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Abstract
Designing and optimizing surfactant formulations continues to be of great interest to many industrial endeavors. Many of these applications utilize an assortment of ingredients including electrolytes, alcohols and other interfacially active solutes.  Using the Hydrophilic Lipophilic Deviation (HLD), and specifically Type III microemulsion structures, changes to amphiphilic behavior can be quantified. This study highlights the use of HLD parameters in predicting optimal formulations as well as approximating unknown surfactants using specific molar ratios of the binary surfactants. Mixtures of heterogeneous surfactants were evaluated and the nonideality determined, where the highest deviation was found using anionic-nonionic solutions. Further, the structure of the amphiphiles were considered using their respective HLD parameters, providing evidence that the K value relates to the lipophile length and may be observed in changes in surfactant solubility. Cc values were found to be analogous to HLB values and empirical regressions were provided for quick approximation. 
This work considered the colligative properties of microemulsions to address the effects of additional solutes to amphiphilic behavior. It was demonstrated that specific cations as well as interfacially active solutes like alcohols are able to shift surfactant HLD parameters as well as the microemulsion properties such as the solubilization parameter. A proposed colligative hydration model was successfully implemented, providing better predictions of optimum salinities for chloride salts for anionic amphiphiles than what is found in literature. The use of nonionic reference surfactant suggests the specific ion effects behave similarly towards an uncharged molecule as the colligative hydration numbers, hC, remained consistent. This approach was extended to alcohols where the hc values qualitatively agreed with the alcohol’s hydrodesimic numbers, hD, found through freezing point depressions.  The general trend of increasing the alcohol alkyl length was observed, decreasing the alcohol's ability to interact with free interfacial water as it tends to partition further into the surfactant palisade layer. 
Ultimately the colligative approach provided evidence that the additive properties of polar solutes appear within the changes in amphiphilic behavior and can be utilized properly to return HLD to a colligative equation. Such an approach should be widely beneficial as formulators now can quickly screen and predict optimum formulations by simply using common additive properties of solutes such as size, valency, and hydration. 

Keywords– Colligative Properties, Microemulsions, Amphiphiles, Nonionic Surfactants, Anionic Surfactants, Specific Ion Effects, Coalescence Times, Hydrophilic Lipophilic Deviation Concept, Lipophile structure, Characteristic Curvature, Alcohols, Hydrotropes, Linkers, Hydrocarbon Solubilization, Chloride Salts


[bookmark: _Toc310579468][bookmark: _Toc39595704]CHAPTER 1: Introduction
Formulation chemistry is a science that most people have interacted with and essentially take for granted in their everyday lives. It is still an art form as much as it is a science to determine the proper or optimum combinations of ingredients, while balancing costs, quality, and many other factors. Classical formulations include the food and dairy that many enjoy, as well as, consumer products consisting of personal care to specialty chemicals. Many modern formulations are increasingly available for retail markets using advanced materials, such as polymers and composites that are applied in ways to optimize the specific properties even to the nanometer level. 
Surfactants and other interfacially active molecules are principal components within these classic and advancing commercial products. As such, characterizing surfactants along with predicting their respective behaviors in complex solutions continues to be of massive importance to formulators and manufacturers alike. The competitive nature of the formulation field is well known. Many manufacturers employ empirical modeling and largely this work remains proprietary. Scholastic research done heroically by many individuals have provided immense information of amphiphiles and excipients useful to a number of fields. However, much work remains on addressing fundamental properties of surfactants all while applying them semi-empirically for end use.  
Currently for accepted surfactant behavior models, such as the Hydrophilic Lipophilic Balance (HLB) or its counterpart the Hydrophilic Lipophilic Deviation-Net Average Curvature (HLD-NAC), there are only general rules of thumb to address the common additives used in formulation endeavors ranging from co-solvents, like alcohols, to predicting solution behavior with mixtures of inorganic ions. Both are significant in advancing new generation formulations, like drug or genetic delivery systems for example. Lipid delivery vehicles used in drug delivery require precisely quantifying the amphiphilic response to temperature, salinity, and other additional interfacially active solutes in order to predict properties such as drop size, solubility, and phase behavior. Currently, formulators are without models to address the changes to surfactant activity with the addition of solute or electrolyte without empirically figuring it out themselves.  Without the ability to forecast or pre-formulate, many formulators have typically employed the “throwing darts” approach through batch studies, leading to large costs in time and labor.  
Therefore, this study attempts to overcome these challenges by setting the following objectives:
· To investigate and understand the nonideality of heterogeneous binary surfactant mixtures at various ratios using the Hydrophilic Lipophilic Deviation (HLD) concept.
· Identification of commercial nonionic reference surfactants along with further characterizing other nonionic amphiphiles without the use of temperature or other co-solvents.
· Understand the HLD parameter K using solution properties such as the surfactant’s solubilization parameters (SP*) and surfactant partitioning, as well as correlate the surfactants lipophile structure. 
· To determine whether the surfactant’s Cc will correlate with appropriate HLB values using Griffin and Davies’ correlations. 
· To explore the specific ion effects on anionic and nonionic microemulsions.
· Examine the potential differences in amphiphilic structure using freezing point depression to conclude the number of colligative bound water molecules.
· To determine whether the colligative properties of surfactant solutions, such as microemulsions, can be modelled utilizing the salt’s additive properties of molecular size, electrostatics, and hydration. 
· To study the effects of alcohols on anionic and nonionic microemulsions.
· To determine whether the colligative property approach can be extended to characterize alcohols; further predicting the surfactant behavior by using the alcohol additive properties.
The following three chapters discuss the results of this study. These chapters will be submitted for publication in high impact peer-review journals, and are presented here as a detailed, yet concise version of their submitted forms. The topics of these chapters and the journals where these chapters will be submitted are listed below: 
· Chapter 3: “Evaluating Surfactant Interactions Using the Hydrophilic Lipophilic Deviation (HLD) Concept”. Will be submitted to “Journal of Surfactants and Detergents”.
· Chapter 4: “Incorporation of Specific Ion Effects in the HLD Model for Microemulsion Formulations”.  Will be submitted to “Journal of Industrial & Engineering Chemistry Research”.
· Chapter 5: “Extending Colligative Properties to Model Alcohol Effects on Type III Microemulsions”. Will be submitted to “Journal of Surfactants and Detergents”.
[bookmark: _Toc39595705] CHAPTER 2: Background and Theory

[bookmark: _Toc39595706]Colligative Properties
The central approach to this research was based around Wilhelm Ostwald’s generalizations of solutions that he derived from his work alongside colleagues Henricus van’t Hoff and Svante Arrhenius. In 1891, Ostwald proposed three interrelated properties of solutions and is listed below: 
[bookmark: _Toc36216825][bookmark: _Toc39595756]Figure 1: Wilhelm Ostwald’s (pictured left) organization of properties exhibited by solutions

His proof relied on his work on proportionality of osmotic pressure and concentration as well as included his interpretations of thermodynamics of the time, which included his sincere appreciation of Gibb’s famous “Equilibrium of Heterogeneous Substances.”1
The historical context of Ostwald’s work, as well as other founders of physical chemistry at the time, is captured quite well in Homer Smith’s 1960 review “Theory of Solutions,”2 as well as Wilhelm’s autobiography3.   
 Colligative properties simply rely on the proportional increase in entropy within the solution as the concentration of dissolved solutes increases.4 This is commonly measured and observed through phenomena such as osmotic pressure, depression of vapor pressure, and the changes in thermodynamic phase transitions. [bookmark: _Toc39595757]Figure 2 Freezing Point of Pure Solvent (Water) compared to Freezing Point of Solution

One straightforward experiment found in general chemistry is solubilizing various solutes such as sugar in water at multiple concentrations to find the freezing point. Figure 2 shows the freezing point graph of a pure solvent and solution. 
Modern work in physical chemistry primarily identifies or varies the additive and constitutive variables to model changes within solutions, commonly found to be empirical and requiring highly specialized equipment or experiments.4 True colligative equations like Raoult's law, are ideal and do not require additive properties of the solutions. As such, for aqueous solutions, the idealized chemical potential can be written as shown in the ideal chemical potential equation below, where μliquid is the pure liquid chemical potential, and xw is the molar fraction of water.  

It’s well understood that ideal solutions are rare. Real solutions present nonideal deviations to Raoult's law, indicative of the interactions occurring between solute and solvent. These deviations are commonly accommodated through activity coefficients found empirically and can be modeled through theoretically constructed equations.5 
Ostwald considered the nonideality of solutions to arrive from the additive properties of the solutes, where the intermolecular forces occurring between solute and solvent are observed to depend on the solute’s “nature”.2  An example being a simple solute-solvent mixture, while taking account of the van’t Hoff factor, ie, where the additive properties resulted in the same deviations found using colligative means. 
Ostwald’s’ colligative approach to utilizing the additive properties provided a foundation of chemical logic to design the equations proposed in this study.  These equations were developed to account for the specific ion effects and solute interactions on amphiphilic molecules using the additive properties of the solutes. It will be shown in the following chapters of this work that the colligative properties of surfactant solutions can be employed successfully to produce reasonable predictions only using simple additive properties such as molecular weight, valency, and descriptors of hydration.   



[bookmark: _Toc39595707]Solute Hydration 
	A solute is defined as a molecule or substance that is dissolved in a given solution.6 Solute behavior has been primarily associated with a molecule's functional groups, with many attributing the interesting properties to the ubiquitous yet still mysterious solvent, water.  Water molecules are known to be dynamic through hydrogen bonding forming cohesive networks as well as coordinate around polar functional groups.7 Water’s complexity has brought about many conclusions and remains controversial. 
	 Within a mixed confined space, for example a hydrophilic and hydrophobic interface, micelle, or biological membrane, water molecules begin to influence the hydrogen bonding networks, disturbing coherence of polar and nonpolar solutes in order to fit within a specific volume.8 These water molecules, referred to as interfacial water, have been observed to effect negatively charged molecules aligned or configured in self-assembled structures, altering hydrophobicity and increasing hydrogen bonding coordination.9 Depending on the solute’s structure, orientation, or thermodynamic conditions (temperature/pressure), the interfacial water molecules can influence sought after physical properties of solutions such as rheology.10 
	Solutes are commonly classified into charged and uncharged solutes. Charged solutes include inorganic molecules that can dissociate into ions as well as organic compounds with ionic functionality. Uncharged solutes consist of mostly organic compounds that manipulate the solvent through hydrogen bonding.  Charged solute interactions in water, also known as specific ion effects, have been a topic of immense interest and a solution sought after by multiple fields.11 Most of the current understanding has been developed with the help of new analytical methods to determine and describe solute-solvent, solute-protein, solute-surfactant interactions that are of interest. 
	The importance of understanding ionic and nonionic interactions that contribute to macromolecular properties can be seen directly today in advancements in proteomics, where the biological functions, structuring, and movement of the membrane lipids and proteins depend substantially on their hydration.11,12 It was realized that specific ions or nonionic solutes tended to withdraw water molecules or manipulate the water structure around the protein, additionally influencing the hydrophobic effects occurring within the system. Further, the solute concentration plays a significant role, mainly where there is competition from solute and solvent for the remaining water molecules, with both reducing the total number of water molecules involved in inner-shell hydration. [bookmark: _Toc39595758]Figure 3 Solute Hydration Parameters: (a) Solute/Solvent Ratio (b) Solute Size (c) Solute Charge/Polarity (d) Solute Hydrophobicity

	The current evidence points to two possible contributions affecting solute-solvent interactions. The first is steric effects as a part of an ion or solutes hydration shell and is a consequence of its pronounced hydrogen-bonded structure. The second is the dynamic water structure transforming through ion or solvent dissociation/association and electrostatics involving long-range hydrogen networks.13 Both are difficult to quantify and screen without advanced experiments or the use of computational models. The extensive studies together point to what is not being accounted for, where solute hydration is dictated by a combination of electrostatic or nonelectrostatic dispersion forces, also called dynamic hydrophobic forces, ranging from interactions between the solute-ion and the ion-ion.13 It is speculated that solute properties such as solute size, charge distribution and the hydrophobicity are pertinent to the solute's ability to interact with surrounding water molecules within a solution. Figure 3 illustrates the forces and parameters influencing solute hydration. These specific solute properties that are considered within this work should be reflected in future theories.
[bookmark: _Toc39595708]Interfacially Active Solutes: Surfactants and Amphiphiles
	This study employed interfacially active solutes to empirically describe the hydrophobic and hydrophilic interactions occurring within aqueous and biphasic solutions. Surfactants are part of a class of molecules called amphiphiles that contain both functional groups of hydrophilic and hydrophobic moieties. A surfactant’s hydrophobic structure is usually a linear or branched alkyl attached to a sizeable hydrophilic head group of ionic or nonionic character.14 It is well understood that surfactants can self-assemble into micelles, readily adsorb to polar/non-polar interfaces, aid in solubilization of hydrophobic molecules, and are useful in lowering the interfacial tension of biphasic solutions.15,16 
[image: ]	Surfactants are categorized based on dissociative behavior within a solution. Ionic surfactants contain charged head groups being of anionic or cationic character. These types of surfactants behave primarily through electrostatics and are affected mainly by varying the salt concentration.  The charged surfactants prefer to form thick interfacial mono-layers at the air-water surface where the surfactant head-group can be at different depths depending on the counter-ions.17[bookmark: _Toc36216829][bookmark: _Toc39595759]Figure 4: Common Surfactant Headgroups



 	Non-ionic surfactants are biodegradable amphiphiles that contain non-charged hydrophilic groups such as polyoxyethylene (EO) and polyoxypropylene (PO).  These hydrophilic head groups provide resistance to polar ions yet are very inclined to receiving hydrogen bonding interactions that make them appropriate for detergency and food emulsification processes.15 Similarly, zwitterionic, also termed polymeric surfactants contain multi-charged (positive and negative) head groups with large hydrophobic groups. 
Surfactant properties such as aggregation number, solubility coefficients, wettability, etc. are significant to many modern applications.  Many are interested in a surfactant’s critical micelle concentration, CMC, or the concentration at which the surfactant monomers aggregate and undergo micelle formation.18,19  Micelle formation is the dynamic mechanism imperative to the success of formulations such as detergents and cleaners where surfactant monomers self-assemble into spherical, rod-like, or vesicle micelles.  The affinity towards self-assembly in aqueous solutions depends on the surfactant structure primarily through the hydrophobic effect from the alkyl group and can be modified by increasing the hydrophilicity of the head group. These interactions are reviewed in detail by Rosen’s “Surfactants and Interfacial Phenomena” 4th ed. and contains extensive collections of CMC values.18 
	Small amphiphiles such as alcohols, glycol ethers, fatty acids, and phospholipids like cholesterol are essential to a wide range of industrial and pharmaceutical applications. An example of the structures exhibited by other amphiphiles is presented in Figure 5. [bookmark: _Toc36216831][bookmark: _Toc39595760]Figure 5 Amphiphiles Structures from Left to Right: Sodium Xylene Sulfonate (hydrotrope),  Ibuprofen (API),  Alcohol (Hydrotrope-Linker), Cholesterol (Lipophobic Linker), Glycol  Ether (Linker)

	The amphiphilic molecules are similar to surfactants where the moiety dramatically depends on the hydrophile and hydrophobe structure. The amphiphiles are distinctly different than surfactants in that they are unable to create micelles spontaneously as either the head group or lipophile dominates.20  The hydrophobic effect is still observed however, as many investigations have provided evidence of aggregates beyond certain concentrations. The high diffusion and mobility of the amphiphilic solutes can, at times, provide greater flexibility for an interface as well as can stabilize other self-assembling molecules through hydrogen bonding.21,22 Though the opposite can occur if the solvents weak van der Waal interactions are disrupted by the solutes, such is the case for removing liquid crystal phases.23 
[bookmark: _Toc39595709]Microemulsions and Bicontinuous Structures 
	In biphasic systems such as nonpolar oils with water, added surfactants and amphiphiles can lower the interfacial tension to the extent of creating isotropic solutions known as microemulsions.24,25 Unlike typical emulsions or dispersions that are kinetically active, microemulsions are thermodynamically stable systems that depend on the amphiphiles’ moiety to solubilize into either the aqueous or oil phases. Bancroft observed that the type of emulsion, either oil-in-water or a water-in-oil, behaved based on which phase the emulsifier is more soluble.25  
	Microemulsions at certain concentrations of surfactant mixed with equal or differing volumetric ratios of oil and water can produce up to four distinct phases after returning to equilibria.26 Figure 6 shows a phase behavior scan where Winsor Type I, III, and II microemulsions are labeled.  II
II
III
III
III
III
III
I
[bookmark: _Toc39595761]Figure 6 Phase Behavior Scan of Ibuprofen-Loaded Nonionic Microemulsions

The two commonly observed microemulsion phases are Type 1 and Type 2 microemulsion, which are oil-in-water and water-in-oil microemulsions, respectively. These phases have been witnessed to produce stable spherical and worm-like structures with various amphiphilic molecules for long periods and have been developed to fit numerous industrial applications. Current experimental methods of studying Type I and II microemulsions consists of light and electron microscopy, an array of spectroscopic and scattering approaches, with many innovative techniques continuing to be found.24   
	Type III/IV microemulsions, however, are extraordinary thermodynamic systems that have been proven to form triply periodic minimum surfaces.27,28 A minimal surface is considered the smallest possible area for a surface spanning a confined boundary of space. To create these surfaces requires the interface to have zero mean curvature, i.e., at an interface, the sum of the principal curvatures at each point is zero.29 Thermodynamically the repeating of the minimum surfaces in three dimensions (x,y,z) increases coordination of that of crystalline structures, forming what is known as triply periodic minimum surfaces. Type III and IV microemulsions have been observed to form many triply periodic minimal surfaces, primarily the primitive Schwarz P and the gyroid structure, Schoen G, found in Figure 7.30 
[image: ]
[bookmark: _Toc39595762]Figure 7 Triply minimum surfaces: Primitive, Schwarz P (left) and the gyroid, Schoen G (right)
Naturally, within the middle phase microemulsion, the immiscible solvents are ordered by the amphiphiles. The amphiphile head groups are hydrated by water, and the lipophile is extended into the oil. Based on the environment conditions, i.e., pressure, temperature, pH, as well as the amphiphiles’ structure, the phases are acting ideally as channels as seen in the Schwarz P or ribbon-like as presented by the gyroid surface. In order to form these structures, the surfactant’s hydrophile and lipophile interactions between the phases are required to be balanced.  In this work, this thermodynamic behavior of the Type III microemulsions was taken advantage of to study the amphiphilic changes with the addition of interfacially active solutes.  
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[bookmark: _Toc36173776][bookmark: _Toc39595710]CHAPTER 3: Evaluating Surfactant Interactions using the Hydrophilic Lipophilic Deviation (HLD) Concept

[bookmark: _Toc36173777][bookmark: _Toc39595711]Introduction
Important markets involving surfactants include pharmaceutical, energy, and many heavy industries that require quick and accurate formulating to continue to operate flawlessly within a continually changing regulatory environment. Many commercial applications are composed of multi-component mixtures of one or more surfactants, additional amphiphiles, and excipients within different solvents. These sophisticated solutions, at times, require balancing of varying interactions in order to optimize or enhance performance, giving great importance to surfactant behavior.
The study of amphiphilic behavior has been a topic of research for over 100 years. Winsor began modeling the behavior of surfactants on microemulsions starting in the 1950s.26,31 He observed that at specific concentrations of surfactant, mixed with equal or differing volumetric ratios of oil and water, four distinct phases existed after reaching equilibrium. Salager introduced a similar concept that utilized the balance between the amphiphiles' hydrophilic and hydrophobic affinities while considering the biphasic solution called the Surfactant Affinity Difference (SAD).32 As shown by Acosta, SAD can be further modified and is known today as the Hydrophilic Lipophilic Deviation (HLD) 33,34 
The HLD concept or framework utilizes the addition of salinity (S, in g/100ml) or heat (T, oC) to observe the reversal in amphiphilic behavior known as the phase inversion point (PIP). The phase inversion point is a significant thermodynamic value for specific concentrations of surfactants that can either show a Type I to Type II transition or form a Winsor Type III microemulsion. 35 
                     (1)
                     (2)
 		    (3)
Equations 1 and 2 show the HLD equation for ionic ( and nonionic ( surfactants without utilizing co-solvents. For nonionic systems, the salt concentration (, g/100 ml) correction term, b, is typically assumed to be 0.13 for sodium chloride.36 At the phase inversion point, where HLD is considered zero, the determination of a solutions HLD parameters, K and Cc, can be found using a series of non-polar oils. Detailed studies involving non-polar and polar oils have shown an effective n-alkane carbon number (EACN), reflecting the oil's hydrophobic nature. For n-alkanes, it is merely the number of carbons within a linear chain. At the same time, the EACN for branched or polar oils can be found experimentally through either Phase Inversion Temperature (PIT) or mixed oil experiments.37 
K and Cc are the lipophilic interaction term and the characteristic curvature, respectively. At the phase inversion point, both hydrophilic and lipophilic interactions are considered balanced; the resulting Cc term then represents net curvature or the overall hydrophobicity (Cc>0) or hydrophilicity (Cc<0) of the mixture or the specific amphiphile.38 Currently, K is interpreted as the amphiphiles or solutions hydrophobic interaction with a series of particular oils. It is a relevant term largely neglected by the literature, yet crucial to the accuracy of the HLD values. 
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For a solution of mixed amphiphiles at the PIP, ionic and nonionic HLD contributions are arranged, assuming linear mixing to form Equation 3.  When HLDmix is at optimum Equation 4 can be utilized with both of the K and Cc values being considered additive, as shown in Equations 6 and 7. 
 					(6)
 				(7)
There is a debate within the literature as to when the Kmix and Ccmix terms begin to deviate from linear mixing. The use of this linear mixing rule to extract HLD parameters appears to start with Salager for the SAD model. Work done by Acosta36, Surisetti39, and others40,41 reports differing conclusions, with most noticing that for anionic surfactant mixtures using a linear mixing model provides a reasonable approximation for surfactant K and Cc values. For surfactant mixtures of similar head groups, there is evidence to show that these parameters do behave "ideally" at a set molar concentration. However, for combinations of heterogeneous head groups, such as nonionic-anionic, the HLD parameters tend to show considerable deviation from ideal mixing even at room temperature.36 Equation 3 can be modified to account for the nonideality and has been used previously by Acosta and Surisetti, shown as Equation 8.36,39 
 		(8)
Using the surfactant's HLD parameters, the GEX/RT represents the mixed system normalized excess free energy, where positive and negative values indicate a hydrophobic or hydrophilic deviation, respectively. There exists a limited number of known surfactants that can form Type III microemulsions without the use of co-surfactant or co-solvents known as reference surfactants. Many conventional surfactants cannot independently provide a full Winsor phase transition (WI-WIII-WII), which further complicates obtaining accurate estimates of K and Cc values, potentially limiting the usefulness of the HLD model. 
By recognizing the limits of the ideality of surfactant mixtures, a formulator should be able to characterize similar amphiphiles and gain better insights into the effects that surfactant structures exhibit within a solution. Industrially significant properties such as the surfactant’s partitioning and solubilization parameter was examined against the experimentally found K values. Further considerations included relating the amphiphile structure, referring to the alkyl carbon number or number of head groups, to understand how the surfactant structure affects the HLD parameters.  From this exercise, there is evidence that the surfactants HLB values, while limited, are still significant quantities and are interrelated to HLD values, providing a path for formulators to be able to use well known HLB correlations within HLD.  
[bookmark: _Toc36173778][bookmark: _Toc39595712]Materials and Methods
[bookmark: _Toc36173779][bookmark: _Toc39595713]Materials
The surfactants utilized in this study are found in Table 1 with their denoted properties.
[bookmark: _Toc37704643]Table 1 Commercial surfactants utilized in study

	Surfactants
	Commercial name
	Supplier(s)
	MW (g/mol)
	Active wt. %

	C12-SO4Na
	Sodium dodecyl sulfate (SDS)
	MP Biomedicals
	288
	99

	C12-(EO)2-SO4Na
	Isalchem 123-2S
	Sasol North America
	397
	70

	C8-(PO)4-(EO)1-SO4Na
	K2-41S
	Sasol North America
	507
	32.3

	C10-(PO)4-(EO)1-SO4Na
	K3-41S
	Sasol North America
	538
	27.8

	(C20H39O4)-SO3Na
	Dioctyl Sulfosuccinate (SDOS)
	Fisher
	388
	100

	(C16H29O4)-SO3Na
	Dihexyl Sulfosuccinate (SDHS)
	Sigma Aldrich/ Croda
	388
	80/75

	(C16H25O4)-SO3Na
	Dicyclohexyl Sulfosuccinate (SDCHS)
	Sigma Aldrich/ Croda
	388
	98

	C810EO3.5
	Novel 810-3.5
	Sasol North America
	344
	100

	C12-EO4
	Laureth-4 (L4)
	Croda
	363
	99

	C12-EO5
	C12E5
	Croda
	407
	99

	C13-EO6
	TDA-6
	Sasol North America
	467
	100

	C4-EO2
	C4 glycol ether
	--
	248
	98

	C6-EO
	C6 glycol ether
	--
	146
	98

	C11-(POE)4
	Tween 21- Polysorbate-4
	Croda
	565
	100




The author thanks the suppliers of these commercial surfactants that graciously donated to this research. All the industrial surfactants were applied as received and followed the manufacturer’s mixing recommendations, as necessary. The sodium chloride (>98%, Sigma Aldrich) was added to deionized filtered water to make solutions up to 20 wt%. The alkanes, n-hexane (>98% EACN=6), n-heptane (>98% EACN=7), and n-octane (>99.5% EACN=8) was obtained from Sigma Aldrich. 

[bookmark: _Toc36173780][bookmark: _Toc39595714]Microemulsion Phase Behavior
The various surfactant solutions were added to a 15ml sealed vial at a constant molar surfactant concentration (~200mM) at increasing NaCl concentration (increments of 0.25 or 1 g/100ml) to find the phase inversion point (S*). The aqueous solution's meniscus was marked to determine Winsor type and underwent mixing with a vortex mixer at room temperature for a minimum of 30 seconds. An equal volume of alkanes with known EACNs ranging from six to eight was added, with the sample sequentially sealed. The samples would be further hand mixed and left to equilibrate for 24 hours in an incubator set at 25oC. This procedure was utilized for all surfactant systems. 
[bookmark: _Toc36173781][bookmark: _Toc39595715]Determination of Surfactant HLD Properties; Optimum Salinity
After 24 hours, the equilibrated samples were removed from the incubator with the phase behavior, Winsor type I, III, or II, being recorded. Each series of samples were video recorded after being well mixed in a standard mixing procedure and left to equilibrate at room temperature 25oC; the difference in time from mixing to equilibration of the samples was considered the coalescence time. This procedure was repeated in triplicate.
The determination of optimum salinity was found from plotting and interpolating the observed rates with the Akima spline and taking the NaCl concentration of the lowest fitted coalescence time.42 After the determination of optimum salinity, the sealed vials were stored up to 3 months in a dark, dry room at room temperature to determine the thermodynamic stability of the resulting microemulsions. All surfactant systems referred to in this study were found to be stable after the allocated time. For the reference surfactants, the results of the coalescence method were confirmed by the interfacial tension (IFT) using a spinning drop tensiometer (M6500 Grace Instrument, Houston, Texas). For each sample, the capillary is filled with three-quarters of the equilibrated aqueous phase and then approximately 1-3 μL of the excess oil phase is applied as a drop. The drop size was recorded every 5 minutes at room temperature above 3000 rpm. The lowest IFT was determined by using Akima spline similarly to the coalescence time.
[bookmark: _Toc36173782][bookmark: _Toc39595716]HPLC Method-Partition Coefficient 
The nonionic reference surfactant and anionic sulfosuccinates utilized in this study were selected to make Type I microemulsion in order to determine the surfactant partition coefficient.  Using a 12ml vial, the surfactants were mixed with deionized water up to 5ml to a set concentration of 5%. After mixing, 2 ml of the stock solution is extracted as the control. The solutions were then vigorously mixed with 3ml of decane or warm n-dodecanol and allowed to equilibrate over 24 hours.  The remaining surfactant aqueous phase (~3ml) is then removed, filtered, and separated into three samples.  
A high-performance liquid chromatography system (HPLC), Agilent 1100 series, was employed to determine the concentrations of the stock and post-equilibrated samples using a calibration curve.  The HPLC utilized a UV-ELSD detector scheme, where the non-active chromophore molecules like sulfosuccinates were realized using ELSD. The developed method used a 150x4.6mm C18 reverse-phase column (Hypersil Gold Thermo Fisher) and an isocratic acetonitrile/water (40/60) regime at 1.25ml/min flow rates for 10 minutes. The ELSD nitrogen flowrate and nebulizer temperature were constrained to 1.5 bar and 80oC, respectively. The resulting data was analyzed using the Chemstation B.04.03 and OpenChrom 1.3.0.
[bookmark: _Toc36173783][bookmark: _Toc39595717]Results and Discussion
[bookmark: _Toc36173784][bookmark: _Toc39595718]Reference Surfactants
The surfactants SDHS and C810E3.5 are the references for the selected anionic and nonionic surfactants in this study, due in part to their ability to coalesce quickly and the concentration ranges that can produce type III microemulsions. Work done by Budhathoki indicates that the reference surfactant K and Cc values are of great importance in order to acquire approximate HLD parameters using a reference surfactant and assuming ideal mixing.38 Figure 8 show the observed coalescence times as well as the interfacial tension for the two reference surfactants. The figures validate the current methodology found in literature, where the optimum salinity taken from the coalescence method correlates with that of the IFT method.43  [bookmark: _Toc39595763]Figure 8 (Top) SDHS-Alkane Coalescence (sec, closed symbols) and IFT (mN/m, open symbols); (Bottom) C810E3.5-Alkane Coalescence (sec, closed symbols) and IFT (mN/m, open symbols)

The resulting K and Cc values of SDHS, obtained for this study, differ from earlier values. Witthayapanyanon40 and Acosta44 obtained similar HLD parameters for SDHS and reported K to be 0.2 and the corresponding Cc value to be around -0.9. Witthayapanyanon used a wider EACN range, from benzene (assumed EACN=0) to decane (EACN=10). Our methodology, using hexane, heptane and octane, finds commercial SDHS to have a K= ~0.1 ± 0.03 and the Cc to be -1.4 ± 0.2 using multiple lots from different suppliers. Qualitative HPLC methods were also applied to differentiate the samples of commercial SDHS in which there were slight deviations found in the retention times, suggesting varying hydrophobicity. Even though SDHS has well-known K and Cc values, the chance of reactivity, hydrolysis, and potentially batch to batch polydispersity, requires a formulator to preform phase behavior experiments on each batch of reference surfactant; one cannot assume that the K and Cc SDHS will be constant from batch to batch.
[image: ]Further, by considering only the optimum salinities for linear alkanes of EACNs six through eight, Witthayapanyanon's data reports a K value of 0.13 and Cc of -1.2. Figure 9 shows the comparison of the optimum salinities using both Witthayapanyanon’s and the averaged experimentally found parameters.[bookmark: _Toc39595764]Figure 9 Ln(S*) for SDHS-Alkane systems; Reproduced experimental commercial lots compared to Witthayapanyanon’s reference

It can be speculated that the oil phases selected and the solubility of the surfactant could influence different HLD parameters, observed in the slope of Figure 9. Unlike Witthayapanyanon's surfactant, the SDHS employed in this study, unfortunately, could not reach decane (EACN=10) without precipitating or forming coacervate phases. It is most likely that the surfactant mixtures are not identical either through hydrolysis from long term storage or contain different free additives such as alcohols or short-chain esters. It is recommended that any study or formulation effort utilizing or reporting a set of parameters for a specific surfactant system also state which oil phases were employed. 
The search for a nonionic reference surfactant led us to acquire various commercial surfactants that were stated to be within an HLB value of 8-12. These included mixtures of alcohol ethoxylates, polysorbates, and alkyl polyglucosides. Without the use of temperature, it proved to be challenging to find a consistent and reproducible nonionic surfactant at multiple concentrations. The only acquired commercial surfactant that was able to form a Type III microemulsion at room temperature without co-solvents or co-surfactants was a mixture of alkyls ranging from C6-C16 that underwent 3.5 moles of ethoxylation. It is assumed that the average nonionic alkyl structure is between C8-C10 while the head groups are polydispersed (i.e., C810E3.5).  
[image: ]This mixture was characterized in triplicate with numerous batches from the same commercial lot.  The HLD parameters for C810E3.5 were found to vary slightly, with the K variable around 0.21 ± 0.05 and the Cc to be 0.82 ± 0.3; the resulting optimum salinity (bS*) is seen in Figure 10. [bookmark: _Toc39595765]Figure 10 Reproduced experimental b(S*) of C810E3.5-Alkane system at 25oC


Unlike other nonionic surfactants, C810E3.5 showed consistent HLD parameters for various concentrations; however, at higher concentrations (>10 wt.%), the surfactant becomes slightly more hydrophobic. Though being a clear, isotropic solution, one difficulty of using this product is its phase separation in water, requiring the formulator to apply the surfactant directly to the aqueous phase, rather than using a concentrated stock solution. Besides this one minor issue, the nonionic mixture has a smaller solubilization parameter to that of extended alkyl sulfates but larger than that of SDHS and can remain stable for large salinity ranges. The temperature dependence term, Ct, was found by increasing the temperature of the hexane and octane reference scans to 35oC. The Ct was approximated to be around -0.4 and agrees with the reported nonionic value of -0.6.43 These properties of C810E3.5 make it not only a suitable reference surfactant but also potentially utilizable for commercial applications. 
[bookmark: _Toc36173785][bookmark: _Toc39595719]Anionic Mixtures
   	With SDHS as the reference surfactant, phase behavior studies were conducted on a number of anionic commercial surfactants. The anionic surfactants selected have been previously studied with only three of the five able to transition into Type III microemulsions without co-surfactants or co-solvents. Table 2 shows the literature and experimental HLD parameters for the chosen anionic surfactants in this study.


[bookmark: _Toc37704644][bookmark: _Toc37711004][bookmark: _Toc37711102][bookmark: _Toc39595653][bookmark: _Toc39595720]Table 2 Anionic Surfactants Selected for SDHS Mixtures

	Surfactants
	Commercial name
	K
	Cc
	Kexp
	Ccexp

	C12-SO4Na
	Sodium dodecyl sulfate (SDS)
	0.1
	-2.6
	0.1
	-2.3

	C16-C2(O2)2-SO3Na
	Sodium dioctyl sulfosuccinate (SDOS)
	0.17
	2.6
	--
	--

	C8-(PO)4-(EO)-SO4Na
	K2-41S
	 0.05
	-2.5
	0.06
	-2.3

	C10-(PO)4-(EO)-SO4Na
	K3-41S
	0.07
	-2.2
	0.06
	-2.1

	C12-(EO)2-SO4Na
	Isalchem 123-2S
	0.06
	-2.2
	0.11
	-2.0


[bookmark: OLE_LINK1]Sodium dodecyl sulfate (SDS) and sodium dioctyl sulfosuccinate (SDOS) are found in an array of specialty products and drastically differ in amphiphilic behavior. SDS was studied by Budhathoki using SDHS, as a reference surfactant, and was reported to have K and Cc values of 0.1 and -2.6, respectively.38 These first studies involved using these values, keeping the total [bookmark: _Toc39595766]Figure 11 Experimental optimum salinities, S*, of SDS-SDHS mixtures compared to predicted values from linear mixing using Budhathoki’s SDS HLD parameters

surfactant concentration constant, and increasing the ratio of SDS from 10% to 40%. Figure 11 shows the optimum salinities obtained from SDS-SDHS solutions.  These mixtures were observed behaving slightly hydrophobic, with the 60/40% mixtures showing the most significant deviation from the predicted salinity from linear mixing. 
SDOS, the branched analog of SDHS, was reported by Surisetti to behave nonideal for a number of the selected reference surfactants. This work was reproduced, here, using the coalescence and IFT methods, at Surisetti's concentrations, where the differences in HLD parameters of the mixtures were considered. Figure 12 show the comparison of the extracted SDOS HLD parameters to Surisetti’s findings using SDHS and K2-41S as reference surfactants.  [bookmark: _Toc39595767]Figure 12 SDOS K and Cc obtained through linear mixing to using SDHS, K2-41S, 123-2S as reference surfactants. Data* extracted from Surisetti39.



 For SDOS-Anionic mixtures, the pure component of SDOS was extrapolated by finding the mixed HLD parameters at different surfactant ratios using a range of alkanes. The resulting K and Cc for SDOS were found to range between 0.25 to 0.4 and 3 to 5.5, considerably more hydrophobic than what has been previously referenced. Using these values, Surisetti concluded that the mixtures acted more hydrophilic than expected, with the largest nonideality reported using the SDHS-SDOS systems, while SDOS-123-2S showed the closest to ideal behavior. Moreover, it was indicated that SDHS-SDOS mixtures, both containing dimeric lipophilic structures, may deviate considerably and that the chosen reference surfactant structure is of importance. 
[image: ]Fortunately, the alkyl polypropoxyethoxy sulfates can make Type III microemulsions without co-surfactants or co-solvents and underwent a series of phase behavior studies. The experimental HLD parameters agreed with what has been reported for the selected surfactants.33,38,40 These extended surfactants were then added to SDHS at varying ratios, again at a constant surfactant concentration using hexane, and the excess Gibbs free energy was found using the experimental HLD parameters. The resulting nonideality changed at different ratios with K2-41S and 123-2S, revealing a hydrophilic deviation at lower surfactant ratios and becoming more hydrophobic at higher ratios. In contrast, the K3-41S behaved more hydrophobic at a lower ratio and vice versa. [bookmark: _Toc39595768]Figure 13 Nonideality of SDHS-Anionic surfactant mixtures in Hexane at 25oC; AOTREF, AOTSurrisetti, and SDSBudhathoki nonideality is obtained using the HLD parameters reported.38,39  

Careful consideration of Surisetti's work, as well as the experimental results, reveal some interesting patterns. Figure 13 shows the plot of the selected systems and the associated surfactant ratios to the resulting nonideality for chosen oil hexane. All selected anionic surfactants behaved in a nonideal manner, but taking the regression of all values concludes the excess Gibbs free energy (bolded) is negligible. Using the mixture HLD parameters, the largest deviation can be calculated and falls to be around a 10% difference in the optimum salinity concentration. Such error is considered insignificant as commercial surfactants are known to vary significantly to their pure counterparts, though it is important to acknowledge in future formulation endeavors. 
In the case of SDOS, using a reference surfactant with a linear hydrophobe while comprising above 80% of the total molar concentration can extract reasonable HLD parameters. Each surfactant mixture that reached above 25% SDOS resulted in a more hydrophobic solution than predicted by ideal mixing. The increase in hydrophobicity then results in an overestimation of the extrapolated K and Cc values when compared to that of the pure SDOS. However, it should be noted that Surriseti’s SDHS-SDOS mixtures varied the total surfactant concentration, which may explain the increasing variability in the extracted K and Cc values as a function of SDOS concentration. The resulting phase behaviors utilizing many anionic surfactants show that extrapolating HLD parameters using different conditions or concentrations may lead to significant deviations. 

[bookmark: _Toc36173786][bookmark: _Toc39595721]Anionic-Nonionic Mixtures
The discovery of C810E3.5 as a nonionic reference surfactant was a massive leap in designing and understanding surfactant mixtures without the need to use temperature, thus avoiding the necessity of estimating CT. The two reference surfactants were tested against each other using the same oil phase at various molar ratios. Figure 14 shows the experimental optimum salinities of the mixtures against the expected salinities from linear mixing. The resulting mixtures behaved more hydrophobically than predicted using ideal mixing and this behavior increased with nonionic concentrations. [bookmark: _Toc39595769]Figure 14 Optimum Salinity vs Nonionic Molar % for SDHS-C810E3.5 Mixtures at 25oC

Acosta and colleagues previously reported the excess Gibbs free energy of series of mixtures comprised of SDHS with nonylphenol ethoxylates and alcohol ethoxylates, providing an opportunity to differentiate C810E3.5. Figure 15 includes the normalized deviation from ideal mixing extracted from Acosta.36  [bookmark: _Toc39595770]Figure 15 Nonideality of SDHS-Nonionic Surfactants at 25 o C; Gray Symbols extracted from [35], Green symbols-SDHS-C810E3.5 in Hexane

Qualitatively C810E3.5 matches the behavior of the selected alcohol ethoxylates studied and additionally followed the trend of increasing hydrophobicity at higher nonionic ratios. It was exciting to find that C810E3.5 on average behaved as more “ideal” than its more extended and more ethoxylated counterparts, so that linear mixing could be used below 20% molar ratio. In comparison to all of the anionic-anionic surfactant solutions studied, where the obtained averaged nonideality (Gex/RT) was around 0, the anionic-nonionic solutions exhibited only hydrophobic deviations that averaged to be Gex/RT ~ + 0.4.  It is only nonionic molar ratios below 20%, where the mixtures behaved within the same nonideality of anionic solutions.
It could be reasoned that since the ethoxylated alcohols tend to partition more easily into the oil phase, when compared to its anionic counterparts, then the increase in nonionic concentration should increase the hydrophobicity of the solution. Salager illuminated the nonideality of anionic-nonionic surfactant systems and speculated that it depended on the nonionic surfactant partitioning into the three-phase solution.45 Of course, the mixed partitioning within a heterogeneous interface depends significantly on the configuration of the surfactant but has been observed to vary at different concentrations for specific systems.46[bookmark: _Toc37704645]Table 3 Anionic Surfactants Selected for C810E3.5-Anionic Mixtures

	Surfactants
	Commercial name
	K
	Cc
	Keep
	Ccexp

	C12-SO4Na
	Sodium dodecyl sulfate (SDS)
	0.17
	-2.6
	0.09
	-2.3

	(C20H39O4)-SO3Na
	Sodium dioctyl sulfosuccinate (SDOS)
	0.17
	2.6
	0.08
	1.9

	(C16H25O4)-SO3Na
	Sodium dicyclohexyl sulfosuccinate (SDCHS)
	0.07
	-0.9
	0.08
	-1.2

	C12-(EO)2-SO4Na
	Isalchem 123-2S
	0.06
	-2.2
	0.09
	-2.1


 At a certain point, the addition of a nonionic surfactant to an anionic interface begins to influence not only the electrostatic interactions but the dynamics of the interfacial water being shared by the anionic surfactant head groups. This is observed by the decrease of the surfactant’s hydrophilicity of the surfactant by reducing the number of free water molecules available at the 

interface. Further, the SDHS- C810E3.5 mixture behavior provided a mixing region of concentration (X2 < 20%) that is necessary to approximate HLD parameters quickly by ignoring the nonideality that occurs as the concentration of nonionic surfactant increases. 
This region was further investigated like the anionic mixture studies in which C810E3.5, the nonionic reference surfactant, was mixed with SDS44, SDOS, SDCHS, and 123-2S to determine the accuracy of previously determined HLD parameters. Samples were mixed at a set concentration, ~100mM, with a constant molar ratio of 20% anionic surfactant using hexane, heptane, and octane as the oil phases. The resulting mixed HLD parameters were extracted and listed in Table 3. The obtained amphiphilic variables for the anionic surfactants was in general agreement with that found by SDHS. The Cc values were similar, especially in regard to the linear surfactants SDS and 123-2S. The K values were discovered to be comparable for all selected surfactants with SDS and SDOS showing the most considerable difference to their referenced values.  The overall behavior of SDOS still remained hydrophobic though less so for the SDOS- C810E3.5 mixture, yet again large deviations occur within the oil interaction term, K. It may well be that the SDOS’ branched tails allow for another degree of freedom not occurring with linear molecules and can be thought of in terms of the surfactant’s packing parameter, where the positioning of the tails could increase or decrease the lipophile volume within the interface.16 As such, the lipophile interactions may not occur linearly by concentration and cannot be addressed by HLD in its current form.
The results of the nonionic-anionic surfactants provide evidence that for the systems studied there exists a range of molar ratios (x2 < 20%) where the non-ideality can be considered insignificant. Staying within this limit provides good approximations of pure surfactant HLD parameters and could be used to quickly determine amphiphilic behavior of unknown interfacially active solutes or whole solutions.  We propose that this may be regarded as a general rule of thumb for formulators, as one should first utilize the same type of surfactant to characterize another.  The deviations will likely vary and render this rule unreliable when the solution’s temperature is changed due to large hydrogen bonding fluctuations that occur within nonionic hydrophiles. Thus, it is imperative to characterize the thermal dependence of nonionic surfactants if varying the temperature. 
[bookmark: _Toc36173787][bookmark: _Toc39595722]Determination of HLD Parameters of Nonionic Surfactants   
During this study, we attempted to find additional commercial nonionic surfactants that could form a Type III microemulsion at room temperature within the EACN range selected. The surfactants surveyed were primarily alcohol ethoxylates with HLB values from 8-13; only a single product was found to meet the requirements of being a reference surfactant. However, it presented an opportunity to extract other nonionic amphiphiles HLD parameters without having to deal with the inherent deviations from ideal mixing that would be involved using an anionic reference surfactant. Samples were mixed at a set total concentration (~200mM) with the additional nonionic surfactant remaining within a constant molar ratio of 20% using hexane, heptane, and octane as the oil phases. 
The resulting mixed HLD parameters were extracted using Equation 2 and C810E3.5 as the nonionic reference surfactant. The resulting HLD parameters and solubilization parameters are listed in Table 4. Though it is somewhat difficult to compare the K and Cc values from literature to those obtained in this study due to changes in polydispersity within commercial surfactants, the data is encouraging. We found that the nonionic surfactants with HLB values below 10 showed positive Cc values while the inverse was found after HLB > 10. This is not surprising since HLB values around ten can be considered the point where most become water-soluble. One would expect a hydrophobic alcohol ethoxylate that has difficulty to solubilize in water to have HLB values below 10, thus, a positive Cc value. 

	Surfactants
	Commercial name
	Carbon Number (CN)
	HLB
	Kexp
	Ccexp
	~∆SP*

	C8-10EO3.5
	--
	9
	10
	0.22
	0.8
	0

	C12-EO4
	Laureth-4 (L4)
	12
	10
	0.23
	1.3
	2.8

	C12-EO5
	C12E5
	12
	11
	0.19
	-0.7
	2.3

	C13-EO6
	TDA-6
	13
	13
	0.22
	0.1
	3.1

	C4-EO2
	C4 glycol ether
	4
	10
	0.06
	0.1
	-0.9

	C6-EO
	C6 glycol ether
	6
	8
	0.07
	1.5
	-0.8

	C8-10EO4.536
	--
	9
	11
	0.2836
	-0.636
	--

	C10-EO536
	--
	10
	13
	0.1436
	-1.336
	--

	C13-EO636
	TDA-6
	13
	13
	0.2236
	0.736
	--

	C11-POE4
	Tween 21*
	11
	13
	0.29*
	1.8*
	2.9*


[bookmark: _Toc37704646]Studies relating to nonionic surfactants' cloud point and adsorption have shown to decrease the hydrophobic interactions with increasing ethoxylation.48,49 Assuming the surfactants have an average structure, a mixture of polydispersed head groups and heterogeneous tails, one can then start to account for the differences in HLD parameters. The data suggest that for nonionic surfactants, the hydrophile and hydrophobe structure are important constraints.50 For L4, C12E5, and TDA-6, the increase in ethoxylated head groups is observed in the decrease in hydrophobicity. As shown by Baker’s dissertation, as the degree of ethoxylation decreases, the area per surfactant molecule is reduced, additionally increasing the hydrophobic interactions 
Table 4 Nonionic Surfactants Selected for C810E3.5-Nonionic Mixtures; HLB values vs Experimental HLD parameters & ~∆SP* (mL/g) *Octane/Decane Oil Phases

observed in solution.51 This behavior is also apparent even in interfacially active solvents like glycol ethers, in this case, treated as a surfactant, where the increase in the alkyl tail by two carbons shows a substantial hydrophobicity increase.
The K values obtained in this experiment also seem to behave based on the hydrophile and hydrophobe structure, where the lowest surfactant-oil interaction was found using the glycol ethers. Table 4 provides the difference in ~∆SP* from the reference SP* with mixed systems. This data suggests a general relationship in that the larger K values (>.2) indicate a more significant solubilization parameter than that of an anionic surfactant (<.1). The implication is that the K value is interrelated to SP* and requires additional experimentation in order to conclude the dependence of the lipophile structure on exhibited solution behavior. 
[bookmark: _Toc36173788][bookmark: _Toc39595723]Correlating Lipophile Structure to K Parameter
We attempted to qualitatively connect the basic structure of the surfactants based on the results of the extracted K value as well as selected systems found in the literature. It is of current understanding that none have attempted to identify whether the K variable means more than just representing an experimental artifact in the HLD concept. It is difficult to compare previous studies’ results to the K and Cc values extracted in this work due to changes in methodology as well as the inherent polydispersity within commercial surfactants; thus, we made do with a number of limited available data sets.34,36,38,44 A broad range of lipophilic structures, C4-C24 were examined and relied on either the averaged number or the maximum number from supplier regulatory or information sheets.   [bookmark: _Toc39595771]Figure 16 Lipophile Interaction (K value) vs Carbon Number of Lipophile (CN)

Figure 8 reports the K values of anionic and nonionic surfactants as a function of the average alkyl carbon number (CN). The surfactant values used in Figure 16 are found in Tables 2, 3, and 4. The 95% confidence intervals were also plotted to show the significant variance within the surfactants, where the anionics reported the smallest interval qualitatively. The nonionic molecules tend to have more extensive ranges of polydispersity within the alkyl and hydrophile groups when manufactured that may affect the surfactant activity.49 
Linear regressions of the compiled data show significant correlations for both surfactant types using the hydrophobe carbon number. Both head groups behaved as one would expect by increasing the alkyl group, i.e., increasing overall hydrophobicity and length, and thus the surfactant interaction with an oil phase will increase as indicated by the increase in the K value. The differences in the slopes of the regressions can be explained by the relative hydrophilicity of the head groups. The nonionic containing a relatively flexible and bulky hydrophile will increasingly become hydrophobic with branching or an increase in the length of the hydrophobe. This is a well-understood phenomenon and observed through the decrease in critical micelle concentrations resulting in an increase in entropy contribution with increasing the lipophile length.18 The strong interaction of the anionic headgroup with the water reduces the effect of increasing hydrophobe size on the value of K, while the relatively weaker interaction of the polyethoxy chain allows the increasing hydrophobicity of the tail to pull the ethoxy chain deeper into the oil phase, making nonionic K-values more sensitive to the size of the hydrophobe.
The selected anionic surfactant head groups are "stronger" hydrophiles in comparison to their nonionic counterparts. Sulfonated and sulfated functional groups are water-soluble and tend to dissociate readily in aqueous solutions, so when it is exposed to a biphasic system, the head groups remain solvated in the aqueous phase. One can imagine the hydrophilic groups actively searching for interfacial water, reducing the oil interaction as the surfactant is positioned within the palisade layer. Nonionics, like ethoxylated alcohols, simply have larger hydrophile structures that are able to interact within the palisade and oil interfaces through hydrogen bonding, effectively reducing the affinity towards the aqueous phase.
The intercept of the plot is also of interest as it should note the point at which nonionic and anionic head groups have the same relative affinity to water. The intercept could also represent the minimum carbon number necessary to influence the HLD parameters. Rearranging both of the linear regressions finds the intercept to be around three carbons or n-propyl alkyl. This was an interesting coincidence as recent advanced studies of surfactant mixtures using experimental methods NMR 2D NOESY 52,53 as well as molecular dynamics simulations54 reveal a similar trend beginning at two to four carbons. If the K variable are correctly found to be correlated to the carbon number, then a formulator now has access to modeling an approximate K by merely knowing the alkyl tail and the hydrophile of the surfactant. [bookmark: _Toc39595772]Figure 17 Lipophile Interaction (K value) vs Carbon Number of Lipophile (CN)

When using net-average curvature (NAC), the HLD extension produced by Acosta, the length of the surfactant, L, is an essential consideration to model properties such as IFT and solubility. It can now be found by rearranging the linear regressions and incorporating the Tanford Equation, Lc = 1.5 + 1.265Cn, where Lc's unit is in angstroms, Å.55,56 The K values are plotted against the Tanford lengths in Figure 17. Like the previous intersection, the minimum alkyl length was around 3 Å. Intensive studies have observed similar values for multiple classes of detergents, where the addition of each carbon to the alkyl tail increased the distance between the surfactant head groups across the micelle by 2.5–3.0 Å.57 [bookmark: _Toc39595773]Figure 18 Partition Coefficient (Kp) vs Surfactants (K value)

The question remains if the K variable is just an artifact or does it relate to characteristics of the solution such as partitioning or solubility. Using the sulfosuccinates and the nonionic C810E3.5 Type I microemulsions with similar HLD values (<-1) were designed and mixed with decane as the oil phase. The standard solution, along with the dispersed phase, were analyzed via HPLC, and the partition coefficient for decane was reported in Figure 18.  The surfactants primarily remained partitioned within the equilibrated aqueous phase with only a tiny percentage of the surfactant mixture partitioning into the excess oil phase. The results indicate the opposite of what one might expect: as K increased, the partitioning into the oil phase decreased. Consequently, K is most likely not a descriptor of surfactant partitioning as C810E3.5 which has a K value of 0.22 had smaller Kp in comparison to the dimeric anionic surfactants with lower K values. 	
Since it has been shown that K is related to the lipophile structure, NAC predicts the increase of solubilization with the increase of the length of the lipophile.33  This conclusion seems to be presented previously with the nonionic mixtures ∆SP* increasing or decreasing with higher or lower K value in Table 19. For anionic surfactants studied the opposite trend exists when plotting the K value of the pure surfactant with its observed SP*. Figure 12 displays the SP* vs. the K values of the anionic surfactants, where SDHS with the largest K value had the lowest SP*. 
Though it is valid to challenge whether the di-alkyl structure of SDHS is appropriate to compare against the extended surfactants, these results provide different representations of the K value. [bookmark: _Toc39595774]Figure 19 SP* (ml/g) vs Surfactant (K value) against various alkanes

Clearly, more work is required to determine whether or not the K value depends on the solution properties. While unsuccessful in relating to surfactant partitioning and solubility alone, it has been presented that the K value is influenced by the carbon length of the lipophile and is not dependent only on the hydrophile. The K parameter should continue to be measured and not assumed to be constant for a homologous series of surfactants. As more phase behavior studies on anionic and nonionic surfactants are performed, we expect that this will only strengthen these empirical findings.
[bookmark: _Toc36173789][bookmark: _Toc39595724]Relating HLB to Cc 
Many previously have reported correlations of the resulting surfactant behavior on certain chemical functional groups. The most well-known to many in the field of formulation science are the hydrophilic lipophilic balance (HLB) correlations developed by Griffin and Davies to characterize nonionic surfactants. Griffin first described the surfactant's tendency to be hydrophobic or hydrophilic by taking the ratio of the mass of the head group to the overall molecular weight of the molecule for polyethoxylates.58 By multiplying the quotient by 20, Griffins HLB value is found in the equation below, where large values (HLB >15) in most cases behave as hydrophilic solutes, readily soluble in water. 

Davies additionally correlated HLB values by providing group contributions for specific hydrophiles within the surfactant molecule, also allowing for predictions of ionic head groups.59 Davies’ HLB equation is given below, where Hi is the hydrophile parameter described in Davies’ 1954 paper, and n is the number of carbons.59 
         
Both methods can be arranged to find what is termed the required HLB value, or the oil phase value, to create stable emulsions. 
The differences between the two methods come from the approximation of hydrophilicity of the head groups, where Davies considered the polarization over the size. Comparatively, the Davies’ method can reproduce Griffin’s HLB values for certain nonionics (ex: Span series) but deviates with simple alcohol ethoxylates.  Many have noted that HLB can be flawed if engaged to assist in formulation efforts, where methodologies have been determined to fit specific surfactants better than others.60 Like HLD parameters, care must be taken in referencing any HLB values predicted or experimentally found without understanding the method employed. Nonetheless, the HLB approach to characterizing surfactants continue to be applicable for many disciplines, and the research using a combination of the methodologies will most likely persist in the future. 
If the surfactant properties and hydrophilic/hydrophobic interactions are dependent on the chemical structure, then kinetically stable emulsions found through the HLB experiments should be considered as the inverse to the thermodynamically stable microemulsions. As pointed out earlier by Schechter, et al., in restating Bancroft’s rule, in a kinetically stable emulsion, the equilibrium microemulsion phase becomes the continuous phase. At optimum salinity, the Cc variable, representing the overall affinity of the molecule, should correlate with its HLB value calculated with the appropriate correlation, i.e., Griffin for nonionics58 and Davies for ionic surfactants59. Figure 20 reports the Cc values of the same surfactants as previously used in Tables 2, 3, and 4, but now plotted against their respective Griffin and Davies HLB values.  [bookmark: _Toc39595775]Figure 20 HLB values vs Experimental Cc values of selected Anionic and Nonionic surfactants at 25oC

Both types of surfactants show a statistically significant correlation when taking the linear regression between the two models, and using the HLB values to predict the Cc values for the HLD model. The anionic surfactants utilize the Davies’ model that scales the ionic head group’s hydrophilicity to that of a nonionic, providing much larger HLB values. The Cc values exhibited seem to relate to this as the majority of the tested products were found to have Cc values less than -2. This is also encouraging when taking into account the nonionic surfactants, in which the model is primarily constructed for.61 While having a better fit (R2=.75), the Griffin model uses a smaller HLB range for nonionic surfactants. The regression shows that nonionic surfactants, as a whole, have a broader range of Cc values available with only slight changes to the amphiphilic structure. The most hydrophilic Cc values arise from increasing the amount of ethoxylation and reducing the length of the lipophile. Meanwhile, the hydrophobic nonionic surfactants (HLB < 10) are found to be driven by the lipophile with weak head groups.  C13EO6 and C4 glycol ether show Cc values close to zero indicating the surfactant’s hydrophilic and hydrophobic interactions are somewhat equal. Considering the structures, this reveals that the hydrophilicity exhibited by one EO group can be negated by two carbons. This relationship could prove helpful in determining or selecting surfactants for formulation or synthesis purposes. 
The HLB-Cc regressions can also be used to get an approximate SDOS Cc value using an HLBDavies=-25.78, where it is found to be -1.25. This appears to agree with Surisetti’s values found, using the extended surfactants, that SDOS is hydrophilic with Cc at -0.68 ± 0.2.39 However, this result does go against what has been found using the SDHS and C810E3.5 reference surfactants. Using the positive Cc value extracted from SDHS and C810E3.5 presents the SDOS HLB to be negative, which is impossible. Interestingly SDHS can be appropriately fitted to the HLB, yet SDOS again behaves drastically out of order from all anionics tested.  
[bookmark: _Toc36173790][bookmark: _Toc39595725]Conclusion: 
From this work, the recognition of nonideality occurring between surfactant mixtures was demonstrated. It was determined that the largest nonideality occurs between anionic and nonionic mixtures, where the deviations are generally hydrophobic. For surfactant mixtures of all types, a region (x2 = 0-20%) of low nonideality was found through observation of many reference systems, in which it is feasible to assume ideal mixing and still acquire approximate HLD parameters. Dimeric surfactants, when used in mixtures, account for an extra degree of freedom affecting the surfactant packing as such HLD parameters were found to vary drastically from that of linear surfactants. 
[bookmark: _Toc36173791][bookmark: _Toc310579469]The discovery of a nonionic reference surfactant was of great aid to examining the nonideality of solutions as well as furthering the understanding of the HLD parameters, K and Cc. This exercise revealed that the K value correlates with the carbon number of the lipophile, yet did not seem to follow surfactant partitioning or solubility. Further, it was shown that Griffin and Davies HLB values do connect quite well with experimentally found Cc values from single and mixed surfactant systems. It provides additional evidence that kinetically stable emulsions as well the thermodynamically stable microemulsions depend and can be related to the surfactants structure. Thus, Cc values can be thought of as a new HLB value that is correctly attributing the hydrophilic and lipophilic interactions within a biphasic solution. Group contribution methods have been produced and could be used to correlate specific amphiphile structures. Such correlations should be helpful to formulators attempting to work between HLB and HLD models. As more phase behavior studies on anionic and nonionic surfactants are performed, it is assumed that these empirical findings will only improve. 
[bookmark: _Toc39595726]CHAPTER 4: Incorporation of Specific Ion Effects in the HLD Model for Microemulsion Formulations
[bookmark: _Toc36173792][bookmark: _Toc39595727]Introduction
Microemulsions are meaningful solutions within colloid science that have relevance in advancing technologies like drug delivery, enhanced oil recovery, and other optimized applied formulations. P. A. Winsor classified the three common types of microemulsions that are used in an array of formulations; an oil-in-water microemulsion (Type I), a water-in-oil microemulsion (Type II), and the microemulsion solubilizing both phases within a middle phase (Type III).26 Type III microemulsions are impressive isotropic thermodynamic systems that reside where the phase inversion transition occurs from Type I to II. In the type III domain, low to ultralow interfacial tension and catastrophic emulsion instability is found and often desirable for formulation optimization. Scholastically Type IIIs are useful, in that being thermodynamically stable the changes in amphiphilic behavior are readily reproducible with the use of known reference surfactants. Such systems create the ability to study interfacial phenomena such as specific ion effects systematically.
[image: C:\Users\PC\AppData\Local\Temp\PB.png][bookmark: _Toc39595776]Figure 21 Phase behavior Scan (Type I-III-II) of SDHS with Heptane (EACN=7)


Microemulsions have been modeled by the Hydrophilic Lipophilic Balance (HLB) and, more commonly now, with the Hydrophilic Lipophilic Deviation (HLD) model.36 Unlike HLB, as it has been noted by formulators, the apparent benefit to HLD is its ability to relate amphiphilic behavior to changes in salinity or temperature as well as screening surfactants for applied uses. The HLD model for surfactants have been discussed previously and is simplified using Equations 11 and 12, assuming room temperature and no additional solvents or co-surfactants. 
                     (11)
                     (12)
HLD describes the surfactant behavior by assigning the phase transition point to be 0 or where the hydrophilic and lipophilic sections are at a net balance with both phases. By using oils with known EACN values, the surfactant’s hydrophobic interaction term, K, and overall affinity, Cc, can be determined. The “characteristic curvature” or Cc can be thought similarly as an HLB value, in which it describes the hydrophobicity (Cc > 0) or hydrophilicity (Cc < 0) of the surfactant.38
Specific ion effects on surfactants have been a topic of interest for some time.11 Historically, specific ion effects are described based on the molecular environment (ion-solvent, ion-protein, ion- surfactant, etc.) and remain somewhat controversial. As such, it is common to find references of the Hofmeister Series, the original account for common inorganic ions.62,63 Developed through the observation of the salting effects occurring with egg white proteins, the Hofmeister series, as originally observed, is shown in Figure 22.
[image: ][bookmark: _Toc39595777]Figure 22 The Hofmeister Series for Common Cations; average “hydration” number from literature in ( ) 62–66

Hofmeister qualitatively ranked the ions based on the salting-out behavior, which gave rise to the terms such as ‘chaotropes’ and ‘kosmotropes,’ both meaning “disorder maker” and “order maker”, respectively. Both describe the observed effects of the ion on a solution independent of the extent of hydrogen bonding and have been shown to revert based on the systems temperature, pH, and concentration leading to some confusion.64 Nonetheless, the Hofmeister series continues to be useful in addressing the qualitative effects on simple and complex solutions, although reversals in the series and other intricacies have been reported. 
Within ionic solutes, such as chloride salts, much effort has been applied to model the properties of simple solutions by using the ions hydrated radii or its electronegativity.65,66  Molecular dynamic and ab initio calculations have been shown to help quantify the ion-solute and ion-solvent interactions, yet are very case-specific and not exactly useful to common industrial problems.67,68 Subsequent work of multiple fields, including experimental and computational modeling, has provided evidence that specific ion effects originate through an ions tendency to manipulate the surrounding molecular waters inducing changes to the overall water activity.63,69 A recent review of ion hydration and the influence of water structures can be found by Ohtaki and Radnai.70
Evaluation of amphiphile-ion interactions in aqueous solutions has mostly agreed with the ion hydration argument to a degree. Liu found that when using a chemical probe to study anion and cation specific salt effects on SDOS micelles that the difference in the anion from sodium salts found no significant change in the molarity of interfacial water. However, when monovalent and divalent chloride salts were utilized, a significant decrease in interfacial water resulted, from which they determined that the specific ion effect on micelle transition was due to interfacial dehydration by the counterions.71 Another recent study by Hansel looked at the same surfactant SDOS and utilized vibrational sum-frequency scattering spectroscopy to study the effects of alkali metals on planar and spherical nanoemulsions. They confirmed the sulfonate head group portion was highly and evenly solvated with each counter ion. However, the degree of interfacial water orientation around the head group followed Na+  > K+  > Mg2+, where the less hydrated Na+ ion had the highest degree of water orientation, and vice versa for the water alignment found using the highly hydrated Mg2+ ion.72  They further present that the di-alkyl branched tails of SDOS hindered the packing of the surfactant affecting the head group position.72 
Similarly, the CMCs of nonionic surfactants have been found to vary consistently with the Hofmeister series.73 They seem to form large hydrogen bonding networks using divalent counterions, such as calcium and magnesium, suggestive of a similar mechanism of that of ethoxylated co-polymers.  Baker found that the presence of calcium ions decreases the adsorption density of polyethoxylated octyl and nonyl phenols surfactants by increasing the hydrophobicity, in which it was concluded the conformation of the surfactants changed in part due to the ion selected.51  The hydroxyl groups of nonionic amphiphiles are expected to depend significantly on the surrounding hydrogen provided by water. Depending on the size of the nonionic head group, the solubility of the surfactant should shift with the increased concentrations of ions of differing valency and size.51 
The Hofmeister series has also been studied by the use of colligative properties, where the solution behavior depends on the concentration of ions but not particularly the additive properties of the ion such as size or valency.64,74 Colligative properties of specific ion effects have been studied using osmotic pressure, freezing point depression, and boiling point elevation. We point out that HLD is a colligative equation in regards to the surfactant chemical activity, as it only relies on the concentration of salinity or temperature. Thus, one would expect to see a similar salting-out series at least qualitatively within surfactant phase behavior.
At this time, there are only two methods to account for the ion species other than sodium chloride for HLD, relating the difference in ionic strength, Equation 1347, and Anton’s reported direct modification of counter ions found through experimental observations, Equation 1475. Both require the normalization of the chloride salt to sodium chloride by their relative molar masses, where X is the cation. 
  	(13)
                      	(14)
	
The differences between the two methods derive from how the valency, Z, of the ion, X, contributes to observed behavior. From Anton’s modification, Equation 14, the valency contribution was much higher in comparison to the ionic strength, Equation 13, where the valency is squared. The ionic strength correction tends to overestimate the electrostatic contributions for multivalent ions as well as assumes complete dissociation between ion-surfactant head group, failing to account for counterion binding to micelles and Gibbs monolayers.76 While both methods relate the size and ionic interaction via valency of the counterion, at best both are used as a general rule of thumb to aid in formulation endeavors.47
The non-ideality of these historical salt models appear to be due to coupled interactions mainly from the cation and surrounding water molecules.64 Anions such as chloride and bromide have been shown to have negligible hydration numbers, though certain anions like fluoride or sulfate can have positive hydration numbers.64 Nonetheless, the anion’s size contribution and dissociation should also be taken into consideration when trying to model specific ion effects.77 
  It has been shown by Zikavitas that the Hofmeister effects of inorganic salts can be quantified using a hydration term, called the hydrodesimic number, which relates the changes in water activity.77,78 The amount of “free” bulk water is reduced by the addition of solute and the average number of “bound” water molecules to the solute can be determined. This hydrodesimic number is a colligative property and holds significance above infinite dilute conditions, i.e. >10 mM salt. Furthermore, the ion hydration numbers have been correlated to several thermodynamic properties and additive quantities such as Jones Dole coefficients, and water coordination numbers from x-ray and neutron scattering.64,77 
A new specific ion modification term is proposed to relate the ion’s interactions with water via hydration to the specific ion effects being observed in Type III microemulsions. Using Anton’s original modifiers, the product of the normalized molecular mass (Mw) and the valency (Z) of the salt are multiplied by the natural log of the hydration number, hC, determined colligatively from changes in the optimum salinity.75 The hC variable is deemed the colligative hydration number. The three variables, in this case, are considered the additive properties of the chloride salt.  Equation 15 shows the anionic modified equation where each contribution, the mass, valency, and hydration are bracketed in order. In these equations  is the optimal salinity for a Type III microemulsion using the appropriate form of the HLD equation.
		(15)
      (16)
Any shifts in the optimum salinities from NaCl concentration predicted by the HLD equation that arises from varying the cation within the chloride salts should be found in changes in hC, in addition to changed related to the molecular weight (size) and valence. The model is constructed for the use of sodium as the reference ion, as it is the most commonly used cation in formulation science. As such, the hC for sodium is not truly considered in this model, yet it can be found through extrapolation of linear mixing of univalent cations and can be used to find b, the salinity modifier used for nonionic surfactants. The term hC is dimensionless and relies on empirical results to quantify. The utilization of a natural log nicely accounts for the general behavior of solute interactions within aqueous environments.79  For hC, values below and above one are indicative of a decrease or increase in the colligative number of bound water molecules. Whether one considers either the coordinated waters using hydration shells or the colligative “bound” water approach, a solute always interacts with free water molecules. Thus, negative hydration numbers should not occur. However, there are cases where a solute or ion interaction with free waters show no effect on the behavior of the solution. In this scenario, hc is commonly found to be around one, rendering the hydration term null and is thought to occur primarily through entropic effects to either the molecular mass contribution, confined space effects, or hydrogen bonding.9,80,81 
One of the benefits of the modified equations is that the surfactant’s K and Cc values determined using sodium chloride will remain constant. A formulator now could quickly model the approximate optimum salinities of common inorganic salts by a single sodium chloride phase behavior scan. Additionally, if the equation is addressing the fundamental interactions occurring between the amphiphile head group, cation, and the surrounding medium, then the colligative hydration number should remain reproducible for both anionics and nonionic surfactants. 

[bookmark: _Toc36173793][bookmark: _Toc39595728]Materials and Methods
[bookmark: _Toc36173794][bookmark: _Toc39595729]Materials
Ionic reference surfactants: Sodium dihexyl sulfosuccinate, SDHS (Sigma Aldrich), AF K2-41S (Sasol), and AF K3-41S (Sasol). The nonionic reference surfactant: Novel 810-3.5 (Sasol). Salts: Sodium Chloride (99% Sigma Aldrich). Ammonium Chloride (98% BDH), Calcium Chloride Anhydrous (99% Sigma Aldrich), Calcium Chloride Dihydrate (99% Sigma Aldrich), Cesium Chloride (99% VWR), Magnesium Chloride (98% Sigma Aldrich), and Potassium Chloride (99%VWR Life Science), 
The alkane oils used have defined EACN values and are simple in handling; n-Hexane (98% EACN=6), n-Heptane (99% EACN=7), and n-Octane (99% EACN=8). The aqueous solutions of surfactant and salt were well mixed with filtered deionized water. All solutions were handled under a standard ambient temperature (25oC) and pressure (1 atm).
[bookmark: _Toc36173795][bookmark: _Toc39595730]Freezing Point Determination
[image: Image result for copyright free freezing point apparatus]A reconfigured Beckmann apparatus, Figure 23, was constructed using a 12 ml vial (A) as the sample holder and a 30ml vial as the air shell (B).82 The cooling bath (C) was a solution of dry ice-isopropyl alcohol.   Two K-type thermocouple probes were arranged to take the internal temperature of the solution, as well as the cooling bath temperature, to maintain a reasonable cryogenic temperature (-40 oC). The temperature recording and stirring via a magnetic bar were controlled via a computer terminal. The sample volume was set to 3 mL and the concentrations were set for >10x the CMC of the selected surfactant. [bookmark: _Toc39595778]Figure 23 Original Beckmann apparatus for determining freezing points.

[bookmark: _Toc36173796][bookmark: _Toc39595731]Microemulsion Phase Behavior
Microemulsion phase behavior scans were performed using a single reference surfactant. The chosen monovalent or divalent chloride salts were added to a 17ml sealed vial or 10ml glass pipette at a constant molar surfactant concentration (100mM SDHS/~200mM C810E3.5) to find the optimum salinity (S*).  The aqueous solution’s meniscus was marked in order to determine Winsor type and underwent mixing with vortex mixer at room temperature for a minimum of 30 seconds. An equal volume of a known alkane oil phase would then be added and the sample was sealed using a cap for a vial or flame sealed if in pipette. The sealed samples would be further hand mixed and left to equilibrate for 24 hours in an incubator set at 25oC. This procedure was utilized and using hexane, heptane, and octane. The glass pipette samples were allowed to sit for three months to be used for stability and solubility behavior. The sealed vials underwent coalescence and interfacial tension methods to determine the amphiphiles optimum salinities.
[bookmark: _Toc36173797][bookmark: _Toc39595732]Determining Optimum Salinity, Interfacial Tension and Solubility Parameter
After 24 hours, the equilibrated samples were removed from the incubator and the phase behavior, Type I, III, II, was recorded. The middle phase volume of the resulting Type III microemulsions was measured using image processing software, ImageJ, and the volume marks on the pipette samples. The equilibrium interfacial tension of the Type III’s was measured using a spinning drop tensiometer (M6500 Grace Instrument, Houston, Texas). The ultimate determination of optimum salinity was based on the lowest experimentally found interfacial tension from the salinity scans within 0.2 g/100ml. 
[bookmark: _Toc36173798][bookmark: _Toc39595733]Results and Discussion
[bookmark: _Toc36173799][bookmark: _Toc39595734][bookmark: _Toc36173800]Hydrodesimic Numbers of Ionic Surfactants
The freezing point depression of anionic surfactant solutions was applied to approximate the colligative hydration number of the surfactant to evaluate the differences in hydrophilic structure.  This experiment set the constant surfactant concentration to 200 mM well above the CMC, as it was found to be readily reproducible after many laborious attempts. The solidification temperature was acquired by taking the intersection of the linear regressions of temperature trends pre and post-crystallization.  Figures 24 and 25 report the average freezing point of SDHS and extended surfactant K2-41S. [bookmark: _Toc39595779]Figure 24 Freezing Point Determination (oC) of SDHS (200mM) in DI water 


The difference in the freezing points from pure water (0oC) is input into Equation 17, the ideal relationship of freezing point depression to the molar fraction of solute derived from Raoult's law. Equation 17 can be approximated to form the cryoscopic equation, where Kf is the cryoscopic variable of water, and ms is the molality of the solute.83[bookmark: _Toc39595780]Figure 25 Freezing Point Determination (oC) of K2-41S (200mM) in DI water

		(17)
	(18)
Zavitsas’ hydrodesimic number, hD, is presented in Equation 18, where the molar fraction of water now accounts for the total of bound waters no longer in the bulk. It also considers the dissociation of the solute using the van’t Hoff factor, ie.64,78
	The two surfactants selected are considered salts and dissociate readily in water, so it was assumed the dissociation followed similarly to monovalent salts, ie=2.  The hydrodesimic numbers for SDHS and K2-41S were found to be 2.9 and 2.72 by employing the cryoscopic molar fraction of water, xw = (1-xs), to equal Equation 18 and using Excel goal seek. 
In regards to HLD parameters, K2-41S is more hydrophilic to SDHS, yet the colligative hydration indicates that SDHS binds with more water. Studies involving polymer interactions between alkyl sulfates and alkyl sulfonates have observed similar behavior where the sulfonates tended to coordinate more water molecules in comparison to the sulfates.84,85 Additionally, the hydrophilic moieties of the two surfactants are different and should be considered. SDHS, along with its sulfonate group, has two active ester groups that can interact with the solvent through hydrogen bonding. Likewise, K2-41S has a strong hydrophile in sulfate but also has four PO groups that can extend the surfactant lipophile and ultimately acts neutral, if not hydrophobic.86 The slight difference in the hydrodesimic number between the surfactants was observed later when accounting for the differences in the colligative hydration numbers, hC, extracted and will be presented in detail.
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[bookmark: _Toc39595781]Figure 26 (a) Left: S* (g/100ml) vs EACN Right: IFT* (mN/m) vs EACN of SDHS at 25oC (b) Left: S* (g/100ml) vs EACN Right: IFT* (mN/m) vs EACN of K2-41S at 25oC (c) Left: S* (g/100ml) vs EACN Right: IFT* (mN/m) vs EACN of K3-41S at 25oC

Figures 26a-c show the lowest experimentally found interfacial tension and the resulting optimum salinities for the anionic surfactants. As referenced from previous counter ion studies, there were no noticeable differences between the Type III microemulsions besides the observed coalescence times and volume of the middle phase. None of the samples had any indication of precipitation or coacervation occurring for the oils utilized. The results for SDHS showed the optimum salinities of the chlorides from high to low concentrations were ranked quantitatively, where Cs+ > NH4+ > K+ > Ca2+ > Na+ > Mg2+. The interfacial tensions were found within the same magnitude at 10-1 mN/m but also correlate in the same order. Disregarding the position of sodium and regarding it as the reference state, the observed series follows what one [image: ]would expect as the original Hofmeister series. [bookmark: _Toc39595782]Figure 27 SDHS SP* vs EACN at 25oC

The changes in the middle phase volume were quantified via the solubility parameter of the surfactant by varying the oil phase and are shown in Figure 27. The SP* for each counterion using SDHS was reasonably consistent between the monovalent ions with the exception of ammonium. The divalent cation, magnesium, exhibited the largest SP* with roughly a 2 mL/gram of surfactant increase. Comparing the experimental IFT to SP* qualitatively agrees roughly with the Chun Huh relation, where the IFT and SP* are inversely related depending on the thickness of the interface, except for cesium and magnesium.87 The reasoning is the hydration shells of such ions have been found to be loosely bound when the cations are chaotropes (large) and vice versa for kosmotropes.88  Cesium’s large size will create a thicker interface by the volume it takes up while magnesium creates a larger hydrogen network, allowing for the head groups to occupy a larger surface area. 
For both selected extended reference surfactants, an interesting reversal in the specific ion effects on chemical activity was observed.  Opposing SDHS, the observed optimum salinities for K2-41S and K3-41S ranked Cs+ > Ca2+ > Mg2+ > Na+ > K+ > NH4+, from high to low concentration. The interfacial tension of the extended surfactants and respective oil phases again correlated as seen in Figures 18b and 18c, remaining within the same low magnitude of 10-2 mN/m indicative of a thicker interface. Similarly, the reversal in the Hofmeister series was observed in the SP*. Figure 28 plots the solubilization parameter for both extended surfactants and displays the large effect the counter ion has on surfactants' ability to solubilize both phases. Again the experimental SP* appears to follow the Chun Huh relation.87  In comparison to SDHS, where the middle phase volumes were similar and somewhat hard to tell differentiate visually, the SP* differences for each counterion could be easily observed after formulating. The increase in the middle phase volumes was seen in all ions with the additional carbons between K2-41s and K3-41s, being roughly three times the amount of SDHS.[bookmark: _Toc39595783]Figure 28 (Top) K2-41S SP* vs EACN at 25oC: (Bottom) K3-41S SP* vs EACN at 25oC

 Through changing the counterion of the chloride salt, the HLD parameters of the surfactants were determined by fitting the experimentally found optimum salinities (g/100ml of chloride salt) without any modification of Equation 11. The HLD parameter values of SDHS and the extended surfactants are reported in Tables 5 and 6, respectively. The chloride salts are listed from hydrophobic to hydrophobic in relation to the found Cc values. At first glance these tables seem to indicate that different values of K and Cc are required for each chloride salt; we will show, however, that this is not the case, once adjustment is made for the hydrodesimic numbers of the cations.
[bookmark: _Toc37704647]Table 5 SDHS HLD (K, Cc) Parameters Varying Chloride Salts
	Salt
	K SDHS
	Cc SDHS

	MgCl2
	0.11
	-1.18

	CaCl2
	0.11
	-1.29

	NaCl
	0.07
	-1.45

	KCl
	0.08
	-1.55

	NH4Cl
	0.10
	-1.62

	CsCl
	0.06
	-1.98







[bookmark: _Toc37704648]Table 6 Left: K2-41S Right: K3-41S HLD (K, Cc) Parameters Varying Chloride Salts
	Salt
	K K2-41S
	Cc K2-41S
	K K3-41S
	Cc K3-41S

	NH4Cl
	0.06
	-2.28
	0.11
	-1.39

	KCl
	0.05
	-2.32
	0.09
	-1.58

	NaCl
	0.06
	-2.39
	0.06
	-2.17

	MgCl2
	0.06
	-2.42
	0.06
	-2.36

	CaCl2
	0.06
	-2.77
	0.07
	-2.44

	CsCl
	0.06
	-3.02
	0.07
	-2.61







If one accepts the Cc value as a quantity of surfactant affinity, the specific counter ion effect, observed years ago by Hofmeister is again reflected through HLD. SDHS K and Cc values presented a standard Hofmeister series where the surfactant became more hydrophobic when the divalent, kosmotropic, ions are employed and hydrophilic with the addition of monovalent, chaotropic, cations. 
Interestingly the K values of the hydrophobic ions, as well as ammonium, are the largest of the salts tested. It can be inferred that larger K values indicate an increase in the hydrophobic interactions of the alkyl tail with the nonpolar phase.38 In turn, the larger oil-lipophile interaction must be compensated by the surfactant head group and is reflected in the surfactant Cc value. This seems to be the case for the ammonium ion that was found to have the largest solubilization parameter of the monovalents tested, but remained hydrophilic to that of sodium, which is most likely attributed to its ability to hydrogen bond. Cesium remains the odd ion out of the rest of the chlorides, behaving hydrophilic for all anionic surfactants and exhibiting low IFT values. The ion itself is known to efficiently compensate around an external negative surface charge in comparison to the other cations studied in this work; thus, cesium may depend more on the electronic interactions rather than hydration.88,89 
The reversal of the order of the specific ion effects on the extended surfactants is exciting but not entirely surprising. This reversal may be explained through the head group structure and observed change in the interfacial thickness. Using the idea of a dynamic interface proposed by Salager et al., in which the surfactant head groups are exposed to the aqueous phase, interacting with the solute or solvent, while the hydrophobes are interacting with each other called the palisade layer and further extend into the oil phase. In this case, it is assumed the specific ion effects are limited to the head group. Alkyl sulfonates alone have been shown to have a lower hydration capacity in comparison to its alkyl sulfate counterparts with FTIR/NMR methods, in contrast to our previous freezing point findings.84,85
The polar structure of SDHS, the sulfosuccinate head group, is a sulfonate surrounded by two ester groups. These esters will interact with the palisade layer through hydrogen bonding as well as the interfacial water.90 It is likely the surfactant behavior exhibited is due to the surfactant’s short alkyl chains sterically hindering itself, presenting less surface area into the palisade layer, and thus having a smaller interfacial thickness interpreted from the observed interfacial tensions and solubilization parameters.91 This is not the case for the alkyl propoxyethoxy surfactants, which having four propylene oxide and one ethylene oxide in conjunction with its sulfate head group increases the characteristic length of the surfactant. By pushing the lipophile further into oil phase and assuming the head group volume slightly decreases within aqueous phase, the surface area is increased, exhibiting a thicker interface via lower interfacial tensions, simultaneously increasing the amount of interfacial water available for sharing with the counterions. 

[bookmark: _Toc36173801][bookmark: _Toc39595736]Effects of Chloride Salts on S* for Nonionic Surfactants
[image: ] The hypothesis that the specific ion effects behaving on surfactants are not entirely dependent on electrostatics but also involves the sharing of interfacial water was supported by employing nonionic surfactants. The logic followed that the qualitative effects of the salts should continue to be observed in microemulsion behavior regardless of a nonionic surfactant not having a charged head group.  [bookmark: _Toc39595784]Figure 29 S* (g/100ml) vs EACN of C810E3.5 at 25 o C 

With C810E3.5 as the reference surfactant, the optimum salinity for each chloride salt was determined by way of the coalescence method. The solubilization parameters were recorded in lieu of interfacial tension measurements, which we justify in that the two methods gave the same results for the anionic surfactants studied. Figure 29 accounts for the optimum salinities for the employed alkanes. Unlike the anionic surfactants that had significant variance in optimum salt concentration between the counterions, C810E3.5 optimal salinities remained relatively close with the largest optimal salinity being observed using octane as the oil phase. The colligative order ranked similarly to the extended surfactants, from largest to smallest optimum concentration Mg2+ > Ca2+ > NH4+ > Na+ > K+. 
[image: ]The specific ion effects on C810E3.5’s solubilization parameter were found to behave similarly to SDHS, where the divalent ions present the largest SP*.  Figure 30 illustrates the SP* for C810E3.5 with associated oil phases, where the qualitative ranking from largest to smallest SP* was Ca2+ > Mg2+ > NH4+ > Na+ > K+. The divalent chaotropes exhibited only an increase in SP* of about ~1.5 mL/gram of surfactant, as expected from kosmotropes, should interact with the hydrogen dependent ethoxylated head groups. It was interesting to find that ammonium and potassium only provided a slight increase to the volumes of Type III middle phases. [bookmark: _Toc39595785]Figure 30 SP* (ml/g) vs EACN of C810E3.5 at 25oC

The optimum salinities S* (in g/100ml) for the chloride salts besides cesium were all multiplied by the b value used for NaCl (0.13) to determine the changes in HLD parameters without any modification using Equation 12. Table 7 shows the K and Cc values ranked from hydrophobic to hydrophilic. At first glance, the amphiphilic order mirrors that of SDHS, generally following the standard Hofmeister series with the difference being the position of the ammonium ion. Divalent magnesium and calcium were again presented as hydrophobic, owing to the largest K and positive Cc parameters observed. Ammonium chloride remarkably also acted more hydrophobic along with a larger K parameter in regards to chaotropic ions sodium and potassium. 
[bookmark: _Toc37704649]Table 7 C810E3.5 HLD (K, Cc) Parameters Varying Chloride Salts
	Salt
	K C810E3.5
	Cc C810E3.5

	MgCl2
	0.31
	1.14

	CaCl2
	0.30
	1.12

	NH4Cl
	0.27
	1.10

	NaCl
	0.22
	0.82

	KCl
	0.21
	0.79


Unlike the sulfate or sulfonate head groups, where the lipophile interaction remained consistent (∆K+.05), C810E3.5 had the largest variance in K values of all surfactants studied (∆K+.09). Potassium and sodium ions exhibit similar amphiphilic behavior, which is in agreement with the work done by Baker in regards to adsorption of nonionic surfactants, where the monovalent ions likewise had an equal salting-out effect.51 It is plausible that the nonionic head groups are more susceptible to dehydration from the introduction of divalent and ammonium cations, considering that chaotropes are more hydrated than the kosmotropes and ammonium’s ability to readily hydrogen bond. The dehydration of the head group will, in turn, increase the penetration of the surfactant into the oil phase layer, increasing the lipophile interactions. 
[bookmark: _Toc36173802][bookmark: _Toc39595737]Evaluation of Salt Models
[image: ][image: ][image: ]The exhibited solution properties such as IFT, SP* as well as extracting the HLD parameters, K and Cc, have shown that specific ion effects are reoccurring between anionic and nonionic surfactants. Since the qualitative behavior that depends on the additive properties of the ion continues to emanate between heterogeneous molecules, then it is probable that the sharing of water is universal for surfactant head groups in the structures between the bulk phases.64 Thus, the salt model proposed previously for both surfactant types, reflecting the shifts in amphiphilic behavior, will be observed through the colligative hydration number hc. The properties of each chloride salt, as well as the optimum salinities, experimentally found was fitted using Equation 15 and 16 described previously to extract hc for all amphiphiles. [bookmark: _Toc39595786]Figure 31a-c (a) SDHS extracted hC vs EACN (b) K2-41S extracted hC vs EACN (c) K3-41S extracted hC  vs EACN


The evaluation begins with the anionics respective hydration numbers for each oil phase shown in Figures 31a-c.  The anionic surfactants hc, when ranked coarsely, follows the Hofmeister series except for the positions of the divalent ions and the largest ion, cesium. Within the oil phases studied the hydration numbers did not vary considerably with the divalent cations displaying the largest hydration, whereas the monovalent cations exhibited smaller hydration capacities.  
Between the surfactants, the counter ion’s hc for alkyl propoxyethoxy sulfates were larger than observed for SDHS.  These results corroborate the freezing point behavior discussed previously, where sulfates tend to shed or share their interfacial water.84 The increase in alkyl length between K3-41S and K2-41S is also realized through the rise in the counter ions hydration number. It was speculated earlier that the reason for the extended surfactant's large solubility parameters is the propoxy groups extending the lipophile further into the oil phase. Increasing the hydrophobicity would only reduce the head group’s affinity, granting the counter ion more interfacial water. Cesium remains the odd ion out of the rest of the chlorides, behaving hydrophobic for all anionic surfactants. The largest cation showed the largest interfaces through the low IFT and has been shown to have compensated an external negative charge surface charge, thus the electrostatics is distributed most efficiently of the chlorides studied.  

Comparison of the historical salt models, the ionic strength (Equation 13), or Anton’s Equation (Equation 14), to the modified colligative equation for anionic surfactants (Equation 15) was performed. Zavitsas’ hydrodesimic numbers in literature, hD, as well as the averaged experimentally found colligative hydration values, hc, were also compared.64 Figures 32a-c show the log of the quotient between the predicted S*, S*pre, and the experimental S*, S*exptl, was taken for each counter ion. The log of the quotients are useful as they cannot be overestimated like absolute error and can be interpreted based on how close the error is to zero, indicative of a very close approximation.92 Consequently, positive log errors report overestimations of the optimum salinities and vice versa. The evaluation showed overall for all ions the quantitative ranking from most accurate to least: Hydration Modification (Eq 15) > Anton’s Equations (Eq 14) > Ionic strength (Eq 13). [bookmark: _Toc39595787]Figure 32 Log [S*pre/S*exptl] plots using Anton Equation (Eq 14), Ionic Strength (Eq 13) and the Modification (Eq 15) using both the experimentally found hydration number, hC, and Zavitsas’ hydrodesimic numbers, hD:  (a) SDHS (b) K2-41S (c) K3-41S
(c)
(b)
(a)

Both historical models, in general, were observed to underestimate the optimum salinities for most of the cations. Specifically, the under prediction of divalent ions, particularly calcium, was found to be dramatic for the ionic strength model. Likewise, Anton’s model also tended to underestimate S* but to a lesser extent, pointing to how each model addresses the electrostatic interactions through valency.  Using the proposed equation presented previously in Equation 15 and employing Zivatsas’ hydrodesimic values, hD, reported only slight overestimates for the cations while not being entirely applicable for cesium, providing better predictions than the previous models. 
Nonionic surfactants already have had empirical coefficients determined to address the change in salinity using different cations, known as b constants, which are multiplied against the salt concentration. Typical b values have been stated for NaCl and CaCl2, being 0.13 and 0.1, respectively. Figure 33 presents the colligative hydration numbers, hc, for the C810E3.5 surfactant.  The cation’s hC were extracted in the same manner as the anionic surfactants while considering the normalization of the salt contribution by 1/10th to apply towards a nonionic head group using Equation 16.  
[image: ][image: ] The obtained colligative hydration numbers, hc, for the nonionic surfactant ranked Ca2+ > Mg2+ > K + > NH4+, and stayed consistent with increasing alkane phase. Excitingly the chloride salt hC’s were within the error of their anionic counterparts, essentially reproducing the cation hydration. The ammonium ion was found to act hydrophobic to C810E3.5 through both HLD parameters, yet remains in series with the rest of the kosmotropes. Calcium and magnesium were flipped in a position similar to the extended surfactants, though the extracted hC’s generally followed the normal Hofmeister series. Contrasting anionic surfactants where the electrostatic contribution is obvious, the size of the ion could be the real difference in the behavior of the divalent cations. The ionic radius of magnesium is 3/4th that of calcium and has been found to be able to direct pair with the hydroxyl groups of small ethoxylated solutes while shedding water in the process.93,94 [bookmark: _Toc39595788]Figure 33 Polysorbate21-KCl Phase Behavior Scan with

[bookmark: _Toc39595789]Figure 34 C810E3.5 extracted hc vs EACN

Using the value of Equation 15 as an empirical constant reveals the following: bcalcium= 0.11, bmagnesium = 0.096, bpotassium = 0.14, and bammonium = 0.12. The reproduction of the calcium empirical was impressive as well as potassium’s close approximation to sodium’s b value. Assuming Equation 16 is correctly approximating the ion’s “bounded water,” the sodium’s colligative hydration number, hC, can be determined using the known bsodium value 0.13. This exercise produces the sodium hC to be around 3.9, in close agreement with Zavitsas’ hydrodesimic number.64,77 These values were further verified for ammonium, potassium, and calcium chlorides by utilizing a commercial polysorbate, which was able to produce a phase inversion point and, at times, Type III microemulsions using octane as the oil phase at room temperature. The optimum salinities qualitatively behaved the same as C810E3.5 though the surfactant acted more hydrophilic. The experimental b coefficients and extracted hc for polysorbate-4 with octane are plotted in Table 8 displaying good agreement. 
[bookmark: _Toc37704650]Table 8 Polysorbate-4 in octane b coefficients and extract hC for selected chloride salts 
	Salt
	b
	hc

	CaCl2
	0.09
	13.8

	NH4Cl
	0.12
	3.1

	KCl
	0.15
	7.2



The anionic and nonionic surfactant averaged hc for each chloride salt was compared to the average comparable hydration number found in literature and is illustrated in Figure 35. The obtained hc’s were found to be successfully reproducible between both types of amphiphiles using the modified equations. Furthermore, the values are roughly within the known range of hydration numbers for all besides cesium. It is impressive to reproduce ammonium with both surfactants as its hydrogen bonding has made it quite famous as it likes to jump around the Hofmeister series. 
The size contribution of the ions within Anton’s Equation could be inefficient, accounting for larger molecular weights as cesium’s hc is greatly overestimated (hc =6). It should be emphasized that though these values are empirical, the colligative hydration number, hC, obtained in this work were able to be correlated with known hydrodesimic numbers. [bookmark: _Toc39595790]Figure 35 Average Colligative Hydration Number, hC vs Average literature range of known hydration numbers (hydrodesimic number, hD, coordination numbers, etc.)

 


[bookmark: _Toc36173803][bookmark: _Toc39595738]Conclusion
Surfactants affect the water structure in solution, where the head groups are interacting and sharing water molecules. The sulfonate and sulfate surfactants were found to colligative “bound” up to three water molecules determined through the freezing point depression. The differences in anionic head groups are considered where added propoxy groups may dehydrate or reduce the surfactant head group’s access to interfacial water.  
 This work demonstrates that specific cations will affect amphiphilic behavior as observed shifts in surfactants extracted HLD parameters as well as the microemulsion properties such as the solubilization. The change in the amphiphile Cc parameters indicated that the specific ion effects primarily occur at the head group level. There were differences seen in structure as nonionic lipophile interactions (K constant) was dramatically increased for hydrophobic ions, yet negligible change was found in anionics. 
A proposed colligative hydration model was successful in providing better predictions of optimum salinities for chloride salts for anionic amphiphiles than what is found in literature. Furthermore, the nonionic surfactants provided further evidence of the specific ion effects towards an uncharged molecule as well as reproduced similar colligative hydration numbers, hC, observed from anionic experiments. The same values were found to correlate well with literature values of hydration numbers including the colligative hydrodesimic number, coordination number, and other sources. Now a formulator can reproduce optimum salinities of various salts using their additive properties and model surfactants readily with a single-phase behavior scan.










[bookmark: _Toc39595739][bookmark: _Toc36173804]CHAPTER 5: Extending Colligative Properties of Surfactants to Model Alcohol Effects on Type III Microemulsions 
[bookmark: _Toc36173805][bookmark: _Toc39595740] Introduction
Alcohols are significant components in applications such as active pharmaceutical ingredient (API) delivery, industrial cleaners, cosmetics, and other specialty chemical formulations. Relatively safe, useful solvents that are soluble with many organic solutions, alcohols are interfacially active solutes that can freely interact with other dissolved molecules in aqueous mixtures. Many of the commercial formulations are constrained in regards to the alcohol concentration and are limited due to transportation (flammability) and environmental (VOC) regulations. Many formulators apply alcohols as co-surfactants to induce behavioral change on amphiphilic solutions, changing properties such as hydrocarbon solubilization, modifying the electrolyte tolerance, as well as being useful for inhibiting liquid crystal formation.50 
It is well known that surfactant behavior can be manipulated through the addition of polar solutes with observed changes to adsorption, wetting, and cloud points.48,51 Critical micelle concentrations of single and binary solutions of amphiphiles are frequently found in literature and many infer the resulting thermodynamic response to the character of the alcohol.95 Just as surfactant micellization is affected by salt concentration, low molecular weight alcohols have been found to induce similar inversions to surfactant affinity as with the reversal of microemulsions, where an O/w Type I system transitions into a W/o Type II.96,97 Microemulsions, like micelles, are thermodynamically stable systems that are related to the surfactant’s amphiphilic interactions occurring between two immiscible phases. These systems have been revealed previously to be beneficial in characterizing ions as well as interfacial solutes. Of particular interest are the solute effects on Type III microemulsions, forming impressive zero net-curvature structures, in which to study interfacial phenomena. 
The HLD concept has been described previously for microemulsion studies. The model helps understand the changes in amphiphilic behavior via fluctuations in phase inversion point (PIP) of a biphasic solution as a function of solute concentration.   Equations 19 and 20 show the HLD Equations for ionic and nonionic surfactants accounting for the aqueous salinity (S), added alcohol or co-solvent f(A), and temperature (T), 
                     (19)
                     (20)
HLD, with the use of phase behavior studies, can address the surfactant’s affinity as well as the interactions occurring at the surfactant hydrophilic and lipophilic groups. 
While both are inherently connected, K and Cc values are essential quantities to be able to predict surfactant behavior utilizing different oil phases as well as co-surfactants for mixed solutions. At the PIP, HLD is considered zero, and Equations 19 and 20 can be rearranged to account for the changes in lipophilic and hydrophilic interactions reflected in the characteristic curvatures. Analogous to an HLB value, Cc can be interpreted in Equation 21 where the bracketed terms are the hydrophile and lipophile interactions in order. 
         	             (21)
Historically, the f(A) term has been used to empirically fit the changes to the phase inversion point utilizing the concentration of polar co-solvents like alcohols, hydrotropes, as well as hydrophilic or lipophilic linkers. The role of hydrotropes and hydrophilic linkers have been presented by Acosta, where the location of interaction was determined to be at the amphiphile’s headgroup and neglects the oil phase completely.98 In comparison, lipophilic linkers will only interact within the palisade and oil layers, increasing the hydrophobicity of the solution.99
As of current knowledge, there have been no fundamental equations proposed to predict surfactant affinity with co-solvency. For methanol, ethanol, 1-propanol, and 1-octanol, the common f(A) factors are  -0.6, -0.4, -0.2, and 0.8, respectively. Typically the concentrations of the alcohols are multiplied against the factors and can only be considered a general rule of thumb.  
Laborious work prepared by Salager, Sabatini, and the Acosta groups has identified the role of polar solutes in increasing or decreasing the surfactant's ability to solubilize nonpolar phases such as hydrocarbons.99 For Type III microemulsions, both immiscible phases are partitioned in the middle phase.  The solubilization parameter, SP*, is quantified by the volume of the middle phase (Vm) in mL to the grams of amphiphile.  The SP* is a pertinent parameter of amphiphilic solutions as it provides information on the interfacial thickness as per Chun Huh’s relationship.87,100  In line with their hydrophobic nature, alkylated alcohols will adsorb to interfaces, generally resulting in lowered SP*, indicative of a reduced or hindered interface. However, it should be noted that large polar solutes such as polyols and polyvinyl alcohols have been found to increase solubilization occasionally.101,102  
The mechanism for these behaviors primarily relies on the structure of the polar solute and the surfactant, as pointed out roughly 40 years ago. Bourrel and Chambu in the 1970s provided a formulation map considering ethoxylated nonylphenols surfactants with added n-alcohols.103  It was discovered that solutions using methanol and ethanol behaved more hydrophilic than the non-alcohol reference while decreasing the solution's solubilization capacity. Interestingly, using 1-propanol or 1-butanol, neither acted hydrophobic or hydrophilic but instead just dropped the surfactant solubilization, working as Salager remarked like “bad alcohol.”99  The reversal in amphiphilic behavior occurred at n-butyl or 2-butanol as the surfactants began behaving considerably more hydrophobic. Increasing the concentration of these alcohols were found to increase the lipophilic surfactant interactions as well as reducing the solubilization.103 It was only with alcohols with alkyls greater than n-hexanol that the surfactant had similar or increased solubilization, nonetheless the overall surfactant affinity remained prominently hydrophobic. [bookmark: _Toc39595791]Figure 36 Schematic representation of the different types of anionic (red) and nonionic (light blue) micellar structures; interfacial molecules are usually found inside or outside the palisade layer (black)
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The position of the dissolved interfacially active solutes within the palisade layer is of importance as polar solutes tend to interact not only with the head groups being repelled in the case for anionic amphiphiles but with surrounding interfacial water molecules. Advanced techniques using NMR 2D NOESY12,53, fluorescence spectroscopy104,105, and molecular modeling91 have provided further evidence that this may be the case.  The general behavior indicates that there is a minimum lipophile, at n-propyl alkyl, to interact within a surfactant palisade layer. Figure 36 displays the generalized locations of the polar solute-surfactant interactions based on the length and type of surfactant. 
It has been reported through experimental methods such as DSC as well as theoretical molecular modeling that clustering of water molecules exist and form hydrogen-bonded structures as a function of alcohol concentration106,107. In general, methanol and ethanol can influence large water clusters since the hydrophobic driving forces are relatively low to that of the dipole-dipole and hydrogen bonding.108 There are geometric considerations in regards to the alcohol's molecular structure, as larger solutes cannot efficiently pack one component of molecules into the other, leading to volume expansion.  This was observed for small amphiphiles where the steric hindrance and the loss of dipolar association was observed to expand the excess volume of a mixture.109 For larger or branched monohydric alcohols like 2-butanol, the hydrophobic forces increase, and the polar molecules tend to self-associate forming aggregates coordinating water molecules.110 
The overall conclusion is that the predominant interaction for dilute alcohol-water solutions was primarily dictated by the alkyl group and hydrogen bonding between the two species. Studies considering the thermodynamic quantities of the alcoholic solutions are available and colligative techniques have been applied to determine the excess free energies.111 The concentration ranges of alcoholic activity in water have been described using colligative properties through vapor pressure and freezing point evaluations.  This phenomenon is noted in Figure 37, reporting the freezing points of selected alcohol solutions. The freezing point depression of alcohol-water mixtures begins to behave nonideally at varying concentrations, with most occurring with concentrations higher than ten %w/w, based on the alcohol’s degree of hydrophobicity.110 
The overall conclusion is that the predominant interaction for dilute alcohol-surfactant solutions is primarily dictated by the alkyl group as well as the hydrogen bonding between the two species. It is assumed that the performance of the solution properties are based on the changes to bulk water, xw, when free, unbounded, water molecules are now interacting with the solute. This assumption can be applied using Zavitsas’ approach, where he introduced the hydrodesimic number, hD, accounting for the average number of waters “bound” to the dissolved solutes and has been shown to allow Raoult's law to be extended to higher solute concentrations dependent on the molecular structure.77 Similar to ion hydration, the number of waters within a hydration shell and other properties such as coordination number has been reported for monohydric alcohols and is found to depend on the method of study or model utilized. One example is ethanol-water solutions, which Zivatsas’ Equation finds the hydrodesimic number to be around 1.8 water molecules.77 Likewise, dynamic studies of methanol-water solutions have provided evidence of strong and weak hydrogen bonding networks, where two to four molecules of waters are coordinated within the first shell.112 [bookmark: _Toc39595792]Figure 37 Freezing Temperatures oC vs.  Alcoholic Solute Concentrations (%)

Previously it has been shown that the HLD Equations, when modified to account for the colligative hydration number of ions (hC), were not significantly different than  Zivatsas hydration number (hD) obtained through freezing point depression. Further both hydration numbers can be used to model specific ion effects on both ionic and nonionic surfactants within the HLD framework. Similarly to cations, the alcohol structure will dictate the impact of the hydration interactions around the surfactant head groups, where the small alkyl alcohols are more likely to take away interfacial water. In contrast, larger alkyl alcohols will interact and compete with a surfactant lipophile for interfacial area. A colligative model for alcohols, Equation 22, was proposed to model these behaviors and replace the f(A) in the HLD equation as a function of alcohol concentration, CA, on the surfactant affinity accommodating the alcohol’s size (Mwalcohol) and as well as the alcohol’s colligative hydration number (hC) obtained through phase behavior experiments. 
  		(22)
[bookmark: _Toc36173806]Similarly to the colligative approach used for specific ion effects, the hC term is dimensionless and was obtained through shifts in optimum salinities, S*, by varying the alcohol-type and its concentration. The volume contributions of the polar solutes interacting with surfactant molecules is considered through a normalization of the size of the alcohol to the surfactant. Once more, the alcohol hydration term requires a natural log to refer to the water interactions with the alcohol’s hydroxyl group in solution. The position of the polar group was not considered in the case of 2-butanol. The hC values below and above one are suggestive of a decrease or increase in the colligative number of bound water molecules. For solutes exhibiting hC values below 1, this is indicative of the lack the hydration capacity and commonly these molecules will have difficulty solubilizing in water.  
Understanding of the alcohol effects on surfactant behavior will be beneficial to apply these active solutes within solutions. Not only will it cut down on time and labor costs standard in pre-formulation, recognizing how alcohols influence the amphiphilicity of solutions opens new opportunities for other surfactants of study, such as hydrophilic surfactants that are unable to be characterized without a co-surfactant like SDS.  Furthermore, if the equation is successful in reproducing the colligative hydration number, hC, it implies that the additive properties of the alcohol are observed between ionic and nonionic amphiphiles. The goal of this study is to provide a first order approximation of the effect of alcohol concentration on S* using the K and Cc values obtained using NaCl as the phase optimization variable and a reference surfactant. The purpose in doing so is to make it easier for formulators to use the HLD framework for formulations that require the presence of an alcohol.
[bookmark: _Toc39595741]Materials and Methods
[bookmark: _Toc36173807][bookmark: _Toc39595742]Materials
Two reference surfactants utilized in this study, the anionic sodium dihexyl sulfosuccinate, SDHS (MM80, Croda), and the nonionic C810E3.5 (Sasol North America). For phase behavior experiments, Sodium Chloride (99%) purchased from Sigma Aldrich and was added to deionize filtered water. The alkane oils hexane (98% EACN=6), heptane (98% EACN=7), octane (99 EACN=8), and decane (99, EACN=10) were purchased from VWR. The alcohols selected in this study consisted of methanol (99%), ethanol (99%), and 1-propanol (99%), 2-butanol (99%), n-octanol (98%) and glycerol (99%) from Sigma Aldrich. All materials were used as received.     
[bookmark: _Toc36173808][bookmark: _Toc39595743]Microemulsion Phase Behavior
Microemulsion phase behavior scans were performed using a single reference surfactant. Aqueous samples of increasing concentration of sodium chloride (increments of .5g/100ml for SDHS, 1g/100ml for C810E3.5) were mixed with a constant concentration of surfactant using a 15ml sealed vial to find the optimum salinity. The selected alcohols were added at 1.5, 3, and 6 g/100ml concentrations quickly to the selected aqueous phases where the meniscus was marked and underwent mixing at room temperature for a minimum of 30 seconds. The alkane oil phase (hexane, heptane, octane, or decane) of equal volume would then be added and the sample was sealed. The sealed samples would be further hand mixed and left to equilibrate for 24 hours in an incubator set at 25oC. This procedure was reproduced in triplicate.  
[bookmark: _Toc36173809][bookmark: _Toc39595744]Determining Optimum Salinity and Solubility Parameter
After 24 hours, the equilibrated samples were removed from the incubator and the phase behavior, Type I, III, II, was recorded. The middle phase volume of the resulting Type III microemulsions was measured using a micro caliper to measure the height and taking the dimensions of the vial.  The optimum salinity (S*) was determined using the coalescence methods, where the lowest equilibration time from a mixed sample is considered. The phase behavior samples are placed in a rack that is in a temperature-controlled environment and undergoes thorough mixing. The samples are then allowed to equilibrate while being recorded with a video camera. It was standard to consider the samples equilibrated when there were no longer any changes in the phase volumes (middle phase for Type III). 
[bookmark: _Toc36173810][bookmark: _Toc39595745][bookmark: _Toc36173811]Results and Discussion
[bookmark: _Toc39595746]Effects of Alcohols on Anionic Surfactants[bookmark: _Toc39595793]Figure 38a-c: (a) Top left: S* (g/100ml) vs Alcohol (g/100ml) for SDHS-Hexane at 25oC (b) Top Right: S* (g/100ml) vs Alcohol (g/100ml) for SDHS-Heptane at 25oC (c) Bottom: S* (g/100ml) vs Alcohol (g/100ml) for SDHS-Octane at 25oC



For SDHS-alcohol mixtures, the changes to amphiphilic behavior were determined by means of phase behavior scans using the previously described methodology. Figures 38a-c reports the optimum salinities for hexane, heptane and octane in conjunction with predicted salinities using the average colligative hydration number, hc, obtained through phase behavior experiments. 
The SDHS-alcohol optimum salinities were found to reflect Bourrel and Chambu’s observations as both methanol and ethanol behaved more hydrophilic with the increase in concentration, meaning that the addition of methanol or ethanol to a formulation required an increase in NaCl to reach S*.  Additionally, for SDHS, 1-propanol, considered a “weak” alcohol, behaved slightly hydrophilic compared to the non-alcohol reference. 2-butanol was the only alcohol noted to consistently reduce the S* with increase concentration, driving an increase in hydrophobic affinity, thus the additional 2-butanol lead to a reduction of NaCl at S*.
The most substantial increase in solution hydrophilicity was found by the addition of methanol, followed by ethanol. The trends of the lower molecular weight alcohols as the EACN increased behaved inconsistently, as seen in the differences with methanol from hexane vs heptane or octane and likewise ethanol acting more hydrophilic for octane. This disparity may be due to the lack of hydrophobe length, though it is feasible for ethanol to make contact with the surfactant’s palisade layer.
 In cases where the amphiphiles alkyl residue is not significant, the alcohol will be unable to drive partitioning but instead competes and interacts with the surrounding anionic hydrophiles. Considering the surfactant head group, the increase in hydrophilicity points to the solutes destabilizing the hydrogen networks since their respective hydrophobic moieties are too weak to affect the palisade layer of the surfactant interface significantly.113 Thus, methanol and ethanol are influencing the anionic head group which will further influence the surfactant’s curvature through increasing the number of interfacial water molecules available for the head group.114,115





[bookmark: _Toc37704651]                Table 9 SDHS-Alcohol (1.5-6 g/100mL) HLD Parameters Averaged
	Alcohol
	KSDHS
	CCSDHS

	Methanol
	0.14
	-1.4

	Ethanol
	0.08
	-1.6

	1-Propanol
	0.08
	-1.5

	2-Butanol
	0.06
	-1.5

	Reference
	0.09
	-1.4

	
	
	

	
	
	



The solute influences on the lipophilic and hydrophilic interactions were evaluated by attaining the surfactants HLD values, K and Cc, for each alcohol concentration using the selected oil phases. As anticipated, the largest concentrations of the chosen alcohols produced the most significant changes in the surfactant HLD parameters. The averaged K and Cc values, utilizing all alcohol concentrations (1.5-6 g/100ml), are reported in Table 9. 
Starting with the lipophilic interaction term, K, methanol surprisingly exhibited the most substantial increase, where ∆K= +.05, while the remaining alcohols, including ethanol, reduced the K value as the alkyl residue increased. Since methanol is considered to only interact with the ionic head groups at most, the increase in the surfactant’s lipophile interaction would indicate the interfacial water being reduced.  This isn’t the case for ethanol that shows only a slight decrease, ∆K= -.01, from the reference behavior. 2-butanol had the lowest observed K value though its overall moiety, the Cc value, remained somewhat the same as the reference value, which was unexpected from its affect at lowering the optimum salinities. Nevertheless, there is a corresponding break in the behavior upon increasing the alcohol's carbon number. While ethanol behaved as a hydrophilic additive, 1-propanol demonstrated almost no change in the amphiphilic interactions, though 2-butanol acted hydrophobic. Overall the selected alcohols did not significantly influence the Cc values of the anionic surfactant, consequently implying that the moiety behaved somewhat consistently. In comparison to the nonionic ethoxylated head groups, the anionic sulfosuccinate contain a highly polar sulfonate that is less affected by the presence of weak polar solutes through electrostatic repulsion. 
1-octanol was included originally as another co-solvent with both reference surfactants; however, this polar solute behaved extremely hydrophobic with the nonionic surfactant, resulting in the formation of Type II microemulsions using the previous EACN range even at the lowest 1-octanol concentration. To properly compare the two reference surfactants, decane was employed as the oil phase, where the S* for SDHS was found to be 6.5, 4.2 and 1.5 g/100ml for 1.5, 3, and 6 g/100ml of 1-octanol respectively. For 2-butanol, the difference between S* for lowest and highest concentration was only around 1 g/100ml, in comparison, 1-octanol reduced the S* by  three times from the reference S*, acting like a hydrophobic linker. [bookmark: _Toc39595794]Figure 39 Coalescence times of SDHS-Glycerol (Green) & SDHS Reference (Black) in Heptane vs Salinity (g/100ml)

Glycerol, a common polyol and well-known humectant found in a wide range of applications, including pharmaceuticals, was also formulated with SDHS. Having three hydroxyl groups, glycerol was expected to act as a hydrotrope as previous work has indicated the molecule acts in a salting-out manner.116 Low concentrations were applied to reduce coacervation of SDHS, and the coalescence was recorded, using heptane as the oil phase. Figure 39 shows the coalescence time and S* for glycerol compared to the reference S*. The increase of the surfactant’s hydrophilicity was captured in the rise in the salinity with only a small concentration, <0.5% of glycerol. The coalescence difference in the addition of solute and reference behavior is captured well in Figure 39, as there was no significant difference observed for the alcohols besides 1-octanol.
Recording the SDHS-alcohol SP* was somewhat tricky as there was not a dramatic change from the reference SP* as similarly encountered in the shift in amphiphilic behavior. Qualitatively ranking the SDHS-alcohol mixture SP* in order from largest to smallest showed 1-octanol, methanol, glycerol,  2-butanol, ethanol, and 1-propanol for all concentrations tested, all being within the error of each other. It could be speculated that the dialkyl tail of SDHS may be able to conform within the interface in ways that a linear surfactant may not.72 Though it is also possible that the alcohols are limited by the ionic head group’s stronger affinity to water. 
[bookmark: _Toc36173812][bookmark: _Toc39595747]Effects of Alcohols on Nonionic Surfactants
Alkyl alcohol ethoxylates can be thought of as extended alcohols and primarily dominated by hydrogen bonding. Unlike ionic surfactants, greater shifts in amphiphilic behavior occur as the alcohols disrupt hydrogen networks while also sharing interfacial water with the polyethoxylated head groups.117  Figures 40a-c show the experimentally found optimum salinities of the reference surfactant with concentration additive alcohol (in g/100ml) for hexane, heptane, and octane. The hydration model predicted values using the average hc are plotted alongside showing relative agreement. The first observations that can be made are that the alcohols are behaving in the same way regardless of the amphiphile head group. [bookmark: _Toc39595795]Figure 40a-c:(a) Top left: S* (g/100ml) vs Alcohol (g/100ml) for C810E3.5-Hexane at 25oC (b) Top Right: S* (g/100ml) vs Alcohol (g/100ml) for C810E3.5-Heptane at 25oC (c) Bottom: S* (g/100ml) vs Alcohol (g/100ml) for C810E3.5-Octane at 25oC


Methanol and ethanol at all concentrations shift the optimum salinity higher, indicating a more hydrophilic solution.  Unlike for the anionic surfactants, 1-propanol remains slightly hydrophilic staying within close proximity to the reference optimum with no alcohol. The inversion in behavior yet again is found in 2-butanol, working as a lipophilic additive. Though a small shift is noticed at 1.5g/100ml, the decrease in optimum salinity is drastic as you increase the concentration. For the addition of 2-butanol concentrations above 6 g/100ml, the trend predicts that the optimum salinity will be very close to zero, indicating a reduction in hydrophobicity equivalent to the decrease of the EO number by approximately one similar to what has been reported previously. 99,103
The surfactant average HLD values, K and Cc, for each alcohol concentration are shown Table 10. The interfacial behavior can be deduced based on the changes in the HLD parameters. Unlike, anionic SDHS where the Cc values remained consistent, C810E3.5’s Cc shifted with the increases and decreases in optimum salinities with the addition of alcohol. Yet again, methanol and ethanol mixtures behaved more hydrophilic, as observed in the Cc parameter. Ethanol presented the lowest Cc and K values of the alcohols tested. The lipophile interactions remained fairly constant to that of the reference surfactant. Propanol mixtures again remain negligible in effecting the HLD parameters. No dramatic change in the lipophile interactions, as measured by K, were seen in the 2-butanol mixtures, however the surfactants affinity (Cc) shifted more hydrophobic.  

[bookmark: _Toc37704652]Table 10 C810E3.5-Alcohol (1.5-6 g/100mL) HLD Parameters Averaged
	Alcohol
	K  C810E3.5
	Cc  C810E3.5

	Methanol
	0.23
	0.58

	Ethanol
	0.15
	0.05

	1-Propanol
	0.22
	0.73

	2-Butanol
	0.23
	1.0

	Reference
	0.22
	0.78

	
	
	

	
	
	








[bookmark: _Toc36173813]The decrease in solubilization parameters, SP*, is much more apparent when using the C810E3.5-alcohol solutions. The nonionic mixtures are reported in Figures 41a and 42b, where the trend of methanol > 2-butanol > ethanol > 1-propanol was found. Comparable to alcohol effects for nonylphenols, the increase in the alcohol concentration decreases the surfactants ability to solubilize both phases.99 Methanol and ethanol reduced the SP by 3 mL/gram of surfactant, while 1-propanol was the largest reduction by around 5 mL/gram of surfactant. C810E3.5-2-butanol systems, however, revealed a slight increase in the solubilization, comparatively to the other selected alcohols, and may be due to the branching of the alcohol providing a more extensive volume if partitioned within an interface, and somewhat acting as a very weak surfactant.  [bookmark: _Toc39595796]Figure 41 C810E3.5-Alcohols Solubilization Parameters at Optimum Salinity; (a) Left: Hexane (b) Right: Octane

[bookmark: _Toc39595748]Evaluation of Alcohol Hydration Numbers[bookmark: _Toc39595797]Figure 42 Averaged hc from associated oil phases for (a) Left: SDHS (b) Right: C810E3.5

Using the experimental S* of the alcohol-reference surfactant mixtures, and fitting Equation 4 in the f(A) term of Equations 19 and 20 using the reference K and Cc value, the alcohol’s colligative hydration number, hC, was extracted using Excel goal seek. 
The alcohol’s hC values for each oil phase tested are found in Figures 42a and 42b, demonstrating excellent agreement as well as confirming the additive properties of alcohols appearing between the two surfactants. The general trend of increasing the alcohol alkyl length was observed, decreasing the alcohol's hC.111 The highest hC’s were exhibited, as expected by methanol and ethanol.  1-propanol, which had neglible effect on surfactant hydrophilicity, similarly had an hc around one. 2-butanol and 1-octanol both produced hC’s below one, indicative of the alcohol now no longer exposed to free water but interacting the surfactant within the palisade layer, increasing the hydrophobic effect.56   
The average of the alcohols hC were employed to predict the S* of both surfactants to compare against the experimentally found S* shown previously in Figures 31a-c and 33a-c. The most significant deviations using the average hC was 18% for SDHS and 9% for C810E3.5. Figures 43 and 44 show the average log of the quotient between the predicted S*, S*pre, and the experimental S*, S*exptl, was taken for each alcohol concentration and each oil phase associated. 
[image: ]
[bookmark: _Toc39595798][bookmark: OLE_LINK2]Figure 43 SDHS-Alcohol Systems Log [S*pre/S*exptl] plots using Hydration Modification (Eq 22) using both the experimentally found hydration number, hC, 
[image: ]
[bookmark: _Toc39595799]Figure 44  C810E3.5-Alcohol Systems Log [S*exptl /S*pre] plots using Hydration Modification (Eq 22) using both the experimentally found hydration number, hC

Lower deviations for the nonionic surfactant may be due to the alcohols having similar hydrophilic structures, leading perhaps to a more efficient sharing of interfacial water. As discussed previously for anionic-nonionic surfactant mixtures, hydrophobic nonideality is observed as the ratio of nonionic surfactant increases. This is realized for SDHS at higher concentrations of methanol as well as ethanol and may explain the overestimations by the model. 1-propanol’s and 2-butanol’s experimental S* values were fit quite well with the average hC for both surfactants. It is speculated that the added alkyl length is the reason for this behavior, as the alcohol now can imbed itself into the palisade layer more efficiently.
[bookmark: _Toc37704653]Table 11 Hydrodesimic Number* vs the average alcohol hC for SDHS and C810E3.5
	Alcohol
	hD*
	hc (SDHS)
	hc(C810E3.5)

	Gylcerol118
	5.1
	2.7
	--

	Methanol106
	2.8
	2.0
	2.0

	Ethanol106
	1.8
	1.3
	1.9

	1-Propanol106
	1.6
	1.0
	1.1

	2-Butanol
	--
	0.8
	0.9

	1-Octanol
	--
	  0.4*
	  0.3*







The hydrodesimic number, hD, was calculated using the Zavitsas approach with freezing point data of alcohol-water solutions from the literature.77,106,118 Only the freezing plots for glycerol through 1-propanol were extracted as there were not 2-butanol or 1-octanol references available. Table 11 compares the alcohol's calculated hydrodesimic number, hD, to the average colligative hydration number, hC, utilizing each surfactant. Qualitatively, the hydration numbers followed the hydrodesimic numbers in the same trend. The colligative hydration numbers were all slightly lower quantities than those found in the simple alcohol-water solutions. Since the model behaves on the sharing of interfacial water, it is speculated that the involvement of the head groups is observed in the reduction of waters bound to the solute. Furthermore, the coordination numbers of water around the alcohols were also evaluated to correlate the experimental hc. Figure 45 plots both surfactant’s average colligative hydration number, hC, against coordination numbers found via terahertz (THz) absorption coefficient measurements.119
[bookmark: _Toc39595800]Figure 45 Average hC for SDHS and C810E3.5 vs Coordinated Waters

No direct correlation can be found between hC and the coordinated waters as both linear regression R2 values are not significant with 0.74 for SDHS and 0.70 for C810E3.5. Nevertheless, the hydrodesimic numbers for ethanol and 1-propanol are observed to agree within close approximation of coordinated waters.119 
	Correspondingly, we compared Equation 22 against the common f(A) factors for alcohol that were previously mentioned as the prior general way of addressing alcohol's effect on the surfactant’s S* and is provided by Abbott.47  Figure 46 plots Equation 22 as an F(A) factor using the averaged hc against the reference F(A).  For the most part, the literature F(A) values greatly overestimated the alcohol effects on surfactant behavior, besides 2-butanol, and the use of these factors would likely lead to additional experimental work to optimize a formulation. Using the colligative hydration model for various alcohols was successful in predicting the same empirical behavior. Admittedly, the hC values used here are obtained by fitting to the observed S* values; nevertheless, it is encouraging that a single parameter model is so effective in reproducing the behavior of such a complex system.[bookmark: _Toc39595801]Figure 46 Experimental Surfactant-Alcohol Factors vs Reference Factors

 
[bookmark: _Toc36173814][bookmark: _Toc39595749]Conclusion
In this work, the utilization of low molecular weight alcohols as co-solvents to induce behavioral change on microemulsions such as solubilization and modifying the amphiphilic behavior was presented. The surfactant-alcohol systems optimum salinities were reproduced and were consistent with Bourrel and Chambu’s original observations. Methanol and ethanol acted more hydrophilic with the increase in concentration, primarily effecting the surfactant headgroups as observed in significant rises in lipophilic behavior; i.e., the alcohol increased the surfactant headgroup water interaction, leading to the need to increase NaCl at S*.  1-propanol, considered the “weak” alcohol, behaved slightly hydrophilic for both surfactants, and had negligible changes to the surfactant’s Cc values.  
As the length of the alkyl chain length of the alcohol increased, the interaction between the ionic head groups of the surfactants and water are further weakened, and the amphiphilic behavior turned hydrophobic. 2-butanol regularly reduces the S* with increase concentration, driving an increase in hydrophobic affinity, ie. Cc increased. 1-octanol and glycerol were examined and determined to act as hydrophobic linker and hydrotropes, respectively. The nonionic–alcohol mixtures exhibited the most significant variance in SP* where the trend of 2-butanol > methanol > ethanol > 1-propanol and followed the general trend established by Salager.99 
The alcohol hc values for each oil phase were found to be between the two surfactants. Overall, the proposed colligative hydration concept was a success, where the results confirm that the additive properties of alcohol will be observed regardless of the amphiphilic head group.  Similar to how it has been observed that specific ion effects can be explained by accounting for the ion size and the ion hydration number, alcohol hydration number values, hC, where qualitatively comparable to the Zavitsas hydrodesimic numbers, hD, found through freezing point depressions, which are close to the traditional colligative hydration numbers.   The general trend of increasing the alcohol alkyl length was observed, decreasing the alcohol's ability to interact with free interfacial water as it tends to partition deeper into the surfactant palisade layer.  By quantifying the interfacial behavior, using the additive properties of polar solutes will be beneficial as a formulator can now quickly model the approximate optimum salinities of common alcohols by concentration without changing the surfactant’s HLD parameters. 

















[bookmark: _Toc39595750]CHAPTER 6: Conclusions and Future Implications
This dissertation has shown the significance of using a colligative approach to specific ion effects and alcohols by utilizing their respective additive properties. Additionally the research has promoted the use of microemulsion systems, specifically the Type III, as a useful tool in the study of amphiphilic behavior. The important highlights of the conclusions will be discussed along with the implications of these findings on future work and applications. 
In Chapter 3, the recognition of nonideality occurring between surfactant mixtures was demonstrated. For surfactant mixtures of all types, a region (x2 = 0-20%) of low nonideality was found; whereas the general deviations were hydrophobic. The findings discussed provide a formulator the ability to assume ideal mixing and still acquire reasonable HLD parameters, while still recognizing the possible deviations. The discovery of a nonionic reference surfactant was an important step to examining not only the nonideality of solutions, but the understanding of the HLD parameters, K and Cc, of other commercial surfactants. The surfactant structure was shown to emerge through HLD parameters such as the K value which correlated with the carbon number of the lipophile. The linear regressions were found to be KNonionic=0.2*(CN) + 0.001 and KAnionics=0.004*(CN) + 0.23.  Furthermore, it was shown that the HLB values do connect quite well with experimentally found Cc values providing additional evidence that the surfactant structure are apparent for kinetically stable emulsions as well as thermodynamically microemulsions. For anionic surfactants the relationship between HLBDavies and Cc was HLB= -16*(Ccanionic) + 5.5, whereas for nonionics HLBGriffin= -1.1*(Ccnonionic) + 11. Such correlations should be helpful to formulators attempting to work between HLB and HLD models for a range of commercially important surfactants whose HLD parameters have not yet be determined.
Chapter 4 explores the specific ion effects of anionic and nonionic microemulsions where it was demonstrated that specific cations affect amphiphilic behavior as well as the microemulsion properties such as the solubilization parameter. The change in the amphiphile Cc variable indicated that the specific ion effects primarily occur at the head group level. The sulfonate and sulfate surfactants were found to “bind” up to three water molecules determined through the freezing point depression. The differences in the anionic head groups were considered; where the added propoxy groups may dehydrate or reduce the surfactant head group’s access to interfacial water.  The proposed colligative hydration models shown below,


were successful in providing better predictions of optimum salinities for chloride salts for anionic amphiphiles than what is available currently in literature. Additionally, the nonionic surfactants reproduced similar colligative hydration numbers, hC, in which the additive properties of the cations were concluded to be present for both types of amphiphiles. The use of this new approach will provide an avenue for formulators to reproduce optimum salinities of various salts using their additive properties and model surfactants readily with a single-phase behavior scan.
Chapter 5 presented the study of the effects of alcohols when added to anionic and nonionic microemulsions, additionally extending the colligative approach in order to predict surfactant behavior using alcohol additive properties. Low molecular weight alcohols, methanol to 2-butanol as well as 1-octanol and glycerol, shifted the amphiphilic behavior. The results of the alcohol-surfactant mixtures shadowed Bourrel and Chambu’s original observations. As the length of the alkyl chain of the alcohol increased, the hydrophilicity of ionic head groups are further weakened, and the amphiphilic behavior turned hydrophobic. Only the nonionic–alcohol mixtures had the largest differences in SP* where the trend of methanol> 2-butanol > ethanol > 1-propanol was exhibited. Similarly to the previous findings of chloride salt-surfactant mixtures, the alcohol’s colligative hydration number, hC, for each oil phase were found to reappear between the two surfactants. Likewise, the proposed colligative hydration concept was considered for alcohols and is reiterated here: . It was found to reasonably predict the optimum salinities using the alcohol’s averaged hC. The results confirm that the additive properties of alcohols and potentially other interfacially actives solutes will be observed regardless of the amphiphilic head group. The alcohol hC values where qualitatively similar to Zavitsas’ hydrodesimic numbers, hD, found through freezing point depression of alcohol-water mixtures.  By quantifying the interfacial behavior, using the additive properties of polar solutes, a formulator can now quickly model the approximate optimum salinities of common alcohols by concentration without changing the surfactant’s HLD parameters. 
In order to provide evidence that the colligative hydration number, hC, is accounting for the solute hydration, further testing is required. It is recommended that more solute-surfactant systems be evaluated using the equations proposed in this study. Freezing point or melting point data of surfactants and other additional solutes should be considered using Zivatsas’ hydrodesimic approach and compared against the hc values obtained using Type III microemulsions.  Additionally, colligative properties should be examined in other amphiphilic behaviors using other techniques such as NMR, microscopy, and DLS. 
Additionally, more empirical data is needed for exotic molecules, such as active pharmaceutical ingredients (APIs) that have low permeability and largely remain insoluble in hydrophilic systems. There is desperate need in some cases, an example of which is chemotherapies that could be supported with the results presented in this study. As such, it is imperative to continue researching and gain further understanding of amphiphilic behaviors as well as the interactions that interfacially active solutes exhibit on simple to complex solutions.
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API- Active Pharmaceutical Ingredient
CA- Alcohol Concentration (g/100ml)
Cc- Characteristic Curvature
CMC- Critical Micelle Concentration
CN- Amphiphile Lipophile Carbon Number
DLS- Dynamic Light Scattering
EACN- Effective Alkane Number
EO- Polyoxyethylene
F(A)- Function of Additive/Alcohol
Gex- Excess Gibbs Free Energy
hC- Colligative Hydration Number
hD- Zavitsas’s Hydrodesmic Number
HLB- Hydrophilic Lipophilic Balance
HLDi- Ionic Hydrophilic Lipophilic Deviation 
HLDmixed- Mixed System Hydrophilic Lipophilic Deviation
HLDNAC- Hydrophilic Lipophilic Deviation-Net Average Curvature
HLDni- Nonionic Hydrophilic Lipophilic Deviation
HPLC- High Performance Liquid Chromatography
ie- van’t hoff coefficient
IFT- Interfacial Tension (mN/m)
K- Amphiphile Lipophile Oil Interaction Term
KF- Cryoscopic factor
L- Length of the Amphiphile
L4- Laureth 4; C12E4
Lc- Tanford’s Length
Mw- Molecular Weight
NMR- Nuclear Magnetic Resonance
PIP- Phase Inversion Point
PIT- Phase Inversion Temperature
PO- Polyoxypropylene
R ratio- Winsors description of microemulsions where R= hydrophobic interaction/hydrophilic interaction
S- Salinity (g/100ml)
S*- Optimum Salinity where HLD=0 (g/100ml)
SAD- Surfactant Affinity Difference
SAnton- Salinity using Anton’s modifications (g/100ml)
SDCHS- Sodium dicyclohexyl Sulfosuccinate
SDHS- Sodium dihexyl Sulfosuccinate
SDOS Sodium dioctyl Sulfosuccinate
SDS- Sodium Dodecyl Sulfate
SIonicStrength- Salinity using Anton’s modifications (g/100ml)
SP- Solubilization Parameter (mL/g of surfactant)
SP*- Optimum Solubilization Parameter where HLD=0 (mL/g of surfactant)
WI WIII WII- Winsor Type I, Winsor Type III, Winsor Type II
Z- Valency
[bookmark: _Toc39595754]Surfactant and Amphiphile HLD Values
[image: ]Table S1: HLD parameters of Anionic Surfactants 

*Obtained via SDHS
**Obtained via SDHS & C810E3.5
***Obtained via SDHS- Dr. Su


Table S2: HLD parameters of Nonionic Surfactants and Amphiphiles

[image: ]*Obtained via C810E3.5




[image: ][image: ]Supplementary Graphs and Figures Figure S2: Partition Coefficient (Kp) vs EACN (Octanol, Hexane, Decane) for selected sulfosuccinate surfactants
Figure S1: Raw Cc vs HLB for selected surfactant systems



[image: ]Figure S3: Colligative hydration number, hc, vs wt% ratio of total chloride salt (NaCl) for mixed chloride salt systems for SDHS 

[image: ]	Figure S4: Distribution of colligative hydration number, hc, for sodium chloride for anionic and *nonionic chloride salt mixtures





[image: ]Figure S5: Fish diagram for SDHS for EACN range of 6-8, the precipitation boundary is labeled (blue line)
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