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Abstract 

Surfactant Mediated Acid-Base Particle Charging in Apolar Media 

Matthew Gacek 

Chair of the Supervisory Committee: 

Professor John C. Berg 

Department of Chemical Engineering 

 The creation and stabilization of electric charge in apolar environments (dielectric 

constant å 2) has been an area of interest dating back to when an explanation was sought for the 

occurrence of what are now known as electrokinetic explosions during the pumping of fuels. 

More recently attention has focused on the charging of suspended particles in such media, 

underlying such applications as electrophoretic displays (e.g., the Amazon Kindle® reader) and 

new printing devices (e.g., the HP Indigo® Digital Press). The endeavor has been challenging 

owing to the complexity of the systems involved and the large number of factors that appear to 

be important. A number of different, and sometimes conflicting, theories for particle surface 

charging have been advanced, but most observations obtained in the authorsô laboratory, as well 

as others, appear to be explainable in terms of an acid-base mechanism. Adducts formed between 

chemical functional groups on the particle surface and monomers of reverse micelle-forming 

surfactants dissociate, leaving charged groups on the surface, while the counter-charges formed 

are sequestered in the reverse micelles. For a series of mineral oxides in a given medium with a 

given surfactant, surface charging (as quantified by the maximum electrophoretic mobility or 

zeta potential obtained as surfactant concentration is varied) was found to scale linearly with the 



 
 

aqueous PZC (or IEP) values of the oxides. Different surfactants, with the same oxide series, 

yielded similar behavior, but with different PZC crossover points between negative and positive 

particle charging, and different slopes of charge vs. PZC. Thus the oxide series could be used as 

a yardstick to characterize the acid-base properties of the surfactants. This has led directly to the 

study of other materials, including surface-modified oxides, carbon blacks, pigments (charge 

transfer complexes), and polymer latices. This dissertation focuses on the acid-base mechanism 

of particle charging in the context of the many other factors that are important to the 

phenomenon, including the presence of water, of other components (e.g., synergists, 

contaminants, etc.), and of electric field effects. The goal is the construction of a road map 

describing the anticipated particle charging behavior in a wide variety of systems, assisting in the 

choice or development of materials for specific applications.  
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Chapter 1 

Overview of acid-base charging in apolar media 

1.1. Introduction  

 There are a number of key factors that must be accounted for in the study of particle 

charging in apolar media, but none as important as the mechanism by which particles obtain 

charge. Identifying and understanding the nature of particle charging in these systems has been 

of central focus in this area of study for decades and it appears that a unifying mechanism has 

emerged: that of acid-base interactions. It appears that, for most systems, the magnitude and 

polarity of charge is dependent on the relative acid-base properties of the surfactant and the 

particle surface, the ñhardò or ñsoftò nature of the surfactant head group, and the ability for the 

surfactant to stabilize charges in reverse micelles. Exploring the recent research in this area and 

the validity of the acid-base mechanism is the main focus of the current work. 

 The study of charge generation in nonpolar systems has remained an active area of 

interest over 100 years after it was initially investigated [1ï3]. Interest in the subject was 

sporadic until the 1950s as the control of conductivity became important for preventing 

electrokinetic explosions in the petroleum industry [4]. Over time, the idea of generating and 

manipulating charge on particle surfaces has been applied to a number of different applications 

[5], particularly as it applies to electrostatic particle stabilization in media of low dielectric 

constant [6ï12]. Some specific applications include the stabilization of carbon particles in motor 

oil [13ï16], stabilization of pigment in paints and inks [5], electrophoretic displays [17ï20], and 

full color ñdigital pressò electronic lithographic printers (http://www8.hp.com/us/en/commercial-
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printers/indigo-presses/overview.html). For many applications it is desirable for the medium to 

be insulating, limiting power consumption and providing long battery life in many of the e-

reader devices available today. Such applications have helped drive research to better understand 

the phenomena of stabilizing charge in apolar (dielectric constant of approximately 2 or lower) 

fluids. 

 The generation of stable charge in apolar systems is less probable than in aqueous 

systems due to the low dielectric constant of the medium. A simplistic energetic explanation of 

this is the Bjerrum length (ɚB) which is defined as the ratio of the force of coulombic attraction to 

the thermal energy in the system: 

         (1.1) 

where e is the elementary charge, Ů is the dielectric constant of the medium, Ů0 is the permittivity 

of free space, kB is the Boltsmann constant, and T is the absolute temperature. In essence, ɚB 

characterizes the effective distance of separation needed for charges to be stable. In room 

temperature water ɚB is only about 0.7 nm. This is of the order of the size of a hydration sheath of 

water molecules, allowing most ions to freely dissociate. In an apolar environment of a dielectric 

constant of 2.0 the Bjerrum length is of the order of 28 nm, preventing free dissociation of most 

ions. Some level of spontaneous dissociation can be achieved for very large organic ions [21]. 

More commonly, charge stabilization is achieved through the addition of surfactants that form 

reverse micelles or similar aggregates. A reverse micelle has a polar core of large dielectric 

surrounded by a shell of the hydrophobic surfactant tail groups. The high dielectric core is a 

region that is more energetically favorable to house charge. An interesting aspect of reverse 

micelles is that the critical micelle concentration (CMC) does not appear always to be a distinct 
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concentration as it is in aqueous systems [22,23]. There may be surfactant doublets, triplets, and 

ñpre-micellarò aggregates that form near the CMC [24], and it has been suggested that the 

presence of some water may be required for reverse micelles to form at all [25ï27]. Reverse 

micelles are believed to be capable of acquiring charge through the process of 

disproportionation, where two neutral micelles collide and exchange charge to yield a positively 

charged micelle and a negatively charged micelle, as opposed to a single micelle expelling an ion 

via dissociation [5,28ï32]. The reason for this is that it is more energetically favorable for both 

the positive and negative ion to be housed in a reverse micelle as opposed to one bare ion being 

in the apolar medium. The charging of reverse micelles has been studied extensively using 

transient current measurements [32ï37]. In addition, there is some evidence that near the CMC 

pre-micellar aggregates may engage in some amount of dissociation as the concentration of 

micelles is not large enough to engage in disproportionation. This is demonstrated by 

conductivity measurements of solutions of dioctyl sodium sulfosuccinate, more commonly 

known as Aerosol OT (AOT), in hexadecane as shown in Figure 1.1 [31].   

 The presence of reverse micelles is also generally believed to be necessary to stabilize 

charge on particle surfaces in apolar media. It is assumed that the system is net neutral in charge. 

Therefore, when a particle surface acquires charge, the counter charge must be stabilized 

elsewhere (presumably in reverse micelles).  This is repeatedly demonstrated in the literature in 

that particles have little to no charge below the detected surfactant CMC and suddenly begin to 

charge once that concentration is reached [6,38ï40]. As research has progressed, there have been 

a number of mechanisms put forth and debated at length in the literature. Many of these 

mechanisms appear to be highly system dependent, making it difficult to apply them to apolar 

systems in any general way. The proposed mechanisms include but are not limited to the 
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adsorption of bare ions produced from micelle dissociation [40,41], ionization of groups on the 

particle surface [8,42,43], preferential adsorption of charged micelles or hemi-micelles [41,44ï

47], and acid-base charge transfer [14,15,39,48ï50].  

 

Figure 1.1. Conductivity of AOT/hexadecane solutions without particles. Symbols indicate 

measurements. Red dashed line indicates reverse micelle contribution to conductivity. Reprinted 

with permission from [Sainis, S.K.; Merrill, J.W.; Dufresne, E.R.; Langmuir 2008, 24, 13334ï

13337]. Copyright [2008] American Chemical Society. 

 

 In recent years there has been growing evidence to support the theory of acid-base charge 

transfer being the dominant mechanism for a variety of apolar systems. The acid-base 

mechanism, originally put forth by Fowkes [14,15,48], proposes that the polarity and magnitude 

of charge is strongly dictated by the relative acidity or basicity of both the surfactant and the 

particle surface functionality. This theory has been shown to be applicable for a number of 

different types of surfactants as well as a wide variety of particles, as discussed in more detail in 

Section 1.3. It has previously been established for non-aqueous systems of intermediate dielectric 
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constant, otherwise known as ñleakyò dielectric fluids, that acid-base properties play an 

important role in determining the polarity and magnitude of charge [51ï57], but the scope of this 

review is confined to apolar systems of low dielectric constant, where reverse micelles are 

necessary to stabilize charge. One of the main challenges of validating the acid-base charging 

mechanism is first identifying and characterizing the acid-base properties of both the surfactant 

molecules and the particle surfaces, and some of the common techniques used are summarized in 

Section 1.2. 

 Studying the behavior of charge generation and stabilization in these systems is difficult 

due to the inherent complexity of such systems, even in an ideal laboratory setting. There are a 

number of key variables that need to be taken into consideration at all times. One of the most 

commonly identified variables is surfactant concentration. As previously mentioned, a certain 

concentration of surfactant is required to form reverse micelles, above which particles will obtain 

charge. However, it is also commonly observed that once the surfactant concentration reaches a 

certain point, the particle charge decreases with increasing surfactant [31,38ï40,58ï60]. It is 

believed that this occurs due to charge screening or neutralization cause by charged reverse 

micelles [29,31,61,62]. At large surfactant concentrations, more charge is generated in the bulk 

solution due to micelle-micelle charging, increasing this effect. The size of the polar cores of the 

reverse micelles and the amount of trace water in the system, to which it contributes, are also 

significant factors for both micelle and particle charging (discussed further in Sections 1.4 and 

1.5). Another important factor that is often overlooked is the effect of the applied electric field 

used during particle electrophoretic mobility measurements. It has been repeatedly shown that a 

significant amount of charge can be induced on particles in the presence of a strong electric field 

[49,61ï65], and is a recurring issue in electrophoretic mobility studies. These effects appear to 
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be particularly strong near the surfactant CMC. To account for this, measurements should be 

conducted at several different applied electric field strengths, and the electrophoretic mobility 

should be extrapolated back to zero applied field strength to ascertain the inherent particle 

surface charge. One must be aware of this when considering the results of any study that does not 

account for these effects. Because of the complexity of these systems, it is the purpose of this 

review to explore in detail some of the major factors that affect particle charging in apolar media. 

The goal is to shed some light on what is currently understood about these systems so that more 

targeted and refined studies may be conducted in this fascinating area of research.  

1.2. Characterizing acid and base properties for fluids and solids 

 Before one can analyze the validity of an acid-base charging mechanism for particles 

dispersed in apolar media it is important to review how acids and bases are defined and 

characterized. There have been a number of other reviews that have focused solely on this topic 

[66,67], and those ideas will be summarized in this section. Of particular interest is the issue of 

applying the characterization of acids and bases to apolar systems, since acid-base interactions 

are traditionally defined in the context of aqueous systems. An example of this is the classic 

interpretation of acids and bases that was put forth by Arrhenius in 1887 [68]. In his definition 

acids are identified as anything that increases the hydronium ion concentration, and bases are 

anything that increases the hydroxyl ion concentration of the solution. In this definition, an acid-

base reaction was one that yielded a salt and water upon neutralization of the acid and base as 

shown in equation (1.2).  

    (1.2) 
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1.2.1. Brønsted-Lowry and Lewis acid-base theories 

 While the Arrhenius theory was a significant first step toward modern acid-base theory, it 

was limited by the fact that acids and bases are defined by their relationship with water. In 1923 

this definition was independently broadened by Brønsted [69] and Lowry [70]. An acid was 

something that could act as a proton donor and a base was a proton acceptor. While this 

definition retained the idea that a proton is transferred during an acid-base reaction, water was no 

longer required to take part in the reaction. Since a proton cannot exist on its own, there must be 

a base present to accept the proton. When this happens, the acid that donates a proton becomes a 

conjugate base of the acid, and a base that accepts a proton becomes a conjugate acid of the base. 

This is depicted in the reversible reaction in equation (1.3).  

 (1.3) 

An important aspect of the Brønsted-Lowry theory is that most all substances have the capability 

of being both acidic and basic. Defining something as an acid or a base becomes a matter of the 

relative acidity or basicity of a substance. Therefore, one can rank the acidic strength of a series 

of materials relative to a common base or the basicity of materials relative to a common acid. 

This theory can also be applied to functional groups on a solid surface. 

 A more comprehensive definition for acids and bases was put forth at the same time by 

Lewis [71]. This definition removes the restriction of acid-base reactions requiring the transfer of 

a proton to encapsulate a broader understanding of possible interactions. A Lewis base is defined 

as a substance that can donate an electron pair, whereas a Lewis acid is something that can 

accept an electron pair [72]. Therefore, an acid-base reaction results in the formation of a dative 
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bond between the acid and base, where the electrons are furnished solely by the base, and such a 

formation is referred to as an acid base adduct as shown in equation (1.4). 

                                    (1.4) 

 In addition, acid-base adducts can undergo displacement reactions. These occur when the 

acid-base components of an adduct are transferred between different species in a solution as 

shown in equation (1.5). 

        (1.5) 

It is important to note that equation (1.5) takes the same form as the Brønsted-Lowry acid-base 

reaction depicted in equation (1.3). The implication is that Brønsted-Lowry acids can be Lewis 

adducts with the acidic portion being H
+
. In addition, all Brønsted-Lowry bases are also Lewis 

bases. Therefore, the Lewis definition of acid-base reaction is more universally applicable, but in 

aqueous solutions the Brønsted-Lowry description is usually a more convenient approach. 

1.2.2. Characterizing and ranking acids and bases 

 A common aspect of Brønsted-Lowry theory as well as Lewis acid-base theory is that 

while molecules can be inert (neither acidic nor basic) or monofunctional acids or bases, most 

materials are at least somewhat bifunctional or amphoteric, in that they can act as both acids and 

bases. How a molecule or functional group is classified depends on whether it is a stronger acid 

or a base. This can often be difficult to determine simply by looking at the molecular structure. 

Therefore, a number of analytical tests have been employed to create ranking systems for both 

acidity and basicity, some of which are detailed below. 
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1.2.2.1. Acid dissociation constant (KA) 

 The strength of a Brønsted-Lowry acid or base can be described by the acid dissociation 

constant (KA) and base dissociation constant (KB), respectively. These terms describe the 

tendency for an acid to donate a proton or a conjugate base to accept a proton. In theory, this can 

be done regardless of solvent effects by the following equations [67]: 

                     (1.6) 

           (1.7) 

where aH is the activity of the proton species, [HA]  is the concentration of the acid, and [A
-
]  is 

the concentration of the conjugate base. Therefore, a strong acid has a weak conjugate base and a 

weak acid has a strong conjugate base. There are a few practical challenges to determining these 

values. The first is that KA and KB cannot be measured directly because an acid cannot act as a 

proton donor without the presence of a base to receive it. This means that the acidity of a 

substance can only be measured with reference to a base by measuring the equilibrium constant 

(K) of the acid-base reaction depicted in equation (1.3).   

         (1.8) 

This means that comparing the K values of a series of acids with the same reference base 

(typically water) gives a ranking of the acidity that should be independent of the solvent. Bases 

may be similarly ranked in reference to a common acid (also typically water). The second 

obstacle that must be overcome is that the activity of the different species is not dependent on 

just the concentration, but also the activity coefficient. To account for this, most dissociation 
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constants are determined in a solution of high ionic strength, where the product of the activity 

coefficients is assumed to be constant [73]. Overall, the acid dissociation constant represents a 

convenient and effective means for ranking acidity and basicity for substances that exhibit 

Brønsted-Lowry type acid-base interactions and are soluble in aqueous solutions. 

 A common industrial technique used to represent acid-base properties of petroleum 

products, especially surfactants, is the ñacid numberò (ASTM D664) [74] and ñbase numberò 

(ASTM D2896) [75]. The acid number is defined as the number of milligrams of KOH needed to 

neutralize 1 gram of an acid of interest. The base number is defined as the equivalent basicity of 

1 gram of a base of interest defined in terms of the number of milligrams of KOH. There are 

several different techniques that are used to determine these values, but the most common is 

potentiometric titration. The acid number is usually obtained through titration of potassium 

hydroxide in solution with propane-2-ol, and the base number is determined by the titration of 

perchloric acid. 

1.2.2.2. Gutmann donor / acceptor number 

 Determining the relative strength of Lewis acids and bases requires a different approach 

than what is used for Brønsted-Lowry acids and bases discussed above. A method of 

characterizing and ranking Lewis acids and bases was first developed by Gutmann et al. [76,77] 

and later added to by Fowkes [48]. Gutmann introduced the donor number (DN) for quantifying 

the strength of Lewis bases. It was defined as the molar exothermic heat of reaction with 10
-3

 M 

antimony pentachloride (SbCl5), a very strong acid, in a neutral solvent (1,2-dichlorothane) [67]. 

         (1.9) 
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 Later, the acceptor number (AN) was introduced by Gutmann and coworkers, and is 

defined as the relative 
31

P NMR downfield shift (ȹŭ) induced in triethyl phosphine when 

dissolved in the acid of interest. For reference, the neutral solvent hexane was assigned an 

acceptor number of 0, and SbCl5 was assigned a value of 100. Later, this characterization 

technique was refined by Riddle and Fowkes [48] when they indicated that the 
31

P NMR 

spectrum shift is affected by van der Waals interactions. This would significantly alter a number 

of the previously reported AN values. As an adjustment, the Lifshitz-van der Waals (LW) shift 

was subtracted from the total shift to yield the acid-base contribution. Riddle and Fowkes 

showed that the Lifshitz-van der Waals contribution to the spectrum shift (ȹŭ
LW

) can be 

correlated to the LW contribution to the liquid surface tension (ů
LW

) by the following equation 

        (1.10) 

where ŭ0 is 
31

P NMR peak position for (C2H5)3PO (referenced to diphenylphosphinic chloride, 

extrapolated to zero concentration, and corrected for volume susceptibility vs n-hexane), as 

tabulated by Gutmann [78], and ů
LW

 is in units of mJ/m
2
. This adjustment greatly enhances the 

agreement between the AN and the expected enthalpy of interaction with a base of known DN. 

This single-parameter ranking of acidity or basicity is convenient in its simplicity and 

relationship to fundamental system properties. In addition, the AN and DN allow for materials to 

be classified as bifunctional acids and bases. However, it does overlook some aspects of Lewis 

acid-base interactions that are accounted for in Section 1.2.2.3. 

1.2.2.3. Drago E and C parameters 

 Another method for determining the relative strength of Lewis acids was proposed by 

Drago and Wayland [79]. As the Lewis acid-base interaction is defined by adduct formation, it is 
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more appropriate to determine the exothermic molar heat of reaction of forming an adduct (-ȹ 

H
AB

) of the type depicted in equation (1.4). An interesting complication was revealed by the 

work of Pearson on the ñhard and softò acid-base (HSAB) principle [80] which followed from 

work done by Mulliken [81] and Edwards [82]. Pearsons suggested that the energy of interaction 

between Lewis acids and bases is twofold: electrostatic (hard) and covalent (soft). A ñhardò acid 

or base is one that has a small size, low polarizability, high oxidation state, and high positive 

charge density at the acceptor site (acids) or high negative charge density at the donor site 

(bases). Conversely, a ñsoftò acid or base is one that has a large size, high polarizability, low 

oxidation state, and low charge density at the acceptor (acid) or donor (base) site. Drago and 

Wayland translated this idea to predicting the enthalpy of acid-base adduct formation in organic 

liquids: 

         (1.11) 

where EA and EB represents the ñhardò or electrostatic contribution, and CA and CB represent the 

ñsoftò or covalent contribution to the heat of adduct formation. As equation (1.11) shows, the 

strongest acid-base interactions will occur when a hard acid interacts with a hard base or when a 

soft acid interacts with a soft base. Drago E and C parameters have been compiled for a large 

number of molecules using calorimetry and other measurements, and they have proven to be a 

fairly effective predictive tool for Lewis acid-base interactions. The major downside of this 

classification is that, unlike the AN and DN, it assumes all materials are either monotonic acids or 

monotonic bases. To account for this would require two sets of E and C parameters for each 

substance (one for acidic properties and one for basic properties).  
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1.2.3. Acid-base characterizations for solid surfaces 

 Analyzing the charging behavior of particles requires one to be able to characterize the 

acid-base properties of a solid surface, typically in contact with a fluid. This is more complicated 

than it sounds at first glance as a surface is almost always populated by a diverse collection of 

exposed functional groups. For example, even something as simple as a mineral oxide can be 

composed of surface oxygen groups with a wide variety of functionality. The following 

discussion demonstrates the difficulty of finding a reliable set of parameters for describing how a 

solid surface will interact with a liquid in the context of acidity and basicity.   

1.2.3.1. van Oss-Chaudhury-Good correlation 

 The van Oss-Chaudhury-Good (vOCG) correlation uses the contact angle of several 

probe liquids to determine the acidity and basicity of the surface. The ability to do this stems 

from the extension of the geometric combining rule used for short-range interfacial forces put 

forth by van Oss et al. [83] which allows one to express the acid-base component of the surface 

tension as 

          (1.12) 

where ů
+
 and ů

-
 are the characteristic acid and base parameters of the material, either solid or 

liquid. From this, one can express the interfacial tension as  

     (1.13) 

If applied to a probe liquid in contact with a solid surface of interest, one can combine equation 

(1.13) with Youngôs equation: 
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         (1.14) 

where ůS is the solid surface energy, ůL is the liquid surface tension, and ůSL is the solid-liquid 

interfacial tension. The resulting relationship takes the following form 

      (1.15) 

Using equation (1.15), one can determine the vOCG acid and base parameters of a solid (ůS
+
 and 

ůS
-
) by measuring the contact angle of two separate probe liquids of known surface tension and 

known ůL
+
 and ůL

-
. The LW component of the solid surface can be determined using an inert 

probe liquid. The main difficulty in implementing this technique is determining the ůL
+
 and ůL

-
 of 

the probe liquids. This problem was addressed by van Oss and coworkers by using water as the 

first probe liquid, which is known to have a surface tension of 72.8 mN/m (ů
LW

 = 21.8 mN/m and 

ů
AB

 = 51.0 mN/m at 20 
o
C). They then assumed that the acid and base vOCG parameters of water 

were equal to one another, and this allowed them to solve equation (1.13) to yield a value of 25.5 

mN/m for both ůW
+
 and ůW

-
. Once the first probe liquid was fully defined, van Oss and 

coworkers used a series of presumed monofunctional solids to determine the vOCG parameters 

of several other reference liquids (glycerol, formamide, and dimethyl sulfoxide). 

 With these probe liquids characterized it is now, in principle, possible to determine the 

ůS
+
 and ůS

-
 parameters for any solid surface of interest, provided the probe liquids do not wet out 

the solid. The vOCG correlation is widely used due to the simplicity of the technique, and 

because it captures the bifunctional nature of the solids. However, it should be noted that these 

parameters do not take into account any ñhardò or ñsoftò acid-base effects that may take place 

between the solid and liquid. In addition, the validity of this technique has not been fully 

justified, as there are a couple of key assumptions that may or may not be valid. The first of 
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which is that the extension of the geometric mixing rule to acid-base interactions has no 

theoretical foundation. Secondly, the assumption that ůW
+
 = ůW

-
 is made with no obvious 

justification. It is observed that almost all solid surfaces appear to be dominantly basic according 

to the vOCG correlation. In addition, the vOCG parameters for solids cannot be compared to any 

other thermodynamic parameters such as the Drago or Gutmann parameters as there is no 

fundamental relationship between these values. Lastly, there appears to be some internal 

inconsistency with the vOCG model, as demonstrated by Kwok [84]. Kwok tested the model by 

calculating ů
LW

, ů
+
, and ů

-
 for fluorocarbon, polystyrene, and poly(methyl methacrylate) using 

contact angles of different combinations of probe liquids, and found that the calculated values 

depended significantly on the probe liquids used. Considering all of these factors, the validity of 

the vOCG correlation is often questioned. 

1.2.3.2. Isoelectric point (IEP) and point of zero charge (PZC) 

 There are a large number of materials that have surface functional groups that will 

undergo acid-base charge transfer in the presence of water. Examples of this are mineral oxides, 

which have surface oxygen functionality that is hydroxylated to some extent when in the 

presence of some moisture (even low levels of water vapor). These surface hydroxyl groups are 

capable of either accepting a proton when in a solution of low pH 

        (1.16) 

or donating a proton when in a solution of high pH 

        (1.17) 
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As a result, mineral oxide surfaces will often obtain a net charge when in contact with an 

aqueous solution. At a specific pH, the net surface charge becomes zero, and this point is known 

as the point of zero charge (PZC). The PZC will vary from oxide to oxide based on the 

characteristic acidity or basicity of the surface of the material, as depicted in Figure 1.2. The 

method for determining the point of zero charge involves performing potentiometric titrations at 

several different background electrolyte concentrations. When moles of acid or base is plotted 

against the solution pH there will be a common intersection point for the different background 

electrolyte concentrations, assuming there is no specific adsorption of ions or chemical alteration 

of the surface. This intersection point corresponds to the PZC, because it is the only point at 

which the differences in screening caused by different electrolyte concentrations would be 

nonexistent. In general, the PZC can apply to any charge determining ions, but for surfaces 

where the charge determining ions are H3O
+
 and OH

-
 it is a useful tool for ranking the acidity or 

basicity of the surface of a material.  

 

Figure 1.2. A schematic of the PZC or IEP of mineral oxide particles is depicted. The inherent 

acidity or basicity of mineral oxides is well described by the pH at which the surfaces have net 

neutral charge when in contact with an aqueous system.  
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 Similarly, the isoelectric point (IEP) is the pH at which the zeta potential, the potential at 

the plane of shear between the surface and the solution, is zero. The IEP is determined by 

electrokinetic titration, where the zeta potential is calculated at several different pHs to determine 

the point at which it is zero. As long as there is no specific adsorption of ions to the particle 

surface, the IEP will be identical to the PZC. 

 The IEP and PZC have become the most commonly used scale of solid acid-base 

properties, especially for salts and oxides. As a result of the convenience and popularity of these 

techniques IEP and PZC values have been documented for a large number of materials [85,86]. 

Of course, the material to be probed must be insoluble in water, which somewhat limits the 

applicability of this technique. It should be noted that the IEP and PZC take into account both 

Brønsted-Lowry and Lewis type acid-base interactions. As previously mentioned, even though 

these interactions are conveniently described as proton transfer events, such charge transfer 

events are captured by the electron transfer description of Lewis acid-base theory.  

1.2.3.3. Inverse gas chromatography (IGC) 

 Inverse gas chromatography (IGC) is one of the most powerful techniques that can be 

used for probing the surface energy as well as the acid-base properties of a solid surface [87]. 

The apparatus for IGC is identical to traditional gas chromatography, where one is probing the 

properties of a gas of interest with a known stationary solid phase. What makes IGC the 

ñinverseò of traditional gas chromatography is that one is probing the properties of a stationary 

solid of interest with known gas samples. Inverse gas chromatography is typically run in the 

infinite dilution regime by injecting a small sample of the probe gas into a stream of inert carrier 

gas (such as nitrogen) which then flows through a column packed with the solid material of 
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interest. This means that the resulting adsorption onto the solid surface is in the linear ñHenryôs 

lawò regime. The main parameter that is measured is the relative retention volume (VN), defined 

as the volume of the inert carrier gas required to elute the injected probe through the sample. 

This is determined using the following equation 

         (1.18) 

where j is a correction factor to account for the pressure drop across the length of the column, 

Fcol is the volumetric flow rate of the carrier gas, tR is the retention time of the probe gas, and tref 

is the retention time for the nonadsorbing carrier gas (typically this is probed with methane). 

When in the ñHenryôs lawò regime, the retention volume relates to the surface energy and acid-

base properties by the following equation 

      (1.19) 

where R is the ideal gas constant, T is the absolute temperature, amol is the molar area of the 

adsorbate on the surface, ůS
LW

 and ůL
LW

 are the Lifshitz-van der Waals contributions to the 

surface tension of the solid and the probe, ȹGads
AB

 is the acid-base contribution to the free energy 

change of adsorption, and C is a constant that depends on the choice of the reference state. For 

gas probes that are inert with regard to acid-base properties, such as linear alkanes, the ȹGads
AB

 

term is equal to zero. Therefore, if a series of linear alkanes are used, typically butane through 

nonane, one can plot RTln(VN) as a function of amol(ůL
LW

)
1/2

 and obtain a straight line with a slope 

of 2(ůS
LW

)
1/2

.  

 Once the LW contribution to adsorption energy is determined, one can inject various acid 

and base probes. The additional adsorption energy contributed by either a basic probe binding 
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with an acidic site on the solid surface or an acidic probe binding with a basic site on the solid 

surface will require a larger VN to elute the probe than predicted by LW interactions alone. This 

will cause a vertical shift above the alkane line on the RTln(VN) vs. amol(ůL
LW

)
1/2

 plot, which can 

be taken as ïȹGads
AB

 for each probe. A large shift for basic probes indicates a strongly acidic 

surface, and vice versa for the acidic probes. This type of analysis takes into account the 

bifunctionality of the surface, but it does not account for any ñhardò or ñsoftò effects. As a result, 

there are often some small differences in ïȹGads
AB

 from one basic probe to another or one acidic 

probe to another. IGC is, therefore, best used with a variety a probes to give an overall indication 

of acid-base surface properties, unless one is trying to probe a series of solid surfaces against a 

specific chemical probe. 

1.2.3.4. X-ray photoelectron spectroscopy (XPS) 

 Whether dealing with Brønsted-Lowry or Lewis acids and bases, an acid-base reaction 

involves the transfer of electrons or electron density. Therefore, the electron binding energy (EB) 

of the surface groups, obtainable through X-ray photoelectron spectroscopy (XPS), can be used 

to determine the acid-base properties of a material. The binding energy can be used as a measure 

of Lewis basicity, as a lower EB means a lower affinity for electrons. XPS is also a powerful tool 

for identifying the chemical groups, found at the surface of a material, that typically engage in 

acid-base interactions. The surface analysis aspect of this technique has led to a number of 

studies that have correlated EB to acid-base properties of materials. One such study analyzed the 

uptake of sodium cations (a Lewis acid) by a series of basic polymers [88]. There have also been 

a number of studies that have attempted to correlate the EB of mineral oxides with their IEP, with 

varying degrees of success [89,90]. As Delamar suggested, the difficulty in correlating these 

values is that the IEP is based on the competition of acidity and basicity of oxygen groups [90]. 
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Therefore, one needs to introduce a pair of empirical parameters to account for this competition 

before correlating to IEP values.  

1.2.3.5. Calorimetry 

 The relationship between acid-base interactions and the exothermic molar heat of adduct 

formation (-ȹH
AB

) has been mentioned repeatedly in the above sections. It is only logical that the 

direct measurement of the heat of reaction would be a good technique for evaluating the acid-

base properties of a material. The primary drawback with such a test method is that it is a 

relatively time-consuming and tedious process. Therefore, the enthalpy of adduct formation is 

often obtained using correlations to other properties such as infrared (IR) spectral shift [91]. 

Regardless of this, the ïȹH
AB

 can be directly measured via sensitive calorimetry. In doing so, 

one must take into account the LW interactions between the acid or base probe and the material 

of interest and from the lateral interactions between the adsorbed probe molecules. Despite these 

obstacles, a ranking of the acid-base properties of a series of materials can still be made using a 

single acid or base as a reference probe molecule. An example of this is a study of the acid-base 

properties of a series of 20 oxides performed by Auroux and Gervasini [92]. While individual 

enthalpies of both CO2 (acid probe) and NH3 (base probe) could be readily calculated for the 

series of oxides, neither ranking correlated with the IEP of the oxides. This again demonstrates 

the competitive nature of acidic and basic sites that comprises the IEP value of an oxide. 

1.3. Acid-base charging in apolar media 

 As mentioned previously, the mechanism by which particles obtain charge in apolar 

systems is the most important aspect of determining the polarity and magnitude of that charge. 

Significant evidence has been reported in the literature to suggest that the dominant mechanism 
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is acid-base charging. It is believed that surfactant monomers will adsorb in a ñhead downò 

manner (polar group adsorbs to the surface with the nonpolar tail protruding into the fluid) in 

apolar systems. An adsorbed monomer may then form an acid-base adduct with a particle surface 

group. When this adduct separates, there is a finite possibility that charge will transfer between 

the monomer and the particle surface, and the direction of charge transfer is dependent on the 

acid-base properties of both the particle and the surfactant, as depicted schematically in Figure 

1.3. However, the probability of the charged monomer escaping into the bulk on its own is very 

small, and most charging events are neutralized at the particle surface. The monomer counter-

charge is far more probable to escape the particle surface if it can be incorporated into a nearby 

reverse micelle. 

 

Figure 1.3. A generic scheme of acid-base charging is depicted above. An adsorbed monomer 

forms an acid-base adduct with a surface functional group. When the adduct is broken and the 

monomer desorbs, there is a certain probability that charge will be exchanged. The charged 

monomer is then incorporated into a nearby reverse micelle.  

 

The difficulty in practically applying this idea is in properly characterizing the acid-base 

properties of the surfactant and the particle. As discussed in Section 1.2, there is no single 

technique that captures the complete picture of acid-base interactions. The subject becomes more 

challenging when one attempts to translate acid-base behavior from aqueous systems to apolar 

ones. Typically, one must first attempt to characterize the acid-base strength of both the 
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surfactant and the particle surface using one or more techniques in different media. Once these 

characterizations are made, one can attempt to interpret the particle charging that occurs when 

these individual components are dispersed together in an apolar environment. This kind of 

experiment has been conducted for a number of different surfactant and particle systems: ionic 

and nonionic surfactants, and mineral oxide, polymer, organic pigments, and hydrophobic 

particles are all discussed in this section. 

1.3.1. Mineral oxides 

 Mineral oxides have been widely used in apolar charging studies for a number of reasons. 

Firstly, they are an abundant material commonly used in industrial applications, making their 

charging behavior of great interest. Secondly, their acid-base properties have been extensively 

studied in aqueous media and are well characterized by their PZC and IEP [43,85ï87]. This 

includes thermodynamic studies that have shown that there is a linear connection between the 

enthalpy of proton adsorption and the PZC of the oxide [93]. Mineral oxides have also been used 

as early evidence of acid-base interactions in non-aqueous fluids of moderate dielectric constant 

[51ï54]. Another enticing aspect of mineral oxides is that their surfaces can be chemically 

modified to alter their hydrophilic/hydrophobic and acid-base properties. Most of the studies 

conducted on mineral oxides have been of single oxide and surfactant systems. Due to the 

variability in water content, surface functionality from supplier to supplier, and measurement 

technique it is often difficult to correlate the results in a meaningful way. This section will 

therefore focus on some of the more systematic studies of mineral oxide charging. 

 An example of the tunable nature of mineral oxides is a study conducted by Poovaradom 

and Berg [39] in which silica particles were modified to be either basic or acidic. The treatments 
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used were a silanization of the surface hydroxyl groups with either aminopropyltriethoxysilane 

(APS) to make the particles more basic or with 3-glycidoxypropyltrimethoxysilane (GPS) treated 

with acid to open the epoxy ring to impart acidic hydroxyl groups on the surface. The 

effectiveness of these treatments were verified by determining their aqueous IEPs, reported as 

being at a pH of 3.0 for the silica treated with GPS and 8.5 for the APS treated particles. The 

particles were then dispersed with the acidic Span 80 and the basic OLOA 11000 surfactants in 

the apolar solvent Isopar-L. The resulting particle charge is plotted as a function of surfactant 

concentration as shown in Figure 1.4, reproduced with the authorsô permission.  

 

Figure 1.4. Charging of acidic and basic modified silica particles. The electrophoretic mobility 

of amine (basic) and hydroxyl (acidic) functionalized silica particles in (a) OLOA 11000 and (b) 

Span 80. Error bars are derived from three measurements. Reprinted from [Poovarodom, S.; 

Berg, J.C.; J. Colloid Interface Sci. 2010, 346, 370ï377], copyright (2010), with permission from 

Elsevier. 



24 
 

 Both particles obtained a negative charge when dispersed with OLOA 11000, and both 

particles charged positively when dispersed with Span 80. However, the magnitude of the 

particle charge varied significantly depending on the particle surface treatment. Also of note is 

that the magnitude of charge varies as a function of surfactant concentration, with a maximum 

charge occurring at an intermediate concentration. As discussed previously, this is a commonly 

observed trend and the decrease in charge at large surfactant concentration is attributed to 

neutralization or screening. The polarity and magnitude of charge can both be explained by acid-

base charge transfer. The basic surfactant (OLOA 11000) acts as a proton acceptor or electron 

donor when interacting with the particle surface, resulting in a negative particle charge. 

Conversely, the acidic surfactant (Span 80) acts as a proton donor or electron acceptor, imparting 

a positive charge on to the particle surface. The magnitude of charge is dependent on the acidity 

or basicity of the particle surface (i.e. its ability to accept or donate protons or electrons). As 

expected, the magnitude of charge is maximized when an acidic surfactant interacts with a basic 

particle or when a basic particle interacts with an acidic surfactant. What remained unclear from 

this research was whether or not the polarity of charge was determined solely by the surfactant or 

by a combination of the surfactant and particle acid-base properties.  

 In an attempt to delve deeper into the relationship between acid-base properties and 

particle charging, the authors of the current review conducted several studies using a series of 

untreated mineral oxides with IEPs and PZCs that span nearly the entire pH range [50,63]. The 

IEP and PZC of each mineral oxide were experimentally determined to establish the acid-base 

properties of each oxide. The mineral oxides were first stabilized in Isopar-L with the anionic 

surfactant dioctyl sodium sulfosuccinate (AOT) which is commonly used as a charge stabilizer in 

apolar systems. To account for the fact that the electrophoretic mobility varies with surfactant 
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concentration, samples were prepared for a range of AOT concentrations and the maximum 

observed mobility was used for comparison. The maximum particle electrophoretic mobility in 

Isopar-L was then plotted against the PZC for each mineral oxide, represented by the green line 

in Figure 1.5.  

  

Figure 1.5. Charging of mineral oxide series. The maximum zero-field electrophoretic mobility 

of silica (Ợ), titania (ƴ), alumina (ƶ), zinc oxide (ǒ), and magnesia (Ồ) particles dispersed in 

Isopar-L are plotted against their aqueous PZCs. The green symbols (ð Ā ð) represent particles 

dispersed with AOT, the red symbols (- - - -) represent particles dispersed with Span 80, and the 

blue symbols (ð) represent particles dispersed with OLOA 11000. These data were collected in 

the authorsô laboratory in multiple published studies [50,63]. 

 

 It was observed that AOT was capable of charging particles either positively or 

negatively. More importantly, the polarity and magnitude of particle charge correlated directly 

with the PZC of the oxide. The most acidic particle, silica, obtained a negative surface charge. 

The polarity of charge became positive and increased in magnitude with increasing particle 
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basicity. This behavior is precisely what is expected according to acid-base charging theory. It is 

observed that the magnitude and polarity of charge is dictated by the relative acidity of both the 

particle and the surfactant.  If the particle is more acidic than the surfactant, the surfactant acts as 

a proton acceptor or electron donor resulting in a negative particle charge, as depicted 

schematically in Figure 1.6. Conversely, if the particle is more basic than the surfactant, the 

surfactant acts as a proton donor or electron receiver resulting in a positive particle charge. The 

charging behavior observed in this study mirrors the behavior of oxide charging in aqueous 

studies as well as moderate dielectric constant non-aqueous media.  

 

Figure 1.6. Schematic representation of the proposed acid-base charging mechanism for AOT 

and mineral oxides. In the case where the particle surface is more acidic than the AOT monomer 

(top), a proton is removed from the surface by an adsorbed monomer and the particle is charged 

negatively. In the case where the particle is more basic than the AOT monomer (bottom), the 

particle surface adsorbs the sodium ion from the AOT monomer and the particle is charged 

positively. In both cases the charged monomer is stabilized in the bulk solution by becoming 

incorporated in a reverse micelle. Reprinted with permission from [Gacek, M.; Brooks, G.; Berg, 

J.C. Langmuir 2012, 28, 3032-3036]. Copyright [2012] American Chemical Society. 
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 The important difference is that in apolar media it is the acid-base properties of the 

surfactant that determine the particle charge as opposed to the acid-base properties of the 

medium. The implication of this apolar study is that a series of mineral oxides can be used as a 

means of directly characterizing the acid-base properties of the surfactant. The point of charge 

reversal is an indicator of the relative acid-base properties of the surfactant in terms of the pH of 

the oxide PZC. For AOT the charge reversal point occurs at a pH of approximately 5, indicating 

the surfactant acts as a weak acid in apolar systems. 

 The study with the series of mineral oxides was repeated for the acidic surfactant Span 80 

and the basic surfactant OLOA 11000, shown in Figure 1.5. A similar correlation was observed 

for both surfactants in that the acidic particles charged more negatively or less positively than the 

basic particles. The biggest difference between the results for Span 80, OLOA 11000, and AOT 

is that the point of charge reversal was shifted from one surfactant to the next. For OLOA 11000, 

the point of charge reversal was at a pH of approximately 9, confirming that it is a basic 

surfactant. Span 80 charged every particle positively, and if one extrapolates the data to low pH 

it appears that the point of charge reversal would be approximately at a pH of 0. Another 

interesting aspect of these plots is that the slope of the mineral oxide electrophoretic mobility vs 

PZC curve varies from surfactant to surfactant. This indicates that while the relative acid-base 

properties of the particle and the surfactant are a critical factor in determining the polarity and 

magnitude of particle charge, there appear to be other influences involved. One possible 

explanation is that the ability for the surfactant reverse micelles to stabilize charge will impact 

the slope of the curves shown in Figure 1.5; this is explored in more detail in Section 1.5. 

 As a test for this surfactant characterization technique, the data from the modified silica 

study conducted by Poovaradom and Berg [39] are compared to the untreated mineral oxide 
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mobility vs PZC curves, as shown in Figure 1.7. It is found that good agreement is observed for 

all of the data. The magnitude of the mobility of the basic treated silica in the presence of Span 

80 is larger than expected, but the polarity is properly predicted by acid-base charging. This 

demonstrates that if the acid-base properties of the particle and surfactant are known, one can 

predict both the polarity and magnitude of particle charge.   

 

Figure 1.7. The maximum zero-field electrophoretic mobility of surface modified silica from 

Poovaradom and Berg [39] is overlaid on the plot of untreated mineral oxides from Figure 1.5. 

Acid treated (Ƹ) and basic treated (ƹ) silica is plotted in blue and red symbols for particles 

dispersed with OLOA 11000 and Span 80, respectively. 

 

1.3.2. Carbon black particles 

 The charging behavior of carbon black in apolar media has been of interest for decades, 

as additives in motor oil are specifically designed to stabilize carbon black from accumulating on 

engine parts. More recently, carbon black has been used in apolar ink formulations, and the 

charge obtained has a direct effect on the particle stability. One of the first systems used to 
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suggest surfactant mediated acid-base charging was carbon black and OLOA 11000, put forth by 

Fowkes [13ï16]. Even though carbon black is a hydrophobic material, the surface is populated 

by oxygen containing groups, typically carboxylic acid. Fowkes suggested that the basic OLOA 

11000 would adsorb to the particle surface, engage in an acid-base charge transfer with these 

acidic groups, and then desorb carrying a positive charge with the surfactant and leaving a 

negative charge on the particle surface. This mechanism is the foundation for many of the cases 

of acid-base charging discussed in the previous sections.  

 Characterizing the acid-base properties of carbon black can be challenging, because when 

carbon black is in contact with water it is believed that hydroxide ions will strongly adsorb to the 

surface. The specific adsorption of hydroxide ions to a hydrophobic interface can be explained 

by the strong dipole or hydrogen bonding of the hydroxide ions with the hydrogen atoms of the 

highly ordered interfacial water molecules that form near any hydrophobic surface [94ï97]. The 

specific adsorption of hydroxide ions makes it difficult to obtain an IEP or PZC for carbon black 

particles. Another complication with carbon black is that there is a tremendous amount of 

variability in the surface functionality from supplier to supplier (or even from batch to batch 

within the same supplier). It is, therefore, difficult to directly compare the apolar charging 

behavior of carbon black in the literature. The authors of the current review conducted 

electrophoretic mobility measurements, in their laboratory, of four different sources of carbon 

black particles dispersed in Isopar-L in the presence of OLOA 11000, AOT, and Span 80. All 

four sources of carbon black were acidic, as verified by IGC. In the presence of AOT and OLOA 

11000 the carbon black charged negatively to varying degrees, whereas Span 80 did not 

significantly charge the particles, as shown in Figure 1.8. These results, currently unpublished, 

support the acid-base charging mechanism put forth by Fowkes, based on the acid-base 
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characterization of these three surfactants shown in Figure 1.5. The negative charge of, 

presumably acidic, carbon black particles is consistently reported in literature [98]. 

 

Figure 1.8. The figure shows the particle zeta potential for four different commercially available 

carbon black samples dispersed in Isopar-L with Span 80, AOT, or OLOA 11000. The figure 

represents previously unpublished data collected in the authorsô laboratory. 

 

1.3.3. Organic pigment particles 

 In recent years the implementation of organic pigment particles in apolar paints and inks 

has been an important industry. How these particles charge is not only important to dispersion 

stability; it has also become a key parameter in inks that take advantage of particle charge to 

draw particles out of suspension before transferring them to a selected print medium. The surface 

chemistry of organic pigments is quite different from both polymer particles and mineral oxides, 

and is often complex. In addition, many pigments used in apolar systems are soluble in water 

over a wide range of pH, limiting the techniques that can be used to characterize their acid-base 

properties.  

 A study was recently conducted by the authors of this review pertaining to two 

commonly used pigment particles, magenta and cyan [99]. Chemically, the particles were a beta-
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oxynapthoic acid pigment lake (magenta) and a copper phthalocyanine blue (cyan). The magenta 

particles were strongly basic and the cyan particles were amphoteric, as characterized by IGC. 

These particles were dispersed in n-heptane with AOT, Span 80, or OLOA 11000. It was found 

that the magenta particles charged positively with all three surfactants, with AOT yielding the 

largest magnitude of charge, as reproduced in Figure 1.9.  

 

Figure 1.9. The charging behavior of magenta and cyan particles is characterized. The particle 

zeta potential is plotted as a function of surfactant concentration for dispersions in heptane 

containing (A) Span 80, (B) AOT, and (C) OLOA 11000. Reprinted with permission from 

[Gacek, M.M.; Berg, J.C.; Electrophor. 2014, 35, 1766ï1772]. Copyright [2014] Wiley-VCH. 

 

 The positive charge of magenta is supported by a separate study involving synthesized 

polyisobutylene succinimide surfactants (OLOA analogues) [58]. The cyan particles charged 
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positively with both AOT and Span 80, but charged negatively with OLOA 11000. All of these 

results correlate with the charging behavior predicted by acid-base interactions. The basic 

magenta acts as a proton acceptor or electron donor in all cases, and the amphoteric cyan acts as 

a proton or electron donor or acceptor depending on the acidity or basicity of the surfactant. In 

other studies, cyan has been observed to charge positively in the presence of zirconyl 2-ethyl 

hexanoate (ZrO(Oct)2) [62,100]. While ZrO(Oct)2 has not been characterized by mineral oxides 

in the same manner as the other surfactants, the charging is also believed to be the result of an 

acid-base interaction [100]. 

 A second aspect of the same study analyzed the effect of adding an acidic synergist (a 

material that is designed to bind to the particle surface and enhance the adsorption of steric 

stabilizers) to the system. It was observed that synergist added to the magenta surface in the 

presence of Span 80 resulted in a dramatic decrease of the previously positive particle charge, 

and the particles quickly aggregated and settled out of suspension. It is likely that the originally 

basic particle became populated with acidic surface groups, which cannot engage in strong acid-

base charge transfer with the acidic Span 80 surfactant. A similar, but less dramatic, effect was 

observed with the cyan and Span 80 system, because the cyan particles were only marginally 

positively charged to begin with. In the case of cyan dispersed with AOT, a complete charge 

reversal from positive to negative was observed upon the addition of synergist. It is believed that 

the added acidic groups on the particle surfaces are able to act as proton donors or electron 

acceptors when interacting with the AOT monomers. In the last system studied, it was observed 

that the addition of synergist to a suspension of cyan and OLOA 11000 caused the magnitude of 

the negative particle charge to diminish at small surfactant concentrations. This behavior cannot 

be explained by the adsorption of synergist to the particle surface. It is believed that the acidic 
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synergist is capable of forming acid-base complexes with the basic OLOA 11000 monomers in 

solution before they can become adsorbed to the particle surface. The result is that the surfactant 

monomers are modified to be more acidic. This behavior disappears at larger surfactant 

concentrations, presumably because there is a smaller ratio of synergist to surfactant in the 

system. The study demonstrates the importance of using additives for the promotion of surface 

charge generation in apolar systems as well as the added complexity of competitive interactions 

between synergists, surfactants, and particles. 

1.3.4. Polymeric particles 

 Particles formed through polymerization reactions are another popular choice for 

charging studies in apolar media due to the custom chemistries that can be created. Instead of 

modifying the surfaces as one does with mineral oxides, it is possible to tune the chemistry 

during particle formulation to have the desired acid-base or hydrophobic/hydrophilic properties. 

Initial studies of polymer particle charging in apolar media has shown that acid-base interactions 

may play a key role in determining the particle charge [61]. 

 A systematic study of polymer particle charging in apolar media was conducted by Guo 

and coworkers [49], where several different functionalized polystyrene (PS) particles as well as a 

polymethyl methacrylate (PMMA) particle were dispersed in solutions of Span 85 or AOT in 

decane. The resulting particle charge is compared to how the different particles charge in water 

as well as characterizing the acid-base properties using van Oss-Chaudhury-Good (vOCG) 

theory. The PS particles were functionalized with amidine, carboxyl, or sulfate surface groups, 

and the PMMA particle was functionalized with sulfate groups. In water, the PS particles 

functionalized with amidine charged positively, the PMMA-sulfate particles charged moderately 



34 
 

negative, and the PS-carboxyl and PS-sulfate particles charged more strongly negative. These 

results are expected, and show that the acid-base properties of the functional groups are the 

determining factor regarding charging in an aqueous environment. Based on the results in water 

one can conclude that the PS-amidine particles are basic, and the remaining particles are acidic to 

varying degrees. When the particles are dispersed in decane with Span 85 or AOT present the 

particles display two different charging regimes, as shown in Figure 1.10.  

 

Figure 1.10. Polymer particle charging in apolar media. Zero field electrophoretic mobility and 

zeta potential (in the Hückel limit) of the different polymer particles in (a) Span 85 and (b) AOT. 

Reprinted from [Guo, Q.;  Lee, J.; Singh, V.; Behrens, S.H.; J. Colloid Interf. Sci. 2013, 392, 83-

89], copyright (2013), with permission from Elsevier. 
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 Near the critical micelle concentration (CMC) of approximately 0.2 mM Span 85, the PS-

amidine and PMMA-sulfate particles charged significantly positive, while the PS-sulfate and PS-

carboxyl particles charged marginally negative. As suggested by Guo et al. [49], this charging 

shows some dependence on the functional groups of the particles similar to what occurs in water. 

However, as the surfactant concentration reaches a level well into the micelle regime all of the 

particles are charged positively. In addition, the magnitude of charge for all of the PS particles 

are approximately the same at roughly 30 mV zeta potential, and the PMMA particle was 

significantly larger in magnitude. These results are significantly different than what was 

observed in water, and are reproduced in Figure 1.10 (a). Behrens and coworkers suggest that 

this is likely a result of acid-base charge transfer between the Span 85 and the underlying 

polymer instead of the functional groups. This conclusion is supported by the vOCG 

characterization of the particles, which shows that PMMA is significantly more basic than the PS 

particles. The vOCG characterization also showed that all of the particles were monofunctional 

bases, which is not an uncommon result with vOCG theory as discussed in Section 1.2. These 

results generate a couple of important questions. Why do some particles appear strongly acidic in 

water and yet they are all monofunctional bases according to vOCG? Why do the particles 

charge according to their functional groups in water and charge relative to the underlying 

polymer in the presence of Span 85? A possible explanation is the ñhardò and ñsoftò nature of 

water versus the vOCG probes. Hydronium and hydroxide ions are both very hard acids and 

bases, respectively, and they may be more likely to interact with the presumably harder acid and 

base functional groups on the particle surface. Based on this hypothesis, Span 85 may be ñsofterò 

and interact more with the ñsofterò polymer groups. This hypothesis might also help to explain 

the relative inability of Span 85 to charge the ñhardò surface hydroxyl groups on mineral oxides 
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[101]. A more detailed study of these materials would need to be conducted to either confirm or 

refute this. 

 The second part of the study dealt with the charging behavior of the same particles in the 

presence of AOT; these results are reproduced in Figure 1.10 (b). In the AOT/decane system the 

PS-amidine did not acquire any significant charge, PMMA-sulfate charged moderately negative, 

and the PS-sulfate and PS-carboxyl particles charged more strongly negative. Based on the 

vOCG result that all of the particles are monofunctional bases the authors concluded that the 

particles could not obtain a negative charge via acid-base charging. Therefore, some other 

mechanism must be occurring, presumably the adsorption of AOT molecules to the particle 

surface and subsequent dissociation of its polar head group [41,44,45]. However, it is interesting 

to note that the relative charging exactly mirrored how they charged in water. Another 

explanation is that AOT, being an ionic surfactant, is presumably ñharderò in nature than Span 

85. Thus, AOT could more readily engage in acid-base charge transfer with the functional groups 

on the polymer surfaces, explaining the similarity to the way in which these particles charge in 

water. This study highlights the complex nature of polymer particle charging due to the more 

diverse chemistries that are often involved. 

1.4. Water content 

 The water content is the other primary factor influencing the particle charge in apolar 

systems, second only to the acid-base properties of the surfactant and the particle surface. All of 

the systems that are described in this review have some trace amount of water in them. Some 

moisture can be solubilized by the apolar medium itself, often with an upper limit in the 10 to 30 

ppm range. Water can also be brought into the system by the hygroscopic components of the 
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charge stabilizing surfactants, and the particle surfaces often contain some amount of moisture if 

they have been in contact with ambient air. It has been suggested by some that water is a 

necessary component for reverse micelles to form and charge to be stabilized in these systems 

[25ï27], and this can have dramatic effects on particle stability [102,103]. To best understand 

how water affects these systems, one must attempt to separate the effects on both reverse micelle 

and particle charging. 

1.4.1. Effect on reverse micelles 

 As mentioned in the introduction, reverse micelles or similar aggregates are the key to 

stabilizing charge in apolar systems. These structures have a polar core with a large dielectric 

constant surrounded by a low dielectric shell, typically hydrocarbons. According to the idea of 

micelle disproportionation and charge fluctuation theory the polar core is what houses and 

stabilizes charge. The system can be modeled as a series of concentric spherical capacitors where 

the innermost sphere is the ion, the next sphere is the outer edge of the polar core or the reverse 

micelle, and the outer layer consists of the low dielectric medium extending to infinity [28]. The 

energy required to place an ion in a reverse myself is expressed by 

        (1.20) 

where e is the elementary charge, Ů0 is the permittivity of free space, rc is the radius of the polar 

core of the reverse micelle, r i is the radius of the ion, and Ůnp and Ůp are the dielectric constants of 

the nonpolar external medium and the polar core, respectively. It is often assumed that the 

dielectric constant of the polar core is large enough compared to the nonpolar medium that the 

second term may be considered negligible. However, it should be noted that this assumption 

holds true only if the ion radius is rather large. The micelle ionization energy from equation 
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(1.20) is then used in a Boltzmann relation to represent the fraction of total micelles that are 

charged at equilibrium (ɢ) [28]. 

     (1.21) 

where C+ and C- are the concentration of positively and negatively charged micelles, CT is the 

total concentration of micelles, Z is the valence of charge in the micelle (typically assumed to be 

± 1), k is the Boltzmann constant, and T is the absolute temperature. Clearly, the size of the polar 

core is a critical parameter for determining how readily a reverse micelle will stabilize charge: 

the larger the polar core, the more readily a reverse micelle will charge. All surfactants that form 

reverse micelles are at least somewhat hygroscopic, and will draw moisture into the polar cores 

of the reverse micelles, causing them to swell. The amount of moisture in the system, whether 

drawn in from ambient air or introduced by other means, will dictate how large or small the polar 

cores are swollen. This theory has been confirmed by several studies correlating water content 

(which correlates to the reverse micelle polar core size) to the solution conductivity using the 

following expression 

          (1.22) 

where ɖ is the viscosity of the system and RH is the hydrodynamic radius of the micelles. Good 

agreement between predicted conductivity and experimental values is found for several different 

surfactant systems [28].  

 Another interesting aspect of reverse micelle charging was studied by Guo and coworkers 

[104]. In the study, the conductivity of both Span 85 and AOT solutions in heptane were 
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measured as a function of moisture in the system. Interestingly, it was found that the 

conductivity of the system was not affected by the ionic strength of the water used to swell the 

micelles (deionized water versus 0.1 M NaCl). The likely explanation for this is that for ions 

such as sodium or chloride the ionic radius is small enough that the second term in equation 

(1.20) may contribute a significant amount of energy, making it less favorable for them to 

become charged. Therefore, one may conclude that either water or some other large ionizable 

impurity is the likely source of charge in reverse micelles. 

1.4.2. Effect on particle charge 

 Once particles are introduced into the system along with surfactant, a number of 

complications and questions must be brought to attention. Many particle surfaces, particularly 

mineral oxides, are hygroscopic and provide an alternate destination for water that is present in 

the system. Therefore, it is important to determine where the water resides and whether or not 

this is dependent on how the moisture is introduced to the system. For example, if a hygroscopic 

particle that has been dried in an oven is dispersed in a surfactant solution, will the particle 

scavenge water from the reverse micelles? Of ultimate interest is how the presence of moisture in 

these systems affects particle charging. It has been shown previously that the progressive drying 

of mineral oxides diminishes their acid-base properties [105]. This would seem to suggest that at 

least some moisture must be present on the particle surface to facilitate the acid-base charging 

described in Section 1.3. 

 A systematic study of water content in solutions containing silica particles dispersed with 

OLOA 11000 and Isopar-L was carried out in the authorsô laboratory to attempt to answer some 

of these questions [30]. Water was introduced to the system via both the particles and the 
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surfactant solution, and the location of the water at equilibrium was determined using Karl 

Fischer titration and centrifugation. It was found that roughly 80 ï 90% of the water present in 

the system was adsorbed at the silica surface. This was true regardless of the surfactant 

concentration, quantity of water, or how it was introduced to the system. The exception occurred 

when a very large water amount of water was present in the system, suggesting that the particle 

surfaces were saturated with water. In addition, the conductivity of the system was compared 

with and without the presence of particles, after normalizing for the amount of water located in 

the reverse micelles. It was observed that the conductivity increased upon addition of silica 

particles, indicating charge was generated as a result of an interaction between the particles and 

the surfactant solution. The results support the mechanism of acid-base charging discussed in 

Section 1.3. It should be noted that these results are the opposite of what was observed in a study 

conducted by Dukhin [40], in which the conductivity of alumina/Span 80/kerosene dispersions 

were seen to decrease upon addition of particles. One possible explanation for this apparent 

contradiction is that the alumina particles were dried in an oven before being dispersed in 

solution to regulate the amount of water in the system. The dry particles likely scavenged some 

water from the Span 80 reverse micelles once they were introduced to the system, shrinking their 

polar cores, and decreasing the conductivity of the solution. 

 The last phase of the study of water in silica/OLOA 11000/Isopar-L dispersions was to 

examine the effect of water content on the particle electrophoretic mobility, and the results are 

reproduced in Figure 1.11 [30]. It was observed that for OLOA 11000 concentrations near the 

CMC an addition of water resulted in increased particle charging, suggesting that added water 

helped facilitate micelle-particle charging events. Conversely, at OLOA 11000 concentrations 

well above the CMC the particle electrophoretic mobility decreased with increasing water 
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content. This is likely because in this regime charge screening or neutralization becomes a strong 

influence on particle electrophoretic mobility.  

 

Figure 1.11. Effect of water on silica particle charging. The magnitude of the particle 

electrophoretic mobility is plotted as a function of total water content for (a) small, (b) 

intermediate, and (c) large OLOA 11000 concentrations. Error bars are derived from three 

measurements, and are often smaller than the markers. Reprinted with permission from [Gacek, 

M.; Bergsman, D.; Michor, E.; Berg, J.C. Langmuir 2012, 28, 11633-11638]. Copyright [2012] 

American Chemical Society. 
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Adding water to the system will swell the reverse micelles, enhancing micelle-micelle charging, 

and increasing the charge in the bulk solution available for screening or neutralizing the particle. 

It is clear that the presence of trace water in these systems is of critical importance to charge 

stabilization, and it must be accounted for when studying other aspects of these systems. 

1.5. Surfactant structure 

 Much has already been discussed of the importance of the functionality of the head group 

in influencing the polarity and magnitude of particle charge. However, of equal importance is the 

overall structure of the surfactant monomer, the building block for forming reverse micelles. The 

molecular weight, length, and branching of the nonpolar tail group in relation to the polar head 

group is of critical importance to the CMC, the packing parameter of the reverse micelles, 

whether or not the surfactant can form reverse micelles, the solubility of the surfactant in 

solution, and the steric stability gained from surfactant adsorbed on particle surfaces.  The 

hydrophile-lipophile balance (HLB) number is a simple way to categorize the size of the polar 

head group relative to the nonpolar tail of surfactants. The HLB number is defined as twenty 

times the molecular weight of the hydrophilic portion of the surfactant divided by the total 

molecular weight of the surfactant. While it is not a perfect indicator of all properties, as it does 

not account for a number of structure-specific effects, it does provide a quick means for 

classifying surfactants. To study the effects of surfactant structure on charging in apolar systems 

requires careful, systematic variation of either the head group or the tail group. 

 One such study was conducted by Parent and coworkers [58], where they studied a series 

of polyisobutylene succinimide (PIBS) surfactants synthesized with polyamine head groups of 

various lengths. These surfactants are very similar to the commercially available OLOA 
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surfactants. In this study, the reverse micelle size and structure was studied as well as the 

concentration of charged micelles and the charge imparted to magenta particles. It was found that 

a larger polyamine head group resulted in a larger polar core for the reverse micelle and a larger 

concentration of micelles that acquired charge. The explanation for this is identical to the 

explanation for reverse micelles that are swelled with water: the larger the polar core, the more 

energetically favorable it is to house charge. The magenta particle charging results, reproduced 

in Figure 1.12, showed an initial spike as a small polyamine was added, but then deceasing 

particle charge with increasing polyamine head group length.  

 

Figure 1.12. (ǒ) Particle zeta potential and (*) surfactant-only solution charge concentration for 

samples made with PIB-1 through PIB-5 as well as O11k in outlined markers. Reprinted with 

permission from [Parent, M.E.; Yang, J.; Jeon, Y.; Toney, M.F.; Zhou, Z.L.; Henze, D.; 

Langmuir 2011, 27, 11845-11851]. Copyright [2011] American Chemical Society. 

 

 The explanation for this is that all of the dispersions were prepared at 3 wt % surfactant, 

which is well above the CMC. It is presumed that at this large concentration of surfactant charge 

screening or neutralization plays an important role in determining the particle zeta potential. In 


