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ABSTRACT 

A model for reverse micelle size with additions of salts, based on the formation of 

a pair of overlapping electrical double layers, has been developed.  Specific ion effects 

demonstrate that reverse micelle size is proportional to ion hydration complex size and 

the electrical double layer thickness.  Limited salt solubility has been observed due to one 

of two destabilization mechanisms: (1) one based on too small of an average reverse 

micelle size and (2) one based on too large of a hydrated ion size.  Precursor limits for 

obtaining stable solutions once a precipitation reaction is initiated by mixing two reverse 

micellar solutions does not necessarily correlate to the salt solubility limits. 

Analytical solutions of the model provide several parameters that are either not 

reported by other researchers at all or are not experimentally assessed by the methods 

presented within: (1) the critical potential, or potential minimum between the two 

overlapping electrical double layers, (2) the local ion concentration generating the critical 

potential, (3) the extent of Stern layer occupation in reverse micelles, and (4) an estimate 

of dielectric constant of the reverse micelle interior phase. 

Changing the water to surfactant ratio, partial substitution of polar solvents for 

water, and partial substitution of cationic or nonionic surfactant for the anionic surfactant 

were investigated.  None of these changes affect the critical potential, but do affect the 

local ion concentration at the critical potential.  The estimated dielectric constant can also 

vary.  Reduced water to surfactant ratio had the biggest effect on increasing local ion 

concentration, increasing dielectric constant for counterions of high valence, and is the 

only modification that increased reactant limits for obtaining stable precipitate solutions. 
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CHAPTER 1: INTRODUCTION 

A. Foreword 

Reverse micelle synthesis is a technique capable of producing novel designer 

nanoparticles.  A relatively simple example is the formation of core-shell composite 

particles formed by subsequent precipitation reactions.  However, the stability of the 

reverse micellar structures needs to be maintained during the precipitation reactions.  

Thus, there is a need to understand the limitations when adding precursors or when 

performing a precipitation reaction within reverse micelles and this is the primary focus 

of this thesis. 

Chapter 1 of the thesis consists of a general introduction to reverse micelles, 

relevant applications of reverse micelles (including specific advantages of using reverse 

micelles), and the effect that salts have on reverse micelle size and stability.  The 

introduction to reverse micelles includes basic concepts such as the reverse micelle 

structure and the concept of content exchange that is a central concept to reverse micelle 

synthesis of nanoparticles.  All chapters after the introduction correspond to the effects 

that salts have on reverse micelle size and stability and the implications for reverse 

micelle synthesis.  Basic theory that is relevant to this thesis is also provided, including 

the Gouy-Chapman theory and Stern model, which apply to an electrolyte solution 

adjacent to a charged surface. 

Chapter 2 is the foundation for many of the remaining chapters.  A qualitative 

model of reverse micelle size and stability when a salt is added to the reverse micelle 

system is presented in Chapter 2.  The model is conceptually based on the Gouy-
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Chapman theory.  The model can explain the decrease in average reverse micelle size 

with increasing salt concentration and provides a mechanism for destabilization.  

Furthermore, the analysis of the model results in the development of a critical potential, 

the first known experimental extrapolation of such a parameter for reverse micelles.  The 

critical potential is independent of the electrolytes that are added and therefore is a 

parameter that is defined by the system.  All subsequent chapters focus on either 

continuing to develop the model described in Chapter 2 and/or on the stability of reverse 

micellar solutions once a precipitation reaction is initiated. 

The focus of Chapter 3 is an evaluation of the qualitative model given in Chapter 

2.  Four scenarios are evaluated: (i) the qualitative model described in Chapter 2 with Na+ 

counterions excluded from the electrical double layer, (ii) the qualitative model described 

in Chapter 2 modified by including Na+ counterions in the electrical double layer, (iii) a 

modified model (Stern model) with Na+ cations excluded from the electrical double layer, 

and (iv) the Stern model with Na+ cations included in the electrical double layer.  The 

computational exercise proves feasibility of the model and encourages further developing 

the model. 

Experiments were performed to investigate specific ion effects and a summary is 

provided in Chapter 4.  Specific ions have been introduced by encapsulating eleven 

different salts.  Two forms of destabilization were observed, one based on a size limit for 

the reverse micelles and the other based on a size limit of the ions introduced into the 

reverse micelles.  Reverse micelle size changes remain proportional to the electrical 

double layer thickness when any of the salts are added and results in a linear trend.  A 

slope change at low concentrations occurs and has been used to determine that the 
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occupancy of the Stern layer is low (i.e. surfactant headgroups are highly dissociated).  

The slope of the linear fit can be correlated to the electrolyte cation valence and the line 

intercept can be correlated to the average hydrated ion size for the ions introduced by the 

specific salt.  The slope of the fit as a function of the ion valence provides a method to 

estimate the dielectric constant of the reverse micelle interior and is a new method for 

experimentally determining such a value.  When HAuCl4 was encapsulated in reverse 

micelles, an increase in the average size is observed, which does not fit within the 

qualitative model developed in Chapter 2.  Three possible explanations are given, one of 

which is used to develop a model that incorporates the effect that water can have on the 

reverse micelle size and stability and is a concept explored further in Chapter 5. 

Chapter 5 is an exploration of reverse micelle stability when a precipitation 

reaction is initiated by mixing two reverse micellar solutions encapsulating different 

precursors.  It was determined that the stability when initiating precipitation reactions is 

lower than the limitations imposed by the precursors and a stability diagram for 

precipitation is presented.  The precursor solutions from randomly selected studies are 

also evaluated and the results demonstrate that the precipitation reactions were done with 

unstable precursor solutions.  Reverse micelle growth occurs with salt additions when a 

cationic surfactant is used and supports an adjustment to the qualitative model that is 

presented in Chapter 4, in which the hydrogen bond network of the polar phase is an 

important consideration. 

The work in Chapter 6 was performed with the intention of purposefully 

modifying the hydrogen bond network, either by increasing the interaction between water 

and surfactant molecules by decreasing the water to surfactant ratio or by partial 
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substitution of the water phase with another polar solvent.  Changing the water to 

surfactant ratio affects the reverse micellar size and can be correlated to the electrical 

double layer thickness of the surfactant counterions.  Substitution of the polar phase 

results in no reverse micelle size changes until relatively large amounts are substituted.  

The critical potential is unaffected by most of these changes, except for when ZrOCl2 was 

added to a methanol-substituted system, but all changes cause differences in local ion 

concentrations at the critical potential.  The system modifications generally improved the 

solubility of precursors in the reverse micelles.  However, only decreasing the water to 

surfactant ratio results in a significant change to the estimate of the dielectric constant of 

the reverse micelle interior and improves the reverse micelle stability for precipitation 

reactions.  Turbidity measurements were also evaluated for distinguishing points of 

instability and are found to be supplemental at best. 

Chapter 7 contains the results from an investigation of the effects that cosurfactant 

substitutions for AOT have on reverse micelle size, how salts affect these modified 

systems, and whether or not reverse micelle stability can be improved when initiating a 

precipitation reaction.  Cosurfactant substitutions cause a decrease in average reverse 

micelle size.  Salts cause further size reduction in these systems and the size changes 

remain proportional to the electrical double layer thickness.  The critical potential does 

not change by the modifications.  Thus, the critical potential is identical for all conditions 

that were studied, except for when ZrOCl2 is added to the system with methanol 

substituted for water in Chapter 6.  The points of instability are either unaffected or 

reduced when using a cosurfactant and there is not a significant improvement in reverse 
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micelle stability when initiating a precipitation reaction for the types and concentrations 

of cosurfactants that are used.  Chapter 8 includes a summary of all results. 

B. Reverse Micelles 

The first description of a reverse micelle structure was given by Hoar and 

Schulman, in 1943.1  The basic structure Hoar and Schulman proposed is demonstrated in 

Figure 1-1.  A small water droplet is stabilized in a bulk oil phase in the presence of a 

soap and cosurfactant in sufficient amount to cover the interface.  The soap contains a 

hydrophobic tail and hydrophilic headgroup that extend into the oil and water phases, 

respectively.  A cosurfactant (nonionic or counterionic compared to the soap) is often 

necessary to form reverse micellar structures.  This simple model is still used today for 

the conceptualization of reverse micelles.  However, one could argue that the exact 

structure of reverse micelles is still a mystery.  For example, the structure of the water 

confined in the nanodomain of the reverse micelle differs from that of bulk water and has 

been actively researched.2-9  The hydrogen bond network of the water inside the reverse 

micelle is pseudo-ordered due to the interactions both with other water molecules and the 

surfactant molecules at the reverse micelle surface and is further complicated by 

collective dynamics.  The fluctuating structure of reverse micelles complicates analysis 

and separation of the independent and collective motions and interactions of the pseudo-

crystalline molecular arrangements.10,11 

The dynamic character of reverse micelles, making them difficult to characterize, 

is also responsible for providing the unique engineering opportunities that the scientific 

and engineering communities have been taking advantage of.  The small sizes of reverse 

micelles (a few to a hundred nanometers) subject them to Brownian motion.  Brownian 
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motion is the randomized motion of particles in a liquid (such as reverse micelles in an 

oil phase) as a result of the molecular-kinetic theory of heat.  Brownian motion was 

named after botanist Robert Brown who observed the random motion of pollen particles 

in water.12  The physics of Brownian motion was fully explained by Albert Einstein and 

then confirmed experimentally by Jean Baptiste Perrin.13,14  Reverse micelles inevitably 

collide occasionally, as a result of Brownian motion, and two reverse micelles can fuse 

together temporarily before separating back into two distinct reverse micelles.  The 

formation of the dimer structure by the fusion process allows for content exchange 

between the two reverse micelles, as illustrated in Figure 1-2.  The concepts 

demonstrated in Figure 1-1 and Figure 1-2 are intensively studied, greatly expanded on, 

and utilized in novel ways with demonstrated advantages. 

 

Figure 1 - 1.  Schematic of the original reverse micelle structure concept, where a 

spherical water nanodomain is stabilized by surfactant at the 

interface of a bulk oil phase. 
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Figure 1 - 2.  Schematic of content exchange between two reverse micelles, A and 

B, during a fusion-fission process. 

 

1. Applications and Demonstrated Advantages 

Scientists and engineers have been studying the use of reverse micelles for many 

applications.  Table 1-I contains a list of common applications for which reverse micelles 

are directly applied, fundamentally explored, or already in use.  The first example of 

inorganic nanoparticle synthesis by the reverse micelle technique was given by 

Boutonnet et al. and demonstrates that highly monodisperse metal catalyst particles of Pt, 

Pd, Rh, and Ir can be made.108  Since the introduction of the reverse micelle synthesis 

technique, it is known as a technique capable of producing nanoparticles with a small and 

narrow size distribution.  While this is a commonly cited advantage, controlled particle 

size and particle size distribution is well-established for other synthesis techniques as 

well.  However, there are demonstrated advantages of reverse micelle synthesis that have 

become obvious from the intensive research efforts to obtain nanoparticles by this 
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technique.  For example, room temperature synthesis of ceramic materials usually 

produces amorphous powders that require calcining to crystallize the material, but reverse 

micelle synthesis can be used to directly produce crystalline materials in some cases (see 

Table 1 - I). 

Table 1 – I.  Examples of Direct, Indirect, and Potential Applications of Reverse Micelles 

Application References 

Biomedical characterization, 

diagnostics, and treatments 
15-39 

Biomimetic chemistry 40-63 

Separation and extraction 41,46,64-70 

Catalysis 40,42,71-85 

Electronic, optic, and magnetic 

devices/sensors 
79,86-107 

Controlled nanoparticle synthesis 40,108-119 

Polymerization 112,121-124 

Microporous and mesoporous 

materials 
125-130 

Crystalline material synthesis near 

room temperature 
110,127,128,131-138 

Self-assembly 51,91,139-147 

 

Petit and Pileni performed synthesis of CdS nanoparticles in reverse micelles and 

in hydrocarbon gels and studied them as catalysts for the photoreduction of methyl 

viologen (1,1′-dimethyl-4,4′-dipyridinium dichloride).148  The yield of reduced viologen 

was five times higher for CdS in sodium docusate (AOT) reverse micelles when 



9 

compared to particles formed within AOT hydrocarbon gels and fifteen times higher in 

AOT reverse micelles when compared to CdS in bulk aqueous solution.  The favorable 

reduction of the methyl violegen in AOT reverse micelles encapsulating CdS was 

attributed to interactions between cadmium ions and either AOT or hexametaphosphate 

molecules at the CdS particle surface, favoring sulfur vacancies, and the fact that local 

concentrations of methyl violegen are higher because of the small volumes of water in a 

reverse micelle solution compared to the bulk water solution.  This suggests that 

accelerated catalytic reactions can be obtained within reverse micelles when the substrate 

is soluble in the reverse micelle water domains, but not the bulk organic phase because 

the partitioning to the low-volume water phase concentrates the substrate locally, as long 

as the catalyst surface-surfactant interactions do not deactivate or deteriorate the catalyst 

too significantly.  Sun et al. prepared WO3/ZrO2 nanoparticles by the reverse micelle 

synthesis, incipient wet impregnation, and sol-gel methods.149  The resulting powders 

were subjected to the same thermal treatments and placed in a fixed-bed reactor to test 

the catalytic activity of the nanoparticles for alkylation.  The nanoparticles synthesized by 

the reverse micelle method had better performance than the nanoparticles produced by 

the other two methods and demonstrates that removal of the catalyst particles from the 

reverse micelle solution also can provide enhanced catalytic activity.  Eriksson et al. have 

written a review article summarizing the synthesis and application of catalyst using the 

reverse micelle synthesis technique.150 

The kinetics of the exchange process outlined in Figure 1-2 and consequences 

have been studied or discussed by many researchers.46,87,112,116,151-157  Droplet exchange 

was found to occur a few orders of magnitude more slowly than the expected reverse 
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micelle collision rates, indicating that not all reverse micelle collisions result in fusion.  

This could be because collisions are prevented by electrostatic interactions between the 

reverse micelles.158  Relevant time scales for reverse micelle dynamics and exchange 

have been discussed by Uskokovic and Drofenik.118  Factors affecting the exchange rate 

include type of organic phase, type of surfactant, cosurfactants, water-to-surfactant ratio, 

temperature, pressure, salt concentration of polar phase, and reverse micelle size.  The 

concept of interface rigidity/flexibility has been used to explain these effects.  Variables 

that increase the interface rigidity, like strong interaction between a solubilized 

component and the surfactant at the interface for example, will cause a decrease in the 

exchange rate and vice versa.  As little as 0.01-1% of collisions expected from Brownian 

motion might result in reverse micelle droplet exchange for a rigid surfactant film, 

whereas 10% might be expected for more flexible films.  As a result, reaction rates and 

particle growth rates can be altered by several orders of magnitude when compared with 

the corresponding rates in bulk solution.  Controlled particle growth rates provide 

opportunity to design particle size, particle size distribution, crystallinity, morphology, 

and crystal surface topography.128,133,137,159-162 

Reddy et al. studied the ability of nanocrystalline nickel ferrite that was produced 

by either the reverse micelle synthesis method or hydrothermal synthesis to detect 

petroleum gas.163  Both techniques presented advantages that would make them useful, 

depending on the particular application.  The nickel ferrite prepared by hydrothermal 

synthesis had better gas sensitivity at low operating temperatures and was attributed to 

the presence of more oxygen vacancies.  Overall, the nickel ferrite produced by the 

reverse micelle synthesis technique had a higher operating temperature, which results in 
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approximately six times faster response time than the material prepared by the 

hydrothermal method. 

Shultz et al. demonstrated that ferrite nanoparticles produced by the reverse 

micelle synthesis method have enhanced behavior as magnetic resonance imaging (MRI) 

contrast agents when compared to a commercial MRI contrast agent.102  The contrast 

agents were actually composite particles consisting of an iron core passivated by a ferrite 

shell that protected the interior from further oxidation.  Similarly, many other researchers 

synthesized core-shell nanoparticles in reverse micelles to obtain multifunctional 

nanoparticles or for purposes of passivating the core.16,24,29,164-190  Gold and silica shells 

are most common and can be functionalized for purposes of the self-assembling 

behaviors, bioinertness (silica), or attaching organic molecules such as enzymes or DNA, 

for example.  Yang et al. demonstrated that photoluminescent CdTe quantum dots 

encapsulated in silica are highly efficient and the initial photoluminescent efficiency was 

stable because of the silica shell.182  Lee et al. also demonstrated enhanced photostability 

of a fluorpolymer encapsulated in a silica shell having excellent potential for biosensing 

and biomedical engineering.191 

 Reverse micelles are also excellent candidates for biomolecular analysis.192  The 

organic phase of reverse micelles is nearly transparent to terahertz electric waves.  

Furthermore, at low water to surfactant ratios, where the water is highly confined and not 

solvent-like, there is high probability of obtaining signals corresponding to an 

encapsulated biomolecule in the absence of noisy signal from a bulk solvent.  

Biomolecular NMR by encapsulating molecules into the interior of reverse micelles is 

also possible.19,22,23,33  Alternatively, reverse micelles or nanoparticles synthesized by 



12 

reverse micelle synthesis can be functionalized to produce probes for biomolecular 

sensing and analysis.24,193,194  Since reverse micelles create a biomimetic environment, it 

may also be possible to characterize bioreactions and bioprocesses within a reverse 

micelle containing solution.53,195 

2. Effect of Dissolving Salts in the Reverse Micellar Polar Phase 

The organic phase, surfactant, cosurfactant, polar phase, and relative quantities of 

each are all important parameters that affect reverse micelle size and stability.  Either 

none or only one of the aforementioned variables will be intentionally altered per chapter 

of this thesis.  Thus, any introduction related to these variables will be ignored here and 

introduced in the relevant chapter.  Every chapter is based on the effect of salts dissolved 

into the polar phase on reverse micelle size and stability for the systems that are studied.  

Thus, a brief introduction on the effects that salts have on reverse micelle size and 

stability will be discussed in this section. 

Maclay studied the effect of salts on the cloud point of nonionic surfactant 

emulsifiers, or point at which the microemulsion is destabilized and appears turbid.196  

The cloud point, or alternatively the solubilization capacity, was determined by titrating 

varying quantities of an electrolyte of constant concentration until a transition from 

transparent to a turbid solution is obtained.  This became known as the titration method 

and has been the method of choice for many researchers studying the effect of electrolyte 

solutions on reverse micelle solutions.  Maclay found that the cloud point decreases 

linearly with respect to the electrolyte concentration.  The effect of alkali metal and 

multivalent cations was found to be roughly in the order of decreasing ion hydration.  

Aebi and Weibush also studied the effects that electrolyte solutions have on reverse 
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micelle solutions.197  Their conclusion was that some of the water is bound to the 

surfactant so that it is no longer available to dissolve salts, resulting in lower solubility 

than expected.  If the water-to-surfactant ratio was held constant, then the sodium 

chloride solubility limit remains at a constant concentration regardless of the 

concentration of reverse micelles in the bulk organic phase and is the premise for their 

conclusion. 

Kitahara and Kon-no studied a few different electrolyte systems as well as acids 

and bases on the salting out effect with the intention of clarifying the mechanism of 

solubilization of water in the organic phase. 198  Furthermore, the solubilization behavior 

by nonionic surfactants and ionic surfactants were compared.  Solubilization decreased 

when using ionic surfactant by the minor presence of every kind of salt and to a greater 

extent as concentration was increased.  The solubilization in nonionic surfactants was not 

affected as much and depended on the type of electrolyte.  Solubilization in the presence 

of salts and bases were similar when using nonionic surfactant and lower than the 

solubilization of acids.  Solubilization was also improved by lowering the water-to-

surfactant ratio and so decreased solubilization cannot be caused by the unavailability of 

water as Aebi and Weibush suggest because more water would be bound to the surfactant 

with decreasing water-to-surfactant ratio and would have caused a decrease in 

solubilization.197 

Bedwell and Gulari studied electrolyte interactions in reverse micellar solutions 

and found that the electrolyte solution decreases the attractive interactions between 

reverse micelles and proposed hard-sphere like behavior when salts were added.199  

Reverse micelles of low water content behaved more like hard spheres than at high water 
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content.  A hard-sphere model has been used by other researchers and can qualitatively fit 

small angle X-ray scattering patterns, but a quantitative scale indicates that the hard-

sphere model is incorrect.200,201  Furthermore, Bedwell and Gulari observed that the 

polydispersity of reverse micelle sizes decreases with added electrolyte.  Thus, salt 

additions results in a more uniform reverse micellar solution and the reverse micelle have 

more rigid interfaces than the parent system without salt added.  Increased interface 

rigidity is also observed by increasing the valence of the salt cation.152 

Titration has been used by other researchers to study the effects of electrolyte 

solutions.201-207  Instead of visual observation of the cloud point, electrical conductivity 

measurements have been made when high concentration of reverse micelles in the 

organic phase destabilize and form a bicontinuous structure, indicated by a sudden rise in 

conductivity of the solution.78  These studies typically generate phase diagrams and 

sometimes indicate that the single-phase reverse micelle domain shrinks in area with salts 

added to the polar domain with respect to lower or no salt addition to the polar domain 

and suggests that salts decrease stability of the reverse micelles with respect to 

composition of the other components. 

A geometric interpretation is often applied to average reverse micelle size and 

stability.111,113,118,201,203,208-210  The geometric model considers that the curvature of the 

interface, and therefore size of the reverse micelle, is determined by the efficient packing 

of the surfactant around a curved interface according to its geometry.  According to the 

geometric arguments, salts reduce the effective headgroup area of the surfactant by 

screening electrostatic interactions with adjacent surfactant molecules and explain 

reduction in reverse micelle size in the presence of an electrolyte solution.  While 
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geometric arguments are made frequently, it is recognized that the relationship to reverse 

micelle stability is more complex.201  Furthermore, electrostatic screening allows the 

headgroups to move into closer proximity to each other, but a decreasing reverse micelle 

size would generate a larger number of reverse micelles to preserve volume and increase 

the interfacial area so that the headgroups would move further apart on average.  Thus, 

without significant compression of the polar phase, the geometric arguments cannot 

account for the decrease in reverse micelle size with increasing salt concentration that is 

commonly reported. 

Practically every application for reverse micelles is influenced by dissolved salts.  

Salts have been found to influence the catalytic activity of enzymes entrapped in reverse 

micelles in different ways, sometimes enhancing or inhibiting activity.52  Salts can also 

affect the configuration, and therefore stability, of biomolecules.61  In another example, 

reverse micelle lithography was strongly influenced by electrolyte concentration and can 

be used to control the separation distance between the assembled reverse micelles.104  

When using reverse micelles for forward and backward extractions, salts can have 

beneficial and detrimental effects.69  Salts must influence reverse micelle behavior to 

significantly influence each application.  Determining the mechanisms by which salts 

affect reverse micelle behavior may explain the influence of reverse micelles on these 

various applications. 

Reverse micellar solutions containing salts are the precursors to precipitating 

nanoparticles within the polar domain.  It has been suggested that the precursor is very 

suitable if the solubility of the salt is not limited by specific interaction with either the 

surfactant or the solvent.211  This is most likely for systems with nonionic surfactants, but 



16 

avoiding specific interactions is unlikely for many potential precursors for systems with 

ionic surfactants.212  Thus, it is of paramount importance to understand the precursor 

limits within reverse micelles and is a primary motivation for studying the fundamental 

effects of salt concentration on reverse micelle size and stability.  The titration method is 

not suitable because the salt concentration is a controlled variable (i.e. fixed).  Calandra 

et al. demonstrated that the salt-to-surfactant corresponding to maximum solubilization of 

nickel chloride electrolyte solution varies with changing water-to-surfactant ratio in the 

water/AOT/isooctane system.213  The specific mechanism by which the electrolyte 

solution affects reverse micelle stability was still not fully explained, but the concept of 

systematically changing the salt concentration while controlling other variables is more 

suitable for determining the specific effects that electrolyte solutions have on reverse 

micelle size and stability. 

 It is generally accepted that electrostatic forces between ions and the surfactant 

film influence the size and stability of reverse micelles.113,118,156,214-216  However, a 

description of the electrostatic interactions using established theory and comparison to 

experiment is lacking, most likely because the assumptions used to develop the theory 

and intended use vary from the conditions within a reverse micelle.  Comparing reverse 

micelle size and stability with systematic additions of salt to the Gouy-Chapman theory 

and Stern model is an important first step to determine the feasibility of using established 

theory to explain reverse micelle size and stability.  It is worth mentioning that the 

interaction forces for curved surfaces (like the surfactant film of a reverse micelle for 

example) can be represented from the interaction energy of parallel plates so that reverse 

micelle behavior is likely comparable to the Gouy-Chapman theory.217 
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C. Surface Chemistry 

The basic theory used throughout this thesis has been provided in an interfacial 

engineering textbook and the most important concepts are summarized here.217  The 

purpose of the Gouy-Chapman theory is to understand the interaction of ions in an 

electrolyte solution with a charged surface.  Analyzing the charge distribution 

surrounding a charged surface immersed in an electrolyte is the approach of the Gouy-

Chapman theory.  In the situation where an electrolyte solution is in contact with a 

charged surface, the ions are free to move through the volume of the solution in response 

to electrical fields, and the ions are also under the influence of thermal motion, an 

expression that incorporates two fundamental equations (the Poisson equation and the 

Boltzmann equation) to describe the interaction can be used. 

The Poisson equation provides the relationship between the electrical potential Ф 

and charge density in vacuum and is given by: 

 
o


 2

       (1) 

The Boltzmann distribution expresses the compromise between molecular order and 

disorder.  For the ions in solution, zieФ represents the electrostatic energy of an ion of 

valence zi at a point where the potential is Ф and e is the elementary charge constant.  

Then, the Boltzmann equation is: 
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where cio is concentration of ions where Ф = 0, which is usually taken as the bulk 

concentration.  Near positively charged surface Ф is positive, and is negative when the 

charged surface is negative.  Combining equation 1 and equation 2 gives the Poisson-
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Boltzmann equation. The interest of this work is to focus on the variation of Ф(z) in the 

direction z away from a charged surface and the Poisson-Boltzman equation becomes: 
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Situations in which zeФ<<kT are considered for an approximate solution to 

equation 3.  The sum of positive and negative ion charge is zero because of the 

electroneutrality condition.  Also, it is convenient to consider the following equation: 
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Using boundary conditions Ф  Фo as z  0 and Ф  0 as z  ∞ gives: 

     zz o  exp      (5) 

which demonstrates that the electrostatic potential reduces exponentially with distance 

from a charged surface in an electrolyte at a rate determined by κ. 

The quantity 1/κ has the dimension of length and is defined as the Debye 

screening length, or electrical double layer thickness, and is given by: 
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The Gouy-Chapman equation (equation 5) shows a reduction in the potential in the 

electrical double layer as a function of distance from a charged surface. Furthermore, 

based on equation 6, the higher the salt concentration and the higher the valence of the 

salt ions, the greater the electrical potential reduces a given distance away from the 

charged surface. 
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The Poisson-Boltzmann equation also leads to the relationship between surface 

charge density and potential at the charged surface and is given by: 

 
ooro F= kees        (7). 

Overlap of two electrical double layers between a pair of charged surfaces separated by 

the distance on the order of 1/κ causes repulsion between them and the sum of these two 

overlapping electric potentials form a minimum between the two charged surfaces. The 

minimum will increase by increasing the salt concentration or ion valence if the distance 

between the two charged surfaces is held constant.  Alternatively, if the overlapping 

potential remains constant, then the charged surfaces will move into closer proximity 

with increasing electrolyte concentration or higher valence because of compression of the 

two electrical double layers. 

The Stern model provides one way to incorporate both finite ion size effects and 

ion-surface interactions into the electrical double layer model.  This model divides the 

double layer into two segments via a hypothetical boundary located at a distance one 

ionic layer thick from the surface. This layer that is immediately in contact with the 

charged surface is known as the Stern layer and is treated as a capacitor.  The thickness of 

the Stern layer is usually considered to be half of the distance between the charged 

surface and the surface of shear.  The diffuse layer of the Gouy-Chapman theory extends 

from the shear plane, typically taken as twice the length of the Stern layer. 
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CHAPTER 2: IONIC CONCENTRATION EFFECTS ON REVERSE 

MICELLE SIZE AND STABILITY IN THE WATER-AOT-

ISOCTANE SYSTEM 

A. Introduction 

Reverse micelle synthesis, sometimes called microemulsion synthesis, is a 

bottom-up method of synthesizing nanopowders that can allow for precise control of the 

powder crystallite and/or precipitate size.1-5  However, the effect that precursors have on 

reverse micelle size and stability is not clear.  Recent work has begun to provide a 

systematic investigation of the effect that salt additions have on the structure and stability 

of reverse micelles through the use of molecular dynamics in conjunction with 

experimental observations using dynamic light scattering.6,7  It has been demonstrated 

that reverse micelle size is a strong function of the molarity of salt additives, decreasing 

with additions of solute.  It seems reasonable to assume that the size decrease cannot be 

sustained indefinitely with solute additions and that the system will eventually 

destabilize.  In this contribution, a mechanism for system destabilization using the 

concept of an electrical double layer is proposed.  This concept provides an explanation 

of the features of destabilization, including initial decrease in reverse micelle size, the 

destabilization concentration, and the effect of cation valence, allowing definite 

predictions to be made as to the specific concentration of solute that will result in system 

destabilization.  A critical potential for system destabilization is also extracted. 

It is well-known that stable reverse micellar solutions, which are 

homogeneous/isotropic systems and consist of only one phase, are in dynamic 

equilibrium and fluctuate (rupture and reform) on a short time scale.  A nonstable reverse 
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micellar solution, on the other hand, is one in which a significant amount of system 

components are not forming these dynamic reverse micelles over a longer time scale but 

are forming a secondary phase in equilibrium with the primary reverse micellar phase.  

This would consist, for example, of a two-phase system that contains a reverse micellar 

solution as the primary phase and water as a secondary phase.  The aim of this 

contribution is to define the conditions that control the formation of a two-phase system 

from a single-phase system as increasing amounts of solutes are added.  These effects 

have important implications for the synthesis of nanoparticles.  If the reverse micelles are 

not stable before the precipitates are formed, then the advantage of reverse micelle 

synthesis is lost.  Essentially, a two-phase system may be hard to control, resulting in 

issues with reproducibility.  In addition, the loss of the reverse micelles may create a 

wide size distribution when synthesizing nanoparticles, as larger particles can form in the 

coalesced water phase. 

Many researchers have observed that the water-to-surfactant ratio (ωo) is an 

important variable in reverse micelle synthesis, arguably the most important for 

determining the reverse micelle droplet size, where the droplet size is increased with 

increasing ωo.
8-10  Additionally, a correlation between the precipitate size of the 

synthesized nanopowders, the reverse micelle droplet size, and the water-to-surfactant 

ratio is commonly provided in the literature,11-14  although several authors report that ωo 

is not the only variable affecting precipitate size.15,16  Refined and complete metrics are 

necessary for efficient utilization of reverse micelle synthesis and control over precipitate 

size.  A first step in this direction is the determination of the controlling parameters that 

define the size and stability of reverse micelles with the incorporation of salts, since salts 
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are an essential component for the reverse micelle synthesis of nanopowders.  Some 

studies have demonstrated that salt additions cause a decrease in the size of reverse 

micelles,9,17 while others have demonstrated that salt additions cause an increase.18  There 

are also some reports that have demonstrated no changes.10,19  These contradictory results 

demonstrate the need to clarify the conditions for which size changes are observed and 

the mechanisms involved in such changes.  In fact, mechanisms of salt additions in 

regular micelle (oil-in-water microemulsion) behavior20-25  have demonstrated that 

increasing salt concentrations cause swelling of micelles and then a spherical to 

ellipsoidal shape transition.26-28  Specifically, Missel et al.20,22 have demonstrated that the 

chemical potentials of the spherical and ellipsoidal shapes can be explained using the 

Guoy-Chapman and DLVO theories.29  In this contribution, a detailed analysis of reverse 

micelle behavior with the addition of NH4OH, ZrOCl2, and Al(NO3)3 is presented.  

Several important effects have been discovered that are peculiar to these systems, 

including the importance of considering the local cation valence of a salt regardless of the 

actual form of the ion complex that forms, the solubility of NH4OH in isooctane, and the 

effects of salt concentration and valence on the stability of reverse micelles.  A critical 

potential between two overlapping electrical double layers is  also presented, which 

defines the potential for instability of reverse micelles. 

E. Experimental Methods 

In order to prepare the reverse micelle solutions for this study, an initial solution 

consisting of 8.891 g of sodium bis(2-ethylhexyl) sulfosuccinate (98+% AOT, Sigma-

Aldrich, St. Louis, MO) and 100 mL of isooctane (2,2,4-trimethylpentane, 99+%, Sigma-
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Aldrich, St. Louis, MO) was prepared by stirring for 30 min.  Separate solutions were 

prepared containing various molarities of ZrOCl2·8H2O (99.9985%, Alfa Aesar, Ward 

Hill, MA), NH4OH (28-30% NH3, Alfa Aesar, Ward Hill, MA), or Al(NO3)3·9H2O by 

mixing with 3.6 mL of distilled water and stirring for 30 min.  Solutions with molarities 

from 0 to 1 M (based on the amount of water volume) for the ZrOCl2 and Al(NO3) were 

prepared in increments of 0.1 M.  For ZrOCl2, these molarities correspond to 0.0116, 

0.232, 0.348, 0.464, 0.580, 0.696, 0.812, 0.928, 1.044, and 1.160 g of salt.  For Al(NO3)3, 

these molarities correspond to 0.118, 0.236, 0.353, 0.471, 0.589, 0.707, 0.824, 0.942, 

1.060, and 1.178 g of salt.  The amount of water associated with the salts, (i.e., the waters 

of hydration) was considered negligible in comparison to the 3.6 mL of water solvent, 

and therefore corrections were not made.  For the case of NH4OH, solutions of molarities 

0, 0.05, and 0.2-1.4 M (based on the amount of water and isooctane volume) were 

prepared.  These molarities correspond to 0.306, 1.223, 2.445, 3.667, 4.890, 6.112, 7.335, 

and 8.557 g of NH4OH.  These amounts of ammonium hydroxide have significant 

amounts of water and must be corrected for.  For increasing molarities, amounts of 3.48, 

3.10, 2.61, 2.11, 1.61, 1.11, 0.62, and 0.12 g of water were added for preparation of the 

solutions instead of 3.6 g.  Preparation of the reverse micelle solutions involves mixing 

each salt solution with AOT solution for 2 hours.  The water-to-surfactant ratio (ωo) for 

all compositions was fixed at ten. 

The size of the reverse micelles was measured by dynamic light scattering (DLS) 

on a Nanotrac ULTRA instrument (Microtrac, Montgomeryville, PA).  The average of 

five runs was considered one measurement, each performed for 15 s, according to 

manufacturer specifications and ASTM standard E2490-09.  Five of these measurements 
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were made for each sample to determine error values.  The isooctane fluid constants used 

for analysis were an index of refraction of 1.40 and a viscosity of 0.542 cP at 20°C.  An 

index of 1.48 was utilized for the reverse micelles, although for small reverse micelle 

sizes having a unimodal distribution, the index of refraction is found to be negligible and 

does not affect the computation.  ASTM standard E2490-09 warns that dynamic light 

scattering does not produce an absolute size value and that volume average distributions 

are only suitable for comparison purposes, such as for observing size changes.  The 

interest of this work is to observe size changes resulting in observable trends.  As such, 

and in addition to the relative ease of measuring and analyzing data, DLS is particularly 

suitable for experimentally observing the effects of salt additives on reverse micelle size. 

F. Results and Discussion 

1. Effect of Increasing Salt Additions on Reverse Micelle Sizes 

The volume-average size distributions of the reverse micelles in the water-AOT-

isooctane solutions containing NH4OH are illustrated in Figure 2-1.  The average reverse 

micelle size at the lowest molarity of 0.05 M is 9.2 nm (Figure 2-1a), slightly lower than 

the 10.4 nm average size of the reverse micelles without any salts.  As the molarity is 

increased, the average reverse micelle size decreases and the distributions become 

narrower.  The solutions transition from transparent to turbid at 0.6 M, indicating a 

breakdown of the microemulsion.  Above 0.6 M (Figure 2-1b) the reverse micelle 

solutions no longer exhibit distributions exclusively at the lower sizes.  Instead, structures 

around 1 μm are also evident, although their population frequency is significantly lower 

than the distribution for the reverse micelle size distributions at the lower end of the 

scale.  For clarity, the y-axis in Figure 2-1b is truncated.  The distributions at the lower 
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end of the scale for these higher molarities have an average size of around 7.8 nm, which 

does not change with molarity.  These distributions are believed to be reverse micelles; 

however, it is possible for other structures or local phase separation to be present.  Figure 

2-2 illustrates this trend (squares), where the decrease in average size occurs up to 0.6 M, 

with little change for concentrations above 0.6 M.  At the higher salt concentrations, 

phase separation is evident when mixing is stopped and water droplets coalesce.  Thus, 

the higher molarities represent the onset of reverse micelle destabilization and the 

structures of larger sizes are, indeed, water droplets in what is now a two-phase system of 

reverse micelles in the oil phase and a second phase of coalesced water. 

The NH4OH molarity is based on the total volume of liquid (i.e., the water plus 

isooctane).  If one assumes that the NH4OH is not soluble in isooctane and the molarity is 

based on the salt contained only inside the water cores, one finds that the size of the 

reverse micelles does not change significantly with increasing molarity (diamonds in 

Figure 2-2).  It is possible that a considerable amount of the ammonium hydroxide is 

dissolved in the isooctane; thus, the molarity inside the water domains after the formation 

of the reverse micellar solutions is lower than the molarity of the water/ammonium 

hydroxide solutions prepared initially, as justified below. 

Ammonium hydroxide has been known to exist as a solution of NH3 molecules 

that are hydrogen bonded with water molecules rather than separate NH4
+ and OH ions 

in solution.30  The dissociation constant for ammonium hydroxide in water is 

approximately 1.710  105 at room temperature.31  Thus, for the concentrations used in 
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Figure 2 - 1.  Reverse micelle size for water/AOT/isooctane solutions containing 

NH4OH (a) before destabilization, and (b) after destabilization.  (c) 

Reverse micelle size distribution for the AOT/water/isooctane 

system without any salt additions. 

 

this study, no more than about 2% of NH3 dipoles are expected to become protonated and 

form the NH4
+ cation.  The solubility of NH3 in water is nearly 30 weight percent at room 

temperature, which corresponds to roughly two water molecules per ammonia molecule 

in a typical solution.   Assuming one of these molecules associates with an NH3 molecule  
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Figure 2 - 2.  Change in average reverse micelle size with respect to solution 

molarity in the NH4OH system based solely on the volume of 

water in the micelle solution (diamonds) and on the water  plus 

isooctane volume in the micelle solution (squares). 

 

to form NH4OH, then the other water molecule in the solution can be considered free 

water, resulting in an effective solution that consists of NH4OH and H2O on a per mole 

basis.  Therefore, attempting to add ammonium hydroxide solution directly into isooctane 

would result in coalescence of the free water.  In the special case of reverse micelles, the 

free water in the ammonium hydroxide solution can stay inside the water cores, while the 

NH4OH complex (i.e., NH3 + H2O) can travel into the isooctane as a pair with another 

NH4OH complex, since by itself it is polar and not able to dissolve in a nonpolar solvent.  

Pairs of NH4OH complexes become nonpolar if their net dipole moments arrange 

themselves opposite to each other, after which they can dissolve in a nonpolar solvent 

such as isooctane.  Another possibility is that NH3 partitions into the water and isooctane 

phases due to reasonable solubility of NH3 in isooctane while leaving behind all water in 

the reverse micelle core.  Analysis (to be discussed in section 2) better supports the 
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former explanation.  Thus, the assumption that NH4OH is only present inside the water 

domains in reverse micelle solutions is not accurate. 

The decrease in reverse micelle size also takes place for solutions containing 

Al(NO3)3 and ZrOCl2, as illustrated in Figure 2-3.  Again, there is a significant decrease 

in reverse micelle size as molarity is increased.  However, the point of destabilization 

occurs at a value around 0.4 M for the Al(NO3)3 system and 0.3 M for the ZrOCl2 system, 

at a lower concentration than for the NH4OH sytem.  Beyond this point, the change in 

size is small.  The additional size decrease at the higher molarities, beyond the 

concentration where the reverse micelles become destabilized, while minimal, may be 

related to the fact that Al(NO3)3 and ZrOCl2 take waters of hydration with them in the 

newly formed water phase of the two-phase system.  This would result in lowering of the 

ωo value for the remaining reverse micelles, reducing the average micelle size further. 

 

 

Figure 2 - 3.  Change in average reverse micelle size with respect to molarity in 

the ZrOCl2 and Al(NO3)3 systems. 
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A simplified illustration and proposed model of charge separation in reverse 

micelles are given in Figure 2-4a for the case of Al(NO3)3 reverse micelle solutions.  

Since the surfactant head groups are negatively charged, the positive Al3+ counterions are 

closer to the edges of the water cores while the (NO3) co-ions are forced to the center of 

the water core.  This results in a core-shell structure, with the outermost layer consisting 

of a shell of negative charge due to the surfactant headgroups, a middle shell of positive 

charge due to the presence of the Al3+ counterions, and a core of negative charge due to 

the (NO3) co-ions.  Thus, counterions concentrate at the surfactant surface layer, while 

co-ions are segregated to the core.  The presence of salt counterions close to surfactant 

headgroups is experimentally confirmed using [Ru(bpy)3]
2+ as a probe in the 

water/AOT/isooctane system.32  The surfactant Na+ counterions are also expected to 

segregate to the core of the reverse micelles, as the Al3+ ions with their higher oxidation 

states are able to displace the sodium ions from the immediate proximity of the 

negatively charged surfactant  headgroups.28 

The potentials in the reverse micelle cores can be described by adopting the 

Gouy-Chapman concept that describes how a charged surface and an adjacent electrolyte 

solution interact.29  This theory describes the electrical potential as a decaying 

exponential with distance from a charged surface.  The theory is developed for planar 

surfaces and, with modifications, can also be used for explaining interactions at a convex 

surface.  It is unclear if the theory can be used for relatively low diameter concave 

systems like the interior of a reverse micelle.  Despite this uncertainty, analysis using the 

basic concepts of the Gouy-Chapman theory is used as a first step, realizing that 

modifications  may  be  necessary.     If  the  theory  fails  to  properly  explain the reverse  
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Figure 2 - 4.  Schematic demonstrating (a) ion distribution of an electrolyte-filled 

reverse micelle, (b) the set of electrical potentials that might be 

expected for such a distribution, and (c) reduction in the electrical 

double layer that leads to a size reduction of the reverse micelle. 
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micelle behavior observed in this study, it may at least provide insight into what 

modifications need to be made to make a more relevant theoretical interpretation.  In any 

case, the Gouy-Chapman theory is expected to apply to the reverse micellar systems 

because the electrolyte concentrations are fairly dilute. 

For the boundary conditions outlined in Figure 2-4a, a set of potentials might be 

expected as illustrated in Figure 2-4b.  The overlapping of these potentials generates a 

repulsive force that balances the attractive forces maintaining reverse micelle stability.  

With a higher salt concentration, there is more effective shielding of the charged surface 

by the electrolyte solution resulting in steeper decay of the electrical potentials.  This is 

known as compression of the electrical double layer.  In other words, in the presence of a 

higher positive charge density close to the surfactant surface, the influence of this 

negatively charged surface extends over shorter distances.  This effect explains the 

reduction in reverse micelle size with increase in salt molarity.  At the lower molarities 

up to 0.4 M for the Al(NO3)3 system, in which the reverse micelle systems are stable, the 

gradual increase in counterion concentration results in compression of the electrical 

double layers, allowing them to move into closer proximity to each other before a similar 

overlap in the potentials and repulsion is achieved to form a smaller equilibrium size, 

schematically represented in Figure 2-4c.  This reduction, however, cannot be sustained 

indefinitely.  There will be a molarity at which the concentration of ions is so high that 

the negative co-ions in the core undergo significant electrostatic repulsion between them.  

In consequence, the core would require a larger volume to accommodate the increasing 

numbers of co-ions.  This could be achieved by elongation of the inner core of the reverse 

micelles, for example, but this would result in an increase in repulsion between the 
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electrical double layers along the elongated axis.  Forming a two-phase system rather 

than accommodating further additions of salt avoids excess repulsion and represents the 

point of instability. 

On the basis of the qualitative model of Figure 2-4, the electrical double layer 

thickness is what defines the average reverse micelle size, which is the length at which 

forces between overlapping potentials become relevant.29 This thickness is a 

mathematical construct that defines the distance away from a charged surface for which 

the potential at the surface is reduced by 1/e and is usually on the scale of a few 

nanometers.  This thickness, κ1, also known as the Debye screening length, is defined 

by29 
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where εr is the relative dielectric permittivity, εo is the electrical permittivity of vacuum, 

kB is Boltzmann’s constant, T is the temperature, q is the elementary charge, NA is 

Avogadro’s number, zi is the valence of the counterions, and cio is the concentration of 

counterions.  For a given system at constant temperature, the electrical double layer 

depends only on counterion concentration and the valence of ions.  Considering the 

system, equation 1 can be modified such that 
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where RMS is the reverse micelle size.  Equation 2 results in an expression that can be 

plotted with η = (ze
2ce)

1/2 on the x-axis and RMS on the y-axis.  In this expression, ze is 
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the valence of the salt counterions and ce is the concentration of the salt counterions.  The 

surfactant counterions (i.e., Na+) are not considered in this equation because they are not 

believed to contribute to the formation of the electrical double layer, as they are located 

in the reverse micelle core to shield the co-ions and not in the immediate vicinity of the 

surfactant headgroups.  Figure 2-5 demonstrates that a very strong linear correlation 

exists, providing compelling support for the model depicted in Figure 2-4, despite the 

simplicity of the model.  Equation 2 demonstrates that reverse micelle size is dependent 

on at least two parameters (ze and ce) and confirms that the Gouy-Chapman theory is 

useful for interpretation of reverse micelle behavior as salts are incorporated into these 

systems.  The lines in Figure 2-5 do not predict the size of the parent reverse micelles 

without salt additions because at extremely low concentrations, the surfactant counterions 

are not fully displaced from the surfactant interface, thus making the model less valid 

from the perspective of the net charge close to the surfactant headgroups. 

 

 

Figure 2 - 5. Average reverse micelle size with respect to η = (ze
2ce)

1/2. 
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In preparing Figure 2-5, ze values of +2, +3, and +4 were used for NH4OH, 

Al(NO3)3, and ZrOCl2 systems, respectively.  In fact, any value of valence for each of the 

systems can be used and there would still be a linear relationship, since ze is a constant 

for a given system.  Nonetheless, the values used are a preview to arguments that will be 

made in the next section.  Figure 2-5 provides a framework under which one can 

understand the behavior of reverse micelles before loss of stability, when the reverse 

micelle size is controlled by the thickness of the electrical double layer. 

2. Effect of Cation Valence on Reverse Micelle Stability 

So far, the effect of salt on reverse micelle size and the mechanism causing 

instability has been explained.  For completion, the effect of valence of the salt 

counterions also needs to be accounted for in the stability of these systems.  From 

evaluating equation 2, the valence of the salt counterions is known as a variable that 

results in a decrease in the reverse micelle size as the value increases, but it does not 

provide a means to predict the point of instability in these systems. 

The equilibrium reverse micelle size depends on the overlap of the electrical 

double layers, resulting in compression as salt concentration is increased.  This allows the 

potentials to move into closer proximity to each other before they generate an equilibrium 

force that balances the forces conditional for reverse micelle formation.  At the point of 

instability, it is assumed that the minimum potential at the center of the overlapping 

potentials is a constant value, proportional to a constant repulsive force between them.  

The Boltzmann equation29 is considered for describing the local concentration of the ions 

that generate the decaying potentials in order to determine the effect of valence of the salt 

counterions on the critical concentration. 
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The electrostatic energy for an ion of valence ze at a point where the potential is ϕ 

can be represented by zeqϕ.  This leads to the following form of the Boltzmann equation: 
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where c is the local concentration distribution and co is the bulk ion concentration (i.e., 

the concentration of salt added to the system).  If the critical salt concentration for reverse 

micelle destabilization, cc, is related to the minimum potential ϕc, then equation 3 takes 

the form 
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Rearranging this equation gives 
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which relates the natural logarithm of the critical concentration to the salt valence. 

Plotting the natural logarithm of the experimentally determined critical 

‘concnetration at which destabilization occurs with respect to the salt cation valence, a 

linear fit is obtained, as illustrated in Figure 2-6.  The data provides a linear relationship 

that takes the form 

16.035.0ln  ec zc  (6) 

which can also be written as follows: 

)16.035.0exp(  ec zc  (7) 
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Thus, if one knows the valence of the counterions in a reverse micelle solution of 

water/AOT/isooctane, a prediction of the concentration at which destabilization occurs 

can be reliably obtained for ωo = 10.  A similar relationship is expected for other ωo 

values and other reverse micelle systems.  For example, Calandra et al.’s33 data for a 

NiCl2 system at ωo = 9, a value close to thte value of ωo = 10, is in reasonable agreement 

with the data presented in Figure 2-6. 

 

Figure 2 - 6.  Relationship between the critical concentration and salt cation 

valence in water/AOT/isooctane reverse micelle systems with ωo = 

10. 

 

By comparing equation 5 and equation 6, one can see that the slope may be 

interpreted in the following way: 

Tk

q

B

c 35.0  (8) 

which can be rearranged as follows: 

q

TkB
c

35.0
  (9) 
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Thus, the critical potential can be calculated from the linear fit obtained in Figure 

2-6.  This corresponds to ϕc = -8.8 mV at room temperature.  Additionally, comparison of 

equations 5 and 6 gives ln c = 0.16, which relates the local concentration in the ion 

distribution at the point where ϕ = ϕc and results in c = 1.2 M.  This concentration is 

higher than the bulk concentration, justifying the assumption that the core of the reverse 

micelles must contain the coions.  Equation 9 also demonstrates that there is an effect of 

temperature on stability. 

Figure 2-6 utilizes counterion oxidation states of +2 for the NH4OH system, +3 

for the Al(NO3)3 system, and +4 for the ZrOCl2 system.  This requires some elaboration.  

For the case of NH4OH, it has been demonstrated that the hydrogen-bond donor ability of 

water in AOT reverse micelles can be enhanced by a factor of up to 65 compared to bulk 

water.34  Such an effect could lead to increased dissociation of NH4OH inside the reverse 

micelle water cores.  As a reminder, most of the NH4OH is expected to migrate into the 

isooctane phase by forming NH4OH pairs.  Nonetheless, some NH4OH molecules will 

stay inside the reverse micelles and, in the proximity of the negatively charged surfactant 

heads, will dissociate into NH4
+.  Furthermore, the charged surfactant film could also lead 

to dissociation of the NH4OH on the outside of the reverse micelle, near the surfactant 

film, as depicted in Figure 2-7.  The paired charges symmetric about the surfactant film 

can explain why it is necessary to consider an oxidation state of +2 for the NH4OH 

system.  The valence of NH4
+ remains +1, but a factor of two must be applied to account 

for a factor of 2x the electrostatic screening at the surfactant interface, from both inside 

and outside of the interface.  The effect is a direct consequence of the solubility of the 

ammonium hydroxide in the bulk oil phase.  The NH4
+ ions inside the water cores will 
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shrink the reverse micelles, whereas the NH4
+ ions outside the water cores will expand 

the reverse micelles.  This is supported by the experimental reverse micelle sizes found 

for this system.  The average size of reverse micelles at the point of instability for the 

Al(NO3)4 system is about 6 nm, whereas for the ZrOCl2 system it is about 7 nm, just 

slightly larger.  For these two salts, which are only soluble in the water core, the change 

in the average reverse micelle size from 0 M to the molarity at the point of instability is 

as much as 4.4 nm.  In contrast, the change in size for the NH4OH is about 2.4 nm.  The 

change in size is almost a factor of 2 between the Al(NO3)3 system and the NH4OH 

system, supporting the notion that there are competing forces that contract and expand the 

reverse micelles.  However, specific ion effects have not been evaluated and could 

explain the size differences.  Specific ion effects will be explored in another chapter. 

 

Figure 2 - 7.  Given the solubility of ammonium hydroxide in the oil phase, an 

NH4
+ ion distribution just outside of the surfactant film will also 

exist. 

 

For the case of the Al(NO3)3 and ZrOCl2  systems, oxidation states of +3 and +4 

are utilized in the model.  High valency ions, such as Al3+ and Zr4+, have a very strong 
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tendency to hydrolyze in water, leading to the formation of polynuclear species with 

oxygen.  For example, it is known that a tetramer complex, [Zr4(OH)8(H2O)16]
8+ , exists 

for ZrOCl2 when dissolved in water.35-37  Other Zr4+ hydrolyzed species, including a 

[Zr2(O)2(H2O)12]
4+ dimer with oxygen bridges, have also been shown to exhibit 

stability.38  For the case of Al3+, the polynuclear species [Al(H2O)6]
3+ is the most 

common.39  These complexes could all be present inside the water domains of the reverse 

micelles.  However, the model assumes that each zirconium ion contributes a charge of 

+4.  If instead, zirconium is assumed to be present in the dimer form, the concentration 

and charge no longer fit equation 6, as the concentration of zirconium ions with respect to 

the +4 charge will be lowered by half.  That is, for every two zirconium ions there will be 

net charge of +4, instead of maintaining a 1:1 relationship.  This leads to the conclusion 

that the configuration of the polynuclear species inside the water domains does not 

influence the behavior of the solutions and that it is only the charge of the cation in a 

specific species that dictates the behavior.  It is also possible that the polynuclear species 

close to the charged surfactant heads are no longer stable and the Zr4+ and Al3+ ions 

become independent of their waters of hydration.28 

Nonetheless, the assumed +4 oxidation state for zirconium does not account for 

the larger size of the reverse micelles for the ZrOCl2 system as compared to the Al(NO3)3 

system.  If the electrical double layer thickness depends on the counterion valence, a 

thinner layer is expected for higher valence counterions.  This should result in small 

reverse micelles for the ZrOCl2 system, which is clearly not the case.  This can be 

resolved by taking into consideration the presence of the co-ions.  Assuming that 

dissociation of polynuclear species can occur in reverse micelles, for each Zr4+ 
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counterion there will be two OH- and two Cl- co-ions introduced into the system.  For the 

case of the Al(NO3)3 system, there will be three NO3
- co-ions.  Thus, although the 

electrical double layer thickness will be reduced by the higher valence for Zr4+ compared 

to Al3+ counterions, the size of the negatively charged core must be larger for the ZrOCl2 

system. 

In summary, the addition of salts in reverse micelle systems causes a reduction in 

size of the reverse micelles and has been attributed to the ion distribution and formation 

of electrical double layers in the water core of the reverse micelles.  With the addition of 

significant amounts of salts, the inability to further compress the co-ions in the central 

core of the reverse micelles causes destabilization of the reverse micelles.  

Destabilization results in a two-phase system, evident by large features observed in 

dynamic light scattering measurements, opacity of the solutions, and the observation of 

water coalescence for systems having concentrations above a critical concentration.  

There is a strong relationship between the critical concentration of a salt and the cation 

valence for the reverse micelle systems with added salts.  Interpretation of the data 

uncovers two features not previously considered.  The first is that ammonium hydroxide 

is soluble in the oil phase, with notable consequences in regards to the effective valence 

of this salt.  The second is that for reverse micelles formed using ionic surfactants, 

dissociation reactions of polynuclear species due to the charged surfactant film should be 

considered. 

G. Conclusions 

This chapter describes a model for the mechanisms of reverse micelle stability 

with systematic additions of salts using dynamic light scattering.  This approach results in 
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a model for defining reverse micelle stability based on the development of a pair of 

electrical double layers within the reverse micelle structures.  Salt additions cause a 

decrease in the average reverse micelle size.  This decrease in size is a direct consequence 

of the electrical double layer thickness for the potentials that develop in the interior of the 

reverse micelles.  As salt concentration is increased, the electrical double layers become 

thinner and allow the potentials to move into closer proximity to each other.  However, 

there is a limit at which this can occur, defined by the greater concentration of co-ions in 

the core with increasing salt additions. 
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CHAPTER 3: ANALYTICAL EVALUATION OF THE EFFECTS OF 

ELECTROLYTE ADDITION ON REVERSE MICELLE SIZE IN 

THE AOT-WATER-ISOOCTANE SYSTEM 

A. Introduction 

In Chapter 2, a qualitative model of the effect that salts have on reverse micelle 

size and stability is described.1 The model is based on the concept of two overlapping 

electrical double layers that develop in the confines of the reverse micelle and, more 

specifically, between the surfactant-lined interface and a central core with displaced co-

ions (relative to the surfactant headgroup charge).  According to the model, a direct 

proportionality between the reverse micelle size and the electrical double layer thickness 

exists and was observed.  In the analysis, it was assumed that Na+ counterions were not 

significantly contributing to the electrical double layer thickness and instead were 

displaced to the central core because of the higher cation valence of the added salt.2-4  

Furthermore, the sodium ions would screen the electrostatic repulsion between the co-

ions in the central core.  This is justified by evaluating local concentrations according to 

the Gouy-Chapman theory.  However, while the sodium ions can be displaced from the 

interface, they can still participate in the electrical double layer thickness, either entirely 

or partially and depends on the fidelity of the model.  Even if the sodium were 

contributing to the electrical double layer, the previous arguments used to develop the 

model are still valid since the contribution of the sodium ions are constant and only shift 

the curves.  Nevertheless, the position of sodium ions in the reverse micelle interior with 

electrolyte ions having higher cation valence is still unknown. 
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The position of sodium ions in the base system has been studied without added 

salt.5  Nuclear magnetic resonance (NMR) indicates two types of sodium in the interior of 

the reverse micelle, those bound to the surfactant interface and those dissociated into the 

interior of the reverse micelle.  The differences in the relaxation rates between the two 

types of sodium states was used to estimate the amount of dissociated sodium ions and 

resulted in an upper limit of 28%.  This strongly supports the concept of a Stern layer, or 

bound layer immediately adjacent the surfactant interface.6  The surface potential is 

reduced across the Stern layer and the diffuse electrical double layer develops according 

to this reduced potential.  In addition to establishing dissociated states, the position of 

sodium ions in the electrical double layer or in a core environment described in Chapter 2 

could also be established by NMR due to the difference in interactions with the local 

environment in the electrical double layer (with other counterions) and in the core (with 

co-ions).  However, NMR is a relatively expensive characterization technique.  Less 

costly analysis is beneficial to establish support for such a study or to determine that it is 

unnecessary, for example. 

The purpose of this work is to further investigate the validity of the previously 

developed model.  More specifically, the validity of the core concept in the model is 

investigated, that is, whether or not a core can exist based on analytical results of the 

electrical double layer concept and whether or not sodium ions are displaced into the core 

or reside in the electrical double layer instead.  Determining the location and 

configuration of co-ions inside of reverse micelles can have important implications on 

establishing a fundamental theory for templated crystal growth in reverse micelles 

because the type of co-ion has been shown to influence particle development when 
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preparing nanoparticles, including transfer dynamics of precursors and controlling 

morphology, for example.7-9  Furthermore, the core described in the model can have 

fundamental implications on reverse micelle destabilization because of the inability to 

compress the core as the reverse micelle shrinks and core expands with increasing salt 

concentration in the polar phase.1  This can explain the different destabilization sizes that 

were observed for different systems.  However, an alternate explanation also exists.  As 

the average reverse micelle size decreases, and more reverse micelles form to preserve 

volume, the interfacial area between the water and oil phases increases.  The increased 

interfacial area and associated increase in the average surfactant headgroup area would 

increase the interfacial tension and could destabilize the reverse micelle structure because 

a minimum interfacial tension is conditional for the spontaneous formation of reverse 

micelles.10-12  This would suggest a similar destabilization size with varying salt unless 

there were other specific interactions and clarification of the mechanism is necessary. 

Four scenarios are evaluated here:  (i) the qualitative model as described in 

Chapter 2 with sodium ions excluded from the electrical double layer, (ii) the qualitative 

model as described in Chapter 2 with sodium ions included in the electrical double layer, 

(iii) a slightly modified model (incorporating a Stern layer into the electrical double 

layer) with sodium ions excluded from the electrical double layer, and (iv) the Stern 

model with sodium ions included in the electrical double layer. 

B. Computational Methods 

The average reverse micelle sizes that were measured for Chapter 2 are 

summarized in Table 3 - I.  The sizes, measured by dynamic light scattering (DLS), are 

the hydrodynamic radii that include the drag effects associated with the reverse micelle 
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interface structure, affecting Brownian motion and resulting in overestimating size.  The 

reverse micelle interface contains AOT surfactant molecules.  The length of the AOT 

surfactant molecule is approximately 1.1 nm.5,13  The surfactant headgroup is typically 

considered to reside at or inside the interface between the polar and organic phases, with 

the surfactant tail extending into the polar phase, like the model first described by Hoar 

and Schulman in 1942.8,13-19  Although considered conceptually, the amount of bound oil 

in the surfactant tails is often unknown and ignored.13,17  Considering that the surfactant 

tails can also lay down on the interface and the organic phase can penetrate through and 

be bound, or remain mobile, an assumption that approximately one third of the overall 

AOT length contributes to the hydrodynamic radius was made for this work so that the 

polar domain size is 0.7 nm less than the measured hydrodynamic diameter. 

Table 3 - I. Average Reverse Micelle Diameter (Hydrodynamic) with Salt Additions in 

the Water/AOT/Isooctane System with Water/Surfactant of Ten1 

 

System 0.1 M 0.2 M 0.3 M 0.4 M 0.5 M 0.6 M 

NH4OH -- 8.6 -- 8.0 -- 7.8 

Al(NO3)3 8.0 6.8 6.4 6.1 -- -- 

ZrOCl2 8.4 7.5 7.0 -- -- -- 

 

 

The average number of reverse micelles in solution, 
RMN , was calculated by 

dividing the total water volume (in nm) by the volume of an average water phase domain 

size that is calculated by correcting the average hydrodynamic radius, 
hd  (in nm), for the 

hydrodynamic effects and assuming a spherical reverse micelle morphology: 
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The morphology of reverse micelles is dynamic, but expected to be spherical on average 

for the current system with added salt.20-24  The average number of surfactant molecules 

per reverse micelle, 
SN , was calculated using: 
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where ns is the number of moles of surfactant, NA is Avogadro’s constant, and assuming 

that the surfactant molecules are homogeneously distributed . 

The average surface charge density, 
0s , was estimated by assuming that the 

surfactant molecules are distributed evenly amongst 
RMN  reverse micelles of average 

size.  The surface area, A, of an average reverse micelle is given by: 
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and the average surface charge density is given by: 

  
A

ezN hS=0s          (4) 

where zh is the valence of the headgroup and e is the elementary charge constant.  For 

further computations, it is assumed that the surfactant, and surface charge density, is 

distributed over a planar surface so that the Gouy-Chapman theory applies.6  A solution 

of the Poisson-Boltzmann equation leads to the relationship between surface charge 

density and potential at a charged surface according to the Gouy-Chapman theory and is 

given by: 
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000 kfees r=         (5) 

where εr is the relative dielectric permittivity for water, εo is permittivity of vacuum, κ is 

the inverse of the electrical double layer thickness, and 
0f  is the surface potential.  

Furthermore, the potential as a function of distance from the surface, )(df , can also be 

derived from the Poisson-Boltzmann equation and is given by: 

  ( )dd kff -= exp)( 0
       (6) 

 The model from Chapter 2 can be used to describe the reduction in reverse 

micelle size with increased salt concentration as a consequence of compression of a pair 

of electrical double layers that allow the respective surfaces to move in closer proximity 

to each other to balance forces.1  The concept of a critical potential, 
cf , or the potential at 

half of the distance across the two electrical double layers, d/2, was described as a 

consequence of this model.  Analysis of this concept results in a critical potential of -9 

mV for the system.  Considering )( 2/df , then equation 6 becomes: 

  ( )2/02 exp)( dd c kfff -==       (7) 

Rearranging equation 7 and substituting in the solution of equation 5 for 
0f  gives: 
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A factor of 2 is included in equation 8 to account for the two electrical double layers so 

that the critical potential is reduced in half for only one potential.  Equation 8 is now in a 

form that can be used to evaluate the proposed model because the polar phase diameter 

would be the sum of 4d/2 and the size of a central core, dc, so that the following 

relationship can be defined: 
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ch ddd +=- 2/47.0        (9) 

Rearranging equation 9 results in an equation that can be used to verify the feasibility of a 

core and estimate the core size: 

  2/47.0 ddd hc         (10) 

 To properly evaluate the model according to equation 8 and equation 10, the 

electrical double layer thickness κ1 must be defined: 
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where kB is Boltzmann’s constant, T is temperature, zi is the valence of the counterions of 

solute i, and cio is the bulk concentration of solute i.  Some of the analysis in this work 

was performed assuming that the sodium counterions are completely displaced from the 

EDL by counterions of higher valence.  To check the validity of this assumption, the 

relative amounts of sodium counterions compared to other counterions, R, was evaluated 

using the following relationship: 
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where cj is the local concentration of the salt counterion and ck is the local concentration 

of the sodium counterion in the electrical double layer.  Displacement from the surfactant 

headgroup was evaluated by considering the ratio given by equation 12 when 
off =  and 

the extent of sodium displaced from the electrical double layer was evaluated by 
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considering equation 12 when 
cff = .  Equation 5 was used to estimate o , assuming all 

sodium counterions are in fact present in the electrical double layer. 

To incorporate the Stern model,6 the following relationship will be used: 

 Q= oS ss         (13) 

where 
Ss  is the reduced surface charge density across the Stern layer and Q  is the 

fraction of dissociated sites.  Assuming Q  = 0.5, then 
Ss  becomes: 

  oS  5.0         (14) 

A value of Q  = 0.5 is assumed just to demonstrate the effect of the Stern layer and would 

indicate a greater extent of headgroup dissociation than the upper limit of dissociated 

sites estimated in the study by Wong et al.5  The diffuse electrical double layer extending 

from a surface with charge density of 
Ss  was analyzed with equation 8, equation 10, and 

equation 12 to critically evaluate the Stern model and compare the results to those 

obtained by only considering the Gouy-Chapman theory.  The constants used in all 

analyses are summarized in Table 3 - II. 

Table 3 - II.  Symbols, Constants, and Units Used in Analytical Model  

Symbol Constant SI Unit Symbol Constant SI Unit 

π 3.14 -- cf    -9.0010 V 

ns 0.02 mol εr 78.5 -- 

NA 6.021023 /mol εo 10 F/m 

zh 1 -- kB 10 m2kgs-2K-1 

e 1019 C T 298 K 
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C. Results and Discussion 

Table 3 - III, Table 3 - IV, and Table 3 - V contain the computational steps and 

values used to obtain the surface charge density of reverse micelles containing varying 

amounts of NH4OH, Al(NO3)3 and ZrOCl2, respectively.  The diameter of the polar phase 

is reduced and a corresponding increase in the number of reverse micelles is observed as 

the concentration of any salt increases because of the assumption that the water volume is 

preserved.  This size-number dependence agrees with the assessment of Spirin et al.25  

The number of surfactant molecules per reverse micelle decreases because of the 

increased interface area between the oil and water phases when salt concentration is 

increased and the increased interfacial area reduces the surface charge density of the 

surfactant film.  Reduced surface charge density with decreasing reverse micelle size 

agrees with the works of Lemyre et al. and Pileni.26,27  The estimated surface charge 

density ranges from 0.49-0.70 C/m2 and is about twice as large as the values reported or 

used by other researchers or assumed from geometrical models (~0.20-0.37 C/m2), which 

can be the result of different assumptions than those used in this study or different 

experimental conditions.13,18,27 

Table 3 - III.  Diameter of Polar Phase, Number of Reverse Micelles, Number of 

Surfactant Per Reverse Micelle, and Surface Charge Density Calculated for Additions of 

NH4OH 

NH4OH (M) 0.2 0.4 0.6 

dh - 0.7 (nm) 7.9 7.3 7.1 

NRM (x 1019 ) 1.4 1.8 1.9 

NS 860 680 630 

σo (-C/m2) 0.70 0.65 0.64 
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Table 3 - IV.  Reduced Diameter, Number of Reverse Micelles, Number of Surfactant Per 

Reverse Micelle, and Surface Charge Density Calculated for Additions of Al(NO3)3 

Al(NO3)3 (M) 0.1 0.2 0.3 0.4 

dh - 0.7 (nm) 7.3 6.1 5.7 5.4 

NRM (x 1019 ) 1.7 3.0 3.7 4.4 

NS 680 400 330 280 

σo (C/m2) 0.65 0.55 0.52 0.49 

 

Table 3- V.  Reduced Diameter, Number of Reverse Micelles, Number of Surfactant Per 

Reverse Micelle, and Surface Charge Density Calculated for Additions of ZrOCl2 

 

ZrOCl2 (M) 0.1 0.2 0.3 

dh - 0.7 (nm) 7.7 6.8 6.3 

NRM (x 1019 ) 1.5 2.2 2.7 

NS 800 550 440 

σo (C/m2) 0.68 0.61 0.57 

 

The calculated surface charge densities as a function of the added salt 

concentrations are demonstrated in Figure 3 - 1, which also includes the points of 

instability.  The points of instability correspond to different surface charge densities for 

the different salts.  Previously, the inability to further compress co-ions into the core of 

the reverse micelle was suggested as the mechanism for destabilization.1  Alternatively, a 

mechanism known as salting out has been described for which the reduced surfactant 

density at the interface increases interfacial tension until single phase reverse micelles are 

no longer supported.28,29  The change in interfacial tension with salt concentration, like 

reverse micelle size, is also proportional to the electrical double layer thickness.30  Thus, 

the relationship to the electrical double layer thickness cannot rule out either mechanism.  
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The strong dependence of surface charge density on the electrical double layer thickness 

does suggest that the interfacial tension is a balancing force.  However, the differences in 

surface charge density at the points of instability suggests that the surface charge density 

and interfacial tension are not the controlling mechanism by which destabilization occurs 

or destabilization would occur at the same surface charge density unless the change in 

interfacial tension with added salt decreases in the order of NH4OH, ZrOCl2, and 

Al(NO3)3 so that a lower surface charge density can be accommodated in that respective 

order.  However, the change in interfacial tension is not readily available to make any 

definite conclusions.  Resolving this issue can provide valuable insight into the 

destabilization mechanism, validating or discrediting the destabilization mechanism that 

is proposed in Chapter 2. 

 

 

Figure 3 - 1.  The surface charge density of AOT reverse micelles in isooctane as 

a function of added salt concentration.  Lines are drawn as a guide 

for the eye. 
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The computational steps and values used to evaluate the validity of the model 

developed in Chapter 2, assuming that sodium counterions do not participate in the 

electrical double layer, are given in Table 3 - VI.  The results indicate that the core size at 

the point of instability is 3.5 nm, 3.4 nm, and 4.7 nm for NH4OH, Al(NO3)3, and ZrOCl2 

containing reverse micelle solutions, respectively, and confirms the feasibility of a central 

core containing both sodium counterions and electrolyte co-ions. 

Table 3 - VI.  Point of Instability, Surface Charge Density of Surfactant Film, Electrical 

Double Layer Thickness, Distance from Surfactant Film to Point of Critical Potential, 

Polar Phase Diameter, and Core Size Using a Gouy-Chapman Based Model 

Electrolyte NH4OH Al(NO3)3 ZrOCl2 

P.O.I. (M) 0.6 0.4 0.3 

σo (C/m2) 0.64 0.49 0.57 

κ-1  (x10-9 m) 0.28 0.23 0.2 

d/2 (x10-9 m) 0.9 0.5 0.4 

dh-0.7 (x10-9 m) 7.1 5.4 6.3 

dc  (x10-9 m) 3.5 3.4 4.7 

 

 

The relative concentrations of sodium ions relative to the salt counterions was 

calculated by equation 12, using the maximum (surface) and minimum (critical) 

potentials, and the results are given in Table 3 - VII.  The value of R at the surface is 

25.2, 174, and 206,000 for NH4OH, Al(NO3)3, and ZrOCl2 electrolyte solutions, 

resepectively and demonstrates the displacement of sodium from the surfactant interface 

because of the higher valence of the additive and agrees well with the model.  However, 

the R values at the minimum potential are 0.15 for the analysis of all three electrolytes, 

suggesting surplus sodium ions (~7x) when compared to the electrolyte counterion.  

Given that there is more than nine times higher sodium concentration than the salt 
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counterion concentration, some of the sodium ions must be displaced outside of the two 

overlapping electrical double layers according to this analysis.  The problem with the 

analysis is that it was assumed that the sodium counterions are in fact in the electrical 

double layer and neglects the possibility that there is another sodium position that is more 

energetically favorable, such as the displacement into the core to screen the electrostatic 

repulsion between displaced co-ions.  Co-ions can also be present in the electrical double 

layer.4  Reality is likely to be somewhere in between, that is, some of the co-ions and 

sodium counterions participate in the electrical double layer and some of them are 

displaced to the core.  Thus, an analysis excluding sodium counterions from the electrical 

double layer and including them represent two extremes. 

Table 3 - VII.  Ratio of Salt Counterion to Sodium Counterion Concentration at the 

Maximum and Minimum Potential in the Electrical Double Layer 

Electrolyte Potential (V) R 

NH4OH -0.14 25.2 

 -0.01 0.15 

   

Al(NO3)3 -0.10 174 

 -0.01 0.15 

   

ZrOCl2 -0.11 206,000 

  -0.01 0.15 

 

The computational steps and values that were used to evaluate the validity of the 

model, but assuming that all sodium counterions and co-ions are included in the electrical 

double layer, are demonstrated in Table 3 - VIII.  In this scenario, the sodium counterions 

further reduce the electrical double layer thickness and the estimated core size is 5.9 nm, 

4.2 nm, and 5.5 nm for the NH4OH, Al(NO3)3, and ZrOCl2 electrolyte solutions, 
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respectively, which are all larger core sizes than when sodium is assumed to be excluded 

from the electrical double layer.  In this case, the core would consist of water instead of a 

net-negatively charged core.  Two overlapping potentials can still be assumed by 

considering a slight modification to the model based on the results of Biswas et al. in 

which the net negative surface is generated by the local orientation of the hydrogen bond 

network (water molecules).31  Alternatively, the intermediate condition in which some of 

the sodium counterions and the electrolyte co-ions are separated into the core can still 

generate the net negative surface in the core. 

Table 3 - VIII.  Point of Instability, Surface Charge Density of Surfactant Film, Electrical 

Double Layer Thickness (EDL), Distance from Surfactant Film to Point of Critical 

Potential, Polar Phase Diameter, and Core Size Using a Gouy-Chapman Based Model 

and Assuming Sodium Counterions Contribute to the Electrical Double Layer 

Electrolyte NH4OH Al(NO3)3 ZrOCl2 

P.O.I. (M) 0.6 0.4 0.3 

σo (C/m2) 0.64 0.49 0.57 

κ-1  (x10-9 m) 0.15 0.14 0.13 

d/2 (x10-9 m) 0.3 0.3 0.2 

dh-0.7 (x10-9 m) 7.1 5.4 6.3 

dc  (x10-9 m) 5.9 4.2 5.5 

 

A similar analysis was performed, but assuming a reduced potential because of 

the development of a Stern layer.  The results, either without or with sodium counterions 

in the electrical double layer, are presented in Table 3 - IX.  Including the Stern model 

further reduces the electrical double layer thickness and increases the calculated sizes of 

the core, demonstrated by comparing the results in Table 3 - IX to the results in Table 3 - 

VI and Table 3 - VIII. 
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Table 3 - IX.  Point of Instability, Surface Charge Density of Surfactant Film, Surface 

Charge Density at the Stern Layer, Electrical Double Layer Thickness (EDL), Distance 

from Surfactant Film to Point of Critical Potential, and Core Size Using a Stern-Based 

Model Without and With Sodium Counterions Contributing to the Electrical Double 

Layer 

Condition Electrolyte NH4OH Al(NO3)3 ZrOCl2 

  P.O.I. (M) 0.6 0.4 0.3 

 σo (C/m2) 0.64 0.49 0.57 

 σS (C/m2) 0.32 0.25 0.29 

     

Without κ-1  (x10-9 m) 0.28 0.23 0.20 

 d/2 (x10-9 m) 0.35 0.19 0.16 

 dc  (x10-9 m) 5.7 4.6 5.7 

     

With κ-1  (x10-9 m) 0.15 0.14 0.13 

 d/2 (x10-9 m) 0.10 0.05 0.06 

  dc  (x10-9 m) 6.7 6.9 6.9 

 

D. Conclusions 

Analysis of the electrical double layer thickness and distance from the surface 

potential to the critical potential supports the qualitative model that was developed in 

Chapter 2.  Specifically, the length of the two overlapping electrical double layers 

supports the formation of a central core.  A core size of 3.4-6.9 nm is estimated for the 

three systems analyzed at the respective points of instability, depending on the 

assumptions that are made.  The core size is larger if sodium counterions, dissociated 

from the surfactant headgroups, are incorporated into the electrical double layer.  

However, the amount of sodium counterions in the electrical double layer cannot be 

determined from this analysis.  The core size is also increased by the incorporation of a 

Stern layer.  However, the extent by which the surface potential is reduced is unclear.  
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The analysis supports further development of the model to understand the precise 

location of the sodium counterions and extent of occupied states in the Stern layer. 
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CHAPTER 4: SPECIFIC ION EFFECTS ON REVERSE MICELLE 

SIZE AND STABILITY IN THE ELECTROLYTE-AOT-ISOOCTANE 

SYSTEM 

A. Introduction 

Although the basic structure of a water-in-oil microemulsion was described in 

literature as early as 1943 and has been used for synthesis of novel nanomaterials since 

1982, the effect of precursors on reverse micelles has received little attention.1-28    Stable 

reverse micelles are of particular interest for nanoparticle formation and the synthesis 

should be performed without breaking the microemulsion.  This is especially true if the 

nanoparticles are to be made by a multi-step process.  Not breaking the microemulsion 

represents a primary challenge of reverse micelle synthesis and a few key requirements 

have been suggested, but stability is generally not accurately predicted or controlled.  

Requirements for stability are that the water phase should form well-defined and closed 

water domains, which is facilitated by dilute water concentrations, geometry of the 

surfactant, length of an added cosurfactant, and additives.29-36 

In contrast to the titration method, recent work has begun to evaluate reverse size 

and stability in the AOT/water/isooctane system with systematic additions of electrolyte 

without changing the water content.37  The results of this previous work suggests that 

electrostatic interactions between the surfactant head groups and electrolyte solution 

cause the average reverse micelle size to decrease with an increase in the electrolyte 

concentration, which can be understood by considering compression of overlapping 

electrical double layers according to the Gouy-Chapman theory of ion ordering at a 
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charged surface.  A critical electrolyte concentration can no longer accommodate these 

structural changes and the reverse micelles become unstable. 

A core-shell model of structuring in reverse micelles conceptually similar to the 

work in previous chapters has been experimentally explored and debated based on recent 

advances in ultrafast spectroscopic techniques.38-40  However, the analysis has been 

focused primarily on simple systems without salt additions and more specifically on the 

structure of water in the reverse micelles.  Layer-wise decomposition of water structure 

indicated that a pseudo-ordered hydrogen-bond network is formed, but still dynamic 

because of collective motions caused by fluctuations in reverse micelle morphology.41  

Furthermore, the hydrogen bond network is similar for varying water-to-surfactant ratio 

(ωo), but the surfactant counterion distribution changes.39  At ωo = 2, most of the 

counterions are  not dissociated, but the counterions exist mostly as an asymmetric 

bimodal distribution between two water surfaces dominated by negative water poles 

when ωo = 7.5.  While this arrangement varies from the original model proposed in 

Chapter 2, the consequences are exactly the same: a negative surface layer, an 

intermediate layer where counterions reside, and a central core layer that provides a 

secondary negative surface.  Furthermore, the two water layers create a highly symmetric 

well.  Despite the assumptions made in the model presented in Chapter 2, such as a 

symmetric bimodal distribution of counterions within a symmetric well, the effect of 

electrolyte concentration on reverse micelle size was strongly correlated to the model and 

encourages further development. 

A more extensive set of electrolytes were studied for this chapter to evaluate 

specific counterion (cation) and co-ion (anion) effects with respect to the headgroup of 
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the anionic surfactant.  The study is also extended to include monovalent counterions.  

Extension of the electrical double layer concept developed in Chapter 2 to low 

concentrations cannot produce the reverse micelle size without electrolyte additions.  

Therefore, low concentrations were also evaluated.  A special case, for which there is not 

a size decrease, but a size increase with increasing electrolyte concentration, was found 

and discussed.  This work has important implications for developing a fundamental 

understanding of reverse micelle behavior in the presence of electrolyte solutions, which 

are precursors for reverse micelle synthesis.  A broader goal is to develop a model to 

predict stable and unstable reverse micelle synthesis parameters in the 

electrolyte/AOT/isooctane system and then be able to extend this model to other systems.  

Thus, understanding the importance of specific ion effects is of critical importance. 

B. Experimental Methods 

All reverse micelle solutions were prepared and characterized by methods 

previously established.37  The only differences were the type and amount of electrolyte 

added.  To prepare the reverse micelle solutions, 8.891 g of sodium bis(2-ehtylhexyl) 

sulfosuccinate (AOT, 98+%, Sigma-Aldrich, St. Louis, MO) was mixed with 69.0 g of 

2,2,4-trimethylpentane (isooctane, 99+%, Sigma-Aldrich, St. Louis, MO).  A separate 

solution containing 3.6 g of water and the appropriate amount of electrolyte were 

prepared.  The types and amount of electrolytes for the prepared solutions are provided in 

Table 4-I.  The isooctane solution and water solution were allowed to mix separately for 

30 minutes before mixing them together to make the reverse micelle solutions having ωo 

= 10.  The reverse micelle solution was mixed for 2 hours before characterization.  At 

least three solutions of each composition were prepared and characterized. 
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Table 4 - I.  Electrolyte Reactant Information 

Counterion 

valence Electrolyte 

Purity, 

Manufacturer 

(A1, B2, or C3) 

Concentration 

range (M) 

Step size 

(M) 

Equivalent 

amounts (g) 

Monovalent NaBH4 98%, A 0.1-0.5 0.1 0.014-0.068 

 HAuCl4 99.9+%, A 0.1-0.5 0.1 0.142-0.709 

      

Divalent CuCl2 99+%, B 0.1-0.6 0.1 0.061-0.368 

 FeSO4 99+%, A 0.1-0.6 0.1 0.111-0.665 

 Mg(NO3)2 98%, B 0.1-0.6 0.1 0.092-0.554 

 MgCl2 99+%, C 0.1-0.6 0.1 0.073-0.439 

      

Trivalent Al(NO3)3 99.99%, B 0.1-0.4 0.1 0.118-0.471 

 Fe(NO3)3 98+%, B 0.1-0.4 0.1 0.145-0.582 

 Y(NO3)3 99.9%, B 0.1-0.4 0.1 0.138-0.552 

      

Tetravalent ZrOCl2 99.9985%, B 0.01-0.30 0.01 0.012-0.348 

1Sigma-Aldrich, St. Louis, MO, 2Alfa Aesar, Ward Hill, MA, 3Thermo Fisher Scientific, Waltham, MA 

 

The size of the reverse micelles were measured by dynamic light scattering (DLS) 

using either a Nanotrac Ultra instrument (Microtrac, Montgomeryville, PA) or a Nanotrac 

Wave instrument (Microtrac, Montgomeryville, PA.  A correlation factor is applied when 

using the Nanotrac Wave, determined by measuring and comparing the average sizes of 

reverse micelles containing Mg(NO3)2 using both instruments.  The average of five runs 

was considered one measurement, each performed for 15 s.  Five of these measurements 

were made for each sample and at least three samples were prepared for each 

composition, except for reverse micelle solutions containing HAuCl4, which were only 

prepared once.  The isooctane fluid constants used for analysis are an index of refraction 

of 1.40, low temperature viscosity of 0.542 cP at 20°C, and a high temperature viscosity 

of 0.389 cP at 50°C.  An index of refraction of 1.48 was utilized for the reverse micelles, 
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although the index of refraction does not significantly affect the computation.  DLS does 

not produce an absolute size value and the distributions are only suitable for comparison 

purposes, such as for observing size changes.  The interest of this chapter was to observe 

size changes resulting in observable trends.  As such, and in addition to the relative ease 

of measuring and analyzing data, DLS is particularly suitable for experimentally 

observing the effects that electrolytes have on reverse micelle sizes. 

C. Results and Discussion 

Chapter 2 demonstrated that the average reverse micelle size when salts are added 

to the water/AOT/isooctane system is directly proportional to the electrical double layer 

thickness, which is defined by 
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where κ1 corresponds to the electrical double layer thickness, εr is the relative dielectric 

permittivity of the solvent, εo is the electrical permittivity of vacuum, kB is Boltzmann’s 

constant, T is the temperature, q is the elementary charge, NA is Avogadro’s number, z is 

the valence of the counterion, and c is the bulk concentration of the counterion.  The only 

relevant variables in the EDL thickness with respect to changing the type and amount of 

electrolyte are the counterion valence and bulk concentration.  Thus, previous results 

demonstrate a linear relationship exists between the average reverse micelle size and 

(z2c)-1/2.  The size is controlled by the interaction between two overlapping electrical 

double layers, according to Chapter 2.  Compression of the electrical double layers, by 

increasing electrolyte valence or concentration, causes the average reverse micelle size to 

decrease.  The reverse micelle size continues to decrease with increasing electrolyte 
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concentration up to the point of instability, at which the single phase reverse micellar 

phase is no longer supported and a two-phase system forms instead.  The two-phase 

system consists of the reverse micellar phase and a coalesced water phase.  It is proposed 

that the second phase forms because of the inability to compress an unlimited amount of 

co-ions into the core of the reverse micelle.  Furthermore, the point of instability 

corresponds to 1.2/z for the systems presented in Chapter 2.  Analysis of specific ion 

effects is performed here based on this concept. 

1. Effect of Monovalent Counterions 

Figure 4-1 confirms that the average reverse micelle size is proportional to the 

electrical double layer thickness when monovalent counterions were introduced, which 

contains data for electrolyte concentrations up to 0.5 M (the point at which the solutions 

became turbid).  While the transition from transparent to turbid represents the point of 

instability for the NaBH4 system, the transition does not capture instability for the 

HAuCl4 system.  In addition to the reverse micellar phase, the presence of an additional 

size distribution at larger sizes in the DLS results indicate the presence of a coalesced 

phase and is demonstrated in Figure 4-1b.42  Thus, all solutions were unstable when 

HAuCl4 was added although the solutions were transparent when less than 0.5 M HAuCl4 

was added. 

The points of instability are at concentrations much lower than expected from the 

relationship developed in Chapter 2 (1.2 M) and might be explained by the longer 

electrical double layer thickness of monovalent ions compared to higher valence ions 

such that they cannot be fully accommodated into the confined space of the reverse 

micelle structures.  Furthermore, monovalent electrolytes are considered special cases in 
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the model because the Na+ counterion is identical to the counterion of the surfactant 

molecules and therefore do not displace the surfactant counterions as is expected for 

higher valence counterions.37,43  The results demonstrate that the average reverse micelle 

size decreases linearly as (z2c)1/2 is decreased (i.e. as electrolyte concentration is 

increased) when NaBH4 is added to the reverse micelle system, which can be expected 

from the work in Chapter 2.  However, the average reverse micelle size increases linearly 

as (z2c)1/2 is decreased when HAuCl4 is added to the reverse micelle system.  This result 

is unique from all other data collected in this study and may be used to explain the lack of 

stability for this system.37,42 

 

Figure 4 - 1.  (a) Average reverse micelle size with respect to counterion valence 

and concentration of NaBH4 and HAuCl4 in water/AOT/isooctane 

reverse micelle solutions with ωo =10. (b) Size distributions of 

water/AOT/isooctane reverse micelle solutions with ωo =10 and 

varying amount of HAuCl4 added. 

 

Reverse micelle growth with HAuCl4 additions cannot be directly accounted for 

in the qualitative model developed in Chapter 2.  The proposed mechanism for reverse 
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micelle size changes, compression of the electrical double layers with increasing 

counteiron valence or electrolyte concentration, only predicts size decreases with 

increasing compression of the EDLs.  Three possible explanations for the reverse micelle 

growth discrepancy are described here.  The first explanation is that the size of the 

(AuCl4)
- co-ion complex is too large to be effectively accommodated into the core of the 

reverse micelle.  Hydrated ion sizes are considered to investigate this argument.  An ion 

in water will form a hydration complex because of ion-dipole interactions.  An example 

of a hydration complex is demonstrated by the schematic given in Figure 4-2, where the 

negative dipole of coordinating water molecules (i.e. the oxygen poles) orient towards the 

sodium cation.  The average radial distance of the water coordination shell is given as rNa-

O and can be written more generally as rM-O for any metal ion, M, in solution.  A 

summary of rM-O values has been given by Ohtaki and Radnai.44  In three dimensions, 

tetrahedral, octahedral, or no specific symmetry can be assumed for the water 

coordination around Na+ ions and rNa-O is in the range of 230-250 pm for a dilute 

electrolyte solution.  The coordination complex is expected to be perturbed by the local 

electric field effects of other ions and the surfactant headgroups in the confined space of a 

reverse micelle.  Nevertheless, the local field effects should be similar for varying types 

of ions and the structure of the dilute coordination complex is assumed to be a 

representative measure of the ion interaction with water in a reverse micelle since the 

actual structure is unknown.  Thus, rM-O values will be used to describe the size of the ion 

hydration complexes with respect to behavior in reverse micelles.  The validity of using 

this assumption to establish effects within reverse micelles will be highlighted in a 
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subsequent section by demonstrating a relationship between reverse micelle sizes and ion 

hydration sizes. 

 

Figure 4 - 2.  Schematic demonstrating a hydrated ion complex in dilute solution. 

 

Chapter 2 demonstrated that NH4OH, Al(NO3)3, or ZrOCl2 cause a decrease in the 

average reverse micelle size.  The sizes of the ion hydration complexes for these 

electrolytes are estimated to range from 187-365 pm, with hydrated Al3+ and Cl- ions 

being at small and large extremes, respectively.  Thus, ion sizes within this range cannot 

be used to justify average reverse micelle growth.  The size of the (BH4)
- anion complex 

in NaBH4 is estimated to be between 192-395 pm, assumed by considering the range of 

distances with coordinated metals because rM-O is unknown for this complex.45,46  The 

structure of the (AuCl4)
- anion complex is also unknown, but expected to be more than 

357-400 pm based on considering distances with coordinated metals and larger than that 

for all other ions studied in this work.44,47 

An alternate explanation of the anomalous reverse micelle size trend with HAuCl4 

additions is considered by slight modifications to the model from Chapter 2 based on the 

results of Biswas et al.39  If the negative surface charge and net negatively charged core 
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developed in the model are replaced by a frustrated hydrogen bond network that forms a 

symmetric well containing counterions, then it is possible that H+ ions react with water 

molecules to form hydronium ions and become part of the hydrogen bond network when 

HAuCl4 is added to the reverse micelle system.  The high reactivity of H+ with water 

molecules would make it the potential-determining ion in the well.  Thus, the well in the 

hydrogen bond network could be positively charged and contain the (AuCl4) complex 

counterion that decays from the resulting positive surface potentials.  The interaction 

between the negatively charged complex in the well and the AOT surfactant at the 

reverse micelle interface results in Coulombic repulsion and can be used to explain the 

expansion in reverse micelle size.  A revised model describing this is demonstrated in 

Figure 4-3.  Also incorporated into the new model is a Stern layer, which is a strongly 

bound layer immediately in contact with the charged surface.  The Stern layer is 

considered to be a capacitor and reduces the surface potential in a linear manner to the ζ-

potential at the shear plane (edge of the Stern layer).  In the Stern model, the Gouy-

Chapman diffuse layer extends from the shear plane and the potential decays according to 

the ζ-potential instead of the surface potential. 

Alternatively, a combination of large ion complex size and effects of the 

hydrogen bond network may be responsible for the reverse micelle growth when HAuCl4 

is added since neither of these effects can be ruled out.  The large (AuCl4) ion size could 

also be the driving force for it to selectively reside at the interface because of the already 

disrupted hydrogen bond network near the AOT headgroups, accommodating large ions 

more readily, and the need to maximize water-water and ion-water interactions in the 

system.47  An analysis of pH effects on electrolyte accommodation in reverse micelles 
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may provide insight for determining if changing the hydrogen bond network or ion size is 

causal because potential determining ions H+ and OH- could be used to switch the effect 

of the hydrogen bond network to cause either size decrease or increase for the same 

electrolyte solution, depending on the pH, if the hydrogen bond network is causal.  Some 

pH studies on reverse micelle behavior or reverse micelle synthesis exist, but not in a 

systematic way that establishes the effect on reverse micelle size changes with added 

salt.6,48-51  At least one study establishes improved solubility in reverse micelles by 

addition of an acid, which can be a result of changes to the hydrogen bond network.4 

 

 

Figure 4 - 3.  Qualitative model for opposite reverse micelle size changes as a 

result of structural changes to the hydrogen bond network from 

negative or positive potential determining ions. 

2. Effect of Divalent and Trivalent Counterions 

The average reverse micelle sizes with electrolytes containing multivalent 

counterions are demonstrated in Figure 4-4.  The average sizes of the reverse micelles 
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containing divalent counterions as a function of electrical double layer thickness are 

given in Figure 4-4a and the linear fits demonstrate the dependence on the electrical 

double layer thickness.  The linear dependence on the electrical double layer thickness 

and similar slope can be expected from the compression of the electrical double layer 

thickness with increasing electrolyte concentration and because there are no changing 

variables in the electrical double layer thickness (equation 1).  However, the size 

intercept of the linear fits cannot be accounted for using the electrical double layer 

thickness and can be considered a specific ion effect.  This is demonstrated in Figure 4-

4b, which shows a linear dependence of the size intercept from the fits given in Figure 4-

4a on the hydrated ion complexes (cation and anion) for the four electrolytes, assuming 

that rM-O is a representative measure.44  Thus, the size of the reverse micelles can be fully 

described using the electrolyte concentration and size of the ion hydration complexes.  

The analysis allows the average reverse micelle size to be predicted for other electrolytes 

using the sizes of the associated ion hydration complexes. 

An interesting feature of Figure 4-4 is that the slopes of the linear fits in Figure 4-

4b and Figure 4-3d have opposite sign, which could indicate that the effect of ion 

hydration sizes are different for the electrolytes with divalent counterions when compared 

to the effect when electrolytes with trivalent counterions are added.  The electrolytes 

having divalent counterions follow expectations that larger average reverse micelle sizes 

are obtained with larger hydrated ion sizes.   However, the opposite is true of electrolytes 

with trivalent counterions; smaller reverse micelles are obtained with larger ion hydration 

sizes.  Thus ion size cannot be the only important consideration.  This could also be a 

unique consequence of specific ions, because trivalent counterions provide a greater 
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extent of electrostatic screening and result in a greater difference between the surface 

potential  and  the  ζ-potential.    Furthermore, smaller  counterions also provide a greater 

 

Figure 4 - 4.  (a) Effect of electrolytes with divalent counterions on average 

reverse micelle size.  (b) Effect of average ion hydration radii on 

reverse micelle size intercept of linear fits when electrolytes with 

divalent counterions are added.  (c) Effect of electrolytes with 

trivalent counterions on average reverse micelle size.   (d) Effect of 

average ion hydration radii on reverse micelle size intercept when 

electrolytes with trivalent counterions are added.  
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extent of electrostatic screening.  In the model presented in Chapter 2, the inner potential 

is generated by the co-ion core.  Thus, when the ζ-potential is reduced, then the surface 

charge density of the core must also be reduced.  Reduced surface potential of the core 

could be accommodated by additional ordering within the core or by swelling of the core 

size.  The increased size with smaller counterions might be a consequence of core 

swelling, but the exact mechanism has not been resolved. 

The point of instability with Fe(SO4), Mg(NO3)2, MgCl2, and CuCl2 additions 

occurred at 0.2 M, 0.5 M, 0.4 M and 0.3 M, respectively.  The point of instability of 

Mg(NO3)2 is in reasonable agreement with the results from Chapter 2.  However, the 

points of instability when Fe(SO4), MgCl2, or CuCl2 are added are lower than would be 

expected.  Figure 4-5 depicts a possible explanation for the discrepancy.  The edges of 

the two shaded regions connect the points of instability.  The point of instabilities for the 

Mg(NO3)2, MgCl2, and CuCl2 systems occur at concentrations for which the average 

reverse micelle size is similar.  Thus, the lower point of instability of MgCl2 and CuCl2 

when compared to Mg(NO3)2 is likely to be a reverse micelle size effect.  The 

destabilization at similar sizes suggests a salting out mechanism, where the surface 

tension is increased to a point where a single phase reverse micelle solution is no longer 

supported because of increased interfacial area and reduced surfactant coverage with 

decreasing reverse micelle size.  A similar analysis can demonstrate why the points of 

instability for Fe(NO3)3 and Y(NO3)3 were 0.3 M, less than the point of instability of 0.4 

M for Al(NO3)3.  The reverse micelle sizes with dissolved Fe(SO4) are not small enough 

to justify a salting out mechanism.  Thus, this is a specific ion effect.  The hydrated iron 

and sulfate ion complexes are both greater in size than the respective ions for the other 
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electrolytes.  This specific ion size effect leading to destabilization is also in agreement 

with the instability of HAuCl4 containing reverse micelles, because the size of the 

hydrated (AuCl4) ion complex is too large and manifests as larger reverse micelles 

(average size of 21 nm was measured for (z2c)-1/2 = 1.5).  The shaded region in Figure 4-5 

corresponding to instability as a result of ion size effect was generated using only two 

data points.  It would be beneficial to evaluate a greater number of electrolytes having 

large ion hydration complexes to establish a more accurate boundary.  The effect of 

counterion valence on these boundaries also needs to be established. 

 

 

Figure 4 - 5.  The shaded regions demonstrate unstable reverse micellar solutions 

as a result of reverse micelles that are too small and hydrated ion 

sizes that are too large. 

 

3. Low Concentrations and Estimate of Stern Layer Occupation 

The natural progression of applying the Gouy-Chapman theory is to use the Stern 

model, which is more commonly used in colloidal science because it can describe 
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behavior at higher concentrations, effects of ion specificity due to size and valence, as 

well as other important implications of surface chemistry.52  For example, there is an 

upper limit on the number of ions that can be held at the charged surface of the Stern 

layer depending on ion size, which can also affect bonding or the formation of charge 

transfer complexes dictated by the specific ion-surface interaction.  Instead of considering 

only the surface charge density in the Gouy-Chapman theory, the ζ-potential also has 

relevant consequences.  Smaller ions can pack more efficiently at a charged surface, 

resulting in enhanced electrostatic screening and a lower ζ-potential.  Thus, greater 

overlap of two electrical double layers would be allowed and result in smaller reverse 

micelles compared to larger ions of the same valence because of the overall reduction in 

the potential caused by the Stern layer.  The Stern model is expected to give further 

qualitative insight into reverse micelle structure and stability.  Thus, it is useful to 

estimate the Stern layer occupancy. 

In Chapter 2, the linear relationship developed between the average reverse 

micelle size and the electrical double layer thickness can not be extrapolated back to the 

average reverse micelle size without added salt.  It is possible that the sodium ions are not 

fully displaced at low concentrations, making the model invalid for low concentrations.  

This also provides inspiration to study the effect of low concentrations in this work and 

the results are presented in Figure 4-6.  Low ZrOCl2 concentrations (regime 1) result in a 

different slope as a function of the electrical double layer thickness than higher 

concentrations (regime 2).  The same is true of NH4OH concentration (regimes 3 and 4, 

respectively). 
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In the absence of added salt, the sodium counterions in AOT reverse micelles 

have been studied by 27Na and 1H NMR.53  Two types of hydrated sodium were 

identified, either strongly bound to the surfactant interface or dissociated and the obtained 

27Na spectra were used to estimate the fraction of dissociated sodium.  Such a study is not 

yet performed to estimate the binding of multivalent counterions to the surfactant 

interface.  Assuming that the different slopes at low concentrations when compared to 

higher concentrations in Figure 4-6 correspond to the development of the strongly bound 

Stern layer, then the concentration at which the slope changes can be used to estimate the 

extent of dissociated surfactant headgroups.  The slope transition occurs at approximately 

0.12 M for NH4OH and 0.04 M for ZrOCl2.  The estimated average reverse micelle sizes 

at these concentrations (extrapolated from the linear fits in Figure 4-6) are 9.7 nm and 7.9 

nm, respectively, and can be considered an estimate of the upper size limit.  Assuming 

AOT length of 1.1 nm and that the water phase resides inside the surfactant molecules, an 

estimate of the lower size limit gives 7.5 nm and 5.7 nm average sizes for ZrOCl2 and 

NH4OH, respectively.53  The actual reverse micelle size is most likely between these two 

extreme size estimates.  An estimate range for the extent of dissociated sites in the Stern 

layer based on the two size extremes will be made. 

The estimated water volume for the average reverse micelle sizes is 220-490 nm3 

for the ZrOCl2 slope transition and 96-260 nm3 for the NH4OH slope transition.  Based 

on the 3.6 mL water volume and size of the average ZrOCl2 and NH4OH reverse 

micelles, there are between 0.7-1.61019 reverse micelles and 1.4-3.81019, respectively.  

Assuming that the surfactant is evenly distributed amongst the number of reverse 

micelles,  there  are between 330-680 surfactant molecules per reverse micelle containing 
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Figure 4 - 6.  Effect of ZrOCl2 (blue) and NH4OH (red) concentration on average 

reverse micelle size (linear fits and equations are provided for the 

four designated regimes). 

 

ZrOCl2 and 280-400 surfactant molecules per reverse micelle containing NH4OH.  Based 

on the concentration of ZrOCl2 and NH4OH at the slope transition, there are 5-12 

hydrated Zr4+ ions and 7-19 hydrated NH4
+ pairs that occupy the Stern layer.  The 

justification for pairs was described in Chapter 2.  Accounting for the effective valences, 

approximately 93-94% of the surfactant headgroups are dissociated for ZrOCl2 

containing reverse micelles and 90-95% of the surfactant headgroups are dissociated for 

the NH4OH containing reverse micelles.  For comparison, Wong et al. estimated that an 

upper limit of 28% of the sodium ions dissociated in RMs without added salts.53  The 

greater extent of dissociation from the Stern layer with salts can be a result of introducing 

co-ions with the electrolyte and the need to screen these co-ions. 
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4. Relative Permittivity of Confined Electrolyte Solution 

Efforts have been made to measure or estimate the relative permittivity of 

confined water, but no general consensus has been reached.53-57  In general, these reports 

find relatively small changes to the relative permittivity in confined space.  Recently, 

anomalous dielectric behavior of nanoconfined electrolyte solutions was found by 

molecular dynamic simulations.58  The relative permittivity decreases with increasing salt 

concentration in bulk water, but was found to increase in confined space with increasing 

salt concentration until a critical concentration is reached.  The explanation that was 

given is that the dielectric behavior results from the interplay between the effect of 

confinement and the effect that ions have on the hydrogen bond network of the water 

molecules in the confined space.  Thus, it can be expected that the relative permittivity in 

reverse micelles is influenced by the added salt. 

If there are changes to the relative permittivity in the confined space of the reverse 

micelles with salt additions, then the change can be evaluated according to equation 1, 

because the electrical double layer thickness will only depend on three variables (εr, z, 

and c).  The analysis of the average reverse micelle size with electrical double layer 

thickness, given in Figure 4-1, Figure 4-4, and Figure 4-6, is such that the dependence on 

z and c can be removed because the slope of average reverse micelle size with the added 

salt is given by: 
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assuming that the reverse micelle size does not depend on any other variable except the 

hydrated ion sizes, which do not affect the slope anyway.  Rearranging equation 2 gives 

an expression for the relative permittivity as a function of the slope presented in the 
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analysis and is given by equation 3, which represents a unique way to experimentally 

assess the relative permittivity of confined water.  
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It is possible that the varying slopes of the average reverse micelle size changes because 

the sodium counterions from the AOT molecules are neglected from the electrical double 

layer thickness.  It remains unclear whether or not the sodium ions are completely 

displaced from the electrical double layer, although all of the work in this study assumes 

(with arguments) that the sodium is fully displaced from the electrical double layer or at 

least negligible in the analysis.  An analysis of the slopes as presented and by refitting the 

data to find the slopes with sodium counterions from the AOT included in the electrical 

double layer analysis is provided in Figure 4-7.  The slopes change with electrolyte 

counterion valence in different ways, depending on whether or not sodium counterions 

from the AOT are included in the electrical double layer or not, which is demonstrated in 

Figure 4-7a.  Thus, it is of critical importance to establish the location of the sodium 

counterions resulting from surfactant headgroup dissociation.  The results in Figure 4-7b 

show that the calculated relative permittivity is also highly dependent on excluding or 

including the sodium counterions from surfactant headgroup dissociation and is further 

evidence that the sodium ions are likely to be excluded from the electrical double layer.  

When including the sodium counterions in the analysis, the resulting εr values are 

unreasonably large.  The calculated result in Figure 4-7b that excludes the sodium 

counterions agrees well with the assessment of other researchers.  For example, it appears 

that the relative permittivity for confined water, estimated by roughly extrapolating the 

data set back to zero valence, is similar in magnitude to that of bulk water.54  A 
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remarkable feature is that the estimated relative permittivity calculated for the electrolyte 

solutions are 1-2 orders of magnitude greater.  Such changes in relative permittivity can 

significantly alter equilibrium and reaction kinetics. 

 

Figure 4 - 7.  (a) Effect of slope of reverse micelle size with electrical double 

layer thickness on electrolyte counterion valence assuming that 

that sodium from the AOT is either excluded or included in the 

electric double layer analysis. (b) Calculated relative permittivity 

in the confined reverse micelle environemtn on electrolyte 

counterion valence assuming that that sodium from the AOT is 

either excluded or included in the electric double layer analysis. 
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It has been demonstrated above that the average reverse micelle sizes, when salts 

having monovalent counterions with respect to the surfactant headgroups are added, are 

proportional to the electrical double layer thickness.  The addition of HAuCl4 is a special 

case in which average reverse micelle size increased with increasing concentration.  The 

size increase can be a result of the large anion complex, effects of the hydrogen bond 

network, or a combination of these two effects.  Analysis of multiple electrolytes having 

divalent and trivalent counterions allows one to determine that the average reverse 

micelle size is proportional to the electrical double layer thickness and the average size of 

the electrolyte ion hydration complexes.  Furthermore, the analysis provides two 

mechanisms for instability, one based on the reverse micelle size and the other based on 

the ion hydration complex sizes.  Having established the size dependencies and 

mechanisms for instability, prediction of average reverse micelle size and the points of 

instability can be made for the encapsulation of other electrolyte solutions.  Further 

analysis of the size changes provides an estimate of the relative permittivity of the reverse 

micelle interior phase and εr is found to increase by one or two orders of magnitude, 

which can have significant consequences for reactions performed within reverse micelles.  

Low ion occupancy of the Stern layer in reverse micelles is estimated by studying low 

concentrations, which can be caused by the need to screen co-ions or a consequence of 

the hydrogen bond network. 

D. Conclusions 

A number of specific ion effects are demonstrated in this work.  Additions of 

NaBH4 and HAuCl4, having monovalent counterions relative to the AOT surfactant 

headgroup, result in an opposite average reverse micelle size dependence with increasing 
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electrolyte concentration.  The reverse micelle sizes of NaBH4 decrease while those of 

HAuCl4 increase.  The effect of NaBH4 is typical of salt additions to the reverse micelles, 

but the effect of HAuCl4 is anomalous.  One possible explanation is the large size of the 

co-ion complex of the HAuCl4, which is also supported by the low destabilization 

concentration that is observed when adding FeSO4 into the reverse micelle solution.  

However, more complex interactions, such as the nature of the hydrogen bond network 

and corresponding interactions, cannot be ruled out.  Thus, there is a need to establish the 

precise distribution of all the components in the reverse micelle interior. 

When adding salts that introduce divalent counterions with respect to the 

surfactant headgroup, the slopes obtained by the linear fits that establish the dependence 

of reverse micelle size on the electrical double layer thickness are similar.  However, the 

size intercepts for the fits are different and can be directly correlated to the average 

hydrated ion size for the added salt.  The size intercepts for the fits to size data of reverse 

micelles containing salts with trivalent counterions also correlate with the average 

hydrated ion sizes for the added electrolyte, but indirectly.  The point of instability for the 

various salts can be described by two effects:  (i) the traditional salting out mechanism by 

which surface tension increases with increasing interfacial area and reduced surfactant 

headgroup coverage can explain most of the points of instability and (ii) a sufficiently 

large co-ion size can also cause a lower point of instability. 

Stern layer occupation is estimated by studying a slope transition for the reverse 

micelle size dependence on the electrical double layer thickness.  Approximately 90 to 

95% of the surfactant headgroups are dissociated.  This value is higher than counterion 

dissociation from headgroups without added salt and can be attributed to the need to 
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screen co-ions that are also introduced by the salt.  The relative permittivity of the salt 

solution in the confined space of the reverse micelles is also estimated when assuming 

that the slopes of the linear reverse micelle size only depends on the electrical double 

layer thickness and reasonable results are obtained compared to other researchers.  

Electrolyte solutions confined in reverse micelles is found to increase the relative 

permittivity by one or two orders of magnitude depending on the counterion valence. 
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CHAPTER 5: PROCESS CONTROL DIAGRAM FOR THE 

REVERSE MICELLE SYNTHESIS OF ZIRCONIUM HYDROXIDE 

IN THE WATER-AOT-ISOOCTANE SYSTEM 

A. Introduction 

Water-in-oil microemulsions are used for precipitation synthesis in what has come 

to be known as reverse micelle synthesis since Boutonnet first demonstrated in 1982 that 

metal nanoparticles can be made and transferred to supports without agglomeration.1  

This was done in three different microemulsion systems: water/cetyltrimethylammonium 

bromide/octanol, water/pentaethyleneglycol dodecyl ether/hexane, and 

water/pentaethyleneglycol dodecyl ether/hexadecane.  Only extremely small amounts of 

the metal precursors could be added (~0.1-2.6 mM) to the ionic surfactant system.  

Hydrogen or hydrazine (2-3% of the total volume) was added directly to the 

microemulsion to trigger the reduction of the precursors.  Reduction with hydrogen was 

slow compared to reduction with hydrazine, which was also more complete.  The system 

with as little as 2.6 mM of H2PtCl4 precursor was not stable and flocculated after 

reduction and reaction for 72 hours.  All precipitates settled slowly and completely over 

the period of several days.  Up to 0.1 M H2PtCl4 could be added to the nonionic 

surfactant systems.  Reactions using microemulsions with up to 6.1 mM H2PtCl4 were 

stable without settling for months and could be transferred to supports without 

agglomeration.  Under certain conditions, lower surfactant (4.2-4.94%) and higher 

hydrazine amounts (30-40 μL), the microemulsion were not stable with as little as 4.4 

mM H2PtCl4 and demonstrates the potential for unstable colloidal suspensions even when 

within the precursor solubility limits.  It was reported and is still generally accepted that 
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the limits of the method are associated with particle nucleation and growth rather than the 

properties of the microemulsion. 

The reverse micelle method has been used to produce all types of materials and 

there are several review articles on the topic.2-11  The general methods for forming 

nanoparticles by the reverse micelle synthesis technique include mixture of 

microemulsions containing different reactants, direct addition of a precipitating agent to a 

reactant containing microemulsion, or bubbling a reactive gas through a reactant 

containing microemulsion.  Reactants can be dissolved in the microemulsion by the 

addition of a soluble salt or by an exchange reaction with surfactant counterions prior to 

mixing the microemulsions when using ionic surfactants. 

Particles can be left in solution, transferred to a substrate, or removed from 

suspension to form a powder, depending on the application.  Adding excess water, 

heating, adding alcohol, or adding acetone are techniques that have been used to disrupt 

the microemulsion and flocculate the particles so that they can be removed by settling or 

centrifuging.12-17  Alternatively, synthesis conditions that do not produce stable 

microemulsions do not require a step to break the microemulsion before centrifuging and 

can also increase particle yields.18,19  Freeze drying with supercritical drying has also 

been used for particle removal to prevent particle agglomeration.20  Redispersing the 

particles after flocculation can be challenging depending on the state of the agglomerates, 

the cleaning procedure, and effects of surface chemistry such as the interaction between 

particle surfaces and the surfactant molecules.21 

Precursors are often added in very dilute concentrations, on the scale of 1 mM, to 

the reverse micellar systems to produce stable dispersions.1,22,23  However, precipitation 
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has also been performed using concentrations a few order of magnitudes greater, on the 

scale of 1 M.14,24-26  Highly concentrated solutions often turn turbid upon reacting, 

indicating that the particles have grown to large sizes or flocculated because the 

microemulsion is unstable.  Large and non uniform particle sizes are often found when 

the microemulsion is destroyed in comparison with the small and uniform sizes that can 

be obtained when the microemulsion remains stable.  However, unstable microemulsions 

can also improve polydispersity depending on the particle nucleation and growth 

conditions.27  Coagulation can also occur for particles prepared using very dilute 

precursors in the absence of surfactant adsorption onto the surface or the addition of a 

capping agent and indicates that surface chemistry must also be well controlled for 

complete dispersion.28,29  Well controlled particle development and an appropriate 

capping agent can be used for self-assembly of nanoparticles into 2-D and 3-D particle 

superlattices.30-33  Thus, it is of interest to understand the limits for producing a stable 

dispersion after a precipitation reaction in reverse micelles, which are found to be 

extremely sensitive to the preparation procedure.34 

Previous analysis in Chapter 2 and Chapter 4 demonstrated that reverse micelles 

with various electrolytes are stable up to a critical salt concentration.35  For example, 

additions of ZrOCl2 and NH4OH are stable up to 0.3 M and 0.6 M, respectively, in the 

water phase that has been mixed with an isooctane phase with 0.2 M dioctyl sodium 

sulfosuccinate (AOT) and water to surfactant ratio of ten.  Li et al. performed synthesis 

of zirconium hydroxide using ZrOCl2 and NH4OH in water/AOT/toluene reverse 

micelles.36  The ZrOCl2 concentration was 0.2 M and the NH4OH concentration varies 

because of the preparation procedure.  Small angle neutron scattering (SANS) was used 
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to investigate the size of the reverse micelles before mixing the two reverse micelle 

solutions and after mixing them.  The reverse micelles with ZrOCl2 were smaller than the 

parent system without electrolyte and the system with NH4OH added.  Mixtures of 

ZrOCl2 and NH4OH resulted in intermediate sizes, but it is unclear whether or not the 

system was stable after the precipitation reaction.  Many precipitation reactions are 

performed within precursor limits assuming that these are also suitable limits for the 

precipitation reaction, but it is not clear if these are sufficient criteria for obtaining 

dispersed precipitates.37,38 

In this study, stability of three separate reverse micellar systems is presented.  The 

first system consists of mixtures of ZrOCl2 and NH4OH containing reverse micelles to 

precipitate zirconium hydroxide.  The concentration limits suitable for stable precipitate 

formation are lower than the precursor limits.  The second system is similar to the system 

exploited by Jiao et al. to produce nanoparticles of the perovskite CaRuO3.
39  The third 

system is similar to the system used by Aragón et al. to produce a form of MnCO3 for use 

as an anode for lithium-ion batteries.40  The purpose is not to reproduce the work in the 

aforementioned studies, but to add to them by characterizing the microemulsions used for 

the precipitation reactions because like many studies, the focus provided by the 

respective authors is on the characterization of the resulting particles after removing them 

from the microemulsion and not on the microemulsions used to produce the particles. 

B. Experimental Methods 

1. System I 

Reverse micellar solutions were prepared by first mixing 100 mL of 2,2,4-

trimethylpentane (99.8%, Sigma-Aldrich, Inc., St. Louis, MO) with 8.891 g of anionic 
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surfactant sodium 1,4-bis(2-ehtylhexoxy)-1,4-dioxobutane-2-sulfonate (99.0-100.5%, 

Sigma-Aldrich, Inc., St. Louis, MO).  A separate electrolyte solution with 0.05-0.20 M 

was prepared by mixing 3.6 mL of distilled water with either 0.058 g, 0.116 g, 0.174 g, or 

0.232 g of ZrOCl28H2O (99.9985%, Alfa Aesar, Ward Hill, MA), assuming that the 

water of hydration for the salt is negligible in comparison to the total water content.  For 

each precipitation experiment, the organic phase and water phase were allowed to mix for 

at least 30 minutes before combining them to form a microemulsion (M1).  A second 

microemulsion was prepared in a similar way (M2), but contained 0.34 mL of NH4OH 

(28-30% NH3, Alfa Aesar, Ward Hill, MA) in 3.48 mL of distilled water.  The water 

content was reduced according to the amount of water introduced by the NH4OH and to 

prepare a 0.05 M solution in the microemulsion when accounting for solubility in the 

isooctane phase.35  M1 and M2 solutions were magnetically stirred separately for 2 hours.  

Precipitation reactions were initiated by mixing the corresponding M1 and M2 solutions, 

which were allowed to mix using magnetic stirring for 30 minutes prior to 

characterization. 

The experiments described above involve systematic variation of the ZrOCl2 

concentration within the precursor limits of both ZrOCl2 and NH4OH.  A second set of 

experiments was performed to systematically vary the NH4OH concentration.  In this 

case, the ZrOCl2 microemulsions (M1) were prepared with 0.058 g (0.05 M).  The 

NH4OH microemulsions (M2) are prepared by mixing NH4OH:distilled water amounts of 

1.18:3:16 mL, 2.04:2.85 mL, and 2.89:2:54 mL.  The three precipitation reactions were 

initiated by mixing the appropriate M1 and M2 solutions, as described above. 
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2. System II 

This system consists of reverse micelles of identical characteristics as described 

by Jiao et al.39  Ruthenium (III) chloride hydrate (99.9%, Alfa Aesar, Ward Hill, MA) 

and calcium chloride dihydrate (99% min, Alfa Aesar, Ward Hill, MA) were dissolved in 

water at a concentration of 0.55 M (1.260 g of RuCl3•xH2O and 0.736 g of CaCl2•2H2O 

in 20 mL of de-ionized water).  This solution was dispersed in 80 mL of n-octane (98+%, 

Alfa Aesar, Ward Hill, MA), 15 mL of 1-butanol (99%, Alfa Aesar, Ward Hill, MA), and 

16 g of the cationic surfactant cetyltrimethylammonium bromide (High purity grade, 

Amresco, Solon, OH).  Another reverse micellar solution was prepared at a concentration 

of 0.76 M (1.6 g Na2CO3).  These two reverse micellar solutions have a ωo = 5.34 and 

were mixed for 2 hours before characterization.  In addition, reverse micellar solutions of 

RuCl3 with concentrations of 0.1-0.4 M CaCl2 and Na2CO3 with concentrations of 0.1-0.6 

M were prepared and characterized. 

3. System III 

This system consists of reverse micelles of identical characteristics as described 

by Aragón et al.40  Manganese (II) nitrate tetrahydrate (97.5%, Acros Organics, Geel, 

Belgium) was dissolved in water at a concentration of 0.3 M (0.881 g of Mn(NO3)2 in 

11.67 g of de-ionized water).  This solution was dispersed in 19.97 mL of 2-hexanol 

(99%, Acros Organics, Geel, Belgium), 69.0 g of 2,2,4-trimethylpentane (99.8%, Sigma-

Aldrich, Inc., St. Louis, MO), and 19.50 g of cetyltrimethylammonium bromide (High 

purity grade, Amresco, Solon, OH), resulting in a ωo = 3.65.  This solution was mixed for 

two hours before characterization.  Another reverse micellar solution of similar 

composition, but now with dissolved sodium hydrogen carbonate (99%, Fisher Scientific, 

Fair Lawn, NJ) was prepared at a concentration of 0.3 M (0.295 g of Na2HCO3).  This 
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solution was also mixed for 2 hours before characterization.  In addition, solutions of 

Mn(NO3)2 with concentrations of 0.5-0.7 M and NaHCO3 with concentrations of 0.4 M 

were prepared and characterized. 

4. Characterization 

A Nanotrac Ultra Dynamic Light Scattering (DLS) instrument (Microtrac, Inc. 

Montgomeryville, PA) was utilized to measure the size distribution of the reverse 

micelles.  To determine error values, each sample was measured five times, with each 

measurement consisting of an average of five runs of 15 s each, according to a 

combination of manufacturing specifications and the recommendations given in ASTM 

standard E2490-09.41  Experimental constants that were used for analysis are: (i) Na-

AOT refractive index of 1.48, (ii) CTAB refractive index of 1.435, (iii) isooctane and n-

octane refractive index of 1.40, and (iv) isooctane and n-octane viscosity of 0.542. 

C. Results and Discussion 

1. System I 

The results of DLS measurements on mixtures of ZrOCl2 solutions with 0.05 M 

NH4OH solutions are depicted in Figure 5-1.  The size distributions provided in Figure 5-

1a demonstrate that the reverse micellar solutions remain stable when the 0.05 M ZrOCl2 

is mixed with the NH4OH solution because the size distribution is similar to that of the 

parent micellar systems.35  However, when 0.10 M ZrOCl2 is mixed with the  NH4OH, 

the solutions become turbid and agglomerates approximately 100-1000 nm in diameter 

are observed in the particle size distribution in addition to the size distribution of the 

dispersed phase.  At higher concentrations, solution turbidity remains indicating that the 

solutions are also unstable, but the agglomerates are large enough that they are no longer 



119 

observed using DLS measurements.  Figure 5-1b demonstrates that the average size of 

the dispersed phase decreases with increasing ZrOCl2 concentration, up to 0.15 M, and 

follows a linear trend.  The decrease appears to be associated with a narrowing of the size 

distribution presented in Figure 5-1a.  As the ZrOCl2 concentration is increased further to 

0.20 M, the average size increased and is accommodated by a wider size distribution.  

The initial decrease in the size distribution can be associated with the added electrolyte or 

increased separation of the nucleation and growth processes associated with precipitate 

formation.35  The latter would indicate either faster nucleation or slower growth rates 

with increasing ZrOCl2 concentration.  Overall, the concentration of ZrOCl2 suitable for 

precipitation is lower than the precursor concentration limit (0.3 M). 

 

Figure 5 - 1.  (a) Size distribution of precipitating solutions prepared with varying 

ZrOCl2 concentration and 0.05M NH4OH and (b) the average size 

of the dispersed phase. 

 

The solutions mixed for precipitation remained optically transparent when 

varying NH4OH concentration with constant ZrOCl2 concentration (0.05 M).  
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Furthermore, no agglomerate structures are observed and can be demonstrated by the data 

given in Figure 5-1.  The average size of the dispersed phase (provided in Figure 5-1b) 

demonstrates an initial decrease with increase in NH4OH concentration, but followed by 

an increase with further addition of NH4OH.  The initial decrease is confirmed by two 

experiments.  The NH4OH concentration, within precursor limits, did not influence the 

stability of the precipitate solutions like ZrOCl2 concentration does.  Thus, for the 

experimental conditions used in this study, the NH4OH has a negligible effect on 

precipitate nucleation and growth assuming that precipitates have indeed formed within 

the reverse micelles. 

 

Figure 5 - 2.  (a) Size distribution of precipitating solutions prepared with varying 

NH4OH concentration and 0.05 M ZrOCl2 and (b) the average size 

of the dispersed phase. 

 

2. System II 

The precursor solutions used by Jiao et al.39 were not stable, which is 

demonstrated by the data given in Figure 5-3.  The size distribution measured by DLS for 
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the mixture of RuCl3 and CaCl2 in the reverse micellar system has an average size of 14.2 

nm.  However, there is also a coalesced phase with sizes between 1-2 μm.  Similarly, the 

precursor solution containing 0.76 M Na2CO3 was also found to be an unstable reverse 

micellar solution.  No stable reverse micelles are observed for this concentration of 

Na2CO3.  Instead, free agglomerates of 1-4 nm in size and large agglomerates with size 

0.5-2 μm are observed.  Small agglomerates can be attributed to free surfactant 

agglomerates and large agglomerates correspond to a coalesced phase. 

 

Figure 5 - 3.  Dynamic light scattering measurements of precursor solutions 

identical to those used by Jiao et al.39 

 

The data from a systematic investigation of the parent reverse micellar solution 

and with additions of RuCl3 to this system is presented in Figure 5-4.  The results indicate 

that although good stability is observed for the base system (solid curve in Figure 5-4a), 

the solutions with RuCl3 additions are not stable.  That is, the solution with no salts 

exhibit mostly structures that correspond to reverse micelles that have an average size of 

8.3 nm, whereas the solutions with salts exhibit a greater extent of structures with sizes of 
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about 1 μm, corresponding to the coalesced phase.  In addition to the presence of a 

coalesced phase with salt additions, the dispersed reverse micellar phase is found to grow 

in average size with increasing RuCl3 concentration.  The growth of the reverse micellar 

phase with increasing RuCl3 is not expected based on the model developed in Chapter 2, 

but is similar to the results when adding HAuCl4 to reverse micellar solutions that is 

presented in Chapter 4. 

 

Figure 5 - 4.  (a) Size distribution and (b) average size of the dispersed phase for 

the base system used by Jiao et al. when RuCl3 is added. 

 

Two possible explanations for reverse micelle growth were given in Chapter 4.  

The first explanation for reverse micelle growth was the large ion size of the anion 

complex.  The size argument is unlikely based on the sizes of comparable ion hydration 

sizes and the results presented in Chapter 4.42,43  The second possible cause for reverse 

micellar growth depended on the sign of the potential-determining ion that is introduced 

by adding the salt into solution, which influences the hydrogen bond network of the 

structured water in the reverse micelle and can explain reverse micelle growth according 
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to the scheme that was introduced in Chapter 4.  However, this is the first example where 

a trivalent co-ion is introduced into the reverse micelles and cannot yet be ruled out as an 

important consideration. 

The size distribution and average sizes of the dispersed phase when CaCl2 is 

added to the base system of System II is depicted in Figure 5-5.  At a concentration of 0.4 

M CaCl2, the dispersed phase completely disappeared and only agglomerates of 

surfactant are observed by DLS.  CaCl2, producing a divalent co-ion, also generated 

reverse micelle growth (though to a lesser extent then when adding RuCl3) and the 

hydrated ion sizes are comparable to other systems that produced reverse micelle 

shrinkage.  Thus, both hydrated ion size and being a trivalent co-ion can be ruled out as 

the cause for reverse micelle growth and the model presented in Chapter 4, where the 

configuration of the hydrogen bond network can produce reverse micelle shrinkage or 

growth  appears to  be  a  reasonable  model,  at least conceptually,  for describing reverse  

 

Figure 5 - 5.  (a) Size distribution and (b) average size of the dispersed phase for 

the base system used by Jiao et al. when CaCl2 is added. 
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micelle size changes with increasing electrolyte concentration.  The results are similar 

when adding Na2CO3 to the base system, demonstrated by Figure 5-6.  Figure 5-6a shows 

that the dispersed reverse micelle phase is no longer detected when the concentration of 

Na2CO3 is 0.3 M or higher, forming surfactant agglomerates and a coalesced phase only. 

 

Figure 5 - 6.  (a) Size distribution and (b) average size of the dispersed phase for 

the base system used by Jiao et al. when Na2CO3 is added. 

 

3. System III 

System III exhibits slighty different behavior compared to the other systems in 

that the solution with no salt additions is unstable (Figure 5-7), but becomes stable with 

0.3 M Mg(NO3)2 concentration.  However, as the concentration is increased, the solutions 

are again unstable.  Thus, this system has a very specific concentration at which system 

stability is achieved.  An analysis of how much one can deviate from the 0.3 M 

Mn(NO3)2 concentration is not performed, but a small level of variability centered around 

0.3 M can be expected.  The reverse micellar solutions of NaHCO3 are compositionally 

very similar and they have similar effects on system stability.  However, the 0.3 M 



125 

NaHCO3 concentration that was used by Aragón et al. was not stable, having reverse 

micellar structures and also a coalesced phase (Figure 5-7b).  Other concentrations also 

result in unstable solutions that form structures that are highly variable in hydrodynamic 

diameter.  Figure 5-7b shows the signal for a concentration of 0.4 M, which results in 

complete destabilization of the reverse micellar phase and a wide size distribution. 

 

Figure 5 - 7.  (a) Dynamic light scattering measurements of (a) Mn(NO3)2 and (b) 

NaHCO3 solutions similar to those used by Aragón et al.40 

 

4. Stability Diagram for Precipitation 

Both Systems II and III eventually resulted in agglomerated powders of broad size 

distributions (Figure 7 from Jiao et al.39) or particles that are very large compared to the 

sizes of the reverse micelles (Figure 3 from Aragón et al.40).  In any case, the powders are 

produced in the presence of destabilized microemulsions.  Even under these 

circumstances, the presence of surfactant is useful because it can result in limited 

protection of the precipitates during calcination.  Nonetheless, full advantage of the 

reverse micelle synthesis process is not occurring because the solutions consist of two 



126 

phases, that is the reverse micellar phase containing water domains and free water that is 

phase separated from the oil and where unconfined precipitation occurs.  In further 

developing this process for the preparation of nanopowders, the stability of these systems 

with respect to the concentration of salts added to the reverse micellar solutions must be 

carefully considered, since destabilization of the reverse micelle synthesis process can 

easily occur when excess salt is added.  Even under destabilized conditions, there is some 

usefulness connected to the process.  Thus, many studies have made fortuitous use of this 

technique and have resulted in powders of good quality even when the synthesis 

methodology is flawed.  However, the synthesis conditions would be considered 

unsuitable when multiple stage manipulations are desired.  An ideal synthesis would be 

one that takes advantage of stable reverse micellar systems. 

Precursor stability in the reverse micellar phase does not guarantee stability once 

precipitation occurs within the phase as was demonstrated for System I.  This is also 

summarized by the stability diagram given in Figure 5-8.  In the diagram, unstable 

suspensions result from precursor additions or from precipitates (filled symbols).  Only a 

limited region of the diagram corresponds to stable solutions (unfilled symbols).  

However, it is unclear whether or not precipitates form inside of the reverse micelles or 

not and requires further investigation. 

Prelimary results for verifying precipitation in the reverse micellar phase are 

provided in Figure 5-9.  The transmission electron image in Figure 5-9a has white lines 

drawn that demonstrate agglomeration of the reverse micellar phase during sample 

preparation, possibly as the oil phase is evaporated and the reverse micelles become 

concentrated.    The  reverse  micellar  phase  is  observed  primarily  on  one  side  of  the 
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Figure 5 - 8.  Stability diagram for obtaining stable solutions when mixing ZrOCl2 

and NH4OH reverse micellar solutions with ωo = 10. 

 

boundary, opposite the side that is marked with white arrows.  Figure 5-9b and Figure 5-

9c demonstrate progressively higher magnifications.  Some individual particles having 

size 3-4 nm can be observed at the highest magnification, such as the particle that is 

highlighted by the set of red arrows.  Other particles appear agglomerated into worm-like 

structures, which could be expected when enough of the bulk organic phase has been 

removed so that the percolation threshold is exceeded and an interconnected water 

network forms.  The percolation threshold has been characterized by a dramatic increase 

in conductivity for reverse micellar solutions due to this type of morphology.44  Thus, it is 

unlikely that TEM can accurately capture the nature of the precipitates as they exist 

dispersed in the original solution.  Nevertheless, several similar TEM results are 

demonstrated in the literature.45-49  The electron diffraction patterns for the particles from  

this   study   is   provided   in   Figure 5-9d,   which   demonstrate   that   the   particles are  
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Figure 5 - 9.  (a-c) Transmission electron images with progressively higher 

magnificaiton of precipitates formed by mixing 0.05 M ZrOCl2 and 

0.05 M NH4OH reverse micellar solutions and (d) selected area 

electron diffraction demonstrating that the precipitates are 

amorphous. 

 

amorphous.  Thus, it cannot be confirmed whether or not the particles are zirconium 

hydroxide precipitates or the precursor precipitated upon solvent extraction during the 

sample preparation procedure.  TEM analysis of a similar reverse micellar phase, but 

without NH4OH additions, may provide further insight because the precipitation of an 
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amorphous precursor phase can be ruled out if the particles are not observed.  

Precipitation was observed for the given concentrations in bulk solution, but behavior in 

the reverse micelle may not be the same as in bulk solution. 

Transmission electron images of an unstable precipitate solution are provided in 

Figure 5-10.  In this case, large agglomerates are observed that are a couple of hundred 

nanometers in size.  Several of these agglomerates are demonstrated in Figure 5-10a.  A 

closer examination of these agglomerates is demonstrated in Figure 5-10b.  The 

agglomerates are of low density (containing void spaces) and made up of smaller 

particles.  The substructure has a size appearing consistent about 30-40 nm as is 

demonstrated by the red arrows.  It is likely that these agglomerates are protected by 

surfactant molecules.  The size of the substructure, protected by surfactant molecules, is 

consistent with the particle sizes that can be obtained after calcining particles produced 

using similar unstable conditions.21 

 

 

Figure 5 - 10. Transmission electron images of precipitates formed by mixing 0.1 

M ZrOCl2 and 0.05 M NH4OH reverse micellar solutions. 
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D. Conclusions 

Although up to 0.3 M ZrOCl2 can be incorporated into System I, concentrations of 

0.1 M or higher are unstable when adding NH4OH to initiate a precipitation reaction.  

However, the stability is not affected by NH4OH, all concentrations within the precursor 

stability limits are stable when the ZrOCl2 concentration is 0.05 M.  Thus, in addition to 

considering precursor limits, precipitation limits must also be considered to ensure 

system stability.  Transmission electron images demonstrate particles that are about 3-4 

nm in size.  However, precipitates formed in unstable solutions are highly agglomerated 

and contain substructure that is larger than the precipitates formed under stable 

conditions. 

Precursor salts added to microemulsions prepared with the cationic surfactant 

CTAB are found to cause growth of the reverse micelles and mostly produced unstable 

solutions.  A notable exception is when Mn(NO3)2 is added to an unstable reverse 

micellar parent phase that results in stabilization, but eventually destabilized the reverse 

micellar structures at higher concentrations. 
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CHAPTER 6: EFFECT OF MODIFIYING THE HYDROGEN BOND 

NETWORK OF THE POLAR PHASE ON REVERSE 

MICELLE SIZE, REVERSE MICELLE STABILITY, AND 

PRECIPITATION OF ZIRCONIUM HYDROXIDE IN THE 

WATER-AOT-ISOOCTANE SYSTEM 

A. Introduction 

Chapter 4 demonstrated the hydrogen bond network can have a decisive role in 

determining reverse micelle size and stability with added electrolytes.  A brief summary 

of the relevant findings are summarized here.  When HAuCl4 is added to the water-AOT-

isooctane reverse micellar system, the system is unstable and the average reverse micelle 

size is larger as electrolyte concentration is increased.  Although average size with 

increasing electrolyte concentration is proportional to the electrical double layer 

thickness, compression of the electrical double layer thickness cannot explain the size 

increase according to the concepts originally described in Chapter 2.  Two possible 

explanations were given: the (AuCl4) co-ion complex was too large or the hydrogen 

bond network influences the electrostatic interactions that dictate the reverse micelle 

sizes.  However, the results presented in Chapter 5 demonstrate reverse micelle instability 

and growth with increasing electrolyte concentration when CTAB is used as a surfactant 

and the ions are not too large compared to the others that have been studied in this thesis.  

However, the growth can be a result of the latter explanation.  Thus, it is plausible that 

the hydrogen bond network is an important and governing feature of reverse micelle size 

and stability. 

A slight modification to the qualitative model presented in Chapter 2 is given in 

Chapter 4 to incorporate the potential effect of the hydrogen bond network.  The 

modification is based on preferred orientation of the structured water molecules in the 
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reverse micelle that generates two charged surfaces, instead of the surfactant film and the 

core forming the surfaces described for the former model.  The specific ions introduced 

into the reverse micelle can conceivably alter the water chemistry by donating or 

accepting hydrogen, for example.  Ruasse et al. demonstrated that the hydrogen donor 

capability of water can be enhanced by as much as a factor of 65 in reverse micelles 

without added electrolyte.1  It is unclear how added electrolytes can further influence 

water chemistry within a reverse micelle.  The chemistry of the specific ions can cause 

switching of the water molecule orientation that produce the two charged surfaces and 

determine the type of counterions between them.  The specific type of counterion, 

whether cationic or anionic, will define the electrostatic interaction between the 

surfactant interfacial layer and the counterions between the water layers that results in an 

attractive or repulsive force causing reverse micelle shrinkage or growth, respectively.  

The details are not yet fully explored to verify such a model because the characterization 

needed to provide direct measurements of the reverse micelle dynamics are prohibitively 

expensive and primarily focused on basic systems, without added electrolytes.2  

However, the concept can be further explored by performing experiments with the 

intention of purposefully altering the hydrogen bond network and monitoring the 

responses to these changes.  For example, the hydrogen bond network can be altered by 

changing the water-to-surfactant ratio or by introducing other polar solvents besides 

water.  Both concepts are explored here. 

The water in reverse micelles is often regarded as relative contributions of a shell 

and core of interface and bulk-like water, respectively.2  At or below a water-to-

surfactant ratio of about 6-10, water is mostly thought of as bound to the interface in the 
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water-AOT-isooctane system (considered only shell water), and larger water-to-

surfactant ratios also produce a core of bulk-like water.3,4  Varying the size of the trapped 

polar phase, by reducing the water-to-surfactant ratio and increasing interaction with the 

surfactant molecules, the effective polarities of the reverse micelle environment can be 

substantially altered, presumably through modification of the hydrogen bond network.5  

A problem with the core-shell model is that it does not account for the evolution of the 

hydrogen bond network because it does not allow for the strength or length of a hydrogen 

bond to change.2  More recently, layer-wise decomposition of the frustrated hydrogen 

bond network is being explored to provide a more accurate description of the water 

structure in the confined space of a reverse micelle.6,7 

Nonaqueous polar solvents other than water or mixtures with water can affect the 

hydrogen bond network and a considerable effort is being made to characterize such 

systems.2,8  For solvents like acetonitrile, showing no dependence on the solvation 

dynamics with different solvent to surfactant ratios, it is assumed that well-defined 

solvent pools do not form.  Alternatively, the solubilization of the acetonitrile may be low 

and so additional acetonitrile is not incorporated into the reverse micelle phase.  Despite 

the uncertainty of the reverse micelle structure formed with acetontrile, this system is 

used to encapsulate diphenylmethyl phophonium salt and found to produce enhanced 

yield for biomolecular reactions.9  Solvents like glycerol have slower solvation dynamics 

with decreasing solvent to surfactant ratio, but to a lesser extent than when water is being 

confined, and is possible evidence for changes to the hydrogen bond network.  Other 

solvents that are investigated include methanol, glycerol, formamide, and ionic liquids, 

such as 1-butyl-3-methyl-imadazolium (BF4).
2,10  The room-temperature ionic liquids 
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(RTIL) are an interesting class of tunable designer solvents with essentially zero volatility 

and the ability to tune the polarity by selection of their cationic and anionic components. 

Perhaps the most significant demonstration that mixtures of nonaqeous solvents 

with water affect the hydrogen bond network has been summarized by Bagchi, who 

described recent attempts to explore chemistry and biology in binary solvent mixtures of 

water-dioxane, water-demthyl sulfoxide, and water-ethanol, for example.7  The diffusion 

coefficients of both solute and solvent, the rotational correlation time, and local density 

fluctuation all exhibited anomalous non-monotonic composition dependence at 

surprisingly low concentrations that is thought to depend on a percolation-like transition 

in molecular dipole interactions, which can be thought of as a percolation threshold of the 

nonaqueous solvent into the hydrogen bond network. 

Other significant evidence for the importance of the hydrogen bond network of 

reverse micelles with nonaqueous solvents in AOT/n-heptane is given by Falcone et al.11  

When studying the reverse micelle size of formamide, dimethylformamide, 

dimethylacetamide, ethylene glycol, and glycerol, the sizes as a function of solvent-to-

surfactant ratio do not depend on the molar volume of the solvent.  Instead the reverse 

micelle size depends on whether or not the solvent is an H-bond donor or not.  The H-

bond donor solvents (glycerol and ethylene glycol) produce sizes that are larger than the 

sizes of water reverse micelles and the solvents that do not donate H-bonds 

(dimethylformamide and dimethylacetamide) produce sizes smaller than the sizes of 

water reverse micelles.  While formamide is an H-bond donor as a bulk solvent, it is 

found not to be within reverse micelles, making it a unique solvent. 
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A potentially important consequence of confinement inside reverse micelles is 

that the dissociation of ion complexes in the reverse micelles can be enhanced.12,13  In the 

case of certain iron complexes, a two- to ten-fold increase in the rate of dissociation was 

measured in comparison to pure aqueous phase.14  Alternatively, ion pairs (undissociated 

counteiron/co-ion pairs) are more likely to form in solvents with less hydrogen bonding.15  

If the extent of dissociation is influenced by the hydrogen bond network, then changing 

the water-to-surfactant ratio or substitution of other polar solvents for water can affect 

molecular dissociation and as a consequence may affect the size and stability of reverse 

micelles to a different extent depending on how the modification impacts the specific 

interactions in the reverse micelles. 

Varying the water-to-surfactant ratio is common for reverse micelle synthesis and 

is even thought to be the most important variable for controlling the particle size.4,16-18  

Several studies arrive at different conclusions, however, and it is generally accepted that 

differences arise due to specific nucleation and growth conditions for the experiment.19  

Altering the water-to-surfactant ratio is also found to alter particle morphology between 

elongated and spherical.20,21  There are few reports on using nonaqeous solvents to 

produce nanoparticles.22,23  The few exceptions have primarily focused on the synthesis 

of silver nanoparticles in reverse micelles containing methanol or RTILs.  While 

successful in producing silver nanoparticles, the implications for particle development in 

these systems in comparison to aqueous reverse micelles is not yet apparent.  Synthesis of 

MgF2 in methanol-based reverse micelles has also been reported.24  Another reason to 

study how alcohols affect structure and stability in reverse micelles is that alcohol is a 

byproduct during the hydrolysis of metalorganic precursors used to produce oxides.25 
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The purpose of Chapter 6 was to investigate the effects of water-to-surfactant 

ratio and partial substitution of other polar solvents for water, namely methanol and 

acetone, on reverse micelle size and stability when electrolytes are added to the aqueous 

phase and when precipitating particles.  The results will be compared to those presented 

in previous chapters, namely Chapter 2 and Chapter 4 for evaluating the effects of 

electrolyte addition and Chapter 5 for evaluating the size and stability of the reverse 

micelles when performing a precipitation reaction.  This study has important implications 

because future studies concerning the characterization of the hydrogen bond network 

when salts are added will need to agree with the experimental observations presented 

here.  Thus, it is expected to help determine the validity of future models based on 

experiments probing the hydrogen bond network of reverse micelles containing 

electrolytes. 

B. Experimental Methods 

The preparation procedure for the reverse micellar solutions was similar to that 

presented elsewhere, in Chapter 4 and in Chapter 5.25  Some of the previous experiments 

were repeated to further characterize the solutions, but all others were prepared with 

some modification, either to the water-to-surfactant ratio or substitution of nonaqeous 

solvents for water.  Water-to-surfactant ratios of 5, 7.5, 10, and 15 were studied by 

keeping the water content the same and decreasing or increasing the amount of surfactant 

used to produce the reverse micellar solution.  Thus, AOT (98+%, Sigma-Aldrich, St. 

Louis) amounts of 17.782, 11.855, 8.891, and 5.927 g were added to the isooctane 

(99+%, Sigma-Aldrich, St. Louis, MO) phase to prepare these solutions, respectively.  

Solutions of the base systems and the systems with added Mg(NO3)2 (98%, Alfa Aesar, 
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Ward Hill, MA), Al(NO3)3 (99.999%, Alfa Aesar, Ward Hill, MA), and ZrOCl2 

(99.9985%, Alfa Aesar, Ward hill, MA) to the 3.6 mL of the distilled water phase were 

prepared and characterized. 

Nonaqueous polar phases were substituted for water by systematic substitution of 

either methanol or acetone to a system that would otherwise correspond to a water-to-

surfactant ratio of ten for the pure water phase without the substitutions.  The 

substitutions were made to preserve a constant volume (3.6 mL) so that the observed size 

changes are a result of molecular interactions only.  Otherwise, all other quantities were 

held constant according to the previous work, including the weight of the salts added.  

Thus, for 10, 20, 30, 40, and 50 volume percent substitution, it would correspond to 

substituting 0.36, 0.72, 1.08, and 1.80 mL of the nonaqueous solvent for the same volume 

of distilled water.  The additions of electrolytes were made to systems with either 50% 

methanol substitution or 16% acetone substitution.  The amounts were chosen to 

correspond to similar changes to the average dipole moment below and above that of 

water, respectively, assuming a rule of mixtures with respect to the mole fraction of each 

solvent and dipole moments of 1.70, 1.85, and 2.88 for methanol, water, and acetone, 

respectively.  Thus, the net dipole moments would correspond to 1.80, 1.85, and 1.90 for 

the methanol-water mixture, water, and acetone-water mixture, respectively. 

Precipitation experiments were performed in Chapter 5.  The stability of the 

reverse micelles was not affected by the amount of NH4OH, but did depend on the 

amount of ZrOCl2 used for the precipitation reaction.  Amounts of 0.1 M ZrOCl2 or more 

produced solutions that were not stable, as noted by the turbid appearance of the 

solutions.  Precipitation experiments were repeated for the modified systems by mixing 
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solutions having amounts equivalent to the previous experiments with 0.15 M ZrOCl2 

and 0.05 M NH4OH, but with additional surfactant (to achieve a water-to-surfactant ratio 

of 5), with 50 volume percent of the aqueous phase replaced by methanol, or with 16% of 

the water phase replaced by acetone.  The purpose was to see if the modifications 

stabilize previously unstable reverse micellar solutions when initiating precipitation. 

Dynamic light scattering measurements were performed on either a Nanotrac 

ULTRA instrument (Microtrac, Montgomeryville, PA) or a Nanotrac Wave DLS 

instrument (Microtrac, Montgomeryville, PA) according to previous procedures.12  

Where convenient, to make direct comparisons between the two devices, the correlation 

factor introduced in Chapter 4 was used and pointed out in the appropriate plots by the 

addition of a correlation factor (CF) to the measured size.  Previously, the stability of 

reverse micells solutions was qualitatively determined by the observed transparency or 

opaque appearance of the reverse micelle solution.  Turbidity measurements were made 

on solutions in an attempt to provide a more quantitative description of stability using a 

turbidity meter (Model 2020, LaMotte Chemical Products Company, Chestertown, MD).  

The turbidity measurements were averages of five readings and five measurements were 

made.  All characterization was performed for two experiments. 

C. Results and Discussion 

1. Reverse Micelle Sizes of Base Systems (Without Salts) 

The average reverse micelle size when changing the water-to-surfactant ratio (ωo) 

is demonstrated in Figure 6-1.  The average reverse micelle size is found to change 

linearly with water-to-surfactant ratio over two regimes, ωo ≤ 7.5 and ωo ≥ 7.5 and is 

demonstrated in Figure 6-1a, which also contains the average size of free surfactant 
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aggregates that is observed at low ωo, representing the size of the reverse micelles 

without water (at ωo
 = 0).   A linear relationship between reverse micelle size and ωo

 has 

been found or reported by several researchers.11,26-28  A linear change in reverse micelle 

size with ωo was reported by Herrera et al., covering a wide range of ωo.
29  Their linear fit 

was not excellent and could indicate a transition at about ωo = 8 when considering the 

error in the measurements at high ωo values of 14 and 15.  A transition at ωo = 8 is in 

excellent agreement with the results given in Figure 6-1a.  Other reports found that the 

size relationship is non-linear, a conclusion that can be reached because of the 

transition.30,31  A linear relationship has often been assumed based on a geometric model 

for reverse micelles that depends on the efficient packing of surfactant molecules at the 

interface, but problems with the geometric model have beeen discussed in the 

introduction of this thesis.  Instead Chapter 2, Chapter 4, and Chapter 5 have 

demonstrated that the reverse micelle size depends on the electrical double layer 

thickness and therefore ion concentration.  The relationship between the ωo and the 

electrical double layer thickness with sodium counterions as a function of ωo is 

demonstrated in Figure 6-1b.  The direct relationship between the ωo and the electrical 

double layer thickness can be used to explain the observation that the reverse micelle size 

depends linearly on ωo, although the electrical double layer thickness is thought to control 

this behavior. 

The slope transition at ωo = 7.5 is reminiscent of the data presented in Chapter 4 

where there was a slope transition associated with the amount of counterions introduced 

into the system.  This was demonstrated for NH4OH and ZrOCl2 additions, where low 

concentrations result in a smaller slope than at high concentrations.  Similarly, a lower 
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slope occurs at higher ωo values, where the sodium counterion concentration is reduced 

because less surfactant is added.  The low slope at low counterion concentration can be 

because only the Stern layer is occupied or because the electrical double layer thicknesses 

are not long enough to overlap and influence the reverse micelle size.  Alternatively, 

phase separation of the microemulsion as ωo is increased can be the cause for the slope 

transition.32  Yet another explanation is that the high slope at low water to surfactant 

ratios is associated with a change in morphology, since low ωo values are known to 

produce elongated reverse micelle structures.33  The exact mechanism is unclear. 

 

Figure 6 - 1. (a) Average reverse micelle size as a function of the water-to-

surfactant ratio (ωo) and (b) the relationship between valence and 

concentration of the sodium counterion and ωo that explains the 

linear changes in average reverse micelle size. 

 

The average reverse micelle size when other polar solvents were substituted for 

water is demonstrated in Figure 6-2.  The average reverse micelle size does not change 

significantly when relatively low quantities of solvent are substituted, but a transition has 

been observed where size decreases with further substitution.  The transition occurs at 
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20% and 30% for acetone and methanol, respectively.  After the transition, the size 

change associated with acetone substitution is greater than the size change associated 

with methanol.  It would be interesting to test whether or not the rate of size change can 

be correlated to the difference in polarity between the polar solvents, but is beyond the 

scope of this work because several other solvents would need to be tested.  It would also 

be interesting to determine if the transition can be correlated to a percolation-like 

transition that has been observed by other researchers.7 

Alcohols can partition to the aqueous core or reside at the reverse micelle surface 

as a cosurfactant.34-36  Short chain alcohols mainly partition to the core while long chain 

alcohols act as cosurfactants.  Furthermore, ωo can influence where the alcohol partitions 

to.37  Methanol only interacts with water at high ωo whereas it also form a complex with 

AOT molecules at the reverse micelle interface when ωo is low.  It seems reasonable that 

the concentration of alcohol can also influence the relative quantities partitioned into the 

aqueous core or to the reverse micelle interfaces.  Thus, the transition observed in Figure 

6-2 can also be caused by dual functionality of the polar solvents being substituted. 

2. Effect of Salt Additions to Base Systems 

The relationship between the electrical double layer thickness and salt 

concentration when ωo = 5 is given in Figure 6-3.  The average reverse micelle size when 

Mg(NO3)3 is added is given in Figure 6-3a.  The point of instability when ωo = 5 is 

improved to 0.9 M Mg(NO3)3 in comparison to 0.5 M Mg(NO3)3 when ωo = 10 and the 

average size at the point of instability is decreased to 4.8 nm when ωo = 5 in comparison 

to  5.9  nm  when  ωo = 10.    The  relationship  to  the  electrical  double  layer  exists  for  
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Figure 6 - 2. Average reverse micelle size in the water-AOT-isooctane system 

with partial substitution of other polar solvents for water. 

 

counterions of higher valence when ωo = 5 (Figure 6-3b and Figure 6-3-c).  An analysis 

similar to that presented in Chapter 2 to determine the critical potential at the point of 

instability is presented in Figure 6-3d and compared to the previous results.  The critical 

potential did not change when changing ωo from 10 to 5 as is indicated by the identical 

slope of the fitted lines.  However, the intercept of the fitted lines changes from -0.2 to 

0.5 and indicates that the local counterion concentration at the critical potential is doubled 

from 0.8 M to 1.6 M when halving ωo (i.e. doubling the amount of surfactant and 

increasing the surface charge density). 

An analysis of the slope similar to the analysis presented in Chapter 5 has been 

performed to estimate the dielectric constant of the reverse micelle interior with salt 

additions when ωo = 5.  The estimate of the dielectric constant is increased for all the 

electrolytes studied, but more pronounced for Al(NO3)3 and ZrOCl2, reaching estimated 

values of 31,000 and 37,000, respectively.  The implications of the dramatic increase in 
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the dielectric constant by up to three orders of magnitude are unclear, but could be a 

possible explanation for observed differences in reaction kinetics and molecular stability 

in confined water versus bulk solution. 

 

Figure 6 - 3. Average reverse micelle size as a function of the electrical double 

layer thickness for additions of (a) Mg(NO3)3, (b) Al(NO3)3, and 

(c) ZrOCl2 when ωo = 5. (d) Comparison of plots used to determine 

critical potential when ωo = 5 or ωo = 10. 

 

The relationship between the electrical double layer thickness and salt 

concentration when methanol and acetone are substituted for some of the water is 
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demonstrated in Figure 6-5.  When Mg(NO3)3 was added, the average reverse micelle 

size is larger when methanol is substituted for water than when acetone is substituted 

(Figure 6-5a).  No significant difference was observed for the average size of the reverse 

micelles when either methanol or acetone is substituted for water (Figure 6-5b).  Opposite 

behavior was observed in that the average reverse micelle size is larger when acetone is 

substituted for water than when methanol is substituted (Figure 6-5c).  An analysis 

similar to that presented in Chapter 2 to determine the critical potential at the point of 

instability is provided in Figure 6-5d.  The critical potential did not change at all when 

acetone was substituted for water, as indicated by the similar slope to the linear fit 

compared to when no substitution is made.  The same is true when divalent or trivalent 

cations were added to a system with methanol substituted for water.  However, a slope 

transition was observed when ZrOCl2 is added, but the reason is unclear.  Similar to 

changes of ωo, the intercept of the fitted lines also changes to 0.2 to 0.4 and indicates that 

the local counterion concentration at the critical potential is 1.2 M and 1.5 M when 

acetone and methanol were substituted for water, respectively, if divalent or trivalent 

counterions are added. 

Analysis of the slopes for the fitted lines in Figure 6-5a, Figure 6-5b, and Figure 

6-5c provides the dielectric constant of the reverse micelle interior phase when methanol 

and acetone are partially substituted for water and the results are given in Figure 6-6.  

Unlike when ωo was changed, there does not appear to be a distinguishable effect of the 

polar phase substitution on the dielectric constant. 

3. Turbidity Measurement of Reverse Micelle Stability 

The  point  of  instability  is established qualitatively up to this point, by the visual  
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Figure 6 - 4. Comparison between the estimated dielectric constant of the reverse 

micelle interior with added electrolytes when ωo = 5 or ωo = 10. 

 

observation that the solution becomes opaque.  However, for systems that destabilize at 

relatively high electrolyte concentrations (i.e. in the ωo = 5 and methanol substituted for 

water in particular), the point of instability is more difficult to capture by eye.  The 

transition to opaque appears more gradually, although coalescence is obvious by close 

examination.  Thus, the use of turbidity measurements to provide a quantitative 

description that can be used to determine the points of instability is investigated. 

The results of the turbidity measurements are given in Figure 6-7.  All of the 

dotted lines in the figure are representative of points of instability determined by visual 

inspection.  The turbidity measurements for the original system, when ωo = 10 and no 

substitution of the polar phase, is given in Figure 6-7a.  There is an initial decrease in 

turbidity when increasing salt concentration in the range of stability.  This can be 

understood by the decrease in reverse micelle size causing a decrease in scattering and 

thus  higher  optical  transparency.    At the points of instability, there is an increase in the 
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Figure 6 - 5. Average reverse micelle size as a function of the electrical double 

layer thickness for additions of (a) Mg(NO3)3, (b) Al(NO3)3, and 

(c) ZrOCl2 when methanol or acetone is substituted for water. (d) 

Comparison of plots used to determine critical potential when 

substituting methanol or acetone for water. 

 

turbidity caused by scattering of the coalesced phase.  Thus, the points of instability can 

be accurately reproduced with turbidity measurements for the original system.  The 

extent by which the turbidity increased with increasing salt concentration beyond the 

point of instability depends on the point of instability.  As the point of instability 

increases,   the   extent   that   the   turbidity   increases   is   suppressed.      The   turbidity 
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Figure 6 - 6. Estimated dielectric constant of the reverse micelle interior with 

partial substitution of methanol or acetone for water and without 

substitution for comparison. 

 

measurements when electrolytes were added to the system having ωo = 5 are 

demonstrated in Figure 6-7b.  A similar decrease in turbidity was observed with 

increasing electrolyte addition within the range of stability, as is observed in the system 

with ωo = 10.  However, the increase in turbidity at the point of instability is subtle 

enough that it is not accurately represented when Al(NO3)3 or ZrOCl2 was added to the 

system with ωo = 5 because a significant increase in turbidity was not observed.  An 

increase in turbidity was observed at the point of instability when Mg(NO3)3 was added, 

but the increase is not significant when considering the variability that was observed for 

the point of instability in this system.  Thus, it appears that turbidity measurements do not 

capture the point of instability for this system.  The point of instability with added 

electrolyte for the system with methanol substituted for water was reproduced reasonably 

well, as is demonstrated by Figure 6-7c, but with less significance when Mg(NO3)2 or 
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Al(NO3)3 is added.  When acetone is substituted for water, the points are reproduced 

relatively well by turbidity measurements as is demonstrated by Figure 6-7d.  The ease of 

using turbidity measurements to quantify the point of instability corresponds well with 

the solubility limit of the salt added.  It becomes difficult to distinguish the point of 

instability for systems with high solubility limits. 

 

Figure 6 - 7. Turbidity measurements as a function of electrolyte concentration in 

reverse micellar solutions having (a) ωo = 10, (b) ωo = 5, (c) partial 

substitution of methanol for water, and (d) partial substitution of 

acetone for water. 
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4. Precipitation Reactions in the Modified Systems 

When precipitation reactions were performed by mixing reverse micellar 

solutions with 0.05 M NH4OH and 0.1 M ZrOCl2, the systems with methanol or acetone 

substituted for water produced unstable solutions.  Thus, solution stability after initiating 

a precipitation reaction was not improved when compared to the system without partial 

substitution of the polar phase that is presented in Chapter 5.  These systems were no 

longer pursued for precipitation reactions.  However, the reverse micellar solution 

produced with 0.05 M NH4OH and 0.1 M ZrOCl2 was stable and so this system is 

investigated further.  A stability diagram for precipitation with the ωo = 5 system is 

provided in Figure 6-8, assuming that NH4OH does not contribute to instability within 

precursor limits.  Precipitation reactions using as much as 0.30 M ZrOCl2 could be 

performed without breaking the microemulsion and is a six-fold increase in ZrOCl2 

concentration compared to when precipitation reactions were initiated in the ωo = 10 

system.  Furthermore, a greater extent of the stable precursor concentrations were suitable 

for precipitation reactions overall when compared to the ωo = 10 system.  Thus, 

decreasing ωo increases precursor solubility and improves the stability for precipitation 

reactions. 

It is interesting to note that although all of the changes to the reverse micelle 

interior improved the solubility of precursors in solution compared to the base system 

with ωo = 10 (except for the ZrOCl2 system added to methanol), reverse micelle stability 

when a precipitation reaction was only significantly improved when ωo was decreased.  

Similarly, change to the dielectric constant of the reverse micelle interior with added salts 

was only significantly influenced by ωo and not by the partial substitution of the polar 
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phase.  While the consequences of dielectric constant on the precipitation are not yet 

understood, it seems possible that the dielectric constant of the polar phase may have 

important consequences on precipitation reactions in reverse micelles. 

 

 

Figure 6 - 8. Stability diagram for obtaining stable solutions when mixing ZrOCl2 

and NH4OH reverse micellar solutions with ωo = 5. 

 

D. Conclusions 

Changing the reverse micelle interior, such as ωo or substituting other polar 

solvents for water, influences reverse micelle stability with salt additions and when 

precipitation reactions are initiated.  Even with these changes, the reverse micelle size 

remains proportional to the electrical double layer thickness when salts are introduced 

into the modified systems.  Even when no salt additions are made, the reverse micelle 

size changes when varying ωo and was found to correlate well with the electrical double 

layer thickness formed by the surfactant counterions.  Substituting methanol or acetone 
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for the polar solvent does not affect the counterion concentration, which may explain why 

initial substitution did not have a significant effect on the reverse micelle size.  However, 

eventually a transition was observed such that increasing substitution of the solvent does 

cause a size decrease. 

With the exception of the system with ωo = 5, the points of instability for the other 

systems can be demonstrated by turbidity measurements.  However, the increased 

turbidity at the point of instability is relatively small and sometimes insignificant so that 

confidence in the measurements is low.  Thus, turbidity measurements are best used as a 

supplemental technique when assessing the point of instability for a given system and not 

to be used to determine stability exclusively. 
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CHAPTER 7: THE EFFECT OF COSURFACTANTS ON REVERSE 

MICELLE SIZE, REVERSE MICELLE STABILITY, AND 

PRECIPITATION OF ZIRCONIUM HYDROXIDE IN THE 

WATER-AOT-ISOOCTANE SYSTEM 

A. Introduction 

The stability of reverse micelles when adding electrolyte precursors and after a 

precipitation reaction is of great interest for encapsulating molecules and nanomaterials.  

The surfactant and any cosurfactants that are used can have important consequences on 

reverse micelle stability.  Boutonnet et al, who provided the first known example of 

nanoparticles synthesis in reverse micelles, recognized that low water concentration and 

long-chain alcohol cosurfactants were most suitable for forming stable reverse micelle 

structures before any manipulations are performed.1  The importance of low water 

concentration for forming stable reverse micelles during encapsulation of electrolyte 

precursors or precipitates was demonstrated in Chapter 6, but the effects of cosurfactants 

for encapsulation are not yet studied according to the concepts developed in this thesis. 

The common use of AOT as a surfactant by other researchers is because a 

cosurfactant is not necessary to form stable reverse micelles, which is useful from a 

fundamental perspective.2  However, it can be beneficial to add a cosurfactant even to 

reverse micelles formed by AOT, not because a cosurfactant is necessary for forming 

stable reverse micelle structures, but for the effect that cosurfactant can have on stability 

overall.  For example, Darab et al. reported enhanced salt solubility in reverse micelles 

when sodium dodecyl sulfate was added as a cosurfactant with AOT.3  Nonionic 

cosurfactants added to AOT increased the solubilization of NaCl in reverse micelles and 

the maximum solubilization occured for different salt concentrations depending on the 

type of cosurfactant that was added.4,5  In another example, Lee et al. demonstrated that 
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nonionic cosurfactants influenced the percolation threshold of AOT reverse micelles.[6]  

Even mixtures of very similar surfactants, differing only in the structure of the 

hydrophobic tail, can have significant consequences on structure and stability of reverse 

micelles.7 

Introducing cosurfactant adds complexity to the system.  For example, nonionic 

surfactants have a tendency to partition between the water-oil interfaces to the oil, unlike 

ionic surfactants, and the composition of the droplets begins to depend on dilution of the 

reverse micelles in the bulk oil phase.2  Partitioning between the water-oil interface and 

the polar phase was also observed for cosurfactants with short chain lengths.8  Short 

chain alcohols prefer to partition to the polar phase, medium chain alcohols prefer the 

water-oil interface, and long chain alcohols have a tendency to partition to the bulk oil 

phase.  Methanol and ethanol partition mainly to the water phase for AOT reverse 

micelles, but also associate increasingly with surfactant molecules at lower water-to-

surfactant ratio (ωo), while butanol and longer linear and branched alcohol molecules 

partition to the surfactant interface and oil phase.9  Pentanol resides primarily at the 

water-oil interface when AOT is the primary surfactant.10  It is also reasonable to assume 

that cationic-anionic surfactants can form complexes that partition between the reverse 

micelle interface and the oil phase.  Multiple reverse micelle populations can also exist, 

having different surfactant chemistries that depend on ωo.
11,12 

The type of surfactant and cosurfactants have been found to alter the exchange of 

material between reverse micelles and therefore particle nucleation and growth 

kinetics.4,13-16  This can be understood from the perspective of changes to the interfacial 

rigidity, with cosurfactants decreasing rigidity and increasing the droplet exchange rate or 
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increasing rigidity and decreasing the exchange rate.17,18  The nucleation and growth 

kinetics affect particle size, which may influence the stability of a reverse micelle 

containing a particle. 

Surfactants or cosurfactants can bind to the surface of encapsulated molecules or 

particles and provide stabilization of the precipitate or arrest further particle growth, 

depending on the nature of the interaction.19  The addition of a cosurfactant can provide 

stabilization of encapsulated molecules and particles or arrest particle growth when the 

primary surfactant fails.20,21  Preferred absorption of surfactant or cosurfactant onto 

particle surfaces and changing relative quantities of each has also be used to influence the 

morphology of precipitates.22,23  Sarda et al. found that the type of surfactant alters the 

chemistry of calcium phosphate formed in reverse micellar structures.24  Amorophous 

tricalcium phosphate gel had to be crystallized into apatite when using a non-ionic 

surfactant, but crystalline precipitates were directly formed when using AOT as the 

surfactant.  The interaction between surfactant molecules and a precipitate were thought 

to control crystallization and morphology due to the ordered array of the surfactant 

molecules and by preferential adsorption onto particle surfaces, respectively. 

Here, the importance of cosurfactants was tested to determine the consequences 

that cosurfactants have on encapsulating electrolyte precursors and precipitates according 

to the concepts that were developed throughout this thesis.  Various cationic and nonionic 

surfactants were substituted for AOT and the resulting reverse micelle sizes were 

characterized.  Mg(NO3)2, Al(NO3)3, and ZrOCl2 were added to the base system to study 

the effects of salt concentration on reverse micelle size, stability, the critical potential of 

overlapping electrical double layers at the point of instability, the polarity of the reverse 
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micelle interior, and the stability diagram for precipitation of zirconium hydroxide by 

mixing two reverse micellar solutions containing either NH4OH or ZrOCl2. 

B. Experimental Methods 

The preparation procedure for the reverse micellar solutions is similar to that 

presented in Chapter 2, Chapter 4, and Chapter 5.  However, the difference is that 

solutions were prepared with partial substitution of cationic surfactant or nonionic 

surfactants for AOT.  To study the base systems, without electrolyte additions, the 

amount of surfactant substituted was systematically varied.  Cationic surfactant 

substitutions were made in amounts of 0.01, 0.05, 0.10, 0.50, 1.0 and 5.0 mole percent 

using either cetyltrimethylammonium bromide/CTAB (high purity grade, Amresco, 

Solon, OH), benzyltrimethylammonium/BTA, metacholine chloride/MCC, or choline 

chloride/CC.  Nonionic surfactant substitutions were made in amounts of 1, 5, 10, and 20 

mole percent using either undecanol/UD or isopropanol/IP.  Besides surfactant 

substitutions, all other quantities were held constant according to the previous work, 

including the amounts of salts that were added. 

The additions of salts were made to systems with 1% cationic surfactant 

substitution with CTAB or CC and to systems with 10% nonionic surfactant substitution 

of either UD or IP.  Thus, to prepare one mole percent cationic surfactant substitutions, 

either 0.073 g of CTAB or 0.028 CC was added in addition to the reduced AOT amount 

of 8.802 g and to prepare ten mole percent nonionic surfactant substitutions, either 0.345 

g of UD or 0.120 g of IP was added in addition the reduced AOT amount of 8.002 g. 

Precipitation experiments were also performed.  Previous precipitation reactions 

in the base system indicated that the stability of the reverse micelles is affected by the 
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amount of ZrOCl2 used for the precipitation reaction (see Chapter 5).  Amounts of 0.1 M 

ZrOCl2 or more produced solutions that were not stable in the base system, as was noted 

by the turbid appearance of the solutions.  The purpose of the precipitation reactions in 

this work was to determine if the surfactant substitutions can stabilize previously unstable 

reverse micellar solutions after the precipitation reaction is initiated.  The precipitation 

reactions were done according to the procedure given in Chapter 5. 

Dynamic light scattering measurements were performed on either a Nanotrac 

ULTRA instrument (Microtrac, Montgomeryville, PA) or a Nanotrac Wave DLS 

instrument (Microtrac, Montgomeryville, PA) according to procedures previously 

developed.[25]  Where convenient, to make direct comparisons when using the two 

different devices, a correction factor for using the Nanotrac Wave DLS was used and 

pointed out in the appropriate plots by the addition of a correlation factor (CF) to the 

measured size.  Turbidity measurements were made on a turbidity meter (Model 2020, 

LaMotte Chemical Products Company, Chestertown, MD) to compare to the points of 

instability of the solutions when electrolytes were added.  The turbidity measurements 

consisted of an average of five readings and five of these measurements were made.  All 

characterization was performed for two experiments. 

C. Results and Discussion 

1. Reverse Micelle Sizes with Cosurfactant Substitution 

The average reverse micelle size when different cationic surfactants are 

substituted for AOT is given in Figure 7-1a.  All of the cationic surfactants cause a 

decrease in the average reverse micelle size when substituted for AOT and there is not a 

significant difference in the extent of the decrease.  The size decrease is most likely 
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caused by a decrease in the surface charge density as a result of electrostatic screening.  

Reduced surface charge density also reduces the potential of the electrical double layers.  

If the critical potential is assumed to be constant, as it is for all modifications made so far, 

then the electrical double layers inside of the reverse micelle would be allowed to move 

into closer proximity to achieve the extent of overlap necessary for the critical potential, 

which is depicted in Figure 7-1b.  It is difficult to define the relationship between the 

average reverse micelle size and the amount of cationic surfactant substituted because the 

resulting surface charge density depends on both variables as well as the counterion 

concentration, which is also changing.  However, the assumption that the critical 

potential is constant can be tested and was evaluated when electrolytes were added to 

these systems. 

The average reverse micelle size when nonionic surfactant is substituted for AOT 

is demonstrated in Figure 7-2.  A decrease in reverse micelle size with substitution of 

undecanol occurs for substitutions as high as 20%, which can be explained in the same 

way for the reduction in reverse micelle size when cationic surfactants are substituted for 

AOT, by the mechanism depicted in Figure 7-1b.  A decrease in average reverse micelle 

size was also observed with an initial substitution of isopropanol for AOT.  However, no 

further reduction in reverse micelle size was observed when more than 5% isopropanol 

was added.  Isopropanol is an alcohol with a relatively short chain length so partitioning 

between the water-oil interface and the water core is possible.8  Alternatively, nonionic 

surfactants are known to partition between the water-oil interfaces to the oil, unlike ionic 

surfactants.2  However, free surfactant was not observed during the DLS measurements, 

so partitioning into the water phase is more likely.  Thus, it is estimated that up to 5% of 
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isopropanol can be substituted for AOT and any additional isopropanol will cause some 

isopropanol to be displaced from the interface such that the average reverse micelles size 

no longer varies. 

 

Figure 7 - 1.  (a) Average reverse micelle size when AOT is partially replaced by 

cationic surfactants and (b) schematic demonstrating the 

mechanism for reverse micelle shrinkage. 
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Figure 7 - 2.  Average reverse micelle size measured with Nanotrac Wave DLS 

when AOT is partially replaced by anionic surfactants. 

 

2. Effect of Electrolytes in Systems with Cosurfactant Substitutions 

The average reverse micelle size remains proportional to the electrical double 

layer thickness when adding salts to the systems modified by substituting cationic 

surfactants for AOT.  This is demonstrated by the linear trends in Figure 7-3a, Figure 7-

3c, and Figure 7-3e, when adding Mg(NO3)2, Al(NO3)3, and ZrOCl2, respectively.  The 

slopes and intercept for the linear fits to the size data are slightly different when 

substituting CTAB versus CC for AOT.  The slope when adding Mg(NO3)2 is greater in 

the CC system than it is in the CTAB system, but the opposite is observed when adding 

Al(NO3)3.  The slope when adding ZrOCl2 is greater for CC again, suggesting that the 

difference is within typical variability and most likely associated with measurement and 

experimental error.  The same is true for the intercept of the linear fits to the data.  The 

points of instability when adding these salts are also provided in Figure 7-3, along with 

turbidity measurements, which are 0.4, 0.3, and 0.2 M, respectively.  Thus, the 
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substitution of cationic surfactants for AOT reduces the point of instability when 

compared to the base system.  This is true of long-chained surfactants such as CTAB and 

short-chained surfactants such as CC.  However, the destabilization when CC is 

substituted was more gradual than when CTAB is substituted and is more generally 

difficult to distinguish.  As such, turbidity measurements do not capture the point of 

instability very well when ZrOCl2 was added and is demonstrated in Figure 7-3f.  The 

solutions do not appear turbid when 0.2 M ZrOCl2 was added, but evidence of 

destabilization can clearly be established visually.  The plot used to establish the critical 

potential is given in Figure 7-4 and the base system, without cationic surfactant 

substitution, is also provided.  The identical slopes, within experimental error, indicate 

that the critical potential does not significantly change when 1% cationic surfactant is 

substituted for AOT and validates the assumption used to describe the decrease in 

average reverse micelle size when substituting cationic surfactant according to the 

mechanism described by Figure 7-1.  The intercept of the linear fit used to determine the 

critical potential also did not vary significantly. 

The average reverse micelle sizes and results from turbidity measurements when 

nonionic surfactant was substituted for AOT are demonstrated in Figure 7-5.  Figure 7-

5a, Figure 7-5c, and Figure 7-5d indicate that the average reverse micelle size remains 

proportional to the EDL thickness when adding electrolytes to the systems modified by 

substitution of anionic surfactants for AOT.  The slope to the linear fits is lower when 

substituting UD instead of IP for AOT.  The intercepts to the fit are similar, except when 

Mg(NO)2 was added.  In general, the systems with Mg(NO3)2 were anomalous.  For 

example, the  turbidity  captured  the  points  of instability for Al(NO3)3 and ZrOCl2 salts 
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Figure 7 - 3.  (a) Average reverse micelle size and (b) turbidity with addition of 

Mg(NO3)2, (c) average reverse micelle size and (d) turbidity with 

addition of Al(NO3)3, and (e) average reverse micelle size and (f) 

turbidity with ZrOCl2 when cationic surfactants are partially 

substituted for AOT. 
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well,  as demonstrated in Figure 7-5d and Figure 7-5f, but not very well for Mg(NO3)2, 

which is demonstrated in Figure 7-5b.  The points of instability when susbstituting IP for 

AOT were 0.5, 0.4, and 0.3 M for Mg(NO3)2, Al(NO3)3, and ZrOCl2, respectively, and 

were similar to the system without nonionic surfactant substitution.  However, the points 

of instability were reduced when substituting UD for AOT.  The destabilization is also 

more gradual when substituting IP than when substituting UD and can be demonstrated 

by the turbidity measurements in Figure 7-5d and Figure 7-5f, for example. 

 

Figure 7 - 4.  Plot used to determine critical potential from the counterion valence 

and critical concentration (point of instability, cc) with and without 

1% cationic surfactant substituted for AOT. 

 

The plot used to determine the critical potential when substituting nonionic 

surfactants for AOT is given in Figure 7-6.  Since the points of instability are the same 

when substituting IP for AOT as they are for the base system, the slope of the fit 

demonstrated in Figure 7-6 is identical to that of the base system and is demonstrated by 

comparing  to  the  fit  given  in  Figure  7-4.    The similar slope indicates that the critical  
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Figure 7 - 5.  (a) Average reverse micelle size and (b) turbidity with addition of 

Mg(NO3)2, (c) average reverse micelle size and (d) turbidity with 

addition of Al(NO3)3, and (e) average reverse micelle size and (f) 

turbidity with ZrOCl2 when nonionic surfactants are partially 

substituted for AOT. 
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potential does not change.  When substituting UD for AOT, the slope also does not 

change signficantly.  The appearance of a slight difference can be associated with too 

large of a step size, but is within experimental error.  The intercept is also similar when 

substituting UD for AOT, but this can again be an artifact of the step size and associated 

error because the slope is expected to be lower if the slope and thus critical potential do 

not change. 

 

Figure 7 - 6.  Plot used to determine critical potential from the counterion valence 

and critical concentration (point of instability, cc) with 10% 

nonionic surfactant substituted for AOT.  The open symbols and 

black dotted line demonstrate potential error. 

 

The slopes from the fitted data in Figure 7-3 and Figure 7-5 were used to estimate 

the dielectric constant of the electrolyte containing polar phase when either cationic or 

anionic surfactants was substituted for AOT and compared to the base system.  The 

results of these calculations are given in Figure 7-7.  Figure 7-7a demonstrates that 

substitution of 1% cationic surfactant for AOT did not have a significant effect on the 

estimated dielectric constant.  The same is true when isopropanol was added as a 
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cosurfactant by susbstituting 10% for AOT.  However, the addition of 10% UD 

significantly reduced the dielectric constant of the polar phase, by approximately one 

order of magnitude. 

 

Figure 7 - 7.  Estimated dielectric constant of the reverse micelle interior phase 

with partial substitution of (a) cationic surfactant or (b) nonionic 

surfactant for AOT. 

 

3. Stability of Systems with Cosurfactant Substitutions for a Precipitation 

Reaction 

Precipitation experiments were performed in the modified systems by mixing 

reverse micelle solutions containing either 0.10 M ZrOCl2 or 0.05 M NH4OH.  The 

mixed solutions in all modified systems were unstable and indicate that the stability of 

the reverse micelles with precipitates is not improved when compared to the base system.  

Thus, precipitation experiments are not explored any further.  This can be expected from 

the estimated dielectric constant of the reverse micelle interior, which was either similar 

to the base system or lower, if it is assumed to be a defining parameter for controlling 

reaction kinetics.  The stability of reverse micelles once a precipitation reaction is 
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initiated was only improved by reducing the water to surfactant ratio, which resulted in 

an increase in the estimated dielectric constant (see Chapter 6). 

D. Conclusions 

The use of a cosurfactant in addition to AOT, either cationic or anionic, results in 

a decrease in the average reverse micelle size.  A mechanism was proposed based on the 

concept of electrical double layers as they relate to reverse micelles containing 

electrolyte.  More specifically, the cosurfactant screens electrostatic interactions and 

decreases the surface charge density of the surfactant containing interfacial layer and 

results in a reduced surface potential.  The reduced surface potential also reduces the 

potential at any distance away from the interfacial film, in the electrical double layer, and 

allows the two overlapping electrical double layers to move into closer proximity to each 

other.  The net result is a decrease in the average reverse micelle size.  The reduction in 

size is limited when substituting IP for AOT and is believed to be because the IP 

partitions between the reverse micelle interface and interior. 

When increasing salt concentration in the modified reverse micellar systems, the 

average reverse micelle size remains proportional to the electrical double layer.  Besides 

IP, which has identical points of instability when compared to the base system, all other 

cosurfactants resulted in a decrease in the point of instability.  Even with the reduced salt 

solubility, the points of instability with different electrolytes are such that the critical 

potential developed between the overlapping electrical double layers remains constant 

when making the cosurfactant substitutions, which further supports the proposed size 

change mechanism when making cosurfactant substitutions. 



174 

In addition to reducing stability with electrolyte additions, the cosurfactants also 

do not improve reverse micelle stability when initiating a precipitation reaction by mixing 

two reverse micellar solutions containing either ZrOCl2 or NH4OH.  Including 

observations from Chapter 6, it is proposed that the estimated dielectric constant might 

control reaction kinetics in reverse micellar media and therefore reverse micelle stability 

during a precipitation reaction. 
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CHAPTER 8: SUMMARY 

A qualitative model was developed to explain the mechanisms of reverse micelle 

size and stability in the water/AOT/isooctane system by making systematic additions of 

salts and performing characterization with dynamic light scattering.  The model is based 

on the development of a pair of electrical double layers within the reverse micelle 

structures that develop between the surfactant filled interface and the reverse micelle core 

that has mostly co-ions.  Experimentally salt additions were observed to cause a decrease 

in the average reverse micelle size, which is believed to be a direct consequence of the 

electrical double layer thickness and the resulting potentials that develop in the interior of 

the reverse micelles when the salts are added.  As salt concentration was increased, it 

decreases the electrical double layer thicknesses and allows the overlapping potentials to 

move into closer proximity to each other so that reverse micelle size is decreased.  

However, this phenomenon has a limit defined by the increasing concentration of co-ions 

in the reverse micelle cores with increasing salt additions.  The optimum defines the point 

of instability and can be used to estimate the critical potential and local ion concentration 

at the critical potential by fitting a line to data that includes the critical concentration of 

salts having different counterion valences. 

Mathematical analysis of the electrical double layer thickness and distance from 

the surface potential to the crticial potential according to the qualitative model provides 

support for the model.  Specifically, the lengths of the two overlapping electrical double 

layers at the points of instability are short enough to support the formation of a central 

core that can accommodate co-ions.  A core size of 3.4-6.9 nm was estimated for the 
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ZrOCl2, Al(NO3)3, and NH4OH systems, depending on the assumptions that were made.  

The core size is larger if sodium counterions, dissociated from the surfactant headgroups, 

are incorporated into the electrical double layer.  However, the amount of sodium 

counterions in the electrical double layer cannot be determined from the methods used in 

this study.  The core size is also increased by the incorporation of a Stern layer, which 

effectively results in a reduced potential that the electrical double layer extends from.  

However, the extent that the surface potential is reduced is unclear from numerical 

analysis alone.  The study supports further development of the model to understand the 

precise location of the sodium counterions and extent of occupied states in the Stern 

layer. 

Several specific ion effects on reverse micelle size and stability have been 

demonstrated in this work.  Additions of NaBH4 and HAuCl4, having monovalent 

counterions relative to the AOT surfactant headgroup, demonstrated opposite average 

reverse micelle size dependence with increasing electrolyte concentration.  The reverese 

micelle sizes with NaBH4 decreased while those with HAuCl4 increased.  The effect of 

NaBH4 is typical of salt additions to the reverse micelles, but the effect of HAuCl4 is 

anomalous.  One possible explanation is the large size of the co-ion complex of HAuCl4.  

However, more complex interactions, such as the nature of the hydrogen bond network 

cannot be ruled out.  The distribution, orientation, and dynamics of the water molecules 

in the reverse micelle interior form the hydrogen bond network, which is known to be 

semi-ordered and heterogeneous in reverse micelles, but not much is currently known 

about the hydrogen bond network when a salt is introduced into the reverse micelles.  
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Thus, there is a need to establish the exact distribution of all the components in the 

reverse micelle interior, including water. 

A potential modification to the qualitative model was presented that incorporates 

the hydrogen bond network and can explain reverse micelle growth with addition of 

HAuCl4.  The modification is based on two water surfaces that form the overlapping 

electrical double layers instead of the surfactant interface and the hypothetical surface of 

the core.  The orientation of the water molecules can produce a set of negative or positive 

potentials between the two water layers.  Thus, the character of the water surfaces 

determines the nature of the counterion that interacts with the surfactant at the oil-water 

interface.  If the counterions are oppositely charged, then reverse micelle shrinkage 

occurs and if the counterions are similarly charged, then the repulsive force creates 

reverse micelle growth with increasing salt concentration. 

When adding different salts that introduce divalent counterions with respect to the 

surfactant headgroup, the slopes obtained by the linear fits established for the dependence 

of reverse micelle size on the electrical double layer thickness were similar.  However, 

the size intercepts for the fits were different and can be directly correlated to the average 

ion hydration size for the added electrolyte.  The size intercepts for the fits to data for 

salts introducing trivalent counterions were also correlated to the average ion hydration 

size for the added salt, but indirectly.  The point of instability for the various salts with 

divalent or trivalent counterions can be described by two effects:  (i) the traditional 

salting out mechanism by which surface tension increases with increasing interfacial area 

as the reverse micelle size is decreased to a critical value and (ii) a sufficiently large 
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hydrated ion size can also cause a lower point of instability.  The salting out mechanism 

explains most of the points of instability. 

An estimate of Stern layer occupation was provided by studying a slope transition 

for the reverse micelle size dependence on the electrical double layer thickness.  It was 

estimated that 90-95% of the surfactant headgroups are dissociated, indicating 5-10% 

occupation of the Stern layer.  This value is higher than counterion dissociation from the 

surfactant headgroup without an added salt, which can be because of the need to screen 

co-ions that are also introduced by the salt.  A method for estimating the relative 

permittivity of the electrolyte solution in the confined space of the reverse micelle was 

also demonstrated when assuming that the slopes of the linear trends of reverse micelle 

size only depend on the electrical double layer thickness.  Reasonable results are 

presented compared to other researchers in that the relative permittivity of the confined 

water, without electrolyte addition, is similar in magnitude to bulk water and that salts in 

the reverse micelle interior are found to increase the relative permittivity.  The relative 

permittivity increased by up to two orders of magnitude with the salt additions, but the 

estimate is made cautiously because it assumes a constant relative permittivity for a given 

salt regardless of concentration and no other slope dependence. 

The points of instability of various salts were characterized and demonstrate that 

stability depends on ion hydration sizes and the electrical double layer thickness.  Thus, a 

foundation for understanding stability of reverse micelles containing precursors that are 

used for precipitation reactions within reverse micelles has been developed.  However, 

precursor stability does not define the stability of the reverse micelles after a precipitation 

reaction is initiated.  Up to 0.3 M ZrOCl2 or 0.6 M NH4OH can be incorporated into the 
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water/AOT/isooctane system with a water to surfactant ratio of ten, but concentrations of 

0.1 M or higher are unstable when adding as little as 0.05 M NH4OH to initiate a 

precipitation reaction.  However, the stability of the reverse micelles is not affected at all 

by NH4OH because concentrations within the precursor stability limits are stable when 

the ZrOCl2 concentration was 0.05 M.  Thus, in addition to considering precursor limits, 

precipitation limits must also be considered to ensure system stability.  Transmission 

electron micrographs demonstrate that zirconium hydroxide precipitates that form in the 

stable reverse micellar solution are about 3-4 nm in size and slightly agglomerated, but 

changes to the system during sample preparation can cause agglomeration and make them 

uncomparable to the dispersed particles.  Precipitates formed in unstable reverse micellar 

solutions are highly agglomerated into large structures and contain substructure that is 

larger than the precipitates formed under stable conditions. 

Precursor salts added to microemulsions prepared with the cationic surfactant 

cetyltrimethylammonium bromide were found to cause growth of the reverse micelles 

and mostly produced unstable solutions.  A notable exception is when Mn(NO3)2 was 

added to an unstable reverse micellar parent phase that resulted in stabilization, but 

eventually destabilized the reverse micellar structures at higher concentrations.  These 

results support the importance of the hydrogen bond network and the corresponding 

changes to the qualitative model originally proposed in Chapter 2 and provided in 

Chapter 4.  By using the anionic surfactant AOT, most salts reduce the size of the reverse 

micelles, indicating positively charged counterions in the negative potentials.  If the 

specific ions introduced into the reverse micelles determine the configuration of the 

hydrogen bond network inside the reverse micelle, then growth of the reverse micelles 
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would be expected for the addition of most salts in systems with cationic surfactant 

because of the interaction between the positively charged surfactant headgroups and the 

positively charged counterions, according to the model presented in Chapter 4. 

Changes to the reverse micelle interior, such as changing the water to surfactant 

ratio or substituting other polar solvents for water are expected to change the hydrogen 

bond network.  The influence of reverse micelle stability with salt additions and when 

precipitation reactions are initiated after making such changes were also studied despite 

not knowing the exact effect that the changes have on the hydrogen bond network.  The 

reverse micelle size remains proportional to the electrical double layer thickness when 

salts were introduced into the systems.  Even when no salt addition were made, the 

reverse micelle size changes when varying the water to surfactant ratio were found to 

correlate well with the electrical double layer thickness formed by the surfactant 

counterions (lower water to surfactant ratio introduces more counterions, compresses the 

electrical double layers, and produces smaller reverse micelle sizes).  Substituting 

methanol or acetone for the polar solvent has no effect on the counterion concentration, 

which may explain why initial substitution does not have a significant effect on the 

reverse micelle size.  However, eventually a transition is observed such that increasing 

substitution of the solvent causes a size decrease. 

With the exception of the system with water to surfactant ratio of five, the points 

of instability for the other systems can be demonstrated by turbidity measurements.  

However, the increased turbidity at the point of instability can be relatively small if 

significant at all so that confidence in the measurements is low.  Thus, turbidity 
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measurements can be used as a supplemental technique when assessing the point of 

instability for a given system, but should not to be used exclusively to determine stability. 

It can be beneficial to add cosurfactants for reverse micelle synthesis because the 

cosurfactant can interact favorably with precipitated particles, for example.  The use of 

either a cationic or anionic cosurfactant in addition to AOT results in a decrease in the 

average reverse micelle size.  A mechanism was proposed based on the concept of the 

electrical double layers that develop in the reverse micelles.  More specifically, the 

cosurfactant screens electrostatic interactions at the oil-water interface and decreases the 

surface charge density at the interface.  The reduced surface charge density weakens the 

influence of the interface on the hydrogen bond network of the confined water so that the 

potentials in the overlapping electrical double layers are also reduced at any distance 

away from the water surface and allows the two overlapping electrical double layers to 

move into closer proximity to each other to achieve the critical potential, similar to the 

size change mechanism originally developed in Chapter 2, and the net result is a decrease 

in the average reverse micelle size.  The reduction in size is limited when substituting 

isopropanol for AOT and is believed to be because the isopropanol partitions between the 

reverse micelle interface and interior. 

When increasing salt concentration in the reverse micelle systems modified by a 

cosurfactant, the average reverse micelle size remains proportional to the electrical 

double layer thickness.  Besides the use of isopropanol as a cosurfactant, which has 

identical points of instability when compared to the base system, all other cosurfactants 

result in a decrease in the point of instability.  Even with the reduced salt solubility, the 

points of instability with different salts are such that the critical potential developed from 
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the concept of overlapping electrical double layers remains constant when making the 

cosurfactant substitutions, which further supports the size change mechanism proposed 

when making cosurfactant substitutions.  In addition to reducing stability with salt 

additions, the cosurfactants also do not improve reverse micelle stability when initiating a 

precipitation reaction by mixing two reverse micelle solutions containing either ZrOCl2 

or NH4OH. 

The critical potential remains constant for any modifications that were made in 

this study.  Thus, the critical potential can be a system defined parameter in that the 

primary components may define the critical potential.  If the critical potential controls 

reverse micelle sizes and reverse micelle sizes can be used as an indicator to determine 

stability, then it may be possible to establish the stability limits for any system if the 

critical potential is established, assuming that the critical potential changes when the 

primary components are changed and that a specific relationship can be established.  

While the critical potential does not change, estimates of the local ion concentration at 

the critical potential and the relative permittivity of the reverse micelle interior do change 

by modifying the base system and these parameters may prove to be useful for describing 

changes to reaction kinetics in reverse micellar media. 


