. 
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CHAPTER 4.  

FLUORESCENCE QUENCHING EXPERIMENTS TO PROBE 

RHAMNOLIPID MICELLE MICROENVIRONMENT 

It is important to consider micelle microenvironment in determining surfactant 

applications in industry.  The aggregation number, size, shape, microviscosity, and 

micropolarity of a micelle are characteristic features of its microenvironment and can 

vary substantially with solution conditions.  For example, the aggregation number, size, 

and shape of sodium dodecyl sulfate (SDS) micelles are all properties sensitive to the 

type and concentration of counterions in solution.214,215  These and other important 

properties associated with micelle microenvironment can be probed by fluorescence 

quenching measurements.   

In 1978, Turro and Yekta published a method by which fluorescence quenching 

could be utilized to determine the aggregation number of SDS micelles.84  Numerous 

studies have since shown that fluorescence quenching is a powerful tool in the 

investigation of micelles and their microenvironment including aggregation number, 

microviscosity, and additive effects.216-222  Fluorescence quenching, therefore, has been 

established as a reliable method to use in determining the characteristics of the 

microenvironment of monorhamnolipid (mRL) micelles in aqueous solutions. 

One of the major remaining questions about RLs is the aggregate geometry.  

Some of the various surfactant aggregate structures, along with their geometric 

representations, are shown in Figure 4-1.30,223   A general consensus exists that there is an  
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Figure 4-1.  Schematic representation of 
surfactant aggregate structures with the 
geometric shapes used to calculate the 
aggregate dimensions. 
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inverse pH dependence on the RL aggregate size and shape.86,87,224,225  As the pH 

increases, the aggregate transitions from large vesicles/lamellae to smaller vesicles to 

micelles regardless of whether the RL samples are composed of mRL, diRL, or a mixture 

of both.  However, some debate exists over the shape of the small micelles at high (≥8) 

pH values; various studies have reported that the micelles exist as spheres224,225, 

globules86, and rods (spherocylinder).168  The differences may lie in RL type 

(mRL86,87,168, diRL86, mix224,225), solution conditions (pH, ionic strength, RL 

concentration (1-100 mM), and/or measurement technique (cryo-transmission electron 

microscopy (TEM)87, scanning electron microscopy (SEM)224, small angle neutron 

scattering (SANS)86,225, or dynamic light scattering (DLS)168).  Because of the size scale 

of these aggregates (few nm), models must be used to fit the data (DLS and SANS) or 

they have to be imaged out of solution (TEM and SEM), and the difference between 

spherical, globular, and rod-like micelles may be unclear.  

 The size and shape of a micelle is important in determining the extent and 

location of hydrophobic molecules solubilized within the aggregate.223  Toward this end, 

it was hypothesized that investigating mRL micelles through means of a hydrophobic 

fluorescent probe might provide useful insight into micelle size and shape.  While it is 

fully recognized that this is not a direct measure of these parameters, some information 

may be gleaned to determine whether the mRL micelle is more spherical, globular, or 

rod-like under conditions of basic pH.  Very few fluorescence studies of RL micelles 

have been reported in the literature, and those that have focus on the remediation of 

fluorescent polycyclic aromatic hydrocarbons (fluorescent molecules) from soil 
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samples.226  To the best of the author’s knowledge, fluorescence spectroscopy has not 

been used to explore the microenvironment of mRL aggregates. 

Polycyclic Aromatic Hydrocarbons 

Ultimately, all of the aforementioned studies on micelles using fluorescence 

quenching methods rely on observing the photophysical deactivation of a fluorescent 

probe by a quencher molecule.  Therefore, the proper choice of probe/quencher pair is of 

paramount importance for interpreting quenching results.  There are thousands of known 

fluorophores, and their utility is based on the particular properties under investigation.  

For example, the pH can only be detected by a fluorophore whose photophysical 

properties change under different pH conditions.  Likewise, a probe must demonstrate 

anisotropic emission to measure rotational diffusion in a particular medium.  In order to 

learn anything about micelle microenvironment in surfactant studies, fluorophores must 

strongly partition into the micellar core rather than associate with the aqueous solvent 

phase; i.e. the probe should be strongly hydrophobic and relatively small.  Also, the 

fluorophore should exhibit a high quantum yield and an appropriate lifetime in detergent 

systems.   

Polycyclic aromatic hydrocarbon (PAH) derivatives exhibit all of these properties, 

and as a result, are often used as micellar probes in fluorescence quenching 

studies.173,217,227-231  PAHs have very low aqueous solubility (<1 µM at 20 °C) and 

micelle partitioning coefficients on the order of 105.51,232  Two of the most common 

PAHs used for micelle quenching studies are pyrene and anthracene along with their 

derivatives.   
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PAHs are especially appropriate probes, because their interaction with surfactants 

is related to an important proposed application of micelles.  There is recent concern about 

the environmental fate and toxicity of PAHs, especially in their role as possible 

carcinogens.57  Several bacterial species have been shown to degrade PAHs via an 

enzyme-assisted oxidation of the PAH to a dihydrodiol, which is further converted to 

tricarboxylic acid cycle intermediates.51,58,233  Some of the major problems associated 

with microbially-assisted bioremediation of PAHs, however, are the extremely low 

solubility of PAHs in aquatic environments and strong adsorption to soil components, 

both of which limit the bioavailability of PAH molecules to bacteria.234   

As discussed in Chapter 1, several papers and reviews have reported on the use of 

synthetic and biological surfactants to increase biodegradation.7,48,51,158,159,235-238  The 

main methods focus on increasing the exposure of PAHs to bacteria via surfactant 

micelles.  It was found that biosurfactants consistently increase biodegradation kinetics 

while synthetic surfactants show contradictory results.  One of the explanations suggested 

was that, due to the lack of a true micelle structure at high concentrations, biosurfactants 

were able to partition the PAH into the micelle from the surface onto which it was 

adsorbed and subsequently release it to the bacteria in the aqueous phase.51  Conversely, a 

well-packed spherical micelle, such as that of synthetic sodium dodecyl sulfate, while  

increasing the solubility of the PAH by partitioning it into the micelle, may then 

preferably retain the PAH molecule rather than transferring it to bacteria.51  Also, 

biosurfactants do not exhibit toxicity to microorganisms and inhibit PAH degradation, as 

opposed to what has been observed with many synthetic surfactants.239  All of these 
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studies further support the need to understand micellar microenvironment, as this is 

directly related to the solubilization capacity for PAHs, interaction with bacterial 

organisms, and release of PAH molecules.  In conclusion, PAHs are important probe 

molecules for fluorescence quenching studies of biosurfactant micelles.  

Quenching Mechanisms 

A quencher is a molecule that causes a nonradiative relaxation of a fluorophore 

from its excited state.  The process by which this quenching occurs can proceed via a 

variety of different mechanisms as discussed in detail below.  Many fluorescence 

experiments utilize a purge step before measurements are made, because O2 is a well-

known and effective collisional quencher for a variety of fluorophores.  Several 

quenchers have been identified for PAHs, but the most common are metal cations (Ag+, 

Tl+, Cu2+, Co2+, etc.) and nitrogen-containing compounds like amines, nitroxides, indoles, 

and pyridinium salts.240,241   

Three main quenching mechanisms identified that are applicable to PAH 

quenching are intersystem crossing, electron exchange/Dexter interactions, and 

photoinduced electron transfer (PET).228,241  In intersystem crossing, a heavy atom 

(usually oxygen or halogen atoms) causes an excited singlet state to undergo intersystem 

crossing into an excited triplet state from which it nonradiatively decays.  This 

deactivation process can be written as follows:  

 QFQF 1*31*1 +→+  (4-1) 
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where F and Q represent the fluorophore and quencher, respectively, and the numbered 

superscript denotes the spin state of the electrons.  In the electron energy transfer 

mechanism, an excited state donor transfers an electron from the LUMO to an acceptor, 

and the acceptor transfers an electron from its HOMO back to the donor.  This exchange 

can take place in two steps or in a concerted process.  However, the spectral overlap 

between donor and acceptor must be small in order to be significant compared to 

resonance energy transfer.  This type of quenching can be represented by Eq (4-2): 

 ** QFQF +→+  (4-2) 

Finally, photoinduced electron transfer (PET) requires a charge transfer complex to be 

formed between electron donating and electron accepting species.242  The fluorophore can 

be either the donor or the acceptor, but the complex typically returns to the ground state 

by nonradiative decay.  The extra electron on the acceptor is then transferred back to the 

donor.  This mechanism is the most well-studied and understood, because the energetics 

and direction of electron transfer can be predicted from the redox potentials of the 

fluorophore and quencher.241  Eq 4-3 represents the PET mechanism as described here: 

 ( ) QFQFQFQF +→→⋅→+ −+−+ )(**
 (4-3) 

 It is assumed that the fluorophore acts as the electron donor and the quencher as 

the acceptor.  However, it is also very common for the opposite to be observed if the 

quencher is an electron-rich species such as dimethylaniline (DMA).  It is generally 

agreed that quenching of PAHs by nitrogen-containing species in nonpolar solvents 

proceeds via the mechanism outline in Eq (4-3).243-245 
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Stern-Volmer Fluorescence Quenching 

 The electron-transfer reaction can proceed via collision-induced exchange or 

complex formation.  Dynamic quenching occurs when the quencher encounters, by 

diffusion, a fluorophore that is already in the excited state.  In static quenching, a 

nonfluorescent complex is formed between the ground state fluorophore and the 

quencher, such that the excited complexed fluorophore is never observed by fluorescence 

decay.  Figure 4-2 shows a schematic for these two quenching mechanisms. In 1919, 

Stern and Volmer developed an equation that describes the dynamics of collisional 

(dynamic) quenching in solution:246 

 
][1][1 0

0 QKQk
I
I

Dq +=+= τ
 (4-4) 

where I0 and I are the fluorescence emission intensities in the absence and presence of 

quencher, respectively, kq is the bimolecular quenching constant in M-1s-1, τ0 is the 

lifetime of the fluorophore in the absence of quencher, [Q] is the molar concentration of 

the quencher, and KD is the dynamic quenching constant.  This equation shows that the 

fluorescence should linearly decrease with quencher concentration at a slope of KD. 

The derivation of this dependence is fairly straightforward for systems under 

constant illumination.241  In this case, a steady state concentration of excited fluorophores 

is observed such that d[F*]/dt = 0.  Therefore, when the fluorophore is in the absence and 

presence of quencher, Eqns (4-5) and (4-6) apply: 
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Figure 4-2.  Comparison of dynamic (a) and static (b) fluorescence quenching.  
Adapted from Lakowicz and used with permission.241 
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 (4-6) 

where f(t) is the excitation function and γ is the decay function of the fluorophore in the 

absence of quencher and is equal to the inverse of the fluorescence lifetime, τ0.  Since at 

low concentrations, fluorescence intensity is proportional to the concentration of 

fluorophore in the excited state, [F*] can be replaced with I.  Then, if Eq (4-5) is divided 

by Eq (4-6) and rearranged, the result is Eq (4-4).  Similarly, since dynamic quenching is 

an additional rate process that depopulates the excited state, the average lifetime of the 

fluorophore will also decrease with added quencher.  In fact, the lifetime can be treated in 

the same manner as the fluorescence intensity so that: 

 1
0

−= γτ  (4-7) 

 1])[( −+= Qkqγτ  (4-8) 

where Eq (4-7) and Eq (4-8) are the lifetime of the fluorophore in the absence and 

presence of quencher, respectively;  dividing in the same way as Eq (4-5) and Eq (4-6), 

Eq (4-9) is obtained. 

 
][1 0

0

Qkqττ
τ

+=
 (4-9) 

Comparing Eq (4-9) to Eq (4-4) yields the following relationship for dynamic quenching 

of fluorescent molecules: 
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τ
τ 00 =

I
I

 (4-10) 

 A linear relationship between fluorescence quenching and quencher concentration 

can also be derived for static quenching.  If we consider that Ks is the association constant 

of the complex formed between F and Q such that   

 

]][[
][

QF
QFK S

−
=

 (4-11) 

where [F-Q] is the concentration of the complex, and [F] and [Q] are the concentration of 

the uncomplexed fluorophore and quencher, respectively.  Then, the total fluorophore 

concentration, [F]0, can be represented by 

 ][][][ 0 QFFF −+=  (4-12) 

If Eq (4-12) is rearranged to solve for [F-Q], substitution into Eq (4-11) yields Eq (4-13) 

after rearrangement.  This is the linear Stern-Volmer (S-V) relationship for static 

quenching when concentrations are replaced with intensity values. 

 
][10 QK

I
I

S+=
 (4-13) 

Because the S-V plots of both static and dynamic quenching show a linear dependence on 

[Q], there is no straightforward way to distinguish between these two mechanisms based 

on intensity data alone.  However, because static quenching is not a time-dependent 

process, fluorescence is only observed from fluorophores that are not in the presence of 
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quencher throughout the timescale of the experiment.  Therefore, the average lifetime of 

the fluorophore is unperturbed and  

 
10 =

τ
τ

 (4-14) 

If Eq (4-14) is contrasted with Eq (4-9), it quickly becomes apparent that the most 

straightforward way to distinguish between these two mechanisms is through lifetime 

data. 

 Dynamic and static quenching both exhibit a linear dependence on quencher 

concentration.  Often, however, both static and dynamic quenching can occur 

simultaneously within a single sample.  The fluorescence signal measured experimentally 

is emitted by the fluorophores not quenched by collisions and not complexed with a 

quencher; thus, the S-V plot (I0/I vs. [Q]) shows an upward curvature towards the y-axis 

because the emission ratio is second-order in [Q].  The data can be fit to the quadratic 

equation that results from multiplying the S-V linear responses for dynamic (Eq (4-4)) 

and static quenching (Eq (4-13)): 

 20 ][])[(1])[1])([1( QKKQKKQKQK
I
I

SDSDSD +++=++=
 (4-15) 

This situation is often encountered in micellar systems due to the different 

locations available for fluorophore residence after partitioning and quencher 

association.173,228,247,248  For example, a fluorescent probe can be located in or near the 

Stern layer, deep in the core of the micelle, or at the interface between the two regions.  

Similarly, the quencher might be associated with the exterior of the micelle by 
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electrostatic interaction, incorporated into the interior of the micelle, or partitioned 

between these two domains. All of these possibilities have been discussed by 

Kalyanasundaram.240  The critical insight provided by this discussion is that the absolute 

values of the static and dynamic quenching constants, as well as the ratio of KD to KS, 

provide insight into the locations of the probe and quencher and the local environments in 

which each resides.   

In a micellar system, dynamic quenching is predominant when both quencher and 

fluorophore are free to diffuse within the entire free volume of a single micelle within 

which both species are co-solubilized, or when the quencher is associated with the 

exterior of the micelle and has to diffuse there from bulk solution.  Conversely, static 

quenching is observed when quenching occurs rapidly relative to the fluorescent lifetime, 

as when the quencher partitions deep into the micellar core, or when the quencher and 

fluorophore are confined to the same small volume such as within a specific domain of 

the micelle.249  Depending on the dominant mechanism, information about the 

microenvironment of the micelle can be extracted. 

Time Correlated Single Photon Counting (TCSPC) 

From Eqns (4-4) and (4-13), it is apparent that there is no way to distinguish 

between KD and KS based on intensity data alone.  One approach to resolve this problem 

is to approximate KD and Ks by introducing a new variable, Kapp, which is equal to [I0/I-

1]*(1/[Q]), and plotting this versus [Q].  The slope of this line should be KDKs and the 

intercept will equal KD + Ks.241  The much more straightforward and appropriate 

approach to resolve this dilemma is to measure the lifetime of the fluorophore in addition 
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to the fluorescence intensity.  Eqns (4-9) and (4-14) demonstrate the different response in 

the average lifetime observed as a function of [Q].  As can be seen, only dynamic 

quenching processes result in a reduction of the lifetime (τ).  If a S-V plot is constructed 

of τ0/τ vs. [Q], the outcome should be linear with a slope of KD.  With this value known, 

Eq (4-15) can then be used to solve for KS.   

In order to determine the average lifetime of the fluorophore, the decay function 

for an entire ensemble of fluorophores can be reconstructed by measuring the lifetime of 

individual fluorophores using time-correlated single photon counting (TCSPC).  In the 

most general terms, the waveform for an entire ensemble of fluorophores is reconstructed 

by measuring the decay times of thousands of individual fluorophores and assembling a 

histogram such as that depicted in Figure 4-3. 

In TCSPC, a pulsed excitation source is used instead of a continuous source (see 

schematic in Figure 2-2).  In this work, a light emitting diode (LED) at 370 nm or 405 nm 

was used that was pulsed at ~80 kHz.  Since a continuous excitation function is not used, 

a steady state population of excited fluorophores is not established as was assumed for 

the derivation of the dynamic quenching S-V equation above (see Eqns (4-5) and (4-6)).  

Instead, the experimental parameters (sample concentration, slit widths, gain, etc.) are set 

such that a photon is detected from the sample for only 3% of the excitation pulses, i.e. 

the probability of detecting one photon in one signal period is very low (Figure 4-3b).  

The time at which this photon arrives at the detector after the excitation pulse is then 

sensed  
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Figure 4-3.  Reconstruction of fluorophore original decay function 
using TCSPC.  a) Green trace is the instrument response function (IRE) 
and red trace is the original decay function convoluted with the IRE.  b)  
Pulse output from the constant fraction discriminator after each 
excitation pulse.  Each pulse can be correlated with a specific lifetime 
using a voltage ramp and an analog to digital converter that is stored as 
an “event” in the memory.  c) Histogram of the fluorescence decay that 
results from repeating the process in (b) numerous times.   Adapted 
from Lakowicz and used with permission.241 
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using a time-to-amplitude converter (TAC) which initiates a voltage ramp upon photon 

arrival. This voltage ramp is terminated upon arrival of a photon from a second LED 

pulse emitted at a known duty cycle (i.e. the pulse frequency.) The analog voltage value 

at which this ramp is terminated is digitized with an analog-to-digital converter and is 

used to determine the fluorescence lifetime for that individual fluorophore.  This 

technique is a reversed start-stop system in which a photon from the sample fluorescence 

signal is the “start” and a photon from the next LED pulse is the “stop.”  In this way, the 

electronics are “on” only about 3% of the time compared to the traditional start-stop 

approach in which each LED pulse is the “on” signal and the emitted photon is the “off” 

signal.  This TCSPC approach avoids the problem of the reset time that is required for the 

electronics which limits the resolution of the lifetime measurement, since being able to 

differentiate between the lifetime of two different fluorophores is determined by how 

quickly the electronics can detect two different photons arriving at the detector.  The 

reversed stop-start method allows an optimal resolution of 30 ps, which is approximately 

40 times better than traditional systems that have to reset the electronics after each LED 

pulse.250 

By measuring the fluorescence decay of thousands of individual fluorophores, a 

histogram can be constructed representing the original decay function of the fluorophore 

ensemble as illustrated in Figure 4-3.  Ideally, for a single fluorophore system, this decay 

waveform should be fit to a single exponential lifetime function as shown in Eq (4-16): 

 )/exp()( τtAtI −=  (4-16) 
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where A is a pre-exponential factor, t is time, and I(t) is the intensity at time t.  However, 

the LED excitation pulse is not a delta function, but possesses a finite width.  This pulse 

is known as the instrument response function (IRF) and is represented by u(t).  The 

measured decay, f(t), is therefore a convolution of I(t) and u(t) such that: 

 

 (4-17) 

where ⊗   is the convolution operator and t and t’ are time points.251  The IRF, u(t), can 

be measured using a scattering solution of silica nanoparticles suspended in Milli-Q 

water, allowing I(t) to be deconvolved from f(t).  Once I(t) is known, the values for A and 

τ can be solved iteratively using Eq (4-16) to give the best fit using appropriate software. 

Probe Selection 

 The most commonly used probe for fluorescence quenching studies in micelles is 

pyrene (see Figure 4-4a for structure) because of its long lifetime and high quantum yield 

(450 ns and 0.65, respectively, in ethanol).218  Many early studies used pyrene as the 

fluorescent probe, and the TCPSC procedures for this molecule are well-

established.214,220,221,230,252,253  Many problems exist with pyrene however.  Because of its 

long lifetime, it is extremely sensitive to oxygen quenching, and has actually been used to 

determine oxygen diffusion coefficients.254  This fact requires significant sample 

preparation to purge the system of oxygen for studies involving other molecules.  

Samples that exhibit foaming (i.e. surfactants) are particularly difficult to purge.  Pyrene 

is also prone to excimer formation which results in self-quenching.  It is imperative,  



149 
 

  

Figure 4-4.  Molecular structures of commonly used 
fluorescent probes: a) pyrene; b) prodan; c) anthracene; 
d) diphenylanthracene. 

a) b)

c) d)
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therefore, to find a probe that is small, hydrophobic, and that possesses a high quantum 

yield. 

Prodan 

6-Propionyl-2-dimethylaminonapthalene or prodan (see Figure 4-4b for structure), 

is a commonly used probe for biological membrane studies.255  It shows remarkable 

sensitivity to solvent polarity with a red shift of 130 nm in going from hexane to 

water.256-258  The quantum efficiency is also polarity-sensitive with a maximum quantum 

yield observed in medium polarity solvents.  The effect of solvent polarity on quantum 

efficiency and λem,max for prodan is shown in Figure 4-5.  Steady-state excitation and 

emission spectra as well as lifetime values determined by TCSPC were measured for 

prodan in a series of solvents.  The instrumental parameters were kept constant for each 

solvent, but the concentration of prodan was varied to avoid detector saturation.  The 

results are shown in Table 4-1.  Although emission intensities cannot be quantitatively 

compared, because the fluorophore concentration in different solvents varies, the 

quantum efficiencies observed across this series of solvents agrees qualitatively with 

results reported in the literature.259  The concentrations of prodan were lowest in the 

medium polarity solvents, yet these exhibited the highest emission intensities.  Also, a 

significant red shift in λem,max was observed in going from nonpolar to polar solvents.  

Variation of the fluorescent lifetime is less systematic with polarity.  From Table 4-1, it 

can be seen that the fluorescence lifetime does not follow a systematic trend, consistent 

with what has been reported previously in the literature.257  In solvents of very low and 

solvents.   
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Figure 4-5.  Effect of solvent polarity on prodan a) quantum efficiency and b) 
emission maximum wavelength.  Solvent key applies to both plots.  See Table 
4-1 for excitation wavelength and prodan concentration for each solvent.   
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Table 4-1.  Solvent polarity effect on steady state spectral maxima and lifetime of prodan 
fluorophore. 

Solvent Prodan Conc. 
(nM) 

Ex Max (nm) Em Max (nm) Lifetime (ns) 

Cyclohexane 3000 342 402 * 
Triethylamine 300 344 417 * 
Ethyl Acetate 120 345 428 3.222 ± 0.008 
Chloroform 240 353 436 2.878 ± 0.004 

DMF 120 353 453 3.616 ± 0.007 
Acetonitrile 300 345 456 3.421 ± 0.007 

Ethanol 300 357 485 3.365 ± 0.004 
Methanol 600 361 498 2.728 ± 0.004 

Ethylene Glycol 600 363 505 * 

pH 8 Water 3000 360 520 1.933 ± 0.052 
0.674 ± 0.020# 

*Denotes fittings that had extremely high χ2 values ( >10). 
#Prodan shows 2 lifetimes in water; see discussion below on impact of multiple lifetimes for fluorescence 
lifetime measurements. 
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very high polarity, data fits do not converge, preventing lifetime determination in these 

Based on the very low quantum yield in low polarity solvents (cyclohexane and TEA), 

the difficulty in obtaining an acceptable fluorescence decay may be due to the ketone of 

prodan.  This results in significant n-π* character of the excited singlet in low polarity 

solvents260, and allows for significant intersystem crossing to the triplet state which 

reduces the quantum yield and the lifetime (τ = 0.18 ns260).261  In higher polarity solvents, 

the π-π* becomes the lowest excited state and the intersystem crossing becomes 

negligible.262 Furthermore, the wavelength of excitation is almost 30 nm from the 

maximum excitation wavelength prodan in cyclohexane, significantly reducing the 

number of photons arriving at the detector.  The reason for the fitting difficulties of 

prodan in ethylene glycol is unknown. 

When the decay of prodan in water was fit using a single exponential decay, the 

fits did not converge.  Further investigation in the literature reveals that prodan exhibits 

two excited populations in water,259,263 and a lifetime for prodan in water was determined 

by fitting the data to a biexponential decay with τ1 = 1.933 ± 0.052 ns and τ2 = 0.674 ± 

0.02 ns with χ2 = 1.4.  These lifetimes agree well with the literature values of τ1 = 2.0 ns 

and τ2 = 0.70 ns in water.259  The difficulty in using prodan for fluorescence quenching to 

determine micelle microenvironment results from the fact that prodan has two excited 

states, a locally excited (LE) and a charge transfer (CT) state, which have different 

solvation and emission properties.  The former is associated with the ~2.0 ns lifetime, 

while the much shorter lifetime is due to the CT state.  The CT state is formed via the LE 

state when prodan is in a polar solvent.  As a result, the LE is responsible for emission in 
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nonpolar solvents while in polar environments, emission is from the CT state.264  Petrich 

et al. studied the coexistence of these two states in heterogeneous environments (namely 

reverse micelles).259 They stress caution in using prodan to probe heterogeneous 

environments, because the existence of these two excited states greatly complicates 

interpretation of lifetime data.  In assessing which probe to use for fluorescence 

quenching studies, it has been suggested that the fluorophore should display a single 

exponential lifetime in the absence of quencher.  It is likely that the presence of a 

quencher will affect the decay profile and will no longer be monoexponential.265  

Therefore, it was concluded that prodan, while sensitive to the microenvironment of a 

micelle, would not be an ideal probe for fluorescence quenching studies of 

monorhamnolipid micelles in an aqueous environment. 

Anthracene 

Anthracene (see Figure 4-4c) is a promising alternative to prodan in that it is a 

lifetime standard when dissolved in ethanol.  The photophysical characteristics of 

anthracene and its derivatives in various solvents have been well characterized in the 

literature.266-269  It also has several advantages over pyrene, a commonly used 

fluorescence probe for micelle studies.265  A much shorter lifetime (~4 ns) makes it much 

less susceptible to oxygen quenching, so tedious freeze-pump-thaw cycles are not 

required.  Also, it is less prone to excimer formation and self-quenching.  As a three-

membered ring system, it is likely to be less toxic than pyrene; genotoxicity of PAHs has 

been directly related to their molecular weight.58  Finally, the excitation and emission of 

anthracene and its major derivatives is more red-shifted to the visible region of the 



155 
 

electromagnetic spectrum which permits the use of more cost effective and stable light 

sources.  Like prodan, the emission of anthracene is solvent dependent, displaying a 

slight red shift by 4 nm and a large decrease in emission intensity with increasing solvent 

polarity shown in Figure 4-6.  The emission maximum for the ν1→0 transition shifts from 

397 nm in hexane to 401 nm in water, and the absolute intensity is 35 times higher in 

hexane than in water.  The difference in quantum efficiency in a nonpolar environment is 

advantageous for micellar studies, because it gives a facile indication of when the 

fluorophore is completely incorporated into the micelle. 

Surfactant Systems 

SDS is a well-studied surfactant.  It has a conical shape, and due to its molecular 

headgroup area of 58.8 Å2, tail length of 1.67 nm, and tail volume of 0.350 nm3, it has a 

predicted packing parameter (P) of 0.36 (see Eq 1-3).30,270  According to packing 

parameter theory, for P ≤ 0.33, a spherical micelle is predicted.  However, even with an 

extremely well-studied system like SDS, there are still controversies in the literature 

about the exact size and shape of the micelle.271  It is fairly well established that CMC 

and aggregation number for SDS in pure water and very low salt conditions (<15 mM) 

are ~8.1 mM and 60, respectively.219,272   

Many techniques (small angle neutron scattering (SANS), DLS, ionic 

conductivity) then use the aggregation number to develop of model to which to fit their 

data.219,271,273,274  Using a spherical model, ionic conductivity274 and TRFQ219 reported 

SDS micelles with a radius of 16.0 Å and 18.1 Å, respectively.  SANS data allowing for 

an elliptical model showed a slightly prolate ellipse with a seminor axis of 17 Å and a  
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Figure 4-6.  Effect of solvent polarity on anthracene fluorescence 
emission: a) absolute fluorescence intensity indicating effect on 
quantum yield;  b) normalized fluorescence intensity to show spectral 
shifts.  Inset: normalized fluorescence intensity indicating shift in λem, 

max for ν1→0 transition.  Solvent key is applicable to all plots.  All 
measurements had λex = 355 nm and [anthracene] = 5 µM 
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semimajor axis of 22 Å which fit equally well to the data for a spherical model with a 

radius of 18.9 Å.271  MD simulations using an Nagg of 60 showed a “slightly less 

spherical” micelle with a radius of 22 Å.273  Perhaps the most compelling is the work by 

Griffiths et al. that combined SANS, electrophoretic NMR (ENMR), electron 

paramagnetic resonance (EPR), and TRFQ to describe the SDS micelle.275  They reported 

an Nagg of 65  with a hydrophobic core radius of 16.7 Å, a polar shell thickness of 3.6 Å, 

and an axial ratio (slightly elliptical) of 1.2.275  Therefore, it can be concluded that the 

micelle has a radius of ~18-19 Å and may be very slightly nonspherical.  This lack of 

consistency in the literature for even a “simple” and well-studied molecule like SDS 

shows the complexity of the same question for mRL and the fact that one technique 

cannot give a definitive answer.  Therefore, the reader should keep in mind that while the 

fluorescence quenching studies presented in this Chapter may give new insights into the 

mRL micelle, it cannot confirm a definitive model without compiling the data with other 

techniques such as DLS, simulations, SANS, EPR, etc. 

 Although mRL has not been as well-characterized, some of the molecular and 

aggregation parameters have been assessed for this surfactant.  The CMC has been 

measured in this laboratory to be 190 µM at pH 8, although the aggregation number has 

yet to be determined definitively.166,168  The packing parameter has been calculated to be 

~0.50, which is at the cutoff between rod-like micelles and lamellar structures.  The 

measurements of the mRL monomer have been determined by experimental and 

theoretical calculations giving an equilibrated headgroup cross-sectional area of 77-83 

Å2,86,168 length and volume of the tails (nC = 7 where nC is the number of carbons in the 
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tail) calculated by Tanford’s equations31 as 7.56 Å and 431.4 Å3, respectively, and a 

molecular volume of ~810-860 Å3 determined by surface adsorption measurements 

(neutron reflectivity85 and surface tension168).30,86,168  Atomic force microscopy (AFM) of 

mRL spontaneously self-assembled on graphite shows that the surfactant forms 

hemicylindrical structures with rows spaced at 3-5 nm on a planar surface at pH 8.276   

Chen et al.86 have investigated mRL micelles by SANS and determined that a 

nonspherical aggregate model is required to fit their data.  They suggested that mRL 

actually forms a “globular” micelle with an aspect ratio >2.277  DLS results from the 

Pemberton laboratory show that mRL aggregates in a pH 8 aqueous solution have a 

hydrodynamic radius of ~10 (±1) nm.168  Considering that about twice the alkyl chain 

length is the maximum dimension for the inner core of a sphere,86 ~1.6 nm for Rha-C10-

C10, a spherical model does not account for the hydrodynamic radius observed by DLS.   

The size of 1.6 nm is more in agreement with the 3-5 nm structures of mRL observed on 

graphite surfaces,276 results that are in agreement globular mRL aggregates with an 

ellipticity >2 as proposed by Chen.  Although exact dimensions are unknown, the total 

internal volume of mRL aggregates is likely to be significantly larger than that of SDS 

micelles based on these values. 

Anisotropy of DPH in Surfactant Micelles 

In order to obtain a better understanding of the microviscosity in SDS and mRL 

micelles, steady-state fluorescence anisotropy studies were performed.  This method 

determines the “tumbling time” of a probe in solution by measuring the orientation of 

emitted light when illuminated by polarized exciting radiation.  If the intensity of emitted 
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light is greater along a certain axis, the emission is polarized, with the degree of the 

emission polarization described as the anisotropy (r) of the fluorophore.   

Anisotropy can be observed, because fluoropohore excitation and emission 

transition moments are directional. If a fluorophore molecule is excited by polarized 

light, those fluorophores whose excitation transition moments lie along the axis of 

excitation will be preferentially excited.241  Overall, the probability of a molecule being 

excited is related to the degree of alignment of the molecular excitation transition 

moment with the axis of the polarized exciting radiation by cos2 θ, where θ is the angle 

between the axis of polarized radiation and the transition moment of the fluorophore.  It 

follows that if the transition moment is perfectly parallel to the polarized radiation 

electric field, it has unit probability that it will be excited.  Conversely, if the transition 

moment is perfectly orthogonal to the polarized electric field axis of the radiation, the 

probability of excitation is zero.  As a result, the excited state population is oriented and 

will emit polarized light. 

Several processes can occur that depolarize the excited state.  The most 

significant of these depolarization processes for the present study is rotational diffusion.  

If the molecule is rotating freely, the transition moment of the excited state population 

will change, and the average emission of the population will appear to be depolarized.  

Rotational diffusion can vary based on the size and shape of the fluorophore and the 

viscosity of the solution.  If the molecule is solubilized in a highly viscous solvent, the 

rotation of the molecule is hindered, and the angular displacement of the excited state 
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transition moment, and its subsequent emission, will be minimized resulting in a high 

degree of anisotropy.  On the other hand, if a small molecule is in a low-viscosity solvent, 

it will be able to rotate freely relative to the fluorescence lifetime, and the emission will 

be isotropic. 

To measure the anisotropy, the exciting radiation is polarized by a vertically-

oriented polarizer.241  An emission polarizer is then rotated between a parallel (III) and 

perpendicular (I
┴
) orientation relative to the exciting radiation as can be seen in Figure 4-

7.  The anisotropy (r) is the difference between the emission intensity parallel and 

perpendicular to the excitation polarizer over the total intensity or 
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If the excitation is kept vertically polarized and SV and SH are taken as the sensitivities of 

the emission channel for vertically- and horizontally-polarized light, then the measured 

intensities of the polarized emission are 

 llVVV IkSI =  (4-19) 

 
⊥= IkSI HVH  (4-20) 

where IAB has A as the orientation of the excitation polarizer, B as the orientation of the 

emission polarizer, and k is a constant to account for quantum yield and other factors 

independent of polarization.  If the ratio of Eq (4-19) and Eq (4-20) is taken, the result is 
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Figure 4-7.  Block diagram for fluorescence anisotropy measurements 
with polarized excitation. 
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where G is a correction factor that accounts for the sensitivity of the detection system to 

polarized light.   

Because the electric field is equally distributed around the axis of observation for 

horizontally-polarized excitation (as opposed to vertically-polarized light), both emission 

polarizer positions (vertical or horizontal) are perpendicular to the excitation polarization 

and III = I
┴
.  Therefore, any difference in IHH and IHV is due solely to detector sensitivity 

such that  
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If Eq (4-21) is substituted into Eq (4-18), the anisotropy (r) can easily be calculated using 

Eq (4-23) by exciting the sample with vertically polarized light and rotating the emission 

polarizer between horizontal and vertically oriented to the excitation polarizer: 
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For constant probe composition, a larger anisotropy value is indicative of the probe being 

in a higher viscosity microenvironment. 

If the anisotropy is measured for a fluorophore dissolved in different solvents, the 

relative viscosity of the solvents can be estimated.  Similarly, if the fluorophore is 

partitioned into micelles, then the microviscosity of the micelles can be estimated relative 
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to the viscosity of the homogenous solvent.  It is expected that the micellar environment 

will be more viscous than the aqueous bulk solvent due to the hydrocarbon chains 

constituting the inner core.  However, the difference in microviscosity between SDS and 

mRL micelles may provide additional insight into the packing density of the lipid chains, 

and therefore, into the overall structure of the micelle. 

The core of SDS micelles is believed to be uniform, though fluid, throughout its 

entire volume, whereas the mRL core was originally hypothesized to be nonspherical 

(regardless of rod-shaped or globular) with different polarity, chain density, viscosity, 

hydration, etc.  If a rod-shaped micelle is assumed, the lamellar region would likely be 

tightly packed with very little free volume among the chains; this situation would result 

in a hydrophobic, viscous environment.  Conversely, the endcap regions of such a 

structure would be more loosely packed with more free volume yielding a lower viscosity 

(but higher polarity) environment. In contrast, the interior of a globular structure such as 

proposed by Chen85 would be expected to be more fluid. Fluorescence lifetime 

experiments may provide some insight into which model better reflects the 

microviscosity of the mRL micelles.   

One estimate of micelle microviscosity is reported by fluorescence lifetime of a 

fluorophore contained within a micelle. For anthracene, Blatt et al. found that the excited-

state lifetime decreased with increasing viscosity of the solvent.229Using this behavior, as 

describe in greater detail below, the lifetimes (τ0) of anthracene fluorescence in mRL and 

SDS micelles are 4.228 ± 0.010 ns and 4.057 ± 0.033 ns, respectively.  These values 
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suggest that the microviscosity of the anthracene environment is slightly larger in SDS 

micelles than in mRL micelles.  This result contradicts a rigid rod model for mRL 

micelles wherein it would be expected that the mRL molecules would be tightly packed 

to create a highly viscous environment.  

To further confirm the microviscosity of the mRL micelle environment compared 

to that in SDS micelles, fluorescence anisotropy measurements were conducted using the 

probe 1,6-diphenyl-1,3,5-hexatriene (DPH).  This long, linear molecule has both its 

excitation and emission transition moments oriented parallel to the long axis of the 

molecule,278 making it very useful for many anisotropy studies.279-281  DPH also easily 

partitions into bilayers and micelles, and its anisotropy within the micelles of interest can 

be measured to extract information about their relative microviscosity.   

The method employed here is only semi-quantitative in that the anisotropy is 

measured for DPH dissolved in glycerol/water mixtures for which the viscosity is known 

and the anisotropy values measured in the micellar environments are determined from 

these calibration data. It is recognized that the interaction of the probe in a heterogeneous 

(micelle) environment may impact the rotational diffusion in a manner not encountered in 

homogenous solution. Consequently, this method is considered to yield, at best, a semi-

quantitative value for microviscosity.  This approach is still useful, however, in that it can 

provide an additional, independent measure of the micelle microenvironment with 

important implications for micelle shape.  
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 The calibration curve of anisotropy values for DPH in homogeneous solutions of 

increasing glycerol content in glycerol-water mixtures is shown in Figure 4-8 along with 

the anisotropy results for DPH in SDS and mRL micellar media.  Example plots for 

anisotropy measurements of DPH in 100% glycerol, 32% glycerol, mRL micelles and 

SDS micelles are shown in Appendix 4A.  Using the average measured G-value of 0.93 

in Eq (4-23) along with the measured intensities of the two polarizations, values of r were 

calculated for the glycerol-water mixtures as shown in Figure 4-8.  These results show 

that anisotropy increases linearly with wt% glycerol. The measured anisotropy value for 

DPH in SDS micelles is 0.149, corresponding to the viscosity of a 53 wt% glycerol 

solution, or ~7 cP at 20 °C.282  Similarly, DPH exhibits  an anisotropy of 0.111 in mRL 

micelles, equivalent to 42 wt% glycerol or ~4 cP at 20°C.282  Thus, somewhat 

surprisingly, the DPH probe experiences a lower viscosity in the mRL micelles than in 

the SDS micelle.  

 One note of caution should be expressed about the quantitative use of a 

homogeneous solution as a calibrant for a heterogeneous system.  This approach is not 

completely accurate in determining quantitative values for microviscosity due to 

additional interactions of the probe with the surfactant lipid tails inside the micelle that 

may alter the rotational diffusion in a manner different from that measured in 

homogenous solution.  Dutt has reported micellar microviscosities for a variety of 

surfactants using two different probes and a more quantitatively accurate, but 

complicated, method known as time-resolved fluorescence depolarization.283  For SDS 

micelles, he reported a microviscosity of 10-12 cP at 25 °C.  Given the simplicity of the  
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Figure 4-8.  Measured anisotropy values for DPH dissolved in 
glycerol/water mixtures (black squares), 50 mM SDS micelles in pH 8, 
10 mM phosphate buffer (red diamond), and 4 mM mRL micelles in 
pH 8, 10 mM phosphate buffer (blue triangle).  The glycerol/water 
calibration curve fit to a linear equation: y = 3.45 x 10-3 – 0.0312.  All 
measurements were performed at 20 °C. 
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approach used in this chapter, a value of ~7 cP for SDS micelles is within reasonable 

agreement.  As an extension of these considerations, therefore, although the actual 

microviscosity of mRL micelles is probably not precisely 4 cP, the difference in relative 

values measured for SDS and mRL micelles is likely accurate and significant and 

provides a useful strategy for estimating differences in micellar microenvironments. 

 The fact that the microviscosity of mRL is lower than that of SDS micelles can eb 

rationalized by consideration of the chemical nature of the mRL being used. The native  

mRL mixture harvested from P. aeruginosa ATCC 9027 is not a single compound, but a 

mixture of almost 40 different congeners166 of varying tail lengths.  Although ~75-85% of 

these molecules contain two chains with 10 carbons each, a significant fraction of the 

mixture is comprised of mRL molecules with longer and shorter lipid chains whose 

presence is likely to disrupt alkyl chain packing within the micelle, leading to a more 

fluid environment, and consequently, a lower viscosity.  Furthermore, the rhamnose sugar 

headgroup is actually “boot-shaped” and not spherical, which might also contribute to 

disruption of the packing in the micelle.168  Thus, it is likely that, in contrast to the rod 

model proposed by Wang,168 the mRL micelles are globular as suggested by Chen et al.86 

Fluorescence Quenching Studies 

Anthracene Quenching by CPC in Ethanol 

To investigate the utility of anthracene for quenching studies, it was first tested 

using cetylpyridinium chloride (CPC) as a quencher in ethanol solutions.  CPC is an 

alkylpyridinium salt with a 16-carbon tail (see Figure 4-9a for structure), and is known to  
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Figure 4-9.  Molecular structures of quenchers used for quenching studies: a) 
cetylpyridinium chloride (CPC) and b) butylpyridinium chloride (BPC). 

a)

b)
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quench PAHs, like anthracene, via a photoinduced-electron transfer mechanism.243  

Pownall and Smith studied the fluorescence quenching of anthracene by pyridinium 

chloride in ethanol and in SDS micelles; this study serves as a useful comparison for the 

results reported here.227  In homogenous solution, it is expected that quenching is 

diffusion-controlled and that dynamic quenching will dominate.  These expectations arise 

due to the low analyte concentration, which provides no significant driving force for 

complex formation.  As a result, it is not likely that the fluorophore and quencher will 

remain complexed on the timescale of the fluorescence lifetime. 

The steady state and TCSPC results for anthracene fluorescence quenching in 

ethanol in the presence of increasing amounts of CPC quencher are shown in Figure 4-10.  

As expected, the fluorescence intensity decreases with added quencher concentration.  In 

addition, the lifetime decays shown in Figure 4-10b fit well to a double exponential 

decay.  The traces become narrower as quencher concentration increases, indicating a 

decrease in average lifetime.  The corresponding S-V plots for these data are shown in 

Figure 4-11.  Unexpectedly, the plot in Figure 4-11a shows an upward curvature, 

indicating that both dynamic and static quenching are occurring simultaneously.  The 

explanation for this response arises from the recognition that CPC, in addition to being 

the quencher, is also a surfactant with a CMC of 11 mM in EtOH. 284  The plot in Figure 

4-11b shows the S-V plot for CPC concentrations below the CMC.  In this region, the 

CPC is not organized into micelles and the individual quencher molecules are free to 

diffuse in solution and undergo quenching collisions with anthracene.  Several studies 

have investigated the quenching of PAHs in which the cetylpyridinium salts act as both  
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Figure 4.10.  Steady state (a) and TCSPC (b) spectra of 5 µM 
anthracene in EtOH with increasing concentrations of CPC.  CPC 
concentrations increase from 0 to 44.4 mM in direction of arrow.  
Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 399 nm.  
Key applies to both graphs, IRF only applicable for TCSPC. 
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Figure 4-11.  Stern-Volmer plots for anthracene in EtOH with CPC as quencher.  Red 
circles in (a-c) are TCPSC data fit to linear equation; black squares in (a-c) represent 
steady state data fit to Eq 4-15.  KD is determined from slope of TCSPC data and used 
to solve for KS.  The quenching in the full range of the quencher is shown in (a) while 
(b) and (c) represent Stern-Volmer plots below and above the CMC of CPC, 
respectively. 
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surfactants and quenchers.228,231,285  It has been found in these studies that when CPC 

exists as monomers, diffusion-controlled quenching is observed as indicated by the 

overlap of the steady-state and lifetime data in Figure 4-9b. The dynamic quenching 

constant, KD, can be determined from the slope of this line to be 51.5 M-1.  

Confirmation that the quenching under these conditions is diffusion controlled 

comes from comparison of the bimolecular quenching constant, kq, to the diffusion-

controlled rate constant.  Eq (4-4) can be used to calculate kq from KD if the lifetime of 

the fluorophore in the absence of quencher is known.  In this case, τ0 was measured to be 

4.752 ± 0.058 ns, and thus, kq is 1.07 (± 0.01) x 1010 M-1s-1.  An adaptation of the Stokes-

Einstein equation can be used to describe a diffusion-controlled rate constant:  

 η3000/8RTkd =  (4-24) 

where R is the gas constant, T is the temperature, and η is the viscosity of the solvent at 

the specified temperature.286  This equation does not include molecular radii as it is based 

on the implicit assumption that larger molecules diffuse more slowly, but have less 

distance to travel in order to undergo collisional quenching.  Thus, this equation 

represents a theoretical maximum for a bimolecular process that is completely diffusion 

controlled.  For a temperature of 20 °C with a viscosity of ethanol of 1.20 cP, kd = 4.85 x 

109.  This value most likely represents a slight underestimation of the theoretical 

maximum diffusion-controlled rate constant, since anthracene is relatively small violating 

the assumption of relatively large molecular radii implicit in Eq (4-24).  Nonetheless, the 

fact that kd and kq are still similar indicates that, below the CMC, the quenching reaction 

is mainly diffusion controlled in ethanol.   
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As the concentration of quencher approaches and surpasses the CMC of CPC in 

ethanol (Figure 4-11c), it is apparent that the mechanism of quenching begins to change, 

and the lifetime and steady-state data begin to deviate dramatically from one another.  

Anthracene begins to associate with premicellar and micellar aggregates of CPC, creating 

a static complex.  As a result, the quencher cannot diffuse separately from the 

fluorophore on the timescale of the experiment, and static quenching begins to dominate 

the response.   However, because the solubility of anthracene in EtOH is still very high, 

much of the anthracene remains free in solution to diffuse to the quencher and KD is still 

about three times higher than KS.  

Table 4-2 gives a summary of the quenching constants determined for anthracene 

quenched by CPC in ethanol.  Pownall and Smith determined KSV for anthracene in 

ethanol quenched by CPC only by intensity values and did not differentiate between 

static and dynamic quenching.  The maximum concentration of quencher that was added 

to the anthracene/ethanol solution was also not reported.  However, their KSV value of 45 

± 0.5 M-1
 corresponds very closely to the value of 48.4 ± 0.7 M-1 reported here for KD for 

the entire quencher range.  Therefore, since the data presented here correspond well with 

literature values, it is concluded that CPC can be used as a quencher for anthracene to 

give insights into the microenvironment of mRL micelles. 
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Table 4-2.  Summary of quenching constants for anthracene in ethanol quenched by CPC. 

[CPC] KD (M-1) kq (M-1s-1) KS (M-1) KD/KS 
Full range 48.4 ± 0.7 1.01 (± 0.01) x 1010 16.7 ± 1.2 2.7 – 3.1 

< CMC 50.1 ± 5.0 1.05 (± 0.10) x 1010 0 ∞ 
> CMC 50.5 ± 0.8 1.01 (± 0.02) x 1010 19.0 ± 1.2 2.5 – 2.9 
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Fluorescence Quenching in Surfactant Micelles 

Discussion of Probes and Quenchers 

The quenching of polycyclic aromatic hydrocarbons by alkylpyridinium halides in 

surfactant micelles is of interest, because the results of such studies allow conclusions to 

be drawn about micellar microenvironment.  For comparison purposes, quenching 

experiments were carried out both in sodium dodecyl sulfate (SDS) and mRL micelle 

solutions.  In both cases, the total micelle concentration was kept high enough to ensure 

that the majority species in solution were micelles and not monomers or premicellar 

aggregates.  Thus, for all experiments the concentrations of SDS and mRL were kept at 

50 mM and 4 mM, respectively, unless otherwise stated.  Also, the fluorophore 

concentration was kept at ~1% of the micelle concentration, assuming that both 

surfactants had micellar aggregation numbers of ~50-100, corresponding to 5 μM and 1 

μM anthracene for SDS and mRL solutions, respectively.  These concentration conditions 

ensure that the probability of finding more than one fluorophore per micelle was <<1 to 

prevent the formation of excimers and to ensure that the quenching behavior conforms to 

Poisson statistics. 

In order to investigate the effects of both fluorophore and quencher 

microenvironment on the quenching interaction within the micelles, the structures of both 

reactants were altered and their relative quenching constants compared.  The structure of 

each reactant determines its position in the micelle, and therefore, provides insight into 

the microenvironment of the micelle. 
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It should be noted that, in contrast to the Pownall study, which serves as the comparison 

for fluorescence quenching experiments performed in this work, the cetylpyridinium 

chloride quencher used here has an alkyl chain attached to the pyridinium group.  Lunardi 

et al. studied the quenching of alkyl acridone fluorescent probes (nC = 1, 4, and 10) in 

SDS micelles with Cu2+, methyl and benzyl viologen, and propyl and dodecyl pyridinium 

as quenchers.287  They suggested that the pyridinium group resides in the Stern layer as 

depicted in Figure 4-12 rather than on the surface of the micelle, and thus, the quencher 

may or may not be mobile depending on its structure details.  Shorter alkyl groups (nC = 

3 vs. 12) allow greater mobility and a higher KD.  These researchers observed no 

deviation from linearity of the S-V plot for the pyridinium quenchers.  This is unusual in 

light of their conclusion that the pyridinium quenchers reside in the Stern layer with 

varying degrees of mobility.  It should be noted that only steady state quenching was 

performed in this former study; as described above, this approach is limited, since, 

steady-state intensity data do not allow one to distinguish between static and dynamic 

quenching if only a single quenching mechanism is operative.  Nonetheless, this previous 

work allows one to predict that a shorter alkyl chain pyridinium chloride quencher is 

likely to quench by a purely static rather than dynamic process. 

The two quenchers used in this work are cetylpyridinium chloride (CPC) and 

butylpydridinium chloride (BPC) (Figure 4-9).  Both are expected to be positioned with  

their positively charged pyridinium headgroups in the micelle Stern layer due to 

electrostatic attraction with the anionic surfactant headgroups (both SDS and mRL at pH 

8).  However, since CPC is a surfactant, its alkyl tail is expected to extend into the 
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Figure 4-12.  Possible position of CPC (pink) in SDS 
micelle as proposed by Lunardi for alkyl pyridinium 
salts.  The pyridinium headgroup is located in the Stern 
layer with the alkyl chain extending into the 
hydrophobic core.  The long alkyl tail inhibits quencher 
mobility. 
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micelle cores.227 In contrast, BPC is not a surfactant.243  However, non-detergent 

alkylpyridinium halides are known to quench PAH fluorescence by electron 

transfer.243,288  In the Lunardi study discussed above, propylpyridinium halide was found 

to partition within the Stern layer of SDS micelles, but with a greater mobility than the 

longer chain quencher, resulting in a much higher collisional quenching constant (KD).287  

Akylpyridinium quenchers in SDS micelles are considered immobile for chain lengths 

longer than decylpyridinum.289  Thus, CPC is hypothesized to be immobile within the 

micelle structure itself with the pyridium headgroup in the Stern layer.  Conversely, BPC 

while electrostatically attracted to the micelle surface, will most likely remain mobile.  

The partitioning coefficient of BPC between the aqueous and micellar phase (both SDS 

and mRL) was not determined, so it is unknown a priori whether BPC resides on the 

exterior of the micelle or is solubilized in the core. Lunardi et al. do not discuss the 

probability that the alkylpyridinium quencher may be associated with the exterior of the 

micelle with quenching occurring across the Stern layer.287  They do allow for this 

possibility with the other quenchers (Cu2+ and viologen species) which results in a 

combined quenching mechanism. 

Anthracene, the main probe used in this study, while hydrophobic, is polarizable 

allowing it to reside close to the Stern-layer in micelles.290-292  This position may allow 

the quencher and probe to be sufficiently close that they are within the “sphere of action” 

or create a “dark complex.”  Frank and Vavilov, in 1931, defined the concept of a “sphere 

of action” around a fluorophore to account for positive deviations from linearity for 

Stern-Volmer theory.293,294 According to this model, the presence of a quencher within 
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this sphere of action results in a unity probability of quenching; for quenchers outside this 

sphere of action, the  quenching probability is 0. If a Poisson distribution of fluorophores 

and quenchers in the micelles is assumed, then the probability of finding a quencher 

molecule in a given volume is: 

 
λλ −= e

n
nP

n

!
)(

 (4-25) 

where λ is the average number of quenchers per volume V of solution, the average 

number of quencher molecules in a cm3 is [Q]NA/1000, and thus, λ=V[Q]NA/1000.241,293   

Initially, it was assumed that the reactants had to be immediately adjacent to one 

another at the moment of excitation to form a dark complex, but Boaz and Rollefson 

modified this view slightly by asserting that direct contact is not necessary, only close 

proximity (i.e. within the first solvation sphere).293  Therefore, if the molecular 

dimensions of the probe and quencher are known, the “sphere of action” can be 

estimated; for the average quencher and fluorophore this is ~10Å, but will vary by 

system.241  The salient point here is that, closely positioned reactants that remain within 

the sphere of action throughout the excited state lifetime of the probe cannot be 

distinguished from a complex (as assumed in strict static quenching), and quenching will 

appear static even though a true complex is not formed.241.  However, considering that 

anthracene is able to diffuse in three dimensions within the Stern layer, the probability 

that anthracene and CPC are located within the sphere of action at the time of excitation 

without forming a complex is not expected to be very high.  Based on the above 
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discussion, it is proposed that both anthracene and CPC are located in or near the Stern 

layer of SDS which may promote the opportunity for complex formation. 

To investigate quenching of a probe that is not located in the Stern layer, 9, 10-

diphenylanthracene (DPA) was investigated using CPC as the quencher.  This derivative 

of anthracene has phenyl groups attached to the 9- and 10-positions on the central ring 

that twist into the z-axis by ~5 Å, making the molecule nonplanar (Figure 4-4d).  This 

structural modification may result in disruption of the mRL tails with a resultant decrease 

in the diffusion coefficient for DPA relative to anthracene.  Although exact values of the 

diffusion coefficients for anthracene and DPA in these mRL micelles are not known, 

insight might be gleaned by a comparison of the results for these structurally distinct 

probes. The fluorescence lifetime of DPA is twice that of anthracene, increasing the 

amount of time that molecules can diffuse and collide.  The impact of this lifetime on KD 

can be assessed by assuming similar diffusion coefficients for anthracene and DPA; in 

this case, KD for DPA would be greater than for anthracene by a factor of ~2, since KD = 

kqτ0 (see Eq (4-4)) 

Furthermore, DPA is more hydrophobic than anthracene based on their relative 

ClogP® values.  The ClogP® value has been found to be a fairly accurate predictor of the 

octanol/water partition coefficient based on the molecular structure and composition of a 

compound,295 with higher values corresponding to greater octanol partitioning. Therefore, 

it gives a quantitative structure-function/property evaluation of different molecules, and 

is often used in the pharmaceutical industry to predict drug solubility.295  This calculation 
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is also included in ChemBio3D Ultra (CambridgeSoft) molecular modeling program.  

Using the structures of anthracene and DPA into this program, ClogP® values were 

determined to be 4.49 and 8.266, respectively.  Since the ClogP® is a measure of the 

octanol/water partition coefficient, a higher ClogP® indicates that DPA is more 

hydrophobic than anthracene, and is therefore expected to be located deeper in the 

micelle core. 

Micelle Aggregation Number by Fluorescence Quenching 

 One original goal of this investigation was to determine the aggregation number 

(Nagg) of mRL micelles using the method developed by Turro and Yekta and discussed in 

Chapter 1.84  The slope of a plot of ln (I0/I) vs [Q] can be used to calculate Nagg if the 

CMC and total surfactant concentration are known (see Eq 1-8).  Figure 4-13 shows the 

ln (I0/I) vs Q plots for the steady state data of anthracene quenching by CPC in mRL and 

SDS micelles.  For SDS, using a slope of 426 ± 8 M-1, a surfactant concentration, [S], of 

50 mM, and a CMC equal to 4.61 ± 0.01 mM in pH 7, 10 mM phosphate buffer (CMC in 

water ~ 8 mM),296 an aggregation number of 19.3 ± 0.4 is calculated.  Similarly for mRL, 

using a slope of 1998 ± 83 M-1, [S] of 4.02 mM, and CMC of 155 ± 28 μM at pH 8 (see 

Chapter 3), an Nagg of 7.7 ± 1.4 results. 

 The original Turro method was developed using SDS and Nagg was determined to 

be 60 ± 2 which matches well with that determined by other methods.84  While the 

current investigation was performed in 10 mM phosphate buffer which could alter the 

size (and Nagg) of the micelle, the value calculated here is over 3 times smaller than the  
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Figure 4-13.  Plot of ln(I0/I) vs [Q] for quenching of anthracene in SDS 
(black) and mRL (blue) solutions to determine the aggregation number 
of the micelles.  All solutions were made in pH 8, 10 mM phosphate 
buffer with [SDS] = 50 mM and [mRL] = 4.02 mM. 
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known aggregation number for SDS.  Furthermore, the size of SDS micelles is known to 

increase with electrolyte concentration, since the counterions reduce the repulsion 

between ionic headgroups and allow the micelle to grow larger.297  Therefore, if the 

results deviate from the Turro method, it would be expected that the Nagg would be higher 

if it were accurate.  

 Similarly, the Nagg value for mRL is lower than reasonable.  Based on SANS data 

and using a globular model, the Penfold group estimated the Nagg of mRL to be ~50.  

Although this number assumes a globular micelle which may or may not be accurate, it is 

a reasonable value based on known aggregation numbers of common ionic surfactants 

(typically 50-100)22.  This, combined with the fact that the current system gives a value 

of Nagg for SDS that is significantly lower than reported elsewhere, leads to the 

conclusion that an Nagg of ~8 for mRL at pH 8 in 10 mM phosphate buffer cannot be 

correct and suggests that reflect some some of the assumptions made in applying this 

method are invalid.  

The most likely explanation for the observed deviation lies in the assumptions 

inherent in Turro’s method that the quenching be either purely static84 or purely 

dynamic.221  If a mixture of static and dynamic quenching occurs, the aggregation 

number will be over- or underestimated.221  For a single quenching mechanism in the 

current system, the S-V plot of both the steady state and time-correlated quenching 

should result in lines with the same slope (for purely dynamic quenching) or the time 

correlated data should have a slope of zero (for purely static quenching).  As will be seen 

in the next section, this is clearly not the case. 
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SDS Micelle Microenvironment by Fluorescence Quenching 

While an accurate Nagg for mRL could not be determined for the current 

probe/quencher system, information on the micelle microenvironment can still be 

ascertained.  Three probe/quencher systems were investigated to elucidate more insight 

about the microenvironment of mRL micelles: 1) anthracene quenched by CPC, 2) DPA 

quenched by CPC, and 3) anthracene quenched by BPC. Quenching behavior for the 

same probe/quencher systems in SDS is considered first for comparison to these systems.  

S-V plots for these systems in SDS are shown in Figure 4-14, with the resulting 

quenching parameters reported in Table 4-3.  Example steady state and TRFQ spectra for 

all fluorescence quenching systems as well as the raw data used to construct the S-V plots 

are included in Appendix 4A. 

The first observation is that a combined quenching mechanism occurs as 

evidenced by the disparity between the steady-state and time-resolved data in each 

quenching system.  It is common for probe/quencher pairs to display static or mixed 

dynamic/static quenching in micelles because of the limited space for free 

difussion.247,248,298,299  SDS shows little effect of the quenching system on the dynamic 

quenching with a KD of 250-290 M-1 and a kq = 3.2-6.9 x 1010.  The dynamic quenching 

values, KD and kq, are greater than would be predicted by diffusion alone as was 

demonstrated in ethanol (see Table 4-2).  Diffusion controlled reactions should have a kq 

of ~1x1010 M-1s-1.241 Since quenching is concentration dependent, the higher dynamic 

quenching constants may be due to the fact that the immobilized quencher in the micelle  
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Figure 4-14.  Stern-Volmer plots of fluorescence quenching in 50 mM SDS solutions.   
a) 5 µM anthracene quenched by CPC; b) 5 µM DPA quenched by CPC; c) 5 µM 
anthracene quenched by BPC.  Red circles are TCSPC and black squares represent 
steady-state.  KD is determined from the slope of the TCSPC data and used to solve for 
KS in Eq (4-15)fit to the steady state data in black.  All solutions were made in 10 
mM, pH 8 phosphate buffer.  See Chp 2 for other experimental details. 
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Table 4-3.  Summary of quenching constants for quenching systems in SDS micelles 
determined by fitting the data in Figure 4-14 to a linear (KD) and Eq (4-15)(KS) 
equations. 

Probe Quencher KD (M-1) kq (M-1s-1) KS (M-1) KD/KS 
Anthracene CPC 249 ± 6 6.14 (± 0.15) x 1010 225 ± 12 1.0 – 1.2 

DPA CPC 263 ± 79 3.19 (± 0.07) x 1010 79 ± 4 3.1 – 3.5 
Anthracene BPC 288 ± 4 6.88 (± 0.10) x 1010 136 ± 7 2.0 – 2.2 
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results in a local quencher concentration that is considerably higher than in the total 

solution.  If a micellar radius of 20 Å3 is used and assuming a spherical micelle, the 

volume of SDS is ~ 3.35 x 10-23 L.  Furthermore, if we assume at most the micelle 

contains a single anthracene molecule and two CPC molecules, then the local reactant 

concentrations are ~50 mM anthracene and ~100 mM CPC, which are significantly 

higher than the 5 uM anthracene and ~2 mM CPC reported in the experimental section. 

Pownall and Smith also found that KSV for anthracene quenching by pyridinium 

chloride in SDS micelles was 520 ± 20, a value about 10 times higher than predicted by 

diffusion alone.227  They attributed this to electrostatic attraction between the positively 

charged pyridinium group and the negatively charged micelle. However, they did not 

differentiate between static and dynamic quenching in their work.  In fact, if the absolute 

values of KD and KS for quenching in SDS micelles determined here for the 

anthracene/CPC system are summed, the result of 474 M-1 is in good agreement with the 

KSV value of 520 M-1 reported in the Pownall study. 

 Although the KD appears to be the same for the anthracene and DPA system, the 

kq is about a factor of 2 greater for anthracene when both are quenched by CPC.  Because 

of the difference in fluorescence lifetimes, it is more useful to compare the kq of the two 

fluorophores, since this parameter normalizes for lifetime differences.  If it is assumed 

that the quencher, CPC, is immobile, then the diffusion coefficient, D, is dependent only 

on the fluorophore.  This assumption is valid because when alkyl pyridinium chlorides 

are used as a cationic quencher, they always behave as an immobile quencher in a 
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solution of anionic surfactant when studied for alkyl groups where N>10.300 The Stokes-

Einstein relationship describes the diffusion coefficient as  

 
r

TkD B

πη6
=

 (4-26) 

where kB is the Boltzmann constant, T is the temperature in Kelvin, η is the viscosity, and 

r is the hydrodynamic radius of the molecule.  For anthracene and DPA in micelles of the 

same surfactant, it is initially assumed that the only parameter that should vary is r.  

Because DPA has the 2 additional phenyl rings, it is valid to assume that it will have a 

larger radius.  If the longest axis is measured for each molecule using ChemBio3D Ultra 

(CambridgeSoft) molecular modeling program was used to estimate the dimensions for 

the longest axis in each molecule using values for the radii of 4.6 Å for anthracene across 

the fused phenyl rings and 6.6 Å for DPA estimated along the axis of the 9,10-phenyl 

rings orthoganol to the aromatic ring structure (see Figure 4-4 c,d).  Furthermore, if the z-

axis contribution of the DPA structure is taken into account, it is valid to assume that the 

diffusion coefficient is lower for DPA and explains the lower kq. 

 There is also a significant static contribution to the quenching in SDS micelles.  

For the CPC/anthracene system, KS~KD while the contribution from the static quenching 

is somewhat lower for the other systems.  This may be that because anthracene and CPC 

are in the Stern layer, the probability that they are within the sphere of action for 

quenching at the time of excitation is greater than in a homogenous solution.  However, 

based on the large relative volume available in the Stern layer compared to the sphere of 

quenching, it is proposed that the high effective quencher concentration in the micelles 
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drives the static complex formation.  Because a complex was not observed between CPC 

and anthracene in ethanol when [CPC]<CMC, it is unknown whether the static quenching 

is due to a true complex stabilized by the surfactant headgroup or an apparent complex 

due to their relative locations during the measurement.  Most likely, the reactant 

concentrations were not high enough in EtOH to drive complex formation in the 

homogenous solution, but the 2 fold greater concentrations in the micelle allow this to 

occur more readily.   

 For both quenchers, their quenching moiety is proposed to be in the Stern layer 

due to the electrostatic attraction, but the KS is less for BPC than CPC by a factor of 2. In 

assessing probable causes of this difference, a difference in quencher reduction potential 

is likely not a factor, since alkyl chain length has been shown to have a negligible effect 

on this value for alkylpyridinium species.301  Anthracene is also located in the Stern layer 

and the difference may be due to lessened probability of complex formation if BPC is 

largely associated with the micelle exterior while the CPC is within the Stern layer itself.  

More likely, is that a true complex does form between CPC and anthracene and BPC and 

anthracene, but their association strength is different which will be reflected in KS.  This 

conclusion is supported by the fact that KS is much lower for DPA which is located 

deeper in the Stern layer and is more likely to have steric impediments to complex 

formation compared to anthracene.  Therefore, it is proposed to not form a lasting 

complex with the CPC or be within the sphere of quenching at the time of excitation. 
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mRL Micelle Microenvironment by Fluorescence Quenching 

 Now that the standard system has been established for the fluorescence quenching 

systems, similar quenching studies are reported for mRL micelles.  The S-V plots and 

resulting quenching parameters are shown in Figure 4-15 and Table 4-4, respectively.  

The first thing that is apparent is that the KD is approximately twice that in mRL micelles 

than in SDS for anthracene and DPA quenched by CPC.  This result is  rationalized by 

the lower viscosity in mRL micelles compared to SDS micelles as shown above (Figure 

4-8). These results are also consistent with the less-well defined globular micelle shape 

reported by Penfold.86  

More significant, perhaps, is the observation that Ks is greater by a factor of 

almost 5-8 for mRL micelles compared to SDS for all three probe/quencher systems.  KS 

values range from 345-1709 for mRL micelles but are only 79-225 for SDS micelles.  

The rhamnose headgroup for mRL contains a number of hydrogen bonding donors and 

acceptors.  Along with the “claw-like” structure of the headgroup, the structure of the 

Stern layer region of the mRL micelle is exceedingly more complex than that of the 

simple sulfate headgroup of SDS.  Indeed, similarly high quenching constants have ben 

reported for other systems; pyrene quenched by pyridinium chloride in SDS micelles 

displays a KSV of 2600 M-1,227 and anthracene quenched by 1,2-dimethylindole exhibits a 

KSV of 3600 M-1 in POPC vesicles.302 

The high KS value of 1709 M-1 suggests that a static complex between anthracene 

and CPC forms with a large association complex.  The fact that this KS value is  
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Figure 4-15.  Stern-Volmer plots of fluorescence quenching in 4mM mRL solutions.   
a) 5 µM anthracene quenched by CPC; b) 5 µM DPA quenched by CPC; c) 5 µM 
anthracene quenched by BPC.  Red circles are TCSPC and black squares represent 
steady-state.  KD is determined from the slope of the TCSPC data and used to solve for 
KS in Eq 4-15 fit to the steady state data in black.  All solutions were made in 10 mM, 
pH 8 phosphate buffer.  See Chp 2 for other experimental details. 
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Table 4-4.  Summary of quenching constants for quenching systems in mRL micelles 
determined by fitting the data in Figure 4-15 to a linear (KD) and Eq 4-15 (KS) equations. 

Probe Quencher KD (M-1) kq (M-1s-1) KS (M-1) KD/KS 
Anthracene CPC 551 ± 14 1.30 (± 0.03) x 1011 1709 ± 65 0.31 – 0.33 

DPA CPC 621 ± 24 7.42 (± 0.29) x 1010 345 ± 48 1.5 – 2.1 
Anthracene BPC 78 ± 14 1.83 (± 0.33) x 1010 616 ± 21 0.11 – 0.15 
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significantly larger than that observed in SDS further suggests that hydrogen bonding of 

the mRL headgroup in the Stern layer stabilizes this complex in some manner. This 

conclusion is additionally supported by the observation that KS for DP, which is expected 

to be less likely to engage in similar complex formation for steric reasons, is only 345 M-

1, a factor of 5-6 times lower than that for anthracene with CPC, similar to what was 

observed in SDS. Further evidence for this hypothesis might be ascertained by 

investigating the quenching of anthracene by CPC in solutions containing high 

concentrations of rhamnose. 

Somewhat surprisingly, however, quenching of anthracene by BPC is 

significantly different in mRL, compared with the other two probe/quencher systems 

systems, and in SDS micelles, in which is exhibits a large KS of 616 M-1 with minimal 

dynamic quenching (KD of 78 M-1).  If we assume that the BPC is associated with the 

micelle exterior, the large area of the mRL headgroup and its chemical complexity may 

be too large to allow electron transfer to proceed (3-4 Å)303 across the Stern layer.  This 

would minimize dynamic quenching.   

Turro et al. alternatively suggest two models to explain the static quenching of a 

hydrophobic donor by a water soluble quencher such as the anthracene-BPC system.247  

They propose that “channels of water” may penetrate the hydrophobic core allowing the 

quencher to “tunnel” to the donating fluorophore which will also cause a reorganization 

of the lipid tails to accommodate polar water molecules.223,247  Alternatively, if the Stern 

layer is closed to water penetration and the donor fluorophore is located near the Stern 

layer, a static complex can form across this region.247  Although CPC is believed to 
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aggregate in some higher order structure in water even at low concentrations, either 

associating with pre-existing surfactant micelles or forming pre-micellar aggregates, BPC 

may be more stable as a monomer.  The boot-shaped mRL headgroupss may make the 

Stern layer more loosely-packed and more susceptible to these “water channels,” 

allowing the BPC to penetrate into the micelle to form a tight complex with anthracene in 

the Stern layer. 

Implications and Conclusions 

 Understanding the microenvironment of micelles is important for many potential 

applications of surfactants such as microreactors, drug delivery systems, emulsifying 

agents, environmental remediators, etc.  Fluorescence quenching studies can be 

interpreted in terms of the kinetics of the quenching reactions, and thus, the properties of 

the micelles that could be affecting these kinetics for identical reactants in different 

micellar systems.  The known properties of the probe and quencher can also contribute 

further information about the micelles into which they are partitioned.   

By combining the fluorescence quenching information in mRL aggregates with 

the DLS data performed in this group168 and the SANS work reported by Chen et al.,86 a 

consistent picture of mRL aggregates at basic pH is beginning to emerge.  These micelles 

are small “globular” micelles with an ellipticity >2.86  As such, they can be modeled as an 

oblate ellipse with a hydrodynamic radius of ~10 nm along the semi-major axis and a 

width of 3-5 nm on the semi-minor axis.168,276  This is depicted in Figure 4-16a compared  
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Figure 4-16.  a) Cross-sectional model showing the proposed structure of the SDS 
(left) and mRL (right) micelles based on the results of DLS, SANS, and TRFQ 
discussed in this Chapter.  Molecules are drawn roughly to scale.  b) Proposed 
locations in the surfactant micelles of the different reactants in the fluorescence 
quenching experiments based on the relative quenching constants and what was 
known about the micelle structure from other techniques such as DLS and SANS. 
 

= SDS monomer = mRL monomer

a

b

= CPC

= Anthracene = DPA

= Water solvated BPC
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to a spherical SDS micelle.  Furthermore, the microenvironment shows that the viscosity 

in mRL micelles is lower than in SDS micelles as mRL is a surfactant mixture which 

disrupts the packing order of the predominantly 10 tail units.  It is hypothesized that if 

purely Rha-C10-C10 were investigated, the aggregates may be much more accurately 

depicted by a rigid-rod than the globular species proposed with the mixtures.  This poor 

packing of the tails allows for increased dynamic quenching, as it is generally considered 

a diffusion controlled process dictated by the microviscosity of the micelle.  Additionally, 

the complexity of the Stern layer provided by the rhamnose sugar headgroups of mRL 

results in stable complex between anthracene and CPC, resulting in fluorescence 

quenching.  Figure 4-16b shows the relative proposed positioning of all the reactants in 

the quenching systems examined in the SDS and mRL micelle solutions. 

As a whole, these experiments also underline the importance of combining 

multiple techniques to understand complex systems such as mRL.  As will be discussed 

in the Future Directions section of Chapter 10, additional techniques such as electron 

paramagnetic resonance (EPR), electrophoretic NMR (ENMR), and SANS may 

contribute to the knowledge of these systems.  This will aid in the strategic employment 

of these molecules for commercial, industrial, and environmental uses. 
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Appendix 4A 

 The following spectra show example spectra for the anisotropy data of DPH in 
100% glycerol, 32% glycerol, mRL micelles and SDS micelles to create the calibration 
plot for evaluating the relative microviscosity of the surfactant micelles.  Furthermore, 
the steady state and time-resolved data for a representative trial for each 
fluorophore/quencher system in their respective mediums are included here.  The tables 
report the raw data for constructing the Stern-Volmer plots shown within Chapter 4 for 
each system. 
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Figure 4A-1.  Example anisotropy spectra for 1 μM DPH in glycerol/water solutions 
(32% and 100% glycerol) as well as for 4 mM mRL and 50 mM SDS in pH 8, 10 mM 
phosphate buffer solutions.  Solid lines indicate intensity of IVH and dashed are for IVV 
where the first and second subscripts indicate the orientation of the excitation and 
emission polarizers, respectively.  IVV and IVH for determination of anisotropy (Eq 
(4-23)) is found by taking the average intensity over 20 seconds with measurement 
taken every 2 seconds for a particular polarizer orientation. All other experimental 
details are included in Chapter 2.  



 
 

Table 4A-1.  Raw data for anisotropy of DPH in glycerol/water solutions 

 

% Gly IHH IHV Gcalc IVV1 IVH1 r(t)1 IVV2 IVH2 r(t)2 IVV3 IVH3 r(t)3 Avg r(t) 
32Tr1 17413 17320 0.99 9921 8350 0.061 8954 7419 0.066 9199 7706 0.063 0.063 
32Tr2 14951 14215 0.95 9851 8069 0.086 9543 7667 0.093 9229 7740 0.078 0.086 
32Tr3 17342 16680 0.96 9289 7614 0.082 8732 7420 0.069 8598 7283 0.070 0.074 
36Tr1 21606 20156 0.93 12560 9210 0.133 11133 9039 0.096 11688 9242 0.106 0.112 
36Tr2 21224 19761 0.93 11218 9406 0.086 11002 8672 0.108 10836 8970 0.090 0.095 
36Tr3 19430 18415 0.95 12060 10102 0.080 11441 9808 0.071 11647 10311 0.060 0.070 
40Tr1 21113 20004 0.95 11354 8709 0.111 11259 8861 0.102 11170 8700 0.106 0.106 
40Tr2 26620 24381 0.92 17941 11931 0.176 16967 11596 0.166 16504 11518 0.158 0.167 
40Tr3 20233 19243 0.95 11897 8757 0.125 11848 8856 0.119 11661 8437 0.131 0.125 
48Tr1 27692 25777 0.93 18187 12599 0.155 15841 12283 0.114 18230 13063 0.143 0.137 
48Tr2 25482 24721 0.97 15208 11625 0.104 14855 11158 0.110 16364 11591 0.132 0.115 
48Tr3 32179 29859 0.93 16407 13131 0.104 16067 12858 0.104 15877 12457 0.111 0.106 
52Tr1 27875 26779 0.96 16442 12426 0.112 15827 12201 0.105 15694 11854 0.112 0.109 
52Tr2 26217 24382 0.93 14942 11410 0.120 14393 10879 0.123 14367 11230 0.111 0.118 
52Tr3 35646 32519 0.91 24871 16369 0.182 20544 13918 0.171 20865 13923 0.176 0.176 
60Tr1 29082 28052 0.96 17292 12607 0.123 16867 12606 0.114 17772 12593 0.134 0.124 
60Tr2 31271 28260 0.90 21692 14366 0.183 17737 12784 0.151 17627 12389 0.161 0.165 
60Tr3 34335 31738 0.92 20280 13757 0.165 19422 13482 0.157 19269 12972 0.168 0.164 
72Tr1 48568 43281 0.89 35527 20674 0.236 33947 20016 0.231 33244 19866 0.226 0.231 
72Tr2 68349 63963 0.94 45104 32344 0.140 51390 35044 0.159 55210 34859 0.188 0.162 
72Tr3 56034 51188 0.91 40690 26711 0.182 37442 23794 0.194 35610 21796 0.208 0.195 
80Tr1 78786 68379 0.87 52728 27865 0.282 47244 24909 0.283 48052 23709 0.308 0.291 
80Tr2 56615 48830 0.86 40194 21090 0.287 38254 20524 0.279 36823 19974 0.275 0.280 
80Tr3 53562 46740 0.87 44052 22312 0.296 40031 21025 0.283 37092 20528 0.263 0.281 
92Tr1 258933 222179 0.86 150291 64893 0.362 127794 56544 0.353 112114 49746 0.352 0.355 
92Tr2 63594 58978 0.93 57398 27477 0.295 57327 27571 0.293 55599 27267 0.285 0.291 
92Tr3 61894 58946 0.95 56424 26748 0.288 55514 26387 0.287 53606 25965 0.280 0.285 

100Tr1 86190 80531 0.93 84486 36983 0.325 81993 35597 0.328 81099 34772 0.333 0.329 
100Tr2 84911 80259 0.95 85017 37308 0.320 82225 36204 0.319 80152 34937 0.322 0.320 
100 Tr3 83604 78702 0.94 83539 36453 0.323 81017 35420 0.323 79339 34768 0.322 0.323 

199 



 
 

Table 4A-2.  Raw data for anisotropy of DPH in SDS and mRL micelle solutions 

Sample IHH IHV Gcalc IVV1 IVH1 r(t)1 IVV2 IVH2 r(t)2 IVV3 IVH3 r(t)3 Avg r(t) 
SDS1 1524750 1177932 0.77 546792 463469 0.149 459922 386205 0.153 413075 345415 0.154 0.152 
SDS2 1025411 792631 0.77 463025 409884 0.133 388219 330095 0.148 341627 292181 0.146 0.142 
SDS3 1167780 863950 0.74 478629 432739 0.142 273121 235488 0.159 200968 174480 0.157 0.152 
mRL1 2.56E+06 2.10E+06 0.82 1190246 1052004 0.114 1092928 957308 0.117 1049816 915390 0.119 0.116 
mRL2 3477703 2811263 0.81 1336383 1152272 0.127 1294651 1110634 0.128 1138828 979170 0.128 0.128 
mRL3 2725561 2434813 0.89 1470273 1284406 0.086 1360721 1174760 0.090 1309333 1130906 0.090 0.089 

200 
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Figure 4A-2.  Steady state (a) and TCSPC (b) spectra of 5 µM anthracene in EtOH 
with increasing concentrations of CPC.  CPC concentrations increase from 0 to 44.4 
mM in direction of arrow.  Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 
399 nm 



 
 

Table 4A-3.  Raw steady state and time resolved data for 5 μM anthracene quenched by CPC in EtOH 

 Steady State Data 
[CPC] mM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 2119052 0.000 1968204 0.000 1959287 0.000 0.000±0.000 
2.42 1883428 0.125 1728476 0.139 1837038 0.067 0.110±0.038 
4.83 1613604 0.313 1585526 0.241 1709535 0.146 0.234±0.084 
7.21 1473955 0.438 1451390 0.356 1570218 0.248 0.347±0.095 
10.7 1237562 0.712 1295274 0.520 1373928 0.426 0.553±0.146 
14.2 1079894 0.962 1109398 0.774 1222295 0.603 0.780±0.180 
19.9 827776 1.560 903709 1.178 1036721 0.890 1.210±0.336 
23.2 721977 1.935 784782 1.509 889784 1.202 1.549±0.368 
28.7 587451 2.608 652223 2.018 731501 1.680 2.102±0.470 
34.1 491810 3.309 477980 3.125 607100 2.229 2.888±0.578 
39.3 436852 3.851 409291 3.812 494042 2.968 3.544±0.499 
44.4 337321 5.283 344611 4.712 408838 3.795 4.597±0.751 

TCSPC Data 
[CPC] mM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 4.833 0.000 4.724 0.000 4.698 0.000 0.000±0.000 
2.42 3.872 0.248 4.759 -0.007 4.401 0.067 0.103±0.131 
4.83 3.456 0.398 3.543 0.333 4.106 0.144 0.292±0.132 
7.21 3.225 0.499 3.287 0.437 3.640 0.291 0.409±0.107 
10.7 3.002 0.610 3.130 0.509 3.320 0.415 0.511±0.097 
14.2 2.790 0.732 2.767 0.707 3.034 0.548 0.663±0.100 
19.9 2.369 1.040 2.374 0.990 2.620 0.793 0.941±0.131 
23.2 2.162 1.235 2.261 1.089 2.406 0.953 1.092±0.141 
28.7 1.902 1.541 1.973 1.394 2.109 1.228 1.388±0.157 
34.1 1.706 1.833 1.792 1.636 1.874 1.507 1.659±0.164 
39.3 1.594 2.032 1.616 1.923 1.722 1.728 1.894±0.154 
44.4 1.457 2.317 1.445 2.269 1.535 2.061 2.216±0.136 
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Figure 4A-3.  Steady state (a) and TCSPC (b) spectra of 5 µM anthracene in SDS with 
increasing concentrations of CPC.  CPC concentrations increase from 0 to 2222 μM in 
direction of arrow.  Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 402 
nm. 



 
 

Table 4A-4.  Raw steady state and time resolved data for 5 μM anthracene quenched by CPC in SDS. 

Steady State Data 
[CPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1683311 0.000 1772272 0.000 1551258 0.000 0.000±0.000 
49.9 1651245 0.019 1738877 0.019 1513687 0.025 0.021±0.003 
99.5 1617711 0.041 N/A N/A 1469834 0.055 0.048±0.010 
247 1553826 0.083 1631022 0.087 1386446 0.119 0.096±0.020 
344 1497485 0.124 1585963 0.117 1309633 0.184 0.142±0.037 
488 1430076 0.177 1483968 0.194 1246324 0.245 0.205±0.035 
723 1321350 0.274 1370065 0.294 1135289 0.366 0.311±0.049 
952 1234857 0.363 1259614 0.407 N/A N/A 0.385±0.031 
1176 1139192 0.478 1165859 0.520 925122 0.677 0.558±0.105 
1395 N/A N/A 1081529 0.639 812006 0.910 0.775±0.192 
1818 923470 0.823 934568 0.896 693552 1.237 0.985±0.221 
2222 766344 1.197 828299 1.140 563020 1.755 1.364±0.340 

TCSPC Data 
[CPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 4.102 0.000 4.046 0.000 4.023 0.000 0.000±0.000 
49.9 4.071 0.008 4.022 0.006 4.022 0.000 0.005±0.004 
99.5 4.051 0.013 3.971 0.019 3.977 0.012 0.014±0.004 
247 3.954 0.037 3.848 0.051 3.842 0.047 0.045±0.007 
344 3.915 0.048 3.756 0.077 3.776 0.065 0.063±0.015 
488 3.794 0.081 3.663 0.105 3.661 0.099 0.095±0.012 
723 3.669 0.118 3.506 0.154 3.484 0.155 0.142±0.021 
952 3.507 0.170 3.321 0.218 3.272 0.230 0.206±0.032 
1176 3.417 0.200 3.162 0.280 3.065 0.313 0.264±0.058 
1395 3.276 0.252 3.054 0.325 2.968 0.355 0.311±0.053 
1818 3.041 0.349 2.751 0.471 2.641 0.523 0.448±0.089 
2222 2.858 0.435 2.553 0.585 2.437 0.651 0.557±0.110 
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Figure 4A-4.  Steady state (a) and TCSPC (b) spectra of 5 µM DPA in SDS with 
increasing concentrations of CPC.  CPC concentrations increase from 0 to 2222 μM in 
direction of arrow.  Steady state λex = 402 nm; TCSPC λex= 405 nm LED; λem = 428 
nm. 



 
 

Table 4A-5.  Raw steady state and time resolved data for 5 μM DPA quenched by CPC in SDS. 

Steady State Data 
[CPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1569058 0.000 1577971 0.000 1524754 0.000 0.000±0.000 
115 1516573 0.035 1497304 0.054 1459167 0.045 0.044±0.010 
.247 1427142 0.099 1408412 0.120 1373035 0.111 0.110±0.010 
401 1378584 0.138 1337761 0.180 1299511 0.173 0.164±0.022 
572 1329225 0.180 1285307 0.228 1233541 0.236 0.215±0.030 
686 1270391 0.235 1243715 0.269 1193793 0.277 0.260±0.022 
856 1235396 0.270 1174600 0.343 1132498 0.346 0.320±0.043 
1030 1187710 0.321 1106861 0.426 1088881 0.400 0.382±0.055 
1140 1116969 0.405 1093333 0.443 1060492 0.438 0.429±0.021 
1420 1065505 0.473 1014416 0.556 974029 0.565 0.531±0.051 

TCSPC Data 
[CPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 8.208 0.000 8.159 0.000 8.341 0.000 0.000±0.000 
115 7.981 0.028 7.876 0.036 7.919 0.053 0.039±0.013 
.247 7.665 0.071 7.515 0.086 7.572 0.102 0.086±0.015 
401 7.417 0.107 7.229 0.129 7.268 0.148 0.128±0.021 
572 7.164 0.146 6.998 0.166 7.013 0.189 0.167±0.022 
686 6.958 0.180 6.752 0.208 6.793 0.228 0.205±0.024 
856 6.732 0.219 6.556 0.245 6.554 0.273 0.245±0.027 
1030 6.505 0.262 6.306 0.294 6.340 0.316 0.290±0.027 
1140 6.413 0.280 6.173 0.322 6.228 0.339 0.314±0.031 
1420 6.163 0.332 5.926 0.377 5.969 0.397 0.369±0.034 
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Figure 4A-5.  Steady state (a) and TCSPC (b) spectra of 5 µM anthracene in SDS with 
increasing concentrations of BPC.  BPC concentrations increase from 0 to 1420 μM in 
direction of arrow.  Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 402 
nm.  



 
 

Table 4A-6.  Raw steady state and time resolved data for 5 μM anthracene quenched by BPC in SDS. 

Steady State Data 
[BPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1351313 0.000 1665137 0.000 1717831 0.000 0.000±0.000 
115 1296287 0.042 1635326 0.018 1642839 0.046 0.035±0.015 
.287 1226394 0.102 1558238 0.069 1521219 0.129 0.100±0.030 
401 1168477 0.156 1479829 0.125 1461356 0.176 0.152±0.025 
572 1115070 0.212 1384614 0.203 1363793 0.260 0.225±0.031 
686 1077635 0.254 1331294 0.251 1327581 0.294 0.266±0.024 
856 1016659 0.329 1254019 0.328 1214586 0.414 0.357±0.050 
1030 944264 0.431 1159603 0.436 1136106 0.512 0.460±0.045 
1140 896672 0.507 1114216 0.495 1081426 0.589 0.530±0.051 
1420 820987 0.646 1061746 0.568 955949 0.797 0.670±0.116 

TCSPC Data 
[BPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 4.172 0.000 4.195 0.000 4.197 0.000 0.000±0.000 
115 4.086 0.021 4.086 0.027 4.045 0.038 0.028±0.008 
.287 3.913 0.066 3.93 0.067 3.851 0.090 0.074±0.013 
401 3.8 0.098 3.805 0.102 3.729 0.126 0.109±0.015 
572 3.675 0.135 3.638 0.153 3.573 0.175 0.154±0.020 
686 3.589 0.162 3.533 0.187 3.466 0.211 0.187±0.024 
856 3.454 0.208 3.381 0.241 3.3 0.272 0.240±0.032 
1030 3.327 0.254 3.263 0.286 3.185 0.318 0.286±0.032 
1140 3.241 0.287 3.2 0.311 3.078 0.364 0.321±0.039 
1420 3.062 0.363 2.992 0.402 2.853 0.471 0.412±0.055 

208 



209 
 

375 390 405 420 435 450 465
0.0

4.0x105

8.0x105

1.2x106

1.6x106

2.0x106

Wavelength (nm)

Co
rre

cte
d 

Fl
uo

re
sc

en
ce

 In
ten

sit
y a

 

 

 

 
 0 µM CPC
 10 µM CPC
 20 µM CPC
 50 µM CPC
 100 µM CPC
 150 µM CPC
 200 µM CPC

10 15 20 25 30 35
0

2000

4000

6000

8000

10000 b

Time (ns)
  

Ch
an

ne
l C

ou
nt

  

 

 0 µM CPC
 10 µM CPC
 20 µM CPC
 50 µM CPC
 100 µM CPC
 200 µM CPC

Figure 4A-6.  Steady state (a) and TCSPC (b) spectra of 1 µM anthracene in mRL 
with increasing concentrations of CPC.  CPC concentrations increase from 0 to 200 
μM in direction of arrow.  Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 
402 nm. 



 
 

Table 4A-7.  Raw steady state and time resolved data for 1 μM anthracene quenched by CPC in mRL. 

Steady State Data 
[CPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1836391 0.000 1870204.127 0.000 2135252 0.000 0.000±0.000 
10 1791125 0.025 1786204.543 0.047 2092572 0.020 0.031±0.014 
.20 1737025 0.057 1752127.917 0.067 2035500 0.049 0.058±0.009 
50 1585788 0.158 1665095.793 0.123 1881862 0.135 0.139±0.018 

100 1443792 0.272 1486426.543 0.258 1714425 0.245 0.259±0.013 
150 1309492 0.402 1347491.293 0.388 1558185 0.370 0.387±0.016 
200 1224438 0.500 1262183.587 0.482 1448348 0.474 0.485±0.013 

TCSPC Data 
[CPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 4.231 0.000 4.236 0.000 4.216 0.000 0.000±0.000 
10 4.181 0.012 4.232 0.001 4.188 0.007 0.007±0.006 
.20 4.155 0.018 4.195 0.010 4.171 0.011 0.013±0.005 
50 4.091 0.034 4.121 0.028 4.119 0.024 0.029±0.005 

100 3.998 0.058 4.016 0.055 4.019 0.049 0.054±0.005 
150 3.894 0.087 3.916 0.082 3.844 0.097 0.088±0.008 
200 3.803 0.113 3.833 0.105 3.805 0.108 0.109±0.004 
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Figure 4A-7.  Steady state (a) and TCSPC (b) spectra of 1 µM DPA in mRL with 
increasing concentrations of CPC.  CPC concentrations increase from 0 to 164 μM in 
direction of arrow.  Steady state λex = 402 nm; TCSPC λex= 405 nm LED; λem = 428 
nm. 



 
 

Table 4A-8.  Raw steady state and time resolved data for 1 μM DPA quenched by CPC in mRL. 

Steady State Data 
[CPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1965944 0.000 2035989 0.000 1978613 0.000 0.000±0.000 
5.09 1921008 0.023 2032087 0.002 1930887 0.025 0.016±0.013 
.10.1 1863986 0.055 1987764 0.024 1925442 0.028 0.029±0.006 
25.2 1810557 0.086 1958858 0.039 1884098 0.050 0.046±0.006 
49.8 1743725 0.127 1916941 0.062 1814276 0.091 0.067±0.021 
73.7 1683790 0.168 1895771 0.074 1789285 0.106 0.081±0.022 
97.1 1619035 0.214 1856371 0.097 1723039 0.148 0.110±0.034 
120 1604514 0.225 1813037 0.123 1694795 0.167 0.149±0.023 
142 1539691 0.277 1781003 0.143 1675318 0.181 0.150±0.028 
164 1547549 0.270 1760616 0.156 1633729 0.211 0.169±0.037 

TCSPC Data 
[CPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 8.39 0.000 8.372 0.000 8.4 0.000 0.000±0.000 
5.09 8.216 0.021 8.257 0.014 8.362 0.005 0.010±0.010 
.10.1 8.138 0.031 8.279 0.011 8.291 0.013 0.013±0.013 
25.2 7.895 0.063 8.279 0.011 8.393 0.001 0.022±0.028 
49.8 7.554 0.111 7.964 0.051 8.128 0.033 0.057±0.036 
73.7 7.34 0.143 7.827 0.070 8.113 0.035 0.073±0.049 
97.1 7.126 0.177 7.702 0.087 7.991 0.051 0.093±0.059 
120 7.042 0.191 7.62 0.099 7.923 0.060 0.104±0.060 
142 6.957 0.206 7.468 0.121 7.868 0.068 0.118±0.063 
164 6.81 0.232 7.329 0.142 7.827 0.073 0.134±0.072 

212 



213 
 

375 390 405 420 435 450 465
0.0

4.0x105

8.0x105

1.2x106

1.6x106
 0µM BPC
 5.09µM BPC
 10.1µM BPC
 25.2µM BPC
 49.8µM BPC
 73.7µM BPC
 97.2µM BPC
 120µM BPC
 142µM BPC
 164µM BPC

a

Wavelength (nm)

Co
rre

cte
d 

Fl
uo

re
sc

en
ce

 In
ten

sit
y

 

 

 
 

10 15 20 25 30 35
0

2000

4000

6000

8000

10000 b

Ch
an

ne
l C

ou
nt

Time (ns)

 

 

 

 

 0µM BPC
 5.09µM BPC
 10.1µM BPC
 25.2µM BPC
 49.8µM BPC
 73.7µM BPC
 97.2µM BPC
 120µM BPC
 142µM BPC
 164µM BPC

Figure 4A-8.  Steady state (a) and TCSPC (b) spectra of 1 µM anthracene in mRL 
with increasing concentrations of BPC.  BPC concentrations increase from 0 to 164 
μM in direction of arrow.  Steady state λex = 355 nm; TCSPC λex= 370 nm LED; λem = 
402 nm.  
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Table 4A-9.  Raw steady state and time resolved data for 1 μM anthracene quenched by 
BPC in mRL. 

  

Steady State Data 
[BPC] μM I Tr1 I0/I-1 Tr1 I Tr2 I0/I-1 Tr2 I Tr3 I0/I-1 Tr3 Avg I0/I-1 

0 1755983 0.000 1643882 0.000 1732728 0.000 0.000±0.000 
5.09 1728468 0.016 1641071 0.002 1724839 0.005 0.007±0.008 
.10.1 1695142 0.036 1633219 0.007 1729008 0.002 0.015±0.018 
25.2 1686794 0.041 1625625 0.011 1680181 0.031 0.028±0.015 
49.8 1674834 0.048 1592236 0.032 1653139 0.048 0.043±0.009 
73.7 1643543 0.068 1599316 0.028 1617710 0.071 0.056±0.024 
97.1 1622859 0.082 1548442 0.062 1594137 0.087 0.077±0.013 
120 1606812 0.093 1546332 0.063 1571538 0.103 0.086±0.021 
142 1577643 0.113 1522122 0.080 1555535 0.114 0.102±0.019 
164 1562083 0.124 1478371 0.112 1528671 0.133 0.123±0.011 

TCSPC Data 
[BPC] μM τ Tr1 τ0/τ-1 Tr1 τ Tr2 τ0/τ-1 Tr2 τ Tr3 τ0/τ-1 Tr3 Avg τ0/τ-1 

0 4.279 0.000 4.284 0.000 4.254 0.000 0.000±0.000 
5.09 4.29 -0.003 4.302 -0.004 4.288 -0.008 -0.005±0.003 
.10.1 4.296 -0.004 4.244 0.009 4.268 -0.003 0.001±0.008 
25.2 4.221 0.014 4.295 -0.003 4.287 -0.008 0.001±0.011 
49.8 4.254 0.006 4.263 0.005 4.274 -0.005 0.002±0.006 
73.7 4.258 0.005 4.257 0.006 4.246 0.002 0.004±0.002 
97.1 4.218 0.014 4.21 0.018 4.248 0.001 0.011±0.009 
120 4.251 0.007 4.254 0.007 4.238 0.004 0.006±0.002 
142 4.244 0.008 4.214 0.017 4.245 0.002 0.009±0.007 
164 4.255 0.006 4.233 0.012 4.189 0.016 0.011±0.005 
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CHAPTER 5.  

FLUORESCENCE QUENCHING STUDIES ON MIXED MICELLES OF 

MONORHAMNOLIPIDS AND TWEEN-20 

Motivation for Mixed Micelle Studies 

Mixed micelle solutions are potentially important to increase wetting, surface activity, 

remediation, and in many other industrial applications.22  Different surfactants often have 

complementary attributes such as when mixing an anionic surfactant with a nonionic 

surfactant to increase solubility so as to minimize interactions with ions in hard 

water.18,304  These two surfactants may be combined in laundry detergent to take 

advantage of the benefits and curtail the drawbacks of each.305   

Surfactants that show no synergism/antagonism are said to behave ideally, and the 

solution properties (e.g. CMC) will be a weighted average of the pure surfactant 

characteristics according to Clint’s model for a binary mixture185: 

 
BAmix CMCCMCCMC

αα −
+=

11

 (5-1) 

where α is the mole fraction of surfactant A and CMCx is the critical micelle 

concentration of the mixture or the pure surfactant as indicated.  This typically happens 

when surfactants with the same or similar headgroups are mixed, such as in homologous 

surfactant mixtures that only differ in the length of their tails.188,189  

More often, however, mixed surfactant systems display surface activity and 

critical micelle concentrations (CMC) that are improved over those of the pure 
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surfactants alone, resulting in enhanced or unique performance capabilities and lower 

production costs.22  These are said to be nonideal surfactant mixtures.  This nonideal 

behavior of mixed surfactants typically arises from intermolecular interactions among 

different surfactant monomers based on van der Waals attraction between the lipid tails 

and steric exclusion, hydrogen bonding, and electrostatic shielding amongst the polar 

headgroups.22,305,306  The degree of cooperativity between surfactant monomers relies on 

the type and strength of the intermolecular forces as shown in Figure 5-1.  For most 

applications, it is ideal to have synergism between surfactant monomers, but depending 

on the properties of the pure surfactants, antagonistic interactions can also occur and be 

technologically useful for particular applications such as defoaming.307   

Rubingh’s regular solution theory (described by Eq 3-2) can be used to predict the 

nonideal mixing behavior of surfactant mixtures.186  Clint’s model is derived from regular 

solution theory for the condition of no synergism between the surfactant monomers.  The 

degree of synergism is indicated by the interaction parameter, β, and is directly related to 

performance properties such as foaming, wetting, emulsification, detergency, and 

separation.  This parameter is described by Eq 3-3.308  The most significant interaction 

effects typically arise from electrostatic interactions between the headgroups; oppositely 

charged surfactants show the strongest synergism and those with similar charges show 

strong repulsion.308  However, cationic/anionic systems typically precipitate at 

concentrations around their CMC, and as such, are not typically useful in industrial 

applications.309  Instead, mixed ionic/nonionic systems are commonly used, since the 

nonionic species minimize electrostatic repulsions between ionic headgroup, resulting in  
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Figure 5-1.  The degree of synergism or antagonism observed in a mixed surfactant 
system depends on the hydrophobic interactions of the tails and the hydrogen bonding, 
steric exclusion and electrostatic interactions of the polar head groups.  Electrostatic 
interactions are the strongest of the forces and will dictate the observed synergism or 
antagonism.  For very little interaction between surfactant molecules, as in the middle 
picture, no synergism or antagonism is observed and the mixture behaves ideally. 

Degree of Synergism

Degree of Antagonism

δ- δ+

Electrostatic Interactions

Dispersion Forces
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a reduction of the free energy for micelle formation.54,310   

In Chapter 3, the mixing behavior of cationic cetylpyridinium chloride (CPC) and 

anionic monorhamnolipids (mRL) was discussed.  Little synergism (i.e. –β > 1) was 

evident for mRL mole ratios > 0.90.  Conversely, when the CPC mole ratio was in excess 

(> 0.50), β was ~ -5, indicating that the attractive interactions are much higher when CPC 

is in excess.  While this synergism is greater than that observed when mRL is in excess, 

the β values indicate significantly less synergism than is typically calculated in many 

mixed anionic/cationic systems (-β > 15).205,206  Although mRL is anionic at pH 8, where 

these measurements were performed, it has been hypothesized that the negative 

carboxylic acid moiety is hydrogen bonded to the sugar hydroxyls creating a “cage” or 

“claw-like” structure.311  While this structure may be useful for complexing heavy metals, 

it may also serve to capture H3O+ or Na+ effectively neutralizing the anionic character of 

the molecule.  Thus, mRL behaves only weakly anionic with an ionization degree less 

than that measured in purely ionic surfactants such as sodium dodecyl sulfate (SDS).85,86  

Tween-20 

 As mentioned previously, many mixed surfactant systems typically employ a 

nonionic/anionic mixture.  One common class of industrial nonionic surfactants are 

polyoxyethylene (POE) sorbitan fatty acid esters.  Their general structure contains a 

sorbitan ring onto which are attached ethylene oxide groups (polar) and fatty acid chains 

(nonpolar) as shown in Figure 5-2a.  They are commonly called Tween surfactants and 

are distinguished by the number of POE groups and the type of fatty acid they contain.  
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Tween surfactants are often used in environmental remediation because they have been 

shown to be less toxic than other nonionic surfactants, but there is no clear trend in the 

Tween series between degree of POE and/or fatty acid type and degradation 

effectiveness.56,239,312 

Previous Work on TW/mRL Micelles 

 The potential utility of mixed Tween and mRL systems is being investigated in 

this laboratory to take advantage of the “green” properties of mRL and the low cost of 

Tween, as well as the possible enhanced performance of the mixture as compared to the 

pure compounds.168,170  Specifically, pure mRL harvested from P. aeruginosa ATCC 

9027 (Figure 5-2b) was combined with Tween-20 (Figure 5-2c), which contains 20 

degrees of oxyethylation (w + x + y + z = 20) and a lauric acid hydrophobic group.  

Tween-20 (TW) was chosen as the nonionic surfactant since its POE headgroup is similar 

in size to mRL and it has a CMC on the same order as mRL (~ 100 µM).  It should be 

noted that the mRL used is a mixture of different congeners harvested from P. 

aeruginosa ATCC 9027, but it will be treated here as a single surfactant such that regular 

solution theory for binary surfactant mixtures can be applied. 

 Dr. Hui Wang of this laboratory measured the CMC of mRL, TW, and their 

mixtures at pH 8 using surface tensiometery.168,170  The results are shown in Figure 5-3.  

The measured CMC values were used to calculate the interaction and packing parameters 

for each mixture according to Eqs 3-3 and 3-5, respectively, and summarized in Table 5-

1. 
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Figure 5-2.  a) General structure of the Tween surfactants series where R= fatty acid 
group and (w + x + y + z) = number of polyoxyethylene units in the surfactant 
molecule.  b) Structure of Rha-C10:C10 (MW = 504 g/mol) comprising ~85% of 
purified mRL mixture harvested from P. aeruginosa ATCC 9027 used in these 
experiments.  c) Structure of Tween-20 (TW) where R = lauric acid and (w + x + y + 
z) = 20 (MW = 1228 g/mol). 
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Figure 5-3.  a) Surface tension as a function of surfactant concentration for pure mRL, 
pure TW, and their mixtures at different mRL mole fractions at pH 8.  Solid blue 
squares represent results for pure TW (αmRL = 0); solid blue circles represent pure 
mRL (αmRL = 1.0).  Open blue diamonds represent, from top to bottom, α = 0.10, 0.20, 
0.33, 0.50, 0.57, 0.37, and 0.43, respectively.  Open red squares represent those 
compositions that deviate to lower surface tension values by > 20% from the behavior 
predicted for an ideal mixture including αmRL = 0.63, 0.67, 0.71, 0.80, 0.83, 0.88, and 
0.90.  Open green diamonds represent the composition of αmRL = 0.50 that deviate to 
higher values by > 20 % from the behavior predicted for ideal mixtures.  b)  CMC 
values as a function of αmRL (red symbols); blue line denotes ideal surfactant mixture 
behavior.  Figure and caption provided by Dr. Hui Wang168,170 and used with 
permission.  
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Table 5-1.  Packing parameter (P) and interaction parameter (β) for pure mRL, pure TW, 
and their mixtures.  Results provided by Wang.168 

Mole Fraction P Β mRL TW 
0.00 1.00 0.26 N/A 
0.10 0.90 0.27 -2.00 
0.20 0.80 0.29 -1.5 
0.33 0.67 0.32 -0.5 
0.37 0.63 0.33 N/A 
0.43 0.57 0.34 0.2 
0.50 0.50 0.36 2.1 
0.57 0.43 0.37 N/A 
0.63 0.37 0.39 -1.4 
0.67 0.33 0.40 -1.7 
0.71 0.29 0.41 -2.8 
0.75 0.25 0.42 -3.5 
0.80 0.20 0.44 -3.8 
0.83 0.17 0.45 -3.0 
0.88 0.12 0.46 -4.5 
0.90 0.10 0.47 -2.0 
1.00 0.00 0.50 N/A 
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The packing parameter can be used to predict micellar shape: spherical (0 < P < 

0.33), globule (0.33 < P < 0.44), rod (0.44 < P < 0.50) and lamellar (0.50 < P < 1.00).30  

From the calculated P values for the pure surfactants, TW micelles are predicted to be 

spherical (P = 0.26) while mRL micelles are predicted to be rod-like or lamellar (P = 

0.50).168  The packing parameter of the mixed systems are calculated using the average 

cross-sectional area of the headgroups (ω), average length of the alkyl chains (lc), and 

average volume of the hydrocarbon tails (vh).313  Based on the P of the mixtures, the 

mixed micelles are hypothesized to undergo a shape transition somewhere in the region 

where the mole fraction of mRL (αmRL) is 0.37- 0.57 and P = 0.33 – 0.37 which also 

corresponds to the region where β > 0.  These observations were attributed to a 

geometrically-mediated globular-to-sphere transition based on differences in the 

molecular shape of mRL and TW.  The micelle shape transition results from the steric 

strain and increase in the internal packing energy in trying to shorten the axial length of 

the globular aggregate beyond a minimum allowed diameter.168,170  To alleviate the strain, 

the micelle begins to transition from a globular micelle to spherical which lowers the 

internal packing energy as αmRL is decreased.168  This type of transition has been observed 

only occasionally in other systems.314,315   

Considering the area of the headgroup and the length the tails, it can be concluded 

that TW monomers are conical in shape while mRL is cylindrical.  As discussed 

previously, there is some debate whether pure mRL is rod-like or globular, but the model 

predicted here is that of a rod-like micelle.  However, it is recognized that based on what 

has been presented thus far, this assumption is based purely on geometric considerations 
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of the surfactant monomers and surface tension measurements which represent behavior 

at the air/water interface and is extrapolated to solution behavior.  Dynamic light 

scattering measurements (DLS) and small angle neutron scattering (SANS), however, do 

support a non-spherical micelle with an aspect ratio > 2, though it has not been resolved 

whether the aggregate micelle of pure mRL is globular or rod-like in shape.86,170  

Furthermore, fluorescence quenching results (see Chapter 4) suggest that distinct regions 

exist in the micelle into which reactants may be partitioned.  Based on geometrical 

considerations, it is believed that TW will preferentially cap the hemi-spherical 

endgroups of the mRL micelle first rather than randomly interspersing between mRL 

monomers.168   

 To provide additional evidence that the two surfactants coexist in mixed micelles, 

dynamic light scattering (DLS) was performed by Wang to measure the size and shape of 

aggregates in solution.168  The results are shown in Figure 5-4.  The representative 

histograms show no evidence of multiple micelle populations as would be expected for 

complete phase separation of the mRL and TW; instead a single population of aggregates 

is observed for all mRL compositions up to αmRL > 0.50.  Beyond this composition, a 

small second population is observed that is attributed to larger lamellar structures of pure 

mRL rather than segregation of the TW and mRL phases, since both of these populations 

are present in solutions of pure mRL.  The smooth, gradual decrease in the average 

hydrodynamic radius, as the mole fraction of TW is increased, is also indicative of 

incorporation of TW into the mRL micelle rather than segregation into distinct  
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Figure 5-4.  a) Representative histogram of the mass size distributions from DLS 
measurements on solutions of pure mRL, pure TW, and their mixtures. b)  Average 
hydrodynamic radius of solution aggregates as a function of mRL mole fraction 
(αmRL).  All measurements were made at a total surfactant concentration of 1 mM.  
Figure provided by Dr. Hui Wang  and used with permission.168,170  
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aggregates.  The current picture for the globular-to-sphere shape transition with 

increasing TW is shown in Figure 5-5. 

Goals of this Research 

 From previous work performed in this laboratory, it is believed that mixed 

solutions of mRL and TW undergo a geometrically-mediated globular-to-sphere 

transition with decreasing αmRL.168  This was concluded from CMC measurements, DLS, 

and calculations of packing and interaction parameters, the latter from experimentally 

measured values.  However, all of these are indirect measurements and no definitive 

evidence exists for a globular-to-sphere transition.   

In fact, as discussed in Chapter 4, SANS measurements performed by the Penfold 

group on 20-100 mM mRL solutions support the model that pure mRL aggregates are 

globular in shape, have an aggregation number of ~50 molecules, and are less amenable 

than diRL to a highly curved aggregate structure.86  However, no specific details as to the 

dimensions and exact shape of the mRL aggregate are provided.  As shown in Figure 4-1, 

a globular micelle is modeled as an oblate ellipse while a rod-like aggregate is typically 

presented as a spherocylinder with a cylindrical body containing two hemispherical 

endcaps.223  Therefore, the shape of the pure mRL aggregate is under debate and, 

consequently, the shape transition is also called into question. 

 As discussed in Chapter 4, fluorescence quenching and fluorescence lifetime 

measurements can be used to probe the microenvironment of a micelle-solubilized 

fluorophore.  Because of the differing chemical nature and structural geometry of mRL  



227 
 

  

Figure 5-5.  Cross-sectional schematic of aggregate structure depicting transition from 
rod-shaped micelle of mRL to spherical micelle with increasing mole fraction of TW.  
Figure provided by Dr. Hui Wang and used with permission.168  
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and TW, it is hypothesized that a micelle solubilized fluorescent probe would experience 

a changing microenvironment as a mixed micelle transitions from an mRL-rich to TW-

rich composition.  Such changes could result from differences in the viscosity, polarity, 

probe location, or solvation/counterion concentration of the Stern-layer in the mixed 

micelle under conditions of different composition.   

 It is proposed here to initially compare the microenvironment of these mixed 

micelles based on the fluorescence lifetime of solubilized anthracene for mRL 

compositions of 0 ≤ αmRL ≤ 1.0.  Special attention will be paid to the region of 0.75 ≤ 

αmRL ≤ 1.0, as this is where a significant decrease in CMC is observed (see Figure 5-3b).  

Furthermore, the quenching dynamics for anthracene by cetylpyridinium chloride (CPC) 

will be analyzed to further investigate the anthracene microenvironment in the mixed 

mRL/TW micelles.  The variation in quenching constants for dynamic quenching, static 

quenching, and their ratio as the solution concentration of mRL increases may provide 

further insight into the enhancement of surfactant properties of the mixed micelles.  

Additional evidence to either support or refute the hypothesis of a geometrically-

mediated globular-to-sphere transition, as previously proposed by Wang from this 

laboratory, may also be acquired.  Again, let the reader note that a globule-shaped model 

is being used here to differentiate the shape from a sphere or lamella and may be 

interpreted as a general term for an oblate ellipse (globule) or spherocylinder (cylinder 

with hemispherical endcaps) as the exact micelle structure for pure mRL is still under 

debate (see Chapter 4). 
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Results and Discussion 

Anthracene Lifetimes in Micelles of Pure mRL, Pure TW, and their Mixtures 

 Anthracene is a polycyclic aromatic hydrocarbon (PAH) that demonstrates a high 

degree of polarizability because of the large delocalization of its pi electrons.316  

Intersystem crossing and internal conversion, which influence the excited state 

population, are controlled by Franck-Condon factors that are little affected by solvent 

molecules (e.g. motion of hydrogen atoms) as well as those that interact significantly 

with the solvent (e.g. “ring-flapping” in anthracene).229  The latter, therefore, can have a 

direct effect on the fluorescence lifetime, vibronic band intensities, and the wavelength of 

maximum excitation/emission.218,229,316  By monitoring changes in the aforementioned 

characteristics, differences in the local solvent environment of a photoactive molecule 

can be elucidated.   

Blatt et al. have found that the fluorescence lifetime of anthracene increases with 

increasing solvent polarity.229  To confirm these findings, anthracene lifetimes were first 

measured in a range of solvents of different dielectric constants (ε) and viscosities (η); the 

results are shown in Table 5-2.  In homogenous solvents, all fluorescence quenching 

curves can be fit to monoexponential decays with acceptable chi-squared values (< 1.5).  

Because the lifetime is affected by both polarity and viscosity,173,229 no clear trend is 

evident in these data.  However, comparisons can be made between solvents that have 

similar viscosities.  For example, methanol and toluene both have viscosity values of ~ 

0.5 cP, but toluene has a significantly lower dielectric constant; consequently, the  
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Table 5-2.  Fluorescence lifetimes (ns) of anthracene as a function of solvent dielectric 
constant (polarity) and viscosity at 20 °C. 

Solvent Dielectric Constanta (ε) Viscosityb (cP) Lifetime (ns) 
Hexanes 1.890 0.300 3.593 ± 0.005 
Toluene 2.379 0.560 3.232 ± 0.029 

n-Butanol 17.260 2.540 4.349 ± 0.004 
Isopropyl alcohol 20.200 2.040 4.302 ± 0.008 

Acetone 21.010 0.306 3.772 ± 0.010 
Ethanol 25.300 1.074 4.190 ± 0.018 

Methanol 33.000 0.544 4.087 ± 0.038 
Acetonitrile 36.600 3.814 3.814 ± 0.015 

a Solvent dielectric constants from CRC Handbook of Chemistry and Physics at ambient temperatures (15-
30 °C).282  Lifetimes reported here were measured at 20 °C.  
b Solvent viscosity from CRC Handbook of Chemistry and Physics at 25 °C.282  Lifetimes were reported 
here were measured at 20 °C.  
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fluorescence lifetime for dielectric constant; consequently, the fluorescence lifetime for 

anthracene in toluene is 3.232 ns compared to 4.087 ns in methanol.  Similar behavior is 

observed for hexanes (ε = 1.89) and acetone (ε = 21.01) with viscosity values of ~0.3 cP 

and anthracene lifetimes of 3.593 ns and 3.772 ns, respectively.  A longer-lived excited 

state of anthracene is consistently observed in the more polar solvent if viscosity is 

comparable.  This behavior is identical to that reported in the literature for anthracene; 

thus, it is concluded that anthracene can be used to effectively probe the micropolarity of 

the mixed micelle environment in this work.173,317  Unfortunately, none of the samples in 

this experiment were sufficiently similar in polarity and different in viscosity to confirm 

or refute Blatt’s observation of an inverse relationship between the solution viscosity and 

fluorescence lifetime. 

Anthracene was solubilized in a series of mixed mRL/TW micelles with 

increasing mole fraction of mRL (αmRL).  Representative examples of the fluorescence 

decay and the anthracene lifetimes determined from fitting, in the absence of quencher, as 

a function of αmRL, are shown in Figure 5-6 and the data summarized in Table 5-3.  When 

the fluorescence decays were fit, assuming a single fluorophore population, as is 

observed in homogenous solvents, the reduced χ2 values were extremely high (>5) 

indicating a poor fit.  In order to obtain acceptable fits of the fluorescence decay (χ2 < 

1.5), all samples had to be fit to a two population model described by  
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Figure 5-6.  a) Raw TCSPC data of representative decays of anthracene in pure mRL, 
pure TW, and their mixtures;  b) Initial lifetimes of anthracene solubilized in pure Rha 
micelles, pure TW micelles, and their mixtures with increasing αRha.  Each data point 
is the pooled averages of 3 measurements each on 3 independently prepared solutions.  
Straight blue lines indicate linear regions of differing slopes.  All measurements on 
solutions of 1.07 µM anthracene with 4 mM total surfactant concentration, λex = 370 
nm, λem = 402 nm.  Data analysis performed using Legacy Data Analysis fit to a 
biexponential decay. 
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where I(t) is the intensity at time t, Ai are pre-exponential factors, and τi is the lifetime.  

The two lifetimes observed here are ~ 4 and 0.500 ns (see Table 5-3). 

The observation of two lifetimes suggests the presence of two populations of 

anthracene.  Multiple exponential decays are often observed in what is expected to be a 

monoexponential system when quencher is added, but quencher has not yet been added to 

these systems.  Thus, it is possible that, in a heterogeneous system, such as a micelle, the 

anthracene probe is distributed in different locations within the system.  This behavior 

has previously been observed for anthracene and its derivatives in SDS micelles.173,318,319  

However, in those cases, the two measured lifetimes were 4 and 8 ns, but no details were 

offered as to the relative environments of the two populations (i.e. Stern layer or micelle 

core or bulk solution).173  It was also feasible that a third population at a shorter lifetime 

existed in these previous measurements, but the time resolution of the instrumentation 

used for these previous experiments, performed in the mid-1980s, may not have been 

sufficient to resolve a population at ~0.5 ns.   

An alternate explanation for the observation of the second lifetime might be the 

formation of anthracene excimers.  However, the concentration of anthracene was 

maintained sufficiently low to avoid excimer formation (< 10 µM).173  Also, the reported 

lifetime for the excimer is greater than the 0.5 ns observed here, albeit widely divergent 

(1.6 ns to 8.0 ns), and the excimer emission was observed at a wavelength considerably 

red-shifted (540 nm) from the wavelength at which the emission is measured in these 
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Table 5-3.  Lifetime fitting parameters for anthracene in pure mRL, pure TW, and their 
mixtures from fitting of fluorescence decay functions. 

αmRL χ2 A1 τ1 (ns) A2 τ2 (ns) 
0.00 1.218 (± 0.039) 0.698 (± 0.109) 3.804 (± 0.018) 0.972 (± 0.581) 0.417 (± 0.081) 
0.25 1.274 (± 0.080) 0.716 (± 0.177) 3.853 (± 0.028) 1.102 (± 1.197) 0.482 (± 0.182) 
0.50 1.252 (± 0.082) 0.818 (± 0.017) 3.916 (± 0.026) 0.373 (± 0.075) 0.561 (± 0.105) 
0.75 1.220 (± 0.098) 0.675 (± 0.203) 3.983 (± 0.011) 1.277 (± 1.310) 0.411 (± 0.133) 
0.80 1.330 (± 0.124) 0.713 (± 0.050) 4.035 (± 0.009) 0.695 (± 0.200) 0.509 (± 0.046) 
0.85 1.315 (± 0.078) 0.714 (± 0.097) 4.091 (± 0.058) 0.578 (± 0.333) 0.634 (± 0.068) 
0.90 1.242 (± 0.078) 0.793 (± 0.028) 4.119 (± 0.015) 0.395 (± 0.137) 0.592 (± 0.076) 
0.95 1.318 (± 0.062) 0.766 (± 0.042) 4.143 (± 0.010) 0.461 (± 0.104) 0.552 (± 0.054) 
1.00 1.323 (± 0.544) 0.796 (± 0.020) 4.208 (± 0.031) 0.400 (± 0.096) 0.544 (± 0.081) 
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experiments (402 nm).320  Therefore, it is not likely that this second population at 0.5 ns 

is due to anthracene excimer emission.   

It is possible that this short lifetime might be an artifact of the measurement 

system, but this component was not observed in homogenous solvents, and therefore, this 

is also an unlikely explanation.  Finally, the short lifetime may be due to scattering of the 

LED pulse by the micelles themselves since the pulse has a peak width of a couple 

hundred picoseconds (full width at half max of the instrument response function).  While 

this is the most likely explanation since this second short lifetime has been seen 

previously in micelle systems, it has not been verified.  At this time, the source of the 0.5 

ns lifetime has not been confirmed, but as it is only negligibly affected by the micelle 

composition, it should not interfere in the interpretation of micelle microenvironment 

from the longer lifetime presumed to be due to anthracene in the micelles. 

The longer-lived lifetime component (~ 4 ns) was also the more dominant based 

on its pre-exponential factors being much more precise and typically larger than that of 

the shorter component (see Table 5-3).  Additionally, the lifetime corresponds well with 

that seen for the anthracene monomer emission in various solvents (~ 3 to 4.5 ns).  As 

can be seen from Figure 5-6b, the lifetime of anthracene in the micelles (blue circles) 

increases with increasing αmRL, albeit at different rates which will be discussed later.  This 

behavior provides insight into the micropolarity and/or the microviscosity of the 

anthracene environment within the micelles.  The shift in lifetime indicates a change in 

microenvironment, but since both viscosity and polarity invoke an effect on the lifetime, 
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it is unknown a priori if the resultant lifetimes are due to a change in microviscosity, 

micropolarity, or a convolution of both. 

As mentioned in Chapter 4, because of its polarizable electrons, anthracene is 

typically located near the Stern layer of the micelle.290,291  The Stern layer is the region 

containing the charged surfactant headgroup, 70-80 % of the counterions, and water 

molecules.28  In nonionic micelles, because there is no charged headgroup or counterions, 

this region is called the palisade layer.29,321  For TW micelles, this layer, containing the 

POE chains, can both mechanically trap and hydrogen bond with water molecules; as a 

result, micelles of nonionic surfactants tend to be well hydrated.29  Similarly, mRL 

contains a number of hydroxyl groups in its sugar headgroup as well as a carboxylate 

moiety at pH 8.  From molecular mechanics simulations previously performed in this 

laboratory, it is known that the carboxylic acid hydrogen bonds with the sugar hydroxyls 

creating a cage-like structure that is vital for the complexation of heavy metals.311  It can 

also be surmised that the mRL headgroup may attract a large number of water molecules 

because of its hydrogen bonding capabilities, and therefore, be well solvated, though the 

degree of solvation has not been explicitly measured.   

To further rationalize the change in micelle polarity with surfactant composition, 

the hydrophilic-lipophilic balance (HLB) of each surfactant can be determined to 

estimate the overall affinity for water by each surfactant based on structure alone.22  The 

HLB is a qualitative measure of the amphiphilicity of a molecule.  Davies developed an 



237 
 

equation that quantitatively describes the HLB by assigning each functional group a 

number and calculating the HLB as 

 
 (5-3) 

where hydrophobic groups are assigned a negative value and hydrophilic groups are 

assigned a positive number.322  Thus, a higher HLB indicates a better solubility in 

water.323  Using Eq (5-3) and Davies’ values324 for each functional group, Khoshdast et 

al. calculated the HLB for protonated mRL325 as 

and similarly, using the molecular structure, Lo et al. calculated the HLB for TW as 

16.7.326   

Note, however, that this assumes a protonated carboxylic acid moiety for mRL 

and the HLB for anionic surfactants is typically much higher (up to 60).  For linear alkyl 

acetates (RCOO-), the HLB was typically around 20.323  In the literature, an HLB of 22-

24  was reported for mixed mono- and di-rhamnolipid in an alkaline system containing 

NaOH.327  The value for COO-Na+ (NaOH was used to adjust the pH of the solution) is 

19.1.324  If this value is replaced for the COOH moiety value of 2.1 in Eq 5-4, the new 

HLB value for anionic mRL is 25.1 which is similar to that reported previously in the 

mixed mRL/diRL solution in an alkaline system.327  The increased hydrophilicity of mRL 

at pH 8 is also apparent in the increased solubility of mRL at pH 8 compared to that at pH 

4 due to the deprotonated carboxylate moiety.166  Thus, it is concluded that mRL has a 
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slightly greater hydrophilic affinity than TW, and the headgroup region in mRL is 

therefore likely to be slightly better solvated than in TW micelles. 

It is also likely, based on the shape of mRL surfactant molecules (cylinder) and 

the proposed globular structure for mRL micelles, that the endcaps are loosely packed, 

since the shape of mRL is not ideal for the high degree of curvature required in these 

hemispherical end caps.86  As such, the increased mole fraction of mRL may result in a 

more “leaky” micelle allowing water molecules to penetrate deeper into the Stern layer 

and core region of the micelle.247  Based on the relative HLB values of mRL and TW, it 

is likely that anthracene is more exposed to water in mRL micelles especially in the 

endcap regions than in TW micelles based on spatial constraints.   

This assertion is confirmed by the increased lifetime of anthracene as αmRL 

increases.  As shown in Figure 5-6b, the τ1 lifetime values as a function of αmRL appear to 

divide into two distinct regions between 0 ≤ αmRL ≤ 0.75 and values for αmRL ≥ 0.75.  The 

surface tension data show a large decrease in CMC in the region for αmRL ≥ 0.75 (Figure 

5-3b), and in this region, the τ1 lifetime values increase rapidly.  Based on geometric and 

steric considerations, it was hypothesized in this region that the introduction of the initial 

TW molecules leads to the formation of TW-populated endcap regions with a more rod-

like micellar core of mRL, driven by the conical shape of TW that lends itself to a 

structure with a high degree of curvature (Figure 5-5).170  These TW endcaps are likely to 

help “seal” the micelle and make it less susceptible to water penetration compared to the 

pure mRL micelle as Figure 5-7 depicts.  Alternatively, the additional TW may provide a  
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Figure 5-7.  Schematic illustrating the penetration of water into a) pure mRL micelles 
and b) ~ 0.05 mole fraction TW added to mixed micelle.  The poor packing of the end 
regions with mRL makes it “leaky” to aqueous solvent molecules.  TW is 
geometrically favored to cap the end regions and prevent water molecules from 
penetrating into the micelle interior.  This creates a more nonpolar environment for 
anthracene and a decrease in the observed fluorescence lifetime.  Note: water and 
anthracene molecules not necessarily drawn to scale. 
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more fluid alkyl chain region which would allow deeper penetration of the anthracene 

into the nonpolar core.  However, since anthracene prefers to remain near the Stern layer, 

the former explanation is more likely.  The result is a striking decrease in the τ1 lifetime 

as anthracene becomes less exposed to water molecules. 

After the endcap regions have been filled by TW, additional TW molecules (i.e. 0 

≤ αmRL ≤ 0.75) cause shortening of the micellar globule length until the micelles transition 

to a spherical shape at an approximately equimolar mixture of the two surfactants.  As 

noted above, mRL is likely to contain more water molecules in the Stern layer (higher 

HLB); thus, a decrease in αmRL results in a slightly less polar headgroup region in which 

the anthracene resides, leading to a further decrease in τ1 lifetime, albeit with a smaller 

slope than observed for the αmRL ≥ 0.75 region.  The slope of the τ1 lifetime-αmRL plot is 

0.24 ns in the 0 ≤ αmRL  ≤ 0.75 region, while the slope increases to 0.84 ns when αmRL ≥ 

0.75.  This distinct inflection in the lifetime data implies that in mixed micelles with only 

a few TW molecules, greater impact on the polarity of the anthracene microenvironment 

is experienced by the addition of TW than in mixed micelles with many TW molecules.  

It is believed that the fluorescence lifetime data reported here supports the hypothesis 

proposed previously from this laboratory168,170 that the first TW molecules in a mixed 

micelle cause a transformation to a globular shape in which TW serves as the end caps 

due to geometric considerations.  It is noted that, since mRL is anionic and TW is 

nonionic, if the mixed micelle behavior were controlled predominantly by electrostatic 

effects as in the pure mRL micelles, much more subtle effects on water penetration into 

the micelles would be expected resulting in a much smaller effect on anthracene lifetime. 



241 
 

Quenching Dynamics in Mixed Micelles 

 To investigate further the proposed shape transition in the mixed micelle and its 

resultant effect on the microenvironment of solubilized species, fluorescence quenching 

measurements were performed on micelles of pure mRL, pure TW, and their mixtures 

with anthracene as the fluorescent probe and CPC as the quenching molecule. 

Fluorescence quenching studies in mixed micelles have been utilized extensively in past 

work to determine aggregation numbers328, micelle volume329, formation kinetics of 

heteroexcimers330, binding constants of polymer interactions331, distribution of surfactants 

into separate phases332, and the miscibility of hydrocarbon and fluorocarbon surfactants 

and solvents.333,334  In one study by Bales et al., changes in mixed micelles of SDS and a 

sugar-based surfactant were investigated by a variety of techniques, but time-resolved 

fluorescence quenching measurements were only used to determine aggregation number 

and not micelle structure.335  To the author’s knowledge, the relative degree of static and 

dynamic quenching over a range of surfactant mixture compositions has not been used to 

provide insight into micelle structure as is the goal of the present study.  

It should be noted that the precedent in the literature is that when a surfactant 

quencher (e.g. CPC) is used to investigate binary or ternary surfactant mixtures, it is not 

considered an additional surfactant component, since the quencher concentration is 

negligible compared to the total surfactant concentration.203,336  For details of the 

quenching system used in the current investigation and the analysis of static and dynamic 

quenching, the reader is referred to Chapter 4 of this Dissertation.   
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The raw TCSPC data, which gives insight into dynamic quenching, for αmRL = 

0.00, 0.50, 0.80, and 1.00 is shown in Figure 5-8 and analyzed as described in Chapter 2 

of this Dissertation.  The quenching constants for static and dynamic quenching and their 

ratio as a function of increasing αmRL are plotted in Figure 5-9 and the results are 

summarized in Table 5-4.  Static quenching is obviously the preferred quenching 

mechanism throughout the range of micelle compositions as evidenced by the ratio of 

KD/Ks being consistently ≤ 0.50.  Again this confirms the hypothesis that the preferred 

locations of both anthracene and CPC are in the Stern layer, most likely in the end-

capped regions, for reasons discussed in Chapter 4.  The most surprising result, however, 

is the small change in KS over the range of compositions investigated.  Therefore, it can 

be concluded that the differences in micelle composition, and corresponding micelle 

structure, are not critical in dictating static quenching dynamics for the chosen reactants.  

Moreover, the large value of Ks taken with the consistent Ks may indicate that the 

anthracene and CPC are forming a true complex when the fluorophore resides in the 

relatively polar Stern region and is impervious to changes in the micelle structure. 

This conclusion can be rationalized as follows.  As the micelle composition is 

changed, the parameters that affect quenching that will likely vary the most are the 

micelle permeability, volume, internal viscosity and polarity, surface charge, and 

aggregation number.328,330,337,338  All of these parameters are most influential, either 

directly or indirectly, on diffusion of solubilized species within the micelle or to the 

micelle surface and consequently, would be expected to most influence dynamic  
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Figure 5-8.  Raw TCSPC data of representative decays of anthracene in a) αmRL= 0.00,  
b) αmRL= 0.50, c) αmRL= 0.80 and d) αmRL= 1.00.  All measurements on solutions of 
1.07 µM anthracene with 4 mM total surfactant concentration, λex = 370 nm, λem = 402 
nm.  Data analysis performed using Legacy Data Analysis fit to biexponential decay. 
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Figure 5-9.  a) Dynamic quenching constant, KD, (black squares) and 
static quenching constant, KS (red squares) and b) KD/Ks (blue 
diamonds) for anthracene/CPC quenching in micelles of pure mRL, 
pure TW, and their mixtures.  All measurements were made with 
solutions of 1.07 µM anthracene with a total surfactant concentration of 
4 mM at pH = 8 (10 mM phosphate buffer), and λex = 355 nm and λem = 
402 nm. 
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Table 5-4.  Quenching parameters (KD, KS, KD/KS) for anthracene by CPC in micelles of 
pure mRL, pure TW, and their mixtures. 

αmRL KD (M-1) KS (M-1) KD/Ks 
0.00 610 ± 7 1528 ± 42 0.400 ± 0.016 
0.25 561 ± 8 1527 ± 42 0.368 ± 0.012 
0.50 563 ± 6 1652 ± 64 0.342 ± 0.017 
0.75 556 ± 9 1454 ± 54 0.383 ± 0.020 
0.80 576 ± 7 1727 ± 61 0.334 ± 0.016 
0.85 576 ± 24 1687 ± 60 0.342 ± 0.026 
0.90 649 ± 12 1729 ± 65 0.376 ± 0.021 
0.95 599 ± 10 1562 ± 51 0.384 ± 0.019 
1.00 809 ± 4 1646 ± 79 0.493 ± 0.025 
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quenching and have little effect on static quenching.  Although it was expected that the 

anionic character and more loosely packed structure of micelles containing a high 

fraction of mRL might render the incorporated CPC molecules more immobile than in 

TW-rich micelles, thereby increasing static quenching, the results suggest that these 

characteristics do not appear to significantly impact the degree of static quenching 

observed.  This can be explained by a scenario in which the anthracene probe and CPC 

quencher are forming a complex in the Stern layer and the composition and shape change 

do not affect the complexation interaction.  Thus, structural changes in the lamellar core 

of the mixed micelles induced by increasing TW composition have little impact on the 

fluorescence quenching behavior observed. 

The micelle composition has little effect on the dynamic quenching constant, KD, 

throughout most of the range of αmRL values.  KD values range from 556 to 576 M-1 for 

0.25 ≤ αmRL ≤ 0.85 and are statistically indistinguishable at a 95% confidence level.  In 

pure TW, KD is only slightly larger at 610 M-1 and is statistically the same as KD for αmRL 

= 0.95 (599 M-1).  Collectively, these values are similar and do not differ enough to be 

conclusive evidence for a change in micelle structure.   

 In contrast, the KD value for pure mRL micelles is significantly higher at 809 M-1, 

implying that more dynamic quenching of anthracene fluorescence by CPC can occur 

than when any TW is present. Although static quenching is the dominant quenching 

mechanism observed in pure mRL micelles, dynamic quenching plays a slightly more 

important role in quenching in pure mRL micelles than in either mixed mRL/TW 

micelles or pure TW micelles.  Despite this increase in dynamic quenching in pure mRL 
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micelles, the static quenching is not significantly greater than in the mixed micelles (see 

Table 5-4).  Thus, the pure mRL micelle facilitates dynamic quenching without a 

simultaneous change in static quenching. 

In Chapter 4, the high degree of static quenching was rationalized by proposing 

that both the anthracene and the CPC quencher were situated in the Stern layer.  Dynamic 

quenching could occur if CPC were isolated in the Stern layer and anthracene diffused to 

it from elsewhere in the micelle.  As TW is added to the micelle, assuming it first locates 

in the endcaps, the longer alkyl tails (compared to mRL) may congest the endcap region 

and increase the local viscosity of the endcaps.  This congestion may alter the diffusion of 

anthracene within the micelle by altering the micelle microviscosity as well as drive the 

shape change , but this theory has yet to be tested by quantitatively measuring the 

microviscosity of surfactant micelles with increasing TW composition.   

Much of the CPC is incorporated into the micelle structure itself rather than 

solubilized inside the Stern layer or hydrophobic core (see Chapter 4 of this Dissertation) 

such that static quenching is still the dominant mechanism, but in pure mRL micelles that 

tend to be more prone to water penetration, dynamic quenching by diffusing anthracene 

molecules becomes more prevalent.  Upon addition of TW that congests the endcaps to 

minimize quenching, the ratio of KD/KS becomes constant regardless of the micelle 

composition consistent with a transition to a sphere in which all parts of the aggregate are 

equivalent. 
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Conclusions and Implications 

 Understanding the microenvironment of mixed micelles is important for a variety 

of reasons.  For example, a micelle shape transition between two strongly interacting 

surfactants can increase the solubilization of hydrophobic molecules located in the core 

while simultaneously lowering the capacity for polar molecules in the Stern and/or 

palisade region.22,339  These can have a direct effect on drug delivery, microreactor, and 

remediation applications of mixed micelles as all require solubilization of molecules into 

the micelle.  Previous work in this laboratory utilized the results of surface tension, DLS, 

and theoretical models to hypothesize that a globule-to-sphere micelle shape transition 

occurs as the mole fraction of mRL increases.168  Furthermore, this transformation is 

mediated by the geometry of the individual surfactant molecules rather than coulombic 

interactions.   

In the current study, fluorescence lifetimes and quenching experiments are used to 

provide insight into microenvironment of mixed mRL/TW micelles and to provide 

further insight into the structure of these mixed micelles.  A sharp decrease in the lifetime 

of anthracene is observed as the mole fraction of TW increases in the region for αmRL ≥ 

0.75 indicating that either the polarity of the micelle microenvironment decreases upon 

the initial introduction of TW or an the viscosity increases due to increased congestion of 

the endcap with the longer TW alkyl chains.  This effect is attributed to TW intercalation 

between mRL monomers in the endcap regions of the micelles.  Although the lifetime 

continues to decrease as TW mole fraction increases in the region of 0.75 ≥ αmRL ≥ 0.0, 

the degree of decrease is much smaller and is attributed to the decreased HLB (increased 
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hydrophobic character) of increasingly TW-rich micelles compared to mRL-rich 

micelles.  These lifetime measurements give useful information about endcap 

composition, but they provide no additional insight into possible changes in micellar 

shape.  Quantitative fluorescence polarization measurements might distinguish between 

the proposed hypotheses of decreased polarity or increased viscosity accounting for the 

decreased lifetime with increased TW. 

Fluorescence quenching experiments, exploiting both steady-state and time-

resolved measurements, were executed to determine if the extent and type of fluorescence 

quenching varied with mixed micelle composition.  The only significant difference 

observed is the slightly greater degree of dynamic quenching in pure mRL micelles 

compared to all other mixed micelle compositions.  No effect of mixed micelle 

composition on static quenching was observed.  Because it is hypothesized that TW first 

caps the ends and then shortens the lamellar region, it is unlikely that any fluorescence 

quenching process that occurs in the endcaps (static quenching via complex formation) 

would be significantly affected by changes occurring in the core and lamellar region of 

the mixed micelle. The results obtained here bear this expectation out. 

In order to fully explore the potential of mixed micelles in industrial applications, 

it is important to understand the structural and dynamic properties of the micelle.  

However, no one technique can definitively provide insight into both of these attributes 

simultaneously.335  Therefore, it is essential to combine a number of techniques to 

adequately characterize a potential mixed surfactant system.  To date, in this laboratory, 
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surface tension, DLS, and fluorescence quenching have been employed to investigate 

mRL/TW micelles, although questions remain.  Additional analytical techniques are 

needed to fully understand these properties of mixed mRL/TW micelles and to provide 

supporting evidence for the hypotheses outlined here. 
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CHAPTER 6.  

NANOPARTICLE CHARACTERISTICS AND FACTORS AFFECTING FATE 

AND TRANSPORT 

Nanoparticle Introduction 

Nanoparticles (NPs) have recently come to the forefront of the industrial 

landscape and are now a subject of intense research.  By definition, NPs are materials that 

contain at least one dimension that is between 1-100 nm.340  They are becoming 

important materials for a variety of different applications due to their advantageous size 

and unique properties which often differ drastically from the bulk material.340-342  As a 

result, there has been a significant increase in the last 20 years in research and 

publications pertaining to NPs as shown in Figure 6-1.  NPs are quickly becoming 

ubiquitous in diverse commercial product areas including food additives, medical 

treatments, pigments, cosmetics, solar cells, electronics, etc.340,343,344   

 Unfortunately, applications involving NPs are growing more quickly than 

knowledge about their long-term environmental behavior and effect on human 

health.340,345  An obvious paucity exists in the published literature for established 

methodologies to systematically and accurately characterize NP properties and assess 

their solution behavior.1,343  It is fully acknowledged in the literature, however, that such 

a need exists.1,340,343,346,347  To address this gap in knowledge, a major goal of this 

research is to characterize some of the properties of NPs that drive their solution 

behavior, i.e. size, shape, structure, composition, and surface coatings.1,342,347 
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Figure 6-1.  Scientific publications pertaining to NPs over the last 20 
years (1992-2011).  Database extracted from Web of ScienceSM, 
Science Citation Index, using search term “nanoparticles” and “1992-
2011.” 
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Nanoparticle Applications 

 NPs often exhibit unique properties due to their limited size.  Below ~ 50-100 nm, 

particle behavior tends to adhere to quantum physics rather than classical mechanics.348  

This allows NPs to serve as a hybrid, or bridge, between atomic and macroscale materials 

giving rise to interesting electronic, optical, biological, mechanical, chemical and 

magnetic qualities.341,349,350  As a consequence of their finite dimensions, NPs also 

possess very high surface area-to-volume ratios.  Below 100 nm particle diameter, the 

ratio of surface atoms/molecules to total number of atoms/molecules increases sharply 

from ~2% at 100 nm to ~12% at 10 nm to almost 60% at 2 nm.348,351  Consequently, the 

number of surface sites to total mass is much larger on NP surfaces than bulk material 

providing many more sites for chemical interactions to occur with surrounding species.  

Examples of some commonly utilized materials for NP production are carbon 

nanotubes (CNT), Ag, and TiO2.345  Worldwide production values in 2008 were 

approximately 350, 500, and >5000 tons for CNTs, nano-Ag, and TiO2, respectively, 

with numbers expected to increase as new applications are found.345,352  The following 

sections give a very brief overview of the current utilization of NPs in a few industrial 

sectors.  Figure 6-2 gives a more thorough picture of the variety of different applications 

of NPs.353  Since 2005, the Project on Emerging Nanotechnologies has kept an inventory 

of NPs used in consumer products at www.nanotechproject.org.354  As of March 2011, 

1317 specific consumer products or product lines utilizing nanomaterials had been 

submitted to their inventory.  Figure 6-3 contains information on the characteristics of 

these products 
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Figure 6-2.  Current and potential applications of NPs covering a broad market range 
including health care, biomedical, textiles, renewable energy, environmental, 
electronics, industrial, and agricultural products.  Figure adapted from Tsuzuki et 
aland used with permission.353 
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Figure 6-3.  Qualitative analysis of 1317 total consumer products utilizing 
nanotechnology registered with the Project on Emerging Technologies. a) Increase in 
registered nanotechnology products by year, b) Distribution into  subcategories of the 
largest consumer category (Health and Fitness) containing over half of the total 
number of products, c) Number of registered products by region in the world where 
the product is manufactured, d) Major nanomaterial utilized in registered consumer 
product.  For b-d, all information was as of March 10, 2011.  Data for these graphs 
obtained from the Project on Emerging Nanotechnologies 
(http://www.nanotechproject.org/inventories/consumer/analysis_draft/). 

2005 2006 2007 2008 2009 2010
0

200

400

600

800

1000

1200

1400
a

 

 

Nu
m

be
r o

f P
ro

du
cts

 R
eg

ist
er

ed

Year Personal Care
Clothing

Cosmetics

Sporting Goods
Filtratio

n
Sunscreen

0

50

100

150

200

250
b

 

 

 

Nu
m

be
r o

f P
ro

du
cts

USA Europe East Asia Other
0

100

200

300

400

500

600 c

 
 

Nu
m

be
r o

f P
ro

du
cts

Silver
Carbon

Titanium
Silicon/Silica Zinc Gold

0

50

100

150

200

250

300

 

d

 

 
Nu

m
be

r o
f P

ro
du

cts

a b

c d



256 
 

including increasing number, types of products, region of use, and material composition.  

This shows a linear increase of about 250 new products added to the inventory each year 

with the US being the major producer of these products. Ag NPs are used most 

ubiquitously in consumer items and NPs are most often encountered in personal care 

items and clothing. 

Electronic/Optical 

 NPs typically display electronic and optical properties that are unique from their 

corresponding bulk material.  Development of NP technology will most likely be 

essential to help the electronics industry continue to follow Moore’s Law, which states 

that the number of transistors per processing chip doubles approximately every two 

years.355  The semiconductor and electronics industries are investigating NPs embedded 

in polymer or ceramic matrices (nanocomposites) to meet the demand for miniaturization, 

high density of passive materials, and flexible electronic devices.356  This research 

ensures that the unique properties of NPs will enable them to be exploited in the resistor 

and capacitor industries, as thermocouple sensors, UV absorbers and scatterers, in power 

transformers, microwave applications, and many other areas.356-360   

NPs are being actively investigated to improve the efficiency of photovoltaic 

cells.361  The small size of the NPs allows them to scatter and trap incident light more 

effectively by plasmonic enhancement than bulk interlayers instead of losing a large 

fraction of light due to the poor absorption of the near band-gap light as is seen with Si-

based and other semiconductor thin film solar cells.362-365  The particle properties (size 
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and material) can be adjusted to optimize light capture across the visible spectrum instead 

of just the bluer, high energy region.  By strategically placing NPs of different materials, 

shapes, and sizes in specific solar cell layers, the efficiency of the device may be vastly 

improved over current technologies.364-367  

Biological/Medical 

 Because of their small size, NPs are especially suited to medical technology as 

they can be taken up by cells and are on the same size order as many biologically relevant 

materials including oligonucleotides, antigens, antibodies, enzymes, and proteins.346,368-

371  Thus, NPs can serve in a wide variety of biological and medical applications 

including, but not limited to, nanoprobes in detection of pathogens and proteins372,373, 

drug delivery and targeting systems374,375, tissue engineering and tumor destruction376-378 

and biological fluorescent and medical contrast imaging.379-382  

 In order to serve as fluorescent reporters in detection systems, the NP surface 

must often be functionalized with fluorophores, ligands, and proteins.  To this end, 

anchor molecules such as thiols, disulfides and phosphane ligands are used to attach the 

functional moiety to NPs of Au, Ag, CdS, or CdSe.369  Gold NPs are especially useful for 

biomolecular interaction studies as they are easy to synthesize with a tunable size range 

that controls the optical properties.  These noble metal NPs can be directly or indirectly 

labeled and have a reduced tendency to denature the adsorbed molecules as is more 

commonly observed with flat gold surfaces.370,383 
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 Polymeric and ceramic NPs have been used to promote bone repair/regrowth and 

tissue engineering.371,384,385  Smooth bone implants are often rejected by the body, but 

nano-sized features, produced by NPs, were found to have a lower chance of rejection by 

more closely resembling natural bone surface and increasing the production of 

osteoblasts which help to advance natural bone growth.371,386  Additionally, NO-releasing 

silica NPs have been shown to prevent the growth of biofilms, a major problem in wound 

care and spread of infection in hospitals, by killing the microbial species responsible for 

the films.387 

 The idea to use NPs as drug delivery systems initially arose in the late 1960s and 

1970s by Speiser et al.388  NPs have become important in drug delivery systems as their 

size allows them to cross the blood-brain barrier, target specific organs/tissues, and 

access sub-cellular components, such as the nucleus.389,390  Also, NPs extremely high 

surface area allows for efficient drug loading onto a relatively small mass of carrier.  The 

composition of the resulting “nano-carriers” varies widely from biological compounds 

(phospholipids, chitosan, dextran, etc.) to more “chemically-based” composites (silica, 

polymers, carbon, and metals).391  The current goals for NP-based drug delivery are to 

create products that have specific drug targeting locations, are safe and biocompatible, to 

reduce toxicity while maintaining therapeutic effects, and to hasten the development of 

new pharmaceuticals and treatment mechanisms.391  
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Food & Personal Care 

NPs have often been utilized in a variety of food production and personal care 

products.  Silver NPs have displayed antimicrobial properties and have been utilized in a 

variety of consumer products, including odor-resistant clothing, food storage containers, 

shampoo, washing machines, kitchen utensils, etc.392  Some other personal care products 

containing NPs include hair-growth shampoos (Cu NPs), toothpastes (Ag NPs), high-end 

skin creams (Au NPs), and deodorants (Al2O3 and TiO2 NPs).393,394  Probably the most 

well-known application for NPs in personal care products is in sunscreens and lotions 

where ZnO and TiO2 NPs will absorb UV light and transmit that in the visible range 

thereby reducing exposure to UV rays.341  

Environmental 
 One of the most important environmental concerns that could potentially be 

addressed by NPs is the removal of pathogenic microbial organisms from wastewater to 

provide clean drinking water.395,396  Currently, adequate supplies of clean water are 

becoming more scarce due to extended droughts, population growth, increasingly 

stringent regulations, and higher demand from users.397  This is especially problematic in 

developing regions such as India and Africa.  However, the challenge exists in balancing 

the risks from the microbial species existing in untreated water and the byproducts of the 

disinfecting agents themselves, such as when halogenated chemicals are used.398   

NPs offer an interesting alternative in this field, because their high surface area-

to-mass ratio often enhances the adsorption of solution species, and the varying 

distribution of reactive surface sites can lead to unique interactions between the sorbate 
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(pathogen/chemical) and NP surface.395  The NP surface can easily be functionalized to 

target specific pollutants, and many have displayed bactericidal properties.396,399-402 Four 

classes of nanomaterials, encompassing a diverse range of properties, are being 

investigated in the purification of wastewater.  These are dendrimers, metal NPs, 

carbonaceous materials, and zeolites.395  Specifically, a large number of metal and metal 

oxide NPs (Mg, MgO, Ag, Au, Pd, ZnO, TiO2, Fe2O3, etc) have been studied as sorbents 

for water treatment.  In addition to wastewater treatment, NPs are also intentionally 

released into the environment as pollutant sensors and scavengers increasing the need for 

fate and transport studies and toxicity monitoring.403-406   

Environmental and Health Impact of NPs 

While the previous section explored the potential advantages of NPs, numerous 

studies have also linked exposure of NPs to cardiovascular disease, neurogenic 

inflammation, respiratory distress, free radical production, cytotoxicity, and tissue 

damage.348,407-411  The toxicity results for materials previously assumed to be innocuous 

clearly illustrate the new challenges that NPs present; what is known to be true in the 

bulk material may no longer be valid for the nanomaterial.  The unique NP attributes that 

give rise to many of their potential applications may also provide the pathways to 

detrimental consequences in mammalian and aquatic organisms.  Nano-sized particles 

have been present in the environment for millions of years (e.g. soot), but the recent 

ability to synthesize and manipulate particles in the nano-regime is increasing their 

concentration and range of chemical composition at an alarming rate.   
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NPs can be divided into two major categories: natural and anthropogenic.  A 

thorough classification of NPs can be found in Table 6-1.412  The anthropogenic 

production is predicted to increase to 58,000 metric tons from 2011-2020, and therefore, 

it is a major concern that NPs will become ubiquitous in the environment, with particular 

emphasis on the long-term fate and impact of these NP materials on human and 

environmental health.413    

A number of reviews have reported the toxicology and potential impact of NPs on 

the health of humans and other organisms.348,351,414-416  One of the earliest and most 

common examples of the toxic effects of ultrafine particulates is the high occurrence of 

cardiovascular and respiratory illnesses among coal miners, chimney sweeps, asphalt-

workers, etc. due to the inhalation of nano-sized soot particles containing toxic, 

carcinogenic compounds like polycyclic aromatic hydrocarbons.417,418  In this case, 

toxicity is directly related to the composition of the NP and the harmful chemicals they 

often carry.417 

However, NP toxicity is a double-edged sword.  Tissue inflammation, oxidative 

stress, and immune system response can occur when cells take up NPs via endocytosis or 

phagocytosis.352  This is typically an aggregation or size-dependent response with little 

correlation to NP composition.419  This is especially troubling because many types of NPs 

also have the ability to produce reactive oxygen species (ROS), including free radicals, 

hydrogen peroxide, and superoxides.  Their increased levels in the cell can lead to  
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Table 6-1.  Classification of NPs based on source and type.  Adapted from Nowack.412 

Source  Formation  Examples 

Natural 

Carbon-
Containing 

Biogenic Organic 
Colloids 

Humic/Fulvic 
acids 

Geogenic Soot Fullerenes 
Atmospheric Aerosols Organic acids 

Pyrogenic Soot CNT, 
Fullerenes 

Inorganic 

Biogenic Oxides/Metals Magnetite, Ag, 
Au 

Geogenic Oxides/Clays Fe-oxides, 
Allophane 

Atmospheric Aerosols Sea salt 

Anthropogenic 
(Manufactured/ 

Engineered) 

Carbon-
containing 

By-product Combustion CNT, 
nanoglobules 

Engineered 
Soot 

Carbon black, 
functionalized 

CNT 

Polymeric NP Polyethylene 
glycol NP 

Inorganic 

By-product Combustion Platinum group 
metals 

Engineered 

Oxides TiO2, SiO2 
Metals Ag, Fe 

Salts Metal-
phosphates 

Aluminosilicates Zeolites, clays, 
ceramics 

CNT = carbon nanotubes 
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oxidative stress, antioxidant activity, cytotoxicity and necrosis at the cellular level and 

inflammation and fibrosis at the organismal level.348,351,412  Adams et al. found that TiO2, 

SiO2, and ZnO NPs inhibit the growth of E. coli and B. subtillis bacteria.420  Although 

ROS production is typically considered a photoinduced process, only TiO2 NPs showed 

increased inhibition of bacterial growth when the samples were exposed to light.419,420  

However, it should be noted that while all three NPs are photosensitive and produce 

ROS, significant cytotoxicity was observed even under dark conditions indicating that an 

additional, unidentified mechanism was also contributing to NP toxicity.420,421  Thus, NP 

toxicity can be linked to their small size, large surface area, and ROS generation in 

addition to the harmful compounds of which they may be composed and/or have sorbed 

to their surface.416 

The results of Adams et al. are especially informative in light of the fact that bulk 

SiO2 (i.e. sand) is often used as a control in bacterial-toxicity studies, and bulk TiO2 is 

thought to be an inert material with no deleterious effects on aquatic organisms.422,423  

Obviously, this is not entirely true, as these materials at the nano-scale reveal different 

interactions with cells.412  While much research has focused on NP toxicity and health 

implications of inhaled particles, very little attention has been paid to the environmental 

influences that lead to exposure in the first place.342,412  The above sections give a brief 

overview of the current uses and toxic effects of NP.  In the following section, the factors 

leading to NP aggregation and long-term fate and transport are discussed. 
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Nanoparticle Aggregation Theory 

 As mentioned previously, the evaluation of risk not only considers the toxicity of 

a material, but the potential for exposure to such materials.  The tendency of particles to 

flocculate facilitates their efficient remediation from environmental systems by filtration 

and sedimentation.424  The aggregation of nanomaterials is a known mechanism for 

minimizing their exposure in the environment.  It has been well-documented in the 

literature that true particle sizes in aqueous suspensions are much larger (order of 

magnitude) than reported primary particle diameter.412,419,420,425-427  Not only are larger 

particle agglomerates easier to eliminate from environmental systems, the aggregate size 

dictates propensity for cellular uptake as well as the exposure pathway and organ 

deposition location.428  Specifically, Oberdӧrster et al. found that 20 nm TiO2 particles 

persisted longer, translocated to different lung compartments, and resulted in greater 

damage to the lungs than did 250 nm particle of the same chemical composition.429  A 

separate study found that inhaled Ir nanoparticles of 15-20 nm were 2-3 times more likely 

to be taken up by secondary organs (liver, spleen, kidneys, brain, heart, etc.) than 80 nm 

particles.430  Therefore, it is important to characterize the factors affecting aggregation of 

NPs and optimal aggregate size when evaluating long-term fate, transport, and hazards. 

Only very recently has the effect of NP aggregation even been considered as a 

factor in conflicting NP toxicity studies and the ultimate biological and environmental 

implications of nanotechnology.431  The factors affecting NP flocculation and dispersion 

stability are quite complicated.  Recently, the principles used for colloidal systems (1 nm-

1 μm particle diameter) from the Derjaguin-Landau-Verwey-Overbeak (DLVO) theory 
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have been applied to understand complex NP system dynamics.1  DLVO theory states 

that two particles will adhere to one another if the sum of their attractive forces 

outweighs the sum of their repulsive forces.432-434  This theory limits the forces involved 

to two classes: 1) attractive van der Waals interactions arising between the particles, and 

2) electrostatic repulsive forces from the double layers on a charged surface.  The 

equation used to describe the magnitude of the van der Waals attraction is as follows1: 
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where VVDW is the attractive van der Waals force, k is the Boltzmann constant, T is the 

absolute temperature, A is the Hamaker constant, a is the average particle radius, and s is 

the separation distance between the interacting surfaces.  The repulsive force arising from 

the electrical double layers (EDLs) on the charged surfaces of NPs can be evaluated by: 
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where VEDL is the repulsive force of the electrical double layer, n is the number 

concentration of ion pairs, κ is the inverse Debye length, δ is the Stern layer thickness, z 

is the electrolyte valence, e is the elementary charge of an electron, Ψd is the diffuse 

potential (~ zeta potential), and all other variables are as defined for Eq (6-1).1  The 

energy-distance curve based on the opposing forces in DLVO theory is shown in Figure 

6-4.435  In order for particles to flocculate, they must overcome the repulsive energy 

barrier  
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Figure 6-4.  Potential energy between two approaching particles as a function of 
separation distance based on DLVO theory.  Image adapted from Tadros and used 
with permission.435  
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(Vmax).  Particles that are trapped in the primary well are considered to be permanently 

aggregated, but more important is the secondary minimum at longer distances.435  Within 

the secondary minimum, particles may be reversibly aggregated depending on the 

application of shear forces.1,435,436 

 Unfortunately, these two forces represent an oversimplified model that cannot 

predict the many observed NP aggregation behaviors in real systems.  Several other 

forces have recently been described and added to the classic DLVO theory to make up 

what is collectively known as extended DLVO (XDLVO) theory.1  These forces include 

magnetic attraction, hydrophobic (Lewis acid-base) interactions, osmotic repulsion, 

elastic-steric repulsion, and bridging attraction.425,427,437-442  Interestingly, although 

classical DLVO theory has been around since the 1940’s, most of the additions to the 

XDLVO have only been published in the last decade.  This is most likely due to the 

recent explosion in NP research and potential application in consumer products.  

Although technically, nanomaterials fall within the “colloidal” regime on which DLVO 

and XDLVO are based, particles <100 nm possess unique attributes which challenge the 

ability of these theories to predict their aggregation behavior.1  These characteristics 

(shape, size, structure, composition, and macromolecular coatings) are summarized in 

Figure 6-5 and their distinctive challenges to DLVO and XDLVO will each be discussed 

briefly below. 
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Figure 6-5.  In classic DLVO theory, particle aggregation probability is based on the 
net attractive van der Waals (vdW) forces and repulsive electrical double layer (EDL) 
interactions.  NPs possess unique qualities which challenge DLVO theory based on 
their size, shape, composition, structure, and macromolecular coatings.  Figure 
adapted from Hotze and used with permission.1  
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Size 

 The small size of NPs (<100 nm) has a substantial effect on the calculation of the 

electrical double layer.  It is assumed that the Debye length is much less than the particle  

diameter, such that the surface of the particle can be approximated as a flat surface.  

However, Eq (6-2) becomes inaccurate as the particle size decreases because the 

particle’s curvature becomes more significant and this assumption is no longer valid.443  

Another consequence of their small size is that a much greater fraction of the atoms in the 

NP exist at the surface.  Therefore, small variations in the solution conditions can have a 

much more profound effect on a particle in the “nano” regime versus a larger one.  For 

example, He et al. found that the point of zero charge for hematite particles decreased as 

the diameter decreased such that the smaller particles possessed less overall surface 

charge.444  As a consequence, the magnitude of the EDL repulsive charge was lowered, 

and aggregation was more pronounced than would be predicted based on Ψd values 

determined from larger particles or the bulk material.   

The effect of size can become especially problematic in light of polydispersity in 

NP diameters.  The smaller the particle diameter (a), the greater effect polydispersity will 

have on the properties.  This is especially true for magnetic NPs (like nano-scale 

zerovalent iron) where the attractive forces are a function of a6.445  Therefore, a small 

variance in the nanoparticle diameter, a, can have a profound effect on the aggregation 

properties of these materials making it hard to predict their behavior based on XDLVO. 
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Shape 

 DLVO theory assumes that the two approaching particles are spherical in shape.  

However, as NP synthesis becomes more advanced, particles are being created in a 

variety of shapes including crescents, triangles, ellipses, wires/rods, etc.446-449  The 

problem that arises for DLVO theory is that, at a specific particle separation distance, s, 

the average atomic distribution on neighboring particles is different on a non-spherical 

particle.  For example, if the long edges of two rectangular NPs approach one another, the 

number of atoms in close proximity on adjacent particles is not the same as in two 

spherical particles.  Because of symmetry, there is no energetically favored orientation of 

approach in a spherical NP.  However, this is not true for nonspherical particles where the 

double-layer forces are most likely dependent on particle orientation.450  

Structure 

 The complex crystalline structure is also important in determining aggregation 

properties.  For example, TiO2 has three different crystalline phases: rutile, anatase, and 

brookite.  Each of these phases has a singular crystal system, lattice constant, number of 

atoms per unit cell, molar volume and density.451  This can give rise to unique optical and 

electronic properties.  It has also been found that the crystal structure can have an impact 

on both the zeta potential (being about 15 mV more negative for rutile) and the dielectric 

constant (which is related to the Hamaker constant).344,452,453  The increased surface 

charge for rutile TiO2 may increase electrostatic repulsive forces and limit aggregation.  

Often, a mixture of crystalline phases is found within a sample, and therefore, the 
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prediction of the vdW and EDL forces may not follow theory, or the final result 

significantly skewed. 

 Similarly, the crystal face that is exposed on the surface can influence the 

interaction properties of NPs.  ZnO has four major low Miller indexed surfaces: nonpolar 

mixed-terminated (10 1 0), nonpolar mixed-terminated (11  2 0), polar Zn-terminated 

(0001), and polar O-terminated (000 1  ) surfaces.454  It is immediately apparent that the 

crystal face that predominates at the exterior of the particle will have an impact on the 

polarity, hydrophobicity, adsorption interactions, and defects present in the NP.  These 

properties will affect the EDL and Hamaker constants used in DLVO as well as the 

Lewis acid-base and hydrophobicity parameters which comprise part of XDLVO.  

Although the mixed-terminated ( 010 1 ) is the most energetically favorable surface in a 

large sample of NPs, it is likely that a variety of crystal faces will be exposed, 

manipulating the aggregation properties in ways not predicted by current theory.454 

Composition 

 The chemical composition of NPs obviously dictates their van der Waals 

attraction, hydrophobicity, magnetism, surface charge, etc.  These are all accounted for in 

DLVO and XDLVO theories.1  However, as nanotechnology has become more advanced, 

unique morphologies such as Fe0/Fe3O4 or polymer-capped Cu NPs begin to challenge 

the framework of these theories.425,455  The NP core and its transformations can control 

the net surface charge of the NP.425  The zeta potential can also shift as the surface 

chemistry/functionality is altered due to environmental effects such as oxidation or 
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carboxylation.  For example, as surfaces of Au NPs are oxidized in an oxygen rich 

solution, the interaction with Cl- and OH- ions increases to offset the surface charge.456  

This results in fewer net surface charges and lower agglomeration numbers.456  The 

presence of coatings can also alter the surface composition of the NP.  Such coatings 

(polymers, surfactants, thiols, etc.) are introduced during manufacturing, in use of the NP 

product, or after disposal and subsequent release into the environment. 

Coatings 

 The surfaces of NPs are rarely pristine, despite a well-defined bulk composition.  

Surfactants and polymers are often used to control the size and shape of NPs during 

synthesis and in applications.71,457-460  Surfactant inverse micelles serve as microreactors 

in which the reactants are combined and form supersaturation conditions of monomer 

metal or metal oxide particles which then precipitate out as a seed (nucleus) for NP 

growth.457  The relatively small nucleus “grows” into a NP by colliding with other 

metal/metal oxide precursors in the vicinity, which add to its mass through a process 

known as Ostwald ripening.461  Thus, overcoming the surface energy and the crystal 

facets to which addition occurs are key factors in NP growth.462  It is postulated that 

surfactants control both the size and shape of the NP by adsorbing to the crystal facets of 

the nucleus and regulating the surface energy (and growth) and reactive crystal face of 

the NP surface.463  Unless NPs are cleaned extremely well, they will unvaryingly have 

some type of surfactant coating. 
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 Alternatively, surfactants or macromolecules are strategically added after 

manufacturing to aid in stabilizing the dispersion.  Magnetic NPs useful in biomedical 

imaging are often coated with polymers and/or proteins to prevent opsonization (or 

attachment of antibodies to be recognized and attacked by phagocytes) and elimination 

from the body by the immune system.346,464  NPs coated with surfactants have an 

increased ability compared to bare NPs to cross the blood-brain barrier, delivering vital 

drugs to the brain and central nervous system that would normally be cleared by the 

reticuloendothelial system.465,466  

Polymers, polyelectrolytes, and surfactants are often added to control the surface 

charge (positive or negative) of the NP and prevent aggregation through electrosteric 

stabilization.340  For example, some metallic NPs are intentionally released into the 

environment to dehalogenate groundwater.467-469  By coating these particles with 

macromolecules, their stability and mobility in the subsurface are increased, but their 

potential for exposure to humans and aquatic life is also increased.340  Two stabilizing 

repulsive forces are introduced through osmotic (VOSM) interactions due to the charge and 

elastic-steric (Velas) influences induced by their large size.  The dispersion stability is 

related to the molecular weight and thickness of the coating as depicted in Figure 6-6a. 

Surfactant coating adsorption mechanisms are generally weaker (more reversible) 

than polymer/polyelectrolyte layers, because the latter can attach at several positions on 

the NP forming a stronger, more durable interaction.  The degree of charge and 

stabilization that surfactant coatings provide a NP dispersion depends on the coating 

chain length, molecular weight, ionic head group, and higher order structure (helices,  
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Figure 6-6.  Effect of macromolecular (surfactant, polymer, polyelectrolyte) coatings 
on NP aggregation. a) Electrosteric repulsive forces help stabilize NP dispersions by 
limiting aggregation.  Osmotic repulsion is due to the charge on the coating attracting 
oppositely charged ions in solution.  Elastic-steric repulsion is a function of the high 
molecular weight of the coating.  The properties of the coating (surface excess, 
molecular weight, density, surface thickness) will determine the magnitude of 
repulsion and degree of stabilization.  b) Bridging of NPs (blue circles) occurs by first 
coating the NP in the polar fraction of the NOM (light green) and then attached to and 
entrapped by the long chain  fractions (green lines) of NOM by hydrophobic forces 
and H-bonding.  These large aggregate “meshes” reduce the stability of aggregates 
remaining in solution.  Figure adapted from Hotze et al. and used with permission.1  
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spherical micelles, hemicelles, etc.).1  A semi-permanent coating may be more desirable 

in the case mentioned above where NP are released into the environment for an intended 

purpose, but eventually need to be remediated themselves.   

Release into the environment or a biological system also introduces the possibility 

of coating by natural organic matter (NOM).  The major components of NOM in the 

environment are humic and fulvic acid substances produced as byproducts of the 

degradation of organic matter and contain a complex mixture of carboxyl and phenolate 

groups.470  These typically adsorb strongly to metal oxides via ligand exchange with the 

surface hydroxyl groups and may displace weakly bound, pre-existing coatings, i.e. 

surfactants.1,471  Numerous studies have been performed investigating the role of NOM in 

NP dispersion stability in environmental systems.472-476  The studies investigating the 

specific effects of NOM on the dispersion of the particular nanomaterials of interest in 

this Dissertation will be discussed in detail in subsequent chapters.  Interestingly, the 

presence of NOM can stabilize the NP dispersion via electrosteric repulsion (see Figure 

6-6a), but can also destabilize solution dispersion by bridging individual NP monomers 

into large aggregates that settle out of the suspension (Figure 6-6b).472,473,477,478  These 

competing processes depend on the pH and ionic strength of the solution, concentration 

of NOM, and point of zero charge (pzc) of the NP.475  Thus, the formation of 

polydisperse aggregates, competing coating effects, and exchange with natural substances 

can make the prediction of aggregation properties by DLVO and XDLVO extremely 

challenging.476 
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Nanoparticle Fate and Transport 

In order for NPs to be considered a risk to human and environmental health, they 

must first exhibit a hazard, such as toxicity or respiratory effects, and subsequently a 

route for exposure to occur.340  Selected sources and routes of exposure of NPs to humans 

and the environment are summarized in Figure 6-7.340  NPs can enter the environment 

from point sources (landfills, factories, etc.) or nonpoint sources (run-off, sunscreen 

removal, attrition of NP-containing products).  They can then undergo transformation 

post release, through photolysis or interaction with biological organisms in soil or 

groundwater, affecting their overall fate and transport.340  If NPs aggregate, they are more 

efficiently removed from ambient air, water, and soil sources by sedimentation and 

filtration.424  However, if they remain dispersed, they are more mobile, and human 

exposure via drinking water, food, and inhalation increases.  In the following section, the 

factors affecting potential exposure, transport, and removal of NPs in aqueous and soil 

systems are discussed. 

 NP transport in aqueous media is dictated by Brownian diffusion, particle-particle 

and particle-surface interactions which can greatly affect NP behavior in the natural 

environment.345  While a number of different NP characteristics, including size, 

polydispersity, shape, surface and core chemistry, redox potential, catalytic activity, 

surface charge, porosity, agglomeration state, etc. are important to understanding NP 

solution behavior, the most important in dictating mobility are surface charge (surface 

chemistry) and NP size.340,342  For example, two fullerene-based NPs  
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Figure 6-7.  Production, use, and disposal of NPs lead to various routes of exposure to 
humans and the environment from point and nonpoint sources.  Adapted from Wiesner 
and used with permission.340  
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(fullerol and nC60) were found to have very different mobilities in simulated groundwater 

aquifers and sand filters based on their different surface chemistries.479  This suggests that 

if the size or surface chemistry of a nanomaterial can be controlled or altered, then 

remediation of any nanomaterial by filtration and sedimentation may be possible.340   

However, understanding the NP and environmental properties and the 

mechanisms/forces which determine NP mobility versus filtration and/or sedimentation is 

essential in preventing exposure to these materials.  Preventing NP transport usually 

proceeds through physical filtration when the particle size is larger than the pore or the 

particle is removed by interception of the flowpath and sedimentation onto a surface. 480  

The mechanism of removing NPs through a porous media is analogous to 

chromatography through a packed column.481  Particle transport behavior can be 

described by four processes: 1) diffusion by Brownian motion; 2) sedimentation due to 

gravity (gravitational forces overcome buoyancy forces); 3) interception of particle by 

media (soil, filter, etc.); and 4) first-order colloid deposition.482  The latter can be 

described by 
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where C is the particle concentration, t is time, 
→

v  is the fluid velocity vector, D is the 

diffusion coefficient of the particle, kB is Boltzmann’s constant, T is the temperature, and 

→

F  is an external force field.483,484  If no external magnetic or electric fields exist, the 

force field can be described as 
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TVF −∇=

→

 (6-4) 

where VT is the total interaction energy or the sum of VEDL and VVDW described in Eqs 

(6-1) and (6-2).482,484  The difference in this case is that the interaction energies are 

between any two surfaces (particle-particle or particle-surface).  Thus, if the VDW 

attractive forces between the particle and the “filter” surface are stronger than the EDL 

repulsion, transport will be minimized.  Furthermore, if there are strong VDW forces 

between particles, the size of the aggregate will grow such that gravitational forces will 

be stronger than buoyancy and particle transport will also be deterred.482  As discussed 

above, the attractive and repulsive forces between two surfaces are strongly dependent on 

their surface composition.   

The deposition rate coefficient, k, of a nanoparticle in solution can be 

experimentally measured by evaluating breakthrough curves of a nanoparticle suspension 

injected onto a porous column under a solution flow and measuring the nanoparticle 

concentration through an optical microchannel at the exit of the column.482  The values of 

k can be quantitatively determined by 
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where tp is the average travel time of the particle through the optical channel, q is the 

flux, N0 is the total number of particles injected on the column, and tf is the total time of 

the injection pulse to travel through the column.482  Once k has been determined, the 
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maximum travel distance (Lmax) of a specific type of particle (99.9% of the particles have 

been removed or C/C0 = 0.001 ) can be estimated by 

 ( )0max ln CC
k
vL −=

 (6-6) 

Dunphy-Guzman et al. found that Lmax for titania NPs under various solution pH 

values filtered through a Pyrex porous channel had an Lmax anywhere from 14 cm (3% 

particles transported through column) to theoretical ∞ (no column retention of NPs).482  

They identified surface potential and size of the NPs as the major factors affecting 

transport.  pH dictates the relative surface charge of the NPs and the Pyrex surface such 

that if the surfaces were oppositely charged, the Lmax would be reduced because the 

electrostatic attraction between the particle and the surface would prevent transport of the 

particle through the column.  Furthermore, pH alters the NP size by determining the 

surface charge density of the nanoparticles in the suspension before being loaded onto the 

column.  The shortest travel distance (14 cm) was measured near the pzc (pH at which 

the net surface charge is zero) where the repulsion between NPs is minimal and 

significant aggregation occurs.  When the particle size is larger than the pore size of the 

column, the NPs can be physically removed from solution by filtration.  Therefore, 

surface charge density can factor into NP transport by influencing both particle-particle 

attraction and particle-surface interaction.  

Particle transport can also be affected by environmental factors other than pH.  

When NPs are released into the environment, they may encounter other naturally 

occurring materials (organic matter, dissolved phosphates and sulfates, other natural 
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colloidal substantces) or experience chemical transformations (redox reactions, 

dissolution, biological degradation, etc.) as shown in Figure 6-8.345  All of these may 

either hinder or aid in NP transport and mobility over long distances depending on the 

specific effects of each interaction/reaction on the surface condition of the NPs.  While a 

large number of material and environmental factors influence the fate and transport of 

NPs in aqueous and soil suspensions, the essential attributes that are altered by these 

variables are NP size, surface charge, and aggregation rate.342  Therefore, it is essential to 

understand what environmental variables manipulate the NP surface to make predictions 

about the NP mobility and potential for exposure. 

Analytical Methods 

 Several methods are commonly used to investigate NP surface properties and 

aggregation.  This section outlines the theory behind the three main techniques utilized in 

this Dissertation to begin to understand the factors affecting NP fate and transport: 

adsorption isotherms by attenuated total reflectance-Fourier transform infrared 

spectroscopy (FTIR), dynamic light scattering (DLS), and laser Doppler electrophoresis 

(LDE). 

Adsorption Isotherms 

 In the simplest case, adsorption of solution molecules to solid surfaces can be 

modeled by the Langmuir isotherm shown in Eq (6-7): 
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Figure 6-8.  Environmental factors affecting NP fate and transport: A) Groundwater 
conditions including pH and ionic strength can enhance or destabilize NP dispersions; 
B) Interactions with other suspended species (macromolecules, particulates, and 
porous media) can result in heteroaggregation and deposition or stabilization; C) 
Biological species can uptake NPs increasing their bioavailability and risk of human 
exposure; D) Chemical transformations such as photocatalysis to produce ROS can 
increase the toxicity of NPs that would otherwise be inert in the environment.  Figure 
from Hotze et al. and used with permission.1  
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where θ is the fractional surface coverage of adsorbate.  Kads is the adsorption equilibrium 

constant and C is the solution concentration of the adsorbate molecule.  This model 

results in an inverted L-shaped isotherm, assumes no interactions between adsorbate 

species, and is limited to monolayer coverage (i.e. no multilayer coverage).485  Previous 

studies of monorhamnolipids (mRL) on hydrophilic surfaces have shown that the 

adsorption follows the general surfactant adsorption behavior of hydrophilic surfactant 

adsorption on charged surfaces.166,168,486   

Surfactant adsorption on metal oxide surfaces occurs in four distinct steps 

resulting in an S-shaped isotherm due to lateral and van der Waals interactions between 

adsorbate molecules as shown in Figure 6-9.487-490  In the first region, at low surfactant 

concentration, monomers electrostatically adsorb to the surface following Henry’s law 

with a linearly increasing slope of ~1.  The slope suddenly increases in Region II because 

of lateral cooperative interactions between adsorbed surfactant monomers.  This creates 

surface aggregates such as hemi-micelles, admicelles, etc.  In the third region, the surface 

is electrically neutralized such that adsorption proceeds only through lateral interactions 

and the rate of adsorption is slowed.  Finally, in Region IV, at the surfactant CMC, 

increased surfactant concentration typically contributes to the concentration of micelles in 

solution such that the amount of surfactant on the surface reaches equilibrium and the 

slope of the isotherm levels off.  Sometimes, depending on the system parameters, 

Region IV may show a maximum instead of a leveling off.490 
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Figure 6-9.  Four-region adsorption isotherm behavior of surfactants on solid surfaces 
resulting in an “S-shaped” isotherm.  Region I: adsorption proceeds through 
electrostatic interactions; Region II: sharp increase in adsorption due to cooperative 
lateral interactions and electrostatic attraction; Region III: surface is electrostatically 
neutralized and adsorption proceeds through lateral interactions alone.  Region IV: 
Surfactant concentration is beyond the CMC such that equilibrium is established 
between surface and solution.  Increasing surfactant concentration contributes to 
increased micelle concentration in solution. 
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This four-region mechanism of adsorption is described by the Frumkin-Fowler-

Guggenheim isotherm introduced in Eq (6-8):491 
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where a is a parameter that indicates the degree of interaction (attractive or repulsive) 

between adsorbates and all other variables are as defined for Eq (6-7).  Kads is indicative 

of the strength of interaction between the adsorbate and the surface and does not change 

the isotherm shape.  As Kads increases, the onset of adsorption will occur at a lower 

surfactant concentration.  The magnitude of a describes the slope of the “S-shaped” 

curve.  If a is positive or negative, then cooperative or repulsive interactions occur 

between the adsorbates, respectively, while a value of a near zero indicates that any 

interactions between adsorbates do not increase or decrease the propensity for adsorption 

or that interactions do not occur.  As a increases, the slope of Region II will be greater 

and reach a plateau at a lower surfactant concentration.  Figure 6-10 shows the effect of 

increasing the interaction parameter (a) and the adsorption constant (Kads). 

DLS 

 DLS is a well-developed and commonly used technique for determining particle 

size distribution and suspension stability of nanomaterials in solution.343,344,347,349,480,492,493  

DLS relies on the fact that particles in a suspension will undergo thermal Brownian 

motion.171,347,492  The intensity of scattered light will undergo temporal fluctuations as the 

particles move and the scattered light from multiple particles undergoes constructive and  
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Figure 6-10.  a) Effect of interaction parameter, a, on Frumkin 
adsorption isotherm shape with constant Kads of 5000.  Values of a are 
5.0 (green), 2.5 (red), 1.0 (black), and -3.0 (blue).  b) Effect of Kads on 
Frumkin isotherm with constant a value of 5.0.  The values of Kads are 
5000 (green), 2000 (red), and 1000 (black).  Figure adapted from 
Schalnat and used with permission.486  
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destructive interference.347  By monitoring the difference between the signal intensity at 

time = t and time = t + δt (where δt is on the order of 10-9-10-6 seconds), a correlation 

function can be constructed.171  Larger particles will move more slowly and undergo 

more gradual fluctuations than smaller particles; therefore, the correlation function can be 

used to ascertain the average diffusion coefficient (D) of a particle.171  If solution 

temperature (T) and viscosity (η) are known, the hydrodynamic diameter (dh) of the 

particle can be calculated using the Stokes-Einstein equation: 

 
D

kTdh πη3
=

 (6-9) 

where k is the Boltzmann constant.171,347,492  It should be noted that the diameter 

measured by this approach is the hydrodynamic diameter of a sphere with the diffusion 

coefficient of the measured particle, which can include counterions, water, adsorbed 

surface species, etc.  It is also noted that this approach assumes spherical particles.  If the 

particle has a non-spherical shape and that shape is known (e.g. rod), the dimensions of 

the particle can be calculated by determining the aspect ratio required to correlate with a 

sphere of that diameter. 

 Since multiple sizes of NPs or aggregates may be present in solution, the 

correlation function can be fit to a multiple exponential form to obtain an intensity size 

distribution histogram that describes the polydispersity of the solution.347  However, 

based on Rayleigh and Mie scattering theories, particles of different sizes do not scatter 

light with the same efficiency.  Rayleigh scattering theory states that the intensity of the 

scattered light is proportional to the sixth power of the particle diameter such that a 100 
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nm particle will scatter 106 times more light than a 10 nm particle.171  As such, light 

scattering from large particles can swamp the scattered light signal from smaller particles.  

Mie scattering theory becomes relevant for particle sizes close to the wavelength of the 

laser light and accounts for a complex function of maxima and minima in the scattering 

intensity.171  Mie and Rayleigh theories can be used to convert the intensity distribution 

(based on the raw signal) to a mass distribution which reflects the relative weight of 

particles of a given size in solution, correcting for the volume of each particle and the 

subsequent difference in scattering intensity.171  The intensity distribution is the first 

order result of the naturally weighted distribution of the absolute scattering intensity and 

is, therefore, weighted towards larger particles since the scattering intensity is 

proportional to r6 as explained previously.  However, the mass or volume distribution 

more accurately reflects the relative amounts of small and large particle populations by 

using Mie theory to convert the intensity distribution to a mass distribution.  The mass 

distribution does make some assumptions in order to achieve this conversion and are 

accepted as somewhat accurate under the current conditions: 1) the particles are 

spherical; 2) the optical properties of the aggregates and the solution are known; 3) the 

particles are homogenous; and 4) there is no egregious error in the intensity 

distribution.494  While these assumptions may not be strictly true, it was found that the 

intensity distributions completely missed the contribution from the smaller and more 

populous smaller aggregates.  Furthermore, the absolute values of the hydrodynamic radii 

were found to correlate within ±10% for the two distributions, even if the peak areas 
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differed significantly.  Thus, mass distribution histograms from the Omnisize 3.0 

software are reported exclusively in this Dissertation. 

LDE 

According to DLVO theory, the surface charge of a NP dictates electrical double 

layer repulsion between particles and changes dispersion stability.1  The zeta potential (ζ) 

is the electrical potential at the near-NP surface edge of the diffuse layer containing 

solution counterions.  Therefore, measuring NP ζ as a function of surfactant 

concentration and pH may give insight into the aggregate size and dispersion behavior 

observed with DLS.  A general criterion for electrostatic stabilization of nanoparticle 

dispersions is that |ζ| must be >30 mV or that the solution pH is more than 2 pH units 

away from the NP pzc.347 

Surface charge density of a metal oxide can vary for a variety of reasons 

including: 1) deprotonation of acidic sites, 2) crystal lattice defects, and 3) adsorption of 

molecules to surface sites.  The magnitude of the surface charge depends on solution pH 

and the relative acidity/basicity of the surface groups.495  The pH at the pzc can vary 

widely for different metal oxides.496,497  At its most basic level, the pzc describes the 

acid-base strength of the surface hydroxyl groups on an oxide surface.498  Furthermore, 

oxygen or metal defect sites in the crystal lattice can alter not only the overall charge, but 

the polarity of the NPsurface.454  Finally, adsorption of charged species due to Coulombic 

or hydrophobic interactions can neutralize or increase the magnitude of the net surface 
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charge.  The surface potential (ψox) of a pristine metal oxide NP in an aqueous suspension 

at a specific solution pH can be calculated using Eq (6-10) if the pzc is known: 

 
)(303.2 pHpzc

e
kT

ox −=Ψ
 (6-10) 

where k is the Boltzmann constant, T is the temperature, and e is the charge of an 

electron.482   

The zeta potential ζ can be related to the electrophoretic mobility (UE) of a NP by 

measuring the velocity of the particle under an applied electric field through a technique 

called laser Doppler electrophoresis (LDE).171  The Henry equation describes the 

relationship between the electrophoretic mobility of the particle and its ζ: 

 
η
κεζ
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where ε is the solvent dielectric constant, η is the viscosity, and f(κa) represents Henry’s 

function.499  All measurements performed in this study were carried out on aqueous 

solutions at low ionic strength.  As such, f(κa) is set to 1.5 according to the 

Smoluchowski approximation.499  ζ is not exactly the surface charge, but it is the 

potential which is of interest, because it determines the extent of interparticle forces.347  

Using this relationship, then, ζ can be determined and used to represent the magnitude of 

repulsive forces existing between NPs.  These repulsive forces explain relative dispersion 

stability in suspensions of different metal oxides under varying solution conditions. 
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Goals of this Research 

The environmental conditions under which NPs are released can have a 

significant impact on the long term environmental fate and transport of these species as 

depicted in Figure 6-8.  It would be impossible to determine all of the factors affecting 

NP aggregation and dispersion stability, but some that have been discussed here (size, 

shape, composition, structure, and coatings) are considered to play vital roles in the 

ultimate fate and transport.  In the present study, coatings are of primary interest.  

Surfactant coatings are often deliberately added to NPs to increase their dispersion for 

their intended application and it is extremely rare that pristine NPs enter the 

environment.1   

Although studies have been performed characterizing the stabilizing effect of 

natural organic matter (e.g. humic acids) on NP suspensions, to the author’s knowledge, 

few studies have been undertaken on the influence of microbial secondary metabolites on 

NP dispersion stability.  In Chapter 1, it was noted that bacteria produce a large number 

of secondary metabolites that can be released into and influence their environment.  

Several classes of biosurfactants have been identified in these metabolites and are found 

ubiquitously in soil samples.  An introduction to the common class of biosurfactants 

known as rhamnolipids (RL) was given in Chapter 1.  If synthetic surfactants can 

intentionally be added to NPs to manipulate their aggregation, will the presence of RL, 

specifically monorhamnolipids (mRL), in the environment have some bearing on their 

ultimate fate and transport? 
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There is some research in the literature involving RL and NPs, but the bulk of 

these articles investigate the use of RL as an environmentally-friendly route to synthesize 

Au, Ag, NiO, ZnS, Al2O3, and nanoscale zero valent iron NPs.500-505  While all of these 

recognize that RL-capping stabilizes these NPs to assist in controlling the size and shape 

during synthesis, only one paper was found that investigated the dispersion stability of 

RL on manufactured NPs (Al2O3).504  Manjula et al. compared the effectiveness of RL 

and polymethacrylic acid (PMAA) as dispersants of Al2O3 NPs of ~380 nm in a pH range 

of 3.3 – 10.1.  This line of inquiry is important in determining how NP aggregation 

behavior will be altered in the environment due to competitive adsorption of mRL on the 

NP surface.  However, the size range of NPs they used were outside the strict definition 

of “nano” materials (i.e. > 100nm). 

We propose detailed studies to investigate how the presence of naturally-

occurring mRL in aqueous solutions affects the aggregate size and stability of 

manufactured metal oxide NPs.  ZnO and TiO2 are commonly used NPs in a variety of 

industrial products and SiO2 is a common soil component.  Research in this laboratory  

has previously shown,  and it is well-documented in the literature, that mRL sorb strongly 

to metals and metal oxides with adsorption constants ~103 depending on solution 

conditions.486,506-508  Therefore, it is reasonable to develop several hypotheses concerning 

the interaction of mRL with NP aggregate dispersions.  First, mRL will likely compete 

with existing surface adsorbates and change the nature of NP aggregation in aqueous 

solutions.  Also, since the origin of macromolecular stabilization is due to electrosteric 

effects, the charge state of mRL (which is a function of solution pH) may be vital to NP 
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aggregation.  Finally, the surface charge of the NP itself, determined by point of zero 

charge (pzc), will likely dictate the EDL repulsion of the NPs from each other and the 

adsorption strength of the mRL to the NP surface.  We propose to examine these 

hypotheses in the following ways: 

1) Investigations will be performed on three different metal oxide NPs,  ZnO, 

TiO2, and SiOx, that are initially ~25-50 nm in size and have distinctly 

different pHs at the pzc ranging from ~2-3 for SiOx  to 8-9 for ZnO.  All 

particles will be used as-received from the manufacturer to most closely 

mimic conditions of the NPs in “environmental release.” 

2) The adsorption isotherms of mRL on metal oxide thin films will be measured 

using ATR-IR at pH 4, 6, and 8.  The films will be made using the as-received 

NPs so that any surface adsorbates remaining from manufacturing processes 

and exposure to the ambient air will be present and measurements will reflect 

competitive adsorption rather than adsorption to a pristine oxide surface. 

3) DLS will be employed to monitor the average aggregate size of NPs dispersed 

in aqueous solutions.  Monitoring the average aggregate size reveals whether a 

stable aggregate size is attained, if the composition and surface charge of the 

NP dictates an optimum size, and if the presence of mRL in solution modifies 

the aggregate behavior.  This analysis will be performed on unperturbed 

solutions over a period of 16 weeks.  Solution variables will include pH, mRL 

concentration, and NP type. 
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4) LDE measurements will be performed to determine the zeta potential of NPs 

in equilibrated solutions with increasing amounts of mRL at varying pH 

values.  This will be used to determine to what degree surface charge induces 

aggregate stability and how mRL adsorption alters the surface charge based 

on NP composition and pH. 

These will serve as proof-of-concept experiments and will represent the first extensive 

investigations into the effect of microbially-produced secondary metabolites on NP 

agglomeration state.  These studies will not seek to characterize every dimension 

affecting flocculation or dispersion in these systems, but rather will demonstrate that the 

presence of biosurfactants in the environment and their competitive adsorption to NP 

surfaces could play an important role in the fate, transport, and exposure of these 

materials. 
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CHAPTER 7.  

EXPERIMENTAL FOR NANOPARTICLE DISPERSION BEHAVIOR WITH 

mRL 

 This chapter contains detailed information on the materials, instrumentation, and 

techniques used in the studies outlined in Section 2 of this dissertation. 

Materials 

 Materials used for the purification of crude monorhamnolipid (mRL) extracted 

from Pseudomonas aeruginosa ATCC 9027 were the same as in Section 1 of this 

dissertation (see Chapter 2).  Dispersions were made using 18 MΩ water purified using a 

Mill-Q-UV system (Millipore Corp.).  Nanoparticles for mRL adsorption and 

agglomeration studies were as follows and used as received: zinc oxide (Nanostructured 

and Amorphous Materials Inc., 99.5%) referred to as ZnO in the remainder of the 

dissertation had an average particle size of 20nm, specific surface area of 20 m2/g and a 

bulk density of 0.3-0.45 g/cm3 and true density of 5.606 g/cm3, titanium dioxide 

(Nanostructured and Amorphous Materials Inc., 99%) referred to as TiO2 was in the rutile 

phase, had an average particle size of 50 nm, specific surface area of 160 m2/g, and a true 

density of 4.23 g/cm3, and silicon oxide (Nanostructured and Amorphous Materials Inc., 

99.5%) referred to as SiOx where x=1.2-1.6, had an average particle size of 20nm, 

specific surface area of 160 m2/g, bulk density of 0.08 g/cm3 and true density of 2.2-2.6 

g/cm3.  All nanoparticle specifications listed here are according to the manufacturer.  pH 

adjustments were made using hydrochloric acid (EMD, 36.5-38%) and sodium hydroxide 

(JT Baker, 98%). Zinc chloride (Aldrich, 99.999% trace metals basis) was used as a  
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standard for the determination of Zn2+
 by graphite furnace atomic absorption 

spectroscopy. 

Instrumentation 

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR).  

ATR-FTIR and transmission IR experiments were carried out on a Thermo Scientific 

Nicolet 6700 FTIR Advanced Gold Spectrometer equipped with a KBr beam splitter and 

mercury cadmium telluride Type A detector (MCT-A).  An LG dehumidifier was run 

constantly to keep relative humidity at a maximum of 45%.  KBr pellets of zinc oxide 

and titanium dioxide were measured in a typical transmission configuration. 

 Much quantitative analysis of adsorbed and solution species using IR absorbance 

(A) utilizes the well-known Beer’s law equation 

 bCA ε=  (7-1) 

where C is the solution concentration, ε is the wavelength dependent molar absorptivity, 

and b is the pathlength.  It is important that the variables, specifically the pathlength, be 

accurately determined in order to make quantitative determination of the adsorbate 

sampled.  In ATR-FTIR, the pathlength is essentially the effective depth of penetration, 

deff, of the incident IR beam into phase 2 from phase 1.  The effective depth of 

penetration has both a perpendicular ( ⊥ed ) and parallel ( ||ed ) component described by 

Harrick for a totally reflecting interphase of a two phase system509,510 and given in Eqs 

(7-2) and (7-3): 
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where λ is the wavelength of the spectral feature of interest in cm (0.3501 cm for νs(CH2) 

of mRL), n1 is the refractive index of the ZnSe IRE (2.433 at 2856 cm-1), n21 is the ratio 

of the index of refraction of phase 2 to that of phase 1 (i.e. n2/n1), and θ is the angle of 

incidence of the IR beam at the IRE-solution interface.  The optical constants are 

complex such that both the wavelength dependent refractive index of the material, nj’, 

and the absorption coefficient, kj, should be taken into account when calculating the 

complex refractive index such that: 

 jjj iknn += '  
(7-4) 

For most of the materials used in this Dissertation, k = 0 at the wavelength of interest, but 

k is non-zero for water.  Therefore, Matlab R2012B was used for all ATR-IR quantitative 

calculations to accommodate the complex numbers in Eqs (7-2) through (7-6) as this is 

not possible with Microsoft Excel.  The Matlab script as well as the corresponding 

variable parameters for each oxide system investigated are included in Appendix 8A. 

If the polarization ratio (PR) of the instrument response to perpendicular and 

parallel incident radiation is equal to 1.0, then deff is simply the arithmetic average of the 

two polarized components.  In the specific case of ATR-FTIR, therefore, the Beer-

Lambert law is 
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 CdNA effε=  
(7-5) 

where N is the number of solution-sensing reflections and all other parameters are as 

defined previously. 

Spectrometer Polarization Ratio.  Although in the present case, the IR radiation source is 

assumed to be unpolarized, there is some polarization sensitivity inherent in the 

instrument which can vary up to 30% across the wavelength range from 4000-500 cm-1 

and may, therefore, have a significant effect on deff.511  As such, it is highly improbable 

that the PR of the perpendicular and parallel component reponse is exactly 1.0 at the 

wavelength of interest, and it is essential to measure the wavelength-dependent 

polarization ratio of the incident beam for the specific spectrometer being utilized.511  If 

the PR of the spectrometer is not equal to 1.0, deff is no longer the arithmetic average of 

the parallel and perpendicular components of deff (Eq (7-2) and (7-3)).510  Rather, deff  

must now be weighted for the PR as described in Eq (7-6)511: 
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+

+
= ⊥  (7-6) 

 The PR of the Nicolet 6700 FTIR Advanced Gold Spectrometer was determined 

in the wavelength range from 4000-1000 cm-1 using the method described by Sperline.511  

Both air and 0.5516 M D2O in H2O were used as the second layer while a 45° trapezoid 

50 x 10 x 2 mm ZnSe internal reflection element (IRE) from New Era was used as the 

first layer.  An Optometrics ZnSe wire grid polarizer with a polarization efficiency of 

99.96% was employed to obtain the absorbance at 45° intervals.  It was determined that 

the PR calculated with air and D2O in H2O as the solution phase were statistically the  
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same and varied by less than 2% across the entire wavelength range investigated.  The PR 

as a function of frequency is shown in Figure 7-1, and was found to be fairly close, 

although not equal, to 1.00 across the range from 4000-1000 cm-1.  As such, Eq (7-6) was 

used to determine deff in all quantitative surface coverage calculations 

 Experiments on mRL adsorption on ZnO, TiO2, and SiOx thin films were 

performed using a horizontal flow, multiple internal reflection accessory (Harrick 

Scientific Corporation) in conjunction with the aforementioned ATR-FTIR.  The 

schematic for the ATR-FTIR experiments is shown in Figure 7-2.  These experiments 

were carried out under a constant solution flow of ~2 mL/min using a Cole Parmer 

Masterflex L/S (Model 7518-00) Pump and Horizon flow-cell (Harrick Scientific 

Corporation) accessory.  All films were deposited on a 45° trapezoid 50 x 10 x 2 mm 

ZnSe internal reflection element (IRE) from New Era.  This IRE was fitted into the above 

described flow-cell accessory.  The solution contact length of the IRE fitted with an O-

ring into the flow cell was measured with calipers to be 5.070 cm and the thickness was 

0.2080 cm.  All data were collected using Omnic Software (version 8.2) with 512 co-

added scans and 4 cm-1 resolution with Happ-Genzel apodization. 

Calibration of internal reflection liquid flow cell parameters.  The flow-cell accessory 

with the 45° trapezoidal 50 x 10 x 2 mm ZnSe IRE was calibrated to determine the angle 

of incidence (θ) and number of solution sensing internal reflections (N) in the manner 

described by Sperline et al.512  Because of the geometry of the cell, it is expected that θ 

and N will be approximately 45° and 12, respectively.  
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Figure 7-1.  Polarization ratio (PR) determined for the Nicolet 6700 Spectrometer 
utilized for all ATR-FTIR experiments described in this Dissertation.  The PR was 
calculated using the method described by Sperline.511  
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Figure 7-2.  Schematic optical layout of the Harrick Horizontal ATR accessory flow 
cell with 45° trapezoidal 50 x 10 x 2 mm ZnSe internal reflection element (IRE). 
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 Absorbance spectra for three standard solutions (D2O in H2O, acetonitrile (ACN) 

in H2O, and ACN in dichloromethane (CH2Cl2)) were measured using the setup shown in 

Figure 7-2 with the Nicolet 6700 spectrometer.  Data were collected from 4000-1000 cm-

1 with a resolution of 4 cm-1 cm and a gain of 2.  Pure solvent spectra (e.g. H2O or 

CH2Cl2) were used as a background and subtracted from each sample spectrum.  For each 

system, three replicate solutions were prepared and measured on two different ZnSe 

IREs.  The average integrated absorbance of each solution was used as the A value in 

Beer’s Law (see Eq (7-5)).  The experimental parameters for the individual solutions are 

shown in Table 7-1. 

 If the integrated peak absorbance is determined for each solution, then Eq (7-5) 

can be applied using the values given in Table 7-1 for ε and C.  Because both N and deff 

unknown, a successive approximation process must be used to determine their true 

values.512  Using an estimated starting value of θ and Eqs (7-2), (7-3), and (7-6), a value 

of deff can be calculated and inserted into Eq (7-5) to determine N.  It is also true for the 

planar ATR cell used here that 

 )tan*/(2 θdLN =  
(7-7) 

Where L is the solution contact length, 5.070 cm; d is the thickness of the IRE, 0.2080 

cm; N is the number of solution-sensing internal reflections; and θ is the incidence angle.  

The factor of 2 on the left side of Eq (7-7) is to account for the fact that in the current 

setup shown in Figure 7-2, solution is only flowing on one side of the IRE such that only 

half of the total internal reflections are solution sensing. 
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Table 7-1.  ATR-FTIR data for calibration of IRE flow cell. 

Standard ACN D2O 
Solvent CH2Cl2 H2O 

Concentration (M) 0.191 0.5516 
ε (M-1cm-2)a 367 542 
Peak (cm-1) 2254 2259 2509 

PRb 1.0071 1.0071 1.0067 
Integrated 

Absorbance (cm-1) 0.042 ± 0.002 0.034 ± 0.002 5.59 ± 0.032 

n1
c 2.433 

n2
 1.411513 1.330513,514 1.348514,515 

θcalc 54.51 ± 2.96 53.85 ± 7.59 53.02 ± 3.08 

Nd 8.47 ± 0.46 8.79 ± 1.24 9.06 ± 0.53 
aStandard solution values reported using transmission data from Sperline.512 
bPR values from Figure 7-1 at the specified wavelength. 
cn1 is the refractive index for ZnSe.  This value varies little from 3300-2000 cm-1 (2.437-
2.429);516  therefore, average value of 2.433 used for calculations.512 
dN is defined as the number of solution-sensing reflections.  For the current system, the 
number of solution-sensing reflections is only half the total number of relections since 
sample is only interacting with surface on one side of the reflectance element. 
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 If the value of N calculated in Eq (7-5), using the approximate value of θ (θold), is 

substituted into Eq (7-7), an improved value for θ can be calculated (θcalc).  From this, a 

new starting value of θ (θnew) for the next cycle is calculated by 

 
3

2 calcold
new

θθθ +
=  (7-8) 

This value of θnew is then inserted into Eqs (7-2), (7-3), and (7-6) to determine a new deff 

which is used in Eq (7-5) and the whole cycle is repeated until (θnew –θcalc)/θnew <0.0002.  

In this case, the estimated starting value of θ was chosen as 45°, since θ is expected to be 

fairly close to 45° based on the geometry of the IRE.  The experimentally determined  

values of N and θ are reported in Table 7-1.  The N value is the number of “solution-

sensing” bounces and, therefore, for the system described here is half the total number of 

bounces since solution is only flowing over one side of the reflectance element. 

Dynamic Light Scattering (DLS).  The dynamic light scattering measurements were 

performed using the same instrument as described in Chapter 2. 

Zeta Potential Measurements.  The zeta potentials of metal oxide nanoparticle solutions 

were measured using a Malvern Zetasizer Nano.  All measurements were made using 

clear disposable zeta cells from Malvern.  The Smoluchowski model was used to 

determine zeta potentials by setting the dispersant as Milli-Q water with refractive index 

and viscosity values of 1.330 and 0.8872 cP, respectively.  The temperature was 

maintained at 25 °C and each sample was allowed to equilibrate for 120 sec before 

voltage was applied.  The voltage and attenuation were set automatically by the software  



305 
 

based on the sample requirements.  All data were collected using Dispersion Technology 

Software (Nano) provided with the instrument.  Measurements were made using size and 

zeta potential folded capillary cells (Malvern). 

Scanning Electron Microscopy (SEM).  Individual metal oxide nanoparticles and the 

oxide films were measured using a Hitachi S-4800 Type II ultra-high resolution field 

emission scanning electron microscope.  Elemental analysis of the TiO2 film was 

measured using an FEI-Inspec-S SEM equipped with a back-scattered electron detector 

and energy dispersive X-ray spectrometer.  Films were deposited on ZnSe IRE pieces and 

the samples mounted on 90° sample stubs.  Images were obtained under the following 

instrument conditions: Vacc = 15kV, Vext = 4.2 kV, I = 10 μA.   

X-Ray Photoelectron Spectroscopy (XPS).  XPS measurements were performed on TiO2 

nanoparticles and mRL-covered ZnO thin films using a Kratos Axis Ultra XPS/UPS.  

XPS data was collected using the monochromatic Al (Kα) source with a pass energy of 

160 eV for survey scans.  Ti 2p and Si 2p scans were each done at a pass energy of 20 

eV.  Zn 2p and C 1s peak areas were also measured using a pass energy of 20 eV. 

Atomic Absorbance Spectroscopy (AA).  AA analysis of ZnO dispersions was done using 

a Unicam 969e Solaar spectrometer equipped with Solaar 32 version 2.06 software.  The 

213.9 nm line from a zinc hollow cathode lamp (Buck Scientific) was used as the 

radiation source.  The flame was made using a fuel/oxidant mixture of 5 psi: 15 psi 

acetylene: air.  Each sample was allowed to aspirate for ~10 seconds before the 
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measurement was taken.  Each measurement was the average signal obtained over for 4 

seconds and each sample was measured 3 times. 

Electrospray Ionization Mass Spectrometry (ESI-MS).  Electrospray ionization-mass 

spectrometry was performed with unit resolution using a Bruker ICR-ESI system.  

Samples were diluted to an unknown concentration in a solvent of 1:1:0.1 (% v/v) 

acetonitrile: water: formic acid and introduced to the mass spectrometer by infusion.  All 

experiments were performed in positive ion mode. 

Procedures 

Rhamnolipid Purification.  Purification of mRL was performed in the same way as 

described in Chapter 2. 

pH Measurements.  pH measurements were made in the same way as described in 

Chapter 2. 

Surfactant Stock Solution Preparation.  All solutions were made with nanopure water for 

pH 4 solutions and nanopure water adjusted to pH ~8 and 10 for final pH 6 and 8 stock 

mRL solutions.  mRL stock solutions were prepared by weighing out an appropriate mass 

of the viscous oil into a Teflon beaker, diluting with a volume of pH adjusted water, and 

stirring with a Teflon coated stir bar until the solution was no longer cloudy (> 6 h).  

Stock solutions were adjusted to the appropriate pH just before use. 
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Metal Oxide Film Preparation 

Nanoparticle Powders.  NP powder samples were prepared for imaging by suspending a 

small amount of the dried NPs in isopropanol by sonication and drying a 150 μL aliquot 

of the slurry onto an acetone cleaned silicon wafer in a vacuum desiccator for 5 minutes.  

The magnification and working distance for all samples varied and are reported with each 

image.  

ZnO Films. Thin films of ZnO for supported on ZnSe IREs were prepared by grinding 

ZnO nanoparticles, d = 20 nm, with a mortar and pestle until a fine powder was obtained.  

This ground powder was dried at 100 °C for 2 h and then ground with a mortar and pestle 

again.  In a plastic epi-vial, 750 μL of Milli-Q water was added to 3.5 ± 0.05 mg of ZnO 

nanoparticles and sonicated for 1 min.  The slurry was immediately added by pipette to 

the ZnSe IRE surface until it was uniformly covered.  The film was dried in an oven at 

100 °C for 1.5–2 h.  Film thickness was measured by SEM to be 1.1 ± 0.5 μm for six 

different spots on 2 independently-prepared films.  These films could be removed by 

sonicating in MeOH for 15 min followed by wiping with lens paper and rinsing 

thoroughly with MeOH and H2O. 

TiO2 Films.  Titania thin films were prepared by preparing 200 mL of a 0.25% (w/v) 

suspension of TiO2 nanoparticles (d = 50 nm) in Milli-Q water and sonicating until the 

particles were completely suspended (> 30 min.)  A clean ZnSe IRE was placed in a pre-

wet crystallizing dish (~200 μL of water in the bottom of the dish), and a 750-μL aliquot 

of the TiO2 slurry was dropped onto the surface by pipette until the surface was uniformly 
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covered.  The dish was covered by a watchglass and the film dried in an oven at 100 °C 

for 1.5-2 h.  Water was purposely left in dish to increase the humidity to slow evaporation 

of the liquid during film deposition.  It was found that this created more uniform films 

that were more stable to the shear force of flowing liquid than films that were deposited 

under dry ambient conditions.  Film thickness was measured by SEM to be 1.7 ± 0.5 μm.  

The film could be removed by sonicating in MeOH for 15 min, wiping with lens paper, 

and rinsing thoroughly with MeOH and H2O.   

SiOx Films.  SiOx thin films were prepared by preparing 100 mL of a 0.25% (w/v) 

suspension of SiOx nanoparticles (d = 20 nm) in Milli-Q water and sonicating until the 

particles were completely suspended (> 30 min.)  A clean ZnSe IRE was placed in a pre-

wet crystallizing dish (~200 μL of water in the bottom of the dish), and a 750-μL aliquot 

of the SiOx slurry was dropped onto the surface by pipette until the surface was uniformly 

covered.  The dish was covered by a watchglass and the film dried in an oven at 80 °C for 

2-3 h.  Water was purposely left in dish to increase the humidity to slow evaporation of 

the liquid during film deposition.  It was found that this created more uniform films that 

were more stable to the shear force of flowing liquid than films that were deposited under 

dry ambient conditions.  Film thickness was measured by SEM to be 4.0 ± 1.0 μm.  The 

film could be removed by sonicating in MeOH for 15 min, wiping with lens paper, and 

rinsing thoroughly with MeOH and H2O.   

ATR-IR Spectroscopy 
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Determination of mRL Integrated Molar Absorptivity.  The integrated molar absorptivity 

of mRL of the νs(CH2) was determined through a Beer’s Law calibration plot of the 

integrated peak area at 2855 cm-1 as a function of concentration.  To avoid spectral 

interference from the –OH band of water at ~ 3000 cm-1, mRL was dissolved in D2O in 

concentrations ranging from 1.032-10.32 mM and allowed to stir for >24 hours.  The pH 

was not adjusted and was measured to be 3.2-4 for all solutions.  Spectra were measured 

using FTIR transmission cell with a 100 μm Teflon spacer placed between two CaF2 

windows.  The actual pathlength was calculated to be 101.0 μm by counting the number 

of interference fringes in a specified window and using: 

 
)(10

)(2
ν∆

=
Fringespathlength  

(7-9) 

mRL sample spectra were collected using 256 co-added scans with a resolution of 4 cm-1.  

The integrated absorbance was determined by peak fitting the ν(C-H) region from 2840-

2860 cm-1 at each concentration.  The resulting Beer’s law plot is shown in Figure 7-3 

from which the integrated molar absorptivity of the νs(CH2) of mRL was experimentally 

determined to be 4487 ± 887 cm mol-1 which is statistically indistinguishable at a 95% 

confidence from the same parameter determined by Schalnat.486 

ATR-IR of mRL on Metal Oxide Thin Films.   Stock solutions of mRL were prepared 

with Milli-Q water without further adjustment for pH 4 and 6 to a concentration of ~3 

mM.  For pH 8 solution measurements, Milli-Q water was pre-adjusted to pH 10 using 

NaOH; this was used to prepare a 3 mM stock mRL solution.  All stock solutions were 

allowed to stir for at least 8 h, preferably overnight, to assure complete dissolution of the  
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Figure 7-3.  Beer’s law calibration plot of integrated absorbance of νs(CH2) 
band of mRL as a function of concentration. 
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surfactant.  Measurement solutions were prepared by mixing appropriate volumes of 

Milli-Q water (for pH 4 and 6) and stock mRL solution for a total of 5 mL.  The pH was 

then adjusted to the desired value (4 or 6) if necessary using NaOH or HCl.  pH 8 

solutions were made identically except that the Milli-Q water was pre-adjusted to pH 10 

before mixing with the mRL stock solution to the desired concentration.  All solutions 

were prepared in Teflon vials. 

 ZnO, TiO2, and SiOx thin films were equilibrated for 30 min with Milli-Q water 

for 30 minutes before taking a background spectrum.  A minimum of 2 background 

spectra were collected to ensure that equilibration was reached and the water band at 

~3300 cm-1 was not changing.  After background was established, films were exposed to 

mRL solutions of 5 uM-5000 μM and allowed to equilibrate for 25 minutes before 

acquiring spectra. 

ATR-IR Peak Fitting Analysis  GRAMS 32 version 5.21 software (Galactic Industries) 

was used to fit IR spectra in the ν(C-H) region between 2800 and 3000 cm-1 using five 

peaks corresponding to the νas(CH3), νas(CH2), ν(CH), νs(CH3), and νs(CH2) modes of the 

alkyl chains.517  Fitting is based on the Levenberg-Marquardt method of nonlinear least-

squares analysis decomposition for overlapping peaks.  The iteration was repeated until 

the R2 was maximized and the calculated peak envelope closely matched that of the 

experimental spectrum.  All peaks were fit to 100% Gaussian shapes with the peak 

frequency and full width at half maximum (FWHM) allowed to vary over the ranges 

outlined in Table 7-2.  These restrictions were based on experimental determination and  

  



312 
 

Table 7-2.  Peak fitting parameters for ATR-IR spectra in the ν(C-H) region using 
GRAMS software. 

Peak 
Identitya 

Frequency 
Range (cm-1)b 

Average Observed 
Frequency (cm-1) 

FWHM 
Range 

Average Observed 
FWHMb 

νas(CH3) 2950-2960 2957 15-30 19.3 
νas(CH2) 2920-2930 2927 20-30 27.5 
ν(CH) 2900-2910 2902 15-30 25.7 

νs(CH3) 2860-2880 2873 5-15 10.2 
νs(CH2) 2840-2860 2855 15-25 18.6 

a Assignments from references 166,517 
b Fitting restrictions were previously determined experimentally and have given acceptable results in 
previous work on ATR-IR of mRL in this laboratory.166,168,169  
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have proven effective for similar work on ATR-IR of mRL performed in this 

laboratory.166,168,169  

Dynamic Light Scattering.  All solutions were made with Milli-Q water adjusted to the 

appropriate pH (4, 6 or 8) using NaOH or HCl.  mRL stock solutions were ~2 mM and 

were made with Milli-Q water, adjusted to appropriate pH, and filtered with 0.45 μm, 0.2 

μm, and 0.1 μm pore filters as described above.  In a 20 mL silanized glass vial (silanized 

by same procedure as described in Chapter 2), 0.75 mg ± 0.05 mg of nanoparticle powder 

(as received from the manufacturer) was weighed out.  A small amount of premeasured, 

pH adjusted water was added to the vial and the solution was sonicated for 10 sec.  

Subsequently, appropriate volumes of mRL stock and pH adjusted water were added to 

the vial, and it was then vortexed at 3000 rpm for 15 min to equilibrate.  Immediately, 

150 μL aliquots were taken for “initial time” DLS measurements.  The remaining 

solution was transferred to 20 mL plastic vials, tightly capped, and allowed to sit 

undisturbed except when aliquot samples were removed for DLS measurements at 1, 2, 3, 

4, 8, 12, and 16-week time points.  During aliquot sampling, the solution was disturbed as 

little as possible and the volume taken from the middle of the solution vial in order to 

sample only those aggregates that remain dispersed in solution and do not settle out due 

to gravity or adsorption to the container walls.  After an aliquot was taken, the vial was 

recapped and replaced on the shelf without further treatment.  After the 16-week time 

point, solutions were measured for their pH in quiet solution and then while stirring with 

a 1-cm Teflon stir bar. 
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LDE and Zeta Potential Measurements.  Two stock solutions of mRL were prepared 

depending on the desired final pH. A pH 8 mRL solution of 3.19 mM concentration was 

made with Milli-Q H2O pre-adjusted to pH 9.50 with NaOH. A second stock solution was 

made at a concentration of 3.10 mM mRL using Milli-Q H2O with no initial pH 

adjustment.  After the mRL dissolved, approximately half of the 3.10 mM mRL stock 

solution was adjusted to pH 4 using HCl and half to pH 6 with NaOH.  All sample 

solutions were made with 10 mL total solution volume and 0.75 ± 0.05 mg nanoparticles 

using the following procedure: 1) weigh out nanoparticles into 20 mL plastic scintillation 

vials; 2) add ~1 mL of pH adjusted Milli-Q H2O (investigated pH 4, 6, and 8) and 

sonicate for 5 sec; 3) add the remainder of the required pH-adjusted H2O and stock mRL 

solutions for the desired mRL concentration for a total volume of 10 mL; 4) purge the 

headspace with Ar gas, cap tightly, and wrap with parafilm; 5) stir at 3000 rpm for 15 

min, and transfer the vials to a  shelf to equilibrate with no agitation for 6 weeks.  The 

zeta potential of ZnO, TiO2, and SiOx nanoparticles at three different mRL concentrations 

(0 μM mRL, ~CMC of mRL, and ~5 times the CMC) were investigated at each pH value 

(4, 6, and 8).  Two independently-prepared solutions were made for each sample 

condition. The zeta potential of each solution was measured 3 times, providing 6 different 

measurements of the zeta potential of a particular nanoparticle type at each mRL 

concentration and pH.   

Before use, the zeta potential cells were rinsed with ethanol to remove any 

organic coating as recommended by the manufacturer.  Each cell was then rinsed 

thoroughly with nanopure water and with an aliquot of the solution to be sampled.  For 
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each measurement, a few mL of sample were removed from the bottom half of a solution 

vial via a disposable plastic pipette and transferred to the folded capillary cell, ensuring 

that the electrodes were completely covered with solution.  In order to maintain proper 

mRL concentration, measurements were started at the lowest mRL concentration and 

increased to ensure that if any mRL was adsorbed to cuvette walls, the change in mRL 

concentration of subsequent solutions would be negligible.  To clean the cells between 

samples, they were rinsed thoroughly with a steady stream of Milli-Q H2O for 20 sec and 

allowed to air dry. 

XPS on mRL-Exposed ZnO films.  Thin films of ZnO were deposited on glass slides (50 x 

10 x 2 mm) using the same preparation method described above for ZnO thin films.  

mRL solutions of 0 μM, 25 μM, 100 μM, or 1.55 mM adjusted to pH 8 using dilute 

NaOH were flowed over slides for 30 minutes at ~ 4 mL/min.  Slides were then removed 

from the flow cell, rinsed with a gentle stream of Milli-Q H2O to remove extraneous 

mRL solution, and air-dried in covered dish for 2 days.  Three independent slides were 

made for each mRL concentration. 

 Glass slides were gently broken into ~ 1cm x 1cm fragments and mounted onto 

XPS stubs.  Relative amounts of Zn and C on the surface were determined by measuring 

the Zn 2p and C 1s peaks as described above. 

Final pH of ZnO Dispersions  The effect that mRL has on the pH drift of ZnO 

dispersions was investigated by preparing solutions in the same way as for DLS 

measurements described previously at mRL concentrations of 0, 50, 100, 200, 500, and 
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1000 μM with a starting pH of 8.0.  After vortexing the sample headspace was purged 

with N2 and sealed with parafilm.  Samples were allowed to sit undisturbed for 1 week.  

After 1 week, the pH of each sample was measured while stirring the solution gently 

using a 1 cm Teflon stirbar. 

Atomic Absorption Spectroscopy (AA).  The effect of mRL on the dissolution of ZnO 

nanoparticles was quantified by measuring the concentration of Zn2+ in solution by AA.  

Samples used for this analysis were the same ones for the effect of mRL on the pH drift 

of ZnO dispersions.  After the final pH was measured, samples were transferred to 50 mL 

polypropylene centrifuge tubes (VWR).  Samples were centrifuged to remove ZnO 

nanoparticles at 10000 rpm for 99 minutes.  After centrifuging, the supernatant was 

removed by pipette to 20 mL polypropylene scintillation vials.  The total removal of 

nanoparticles was confirmed by measuring the supernatant for particles by DLS.  If 

particles were observed, the supernatant was re-centrifuged until no particles were 

present. 

 A calibration curve of Zn2+ absorbance by AA was constructed by making Zn2+ 

standards using ZnCl2.  Samples were made using the same pH adjusted water used for 

ZnO dispersion samples.  Three independently prepared samples were completed for each 

standard Zn2+ concentration.  The supernatant of the ZnO dispersions was measured for 

Zn2+ concentration by allowing the solution to aspirate for ~10 seconds before measuring 

the absorbance.  The zero value of the absorbance was set (“autozero”) employing the pH 

adjusted water used for the dilution of all samples as a blank. 
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CHAPTER 8.  

INFLUENCE OF MONORHAMNOLIPID ADSORPTION ON AQUEOUS 

DISPERSIONS OF SILICA AND TITANIA NANOPARTICLES 

Surface Chemistry of Silica and Titania 

Biosurfactants are proposed as potential remediation agents for removing heavy 

metals, oils, and polycyclic aromatic hydrocarbons from soil and water.  However, the 

strong sorption of biosurfactants, namely monorhamnolipids (mRL), to soil surfaces may 

hinder their subsequent removal from natural systems and limit their use in 

environmental cleanup.506  Since metal oxides constitute a large fraction of soil matrices, 

several studies have investigated the sorption of mRL to metal oxide and mineral 

surfaces.518-521  Furthermore, mRL adsorption to metal oxide nanoparticle (NP) 

contaminants, released from commercial products or resulting from their production, may 

aid in NP transport and environmental pervasiveness and lead to potential detrimental 

effects on human beings and the ecosystem. 

Silica (SiO2) can be found in a variety of morphologies in nature or synthesized 

through several facile methodologies whereby the size, polydispersity, and surface 

modifications can be controlled.522,523  Surface silanol groups (≡ SiOH) can be 

functionalized through chemical reactions to produce thiols, amines, or carboxyl groups 

or altered through adsorption (via chemisorption, physisorption, hydrogen bonding, or 

ionic interactions) of various species.523  Because of its abundance in nature and versatile 

morphology and surface chemistry, SiO2 is a significant natural and industrial material.  
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A number of studies have investigated the adsorption behavior of cationic, nonionic, and 

anionic surfactants onto SiO2 surfaces.518,519,524-527   

Nonionic sugar surfactants have been shown to have a low affinity for silica; the 

amount of adsorbed surfactant was observed to be two orders of magnitude lower than on 

other hydrophilic oxide surfaces such as titania, alumina, and hematite.528  These 

observations are directly opposed to the adsorption behavior of ethoxylated surfactants on 

hydrophilic surfaces.529,530  Interestingly, in both cases, the mechanism of adsorption was 

attributed to hydrogen bonding between the surfactant and the solid surface.531  The 

difference in adsorption behavior of these two classes of surfactants is attributed to the 

larger number of oxygen in ethoxylated surfactants that can serve as hydrogen bond 

acceptors for hydroxylated silica, whereas the -OH groups on the sugar surfactants donate 

hydrogen bonds to the deprotonated surfaces of hydrophilic oxide surfaces other than 

SiO2.529,531  Although hydrogen bonding is the explanation for adsorption in both cases, 

the role of the oxide surface is different depending on the nature of the surfactant.  The 

selective sorption of sugar surfactants onto mineral surfaces, therefore, may give rise to 

unique applications of these compounds. 

 Titania (TiO2) NPs are also extremely important components in commercial 

products.  As of 2010, their global production was ~ 5000 tons/year with environmental 

concentrations estimated at 0.4 μg/kg.345  TiO2 NPs tend to be stable, robust, and are 

typically employed in UV protection and harnessing.  Due to its interesting 

photocatalytic, dielectric, and optical properties, TiO2 is a common component of 
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sunscreens, pigment and paints, solar panels, catalytic supports, and water purification 

devices.346,532 

Many of the environmental catalytic applications of TiO2 (sensing, organic 

degradation, antibacterial agents, etc.) rely on the photoactivated production of reactive 

oxygen species (ROS).532  Upon UV illumination, electrons are excited from the valence 

band to the conduction band creating electron-hole pairs in the near surface region.  The 

coupled charges diffuse to the surface and react with adsorbed species resulting in the 

formation of radicals and intermediates (∙OH, O2-, H2O2, O2, etc.) collectively known as 

ROS.532  These highly reactive species have found applications in degrading pollutants 

and killing bacterial species.533,534  TiO2, consequently, is known to be toxic to both Gram 

negative and Gram positive bacteria and is an important material in water treatment 

reactors.420,535,536   

Although the environmental photocatalytic properties of TiO2 are well 

documented, direct exposure to the material can have toxic consequences.  Pulmonary 

inflammation and respiratory tissue damage has frequently been observed in rats and 

mice.535,537-540  TiO2 NPs were also shown to cause rapid, sustained release of ROS by 

macrophages in the brain and spinal cord which could lead to damage of the central 

nervous system and neurotoxicity.340  Since TiO2 NPs are now being investigated as drug 

delivery vehicles, concern has arisen over unintended damage to tissue and organs after 

intake and subsequent release of ROS.  In general, despite the above studies, TiO2 is 

considered to be a nontoxic, innocuous material by the industrial community for NP 
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applications and products.  Still, little is known about the long-term deleterious effects 

due to photocatalytic, biological, and environmental transformations.  Interactions with 

the environment may alter the size, charge, and composition of the TiO2 surface with 

significant effects on the transport and toxicity of these “benign” materials. 

There are three main crystalline forms of TiO2: anatase, rutile, and brookite.  Only 

the first two have any commercial application.  The structure of both are composed of 

tetragonal unit cells with a titanium atom surrounded by six oxygen atoms (Figure 8-

1).541  From a chemical reactivity perspective, the (110) crystal surface is the most stable 

for rutile and the (101) crystal face for anatase.  At room temperature, rutile is the most 

thermodynamically stable form, whereas anatase is the kinetically stable form (i.e. the 

transformation to rutile is negligibly slow at room temperature) .542  Rutile has been 

shown to be the predominant form in the bulk while anatase is the major  crystallographic 

form in NPs due to the lower surface energy of the (101) crystal phase.349 

 Controlling the predominant phase is important in industrial applications of TiO2 

since studies have demonstrated phase-dependent properties of the 

nanomaterial.349,497,543,544 Lewis acid sites on the surface are due to coordinately 

unsaturated Ti4+
 surface sites.543  CO adsorption studies have shown that three different 

kinds of Ti4+ Lewis acid sites exist in anatase while only one type of Ti4+ Lewis acid site 

is reported for rutile.545-548  This has a significant effect on the surface chemistry and 

adsorption of molecules onto the surface of the TiO2 NPs.349,543 



321 
 

   

Figure 8-1.  The crystal structures of a) rutile and b) anatase TiO2.  Each tetragonal unit 
cell consists of a titanium atom coordinated to six oxygen atoms resulting in a slightly 
distorted octahedron.  c) Equilibrium shape of macroscopic TiO2 crystal based on surface 
energy calculations. The most energetically favored surface in rutile is the (110) plane 
while in anatase it is the (101) surface.  Figure adapted from Diebold.541  All figures used 
with permission.  
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Most of the discussion in this work focuses on TiO2 NPs in an aqueous 

environment; thus, the surface chemistry of the water/TiO2 interface must be considered.  

On the (100)549 and the (110)550 rutile surfaces, the sticking coefficient (the probability of 

attachment upon collision1) of water molecules approaches unity for temperatures 

ranging from 130 K up to 600 K, indicating that it is strongly adsorbed to the TiO2 

surface.1  The Ti4+
 sites react with water to form surface hydroxyls and generate H+ ions 

as described in Eq (8-1):551 

 ++→+ HOHTiOHTi IVIV
2  (8-1) 

When the pH is other than the pzc (pzc bulk TiO2 ~ 6),349,542 there are is an imbalance in 

the number of H+ in solution which alters the surface charge of the TiO2 NP as follows in 

Eq (8-2) (pH > pzc) and Eq (8-3) (pH < pzc)551: 

 +− +→ HOTiOHTi IVIV
 (8-2) 

 ++ →+ 2OHTiHOHTi IVIV
 (8-3) 

The pH determines the surface charge, and consequently, the electrostatic repulsive 

forces described in DLVO aggregation theory, as well as the relative reactivity of the 

surface sites for adsorption of solvent species. 

Since so little is known about the chronic toxicity of nanoparticulate TiO2, it is 

important that the mechanisms relating to its aggregation and mobility be investigated 

and understood.  A number of studies have been conducted to understand the 

environmental factors and NP characteristics (i.e. pH, ionic strength, NP size, crystal 

phase, coatings, etc.) influencing their environmental flocculation and mobility in 
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soil344,480,552 and aquatic systems.343,344,347,349,420,482,492,520,531,553-555  The results of these 

efforts vary widely in their conclusions due to inconsistencies in the TiO2 particle size, 

NP concentration, solution ionic strength, pH, and electrolyte species.345  A few 

conclusions, however, appear to be consistent across most studies in this area: 1) TiO2 

NPs aggregate quickly at all pH values to give particle sizes that are much larger than the 

nominal size;343,347,349,480,482,492,520,553,556 2) these aggregates are still mobile (stable 

dispersion) except when the solution pH approaches the pzc;480,482,553 3) aggregate size 

and dispersion stability are sensitive to the presence of natural organic matter (NOM), 

surfactants, and other coatings.347,349,480,492,520,553,557  The stabilization or destabilization of 

the dispersion depends on the nature of the adsorbate. 

One interesting disparity in the literature is the measured pzc of TiO2 NPs.  It is 

generally agreed that the pzc of bulk TiO2 is 5.9.349,542  However, the pzc of TiO2 NPs has 

been measured in the range between 3.8 and 6.9 depending on size, phase, and 

preparation.349,558  Adsorbed surface species on the NP will also alter the pzc because the 

number and nature of the coordination sites will be changed with respect to the ‘clean’ 

NP.  The pzc of a particular NP can have a significant effect on the surface potential (see 

Eq (6-10)) and, consequently, on the aggregation behavior in solution as predicted by 

DLVO theory. 

Because there is such a large body of research on the dispersion stability of TiO2 

NPs, a few of the investigations that are pertinent to the present work are summarized 

here.  Tso et al. investigated the aqueous dispersion properties of commercial SiO2 (35 
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nm), TiO2 (40 nm), and ZnO (70 nm) in Milli-Q water (18.2 MΩ) as well as real-water 

samples (lake water and wastewater from a manufacturing factory).553  Using DLS, they 

confirmed that aggregation properties and stability of all three NP dispersions can be 

significantly altered in the presence of environmentally relevant components (i.e. NOM) 

over short time periods (hours).  Fang et al. studied the stability and transport through 

packed soil columns of TiO2 NPs in several real-world soil samples, and correlated these 

results with the properties of the soil and particles.480  Better dispersion stability was also 

shown to directly correspond with greater mobility of the TiO2 aggregates through soil 

columns. Guzman et al. used TiO2 as a model for a variety of oxides and minerals.482  

Their study is especially relevant to the results discussed in this Dissertation, because 

they allowed their NP mixtures to sit for long periods (3 months) and only measured 

aggregate size of the suspended NP aggregates.  Their results show that, under natural 

alkaline conditions (i.e. salt lakes or mine runoff), TiO2 particles could be extremely 

stable and mobile in subsurface waters leading to environmental concern for oxides with 

pzc values far from neutral such as uranium oxide, zinc sulfide, silica, iron oxides, and 

aluminum oxides.  The final study to be considered is the effect of Pseudomonas 

aeruginosa on the dispersion of TiO2 NPs conducted by Horst et al.520  In the presence of 

bacteria, the TiO2 appeared to encrust the bacterial cells, and any large agglomerates that 

were present with no bacteria in solution were dispersed.  Although TiO2 agglomerate 

size was shown to decrease with cell supernatant (no mRL present), one cannot exclude 

the possibility that secondary metabolites such as mRL contributed by the bacteria played 
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a role in NP stabilization.  Thus, this study by Horst et al. serves as an interesting 

preliminary study and comparison to the work presented in this Dissertation. 

In this Chapter, the effect of the mRL adsorption onto NP surfaces and the 

subsequent effect of this adsorption on dispersion stability that dictates long-term fate and 

transport of NP aggregates in the environment are reported.  Since such adsorption and its 

effect on NP dispersion likely varies significantly over a range of oxide and solution 

conditions, several variables are monitored.  The extent of adsorption is dependent on the 

density, availability, and surface charge of adsorption sites.518  Manufactured NPs often 

have impurities or additives on the surface upon release into the ecosystem1,559 that could 

have a significant impact on the mechanism as well as extent of adsorption of naturally-

occurring biosurfactants.  These adsorbates commonly include both inorganic species 

(H2, H2O, O2, N2, NO, NOx, NH3) and organic molecules (CO, CO2, acids, alcohols, 

silanes, methyl halides, pyridine, etc.) acquired during synthesis or in the ambient 

environment.454,541  In order to most closely mimic environmental conditions in this 

study, the SiOx and TiO2 NPs were used as received from Nanostructured & Amorphous 

Material, Inc. with no further rinsing or cleaning.  Individual particle sizes for all 

purchased metal oxide NPs investigated here were selected to be 20-50 nm, since they are 

all commercially available in this size range, remain within the “nano” regime, and 

several aggregation studies exist in the literature for SiO2, TiO2, and ZnO (discussed in 

Chapter 9 of this Dissertation) for this size range.343,345,349,420,480,553,560,561  It is important 

to note that, although any surface adsorbed species in the as-prepared NPs were not 

always explicitly identified, any effects of mRL requires their competitive adsorption 
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with these existing surface species.  This competitive adsorption and resulting change in 

NP dispersion stability is the focus of this project.   

The adsorption of mRL on the metal oxide NPs is characterized using attenuated 

total internal reflectance-Fourier transform infrared spectroscopy (ATR-FTIR).  Dynamic 

light scattering (DLS) and laser Doppler electrophoresis (LDE) were employed to 

monitor NP aggregate size and zeta potential, respectively, in aqueous solutions as a 

function of pH, time, and mRL concentration.  mRL adsorption behavior was correlated 

with the size/zeta potential results to explain the aggregation and dispersion behavior of 

these SiOx and TiO2 NPs in the presence and absence of mRL. 

Quantitative Surface Coverage Theory for a Two-Phase ATR System 

The surface coverage (Γ) of the mRL adsorbate can be quantitatively determined 

on each metal oxide nanoparticle thin film using the method described by Depalma et al. 

for the adsorption of an organic acid on thick (> deff) iron oxide nanoparticulate films.562  

Because the oxide film is relatively thick compared to the penetration depth of the 

evanescent field, the film/IRE substrate assembly is treated as a two-phase ATR system 

in which the bulk solution phase contribution is considered negligible.562  This method 

allows use of the adsorbate IR absorbance properties in the model developed by Sperline 

et al.,91 but contains a correction factor (CR, defined below) to account for specific 

properties of  the metal oxide films using Eq (8-4)562: 

 

 
(8-4) 
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where As is the measured integrated infrared absorbance in absorbance units (a.u.)-cm-1 

for the νs(CH2) spectral feature, N is the number of internal reflections sampled over the 

surface of the IRE (9.06 as reported in Table 7-1), εs is the integrated molar absorptivity 

of the bulk solution species in cm2∙mol-1 (4487 cm2∙mol-1 for the mRL νs(CH2) obtained 

by peak fitting at 2856 cm-1), dp is the penetration depth of the evanescent wave and the 

calculation is described below , deff is the effective pathlength or the thickness of the film 

of the same material for which the same absorption is measured in a transmission 

experiment at normal incidence,509 and CR is defined in Eq (8-11)(7-9).  

 The calculation of deff is reported in Chapter 7 of this Dissertation, but will be 

repeated below for the reader’s convenience.  deff is polarization dependent, and therefore, 

has a perpendicular and parallel component:509,510 
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where λ is the wavelength of the spectral feature of interest in cm (0.3501 cm for νs(CH2) 

of mRL), n1 is the complex refractive index of the ZnSe IRE (n1 = 2.433 and k1 = 0 at 

2856 cm-1), n21 is the ratio of the index of refraction of phase 2 to that of phase 1 (i.e. 

n2/n1), and θ is the angle of incidence of the IR beam at the IRE-solution interface, 53.0° 

as reported in Table 7-1.  Because of the sensitivity of the spectrometer optics to 
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polarization, the polarization ratio must be determined and used when calculating total 

deff:510 
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 (8-7) 

where PR is the polarization ratio, 1.0054 determined for the Nicolet 6700 spectrometer 

at 2856 cm-1 (see Figure 7-1). 

Because the oxide film phase is not comprised of a single material, the refractive 

index, n2, must be determined as the volume-weighted average of the refractive index of 

the particles and the aqueous solution using Eq (8-8)562: 

 
 (8-8) 

where nNP and nsoln are the complex refractive indices of the metal oxide nanoparticles 

and the aqueous solution phase, respectively, at the wavelength of interest (2856 cm-1).  

Because the solution phase contains fairly low concentrations of mRL, the refractive 

index of the solution phase is assumed to be the same as that of water, 1.399 at 2856 cm-

1.563  Fv is the volume fraction of the solid nanoparticle material, or the ratio of the bulk 

density (ρb) of the film to the true density (ρt) of the nanoparticles, and can be calculated 

by 

 

 (8-9) 

where m is the deposited mass of nanoparticles in g, a is the film area (5.0 cm2 as 

determined by the dimensions of the ZnSe IRE), h is the measured film thickness in cm, 
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and ρt is the material density in g∙cm-3.  The value of n2 determined using Eqs (8-8) and 

(8-9) is used for the refractive index of phase 2 in the calculation of deff, dp, and Γ. 

 dp describes the effective penetration depth of the evanescent wave into the oxide 

film phase and is calculated by510  
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where all the variables are as described above.  

Finally, CR is a correction factor to account for differences in film thickness and 

oxide surface areas and is defined as: 

 
 (8-11) 

where ρb = bulk film density (g∙cm-3) as described in Eq (8-9), deff is the effective 

pathlength calculated by Eqs (8-5) through (8-7), and SA is the surface area of the NPs 

(cm2∙ g-1) as reported by the manufacturer.  Thus, using Eq (8-4),(8-4) the amount of 

mRL adsorbed to different NP oxide surfaces can be quantitatively compared regardless 

of differences in oxide films.  As explained in Chapter 7 of this Dissertation, because 

many of the optical constants used in Eqs (8-4) through (8-11) involve complex 

quantities, a program written by Dr. Anoma Mudalige in Matlab R2012B was used for all 

calculations.  Only the real component of the surface coverage is reported for each metal 
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oxide film in the Results and Discussion section.  An example Matlab script for the 

surface coverage of SiOx is shown in Appendix I. 

Results and Discussion 

mRL Micelle Aggregate Size 

mRL micelles were previously measured using DLS by Wang, to be in the nm 

regime; these micelles may therefore also be detected in solution along with metal oxide 

NP aggregates.170  The contribution that mRL micelles make to the measured particle size 

distribution of NP dispersions in aqueous solutions was first investigated before NP 

studies were performed.  This was accomplished by measuring the average size of mRL 

aggregates in solution using DLS as a function of concentration, pH, and time.  mRL 

control solutions (i.e. no NPs present in solution) were prepared as described for DLS 

measurements in Chapter 7 of this Dissertation. 

The average mRL aggregate size as a function of time with varying mRL 

concentration at pH 4.0, 6.0, and 8.0 is summarized in Table 8-1.  Note that below the 

CMC, the micelles do not appear at all in solution or are unstable over the 16 week time 

period.  In general, at concentrations close to the CMC (~ 10 μM, 100 μM, and 180 μM 

for pH 4, 6, and 8, respectively168), micelles can be consistently observed  in solution 

with the majority aggregate ~ 50 nm and a minority population ~10-15 nm.  Once the 

solution concentration of mRL is significantly more than the CMC, the trend reverses 

such that the majority population is now ~ 10 nm with some larger aggregates comprising 

a minority population.  The aggregate size at a particular concentration and pH also  
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Table 8-1.  Average mRL micelle size determined from the mass distribution as a 
function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0.   

Time 
(weeks) mRL Concentration (pH 4) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 

0 0 (±0) 50 (±6) 83(±13) 
15(±9) 

9(±5) 
74(±20) 

10(±3) 
35(±10) 
128(±29) 

N/A N/A 

1 0 (±0) 200 
(±65) 

63(±10) 
15(±6) 

10(±3) 
31(±18) 
103(±21) 

11(±2) 
28(±6) 

105(±19) 
N/A N/A 

2 0 (±0) 0 (±0) 73(±6) 
15(±6) 

10(±3) 
26(±8) 

104(±20) 

11(±2) 
24(±5) 

109(±19) 
N/A N/A 

3 0 (±0) 0 (±0) 60(±9) 
11(±3) 

12(±3) 
34(±8) 

100(±16) 

12(±3) 
29(±8) 

107(±12) 
N/A N/A 

4 0 (±0) 0 (±0) 68(±7) 
15(±8) 

12(±3) 
22(±3) 

104(±13) 

11(±2) 
25(±7) 

97(±18) 
N/A N/A 

8 0 (±0) 0 (±0) 62(±8) 
14(±4) 

11(±3) 
24(±6) 

115(±21) 

11(±2) 
27(±8) 

105(±25) 
N/A N/A 

12 0 (±0) 0 (±0) 53(±6) 
14(±5) 

12(±4) 
40(±13) 
109(±21) 

12(±3) 
27(±8) 

103(±21) 
N/A N/A 

16 0 (±0) 0 (±0) 47(±5) 
15(±3) 

14(±5) 
42(±13) 

11(±2) 
31(±13) 
102(±15) 

N/A N/A 

Time 
(weeks) mRL Concentration (pH 6) 

0 0 (±0) 50 
(±10) 

46(±5) 
8(±1) 

12(±4) 
70(±4) 

16(±5) 
77(±6) 

11(±4) 
79(±3) 

17(±6) 
84(±10) 

1 0 (±0) 0 (±0) 47(±5) 
13(±5) 

35(±6) 
9(±1) 

148(±20) 
15(±5) 

62(±12) 
13(±3) 

68(±11) 
17(±3) 
75(±9) 

2 0 (±0) 0 (±0) 48(±11) 
19(±6) 

14(±6) 
42(±14) 

23(±10) 
77(±8) 

11(±2) 
67(±8) 

16(±4) 
74(±7) 

3 0 (±0) 0 (±0) 49(±13) 
20(±8) 

16(±5) 
47(±10) 

12 (±3) 
62 (±9) 

12(±2) 
67(±11) 

15(±4) 
70(±15) 

4 0 (±0) 0 (±0) 41(±8) 20(±9) 
72(±34) 

16 (±5) 
70 (±14) 

12(±4) 
69(±11 

15(±5) 
72(±12) 

8 0 (±0) 0 (±0) 0 (±0) 16(±6) 
45(±13) 

16 (±6) 
60 (±13) 

13(±5) 
61(±9) 

14(±4) 
75(±7) 

12 0 (±0) 0 (±0) 0 (±0) 23(±8) 
88(±30) N/A 13(±3) 

66(±10) 
13(±3) 
69(±6) 

16 0 (±0) 0 (±0) 0 (±0) 39(±10) 
 

19 (±10) 
64 (±22) 

15(±6) 
65(±13) 

16(±6) 
64(±16) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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Table 8-1 cont’d. Average mRL micelle size determined from the mass distribution as a 
function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0 

Time 
(weeks) mRL Concentration (pH 8) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 
0 46 (±13) 0 (±0) 0 (±0) 22(±8) 

50(±11) 30(±7) 38(±7) 42(±5) 

1 0 (±0) 0 (±0) 62 (±17) 56(±5) 39(±10) 
11(±3) 

80(±15) 
20(±11) 

65(±11) 
12(±5) 

2 0 (±0) 0 (±0) 0 (±0) 47(±6) 81(±47) 
24(±9) 

11(±3) 
42(±14) 
143(±51) 

42(±3) 

3 0 (±0) 83 (±8) 0 (±0) 43(±5) 25(±11) 
63(±11) 

19(±5) 
55(±19) 
120(±17) 

23(±5) 

4 0 (±0) 0 (±0) 0 (±0) 50(±6) 38(±10) 72(±11) 12(±1) 
57(±4) 

8 0 (±0) 0 (±0) 0 (±0) 0 (±0 100(±54) 
17(±7) 0 (±0) 47(±8) 

12 0 (±0) 0 (±0) 0 (±0) 64(±11) 
10(±3) 0 (±0) 0 (±0) 0 (±0) 

16 0 (±0) 0 (±0) 0 (±0) 0 (±0 0 (±0) 0 (±0) 0 (±0) 
*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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appears to be stable after 1 week indicating that the micelles reach equilibrium in less 

than a week.  Representative histograms of the mass distributions of solutions with 

increasing mRL concentration at all three pH values at the initial and at a representative 

time point (8 weeks) are shown in Figure 8-2.  Note that the Omnisize software reports 

hydrodynamic radius (rh) of the particle.  Unless otherwise stated, all values reported for 

aggregate size correspond to the hydrodynamic radius of a sphere with the same diffusion 

coefficient as the aggregate (i.e. DLS theory assumes that the aggregates are spherical). 

The distributions shown in Figure 8-2 show peaks after the initial time 

measurement (t ≥ 1 week) for aggregates at the higher concentrations, but no peaks at the 

lower concentrations.  Wang determined that the critical micelle concentrations (CMC) 

for mRL are ~ 10, 100, and 180 μM at pH 4.0, 6.0, and 8.0, respectively.168  As expected 

on the basis of these CMC values, the mass distribution histograms show that aggregates 

are not detectable until mRL solution concentrations are at least 50-100 μM in excess of 

the CMC at a particular pH.  Since mRL is nonionic at pH 4.0, aggregates are expected to 

be larger and more ellipsoidal or lamellar than those formed by the anionic state of the 

surfactant at higher pH, which are expected to have greater curvature.  This may explain 

the frequent occurrence of minority populations with aggregate sizes > 100 nm (see Table 

8-1) once the solution mRL concentration was > CMC.  This was only rarely observed at 

pH 6 and 8 due to the increased electrostatic forces between “anionic” mRL (see Chapter 

3). 

At higher pH values, mRL is mostly or completely anionic and the electrostatic 

repulsion between polar headgroups make it possible to form globular micelles.86,167   
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Figure 8-2.  Representative mass distributions from DLS measurements on aqueous 
mRL solutions at pH 4.0 (a), pH 6.0 (b), and pH 8.0 (c) at the initial (red) and 8 week 
time point (black). 
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Although the exact structure of these aggregates is still unclear, they are most likely 

smaller and contain more curvature than those at pH 4.0.  This is confirmed by the fact 

that, once the surfactant concentration exceeds the CMC, the majority population hasa 

hydrodynamic radius of ~10-15 nm with a second minority population occasionally 

observed with a larger radius.  Based on these results on mRL micelle size as a function 

of concentration and pH, a radius of 15 nm is used as a cutoff in subsequent studies on 

the NPs to eliminate mRL aggregates from the mass distributions presented.  

Investigation of mRL on SiOx NP Interactions 

 The adsorption behavior of mRL on silica NP thin films was investigated as a 

function of pH using ATR-FTIR.  Silica nanoparticles (SiOx, nominally 20 nm dia.) were 

purchased from Nanostructured & Amorphous Materials, Inc.  According to the vendor, 

due to the large number of atoms on the NP surfaces, the ratio of O to Si for these 

particles is not 2:1 but is closer to 1.2-1.6.  Hence, the abbreviation SiOx is adopted to 

distinguish the specific NPs used here from those of general SiO2 NP properties.  The 

manufacturer specifications of these SiOx NPs are given in Table 8-2.  A representative 

scanning electron micrograph (SEM) is shown in Figure 8-3 for SiOx NP aggregates as 

received from the manufacturer.  Thin films of the manufactured SiOx NPs for ATR-

FTIR studies were prepared as described in Chapter 7 of this Dissertation.  The resulting 

films were 4.1 ± 1.1 μm thick as determined by SEM and shown in Figure 8-4. 

Adsorption measurement were performed using ATR-FTIR under constant 

solution flow at ~ 4 mL/min with increasing solution concentrations of the native   
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Table 8-2.  Manufacturer specifications for the SiOx NPs from Nanostructured & 
Amorphous Materials, Inc. ., used in this study. 

 SiOx (x = 1.2-1.6) 

Purity 99.5% 

Polymorph amorphous 

Average Particle Size 20 nm dia. 

Specific Surface Area 160 m2∙g-1 

Color white 

Morphology spherical 

Bulk Densitya 0.08 g∙cm-3 

True Densityb 2.2 -2.6 g∙cm-3 
aBulk density is the average density of a large volume of the powder in air using a Scott Volumeter 
according to the ASTM B329-06 Standard Test Method for Apparent Density of Metal Powders.564  The 
bulk density given here is that reported by the manufacturer and is not the same as the bulk density (ρb) 
calculated in Eq (8-9) which is the bulk density of the metal oxide thin film. 
bTrue density is the density of the material comprising the NP. 
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Figure 8-3.  SEM micrograph of representative SiOx NP aggregate 
received from Nanostructured & Amorphous Materials, Inc.  This 
image was acquired with a working distance of 5.0 mm, 500k 
magnification, and shows an aggregate that appears to contain 3 or 
more SiOx NPs. 

50 nm
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Figure 8-4.  SEM micrograph of film made from SiOx NPs received 
from Nanostructured & Amorphous Materials, Inc.  Image acquired at a 
working distance of 5.2 mm and 4k magnification.  Average film 
thickness was 4.1 ± 1.1 μm measured at 6 different spots on each of 
three independently prepared films 

10 μm



 
 

Figure 8-5.  ATR-FTIR spectrum of adsorbed mRL on a 4 μm SiOx thin film on a ZnSe IRE with solution flow at 4 mL/min 
of a 750 μM, pH 4 aqueous solution of mRL harvested from P. aeruginosa ATCC 9027. 
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monorhamnolipid (mRL) mixture harvested and purified from P. aeruginosa ATCC 9027 

as described in Chapter 2 of this Dissertation.  Each solution was adjusted to the 

appropriate pH using dilute NaOH or HCl immediately prior to use.  Figure 8-5 shows a 

representative ATR- FTIR spectrum from 1150 to 3100 cm-1 of mRL adsorbed on SiOx.  

The peak frequencies and assignments for free mRL in solution and mRL adsorbed to 

SiOx are given in Table 8-3.  Spectral interference from water and SiOx results in the 

large negative peaks observed in the regions of 3100 to 3500 cm-1
 and ~1100 cm-1.  

Therefore, most of the vibrational modes attributed to the rhamnose sugar moiety 

between 980 and 1200 cm-1 are buried in this spectral background and cannot be 

identified.  In order to quantify adsorbed mRL, the ν(CH) region from 2800-3000 cm-1 

was explored further. Absorbance spectra in the ν(CH) region as a function of mRL 

solution concentration are shown in Figure 8-6a.  In this region, the measured signal 

represents the overlap of five different vibrational bands: the νas(CH3), νas(CH2), ν(CH), 

νs(CH3), and νs(CH2) at 2954, 2927, 2902, 2870, and 2856 cm-1, respectively, that can be 

spectrally decomposed using GRAMS peak fitting software.  Each peak was fit using a 

100% Gaussian line shape; a representative fit is shown in Figure 8-6b.   

As water molecules at the film surface are replaced with mRL, the ν(OH) band of 

water (~3000 cm-1) decreases.  Consequently, in order to avoid overlap with this feature 

in accurately quantifying adsorbed mRL, the integrated absorbance of the νs(CH2) mode 

at 2856 cm-1 was used to construct adsorption isotherms.  The corresponding isotherms 

for mRL adsorption on SiOx thin films at pH 4, 6, and 8 are shown in Figure 8-7.  Values 

for the best fit of mRL adsorption to SiOx films using the Frumkin isotherm (Eq (6-8)) at  
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Table 8-3.  ATR-FTIR peak frequencies and assignments for a 750 μM solution of mRL 
mixture adsorbed on a SiOx thin film and free in solution at pH 4.0. 

Free mRL in sol’n 
Frequency (cm-1) at pH 4.0a 

mRL adsorbed to SiOx 
Frequency (cm-1) at pH 4.0 Assignmentb 

2954 2954 νas(CH3) 
2928 2927 νas(CH2) 
2872 2870 νs(CH3) 
2858 856 νs(CH2) 
1739 1736 ν(CO) 
1462 1459 δ(CH2) 
1395 1411 νs(COO-) 

 1380  
1318 1318 δip(OH) 
1191 1190 δ(COH) + ν(COalcohol) 
1170  δip(OH) + ν(COalcohol) 
1126  ν(COalcohol) 
1100  ν(COC) 
1070  ν(COalcohol) + νas(CCO) 
1050  ν(COalcohol) + νs(CCO) 
983  δ(CH) 

a  Peak frequencies for free mRL in solution at pH 4.0 from ref 169 
b Assignments from refs  169,565-567 
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Figure 8-6.  a) Concentration dependence of the ν(CH) region of 10-5030 
μM Rha on SiOx thin film at pH 4.0.  b)  Background corrected spectrum 
from 3000 μM mRL showing peak fit of the ν(CH) bands in the region 
from 3100 cm-1 to 2735 cm-1.  Spectrum fit to five shown bands using 
100% Gaussian line shape. Solid black line shows raw spectral data and 
dashed red line is best fit spectrum. 
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Figure 8-7.  Adsorption isotherm for mRL adsorption on SiOx thin film.  Data points 
represent integrated ν(CH2)-concentration isotherm data points for adsorption of the 
mRL mixture at pH 4.0 (black), pH 6.0 (red), and pH 8.0 (blue); solid line indicates 
best fits to Eq (6-8); b) Data points represent quantitative surface coverages for 
adsorption of mRL on SiOx thin films at pH 4.0 (black), pH 6.0 (red), and pH 8.0 (blue 
calculated using the integrated absorbance values plotted in a) and Eq (8-4).  Error 
points represent standard deviations of experimental results from 3-5 independently 
prepared SiOx NP films. 
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each pH investigated are summarized in Table 8-4.  The corresponding values determined 

by Schalnat for the ATR-FTIR mRL adsorption on SiO2 NPs made by the Stӧber method 

in this laboratory are included here for comparison.169  The thermodynamic parameters 

(Kads, a) for the adsorption of mRL on the commercially-produced SiOx NPs are 

comparable to or less than those determined for SiO2 NPs synthesized in this laboratory. 

The major difference between the two studies is in the Kads at pH 4.0 where the 

value in the present study (9.37 x 102 M-1) is an order of magnitude lower than that 

determined by Schalnat (1.34 x 104 M-1).169  This is likely a consequence of the fact that 

for the commercial SiOx NPs, mRL must compete with residual adsorbates on the surface 

from the commercial production process. Overall, however, these results substantiate the 

low affinity between sugar surfactants and the SiOx surface in general as compared to 

other metal oxides.528  Because the measured adsorption on NPs that were prepared by 

different methods and have different exposure histories was essentially identical, the 

presence or absence of residual adsorbates does not seem to significantly alter the 

adsorption of mRL to the NP surface. 

It has been determined by vibrational sum frequency generation that two distinct 

surface silanols exist on silica in which 19% have a pKa of 4.5 and 81% are deprotonated 

at pH 8.5.568  Furthermore, the pH at the point of zero charge (pzc; the solution pH at 

which the surface has a net neutral charge498) of amorphous silica is from 2-3.5.569-571  

When the pH>pzc, the surface will be negatively charged.  Thus, the silica surface is 

expected to be nearly neutral or only slightly anionic at pH 4 while it is much more 

negatively charged at pH 6 and 8.  At pH 4, mRL is fully protonated and nonionic, while  
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Table 8-4.  Best fit parameters of adsorption data for the Frumkin isotherm Eq (6-8) and 
surface coverage (Eq (8-4)) for mRL on SiOx. 

pH Kads (M-1) ΔG (kJ mol-1) Amax a Γmax 

4.0 9.37 ± 2.02 x 102 

(1.32 ± 0.15 x 104) 
-17.0 ± 3.6 

(-23.5 ± 2.7) 
0.33 ± 0.01 

(0.27 ± 0.003) 
1.88 ± 0.42 

(2.45 ± 0.21) 
3.2 ± 0.2 x 1014 

(1.43 ± 0.02 x 1014) 

6.0 1.40 ± 1.59 x 103 

(6.30 ± 1.68 x 103) 
-17.9 ± 20.4 
(-21.7 ± 5.8) 

0.06 ± 0.03 
(0.09 ± 0.009) 

0.48 ± 0.28 
(0.41 ± 0.78) 

4.0 ± 0.2 x 1013 

(5.05 ± 0.05 x 1013) 

8.0 4.34 ± 2.40 x 103 

(3.87 ± 1.34 x 103) 
-20.8 ± 11.5 
(-20.5 ± 7.1) 

0.04 ± 0.003 
(0.08 ± 0.004) 

0.60 ± 0.48 
(0.21 ± 0.71) 

3.3 ± 0.1 x 1013 

(3.93± 0.02  x 1013) 
*Values in parentheses are those determined by Schalnat on thin films of SiO2 NPs prepared by 
the Stӧber method (120 nm) in this laboratory and are reported here for comparison.169 
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at pH 6 and pH 8, mRL is 90% and 100% deprotonated, respectively, based on a pKa of 

5.5.167  Because SiO2 is a poor Lewis acid/base, adsorption of surfactants has been 

proposed to proceed through hydrogen bonding of the oxygen-rich surfactant headgroup 

and surface silanols.531,572  As the surface charge density of SiO2 increases with an 

increase in pH, the number of silanol groups available to hydrogen bond with mRL 

decreases and water and hydrated counterions more effectively compete for surface sites 

through hydrogen bonding and electrostatic interactions.572   

The surface coverage of a monolayer of mRL was estimated by Schalnat to be 

1.5-1.65 x 1014 molecules/cm2 using the mRL molecular volume from energy-minimized 

molecular mechanics modeling and surface pressure-area isotherms of mRL.311  The 

maximum surface coverage (Γmax) of mRL on SiOx thin films at pH 4, 6, and 8 was 

calculated using the integrated νs(CH2) peak area (As) in Eq (8-4) and are reported in 

Table 8-3.  The value of 3.2 (± 0.2) x 1014 molecules/cm2 at pH 4 corresponds to a bilayer 

of surfactant while it decreases substantially to ~20-25% of a monolayer at pH 6 and 8.  

These coverages are in reasonable agreement with those reported by Schalnat for mRL 

adsorption on laboratory-sythesized SiO2 NPs.311  At pH 6 and 8, there is no statistical 

disparity in the results of the two experiments, while at pH 4 the coverages reported here 

correspond to a bilayer while those for Schalnat more closely match a monolayer.   

As discussed previously, the greater adsorption at pH 4 is due to a lack of 

electrostatic repulsion between the oxide surface and mRL, and the propensity to 

hydrogen bond between the surface silanol groups and the sugar hydroxyls as was 
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observed for other sugar surfactants on oxide surfaces.531,573 Further evidence for 

hydrogen bond-driven adsorption is the slope of the isotherm in the low mRL 

concentration regime; the slope would be expected to be greater if the other forces were 

involved in the adsorption interaction.574  Indeed, the S-shaped curve indicates strong 

interactions between mRL adsorbates and relatively weak interactions between mRL and 

the silica surface.574   

As the solution pH increases, the surface becomes increasingly negatively 

charged.  At pH 6, mRL is largely deporotonated167 and the silica surface becomes 

negative, even though most of the surface groups are remain protonated.570  Therefore, it 

is reasonable that the surface coverage decreases by about ~75% at pH 6 compared to that 

at pH 4 due to electrostatic repulsive interactions.  However, mRL adsorbs to a coverage 

of ~0.25 ML on the SiOx surface, likely facilitated by cooperative interactions between 

mRL adsorbates..572,575  However, since the a factor is only about 0.5 at pH 6, the amount 

of additional anionic surfactant cooperatively adsorbed to the surface is not substantial, 

resulting in a reduction of adsorption by almost 8-fold at pH 6 compared to pH 4. 

The surface coverage decreases slightly at pH 8 to ~20% of a monolayer.  This 

can be rationalized through the recognition that mRL is now completely deprotonated.  

Therefore, the mechanism of adsorption is limited to weak interactions between the 

rhamnose sugar headgroup and the surface silanol groups.576  Although the adsorption of 

negatively charged molecules to a negative silica surface has been observed previously, 

the amount of adsorbate on the surface is very low.575,576 
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The important factor in the effect of mRL adsorption on NP dispersion stability is 

the affinity of mRL for the SiOx NP surface.  Based on the low Kads of mRL at high pH, 

the presence of mRL in SiOx dispersions, is not expected to significantly alter the 

equilibrated aggregate size at pH 6.0 and 8.0.  Due to the possibility for hydrogen 

bonding with surface silanols and the modest degree of lateral interactions between mRL 

molecules at pH 4.0, mRL may alter the dispersion behavior of pristine SiO2 NPs at low 

pH values.  Because adsorption of mRL to the NP surface at pH 4.0 is observed, mRL 

obviously displaces any pre-existing adsorbates.  If cationic surfactants were replaced by 

nonionic mRL, the net surface charge of the NP would increase due to the decrease in 

surface counterions.  This would result in greater electrostatic repulsion and less 

aggregation of the SiOx NPs.  The opposite would be true if surface anionic species were 

competitively displaced by mRL. A further possibility is that, if the displaced molecules 

were nonionic, mRL might serve as a bridge between NPs to promote aggregation or as 

steric interference to hinder it (see Figure 6-6).  This initial bridging attraction and 

subsequent steric repulsion with increasing concentration has been observed with NOM 

adsorbed to NP surfaces.560  However, NOM is a high molecular weight polymer,1 and it 

is not expected that the relatively small mRL would display the same degree of attractive 

bridging or steric repulsion, since these effects are known to be directly related to 

surfactant molecular weight.577  Because the charge state of the previously adsorbed 

species is unknown, it cannot be predicted a priori whether mRL adsorption at pH 4 will 

promote or prevent SiOx NP aggregation, but any effect of nonionic mRL adsorption on 
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the dispersion behavior of SiOx can most likely be traced to a change in the net surface 

charge of the NP. 

The effect of mRL on the dispersion stability of SiOx NPs in aqueous solutions 

was investigated as a function of time, pH, and mRL concentration by DLS. The 

experiments were repeated exactly as for the control mRL solutions described above 

except that prior to shaking, the mRL aqueous solution were adjusted to the appropriate 

pH (4.0, 6.0, or 8.0) and mixed with SiOx NPs at a concentration of ~75 mg/L.  The 

concentrations of mRL investigated at each pH ranged from 0 to 300 μM for pH 4.0 and 

0 to 1000 μM for pH 6.0 and pH 8.0 (due to limited mRL solubility at pH 4.0).  

The average SiOx NPs sizes observed by DLS at representative mRL 

concentrations as a function of time and pH are shown in Figure 8-8 with a summary of 

aggregate size at all concentrations in Table 8-5.  Initially, the aggregate size is 

significantly larger than the nominal 20 nm NP size reported by the manufacturer or 

observed by SEM (see Figure 8-3).  This was expected, as it has been well established in 

the literature that NPs, regardless of composition, have a tendency to aggregate to some 

degree in aqueous dispersions.1,340,345,578  

It is important to note that the reported sizes represent only those particles that are 

stable in the dispersion, not those that may have settled.  In order to obtain adequate 

signals for the samples acquired at later times, the laser power had to be increased due to 

a lower number density of particles.  The laser power for the DLS measurement was 

varied from 0.5% of the maximum laser power at t = 0 to 15% of the maximum power at  
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Figure 8-8.  Average particle size of SiOx NPs at 75 mg/L in aqueous mRL solutions  
at pH a) 4.0, b) 6.0, and c) 8.0 for representative mRL concentrations.  Samples with 
multiple distributions are shown with solid and open symbols to represent the majority 
and minority populations, respectively, as determined by the peak area and frequency 
of appearance over 10 measurements each for 3 independently prepared solutions. 
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Table 8-5.  Average SiOx aggregate size determined from the mass distribution as a 
function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0. 

Time 
(weeks) mRL Concentration (pH 4) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 
0 207(±39) 

56(±29) 
141(±53) 
25(±11) 197(±33) 183(±35) 183(±31) 

54(±30) N/A N/A 

1 126(±10) 131(±10) 120(±14) 116(±12) 109(±17) 
19(±5) N/A N/A 

2 118(±9) 119(±8) 116(±12) 107(±10) 100(±12) 
21(±4) N/A N/A 

3 123(±7) 119(±8) 112(±11) 104(±9) 100(±9) 
23(±6) N/A N/A 

4 121(±8) 114(±7) 117(±14) 120(±26) 101(±10) 
21(±5) N/A N/A 

8 128(±14) 113(±10) 106(±16) 118(±29) 100(±8) 
24(±7) N/A N/A 

12 116(±17) 112(±11) 103(±12) 109(±12) 100(±11) 
22(±5) N/A N/A 

16 125(±10) 
37(±10) 113(±10) 122(±21) 105(±12) 103(±12) 

19(±4) N/A N/A 
Time 

(weeks) mRL Concentration (pH 6) 

0 
191(±37) 

16(±5 
50(±13) 

190(±38) 
54(±12) 
16(±6) 

190(±37) 
17(±8) 

67(±21) 
159(±32) 
42(±17) 

115(±28) 
44(±7) 
15(±7) 

107(±22) 
35(±12) 

103(±24) 
11(±3) 

34(±12) 
1 133(±8) 133(±5) 130(±10) 114(±21) 

24(±2) 109(±13) 86(±10) 
15(±4) 

81 (±17) 
16(±7) 

2 123(±3) 126(±9) 127(±11) 
42(±6) 

101(±13) 
26(±8) 

107(±6) 
15(±5) 
36(±3) 

82(±17) 80(±13) 
18(±6) 

3 124(±3) 130(±7) 124(±7) 102(±11) 
21(±8) 

121(±10) 
15(±5) 
34(±6) 

89(±20) 73(±5) 

4 119(±10) 130(±10) 121(±8) 103(±14) 
25(±8) 

110(±16) 
20(±5) 

92(±10) 
16(±3) 79(±11) 

8 126(±6) 129(±8) 
21(±4) 

122(±10) 
29(±15) 

132(±24) 
28(±14) 

120(±21) 
18(±9) 

116(±7) 
15(±4) 

83(±11) 
23(±2) 

12 126(±4) 
44(±4) 

130(±7) 
26(±14) 

127(±8) 
21(±8) 

102(±17) 
18(±6) 

109(±10) 
16(±5) 80(±10) N/A 

16 128(±6) 130(±5) 
21(±5) 

117(±6) 
20(±14) 

93(±6) 
18(±7) 

113(±9) 
23(±5) 82(±9) 76(±9) 

15(±4) 
*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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Table 8-5 cont’d.  Average SiOx aggregate size determined from the mass distribution as 
a function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0. 

Time 
(weeks) mRL Concentration (pH 8) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 

0 168(±26) 
47(±5) 

173(±31) 
57(±15) 
15(±6) 

170(±32) 
36(±11) 

190(±32) 
24(±9) 

72(±28) 
185(±31) 
33(±4) 

189(±40) 
34(±11) 

187(±41) 
72(±27) 

1 134(±6)) 131(±11) 137(±13) 141(±13) 132(±5) 
16(±6) 125(±6) 116(±16) 

17(±5) 
2 132(±8) 

17(±4) 131(±11) 132(±7) 133(±9) 
15(±6) 

120(±10) 
27(±3) 

110(±10) 
27(±10) 

110(±13) 
18(±7) 

3 132(±9) 123(±9) 128(±8) 
16(±6) 

127(±13) 
22(±3) 

114(±8) 
15(±6) 

126(±14) 
15(±7) 

103(±17) 
21(±3) 

4 130(±8) 
18(±9) 126(±7) 127(±9) 131(±8) 

25(±12) 
119(±12) 
28(±7) 

70(±13) 
119(±5) 
22(±5) 

98(±15) 
20(±2) 

8 123(±7) 
34(±8) 86(±6)) 127(±6) 121(±5) 120(±11) 

15(±2) 
116(±7) 
22(±2) 

115(±28) 
24(±6) 

12 130(±11) 
25(±7) 

135(±13) 
21(±6) 122(±6) 147(±10) 111(±8) 112(±7) 116(±17) 

27(±3) 

16 129(±7) 123(±4) 
23(±8) 

128(±6) 
22(±6) 

121(±6) 
16(±7) 

128(±7) 
23(±6) 

119(±8) 
20(±9) 

127(±29) 
51(±3) 
19(±3) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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t > 4 weeks.  The power is set automatically by an attenuator in the software to obtain 

adequate S/N; therefore, quantitative values for the particle number density are not 

available.  Nonetheless, it can be definitively stated that, with increasing time, the 

number of particles in solution decreases as evidenced by the need for increased laser 

power as well as a visible layer of sediment on the bottom of the sample vial.   

At all pH values, the initial particle size distribution (t = 0) is polydisperse with 

several different populations observed.  Over the course of the first week, the size of the 

primary population of NPs decreases from ~200 to 120 nm.  Note that the average size of 

the primary stable aggregate is slightly smaller at pH 6 and 8 than pH 4 at the increased 

mRL concentration.  This is most likely due to the added electrostatic repulsive forces at 

the higher pH due to the more negative surface potential of the NP surface.  Because the 

adsorption of mRL to the SiOx surface is low at pH 6 and 8, this likely does not 

significantly contribute to the surface repulsion.  When mRL is present, a minority 

population is also present that roughly corresponds to the nominal particle size.  Beyond 

one week, the particle sizes remain stable up to 16 weeks.   

Representative mass distribution histograms for the SiOx NPs remaining in 

solution with increasing mRL concentration for the initial and a representative time point 

(8 weeks) are shown in Figure 8-9.  At pH 4.0, little effect of mRL concentration on NP 

size is evident, with only a slight decrease in size at 300 μM.  As the pH is raised, the 

highest mRL concentration increases the distribution width and shifts the distribution to a 

smaller average particle size (see Figure 8-9).  The bar graphs shown in Figure 8-10  
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Figure 8-9.  Representative mass distributions from DLS measurements on SiOx NPs 
at 75 mg/L in aqueous mRL solutions at a) pH 4.0, b) pH 6.0, and c) pH 8.0 with 
increasing mRL concentrations at the initial (red) and 8 week (black) time points. 
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Figure 8-10.  Average hydrodynamic radius determined from DLS mass distributions 
of SiOx NPs in aqueous solutions containing no mRL (red), [mRL] ~CMC (green), 
and [mRL] >> CMC (blue) at the pH indicated.  Values measured at a) 0 weeks, b) 1 
week, and c) 4 weeks. 
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summarize the average particle sizes for each pH for no mRL, [mRL] ~CMC, and [mRL] 

>> CMC at the initial, 1 week, and 4 week time points.   

As mentioned previously, pH has only a slight effect on the stable NP size when 

no mRL is present in solution.  DLVO theory predicts that particle flocculation is 

determined by attractive van der Waals forces competing with repulsive electrostatic 

interactions of the double layer.  The latter is dependent on particle zeta potential (see Eq 

6-2), the amplitude of which should increase as solution pH moves further from NP pzc.  

With a pzc of ~2-3.5,569-571 SiOx is expected to be somewhat negative at pH 6.0 and even 

more negative 8.0, but is almost neutral at pH 4.0.579,580  However, the results indicate 

that these NP aggregates remain stable in solution over long periods of time with no 

variation in average size even at low pH and no mRL present.  One possible explanation 

is that there may be surface-adsorbed species present from the production of these NPs 

that are charged at all pH values which contribute to steric repulsion or that provide steric 

interference if they are of high molecular weight.   

Another explanation involves consideration of the other major force in DLVO 

theory: attractive van der Waals forces.  SiO2 has a measured Hamaker constant of 1.2 x 

10-20 J556 which is 2-10 times smaller than that of other common oxides such as ZnO, 

TiO2, Fe2O3, NiO, or hematite.556,580,581  Eq (6-1) shows that the Hamaker constant (A) is 

one of the variables that influences the magnitude of attractive forces in DLVO theory.1  

Unlike zeta potential, the pH of the aqueous solution has little effect on the Hamaker 

constant, provided the ionic strength is not significantly altered.582  Therefore, at low pH, 
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the stability of SiOx NP dispersions is the result of low attractive forces between particles 

rather than large repulsive interactions. 

From Figure 8-10, mRL does not have a significant effect on NP size until 

concentrations greater than the CMC are reached, whereupon the average particle size 

decreases from ~120 to 90 nm.  Since this effect of mRL concentration was detected at 

all three pH values, it was initially assumed that this observation is not the result of 

electrostatic repulsion between NPs.  It is also not likely due to mRL adsorption to the 

NP surface, since mRL adsorption varies strongly with pH (see Figure 8-7). 

One possible reason that particle size diminishes at high concentrations of mRL at 

pH 6 and 8 despite little mRL adsorption is electrostatic and steric interference by mRL 

micelles.  At mRL concentrations greater than the CMC, a large number of negatively 

charged micelles coexist in solution along with the SiOx NPs.  Using the mass of SiOx 

NPs added to solution and the reported density of these NPs, it is estimated that a total of 

~7.5 x 1013 20-nm SiOx NPs exist in solution.  Recognizing that these SiOx NPs are 

aggregated into larger particles of 100 nm radii based on the measurements reported 

above, corresponding to ~1000 20-nm SiOx NPs per aggregate, then a total of 7.5 x 1010 

larger aggregates of SiOx NPs exist in solution (assuming all particles remain dispersed).  

Using similar reasoning, the number of molecules of mRL in solution at 1000 μM is ~6.0 

x 1018.  If it is assumed that the average aggregation number for an mRL micelle is ~50 

mRL molecules and that adsorption to the container walls is negligible such that all of the 

mRL is solution, then ~1.2 x 1017 mRL micelles exist in solution.  Thus, there exist at 
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least 1.6 x 106 times more mRL micelles in solution than aggregated SiOx NPs.  If a large 

number of negatively charged micelles are in solution with the NPs, they may 

electrostatically shield the NPs from aggregating, thereby lowering the average number 

of SiOx NPs contained in each aggregate. 

The explanation for the decrease in NP aggregate size at pH 4 for high mRL 

concentrations is not quite as straightforward as the electrostatic repulsion of mRL 

aggregates at pH 6 and 8.  To this point, it has been stated that mRL is nonionic at pH 4, 

but it must be kept in mind that ~3% of the mRL molecules are actually anionic.  At high 

mRL concentrations, this is not a trivial number of anionic molecules present in solution 

as can be assumed at low concentrations of mRL (i.e. at the CMC).  Additionally, pH 4 is 

sufficiently close to the pzc of SiO2 that protonated silanols still exist on the surface of 

the NP such that the surface is nearly neutral.579  It is proposed that the anionic mRL 

molecules act as Brønsted bases and deprotonate the first type of surface silanols 

(pKa=4.5568)  upon adsorption which renders the NP surface more negative and increasing 

the electrostatic repulsion between NPs.  This phenomenon would explain why, when 

mRL is supposedly nonionic, a smaller SiOx aggregate is measured at a high mRL 

concentration.  However, the number of deprotonated surface silanols at this pH is only 

about 3% which will not provide a significantly negative charge.  Alternatively, it may be 

that with mRL adsorbed to the surface, the surface free energy may be more favorable 

than when no mRL is present.  This would prevent the mRL covered NPs to remain 

unaggregated to create as much surface area as possible. 
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In summary, only a slight effect of pH or presence of mRL on the size of stable 

SiOx NPs in solution is observed. This is proposed to be due to: 1) little adsorption of 

mRL to the SiOx surface at increased pH, 2) low Hamaker constant of SiO2 NPs 

regardless of surfactant presence, 3) slight decrease in aggregate size at very high 

surfactant concentrations due to steric shielding rather than the charge state of the 

surfactant. 

The lack of mRL adsorption to SiOx NPs at high pH and the dispersion stability in 

the absence of mRL has thus far been attributed to electrostatic repulsive forces.  The zeta 

potential of aqueous solutions of SiOx NPs with increasing mRL at the three pH values of 

interest was measured to further investigate the hypotheses that 1) the negative surface 

charge stabilizes the SiOx dispersion in the absence of mRL, 2) negative charges on both 

the mRL and SiOx surface limits the mRL adsorption at high pH, and 3) anionic mRL at 

pH 4 act as bases toward surface silanol groups.  These samples were prepared in the 

same way as those for DLS (see Chapter 7 of this Dissertation), but were allowed to 

equilibrate undisturbed for 6 weeks before aliquots were taken for measurement.  The 

zeta potential as a function of mRL concentration at each pH is shown in Figure 8-11.   

 Unmodified 10 nm SiO2 NPs had a measured zeta potential of -39 mV at pH 

7.2.580,583  Furthermore, several groups have investigated the effect of coatings on the 

measured surface charge of SiOx NPs.584-586  Csőgör et al.  observed a shift from -39 mV 

for unmodified SiO2 NPs  to +15.2 to +49.8 mV depending on the type of basic group 

used to modify the NP surface.583  Conversely, Butterworth et al. measured the zeta  
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Figure 8-11.  Zeta potential (mV) of aqueous SiOx NP dispersions 
as a function of rhamnolipid concentration at pH 4.0 (black), pH 
6.0 (red), and pH 8.0 (green) after 6 weeks.  Data point are pooled 
average values of three measurements on each of two 
independently prepared solutions for each sample condition. 
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potential of carboxylated and aminated polypyrrole-SiO2 NPs  as a function of pH.585  

The values ranged from +40 to -40 mV depending on whether the carboxylate or amine 

group was attached to the surface.  These examples highlight the importance of the 

surface adsorbed species in dictating the surface charge state of the nanoparticle.   

In the current study, there was actually very little effect of pH and surfactant 

concentration on the measured zeta potential of the SiOx NPs.  At all pH values and mRL 

concentrations, ζ~ -45 mV except at the highest mRL concentration at pH 4.0 where ζ 

drops to ~ -52 mV.  This is not entirely unexpected as the mRL shows very little 

adsorption at increased pH and should not significantly alter the surface properties.  

Furthermore, the fact that the surface charge is -45 mV at pH 6 and 8, regardless of mRL 

concentration, explains why the dispersion is stable under all solution conditions.  The  

zeta potential is significantly more negative than the general guide of ± 30 mV required 

for stable dispersions.347  The highly negative surface of the SiOx NPs, therefore, explains 

both the lack of mRL adsorption and the stability of the NP dispersion at high pH.   

There is a slight decrease in the zeta potential at pH 4.0 with very high mRL 

concentrations.  This is the only pH where significant mRL adsorption was observed, and 

therefore, the NP surface charge may be modified slightly in the presence of the mRL 

surfactant.  This drop in pH was observed under the same conditions under which the 

aggregate size of SiOx decreased despite mRL being ~97% protonated.  This would result 

in a more negative surface charge exactly as observed here  The pKa of mRL is 

sufficiently close to the pzc of SiOx, that the anionic mRL deprotonates a small fraction 

of surface silanols.  In general, it can be said that the zeta potential measurements 
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confirm the assertion that electrostatic repulsion between negatively charged NPs and 

mRL molecules prevents NP-surfactant adsorption and NP-NP aggregation. 

Investigation of mRL on TiO2 NP Interactions 

 The adsorption behavior of mRL on thin films of TiO2 NPs was measured as a 

function of pH using ATR-FTIR.  Experiments were conducted and the data analyzed in 

the same manner as described for SiOx.  The manufacturer specifications for the TiO2 

NPs employed are given in Table 8-6.  A representative SEM of the NPs as received is 

shown in Figure 8-12.  Thin films of these TiO2 NPs were prepared as described in 

Chapter 7 of this Dissertation.  The resulting films were 3.0 ± 0.9 μm thick as determined 

by SEM and shown in Figure 8-13.  Adsorption measurements were performed using 

ATR-FTIR as described for SiOx.  Figure 8-14 shows a representative ATR-FTIR 

spectrum between 900 and 3100 cm-1 for mRL adsorbed onto TiO2.  Peak frequencies 

and assignments for free mRL in solution, and those adsorbed to TiO2 at pH 6.0 are given 

in Table 8-7.  Unlike what was observed on SiOx (see Fig 8-5), the vibrational modes of 

the rhamnose sugar from mRL adsorbed on the TiO2 surface are discernible in the entire 

region from 900 to 1750 cm-1.   

In general, the measured peak frequencies for mRL adsorbed to the TiO2 film 

correspond well with the solution mRL peak frequencies.  Two notable exceptions are 

νs(COO-) and νas(COO-) bands at 1387 cm-1 and 1548 cm-1, respectively, in solution.  

Carbonyl and carboxylate modes are known to be sensitive to their environment and 

frequency shifts can give insight into their coordination with metal centers.  Metal-  

2.5 μm 
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Table 8-6.  Manufacturer specifications for commercially-available TiO2 NPs from 
Nanostructured & Amorphous Materials, Inc. 

 TiO2 

Purity 99% 

Polymorph rutile 

Average Particle Size 50 nm dia. 

Specific Surface Area 160 m2∙g-1 

Color white 

Morphology spherical 

Bulk Density N/Aa 

True Density 4.23 g∙cm-3 
aN/A = not reported by the manufacturer. 
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100 nm

Figure 8-12.  SEM micrograph of representative TiO2 NP aggregate 
received from Nanostructured & Amorphous Materials, Inc.  Image was 
acquired with a working distance of 5.2 mm and 150k magnification.  
This image shows an aggregate that appears to contain many individual 
smaller particles.  Average particle size of the smaller particles 
composing the large aggregate was 42 ± 7 nm (n= 15).   
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Figure 8-13.  SEM micrograph of film made from TiO2 
NPs received from Nanostructured & Amorphous 
Materials, Inc.  Image acquired at a working distance of 
5.6 mm and 8k magnification.  Average film thickness 
was 3.0 ± 0.9 μm μm measured at 6 different spots on 
each of three independently prepared films. 
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Figure 8-14.  ATR-FTIR spectrum of mRL adsorbed on a ~2 μm TiO2 thin film on a ZnSe IRE equilibrated with flow of an 
800 μM mRL solution at pH 6. 
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Table 8-7.  ATR-FTIR peak frequencies and assignments for 800 µM mRL adsorbed on 
TiO2 and in bulk solution at pH 6.0. 

Solution mRL Frequency 
(cm-1) at pH 6.0a 

mRL adsorbed to TiO2 
Frequency (cm-1) at pH 6.0 Assignmentb 

2954 2954 νas(CH3) 
2928 2926 νas(CH2) 
2872 2870 νs(CH3) 
2858 2855 νs(CH2) 
1737 1734 ν(CO) 
1548 1561 νas(COO-) 
1460 1457 δ(CH2) 
1387 1402 νs(COO-) 
1320 1318 δip(OH) 
1191 1191 δ(COH) + ν(COalcohol) 
1170 1169 δip(OH) + ν(COalcohol) 
1126 1125 ν(COalcohol) 
1100 1097 ν(COC) 
1070 1068 νas(CCO) + ν(COalcohol) 
1050 1048 νs(CCO) + ν(COalcohol) 
983 982 δ(CH) 

aPeak frequencies for mRL in solution at pH 6.0 from ref 169 
bAssignments from refs 169,565-567 
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associated carboxylate ions have been shown to have four different structures based on 

the nature of their coordination with the metal: ionic, monodentate, bidentate chelating 

and bidentate bridging.587,588  Representative structures for each type of coordination are 

shown in Figure 8-15.  Types I, III, and IV all have C2 symmetry and will have similar 

spectra, but the unidentate structure is of lower symmetry (Cs) and its spectral features 

may be like those observed with protonated carboxylic acids.587,588  Upon coordination of 

the carboxylate, the frequencies of νs(COO-) and νas(COO-) will also shift as compared to 

that of the ionic, uncoordinated form.  These frequencies can independently be shifted  

higher or lower depending on the coordination environment with the result that Δν = 

νas(COO-) - νs(COO-) can also give insight into the coordination of the carboxylate with 

the metal.588  Because shifts of both carboxylate modes are observed for adsorbed mRL, 

it is apparent that coordination with the Ti4+ sites is occurring.  Δν for the free ligand is 

161 cm-1 while for the coordinated ligand, it is 159 cm-1.  For the monodentate form, the 

splitting is larger,588 so this structure is not likely.  It is somewhat of a concern that the 

“claw-like” nature of mRL, resulting from hydrogen bonding between the sugar 

hydroxyls and the carboxylate, may alter Δν.  However, Δν for the free carboxylate in a 

sodium acetate solution is 164 cm-1 (νas(COO-)=1578 cm-1 and νs(COO-)=1414 cm-

1)589,590 which matches very well with what was observed here for mRL.  While the 

“claw” of mRL may shift the absolute peak frequency of the carboxylate modes, the 

relative shifts appear to follow well with simple carboxylates and may be used to identify 

the type of coordination.  
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Figure 8-15.  Metal carboxylate coordination structures: (I) 
ionic; (II) monodentate; (III) bidentate chelating; (IV) 
bidentate bridging coordination. 
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It is even more difficult to distinguish between bidentate bridging and bidentate 

chelating with IR spectroscopy, since the bond order is unchanged.  However, because 

the O-C-O bond angle is smaller in the chelating structure, Δν may be slightly smaller 

ascompared to ionic or bridging.587,591  For bidentate acetate ligands, Δν is 156-185 cm-1 

for bridging, while it is <100 cm-1 for chelating coordination.591  Several investigations 

on the adsorption of formic592,593, acetic593, propanoic593, benzoic594, and bi-

isonicotinic595 acids to rutile (110) show bidentate bridging of the carboxylate with two 

fivefold-coordinated Ti4+ atoms.541  Since there is very little change in Δν between the 

free mRL in solution and that coordinated to the surface in the present studies, and based 

on the behavior of other carboxylic acids, it is likely that bidentate bridging of the mRL 

COO-
 moiety to neighboring Ti4+ sites on the TiO2 surface occurs.  However, conclusions 

about binding mode are not definitive based on the current spectral results. 

Panayotov et al. investigated the adsorption of CO and CH3OH on TiO2 NPs with 

IR spectroscopy.543  It has been observed that the electron-rich oxygen of a molecule 

binds to the TiO2 surface by donating a lone pair of electrons to unsaturated Ti4+ surface 

sites (dissociative adsorption) or by hydrogen bonding with the surface hydroxyl groups 

(molecular adsorption).596  Unsaturated Ti4+ sites generate a strong electrostatic field that 

attracts the CO to adsorb via the carbon atom to form Ti-CO species with a resultant shift 

of the ν(CO) to higher frequency.543  They also found that at room temperature, only 

~36% of the Ti4+ sites are occupied, and that the presence of adsorbates significantly 

alters the relative acidity of neighboring sites as measured by monitoring changes in the 

CO infrared frequencies and intensities.  If only a fraction of the active Ti4+ sites are 
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available for coordination of a relatively small molecule like CO, this may have a 

significant effect on the maximum amount of the larger mRL molecule that can adsorb to 

the TiO2 surface. 

The presence of hydrogen bonds at Ti-OH sites, however, could also lead to 

molecular adsorption in addition to dissociative adsorption through coordination at Ti4+.  

Adsorption of methanol on TiO2 was observed by Panayotov et al. to occur by both 

adsorption mechanisms.543  The latter was identified by the emergence of a broad band at 

3500-2700 cm-1 that was assigned to hydrogen-bonded methanol with surface Ti-OH 

groups.  Jucker et al. studied the adsorption of lipopolysaccharides (LPS) onto SiO2, 

TiO2, and Al2O3 powders.597  They noted a decrease in the Ti-OH stretching frequencies 

(3723 and 3630 cm-1) as water was displaced from the oxide surface.   

Figure 8-16a shows a decrease of the ν(OH) bands at 3184 and 3450 cm-1 as mRL 

adsorption increases due to the displacement of surface water molecules.  After 

normalizing the spectra to the intensity decrease at 3184 cm-1 as shown in Figure 8-16b, a 

new band at ~3390 cm-1 is observed to emerge.  This new band may indicate that mRL 

adsorbs to TiO2 through hydrogen bonding with surface hydroxyls.597  This assignment is 

further supported by multiple studies suggesting that sugar surfactants adsorb to metal 

oxides by hydrogen bonding,526,528,530,531,543 and the observation of both dissociative and 

molecular adsorption of organic species due to different adsorption sites on the rutile 

TiO2 surface.598,599  

Consistent with the data treatment for mRL adsorption on SiOx, the integrated 

absorbance of the ν(CH2) mode was used to construct adsorption isotherms for mRL on  
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Figure 8-16.  ATR-FTIR spectra showing adsorption of mRL onto TiO2 at pH 6.0 with 
increasing concentrations indicated.  a) Raw spectral data.  b) Spectra normalized in 
intensity to 3184 cm-1.  Key applies to both graphs. 
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TiO2 as shown in Figure 8-17 and fit using the Frumkin isotherm (Eq (6-8)) with the best 

fit values and surface coverages summarized in Table 8-8.  The reader should keep in 

mind that the pzc of bulk TiO2 is around 5.9, but may range from 3.8-6.9 depending on 

the particular characteristics of the NPs.349,542,558  One interesting observation is that the 

integrated IR absorbance decreases at pH 6 and 8 at mRL concentrations >1000 μM.  

These points were not used in the fitting of the Frumkin isotherm parameters.   

The observation of a maximum in the surface adsorption is well established in the 

literature and several theories have been suggested as the source of the decrease.490,600-602  

The most likely explanation for this system of mRL adsorption on TiO2 is that below the 

CMC, monomers of mRL adsorb to the TiO2 surface, but above the CMC, whole micelles 

or bicelles adsorb, resulting in a sudden increase in the amount of mRL adsorbed to the 

surface.600  This would explain the large a values observed as reflected by the slope of the 

isotherm.  The origin of the maxima, however, is not well understood and several theories 

have attempted to explain it.  1) The presence of impurities that are adsorbed to the 

surface below the CMC, but solubilized into solution micelles above the CMC.603,604  2) 

An increase in the ionic strength (due to added ionic surfactant) may reduce electrical 

repulsion between surface adsorbates such that they are less than the vdW attraction 

between the lipid tails, and micelles form on the surface.  These surface micelles and 

adsorbed monomers may then be desorbed by collision with solution micelles, thereby 

decreasing the amount of mRL adsorbed on the surface.601  3) The presence of an 

additional short chain length surfactant molecule with a higher CMC and less propensity 

to adsorb on the surface.490  As the CMC of the mixture is surpassed, the long chain  



374 
 

  

Figure 8-17.  Integrated ν(CH2) absorbance as a function of mRL 
concentration for adsorption of mRL on TiO2 at pH 4.0 (black), pH 6.0 
(red), and pH 8.0 (blue); Data points represent experimental values; 
solid line indicates best fits to Eq (6-8).  Error bars represent standard 
deviations of experimental results from 3 to 5 independently-prepared 
TiO2 films. 
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Table 8-8.  Adsorption parameters from best fits to Frumkin isotherm for data shown in 
Figure 8-17. 

pH Kads (M-1) ΔG (kJ mol-1) Amax a Γmax 
4.0 2.9 ± 0.3 x 103 -19.8 ± 2.0 1.4 ± 0.05 0.5 ± 0.3 3.1 ± 0.3 x 1014 

6.0 2.2 ± 0.3 x 102 -19.1 ± 2.6 1.4 ± 0.1 3.7 ± 0.3 3.1 ± 0.3 x 1014 

8.0 2.4 ± 0.6 x 102 -19.3 ± 4.8 0.8 ± 0.1 3.7 ± 0.6 1.8 ± 0.3 x 1014 
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surfactant will be present in a higher fraction in the micelle than in the solution.  

Therefore, at high surfactant concentrations, the fraction of monomer short chain 

surfactants is higher than at concentrations below the CMC of the mixuture.  If it is 

assumed that the micelles of the mixed surfactant do not adsorb to the surface and the 

short chain monomers are less adsorbed than the long chain, the total amount of 

surfactant adsorbed on the surface will decrease as the long chain component is 

incorporated into the micelles.   

It is believed that the first explanation is not the most likely source of the 

maximum because studies have shown that purification can reduce the maximum, it does 

not eliminate it, and that, in the present case, there is a pH dependence on the appearance 

and magnitude of the maxima.  The decrease in electrostatic repulsions between 

adsorbates with increased ionic strength, and subsequent desorption of surface micelles 

by collision with solution micelles seems plausible and the most likely in case of mRL 

adsorbed to the TiO2 surface.  This is especially true in light of the fact that this 

maximum was not observed at pH 4.  Since mRL is nonionic at pH 4,167 the increase in 

mRL concentration should not increase the ionic strength of the solution and, thus, have 

no effect on the electrostatic repulsion between surface adsorbates.  Finally, the third 

possibility also cannot be ruled out since mRL is known to be a mixture of short and long 

chain surfactants, but the CMC and relative adsorption strength of the different chain 

length monomers is unknown.  This explanation, however, does not account for the pH 

effect that was observed. 
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Based on the surface charge state of TiO2 (pzc ~6542) and mRL  at different pH 

values, the adsorption does not follow the expected behavior.  At pH 4, Kads is 2.9 x 103 

M-1
, only slightly higher than observed on SiOx for equivalent conditions.  The minimum 

surface adsorption energy (ΔG) based on the Kads at all pH values corresponds to ~ -20 ± 

2 kJ/mol.  This corresponds fairly well with the values observed for mRL adsorption onto 

SiOx in this study (see Table 8-4) and previously in this laboratory as well as on goethite 

samples.486  This is somewhat surprising, since sugar surfactants have been shown to 

have a high affinity for and adsorb strongly to TiO2 as compared to SiOx.531,597  In studies 

of LPS adsorption on TiO2 and SiOx, Kads was two to three orders of magnitude higher on 

TiO2 than on SiOx when isotherms were fit to a Langmuir model.597  As pH increases, the 

net surface charge of TiO2 is expected to start positive, approach zero at pH 6, and then 

become increasingly negative.349,542,558   mRL also becomes deprotonated (pKa ~5)167 so 

that at pH 4 mRL should be 97% nonionic, 90% anionic at pH 6, and completely 

deprotonated at pH 8.349,497  TiO2 is proposed to be positively charged at pH 4.0 while 

mRL is nonionic so electrostatic repulsion/attraction should not be a contributing factor.   

The interaction parameter (a), which indicates the degree of cooperativity 

between adsorbing mRL species, indicates only weak cooperativity at pH 4.  As a result, 

the adsorption process reduces almost to Langmuir behavior (Eq (6-7)). Since each pH 

tested has a different charge state of mRL and TiO2, a significant change in the 

adsorption behavior was hypothesized as the pH varied.  The pH-independent behavior of 

the adsorption isotherm when pH >4 calls into question whether or not the surface is 

comprised of pure TiO2.  This is further evidence that some of the yet unidentified 
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adsorbate might be preventing mRL from interacting with the TiO2 surface in a 

predictable manner.  

Finally, the maximum surface coverages calculated using Eq 8-4 are reported in 

Table 8-7.  These values correspond the adsorption of mRL bicelles at pH 4 and 6 (3.1 x 

1014 molecules/cm2) and slightly greater than a monolayer (1.8 x 1014 molecules/cm2) at 

pH 8.  These results are in agreement with previous studies on the adsorption of sugar 

surfactants on titania at pH 4 and 6 where hydrogen bonding between surface and mRL 

hydroxyls should be the predominant mechanism of adsorption.531,605  The coverage 

drops slightly at pH 8, most likely due to the introduction of significant electrostatic 

repulsions at pH 8 (pzcTiO2 ~6349,542) between anionic mRL and the TiO2 surface, as well 

as the formation and desorption of surface micelles due to decrease in electrostatic 

repulsion between adsorbates with increased ionic strength.601  This trend of decreasing 

surface coverage at higher pH follows the pattern that was observed on SiOx. 

Surprisingly, however, electrostatic attractive interactions do not appear to drive 

adsorption at pH 4; otherwise, a larger slope at low mRL concentrations would be 

expected rather than the S-shaped curve observed.574  This may be another indication that 

something unexpected is occurring in the system. 

Many commercial applications of TiO2 NPs require that they remain dispersed in 

solution; this can be challenging to achieve in solutions around neutral pH.  Furthermore, 

the surface area or reactivity of TiO2 NPs may not be optimal for the intended 

application.554  Consequently, commercial TiO2 NPs are often doped with SiO2 or Al2O3 
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to achieve the desired properties.554,557,606,607  Coatings of the NPs with either SiO2 or 

Al2O3 shifts the pzc to lower or higher pH, respectively.  Such coatings are likely to be 

the cause of the broad range of pzc values reported in the literature (pH 2 to 9) for TiO2 

NPs.542,554,557,608,609 

 Although the TiO2 NPs used in these experiments were specified by the 

manufacturer to be 99% pure (see Table 8-6), it is apparent from the unexpected 

adsorption behavior that some additional surface species is present.  An investigation into 

the possible presence of a SiO2 additive to these NPs was undertaken using transmission 

FTIR, energy dispersive X-ray spectroscopy scanning electron microscopy (EDX-SEM), 

and X-ray photoelectron spectroscopy (XPS). 

 FTIR can be used to monitor the presence of SiO2 on these TiO2 NPs.554,557,610  If 

present, bands due to the νs(Si-O-Si) and νas(Si-O-Si)  modes should be present at 800 

and 1100 cm-1, respectively.557  Figure 8-18 shows the FTIR spectrum for a KBr pellet of 

the commercial TiO2 NPs used here.  The intense band at 658 cm-1 is attributed to the 

ν(Ti-O) mode.554  The low intensity, broad bands at ~3450 and 1650 cm-1 are assigned to 

ν(O-H) and δ(M-O-H) modes of the oxide surface, respectively.554  The low absorbance 

of these bands suggests that the density of free hydroxyl groups on the surface of the dry 

pellet is low, but this is likely to change in an aqueous environment due to surface 

hydration.541  The intense band at 1104 cm-1, attributed to νas(Si-O-Si) mode, confirms the 

presence of SiO2 in the TiO2 NP commercial powder.557  A band at 800 cm-1 due to the  
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Figure 8-18.  FT-IR absorbance spectrum of a KBR pellet (5 wt%) of the commercial 
TiO2 nanoparticles used here. 
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νs(Si-O-Si) mode is also expected,557 but this is obscured by the intense ν(Ti-O) mode of 

the NPs. 

To further confirm that the TiO2 NPs contain SiO2, EDX-SEM was performed to 

identify elemental composition.  Figure 8-19 shows an SEM image of a TiO2 NP film 

along with the corresponding EDX images for several elements.  These images were 

obtained with only the cross section of the film in focus.  Elemental maps are difficult to 

obtain via this method due to sample charging, but qualitative evaluations can be made.   

Figure 8-19a is a gray-scale SEM image of the TiO2 film.  The ZnSe substrate can 

be seen in the foreground as indicated by a higher intensity of the Zn K line (Figure 8-

19d).  Figure 8-19b is the Fe K line and is included as a control to indicate background 

intensities for an element that should not be present in the sample.  Similarly, since the 

sample is coated with a thin layer of Au, the Au L map (Figure 8-19f) shows an even 

distribution that is slightly higher in intensity than the background Fe map.  Finally, 

Figure 8-19c and e correspond to the Ti K and Si K maps, respectively.  These maps 

demonstrate that Ti and Si coexist at approximately the same location in the material.  

These images further confirm that the commercial TiO2 NP powders contain significant 

quantities of SiO2. 

XPS was used to obtain a more quantitative estimate of SiO2 content.  XPS is a 

semi-quantitative surface spectroscopic technique that is sensitive to elements in the top 

3-5 nm of a sample.611  It can be used to identify not only the elemental composition, but 

also the relative amounts of each element contained within this region of a sample. A full 

XPS spectrum of the commercial TiO2 is shown in Figure 8-20a.  The Ti 2p and Si 2p  
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Figure 8-19.  EDX-SEM of a 5 μm thin film made of commercialTiO2 NPs.  The thin 
films are deposited on a ZnSe substrate and the entire sample sputter-coated with ~5 
nm Au for imaging purposes.  This image shows the gray scale SEM film (top left) 
and the corresponding EDX maps of the x-ray lines with scale bars representing 
approximate concentration for Fe K (top right), Ti K (middle left), Zn K (middle 
right), Si K (bottom left), and Au L (bottom right).  The colors of each image are not 
significant but are the defaults of the software.  The intensity is a relative measured of 
how much of each element is contained in the sample. 
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Figure 8-20.  a) Survey XPS spectrum of commercial TiO2 nanoparticles acquired 
using monochromatized Al-Kα radiation at 1486.6 eV; pass energy = 160 eV, number 
of sweeps = 1, acquisition time = 300 s, step = 1000 meV, dwell Time = 300 ms. 
Particles used as-received from the manufacturer; b)  Baseline-corrected Ti 2p peak; 
pass energy = 20 eV, number of sweeps = 6, acquisition time = 367 s, step = 100 meV, 
dwell Time = 300 ms; c)  Baseline-corrected Si 2p peak; pass energy = 20 eV, number 
of sweeps = 40, acquisition time = 1824 s, step = 100 meV, well Time = 300 ms. 
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spectra are shown in Figure 8-20b and Figure 8-20c, respectively.  Using the integrated 

peak areas corrected using a linear background and accounting for differences in the 

relative photoelectron cross-sections and escape depths for these electrons (calibrated to 

the specific instrument), the atomic ratio of Ti to Si was determined to be 4 to 3.  A 

summary of binding energy, peak area, sensitivity factor, and atomic ratio for Si and Ti is 

provided in Table 8-9.  These results indicate that for every Si atom present on the 

surface, there are only 1.33 Ti atoms.  In summary, the hypothesis that an additive exists 

in the TiO2 NPs altering the expected mRL adsorption behavior was confirmed.  This 

additive was identified as SiO2 by transmission FT-IR, SEM, and XPS.  Hence, surface 

SiO2 is likely to have a significant impact on the NP dispersion behavior and charge state. 

Next, the dispersion stability of TiO2 NPs in aqueous solutions was investigated 

as a function of time, pH, and mRL concentration. The experiments were repeated 

exactly as performed for the SiOx NPs in mRL solutions.  The average aggregate size 

observed by DLS for suspension-stable TiO2 aggregates at representative mRL 

concentrations as a function of time and pH is shown in Figure 8-21 with a complete 

report of the measured aggregate sizes at all mRL concentrations summarized in Table 8-

10.  The behavior is similar to that observed for SiOx.  A thin layer of sediment formed 

over time, but not to the same extent as observed with SiOx and the solution remained 

visibly cloudy even up to 16 weeks.  The DLS laser power, set automatically by the 

attenuator, was 0.05% at 0 weeks but was adjusted up to 5% at 16 weeks in order to 

generate adequate scattering signals in these cloudy solutions.  These laser powers are  
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Table 8-9.  XPS parameters for relative amounts of Ti and Si in commercial TiO2 NPs. 

Peak Position BE 
(eV) 

Raw Area 
(cps eV) RSF* Atomic Ratio 

Ti 2p 457.900 4907.3 2.001 4 
Si 2p 101.300 570.2 0.328 3 

*RSF = relative sensitivity factor.  These values are instrument and lens specific. 

  



386 
 

  

Figure 8-21.  Average particle size of TiO2 NPs major populations mixed in aqueous 
mRL solutions at a) pH 4.0, b) pH 6.0, and c) pH 8.0 Samples with multiple 
distributions are shown with solid and open symbols to represent the majority and 
minority populations, respectively, as determined by the peak area and frequency of 
appearance in 10 measurements each for 3 independently prepared solutions. 
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Table 8-10.  Average TiO2 aggregate size determined from the mass distribution as a 
function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0. 

Time 
(weeks) mRL Concentration (pH 4) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 
0 118(±22) 

32(±13) 
126(±34) 
32(±11) 111(±15) 124(±23) 116(±18) 

28(±10) N/A N/A 

1 88(±14) 93(±14) 
19(±2) 89(±6) 89(±8) 92(±5) 

19(±4) N/A N/A 
2 84(±10) 84(±14) 86(±5) 87(±5) 87(±4) N/A N/A 
3 80(±9) 82(±12) 82(±5) 85(±6) 80(±3) N/A N/A 
4 73(±9) 79(±13) 82(±5) 82(±5) 77(±4) N/A N/A 
8 69(±8) 77(±18) 73(±5) 92(±13) 71(±4) N/A N/A 

12 62(±5) 79(±14) 75(±7) 72(±5) 77(±12) 
22(±8) N/A N/A 

16 99(±36) 84(±20) 71(±5) 73(±3) 74(±5) 
22(±4) N/A N/A 

Time 
(weeks) mRL Concentration (pH 6) 

0 123(±23) 
50(±8) 

120(±13) 
34(±8) 

120(±17) 
35(±14) 

112(±12) 
24(±7) 

109(±15) 
30(±9) 

109(±12) 
22(±5) 

110(±18) 
16(±6) 

35(±10) 
1 101(±9) 92(±7) 

20(±3) 
93(±3) 
17(±7) 89(±2) 93(±8) 

15(±6) 
77(±5) 
16(±6) 70(±6)) 

2 100(±7) 91(±4) 84(±5) 83(±5) 74(±6) 
15(±6) 

72(±8) 
15(±6) 

76(±8) 
24(±5) 

3 100(±16) 
29(±3) 84(±3) 88(±3) 79(±3) 75(±2) 67(±7) 65(±3) 

4 83(±12) 85(±3) 84(±4) 84(±3) 68(±4) 
19(±9) 67(±5) 63(±3) 

8 70(±3) 84(±2) 80(±3) 100(±5) 94(±4) 61(±5) 55(±5) 

12 71(±3) 88(±4) 100(±10) 
20(±8) 87(±4) 87(±6) 

19(±7) 63(±6) 61(±5) 
15(±5) 

16 70(±6) 
20(±7) 81(±2) 73(±2) 81(±4) 90(±23) 60(±4) 61(±3) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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Table 8-10 cont’d.  Average TiO2 aggregate size determined from the mass distribution 
as a function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 
8.0. 

Time 
(weeks) mRL Concentration (pH 8) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 

0 107(±15) 
23(±5) 

108(±13) 
37(±12) 

118(±17) 
56(±17) 
21(±4) 

110(±11) 
28(±11) 

119(±17) 
33(±12) 

125(±24) 
57(±17) 
15(±5) 

120(±13) 
22(±8) 

1 95(±3) 92(±4) 96(±5)) N/A 92(±5) 
16(±8) 

84(±4) 
15(±5) 79(±3) 

2 91(±3) 90(±3) 96(±5) 
15(±8) 94(±6) 87(±3) 79(±2) 68(±2) 

3 87(±3) 92(±4) 
18(±2) 94(±4) 90(±3) 88(±6) 73(±4) 

23(±5) 
64(±5) 
15(±4) 

4 90(±4) 89(±3) 88(±4) 96(±5) 
21(±11) 87(±4) 77(±4) 65(±4) 

15(±6) 
8 93(±10) 83(±3) 86(±2) 86(±2) 86(±5) 76(±4) 

17(±4) 62(±4) 

12 79(±5) 85(±3) 88(±3) 86(±3) N/A 74(±4) 61(±9) 

16 79(±8) 86(±4) 
15(±6) 

87(±6) 
15(±5) 82(±3) 87(±3) 83(±4) 68(±6) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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significantly lower than those required for scattering measurements in the SiOx 

dispersions indicating a greater number density of particles.  As can be seen from Figure 

8-21a, at pH 4.0 there is absolutely no effect of mRL on NP aggregate size.  The average 

aggregate is initially ~110 nm and this drops slowly over the next few weeks to ~80 nm 

with no statistical difference among different solution concentrations of mRL.  The 

greatest adsorption of mRL occurs at pH 4, but mRL is nonionic such that the charge 

state of the NP surface is not significantly altered upon addition of surfactant, but 

significant adsorption could also result from an increase in the van der Waals attractive 

forces between particle aggregates in the presence of nonionic mRL.  It is somewhat 

unexpected that aggregate size is smaller than that observed with SiOx, because the 

repulsive forces are expected to be lower and the Hamaker constant (A), which affects 

attractive interactions, is higher for TiO2 (A = 26 x 10-20 J).612  However, considering that 

the surface contains a significant amount of SiO2, this result is not unreasonable. One 

would expect that aggregate size would decrease with increased pH based on the work of 

Tkachenko et al. that showed that anionic surfactants stabilize TiO2 dispersions better 

than nonionic ones.492  At pH 6.0 and 8.0, a decrease in average particle size with 

increasing mRL is observed.  As discussed above, it is likely that, below the CMC, 

individual monomers adsorb to the surface while above the CMC, mRL aggregates 

adsorb to the TiO2 surface.600  The settling of anionic mRL aggregates on the NP surface 

provides increased electrostatic repulsions at high pH as compared to the NPs with no 

mRL adsorbed resulting in a smaller average aggregate size.   
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Figure 8-22.  Representative mass distributions from DLS measurements on TiO2 NPs 
at 75 mg/L in aqueous mRL solutions at a) pH 4.0, b) pH 6.0, and c) pH 8.0 with 
increasing mRL concentrations at the initial (red) and 8 week (black) time points. 
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The histograms shown in Figure 8-22 are representative mass distributions of 

NP/mRL solutions that have equilibrated for 8 weeks.  Although a single population of 

NP aggregates is observed as mRL concentrations increases, the polydispersity of this 

population increases and the mean particle size decreases, especially at higher pH values 

as was observed in SiOx dispersions.  This behavior is attributed to an increase in the 

number of aggregates in solution that, along with surfactant adsorption, increase osmotic 

and electrostatic repulsive forces, that prevent aggregation.1  

A summary of the average particle sizes that are stable in dispersion for solutions 

containing 0 μM mRL, [mRL] ~ CMC, and [mRL] >> CMC is shown in Figure 8-23.  At 

pH 4, the average aggregate size is ~80 nm which corresponds to ~30-35 NPs/aggregate.  

The average aggregate size is somewhat smaller at pH 6 and 8 when [mRL] >> CMC 

where it drops to ~65 nm, corresponding to 15-20 NPs/aggregate.  These particle sizes 

match well with thaose reported by Guzman et al. where, after 3 months, they observed a 

bimodal distribution of aggregates with sizes of 25 and 50 nm at pH 3 and 10 in 

dispersion.482  In their aggregates, they estimated 8-4000 NPs per aggregate.  Although 

there are several notable experimental differences between the Guzman study and the 

current investigation, the results are in general agreement with those observed here. 

The expected effect of pH on TiO2 aggregate size in the absence of surfactant was 

not observed.  Previous studies have shown that as the solution pH approaches 6.0, the 

particle size increases dramatically to the point where the majority of the particles settle 

out of solution by gravity.480,482,553  Here, no significant change in the particle size was  
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Figure 8-23.  Average hydrodynamic radius determined from DLS mass distributions 
of TiO2 NPs in aqueous solutions containing no mRL (red), [mRL] ~CMC (green), 
and [mRL] >> CMC (blue) at the pH indicated.  Values measured at a) 0 weeks, b) 1 
week, and c) 4 weeks. 
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observed with increasing pH in the absence of mRL.  This observation, along with the 

absence of an effect of pH on mRL adsorption is also explained by the presence of the 

SiO2 additive in the NPs.   

EDL measurements were performed on these TiO2 NP dispersions containing 

varying concentrations of mRL to further understand how SiO2 may be altering the 

surface charge and electrostatic forces of the TiO2 NPs.  After initial mixing, the 

dispersions were allowed to equilibrate undisturbed for 6 weeks before aliquots were 

taken for measurement.  The measured zeta potentials (ζ) in the absence of mRL, for 

[mRL] ~ CMC, and for [mRL] >> CMC at pH 4.0, 6.0, and 8.0 are shown in Figure 8-24. 

 At pH 4.0, ζ is expected to be positive for clean TiO2, since this pH is below the 

pzc.  For particles of pzc ~6.0 at pH 4, ζ has been reported to be 30 to 40 mV.347,554,557  In 

all cases, ζ decreased to ~0 mV at pH 6.0 and further decreased to -10 to -40 mV at pH 

8.0.347,554,557  In the current experiments, in the absence of mRL, ζ was ~ -20 mV at pH 4 

and decreased to -30 to -32 mV at high pH.  For all three solution pH values, ζ decreases 

with mRL addition until it is ~10 mV more negative for [mRL] >> CMC than for [mRL] 

= 0 μM.   

Given the moderate mRL adsorption to the NP surface at pH 6 and 8, a decrease 

in ζ with increasing anionic mRL concentration is expected.  The addition of a negatively 

charged species to a previously uncharged site will lower the measured ζ.  Alternatively, 

the competitive displacement of a previously adsorbed species could alter the net charge  
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Figure 8-24.  Zeta potential (mV) of aqueous TiO2 NP dispersions as a function of 
rhamnolipid concentration at pH 4.0 (black), pH 6.0 (red), and pH 8.0 (green) after 6 
weeks.  Data points are pooled average values of three measurements on each of two 
independently prepared solutions for each sample condition. 
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of the NP surface (e.g. if a cationic species is being replaced with nonionic mRL, ζ would 

be more negative). 

While the decrease in ζ with added surfactant is expected, the ζ of the NPs in the 

absence of mRL were not predicted to be negative at pH 4 and 6.  However, based on the 

surface composition study of the TiO2 NPs, it is known that a significant amount of SiO2 

is also present on the surface.  Because SiO2 is expected to be negative above pH 4.5, the 

negative zeta potential of the TiO2 NPs is reasonable.  The NPs were sufficiently 

negatively charged at all three pH values to assure a stable suspension regardless of 

whether surfactant was present or not.  Therefore, both pH and mRL concentration had 

much less of an impact on TiO2 NP aggregation and subsequent dispersion stability than 

originally anticipated. 

Conclusions and Implications 

In general, the effects of mRL on commercial NP dispersions of SiOx and TiO2 

were successfully evaluated using a variety of analytical techniques.  Electrostatic 

repulsion between negatively charged SiOx NPs and mRL molecules limits NP-NP 

aggregation as well as NP-mRL adsorption at high pH.  Little mRL is adsorbed to SiOx 

NPs, and the average SiOx NP aggregate size does not significantly change until a 

sufficiently large number of anionic mRL micelles are present to provide further 

electrostatic repulsion. 

These effects of mRL on SiOx NP dispersion are subtle, yet important.  It is 

unlikely that mRL will competitively displace any existing surface species at a high pH, 
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and will not alter fate and transport behavior.  However, in solutions of more acidic pH 

close to the pzc of SiO2 and the pKa of mRL, the surface composition and charge of SiOx 

NPs may be altered, resulting in different interactions with naturally existing surfaces 

(soils, plants, minerals, etc.) especially if the mRL concentration is high.  Moreover, the 

minimal interactions between mRL and SiOx NPs and their concomitant minimal effect 

on NP aggregate size and surface potential may allow this system to serve as a standard 

to which other systems may be compared. It should be stressed that, although some 

effects of mRL are observed, these effects are not significant until mRL concentrations 

become significantly higher than those likely to be encountered in natural environments. 

TiO2 aggregate dispersions have been shown in the literature to be stable except 

when the solution pH approaches the pzc of the NPs (~6).480,482  The major conclusion of 

this study was that the commercial NPs contain a significant amount of SiO2.  Thus, 

although mRL adsorption on these TiO2 NPs is greater than on the SiOx NPs, it is 

significantly lower than expected based on previous work on sugar surfactant adsorption 

to TiO2.531,557 The silica additive also altered the expected dispersion behavior of these 

NPs, providing electrostatic repulsion (negative zeta potential) and stabilization of the NP 

dispersion at pH 6 despite the expectation that pure TiO2 NPs should have a zero zeta 

potential and aggregate significantly.  Consequently, the anticipated pH effect on TiO2 

NP dispersion stability and zeta potential were not observed.  The end results is that the 

presence of the SiO2 additive prevented  accurate assessment of mRL effects on TiO2 NP 

dispersions.  However, because TiO2 is often doped with SiO2 for commercial 

applications, these results may more accurately represent the nature of “TiO2” particles 



397 
 

that enter the environment and encounter mRL than would investigations of pristine 

TiO2. 
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APPENDIX 8A 

Surface Coverage Matlab 2012b Script Written by Anoma Mudalige,12/10/2012. 
Employed 2-layer system theory because the films are thick (>> dp); equations in 
Depalma's paper were used. 562 
 
Ni indicates complex refractive indices (i.e. Ni = ni + 1i*ki).  Perpendicular electric field 
vector part is written as p. Parallel vector part is written as pl. beffp is the beff 
perpendicular component and deffpl is the deff parallel component.  CR is the correction 
factor described by Depalma.562  S is the surface coverage in molecules/cm2. m, n, o, p, 
q,and  r are simpler pieces of the experssions for deffp and deffpl. 
 
S, surface coverage will be a complex number.  Only the real part of S is reported if the 
imaginary component is relatively small (i.e. <10% of the real component).  Text in green 
are notes for the reader and are not necessary to run the Matlab script. 
 

Example MatLab Script ( SiOx) 

nZnSe=2.433; k1=0; NZnSe=nZnSe+1i*k1; 
nH2O=1.399; kH2O=0.00975; NH2O=nH2O+1i*kH2O; 
nSiOx=1.4844; kSiOx=0; NSiOx=nSiOx+1i*kSiOx; 
Fv=0.381 %see Eq 8-9 
N2=Fv*NSiOx+(1-Fv)*NH2O;%Eq 8-8 
t=53.02; %See Chp7 (θ) 
L=1/2856;%wavelength in cm (λ) 
L1=L/NZnSe; 
h=0.00041; % thickness of film in cm 
N21=N2/NZnSe; 
m=(N21)*L1*cosd(t);n=3.14*(1-(N21)^2);o=sqrt((sind(t)^2)-(N21)^2); 
q=(2*sind(t)^2-(N21)^2); 
p= (N21*L1*q*cosd(t));r=(3.14*(sind(t)^2-(N21)^2+(N21)^4*cosd(t)^2)); 
deffp=(m)/(n*o);%Harrick Eq 12509 ( ⊥ed ) 
deffpl=(p)/(r*o);%Harrick Eq13509 ( ||ed ) 
PR=1.0054; 
deff=(deffp*PR)/(1+PR)+(deffpl)/(1+PR);%Sperline 1991 paper511 
dp=L1/(2*pi*sqrt(sind(t)^2-(N21)^2));%Harrick's Eq 22510 
rho=0.915;%density in g/cm3 (ρ) 
SA=1600000;%manufacturer reported 
CR=rho*(defff)*SA;%Depalma correction factor562 
es=4487;% see Chp 7 (ε) 
As =XXX; N=9.06;%As= changing variable, N see Chp 7 (number of reflections) 
S= As*dp/(defff*es*1000*CR)*6.023*10^23;%Depalma paper562 (Γ) 
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Table 8A-1. Values for surface coverage calculations for mRL on SiOx, TiO2, and ZnO 
NP systems. 

Parameter SiOx TiO2 ZnO 
nZnSe 2.433 

k1 0 
NZnSE 2.433 
nH2O 1.399 
kH2O 0.00975 
NH2O 1.399 + 0.00975i   
noxide 1.4844 2.4358 1.9009 
koxide 0 
Noxide 1.4844 2.4358 1.9009 

Mass deposited 
(g) 1.875 x 10-3 1.875 x 10-3 3.5 x 10-3 

Area of IRE 
(cm2) 5.0 

Fv 0.381 0.296 0.329 
N2 0.5884 + 0.0025i 1.7059 + 0.0069i 1.5641 + 0.0065i 
t 53.02 

L (cm) 3.501 x10-4 
L1 (cm) 1.4391x10-4 
h (cm) 4.1 x 10-4 3.04 x 10-4 3.81 x 10-4 

N21 0.5884 + 0.0025i 0.7011 + 0.0028i 0.6429 + 0.0027i 

m 5.0936x10-5  + 
2.1474x10-7i 

6.0698x10-5 + 
2.4423x10-7i 

5.5653x10-5 + 
2.3278x10-7i 

n 2.0530 - 0.0092i 1.5964 - 0.0124i 1.8423 - 0.0109i 
o 0.5403 - 0.0027i 0.3829 – 0.0052i 0.4742 – 0.0036i 
q 0.9301 - 0.0029i 0.7847 - 0.0040i 0.8630 - 0.0035i 

p 4.7377x10-5 + 
5.1050x10-8i 

4.76x10-5 – 4.85x10-

8i 
4.80x10-5 + 8.48x10-

9i 
r 1.0529 - 0.0069i 0.7347 - 0.0080i 0.9001 - 0.0076i 

deffp (cm) 4.5912 x10-5 + 
6.2808 x10-7i 

9.9268 x10-5 + 
2.5119 x10-6i 

6.3690 x10-5 + 
1.1314 x10-6i 

deffpl (cm) 8.3262 x10-5 + 
1.0492 x10-6i 

1.6925 x10-4 + 
3.9557 x10-6i 

1.1250 x10-4 + 
1.8358 x10-6i 

PR 1.0054 

defff (cm) 6.4537 x10-5 + 
8.3807 x10-7i 

1.3416 x10-4 + 
3.2319 x10-6i 

8.8029 x10-5 + 
1.4826 x10-6i 

dp (cm) 4.2388 x10-5 + 
2.1189 x10-7i 

5.9814 x10-5 + 
8.0718 x10-7i 

4.8297 x10-5 + 
3.7126 x10-7i 

rho (g cm-3) 0.9150 1.2500 1.8400 
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Table 8A-1 cont’d. Values for surface coverage calculations for mRL on SiOx, TiO2, and 
ZnO NP systems. 

Parameter SiOx TiO2 ZnO 
SA (cm2 g-1) 1600000 1600000 500000 

CR 94.4815 + 1.2269i 268.33 + 6.4638i 80.9865 + 1.3640i 
mRL Concentration 10 μM to 3.0 mM 5 μM to 3.19 mM 5 μM to 1.0 mM 

es (cm mol-1) 4487   

As (a.u. cm-1) 0.005 to 0.322 0.007 to 1.266 0.008 to 0.727 

N 9.06   

S (molecules cm-2) 

4.66x1012 - 
9.78x1010i 

to 
3.00x1014 - 
6.30x1012i 

1.56x1012 - 
5.41x1010i  

to 
2.82x1014 - 
9.78x1012i 

7.27x1012 – 
1.89x1011i  

to 
6.61x1014 - 
1.72x1013i 
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CHAPTER 9.  

INFLUENCE OF MONORHAMNOLIPIDS ON THE AQUEOUS DISPERSION 

BEHAVIOR OF ZINC OXIDE NANOPARTICLES 

Zinc Oxide Chemistry 

Industrial Uses and Toxicity of Zinc Oxide 

 Zinc oxide (ZnO) NPs are important materials in the electronic, semi-conductor, 

and solar cell industries due to their advantageous electronic and photonic 

properties.341,559,560,613  In addition, they are commonly found in sunscreens, cosmetics, 

optics, rubbers, antiseptics, etc.341,559,613-615  The varying polarity and reactivity of the 

different crystal faces makes the ZnO surface useful as an active catalytic support for 

methanol synthesis616-618 and water gas shift reactions.619-623    

 However, of the three metal oxides discussed in this work (SiOx, TiO2, and ZnO), 

ZnO has shown the most evidence for cytotoxicity not only to bacteria, fungi, and 

algae,420,624-626 but also aquatic and mammalian cell lines.341,614,615,627-629   While this 

raises concerns about the adverse health effects of ZnO NPs to humans and the 

ecosystem, some advantageous applications are also being explored: 1) selective toxicity 

towards more active cells indicates that ZnO NPs might be useful in nanomedicine for the 

treatment of cancer and autoimmune diseases627,630 and 2) as bactericides of the 

pathogenic agents implicated in a variety of human infections.631-633  To capitalize on the 

potential of these materials, while preventing unintended consequences, requires a 

thorough understanding of the mechanisms of ZnO toxicity as well as the environmental 
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factors affecting ZnO NP fate and transport be investigated and understood in the 

ecosystem. 

In a study by Jeng et al. comparing similarly sized NPs (30-45 nm) of several 

metal oxides on mammalian cells, significant cellular responses, including change in cell 

morphology, decrease in mitochondrial function, lactate dehydrogenase (LDH) leakage, 

apoptosis and necrosis, occurred with exposures to ZnO as low as 25-50 μg/mL, while 

the other oxides required 5-10 times more material exposure to exert any noticeable 

effect.634 ZnO is known to produce reactive oxygen species (ROS) very similar to TiO2 

and other metal oxide NPs, but the amount of ZnO required to reach half of its maximum 

effect (EC50) is significantly lower than observed for other metal oxide NPs. 

614,625,629,635,636  However, the total concentration of ROS produced by ZnO was 

comparable to or lower than that of the other oxides.  Additionally, nano-ZnO showed 

similar toxicity to its bulk counterpart, nano-CuO was toxic and the bulk inert, and nano 

and bulk TiO2 were nontoxic.625,629   The fact that ZnO NPs were more toxic than other 

oxides and that bulk ZnO and ZnO NPs had comparable toxicity show that, while ROS 

production may play some role in the toxicity of ZnO, there is an additional facet that 

also contributes to its deleterious effects on living organisms. 

Research has indicated that the increased toxicity of ZnO (bulk and nano) 

compared to other metal oxide materials is due to its semi-solubility in water.553,615,626  

Brunner et al. found that there was a direct correlation between toxicity and nanoparticle 

solubility when comparing slightly soluble materials (e.g. Fe2O3, ZnO) to insoluble ones 

(e.g. TiO2, CeO2, and ZrO2).614  When ZnO dissolves in aquatic environments, Zn2+ are 
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released into solution that are then bioavailable for uptake by cells.  High levels of 

cellular Zn2+ inhibit cellular respiration, indirectly cause ROS generation, impede 

enzymatic activity leading to decreased ATP levels, and impose mitochondrial pore 

opening and cytochrome c release.628  It is unclear in the current literature whether the 

elevated toxicity of ZnO is due solely to Zn2+ release or if it is the contribution of ROS 

production.  Studies evaluating both Zn2+ salts and ZnO NPs have shown comparable 

levels of toxicity,625,626,628 while others have suggested that a combined mechanism is 

responsible as the soluble Zn2+ did not account for the total toxicity observed.615,636  

Regardless of mechanism, a consensus among all researchers is that Zn2+ does play some 

role in ZnO toxicity and ZnO shows significantly more acute toxicity than most other 

metal oxide NPs. 

In addition to understanding how solution conditions affect aggregation and 

transport in evaluating potential human exposure, it is also vital to know what variables 

can increase/decrease ZnO dissolution and ROS production, as these will contribute to 

their toxicity.  Coatings can alter several NP properties and their subsequent interaction 

with cells including the following: 1) agglomerate size determines whether NPs can 

penetrate cells; 2) surface charge and steric properties affect NP stability in solution and 

attraction to cell surfaces; 3) chemical stabilization can minimize dissolution of toxic 

metal ions; and 4) free radical scavenging abilities and 5) the concentration of NPs 

exposed to bacteria.350   

Coatings can have complex effects on NP properties.  For example, nano-Ag 

coated with SDS has been shown by one group to have no antibacterial properties,637 
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while another found that Ag-SDS had the highest toxicity of all surfactants and polymers 

tested.638  Yin et al. studied how different coatings and their mechanism of absorption can 

alter the cytotoxicity, genotoxicity, and ROS production of ZnO NPs.341  ZnO NPs were 

coated with oleic acid (OA), poly(methacrylic) acid (PMAA), or components from cell 

culture medium (referred to here as medium-soaked) and compared to uncoated NPs.  

They found that the cytotoxicity and ROS production decreased under all coating 

conditions with the most significant results observed with medium-soaked particles.  The 

coatings may block or complex with the active sites on the NP surface and prevent 

electron accepting/donation properties that result in the creation of radical species that 

then lead to cytotoxicity.  In addition, compatibility with the bacterial cell surface may 

alter the toxicity of the NPs, since hydrophilic surfaces have been shown to be less toxic 

than hydrophobic ones.639,640 

It is expected that coatings would protect the ZnO surface and minimize Zn2+ 

release into solution;559,641 however, some coatings can act as ligands and chelate surface 

metal ions thereby increasing dissolution.642  Bian et al. investigated both the effect of pH 

and presence of natural humic acid (HA) on ZnO dissolution and Zn2+ release.559  

Interestingly, in solutions of acidic pH, the dissolution was high, but HA had no effect.  

The protonation of HA functional groups (carboxylic acids and phenols) and the lower 

solubility of HA may limit accessibility of HA to the Zn2+ sites on the surface of the NPs.  

In solutions of higher pH in which these functional groups are deprotonated and have 

additional electrostatic attractive forces for Zn2+, there was an obvious correlation 

between presence of HA and increased solution Zn2+ concentration.  Therefore, the effect 
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of surface coatings on the ZnO NP surface and its dissolution may depend on whether the 

polymer/surfactant molecularly adsorbs (physisorbs), thereby shielding the surface from 

dissolution, or complexes with the surface metal sites increasing the free ion in solution.  

These effects can vary between adsorbates and for a single species under conditions of 

different charge states.  Therefore, it is hard to predict a priori the impact that 

rhamnolipids (mRL) will have on the aggregation and aqueous dissolution behavior of 

ZnO NPs.   

 ZnO Surface 

 Many industrial applications of ZnO, including as the active phase for methanol 

production, and its high reactivity towards adsorbates and chemical interactions lies in 

the unique surface structure of ZnO.454,613  Before trying to understand the effects of mRL 

on ZnO NPs, it is important to gain a fundamental understanding of the structure of the 

ZnO surface and its behavior upon interaction with an aqueous environment.    

 The most stable crystal structure of ZnO under ambient conditions is hexagonal 

wurzite in which each Zn2+ is coordinated to four O2- in a hexagonal unit cell containing 

C6v symmetry.624,643 ZnO has three main crystal surfaces with extremely different 

properties: nonpolar ZnO (10 1 0) with equal amounts of Zn and O, polar zinc-

terminated Zn(0001), and polar oxygen-terminated O(000  1 ).613   

The polarity of the ZnO surface gives rise to many of its catalytic properties.  This 

is very different than what is found with TiO2 for which the major crystal faces are all 

nonpolar.  The polar planes of ZnO are intrinsically more unstable than the nonpolar 
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surface and may undergo a number of different processes to remove this instability.  1) 

charge transfer from the O(000 1  ) to the Zn(0001) surface without rearrangement of 

atoms.  This appears to be unique to ZnO compared to other oxides, and results in a 

charge buildup between the two planes forming partially filled surface bands and surface 

metallization.454,644  The positive polar plane is Zn-rich at the surface while the negative 

polar plane contains exposed O atoms.645  2) Surface reconstruction in which Schottky (O 

vacancy) and Frenkel (interstitial Zn vacancy) defects as well as Zn-O dimer vacancies 

arise to account for the strong surface dipole of the polar planes.454,613 3) Adsorption of 

protons or H2O molecules to saturate the surface with hydroxyl groups.613 

The oxygen vacancies in ZnO are implicated as the main active sites for 

adsorption and catalysis.454,613  The charge of the defect sites can vary depending on how 

many electrons are removed:  VO contains two electrons (removal of oxygen atom), VO
+ 

has one electron (removal of OH group), and finally the VO
2+ contains no electrons 

(removal of H2O) where the species removed assumes the surface is stabilized with 

hydroxyl groups.613,646,647  Studies on the adsorption of methanol and formate show that 

the exposed crystal plane plays a large role in the type (physisorption versus 

chemisorption) and degree of adsorption to the catalytic ZnO surface.618,648-651  These 

studies have identified the active site for adsorption as three Zn atoms surrounding an 

oxygen vacancy on the O(000 1  ) surface.  
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Dissolution and Amphoteric Equilibria of ZnO in Water 

An important characteristic associated with surface reactivity is the acid/base 

properties in aqueous solution.  When the pH of the solution is altered, three processes 

can occur on the ZnO surface: 1) adsorption of OH- or H+ ions; 2) dissolution or 

precipitation of ZnO; and 3) a slow process which consumes OH- and H+.652,653  Each O2- 

site on the ZnO surface can accommodate two H+ groups with a Langmuir-type 

adsorption of surface sites such that zero surface coverage (θ = 0) corresponds to 

complete dissociation of the ≡ZnOH to ≡ZnO- and θ = 1 means that all of the ≡ZnOH 

groups are associated with H+ to have ≡ZnOH2
+.652  The surface density of ≡ZnOH was 

measured to be 11.8 groups/nm2.652  Because the hydroxyl groups can either accept or 

donate an additional proton or release OH- groups, Zn(OH)+ has potential buffering 

properties.553,559,654  

The presence of hydroxyl groups on the surface gives rise to the amphoteric 

nature of ZnO, which can undergo a variety of different dissolution reactions in water 

depending on whether the solution pH is acidic or basic559,655: 

  Ki (25°C) Ref Eq 
  

)(2)(
2

)()( 2 laqaqs OHZnHZnO +↔+ ++  6.31 x 10-12
 

656 (9-1) 
 )()()( )( aqaqs OHZnHZnO ++ ↔+  6.31 x 10-2 481 (9-2) 
 )(3)(2)()( )( aqlaqs OHZnOHOHZnO −− ↔++  6.0 x 10-4 657 (9-3) 
 )(4)(2)()( )(2 aqlaqs OHZnOHOHZnO −− ↔++  1.0 x 10-2 657 (9-4) 
Solution pH dictates which reaction(s) predominate.655  At pH <7, dissolution proceeds 

by direct attack of a proton on the ZnO surface (Eqs (9-1) and (9-2)), breaking the Zn-O 

bonds to form Zn2+
 and Zn(OH)+ as the major solution species.559,655  The solubility is 

especially significant below pH 3 at which 90-100% of the Zn2+ originally associated 
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with ZnO is released into solution.559,655  The solubility decreases significantly as the 

solution moves toward a neutral pH.  When pH ≥10, the solubility again increases 

according to Eqs (9-3) and (9-4).655 

At solution pH 6-10, the predominant surface chemistry on ZnO is not dissolution 

but rather precipitation of solid Zn(OH)2.559,658  Thus, at the most environmentally-

relevant pH values, the ZnO surface is hydrolyzed such that a layer of only slightly 

soluble, neutral ≡Zn(OH)2 (s) exists.  Although Zn(OH)2 is only slightly soluble, it can 

undergo a number of important exchange reactions with the solution that are also pH 

dependent559,654,658: 

  K (25°C)658 Eq 
 )()()(2 )()( 1 aqaq

K
s OHOHZnOHZn −+ +→←  2.54 x 10-11 (9-5) 

 
)(2)(2 )()( 2

aq
K

s OHZnOHZn →←  2.62 x 10-6 (9-6) 
 )(3)()(2 )()( 3 aq

K
aqs OHZnOHOHZn −− →←+  1.32 x 10-3 (9-7) 

 )(4)(2)()(2 )(2)( 4 aq
K

laqs OHZnOHOHOHZn −− →←++

 
6.47 x 10-2 (9-8) 

 )()(
2

)(2 2)( aqaq
K

s OHZnOHZn sp −+ +→←  1.64 x 10-17 (9-9) 
The solubility of Zn(OH)2 can be taken as the sum of the total Zn2+-containing species in 

solution655: 

 [ ] [ ] [ ] [ ] [ ]−−++ ++++=∑ 2
432

2 )()()()( OHZnOHZnOHZnOHZnZnZnT  (9-10) 

Using the equilibrium constants listed above, the fraction of each Zn2+ form can be 

calculated as a function of pH as seen in Figure 9-1.658  The solubility product, Ksp, at 

25°C for Zn(OH)2 reported in the literature is ~0.7-3.8 x 10-17.658-660  The low solubility 

implies that the presence of Zn(OH)2(aq) is not favored and will undergo transformations 
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Figure 9-1.  Calculated fraction of each ionic form of Zn(II) 
existing in solution as a function of pH at 25 °C using the equilibria 
presented in Eqs (9-5) through (9-9) and K values determined by 
Reichle et al.658  
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until its solution concentration is minimal.  Because Zn(OH)2 is the major species at pH 

10, exchanges will occur at the surface to shift the solution pH until a more favorable 

equilibrium is established.661  Observations in the literature have shown that if the starting 

pH is between 6-12, the pH will migrate over time until a stable pH of ~7.5 is 

established.559 

 By combining with Eq (9-9) and Eq (9-5), another important equilibrium system 

becomes apparent559,658: 

  Ki (25°C)658 Eq 

 )()()(
2 )(5 aq

K
aqaq OHZnOHZn +−+ →←+  1.46 x 106 (9-11) 

Furthermore, Eq (9-11) can be combined with the autoionization of water to give the acid 

dissociation equilibrium658: 

  Ka(25°C)658 Eq 

 )()()(2)(
2 )( aqaq

K
liqaq HOHZnOHZn a +++ +→←+  

1.46 x 10-8 (9-12) 

The pKa, therefore, is 7.6 where the major solution species are Zn2+ and Zn(OH)+
  and 

the amount of Zn(OH)2(aq) is negligible such that the pH is stabilized for a long period of 

time.661  The wide variety of equilibrium reactions occurring in solution and at the ZnO 

surface make for complex surface chemistry that will be important in establishing the 

effect of mRL on NP aggregation and dissolution. 

Previous aggregation studies on ZnO 

 Much of the work on ZnO NP dispersions has focused on the toxicity of the 

materials rather than the aggregation behavior, but a few dispersion stability of ZnO NPs 
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studies exist that may guide the interpretation of the present 

investigation.420,553,559,560,615,662  Without the assistance of added surfactants, ZnO NPs are 

known to aggregate to particle sizes >1 μM very quickly and settle out of solution within 

a few hours.553,559,580,615,626 Zhu et al. investigated the influence of natural sediments (i.e. 

mixture of sand, clay, organic content, silt) on toxicity of settled ZnO NP aggregates on 

zebra fish embryos.615  They found that harmful effects were significantly reduced in the 

presence of natural sediments compared to embryos exposed to ZnO aggregates alone.  

The mechanism is still unclear, but shows that ZnO dispersion instability in natural 

waters may be beneficial not only to prevent mobility and exposure, but may mitigate the 

known toxicity of ZnO by interacting with environmental substances. 

 The effect of surfactants on ZnO aggregation has also been explored.  Solution 

synthesis of ZnO NPs using synthetic surfactant micelles of polyethylene glycol, sodium 

dodecyl sulfate, dodecylthiol, or cetyltrimethylammonium bromide to control NP size 

and morphology is well established.624,663-665  These surfactants bind to ZnO active sites 

and remain on the surface after synthesis, thereby affecting the surface chemistry of the 

NPs.624,645  Surfactants are also often added to ZnO dispersions to prevent 

agglomeration.666,667  The pzc for ZnO NPs is ~ 9-9.3368,467 (although the reported range 

extends from as low as 8.0368,553 to as high as 10.3668), so a circumneutral solution pH is 

not likely to induce significant charge on the NP surface to prevent aggregation by 

electrostatic repulsion.580  Furthermore, because of the ZnO transformation equilibria 

introduced above, NPs cannot be stabilized electrostatically by adjusting the solution 
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pH.661  Thus, ionic surfactants, polymers, and other coatings must be used to control the 

NP aggregate size and stabilize the dispersion.662,669-671   

 Tang et al. found that unmodified ZnO completely settles out of solution in 4-8 

days, but when modified with polymethylacrylic acid (PMAA), 80-90% of the ZnO 

remains dispersed after 16 days.669  The explanation proposed for this stabilization 

involves PMMA carboxylate groups complexing the hydroxyl groups of the ZnO surface 

with the rest of the PMAA polymer chain providing steric hindrance to aggregation.  

Given that the mRL studied in this work contain carboxylate moieties with lipid tails, a 

similar interaction might be expected with these biosurfactants.  

 The effect of natural organic matter (NOM) composed of humic and fulvic acids 

on the aggregation, toxicity, and dissolution of ZnO NPs has been investigated in several 

studies.553,559,560,672,673  These studies demonstrated that increasing amount of NOM 

stabilizes ZnO NP dispersions by increasing the surface charge (negative zeta potentials 

measured) and introducing steric repulsion (except at very low concentrations where a 

“bridging effect” can occur between surfactants and unoccupied surface sites560).  

However, as mentioned above, the presence of NOM does not affect dissolution at acidic 

pH, while in basic solutions, the concentration of Zn2+-containing species in solution is 

greatly enhanced with NOM.559   

 The addition of a natural plant surfactant has been found to reduce the 

antibacterial and antifungal activity of ZnO NPs.624  The toxicity of ZnO to earthworms 

was shown to increase in the presence of NOM, presumably due to increased Zn2+
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release,674 although it has also been suggested that Zn2+ complexed by dissolved organic 

content has a lower toxicity.675  Thus, it is expected that if mRL can effectively compete 

for ZnO surface sites with pre-existing adsorbates, they may stabilize the aggregate 

suspension and increase dissolution of free Zn2+, thereby promoting environmental 

mobility and risk of human exposure to ZnO NPs.  However, since mRL are known to 

complex Zn2+ more strongly than fulvic acid (a component of NOM),161 it is unknown 

what effect mRL will have on toxicity.  In this investigation, the effect of mRL on ZnO 

dispersion stability, surface charge, and Zn2+ dissolution is examined.  

Results and Discussion 

mRL Adsorption on ZnO Thin films 

The adsorption behavior of mRL on ZnO thin films was measured as a function of 

pH using ATR-FTIR.  Experiments were carried out and the data analyzed in the same 

manner as described above for SiOx and TiO2 (Chapter 8).  ZnO NPs (20 nm) were 

purchased from Nanostructured & Amorphous Materials, Inc. with manufacturer 

specifications given in Table 9-1.   

A representative scanning electron micrograph is shown in Figure 9-2 for the ZnO 

NP powder as received from the vendor.  Sizes were determined from 27 randomly 

chosen particles in the micrograph with the average size b 65.0 ± 27.2 nm.  However, 

there appear to be “large” and “small” particles in the material obtained from 

Nanostructured & Amorphous Materials, Inc.  Of the original randomly-chosen particles,  
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Table 9-1.  Manufacturer specifications for ZnO NPs used here from Nanostructured & 
Amorphous Materials, Inc. 

 ZnO 

Purity 99.5% 

Polymorph Not reported 

Average Particle Size 20 nm dia. 

Specific Surface Area 50 m2∙g-1 

Color Milky white 

Morphology Nearly spherical 

Bulk Densitya 0.3-0.45 g∙cm-3 

True Densitya 5.606 g∙cm-3 
a  See notes in Table 8-1 for explanation of these parameters. 
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Figure 9-2.  SEM micrograph of representative ZnO NP aggregate 
received from Nanostructured & Amorphous Materials, Inc.  Image was 
acquired with a working distance = 5.1 mm and 100k magnification.  
Measured size of 27 randomly chosen particles was 65.0 ± 27.2 nm. 
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20 had a dia <70 nm with an average dia of 51.2 ± 12.1 nm, while the remaining 7 were 

>80 nm in dia with an average of 104 ± 18 nm.  The morphology and polydispersity, 

however, is fairly similar to that shown in micrographs from other investigations of 

similarly-sized commercial ZnO NPs with sizes reported to be in the range of 20-50 nm. 

553,560,615 

Thin films of these ZnO NPs were prepared by suspending 3.5 mg ZnO NPs 

(oven dried and ground with mortar and pestle) in 750 μL Milli-Q H2O by sonicating for 

~1 min and then shaking by hand for ~1 min.  The entire slurry was then deposited onto a 

ZnSe IRE by pipette and oven dried in a covered petri dish at 100 °C for 2 h.  The 

resulting films were 3.81 ± 0.88 μm thick as determined by scanning electron microscopy 

(SEM), shown in Figure 9-3. 

Adsorption measurements were performed on ZnO thin films using ATR-FTIR 

under constant flow conditions (~4 mL/min) of increasing bulk concentrations of the 

mRL mixture harvested and purified from Pseudomonas aeruginosa ATCC 9027.  Each 

solution was adjusted to the appropriate pH using dilute NaOH or HCl just prior to use.  

Because of the propensity of the pH to drift to ~7.5, the pH was checked periodically 

during equilibration and adjusted if needed.  Figure 9-4 shows a representative ATR-

FTIR spectrum from 800 to 3100 cm-1 for mRL adsorbed on ZnO. Peak frequencies and 

assignments for free mRL in solution and adsorbed to ZnO at pH 6.0 are given in Table 

9-2. 
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Figure 9-3.  SEM micrograph of film made from ZnO NPs received 
from Nanostructured & Amorphous Materials, Inc as described in 
Chapter 7.  Image acquired at a working distance of 9.5 mm and 12k 
magnification.  Average pooled film thickness was 3.81 ± 0.88 μm 
measured on 3 different films and 6 separate spots on each film. 

2 μm



 
 

Figure 9-4.  ATR-FTIR spectrum of mRL adsorbed on a ~ 4 μm ZnO thin film on a ZnSe IRE equilibrated with flow of a 
750 μM mRL solution at pH 6. 
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Table 9-2.  ATR-FTIR peak frequencies and assignments for 750 µM  mRL on ZnO film 
and in bulk solution at pH 6.0. 

Solution mRL at pH 
6.0 (cm-1) a 

mRL adsorbed to ZnO at 
pH 6.0 (cm-1) Assignmentb 

2954 2954 νas(CH3) 
2928 2925 νas(CH2) 
2872 2870 νs(CH3) 
2858 2855 νs(CH2) 
1737 1734 ν(CO) 
1548 1561 νas(COO-) 
1460 1455 δ(CH2) 
1387 1408 νs(COO-) 
1320 1317 δip(OH) 
1191 1190 δ(COH) +ν(COalcohol) 
1170 1169 δip(OH) +ν(COalcohol) 
1126 1125 ν(COalcohol) 
1100 1098 ν(COC) 
1070 1069 νas(CCO) +ν(COalcohol) 
1050 1050 νs(CCO) +ν(COalcohol) 
983 983 δ(CH) 

aPeak frequencies for free mRL in solution at pH 6.0 from ref 169 
bAssignments from refs 169,565-567 
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As observed for mRL adsorbed to TiO2 (see Fig 8-14), the surfactant modes 

(sugar and carboxylate) of ZnO-adsorbed mRL are discernible in the entire region from 

1000-1750 cm-1.  mRL can adsorb to the ZnO surface through a metal-headgroup 

interaction in which the Zn2+ sites act as Lewis acids.454,588  The presence of a strong 

νs(COO-) band at 1408 cm-1 indicates that the carboxylate moiety is associated with the 

surface through bidentate carboxylate binding, although typically, the shift in νas(COO-) 

is smaller with bidentate bridging than what is observed here.588  This could indicate that 

bidentate chelating is occurring instead as observed in solutions of zinc acetate.588  

Another possibility is that there is a mixture of bidentate bridging and monodentate 

coordination with the dissociated acidic hydrogen bound to a surface oxygen forming a 

surface hydroxyl.  Alternatively, based on work by Schalnat486 in this laboratory on 

heavy metal complexation of mRL in solution, the “claw-like” structure of mRL may also 

influence the binding type.  The presence of the sugar hydroxyl groups on the rhamnose 

headgroup may alter the relative shifts in the carboxylate bands.  However, this potential 

effect of the sugar headgroup on the carboxylate shifts has not, to the author’s 

knowledge, been characterized or quantified, and is only mentioned here as a possibility 

that must be kept in mind when making binding assignments. 

The energy of carboxylate coordination has been calculated for formic acid 

adsorbed on the ZnO (10 1 0).676  A mixture of bidentate bridging and monodentate 

coordination were theoretically observed, but bidentate bridging was determined to be 6.3 

kcal/mole more stable than monodentate, and is, therefore, the predominant coordination 

mechanism of carboxylates to the ZnO surface.676 This mixture of bidentate and 
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monodentate geometries was also observed experimentally when formate was adsorbed 

to the polycrystalline ZnO surface.  The bidentate geometry was proposed on the non-

polar ZnO (10 1 0) surface and the monodentate coordination occurred at defect sites 

(steps, terraces, etc) or oxygen vacancy sites.613,677  The νs(COO-) of the mRL in the 

present case is shifted about 21 cm-1 higher on ZnO while on TiO2 only a 15 cm-1 shift 

was observed even though the νas(COO-) was the same for both oxides.  Therefore, Δν 

was only 153 cm-1.  Although Δν is slightly smaller than observed on TiO2 (159 cm-1), 

which may indicate a smaller bond angle between the O-C-O and argue for the chelating 

structure, the difference is not large enough to definitively differentiate between the two 

types of bidentate ligands. 

The difficulty in the present case is the surface is unlikely to be crystalline so the 

actual surface to which mRL is being adsorbed is not a regular array of Zn and O atoms, 

complicating assignment of coordination structure.  It is very likely that multiple types of 

coordination are occurring depending on the surface composition, neighboring 

adsorbates, and surface charge.  Furthermore, mRL is much more complicated than the 

simple carboxylates investigated in many of these studies, and the effect of the sugar 

hydroxyls on the νas(COO-) and νas(COO-) bands has not been completely characterized.  

Thus, while comparisons can be made between Δν for simple carboxylates and mRL 

complexed to a metal oxide surface in order to conjecture the type of binding occurring, 

these assignments cannot be made with a high degree of certainty. 

The sugar hydroxyl groups can also hydrogen bond with the surface hydroxyl 

groups on the O-terminated face of ZnO.  Figure 9-5 shows the decrease in intensity of   
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Figure 9-5.  ATR-FTIR spectra of adsorption of increasing mRL 
onto ZnO thin film at pH 6.0.   Raw data (2900 cm-1 normalized to 
0) showing the negative going OH water band as physisorbed 
solvent molecules are displaced from the surface 
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the water mode around 3150 cm-1 as surface water molecules are competitively displaced 

by surfactant.  In Figure 9-6a, the plots are normalized to the minimum point at 3159 cm-1 

and a clear growth of a new band appears with increasing bulk concentration of mRL.  

Interestingly, this growth is shifted to longer wavenumbers by about 50 cm-1 (3450 cm-1) 

compared to what was observed on TiO2.  An inflection point at ~3500 cm-1 and a second 

peak growing in at ~3600 cm-1 are observed that were not seen on the TiO2 surface.  

These peaks do not appear at the same mRL surface coverage as can be seen in the plot in 

Figure 9-6b, but both are in the ν(OH) region.  Multiple peaks in the ν(OH) region may 

mean that adsorption occurs in a series of  sequential steps, similar to what was observed 

by Jucker et al. for adsorption of lipopolysaccharides on TiO2 and Al2O3 surfaces.  The 

free ν(OH) mode has been observed on ZnO NPs at 3450 cm-1 and this matches exactly 

with one of the bands that appear in this study.   

The transmission spectrum of the commercial ZnO particles in a KBr pellet is 

shown in Figure 9-7.  There is a broad ν(OH) band observed at 3450 cm-1 along with the 

extremely strong ν(Zn-O) at ~450 cm-1 .624  The ν(OH) band at 3450 cm-1 appears in both 

the transmission spectrum of the dry particles as well as in solution with mRL present 

and matches the free ν(OH) band observed previously on ZnO NPs,341,624.  This band at 

3450 cm-1 is, therefore, hypothesized to be the free v(OH).  Consequently, the higher 

frequency peak at ~3600 cm-1 in the presence of mRL (Figure 9-6a) may be assigned to 

the hydrogen-bonded hydroxyl groups.    

The formation constant for complexation of Zn2+ by mRL (log K = 5.62) has been 

shown  in the literature to be similar to that of oxalic and citric acids (log K = 6.16, 5.90, 
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Figure 9-6.  a) Adsorption spectra of mRL on ZnO thin film normalized to the most 
negative point of (a) by setting 3159 cm-1 to 0 for each Rha concentration.  Appears to 
be an emergence of a new band around 3400 cm-1 that may indicate hydrogen bonding 
of mRL COO- to the surface hydroxyls of ZnO or formation of surface hydroxyls after 
breaking the Zn-O bond.  Line color matches to mRL concentration of corresponding 
line color in Figure 9-5.  b) Absorbance of the 3400 cm-1 and 3600 cm-1 OH peaks as a 
function of mRL concentration.  Slope of line shows that ν(OH) bands grow in at 
different surface coverages and may be indicative of different types of ν(OH) 
environments on the surface. 
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Figure 9-7.  FT-IR absorbance spectrum of a ZnO pellet using commercial ZnO 
nanoparticles (dried at 200°C and ground with a mortar and pestle) mixed with KBr 
salt at 5 wt%. 
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respectively)161 and is significantly higher than that for acetic (log K = 1.03678) and 

formic acids (log K = 0.60678).  While these stability complexes are measured on free 

Zn2+, they may serve as a relative indication of how strongly the adsorbates will bind to 

the Zn2+ surface sites of the oxide.   

If mRL dissociatively adsorbs (as observed with formic acid) to the Zn site on the 

surface by proton dissociation, the acidic proton may adsorb to the surface oxygen 

thereby increasing the OH density as mRL adsorbs.676  Alternatively, the sugar hydroxyl 

groups of mRL may hydrogen bond to the surface oxygens and increase the number of 

hydrogen-bonded OH groups as more mRL is adsorbed to the surface.  The appearance of 

a new band at ~3390 cm-1 for mRL on TiO2 (see Chapter 8) has been previously 

attributed to increasing hydrogen bonding of the sugar hydroxyl groups with increasing 

concentration of mRL.  Because the former increases the free OH groups while the latter 

would be hydrogen bonded, they have different stretching frequencies and account for the 

growth of two different peaks in the OH stretching frequency if both occur 

simultaneously.  The free OH groups may be formed first and then the sugar moiety of 

the mRL hydrogen bonds to the newly formed group in a step-wise fashion. 

As for SiO2 and TiO2 films (Chapter 8), the integrated absorbance values of the 

νs(CH2) mode at 2855 cm-1 were used to construct adsorption isotherms and fit to Eqs (6-

8) and (8-4) to allow determination of adsorption parameters and surface coverage, 

respectively, for mRL on ZnO.  These isotherms are shown in Figure 9-8 for adsorption 

from solutions of different pH.  The calculated adsorption parameters and surface  
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Figure 9-8.  Adsorption isotherm for mRL adsorption on ZnO thin film.  Data points 
represent integrated νs(CH2)-concentration isotherm data points for adsorption of the 
mRL mixture at pH 4.0 (black), pH 6.0 (red), and pH 8.0 (blue); solid line indicates 
best fits to Eq (6-8); b) Data points represent surface coverage-concentration data for 
adsorption of mRL on ZnO thin films at pH 4.0 (black), pH 6.0 (red), and pH 8.0 
(blue); surface coverage values calculated using Eq (8-4).  Error points represent 
standard deviations of experimental results from 3-5 independently prepared ZnO NP 
films. 
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coverages from fits of these isotherms are summarized in Table 9-3.  Unlike what was 

observed for SiOx and TiO2, fairly strong adsorption of mRL is observed on ZnO at all 

pH values investigated.  At all pH values, the surface of ZnO is positively charged (pzc 

~9.0), providing the possibility of electrostatic attraction for anionic mRL.  At pH 4, a 

significant number of mRL molecules still exist in the anionic state, since the solution is 

only one pH unit below the pKa of ~5.5.167  Because the positive charge density on the 

surface of ZnO is extremely high at pH 4, anionic mRL may be strongly physisorbed 

through electrostatic interactions in addition to hydrogen bonding.  Alternately, mRL 

may dissociatively adsorb to Zn2+ Lewis acid sites through the headgroups releasing a 

proton from the carboxylic acid moiety independent of the solution mRL charge state at 

this pH.  Overall, the free energy for adsorption decreases slightly as pH increases, 

probably due to a lower net positive charge on the surface as the solution pH approaches 

the pzc.  However, Kads is still relatively large (>103) regardless of pH within the range 

tested.   

 The interaction parameter (a), which reflects cooperativity between adsorbed 

surfactant molecules, is statistically identical for all solution pH values.  This is further 

consistent with dissociative adsorption of mRL at pH 4, since the adsorbed species appear 

to attractively interact at all pH values.  The surfactant molecules adsorb in the same way 

and exist in identical charge states at the surface independent of pH interaction parameter 

greater than 0 indicates that lateral interactions between adsorbates increase the proclivity 

for additional surfactant molecules to adsorb. The a values of ~2 suggests a significant  
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Table 9-3.  Best fit parameters of adsorption data for the Frumkin isotherm Eq (6-8) and 
surface coverage (Eq (8-4)) for data shown in Figure 9-8. 

pH Kads Amax a Γmax 
4.0 4.3 ± 0.6 x 103 0.73 ± 0.01 1.9 ± 0.3 6.7 ± 0.13 x 1014 

6.0 3.6 ± 0.4 x 103 0.71 ± 0.02 1.3 ± 0.3 6.5 ± 0.15 x 1014 
8.0 1.5 ± 0.2 x 103 0.71 ± 0.02 1.9 ± 0.3 6.5 ± 0.17 x 1014 
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degree of cooperativity among mRL molecules, but it is not definitive that micelles are 

adsorbing at the ZnO surface since the increase is not necessarily correlated with the 

CMC as might be expected if suddenly mRL micelles were adsorbing to the surface.  

Furthermore, the adsorption of micelles on the TiO2 surface was correlated with a much 

higher a value as well as the existence of a maximum in the isotherm, which is not 

observed in the case of the ZnO film. 

At all pH values, the Γmax is ~6.5 x 1014 which is equivalent to multi-layer 

adsorption of mRL or adsorbed aggregates on the ZnO surface (~4.5 layers).  This is 

assuming that the packing density on the NP aggregates is the same as that for a 

compressed layer under pressure for which the value of 1.5-1.65 x 1014 molecules/cm2 

was determined.  In all likelihood, the packing density of the mRL on the NP surface is 

much lower and, therefore, 4-5 equivalent monolayers may be an underestimate of the 

number of layers of mRL on the ZnO NP aggregate surface.  Considering the Lewis 

acid/base interactions at pH 4, the electrostatic attraction at the higher pH values, and the 

cooperativity between adsorbates, multilayer adsorption is not surprising.  Based on the 

above argument that no maximum exists in the adsorption isotherm, these high 

adsorption values are conjectured to be due to true multilayer coverage.  However, the 

adsorption of whole micelles cannot be ruled out since this has been observed for cationic 

surfactants on silica surfaces600 and SDS on carbon.601  Based on the available 

information, the distinction between these two possibilities could not be made.   
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While extensive studies of ZnO NP synthesis using surfactants624,663-665 and 

surface coverages of small molecules on ZnO454,613,618,648,650 have been reported, no 

quantitative values of surfactant coverages on ZnO are available in the literature.  

However, because of the known reactivity of the ZnO surface613,618,649,651, extensive 

adsorption of humic acid components553,559,672,673, and favorable electrostatic interactions, 

lead to some degree of confidence in these reported surface coverages. 

Multilayer surface coverage, cooperative interactions, and modest Kads values, 

support the assertion that mRL can competitively adsorb to the ZnO surface, effectively 

displacing any pre-existing surface molecules.  This conclusion suggests that mRL 

monomers displace other naturally occurring materials, including fulvic acid (one of the 

major components of NOM).  Moreover, if the first layer of mRL adsorption is through a 

Lewis acid-base interaction, mRL would be further expected to easily displace fulvic 

acid, as the mRL-Zn2+ complex formation constant is nearly two orders of magnitude 

greater than that for fulvic acid-Zn2+ complexation.161,679  It is hypothesized that the first 

monolayer adsorbs by competitively displacing any existing adsorbates and then a bilayer 

forms by specific interactions between the first mRL layer and the surface as was 

observed for SiOx at pH 4.  Finally, micelles of mRL may adsorb to the top of the bilayer 

resulting in the high surface coverages that were observed.  Based on this ZnO adsorption 

behavior, one would predict that mRL may have a significant effect on the aggregation 

behavior and dispersion stability of ZnO nanoparticles, regardless of whether exposure to 

mRL occurs during synthesis or after release into the environment. 
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Dispersion Behavior of ZnO NPs by Dynamic Light Scattering 

The dispersion stability of ZnO NPs in aqueous solutions was investigated as a 

function of time, pH, and mRL concentration. These experiments were repeated exactly 

as for the SiOx and TiO2 NPs in mRL solutions described in earlier chapters.  The 

concentrations of mRL investigated at each pH ranged from 0 to 300 μM for pH 4.0 and 

0 to 1000 μM for pH 6.0 and 8.0; this difference was necessary because of the limited 

solubility of mRL at pH 4.0.  

The average aggregate size observed by DLS for suspension-stable ZnO 

aggregates (i.e. only those aggregates that remain suspended in solution without 

agitation) at representative mRL concentrations as a function of time and pH is shown in 

Figure 9-9 with a complete report of the stable aggregate size at all mRL concentrations 

and times in Table 9-4.  In the absence of mRL in solution, unlike for SiOx and TiO2 NP 

dispersions, ZnO NP dispersions are not stable in solution, and no solution aggregates 

can be detected after one week.   This was the expected behavior, as ZnO is well-known 

to aggregate into micron-sized aggregates and settle out of solution in a matter of 

hours.553,559,560,615  In contrast, in the presence of mRL, dramatic differences were 

observed. Stable, suspended ZnO aggregates were observed in solution for up to 16 

weeks when any mRL was present in solution.  A similar effect has been observed for 

other synthetic and natural surfactant coatings on ZnO NP dispersions.350,412,553 

The histograms shown in Figure 9-10 are representative mass distributions from 

DLS results for ZnO NP/mRL solutions that have been equilibrated for 8 weeks. 



433 
 

   

Figure 9-9.  Average particle size of ZnO NPs at 75 mg/L in aqueous mRL solutions  
at pH a) 4.0, b) 6.0, and c) 8.0 for representative mRL concentrations.  Samples with 
multiple distributions are shown with solid and open symbols to represent the majority 
and minority populations, respectively, as determined by the peak area and frequency 
of appearance over 10 measurements each for 3 independently prepared solutions. 
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Table 9-4.  Average ZnO aggregate size determined from the mass distribution as a 
function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0. 

Time 
(weeks) mRL Concentration (pH 4) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 
0 112(±18) 

31(±12) 
131(±10) 
33(±12) 

135(±13) 
27(±8) 

126(±18) 
27(±8) 

132(±10) 
40(±16) N/A N/A 

1 0 (±0) 78(±3) 76(±4) 73(±3) 75(±4) N/A N/A 
2 0 (±0) 71(±3) 69(±4) 71(±3) 73(±5) N/A N/A 
3 0 (±0) 67(±2) 67(±6) 69(±5) 68(±5) N/A N/A 
4 0 (±0) 0 (±0) 69(±6) 71(±7) 77(±3) N/A N/A 
8 0 (±0) 0 (±0) 78(±9) 81(±10) 74(±7) N/A N/A 

12 0 (±0) 0 (±0) 83(±11) 73(±9) 82(±14) N/A N/A 
16 0 (±0) 0 (±0) 106(±24) 81(±15) 79(±17) N/A N/A 

Time 
(weeks) mRL Concentration (pH 6) 

0 133(±24) 
32(±10) 

137(±13) 
15(±8) 

142(±14) 
30(±11) 

132(±8) 
21(±3) 

141(±9) 
36(±18) 

129(±7) 
21(±8) 

123(±11) 
26(±8) 

1 0 (±0) 76(±3) 80(±4) 75(±3) 87(±3) 75(±28) 
278(±78) 

74(±16) 
30(±7) 

2 0 (±0) 72(±4) 78(±5) 65(±2) 96(±6) 63(±5) 
316(±44) 

52(±18) 
128(±25) 

16(±5) 

3 0 (±0) 75(±3) 72(±3) 75(±3) 98(±18) 
19(±5) 54(±11) 

55(±11) 
142(±29) 

25(±3) 

4 0 (±0) 70(±3) 76(±3) 86(±4) 
23(±6) 

120(±10) 
18(45) 

57(±14) 
20(±6) 

162(±45) 

55(±11) 
142(±29) 

25(±3) 

8 0 (±0) 77(±5) 76(±2) 91(±4) 102(±10) 
29(±9) 

85(±19) 
26(±13) 

62(±17) 
19(±10) 

175(±22) 

12 0 (±0) 70(±4) 86(±4) 94(±6) 
28(±5) 

97(±6) 
26(±5) 

86(±22) 
35(±8) 

59(±15) 
21(±10) 

215(±70) 
16 0 (±0) 66(±15) 76(±4) 95(±4) N/A 82(±10) 

21(±8) 
72(±16) 
24(±6) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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Table 9-4 cont’d.  Average ZnO aggregate size determined from the mass distribution as 
a function of time for solutions of increasing mRL concentration at pH 4.0, 6.0, and 8.0. 

Time 
(weeks) mRL Concentration (pH 8) 

 0 μM 50 μM 100 μM 200 μM 300 μM 500 μM 1000 μM 

0 138(±26) 132(±12) 
26(±6) 

131(±12) 
26(±3) 

133(±10) 
31(±6) 

135(±10) 
20(±4) 

124(±9) 
29(±7) 126(±8) 

1 0 (±0) 89(±2) 88(±7) 88(±3) 78(±5) 
18(±2) 73(±10) 61(±4) 

2 0 (±0) 81(±4) 83(±5) 75(±3) 82(±4) 
77(±19) 
15(±7) 

242(±70) 
55(±5) 

3 0 (±0) 77(±3) 77(±4) 79(±3) 91(±5) 
24(±4) 

59(±14) 
252(±89) 56(±4) 

4 0 (±0) 76(±2) 81(±4) 79(±4) 93(±9) 
20(±3) 

68(±16) 
17(±2) 

276(±39) 
55(±11) 

8 0 (±0) 78(±3) 86(±6) 91(±8) 111(±13) 
26(±9) 92(±23) 

70(±23) 
23(±4) 

393(±16) 

12 0 (±0) N/A 80(±4) 106(±5) 
26(±8) 101(±10) 

88(±17) 
35(±2) 
15(±4) 

67(±10) 
19(±9) 

404(±58) 

16 0 (±0) 72(±5) 83(±4) 106(±3) 104(±6) 
21(±13) 

114(±19) 
36(±10) 
75(±2) 

75(±2) 

*Values in italics represent minority populations.  Total peak area of minority population <10% of the peak 
area of the majority population in the mass distribution. 
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Figure 9-10.  Representative mass distributions from DLS measurements on ZnO NPs 
at 75 mg/L in aqueous mRL solutions at a) pH 4.0, b) pH 6.0, and c) pH 8.0 with 
increasing mRL concentrations at the initial (red) and 8 week (black) time points. 
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The decrease in aggregate size as mRL is adsorbed is due to electrostatic repulsion of the 

adsorbed surfactant in addition to repulsive osmotic and electrostatic interactions with 

mRL micelles in solution.  As the mRL concentration is increased, the complex ZnO NP 

aggregates may be stabilized by the adsorbed mRL and break up into smaller aggregates 

resulting in a decrease in the average size of the aggregates stable in the suspension.  This 

was observed previously with NOM and ZnO where at high concentrations of NOM (10 

mg/mL), the electrostatic repulsion due to the charged NOM functional groups reduced 

the aggregate size.560 

A summary of the average suspended ZnO particle size in these dispersions at the 

4-week time point for solutions containing 0 μM mRL, [mRL] ~CMC, and [mRL] >> 

CMC at each pH value is shown in Figure 9-11.  When no mRL is present in solution, the 

suspension is unstable regardless of pH.  When the concentration of mRL is 

approximately equal to the CMC, the aggregate size is 70-80 nm in radius.  The average 

particle size does not change at pH 4 with an increase in mRL concentration, because a 

large number of the mRL molecules are nonionic and mRL aggregates likely exist as 

bicelles in solution rather than the globular micelles formed at pH 8 (see Chapter 4).  

However, at pH 6 and 8, the surfactant is expected to be largely deprotonated resulting in 

anionic globular micelles in solution.  These adsorb onto the ZnO NP aggregates, 

reducing the ZnO NP aggregate size from 80 nm to ~55 nm at surfactant concentrations 

>> CMC.  
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Figure 9-11.  Average hydrodynamic radius determined from DLS mass distributions 
of TiO2 NPs in aqueous solutions containing no mRL (red), [mRL] ~CMC (green), 
and [mRL] >> CMC (blue) at the pH indicated.  Values measured at a) 0 weeks, b) 1 
week, and c) 4 weeks. 
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The zeta potential of the ZnO NP dispersions was measured as a function of mRL 

concentration at pH 4, 6 and 8 to gain insight into how mRL adsorption alters surface 

potential.  A summary of the results is shown in Figure 9-12.  When no mRL is present 

the magnitude of the zeta potential is very slightly negative.  At pH 4, a value cannot be 

reported presumably due to ZnO particle settling.  At pH 6 and 8, the particles have a ζ of 

-5 mV.  These particles were expected to have a positive ζ, because the solution pH was 

significantly lower than the pzc.  This discrepancy must be due to the presence of surface 

adsorbates remaining from synthesis.  For example, Bian et al. observed carboxylate 

groups on the surface of their synthesized ZnO NPs remaining from acetate precursors.559  

Such precursors would be expected to shift ζ to more negative values at most solution pH 

values, since the pKa of acetic acid is 4.75.282  Although the FTIR spectrum of the ZnO 

NPs used in this study (Figure 9-6) shows no evidence of free carboxylate groups, there 

does exist the possibility a pre-existing anionic surface species that lowers the expected ζ.  

However, since the NPs do aggregate extensively, the slightly negative charge is not 

enough to overcome the van der Waals attractive forces between ZnO NPs. 

Furthermore, the pH values presented here are the initial solution pH and as noted 

above, dispersions of ZnO NPs have a tendency to drift to a pH of ~7.5.  Figure 9-13 

shows the effect of mRL on the final pH of a ZnO dispersion with an initial pH of 8.0 

after 1 week equilibration.  Surprisingly, the increased mRL slightly decreases the ability 

of ZnO to decrease the pH.  This may be because mRL blocks the surface sites at which 

the acid-base exchange (Eqs (9-1) to (9-4) and (9-12)) occurs.  However, the effect is 

only observed when the mRL concentration is greater than the CMC (e.g. below 200 
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Figure 9-12.  Zeta potential of aqueous ZnO NP dispersions as a function of 
mRL concentration at pH 4.0 (black), pH 6.0 (red), and pH 8.0 (green) after 6 
weeks.  Data points are pooled average values of three measurements on each 
of two independently prepared solutions for each sample condition. 
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Figure 9-13.  Effect of mRL on the final solution pH of ZnO dispersions as 
a function of mRL concentration with an initial pH of 8.  Data points are 
the average pH of three independently prepared solutions for each pH.  All 
samples were allowed to equilibrate for 1 week before the final pH was 
measured. 
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μM there is no effect of mRL).  Thus, the presence of adsorbed micelles may hinder the 

buffer capabilities of ZnO.  To the author’s knowledge the effect of a surfactant on the 

final pH has not been investigated before, so it cannot be determined if this is a general 

phenomenon with surface coatings. 

From Figure 9-12, it can be seen that the addition of mRL significantly increases 

the negative surface potential of the ZnO surface.  At pH 8, ζ is only -3 mV with no mRL 

present, drops to -35 mV near the mRL CMC, and further decreases to -55 mV at 1 mM 

mRL.  Because of limited solubility, the surfactant concentration was low at pH 4 and 6, 

but the trend appears identical at the lower pH values.  This may be because the final pH 

is similar in all cases. This decrease in ζ is further evidence that strong electrostatic 

repulsion from the presence of the anionic surfactant is a major contributor to ZnO NP 

dispersion stability.  The nearly zero surface potential in the absence of mRL rationalizes 

the observed NP aggregation and settling.  

Quantifying Dissolved Zn in Solution 

 Much of the toxicity of ZnO is attributed to dissolved Zn2+ in solution; thus, the 

effect of mRL on the dissolution of ZnO is important, as these interactions may have 

environmental impacts.  Toward this end, atomic absorption spectroscopy was 

undertaken to quantify this effect. Aqueous dispersions of 75 mg/L ZnO in pH 8 Milli-Q 

water were prepared in the same manner as for the DLS studies described above using 

mRL concentrations of 0, 50, 100, 200, 500 and 1000 μM.  After mixing, the dispersions 

were allowed to sit undisturbed for 1 week. The solid ZnO aggregates were removed 
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from solution by centrifuging the dispersion at 10,000 rpm for 99 min; DLS was used to 

confirm that no particles were present in the supernatant.  The concentration of Zn2+
 in 

the supernatant was then quantified by graphite furnace-atomic absorption spectroscopy 

(AA).  The calibration curve (using ZnCl2 salt) and the dissolved Zn2+ concentration at 

the initial time point (background, ZnO NPs removed by centrifugation immediately after 

mixing with mRL) and after 7 days in ZnO dispersions as a function of mRL 

concentration are shown in Figure 9-14. 

 A negative correlation between dissolved Zn2+ and mRL concentration is 

observed up to 500 μM mRL.  This indicates that adsorbed mRL serves as a protective 

layer, limiting the solubility equilibria described in Eqs (9-5) through (9-9). The 

dissolution of ZnO is known to be high in acidic solutions, but decreases as pH 10 is 

approached due to the formation of insoluble Zn(OH)2. The dissolution then increases in 

very alkaline solutions.
655 The observed decrease in dissolution may be due to the slightly 

higher pH at high concentrations of mRL (see Figure 9-13).  However, the pH effect does 

not decrease in the same manner with increasing mRL concentration as the dissolution of 

Zn2+
 (compare Figure 9-13 with Figure 9-14b).  Furthermore, the concentration of 

dissolved zinc increases sharply at an mRL concentration of 1000 μM, possibly due to 

the greater formation of mRL-Zn2+ complexes. 

Han et al. investigated the effect of three chelating ligands (EDTA, acetate, and 

oxalate) at 1 mM on the dissolution of ZnO NPs at pH 10.655  EDTA is an extremely 

strong chelating agent, while oxalate and acetate ions are modest and weak chelators of 

zinc cations, respectively.  They found that ZnO completely dissolved in a matter of  
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Figure 9-14.  a)  Calibration curve of Zn2+
 absorbance in an aqueous solution using 

graphite furnace-atomic absorption spectroscopy.  The data points are absorbance and 
are pooled standard deviations of three independently prepared ZnCl2 aqueous 
solutions; the straight line fits y = 0.0207x + 0.0162 with R2= 0.993. b) Dissolved zinc 
species (Zn2+, Zn(OH)+, Zn(OH)2, Zn(OH)3

-, Zn(OH)4
2-) from ZnO NPs dispersions as 

a function of solution mRL concentration after equilibrating for 0 days (black squares) 
and 7 days (red circles).  Error bars represent propagated error based on standard 
deviations of three independently prepared solutions and the error associated with the 
calibration curve in (a).  All measurements were made using a Zn hollow cathode 
lamp; absorbance at 213.9 nm was monitored.   
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hours in the presence of EDTA, while acetate and oxalate both had only a minimally 

corrosive effect compared to solutions containing no ligand.  They proposed that the 

difference might be related to the relative solubilities of the Zn2+-ligand complexes, since 

zinc acetate and zinc oxalate are only slightly soluble. 

 Useful comparisons can be made between this study and the current work. mRL 

has a similar formation constant with Zn2+ as oxalic acid, and a value significantly higher 

than that of acetic acid.161  Therefore, mRL complexation of Zn2+ on the surface is likely.  

The solubility of the mRL-Zn2+ complex is unknown, so the effect on this on dissolution 

is unclear.  However, it is believed that adsorbed mRL blocks the surface, preventing 

exchange with the solution and minimizing the amount dissolved.  These results were 

confirmed by Han et al. as all of their work was done at a ligand concentration of 1 mM.  

The data in Figure 9-14b shows that the dissolution of ZnO is the same at 0 μM and 1000 

μM mRL, similar to the results observed with the oxalate ligand.655  Unfortunately, a 

systematic study of increasing ligand concentration was not carried out in the Han study, 

so it is unknown whether a similar decrease at intermediate concentrations is observed 

with these other ligands.   

 The reason for the trend reversal of dissolved ZnO at high mRL concentrations is 

unclear, although it could be related to formation of higher order mRL structures on the 

NP surface (e.g. adsorbed aggregates) that may change the interaction of mRL with the 

ZnO surface.  An alternative explanation is a simple Le Chatelier’s effect where the very 

high mRL concentration shifts the complex formation equilibrium of mRL-Zn2+ to the 

right, resulting in an increase in aqueous Zn2+.  Since AA does not provide speciation 
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data, there is no way to distinguish between the different possibilities with the present 

data. 

 To investigate further the complexation of mRL with Zn2+, electrospray ionization 

mass spectrometry (ESI-MS) was used.  An aliquot of the supernatant from the ZnO 

dispersion with 100 μM mRL used for the AA experiments above was also used for ESI-

MS analysis in positive ion mode with unit mass resolution.  The spectrum, with 

magnification in the regions of interest, is shown in Figure 9-15 with peak assignments 

given in Table 9-5.  Based on the AA data, the concentration of Zn2+ species is only ~2.5 

ppm, but the concentration of mRL molecules is significantly higher.  Thus, it is expected 

that the relative abundance of mRL monomers, dimers, and trimers would far exceed that 

of any mRL-Zn2+ complex.  Nonetheless, there is evidence for the presence of mRL-Zn2+ 

complexes in peaks at m/z 591, 1063, 1091, and 1617.  At pH 7-8, the major aqueous 

zinc species should be Zn2+ and Zn(OH)+.  Interestingly, the only 1:1 mRL:Zn2+ species 

observed (m/z 591) is associated with Zn2+ (and Na+), with 2:1 and 3:1 mRL:Zn2+ species 

involving Zn(OH)+.  The specific reasons for this observation are unknown, but it may be 

related to either ion size or relative concentrations of Zn2+ and Zn(OH)+. Previous studies 

of mRL complexed to larger cations like Pb2+ and UO2
2+

 suggest complexation in a 

binding pocket of the mRL involving both the sugar hydroxyls and the carboxylate.169 

H/D exchange studies may provide more insight into the exact nature of the complex 

formed with Zn2+.  
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Figure 9-15.  Positive ion ESI-MS of a 100 μM Rha mixture and 75 mg/L ZnO NPs 
in H2O to detect Zn-mRL complexes in solution.  NPs were removed after one week 
equilibration and analysis performed on the supernatant.  Initial pH = 8.0 adjusted 
using dilute NaOH; Final pH = 6.8. Stack spectra show full m/z spectrum from 50-
2000 (a) and close-ups on regions of interest: zoom on m/z from 475-610 (b); zoom 
on m/z from 790-1125 (c); and zoom on m/z from 1500-1650.  Starred peaks 
indicate m/z values assigned to mRL-Zn2+ complexes. 



 
 

Table 9-5.  Positive ion ESI-MS peak assignments for 100 μM mRL with 75 mg/L ZnO NPs at pH 8.0 after one week. 

Ion Assignment Observed m/z Calculated m/z 

[(Rha-C10-C8)Na]+ [(Rha-C8-C10)Na]+ 499.2 499.3 

[(Rha-C10-C10)NH4]+ [(Rha-C8-C12)NH4]+ [(Rha-C12-C8)NH4]+ 521.1 522.4 

[(Rha-C10-C10)Na]+ [(Rha-C8-C12)Na]+ [(Rha-C12-C8)Na]+ 527.3 527.3 

[(Rha-C10-C10-H)Na2]+ [(Rha-C8-C12-H)Na2]+ [(Rha-C12-C8-H)Na2]+ 549.1 549.3 

[(Rha-C10-C10-H)NaK]+ [(Rha-C8-C12-H)NaK]+ [(Rha-C12-C8-H)NaK]+ 565.1 565.3 

[(Rha-C10-C10-2H)NaZn]+ [(Rha-C8-C12-2H)NaZn]+ [(Rha-C12-C8-2H)NaZn]+ 591.1 590.7 

[(Rha-C10-C10)(Rha-C10-C8)K]+ [(Rha-C10-C10)(Rha-C8-C10)K]+ 1019.3 1019.6 

[(Rha-C10-C10)2K]+ [(Rha-C10-C10)(Rha-C12-C8)K]+ [(Rha-C10-C10)(Rha-C8-C12)K]+ [(Rha-C12-C8)(Rha-C8-C12)K]+  

[(Rha-C8-C12)2K]+ [(Rha-C12-C8)2K]+ 1047.3 1047.6 

[(Rha-C10-C10)(Rha-C10-C8)Zn(OH)]+ [(Rha-C10-C10)(Rha-C8-C10)Zn(OH)]+ 1063.3 1063.1 

[(Rha-C10-C10-H)2NaK]+ [(Rha-C10-C10-H)(Rha-C12-C8)NaK]+ [(Rha-C10-C10-H)(Rha-C8-C12)NaK]+  

[(Rha-C12-C8-H)(Rha-C8-C12)NaK]+ [(Rha-C8-C12-H)2NaK]+ [(Rha-C12-C8-H)2NaK]+ 1069.1 1069.6 

[(Rha-C10-C10)(Rha-C10-C12)K]+ [(Rha-C10-C10)(Rha-C12-C10)K]+ 1075.3 1075.7 

[(Rha-C10-C10-H)2Zn(OH)]+ [(Rha-C10-C10-H)(Rha-C12-C8)Zn(OH)]+ [(Rha-C10-C10-H)(Rha-C8-C12)Zn(OH)]+ 

 [(Rha-C12-C8-H)(Rha-C8-C12)Zn(OH)]+ [(Rha-C8-C12-H)2Zn(OH)]+ [(Rha-C12-C8-H)2Zn(OH)]+ 1091.4 1091.1 

[(Rha-C10-C10)(Rha-C10-C12-H)NaK]+ [(Rha-C10-C10)(Rha-C12-C10-H)NaK]+ 1097.2 1097.6 

[Rha-C10-C10)2(Rha-C10-C8-H)NaK]+ [(Rha-C10-C10)2(Rha-C8-C10-H)NaK]+ [(Rha-C12-C8)2(Rha-C10-C8-H)NaK]+  

[(Rha-C12-C8)2(Rha-C8-C10-H)NaK]+ [(Rha-C8-C12)2(Rha-C10-C8-H)NaK]+ [(Rha-C8-C12)2(Rha-C8-C10-H)NaK]+ 1546.4 1546.9 

[Rha-C10-C10-H)3NaK]+ [(Rha-C10-C10)2(Rha-C8-C12-H)NaK]+ [(Rha-C10-C10)2(Rha-C12-C8-H)NaK]+  
[(Rha-C12-C8-H)3NaK]+ [(Rha-C12-C8)2(Rha-C8-C12-H)NaK]+ [(Rha-C8-C12)3NaK]+ [(Rha-C8-C12)2(Rha-C12-C8-H)NaK]+ 1573.4 1573.9 

[Rha-C10-C10)2(Rha-C10-C12-H)NaK]+ [(Rha-C10-C10)2(Rha-C12-C10-H)NaK]+ [(Rha-C12-C8)2(Rha-C10-C12-H)NaK]+ [(Rha-
C12-C8)2(Rha-C12-C10-H)NaK]+ [(Rha-C8-C12)2(Rha-C10-C12-H)NaK]+ [(Rha-C8-C12)2(Rha-C12-C10-H)NaK]+ 1601.3 1602.0 

[Rha-C10-C10-H)3Zn(OH)]+ [(Rha-C10-C10)2(Rha-C8-C12-H)Zn(OH)]+ [(Rha-C10-C10)2(Rha-C12-C8-H)Zn(OH)]+  

[(Rha-C12-C8-H)3Zn(OH)]+ [(Rha-C12-C8)2(Rha-C8-C12-H)Zn(OH)]+ [(Rha-C8-C12)3Zn(OH)]+  

[(Rha-C8-C12)2(Rha-C12-C8-H)Zn(OH)]+ 
1617.2 1617.4 

448 
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X-ray Photoelectron Spectroscopy (XPS) of mRL on ZnO films 

 mRL is known to complex more strongly heavy metal ions (e.g. Zn2+, Pb2+, Al3+, 

etc.) than smaller common cations (e.g. Na+, K+, etc.).506  In addition, the mRL surface 

coverages measured were significantly higher on basic metal oxides (i.e. goethite,169 

alumina,166 and zinc oxide) than on other oxides such as silica169 and titania.  Because it 

has also been shown that ZnO is soluble and that mRL complexes Zn2+, it was 

hypothesized that one possible explanation for the high mRL coverage might be due to 

mRL leaching the metal cations from the oxide to form insoluble complexes that then 

precipitate onto the surface. 

 In past work from this laboratory, x-ray photoelectron spectroscopy (XPS) was 

used to investigate the C:Pb atom ratio on silica as a measure of the mRL:Pb ratio to see 

if it matched the expected 2:1 value for an insoluble neutral complex.169  By comparing 

the XPS integrated intensities corrected for differences in cross-sections using Scofield’s 

values, it was determined that the mRL:Pb ratio on the surface was ~2:1, consistent with 

what would be expected for precipitated (mRL)2Pb complexes.  This approach was 

employed here to determine if mRL-Zn2+ complexes were precipitating on the ZnO 

surface.  Solutions of increasing mRL concentration were flowed over ZnO films (3.9 μm 

thick) for 30 min and the C:Zn atom ratio of the surface determined using XPS.  Table 9-

6 shows the XPS results for the C 1s and Zn 2p peaks as a function of increasing mRL 

concentration. Although the surface coverage of mRL increases with increasing mRL 

concentration, the mRL:Zn atom ratios are too low to support the presence of an 

insoluble precipitate of (mRL)2Zn complexes on the surface as was observed for Pb.  If a  
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Table 9-6.  mRL:Zn atom ratios on ZnO NP surfaces by XPS. 
 

[mRL]soln 
Zn 2p Integrated 

Area (cps eV) 
C 1s Integrated 
Area (cps eV) 

Zn 
Atom %a 

C 
Atom %a mRL:Znb 

0 μM 5.1 ± 0.6 x105 5.4 ± 1.0 x103 78.0 ± 5.4 22.0 ± 5.4 1:101 
25 μM 5.3 ± 0.6 x105 5.7 ± 1.5 x103 77.6 ± 6.2 22.4 ± 6.2 1:100 
100 μM 4.7 ± 0.2 x105 6.2 ± 0.5 x103 74.1 ± 2.5 25.9 ± 2.5 1:78 
1550 μM 2.1 ± 0.4 x105 1.7 ± 0.2 x104 31.0 ± 6.2 69.0 ± 6.2 1:18 

a Relative sensitivity factor (RSF): Zn 2p = 5.589; C 1s = 0.278.  The RSF is calibrated specifically for the 
instrument. 
bRha-C10:C10 contains 27 C atoms 
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significant concentration of mRL-Zn2+ complexes form in solution (identified in Table 9-

5), they do not precipitate  onto the surface in high enough quantities to create a thick 

layer.  Therefore, it is unlikely that insoluble (mRL)2Zn complexes are the source of the 

large surface coverages measured on ZnO. 

Implications and Conclusions 

 The effect of mRL on ZnO NP dispersion stability was investigated.  The 

adsorption behavior of mRL on ZnO was measured using ATR-FTIR and the adsorption 

constant was >103, independent of pH.  pH has little effect on the adsorption behavior 

except for a slight decrease in Kads; this is attributed to a lower charge density on the 

surface as the solution pH approaches the pzc.  The interaction parameter between 

neighboring adsorbates was ~2 at all pH values indicating significant cooperativity 

between adsorbed mRL molecules.  The maximum surface coverage is equivalent to ~4.5 

mRL monolayers at all pH values, suggesting aggregate adsorption. From these 

adsorption results, it was predicted that adsorb mRL would likely influence ZnO NP 

dispersion stability. 

 In the absence of mRL, no stable ZnO NP aggregates were detected after the 

initial measurement at all pH values.  Conversely, at pH 4 with ≥100 μM mRL, the 

dispersion is stable for up to 16 weeks.  This effect is even more pronounced at pH 6 and 

8, despite a higher CMC than at pH 4, where ZnO NP aggregates were observed in 

solution after 16 weeks with as little as 50 μM mRL due to the electrostatic repulsive 

contribution of the anionic surfactant. Measuring the zeta potential of the ZnO  
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dispersions with increasing mRL at all pH values confirmed the electrostatic repulsive 

contribution of the anionic surfactant.  When no mRL is present, the surface charge is 

nearly balanced, resulting in fewer forces to prevent agglomeration of ZnO NPs.  With 

increasing mRL, the measured ζ becomes increasingly more negative.  This is true even 

at pH 4 where mRL is nonionic.  These results indicate that mRL dissociatively adsorbs 

by deprotonation on the ZnO surface and exists in its anionic form independent of the 

solution pH. 

 Finally, the effect of mRL on the dissolution of cationic zinc species from ZnO 

NPs was investigated using AA and ESI-MS.  This is an especially important line of 

inquiry, as a major factor in the toxicity of ZnO has been attributed to soluble Zn2+. The 

concentration of dissolved Zn2+ was found to systematically decrease from 0-500 μM 

mRL and then at 1 mM mRL increase back to similar levels as observed with no 

surfactant present.  It is believed that at <500 μM mRL, the surfactant molecules complex 

with the surface zinc species preventing exchange with the solution.  However, the 

solubility of mRL-Zn complex is either too low or the formation complex not large 

enough to result in Zn2+ leaching from ZnO.  The reason for the increase in dissolution at 

high mRL concentrations requires further investigation.  If mRL-Zn2+ complexes formed 

in solution, they are not precipitating in large quantities on the oxide surface.  

Nonetheless, the presence of mRL inhibits dissolution of Zn2+ into aquatic ecosystems, 

and may therefore minimize its toxicity. These effects may have significant influence on 

the environmental impact of ZnO NPs.  
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CHAPTER 10.  

CONCLUSIONS AND FUTURE DIRECTIONS 

Overview of the Problem 

Rhamnolipid Aggregate Microenvironment 

 Due to recent events, such as the Deepwater Horizon oil spill and broader, more 

stringent restrictions in the European Union, commonly used synthetic surfactants are 

quickly coming under public censure.680  As a result, much research has turned to 

biosurfactants, amphiphilic molecules produced naturally by bacteria, fungi, yeast, and 

other living organisms as a “green,” environmentally friendly alternative.104  Many 

biosurfactants have been identified that display comparable surface activity to synthetic 

surfactants, and therefore, may be able to replace them in commercial products as 

detergents, wetting agents, emulsifiers, microreactors, drug delivery vessels, and heavy 

metal/organic remediators.108,111,126,151,153,681  They mainly function by lowering the 

surface tension at the hydrophilic/hydrophobic interface (e.g. air/water, soil/water, 

oil/water, etc.) and aggregating into higher order structures that are capable of 

solubilizing hydrophobic compounds.103  

 Rhamnolipids (RL) are a class of biosurfactants that have been extensively 

studied in the literature.  They hold great promise for commercial products as they have 

excellent surface activity, complex strongly to heavy metals, and are overproduced by 

Pseudomonas aeruginosa bacterial species.48,117,118,161  In fact, RL are currently utilized 

in some commercial cosmetic, agricultural, and oil remediation products.151-153  Much of 
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the existing research has its base in the microbiological community: elucidating 

biosynthetic production pathways, increasing output based on bacterial strains, food 

source, and growth conditions, and exploring the potential of gene transfer to 

nonpathogenic species.142-146  Measurements of surface activity, biodegradation, and 

remediation potential have also been performed.  While all of these have led to 

information on the potential applications of RL, a fundamental understanding of RL 

solution and interfacial behavior is still lacking.  In this laboratory, we are attempting to 

characterize the structure and behavior of monorhamnolipid (mRL) monomers and 

aggregates at the interface and in solution in order to correlate these findings with 

application potential.165-170  By understanding what is occurring at a microscopic level, 

the full scope of mRL capabilities may be realized in a macroscopic world. 

 Currently, it is known that mRL aggregates at fairly low concentrations that are 

pH dependent, but the shape, size, polarity, viscosity, and other attributes of these 

aggregates (micelles) are under debate or unknown altogether.86,168  The 

microenvironment of the micelle dictates the solubilization ability and capacity for 

different molecules, the diffusion of the aggregate through solution and interaction with 

other solution species, and the rate at which solubilized species can exchange with 

solution and react with one another.22  These are important considerations in remediation, 

drug delivery, micelle microreactor, and emulsion purposes.   

 Mixed surfactant micelles are also of industrial importance to control cost and 

increase performance of surfactant systems.  mRL are of interest because they are 
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biodegradable, nontoxic, and have excellent surface activity, but they are time-consuming 

to generate, require extensive recovery processes, and production has not yet been scaled 

to meet industrial demands and compete with current synthetic surfactants.682  To this 

end, the mixing of mRL with a comparable synthetic surfactant is being investigated to 

maintain the essential biodegradable properties of mRL, but lower overall production 

costs and increase surfactant performance properties.  Again, a fundamental 

understanding of how the mixture behaves at the surface and in solution is needed.  This 

will enable researchers to strategically design these mixtures rather than pick them by 

chance, thereby wasting time and labor investigating that particular mixture’s potential in 

consumer products.  

Nanoparticle Fate and Transport 

Additionally, nanoparticles (NPs) have recently shown great potential in 

consumer products (cosmetics, coatings, composites, lubricants, paints, etc.), 

technology/science (solar cells, catalysis, environmental remediation, chemical sensing, 

optics), and biomedicine (imaging, drug delivery, bactericides).340,346,352  With the 

increasing use of NPs in these sectors, the potential for increased concentration of these 

materials in the ecosystem becomes an issue of major concern.  Their escalating 

production also raises the probability for exposure to humans through inhalation, 

ingestion, and dermal contact.1  Very little is known about the chronic adverse effects of 

specific nanomaterials, and how the toxicity of innocuous bulk materials (i.e. SiO2) may 

be altered in the nano-state.   
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 The danger of these nanomaterials traces not only to their toxicity, but the 

potential for exposure.  Primary NPs tend to aggregate into larger groups that can be 

several microns in size and may greatly affect their fate and transport in the 

environment.1  Currently, Derjaguin-Landau-Verwey-Overbeek (DLVO) theory is used 

to predict and explain the process of NP aggregation.  However, this theory was 

developed for colloidal suspensions (1-1000 nm), and it has been discovered that NPs 

possess unique attributes (size, shape, composition, phase, etc.) that are not always 

considered in DLVO theory.1  Consequently, there currently exists no systematic 

procedure for the characterization of NP aggregation and the environmental factors 

driving such flocculation.345,412  There is, therefore, very little consensus in the literature 

on the impact of NPs on the environment, and often reports on similar materials (i.e. 

ZnO) are conflicting615,625,626,628,636 due to slight experimental differences (i.e. NP size, 

synthetic process, crystal phase, solution pH, ionic strength, temperature, etc.).345 

 In the current investigation, the effect of surfactant coatings on the dispersion 

stability of metal oxide nanoparticles is of interest.  Surfactants are often added to NP 

products to modify the surface functionality and/or prevent NP aggregation to promote 

stability of aqueous dispersions.1,340  These coatings alter not only the aggregation 

behavior, but also their reactivity and interaction with cellular surfaces.340,345,350  While 

surfactant coatings may be necessary for the targeted application, the tendency of NPs to 

aggregate and settle out of solution prevents them from traveling extensive distances and 

lowers the potential for exposure.345  Thus, coatings may have a negative impact on the 

risk assessment of NPs.   
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 To address this issue, the intentionally added surfactants may be designed to 

degrade over time, removed from the surface through washing before environmental 

release, or be only loosely adsorbed to the surface to be easily replaced by competing 

species.  Natural organic matter (NOM), composed of humic and fulvic acid components, 

has been shown to decrease aggregation of NPs in soil and water samples.1,480,559,683  

NOM contains multiple functional groups (aromatic, methoxy, carboxy, alcohol, phenol, 

ketone, etc.)684 that vary in adsorption strength, hydrophobicity, and charge.  It is much 

more problematic, consequently, to predict and control the dispersion effects of natural 

materials as they are ubiquitous in the environment and exposure to NP surfaces is 

inevitable. 

 To the author’s knowledge, the effect of natural materials on NP dispersion 

stability has been limited to NOM; no investigation has been conducted on secondary 

metabolites.  Rhamnolipids and other biosurfactants are produced as natural byproducts 

by bacteria, fungi, and other microbial species and have the potential to adsorb to NP 

surfaces if encountered in the environment.  Depending on the charge state of the NP 

relative to the biosurfactant and the lipid nature of the surfactant, the surface character of 

the NP may be radically altered upon exposure to biosurfactants.  This may have 

unanticipated influences on the dispersion stability, mobility, and exposure of NP 

aggregates to humans and the ecosystem.  Therefore, it is important to understand the 

adsorption, stability, and other effects (i.e. dissolution) that secondary metabolites may 

have on NP aggregates in assessing the long-term risk of manufactured nanomaterials. 
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Summary and Significance of Research Findings 

Microenvironment of Monorhamnolipid Aggregates 

Surface tension to investigate mixed surfactant systems of anionic mRL and cationic CPC 

 Previously, a mixed surfactant system of mRL with a nonionic surfactant (TW) 

was investigated to determine the enhancement in surface activity and change in micelle 

structure.170  In this case, mRL was the source of any charge in the polar headgroup 

region as the carboxylic acid moiety is completely deprotonated at pH 8 (pKa ~ 5.5).  

Penfold et al. found that mRL is, at best, only weakly anionic at basic pH, because the 

negative charge can be dispersed through hydrogen bonding with the sugar hydroxyl 

groups or it can be neutralized by capturing a proton or Na+ ion.86  This results in very 

low cooperativity between mRL and nonionic TW, and shape transitions that are driven 

by geometric considerations rather than coulombic interactions.85,86   

 Typically, cationic and anionic mixtures of surfactants have a tendency to 

precipitate out of solution at concentrations near their CMC.309  However, it is 

hypothesized that since mRL is only weakly charged, it may act more as a nonionic 

surfactant in the presence of a purely cationic surfactant, cetylpyridinium chloride (CPC).  

It was also imperative to measure the effect of small quantities of CPC on mRL 

aggregation as CPC is proposed as a quencher molecule in subsequent fluorescence 

experiments.  As such, it is not desirable to have the quencher molecule alter the 

aggregate properties that are being investigated.  To test this, surface tension 

measurements were performed on solutions of pure mRL, pure CPC, and their mixtures. 
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 It was found that the mixture showed enhanced surface activity over either of the 

pure surfactants as evidenced by a minimum CMC of 32 μM and minimum surface 

tension of 28 mN/m at an approximately equimolar mixture of the two surfactants.  The 

CMCs of pure mRL and CPC were 155 µM and 106 µM, respectively.  The mixture fit 

well to Rubingh’s regular solution theory with a β of -5 at most mixture compositions.  

However, at high mole fractions of mRL (αmRL ≥ 0.90), the mixture corresponds much 

better to the ideal solution model which assumes no cooperativity among surfactants.  

Also, there is no evidence for precipitation of the mixture (e.g. solution turbidity), 

although the total surfactant concentrations were increased to values much greater than 

the CMC. 

 Several conclusions derive from these observations.  Because the cooperativity 

factor (β) is close to zero, the mixture more closely resembles an ionic/nonionic mixture 

rather than a cationic/anionic mixture. Typical values of the cooperativity factor in 

mixtures of oppositely charged surfactants are ≥15, but the magnitude in mRL-CPC 

mixtures was only  ~5.  Therefore, strong electrostatic attraction between charged 

headgroups does not exist, confirming that the negative charge on the mRL is largely 

shielded from the CPC molecules.  When CPC is present in a significant quantity (αCPC ≥ 

0.25), mRL can serve to reduce the electrostatic repulsion between positively charged 

CPC headgroups resulting in a negative cooperativity factor and reduced CMC.  This 

effect is maximized at approximately equimolar mixtures of the two components.  

Because the CMC is significantly reduced, the value of the minimum surface tension is 
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lowered, and with no evidence of precipitation, this system may have potential as a mixed 

surfactant system. 

 However, the enhancement effects are not observed until a fairly large fraction of 

CPC is present.  This factor may offset the “green” attributes of mRL for the solution as a 

whole, but the toxicity and biodegradability measurements for the mRL/CPC mixtures 

has not yet been performed.  It does, however, indicate that CPC does not significantly 

alter mRL aggregation properties in low quantities.  This is vital for its use in 

investigating the micelle microenvironment through fluorescence quenching.  Because 

CPC does not change the surface activity of mRL, it was selected as an appropriate 

reactant for these experiments. 

Fluorescence quenching to probe mRL micelle microenvironment 

 Conclusions about micelle microenvironment arise from the quenching dynamics 

studies reported here.  Understanding the microenvironment of a micelle is important in 

many of their potential applications such as microreactors, drug delivery systems, 

emulsifying agents, environmental remediators, etc.  The polycyclic aromatic 

hydrocarbon (PAH) anthracene was chosen as an appropriate fluorescent probe molecule, 

since it is known to be solubilizes in micelles, has a relatively short lifetime to minimize 

sensitivity to oxygen, and the photophysics are well characterized.173,265  Cetylpyridinium 

chloride (CPC) was selected as a quencher, because it is known to quench PAH 

fluorescence via an electron transfer, and its surfactant properties may help it be 

incorporated into the micelle structure to increase quenching efficiency. 
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 By measuring the decrease in fluorescence intensity (steady state) and average 

excited state lifetime (TCSPC) as quencher is added, the relative amount of static 

(complexation) and dynamic (diffusion controlled) quenching can be determined.  These 

results in mRL micelles were compared to the same measurements in micelles of sodium 

dodecyl sulfate (SDS), an extremely well characterized system.  By comparing the 

quenching behavior in mRL to that of a well-examined aggregate, inferences can be made 

about the mRL micelle.  With this particular quencher/probe system, static quenching is 

the predominant quenching mechanism, because both the pyridinium quenching group 

and the anthracene are located in the Stern layer of the micelle.  Static quenching 

dominates in mRL aggregates despite a much larger micelle volume than SDS.  This 

leads to the conclusion that the mRL micelle is not spherical, but has distinct domains 

into which these particular reactants are partitioned.  Because of geometric considerations 

CPC is proposed to incorporate into the end regions which are believed to be more 

loosely pack due to the cylindrical shape of mRL.  Because anthracene must be within 

several Å of CPC at the time of excitation for a dark complex to form (static quenching), 

anthracene is also proposed to be more stable in the endcapped region, although direct 

evidence for this location has yet to be collected.  Therefore, CPC and anthracene are 

cosolubilized within a very small volume or form a true complex.  They cannot easily 

diffuse to or away from one another on the timescale of the experiment causing static 

quenching to dominate the decay mechanism.   

 The structure of the probe and the quencher were found to have an effect on both 

the type and efficiency of quenching.  This was attributed to the relative locations of the 
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probe and quencher in the micelle.  If a bulkier, more hydrophobic probe is used 

(diphenylanthracene), it is driven more into the hydrophobic core reducing overall 

quenching and the probe had to diffuse to the Stern layer in order for quenching to be 

observed such that dynamic quenching became the more favored mechanism.  

Conversely, if the surfactant character of the quencher is removed (butylpyridinium 

chloride), the quencher possibly exists predominantly in the aqueous phase and may only 

interact with the probe when it gets trapped in the micelle through “water channels” that 

exist due to the poor packing of the mRL micelle.  In this case, the probe and quencher 

are likely extremely close together in the micelle endcaps which results in the dynamic 

quenching being virtually nonexistent, though this conclusion is based only on the 

indirect evidence of the quenching studies. 

 From the fluorescence quenching experiments, insights into the mRL micelle 

structure were deduced.  There is definite evidence for a nonspherical geometry with 

distinct regions that limit the total free volume for solubilization within the micelle.  

Since there is no evidence that molecules can penetrate deep into the hydrophobic core 

(although this is still a possibility), the range of molecules that can be incorporated into 

mRL micelles may be limited.  Because mRL molecules have two lipid tails while SDS 

has only one, it was hypothesized that in a well ordered aggregate, the microviscosity of 

mRL should be higher than that of SDS.  However, fluorescence polarization 

measurements, using diphenylhexatriene (DPH), showed that the local viscosity for DPH 

was lower in mRL than SDS.  This confirms that at least some region of the micelle (into 

which DPH is partitioned) is poorly packed. 
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 Although mRL micelle characteristics may limit the absolute number of 

molecules that can partition into the micelle and potentially affect remediation 

applications, it may have positive implications if the rate of reactions is to be controlled.  

By forcing the reactants into a very small volume, the kinetics can be greatly increased 

beyond that of diffusion-limited interactions.  Additionally, the poor packing of the 

endgroups means that hydrophobic molecules solubilized in the micelle may interact with 

aqueous phase species.  By understanding the shape, free volume, microviscosity, and 

permeability of these micelles, their potential applications can be more fully realized. 

Fluorescence investigations of mixed micelles of mRL with nonionic Tween-20 

 Previous dynamic light scattering and surface tension measurements in this 

laboratory on mixtures of mRL and Tween-20 (TW) led to the conclusion that the mRL 

micelle is rod shaped, TW is spherical, and that there is a geometrically mediated rod-to-

sphere transition that occurs somewhere between 0.35 ≤ αmRL ≤ 0.55.170  To further 

scrutinize the microenvironment of these mixed micelles and confirm these structural 

hypotheses, fluorescence lifetime and quenching experiments were executed with the 

anthracene/CPC probe system.   

 The lifetime of anthracene decreases rapidly with small additions of TW 

indicating that the micropolarity of the anthracene environment is decreasing.  This was 

attributed to the intercalation of TW into the poorly packed endcaps of the mRL micelle 

effectively “sealing” the micelle to water penetration.  The lifetime of anthracene 

decreases for all mole fraction compositions studied, but the change in lifetime per unit 
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change in mole fraction decreases substantially for αmRL ≤ 0.75.  Deprotonated mRL has a 

higher hydrophilic-lipophilic balance (HLB) than TW, indicating that the headgroups of 

mRL aggregates might have more water molecules associated with their Stern layers.  

Because anthracene is located near the Stern layer, it may be sensitive to the greater 

hydration, but not to the same degree as if the molecules were in water.  These results 

further support the model that the mRL micelle is nonspherical with poorly packed 

regions that are susceptible to water penetration.  It is proposed that TW incorporates into 

these regions, with the best packing achieved at αmRL ~0.75.  Beyond this point, the 

addition of more TW decreases the micelle size with a concomitant decrease of lifetime. 

 These results were further confirmed by fluorescence quenching experiments.  

The amount of dynamic quenching was much higher in pure mRL micelles than other 

composition mixtures.  However, static quenching was still the dominant mechanism 

throughout the mRL/TW mixture range.  However, no clear trend between static 

quenching constant and micelle composition is observed.  As TW monomers led to a 

more tightly packed micelle, the degree of both static and dyanamic quenching were 

relatively impervious to micelle composition.  This also indicates that quenching occurs 

in the less well packed regions of the micelles.  If the quencher and/or probe were located 

in the central, lamellar region of the micelle, the shortening of the micelle should increase 

quenching efficiency or change the relative ratio of type of quenching since the free 

volume of interaction would be decreasing.  Unfortunately, these experiments were not 

able to give a definitive indication of the microenvironment during the shape transition.  
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mRL Effect on NP Dispersions 

The investigations presented in this work represent a preliminary study into the 

effects of RL on the dispersion stability of representative metal oxide NPs. The 

experiments are limited to one biosurfactant, monorhamnolipid (mRL), and three metal 

oxide NPs: SiOx, TiO2, and ZnO.  mRL was chosen, as it is one of the most well-studied 

biosurfactants and is overproduced by the common soil bacterial strain Pseudomonas 

aeruginosa such that NP encounters in environmental systems are feasible.  The three 

metal oxides were chosen, because they are commonly used in commercial products and 

differ widely in their pzc values.  These three oxides will, therefore, represent a spectrum 

of charged surface interactions.   

 These investigations were approached by first characterizing the adsorption 

behavior of mRL on the metal oxide surface through attenuated total reflectance-Fourier 

transform infrared (ATR-FTIR) spectroscopy.  The extent of adsorption indicates the 

potential for mRL to competitively adsorb to the surface and potentially affect NP 

aggregation.  If the mRL is unable to coat the NP surface, then the possible effects on NP 

behavior becomes unimportant.  The adsorption behavior, therefore, can be used to 

predict and explain the size and stability of NP aggregates in aqueous environments. 

 The dispersion stability of NPs was evaluated using dynamic light scattering 

(DLS) to measure the average solution-stable aggregate size as a function of solution pH, 

mRL concentration, and time, although a large number of other solution variables can 

influence aggregation (temperature, solution ionic strength, counterions, NP 
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concentration, sonication, etc.)  Surface charge is a major factor in predicting whether 

two particles will agglomerate, since highly charged particles of similar polarity will 

experience repulsive forces that keep them separated.  Biosurfactant adsorption may alter 

the surface potential of the NP aggregate and render the dispersion more or less stable 

depending on the relative charge of the NP and mRL.  Thus, the effect of mRL and pH on 

the zeta potential of the NP dispersion was also measured to further elucidate the effect of 

biosurfactants.     

 Finally, further characterization was performed on the NP dispersions if 

unexpected dispersion results were encountered.  TiO2 NPs were not highly impacted by 

pH as was expected based on pzc, so further exploration of NP composition was 

conducted.  Similarly, ZnO is known to be partially soluble in aqueous suspensions, and 

coatings have been shown to have mixed effects depending on the surfactant 

concentration and solution conditions.559,624,674,675  Therefore, the influence of mRL on 

the dissolution of ZnO NPs was also considered.  This effect may be especially 

important, since solubilized Zn2+ has been implicated as the main factor in the toxicity of 

ZnO NPs.614,625,626,628  The specific results for each of the investigated metal oxide NPs 

are summarized below. 

Monorhamonlipid Contributions 

 mRL micelles alone can be detected by dynamic light scattering (DLS) and their 

potential contribution to particle distributions of NP aggregates was determined.  

Micelles were not readily apparent in the DLS histograms until the mRL concentration 
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was at least 50-100 μM greater than the critical micelle concentration at each pH.  In the 

majority of cases, the measured aggregate size of the major population had a 

hydrodynamic radius of ~10 nm.  The only exception to this observation was 100 μM 

mRL at pH 4 where the distribution was very wide with an average particle size of ~ 60 

nm.  Since the smallest primary NPs studied were 20 nm, a minimum hydrodynamic 

radius cutoff was established for subsequent NP aggregate measurements of 15 nm.  

Silica 

 The adsorption of mRL on SiOx NPs at pH 6 and 8 is relatively minimal with 

adsorption constants <103 with low integrated absorbance values (Amax <0.05).  The 

amount of mRL adsorbed at these pH values corresponds to <0.25 of a close-packed 

monolayer (ML).  At pH 4, adsorption is greater due to the absence of the electrostatic 

repulsive forces between the oxide surface and the biosurfactant.  This results in a surface 

coverage of two equivalent MLs (perhaps in the form of a mRL bilayer.)  Consequently, 

it is hypothesized that, at pH 6 and 8, mRL will not competitively displace any surface 

components that might remain from the synthetic process or upon exposure to the 

environment.  At pH 4, even if mRL competitively adsorbs to the surface, it is not 

expected to significantly alter the electrostatics, as mRL is nonionic at this pH. 

 DLS of SiOx NP dispersions confirms this hypothesis since little change is 

observed with increasing mRL concentration at pH 4.  This is despite the modest 

adsorption values observed in ATR-IR.  Laser Doppler electrophoresis (LDE) showed no 

variation in zeta potential  upon addition of mRL.  Therefore, although mRL is known to 
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adsorb at pH 4, the charge state of the surface is not altered, and the aggregation affinity 

is unchanged until very high mRL concentrations are reached, whereupon SiOx may act 

as a Brønsted acid and donate a proton to any anionic mRL.  At pH 6 and 8 at mRL 

concentrations much greater than the CMC, the NP aggregates are statistically smaller.  

mRL is mostly in its anionic form at pH 6 and 8, and at very high concentrations, the 

number density of surfactant micelles far exceeds the NPs in solution.  The micelles serve 

as shielding agents by providing osmotic and electrosteric repulsion of NP aggregates, 

resulting in fewer collisions and smaller aggregates.   

These results show that despite low adsorption affinity, biosurfactants may 

prevent NP aggregation if micelles are present in high concentrations.  This may be 

advantageous in industrial applications where high concentrations of environmentally 

friendly mRL can be applied to the product to stabilize the suspension, but destabilizes it 

when the product is discarded and the mRL concentration is diluted below the CMC.    

Furthermore, the increase in aggregate size with the removal of mRL micelles may make 

the NP aggregates more amenable to remediation by filtration. 

Titania 

 Titania (TiO2) has a pzc of ~6, and therefore, was expected to exhibit positive, 

neutral, and negative surface potentials at pH 4, 6, and 8, respectively.  Furthermore, 

sugar surfactants are known to adsorb strongly to titania.531  It was hypothesized that at 

pH 6, the effect of mRL would be most pronounced, since TiO2 is charge balanced at the 
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surface and experiences significant aggregation, but the addition of anionic mRL to the 

surface should increase the electrostatic repulsion and NP dispersion stability.   

 The first indication that these hypothesis do not hold became apparent in the 

adsorption ATR-FTIR studies.  Although the highest integrated absorbances of all the 

oxides investigated are observed on TiO2, the adsorption constants (Kads) are only slightly 

greater than 103 at pH 4.0.  Additionally, the interaction parameter is near 0 at pH 4, but 

increases to ~4 at pH 6 and 8.  This increase in cooperativity factor is interpreted to 

indicate micelle adsorption on the surface.  The surface coverage values in equivalent 

monolayers are 2 ML at pH 4 and 6, and 1 ML at pH 8.  Although TiO2 is expected to be 

positive at pH 4 and neutral at pH 6, similar adsorption coverages is further suggestive of 

deviations from the original hypotheses.  The FTIR spectra of adsorbed mRL on TiO2 

surface show evidence for both Lewis acid interactions between the surfactant 

carboxylate and the Ti4+
 most likely through bidentate bridging interactions, as well as 

hydrogen bonding between sugar hydroxyls and oxygen sites on the oxide surface. 

 DLS and zeta potential measurements further confirm that mRL and pH do not 

having the anticipated effect on these TiO2 NP dispersions.  As for SiOx, little effect of 

pH on average aggregate size is observed, with a mean solution-stable aggregate 

hydrodynamic radius of ~80 nm for solutions of all pH values.  A decrease in aggregate 

size to ~60 nm at pH 6 and 8 in the presence of high mRL concentrations is observed and 

proposed to be due to electrosteric stabilization by mRL micelles.  The zeta potential at 

each pH gives additional insight into the cause of the disparity between the original 
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hypotheses and the observed results.  Surprisingly, at pH 4, the potential of these 

dispersions is negative even in the absence of mRL indicating that the pzc of these 

materials must be <4. 

 The presence of SiOx in the commercial TiO2 NPs was confirmed by several 

spectroscopic techniques.  This SiOx is concluded to be patchy at the surface, since the 

observed behavior of the TiO2 NPs and the SiOx NPs is similar, but not identical.  These 

results clearly demonstrate the significant effect that sample fabrication can have on NP 

dispersion behavior.  At most environmentally-relevant pH values (~4-8), it would be 

anticipated that TiO2 dispersions would be unstable and limit their mobility and transport 

over long distances.  However, the presence of coatings can stabilize dispersions even in 

the absence of surfactants.  Because the commercial TiO2 NPs have been proven to 

contain an SiO2 contaminate, the SiO2 may be removed through an acid wash.  However, 

this is only viable if the SiO2 is only on the surface and not mixed within the entire NP.  

Alternatively, the TiO2 NPs may be synthesized in the laboratory where the synthetic 

conditions and NP composition can be controlled and confirmed.  It is anticipated that the 

adsorption affinity of mRL for the TiO2 surface will be much higher especially at pH 4 

and 6 where electrostatic repulsions will be minimized.  Furthermore, the aggregation 

should be greatly enhanced when mRL is not present and prevented by electrostatic 

repulsion when the biosurfactant is coexistent in solution. 
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Zinc Oxide 

 ZnO has a high pzc (~9.2) and a wide variety of amphoteric exchange reactions 

occurring at its surface.  The adsorption of mRL has been shown to be significant on 

another basic oxide, Al2O3, with a Kads >104
 at pH 4 and 6.166  Although the surface 

chemistries may vary between the two oxides, it is expected that mRL will adsorb in 

significant amounts to the ZnO surface at all pH values.  In fact, there is minimal effect 

of pH on the adsorption behavior of mRL on ZnO with no change in the maximum 

absorbance or the interaction parameter as pH increases.  A negative correlation between 

Kads and solution pH is observed due to a decreased density of positive surface charges on 

the ZnO surface as the solution pH approaches the pzc.  However, Kads is >103 for all 

three pH conditions.  The surface coverage of mRL on ZnO was calculated to be ~4-5 

equivalent layers, suggesting that micelle adsorption is likely.  Therefore, it was expected 

that mRL was likely to influence ZnO dispersion stability. 

 In the absence of surfactant, ZnO NP dispersions were unstable and NP 

aggregates completely settled out of solution in 1 week.  However, in the presence of 

mRL surfactant, the dispersions were stable up to 16 weeks with an aggregate radius of 

~80 nm at mRL concentration ~CMC.  At pH 6 and 8, the added electrosteric 

stabilization of anionic micelles reduces the ZnO aggregate size to ~55nm.  This 

observation was corroborated by the LDE measurements of the zeta potential.  In the 

absence of mRL, the zeta potential is approximately 0 cannot be measured.  The zeta 

potential quickly decreases with added mRL such that at pH 8 it is -55 mV.  The large 

change in zeta potential, combined with the strong propensity for adsorption, indicates 
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that mRL effectively competes for ZnO surface sites, resulting in a significant impact on 

dispersion stability. Thus, the presence of biosurfactants prevents NP agglomeration and 

increases the probability for ZnO mobility and exposure.  This is especially concerning, 

because ZnO NPs have shown significant toxicity to aquatic organisms and human cell 

lines. 

 However, a major contributor to the toxicity of ZnO NPs is not the bulk ZnO, but 

the Zn2+ released upon dissolution.  Therefore, the effect of mRL on ZnO dissolution may 

have a more significant impact on ZnO NP risk despite aiding in ZnO aggregate stability 

and transport.  The amount of Zn2+ species in a ZnO suspension as a function of mRL 

was quantified using atomic absorption spectroscopy and complexation of mRL to Zn2+ 

was confirmed using electrospray ionization mass spectrometry (ESI-MS).  A negative 

correlation between dissolved Zn2+ and mRL concentration was observed up to 500 μM 

mRL.  Thus, mRL may block the ZnO surface from interacting with water, thereby 

minimizing dissolution.  By ESI-MS, mRL-Zn2+ complexes were identified; specifically, 

these were dimers and trimers of mRL co-complexing Zn(OH)+ and Na+
 as well as 

monomeric mRL with Zn2+.  At 1 mM mRL, the amount of dissolved Zn2+ increases to be 

statistically identical the amount observed with no biosurfactant present.  The chemical 

explanation for this increase at higher concentrations is unknown.  One possibility is that 

at high concentrations, mRL facilitates ZnO dissolution through the driving force of 

mRL-Zn2+ complex formation. 



473 
 
 

Future Directions 

Microenvironment of mRL Aggregates 

Solution conditions 

 Surfactant aggregate properties are known to vary widely with solution 

conditions.22  Although SDS micelles are assumed to be spherical, in high salt 

concentrations and/or very high surfactant concentrations, these micelles have been 

shown to be rods.214,215  Similarly, because mRL has an acidic proton, the aggregate 

structure varies from lamellar at pH 4 to small (~10 nm radius) nonspherical aggregates 

at pH 8.  All fluorescence quenching studies were performed in a pH 8, 10 mM phosphate 

buffer at 20 °C.  If mRL is proposed as a remediation agent in wastewater or soil 

samples, the pH, temperature, and salt conditions are likely to vary widely.  The most 

likely variables to give interesting results would be to increase the salt conditions (e.g. 0-

100 mM) to vary the ionic strength and the temperature (0-100 °C).  These will most 

likely alter the microviscosity, polarity, free volume, permeability and ultimately the 

conditions under which the surfactant can be utilized.  By investigating the micelle 

microenvironment of mRL under different salt and temperature conditions, the best 

conditions for specific applications (i.e. drug remediation, detergency, etc.) may be 

identified. 

Synthetic analogues 

 Due to efforts in the laboratory of Dr. Robin Polt, a high yield, economical 

synthetic route has been developed for production of mRL.  It is assumed that this 
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synthetic mRL will have the same biodegradation properties as the natural product, but 

this has yet to be confirmed.  The added advantage to the synthetic production of mRL is 

that the properties of lower abundance congeners are now testable, as they can be 

produced in testable quantities without long separation and purification processes.   

Because the packing parameter and ultimate shape of the micelle are dependent 

on the area of the headgroup and length/volume of the tails, if the tails change drastically, 

the shape of the micelle could also be altered.  For example, if a Rha-C6-C14 surfactant 

is produced (the shortest and longest lipid tails found in natural mRL), the shape is 

hypothesized to be more conical in shape rather than cylindrical.  This may produce a 

spherically shaped micelle that has solubilization and surfactant capabilities (wetting, 

emulsification, solubilization) similar to SDS.  Fluorescence quenching experiments can 

be used to investigate the permeability and reaction dynamics in micelles made of these 

synthetic analogues.  Because some synthetic surfactants have come under scrutiny and 

have even been outlawed in the EU, a “green” environmentally friendly alternative with 

similar properties is vital.680 

Alternative analytical techniques 

 Although several questions were addressed about micellar properties of mRL and 

its mixtures with cationic and nonionic surfactants, many attributes are still unclear.  

Time-resolved fluorescence polarization can give quantitative information on the 

microviscosity inside the micelle.  If probes that partition into different locations of the 
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micelle are utilized (Stern layer, deep in the core, etc.), the relative viscosity of the 

endcaps and the core region may be elucidated.   

Small angle neutron scattering is a powerful technique to determine micelle 

structure and surface charge.277  Based on the scattering of slow neutrons by the core of 

the micelle, the thickness of the polar, hydrated headgroup, the micelle core, and the layer 

of counterions can be calculated.685  Unfortunately, although this technique can provide 

much more definitive data on the size and shape of surfactant micelles, it is not widely 

available since a synchrotron is required to produce the neutrons necessary for the 

experiment.  Penfold et al. have reported several investigations using SANS as a means 

to measure micelle shape for a variety of surfactants and surfactant mixtures, including 

mRL.85,86,277,686,687  Although previous and current experiments in this laboratory have 

illuminated much about the structure of pure mRL and mixed micelles, additional 

analytical techniques (such as EPR and SANS) may confirm the hypotheses and elucidate 

some of the remaining questions such as differentiating between rod-like, globular or 

elliptical micelles under different pH, ionic strength, and surfactant concentration 

conditions. 

Furthermore, while the results presented here indicate that at pH 8, mRL forms 

nonspherical aggregates with distinct regions, the distinction between a rod and oblate 

globule could not be resolved.  Electron paramagnetic resonance (EPR) delivers 

information about the hydration of the surfactant headgroups.  This technique works by 

measuring the resonance fields of three EPR lines of a nitroxide radical; the separation of 
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the low and center lines is related to the polarity index, or number of OH groups in a 

given volume.275  The polarity index can then be translated into an average number of 

water molecules per surfactant molecules associated with the micelle.  The number of 

waters in the polar shell can be used in conjunction with the aggregation number to be 

determined by TRFQ to more accurately fit SANS data, since SANS is insensitive to 

ellipticity.275  EPR can also be used to determine the location and orientation of 

solubilized molecules in the micelle based on the relaxation rates of 1H atoms.688  EPR 

has been used in several studies to deliver a more thorough understanding of the 

hydration and solublizate orientation of mixed micelles.275,335,688-690  While TRFQ, SANS, 

and EPR can individually give us small pieces of information about the micelle aggregate 

system, by combining all three, a more complete picture of the mRL micelle model (size, 

shape, composition, microenvironment, etc.) may emerge to target specific applications 

for which they may be utilized. 

mRL Effect on NP Dispersions 

The main goal of this investigation was to determine if there was a potential for 

microbially-produced secondary metabolites to affect fate and transport of NPs in the 

environment.  Based on the results summarized here, this is a research area worth 

pursuing in more detail.  One of the most significant results that will impact future 

analyses is that of the consistency of NP aggregate size over time.  Although, the current 

experiments were carried out for 16 weeks, no changes in the solution-stable NP 

aggregate size were observed after 1 week.  Most investigations on NP aggregation occur 

over hours or days, and these results confirm the validity of that time 
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period.480,553,559,560,615  As the investigation into secondary metabolite effects on NPs 

expands to multiple variables, the fact that experiments can be shortened from 16 weeks 

to less than 1 week will be important in being able to investigate a large variety of 

parameters. 

 Some of the major variables to be investigated include solution conditions such as 

ionic strength, solution agitation, temperature, counterions, etc. as well as NP 

characteristics like size, crystal phase, solution concentration, method of synthesis, and 

composition.  Ionic strength is known to have a significant effect on NP aggregation as a 

high concentration of counterions around the NPs will compress the electrical double 

layer and reduce repulsive forces.559  The presence of mRL on the surface may serve as 

an inhibitor or attractor of counterions compared to the bare NP surface depending on the 

relative surface charge density in the presence and absence of the surfactant coating.  

Therefore, the effect of ionic strength in the presence of mRL cannot be predicted a 

priori, but since this is one of the major variables affecting aggregation, it is an area 

worth pursuing. 

 NP size is also known to have a large effect on the aggregation propensity of 

dispersions.  The smaller the particle, the larger the fraction of total atoms at the surface 

and the greater their reactivity.1  Thus, smaller particles tend to aggregate much faster 

than larger particles.444  If mRL is adsorbed to the surface, not only does the particle’s 

hydrodynamic radius change, but reactive surface sites may be blocked, thereby reducing 

aggregation.  Similarly, differences in crystal phase may alter reactivity as well as 
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adsorption affinity for mRL.  Solution concentration may affect the surface coverage of 

mRL if the number of NP surface sites limits the number of mRL molecules in solution. 

 Another vital area of research is to investigate NPs of varying composition 

(metals, polymers, semi-conductors, etc.). For example, carbon-based NPs (fullerenes 

and carbon nanotubes) are being heavily investigated for biological and medical 

applications.412  Because they have unique chemical properties, the aggregation, fate, and 

transport of these NPs may differ greatly from metals and metal oxide NPs.691  Although 

they are extremely hydrophobic with low water solubility, fullerene NPs form stable 

colloidal aggregates in organic solvent/water mixtures or under stirring conditions in 

aqueous solutions.692-694  The adsorption of sugar surfactants on hydrophobic surfaces 

(graphite) should proceed via hydrophobic interactions rather than hydrogen bonding.  

This has resulted in monolayer surface coverage of other sugar surfactants as opposed to 

bilayer adsorption observed on hydrophilic solids (alumina, titania, and hematite), 

although hemimicelles have been observed by AFM in this laboratory for mRL on 

graphite surfaces at pH 8.276,531 The effect of mRL on the dispersion stability of 

hydrophobic NPs, therefore, might be extremely different than that observed on the 

hydrophilic solids.   

 Since one secondary metabolite, mRL, has been shown to alter the fate of NPs 

released into the environment, the potential for additional biosurfactant effects is 

intriguing.  Specifically, in this laboratory, there exists an interest in sophorolipids, 

flavolipids, and siderolipids.  All of these have different structures and functional groups 
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that may show varying attraction to the NP surface and alter the surface composition 

thereby inhibiting or facilitating agglomeration.  

 Previous experiments in this laboratory have shown that mRL complexes large 

cations (Pb2+, UO2
2+) via an oxygen-rich binding pocket composed of both the sugar 

hydroxyls and the carboxylate moiety.169  These models were proposed based on the rate 

of H/D exchange of the sugar hydroxyl groups observed by ESI-MS.  Because mRL has 

shown a formation constant for complexation to Zn2+  that is comparable to those for 

complexation by simple carboxylates (oxalic and citric acids161), and since this value is 

several orders of magnitude lower than that for mRL complexation with Pb2+, it is 

hypothesized that H/D exchange will show that the binding mechanism of mRL with 

smaller cations proceeds via only the carboxylate oxygens instead of also involving the 

sugar hydroxyls. 

Because mRL was shown to inhibit dissolution of ZnO, it would be interesting to 

further pursue the effect of the biosurfactant on NP toxicity.  Specifically, because it is 

proposed that mRL inhibits Zn2+ solubility by blocking the surface sites, the toxicity of 

ZnO, TiO2, and other ROS-producing NPs may also be reduced.  ROS production occurs 

due to electron-hole pairs near the oxide surface reacting with adsorbed water and 

producing oxygen radicals.532  If mRL displaces water at the surface, the production of 

ROS may be inhibited by the surfactant coating and the toxicity of the NPs may be 

reduced.   
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Finally, the biodegradability of mRL coatings may be advantageous in industrial 

applications.  A major problem with NPs is that they require dispersion in the commercial 

product, but this stability also allows them to be transported over long distances in the 

waste stream.  This increases the probability for human exposure through water, food, 

and soil sources.  If a biodegradable surfactant is used, the dispersion stability may be 

maintained during product application, but be reduced over time in the environment as 

the surfactant degrades.  This would allow the NPs to aggregate and aid in environmental 

remediation of NP waste.  An important advantage of biosurfactants, therefore, may be 

determined by measuring the stability of mRL-coated NPs over time in a dispersion 

which contains bacterial species that can degrade the mRL. 
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