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Abstract

Surfactant Mediated Aci@ase Particle Charging in Apolar Media

Matthew Gacek

Chair of the Supervisory Committee:
Professor John ®erg

Department of Chemical Engineering

The creation and stabilization of electric charge in apolar environments (dielectric
constant & 2) has been an area of interest da
occurrence of what are now known as electrokinetic explosions duringri@ny 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 $%)e 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 advanckdyt most observations obtained in
as others, appear to be explainable in terms of arbasid mechanism. Adducts formed between
chemical functional groups on the particle surface and monomers of reverse-forceite

sufactants dissociate, leaving charged groups on the surface, while the -@hantgrs 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 maxietectrophoretic 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 wittifferent 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 atidse properties of the surfactants. This has led directhet

study of other materials, including surfaoedified oxides, carbon blacks, pigments (charge
transfer complexes), and polymer latices. Tissertatiorfocuses on the acidase mechanism

of particle charging in the context of the many other fadteatare 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 betwawi a wide variety of systems, assisting in the

choice or development of materials for specific applications.
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Chapter 1

Overview of acidbase charging in apolamedia

1.1. Introduction

There are a number of kégctors that must be accountied 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 tlecadesnd it appears that a unifying mechanism has
emergedthat of acidbase interactionst appears that, for most systems, the magnitude and
polarity of charge is dependent on the relative-teise properties of the surfactant and the
particlesa f ace, the fAhardo or fAsofto nature of the
surfactant to stabilize charges in reverse miceligploring the recent research in this area and

the validity of the acicbase mechanism is the main focus of theent work.

The study of charge generation in nonpolar systems has remained an active area of
interest over 100 years after it was initially investiggted]. Interest in the subject was
sporadic until the 1950s as the control of conductivity becamertamt for preventing
electrokinetic explosions in the petroleum indugtily 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 electtasic particle stabilization in media of low dielectric
constan{6i 12]. Some specific applications incluttee stabilization of carbon particles in motor
oil [13i 16], stabilization of pigment in paints and ink§, electrophoretic displayj4.7i 20], and

fullcoloridi gi t al p diteographic peinteegbttp:#wovwd.hp.com/us/en/commercial



printers/indigepresses/overview.htmlFor many applications it is desirable for the medium to

be insulating, limiting power consumption and providiogd 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 oftable chargén apolar systems igss probable than in aqueous
systems due to the low dielectric constant of the medium. A simplistic energetic explanation of
this is the Bjerrum lengtheg) which is defined as the ratio of the force of coulonaticaction to

the thermal energy in the system:
Ap = e?/AmegykpT (1.1)

whereeis the elementary chargéis the dielectric constant of the mediuhis the permittivity

of free spacekg is the Boltsmann constant, ads the absolute temperature.dssencess
characterizes the effective distance of separation needed for charges to be stable. In room
temperature watesgs is only about 0.7 nm. This is die order of the size of a hydration sheath of
water molecules, allowing most ions to freely dissociate. In an apolar environment of a dielectric
constanof 2.0 the Bjerrum length isf éhe order of 28 nm, preventing free dissociation of most
ions. Somdevel of spontaneous dissociation can be achieved for very large organigipns
More commonly, charge stabilization is achieved through the addition of surfactants that form
reverse micelles or similar aggregates. A reverse micelle has a polar Egedielectric
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 concentrati®MC) does not appeatwaysto be a distinct



concentration as it is in aqueous syst¢p523. There may be surfactant doublets, triplets, and
A p-me c e | gregatas that fprm near the CNIZA], and it has been suggested that the
presence of some water may be requireddweersamicelles to form at all251 27]. Reverse
micelles are believed toe capable of acquiringharge through the process of
disproportionation, where two neutral micelledlide and exchange charge to yield a positively
charged micelle and a negatively charged micelle, as opposed to a single mpxdliagean ion
via dissociatior}5,28 32]. The reason for this is that it is more energetically favorable for both
the positve and negative ion to be housed in a reverse micelle as opposed to one bare ion being
in the apolar mediunThe charging of reverse micelles has been studied extensively using
transient current measuremef8&i 37]. In addition, here is some evidenceattnear 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 sutfcsate, more commonly

known asAerosol OT AOT), in hexadecane as shown in Figlire[31]].

The presence of reverse micelles is also generally believed to be necessary to stabilize
charge on particle surfacesapolar medialt is assumed that the system is net neutral in charge.
Therefore, when a particle surfamequirescharge, the counter charge must be stabilized
elsewhere (presumably in reverse micelléd)is is repeatedly demonstrated in the literature in
that particks have little to no charge below tihetectedsurfactant CMC and suddenly begin to
charge once that concentration is readite8d 40]. As research has progressed, there have been
a number of mechanisms put forth alebated at length in the literatuhdany of these
mechanisms appear to be highly system dependent, making it difficult to apply them to apolar

systems in any general walhe proposed mechanisms include but are not limited to the



adsorption of bare ions produced from micelle dissocig#0y#1], ionization of groups on the
particle surfac¢8,42,43, preferential adsorption of charged micelles or hencelles[41,44

47], and aciebase charge transfgr4,15,39,4850].

100 : | ;o | ;
ol Rl Tl Rl TRl | Tl
Concentration AOT [mol/L]

Figure 1.1.Conductivity of AOT/hexadecane solutions without particgmbols indicate
measurements. Red dashed line indicates reverse micelle contribution to conductivity. Reprinted
with permission from$ainis, S.K.; Merrill, J.W.; Dufresne, E.R.; Langmuir 2008, 24, 1B334
13337. Copyright [2008] American Chemic&lociety.
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In recent years there has been growing evidence to support the theorylmdseicharge
transfer being the dominant mechanism for a variety of apolar syskbmacidbase
mechanismoriginally put forth by Fowkegl4,15,48, proposes that thpolarity and magnitude
of charge is strongly dictated by the relative acidity or basicity of both the surfactant and the
particle surface functionalityhis theory has been shovtm be applicable foa number of
different types of surfactants as welleawide variety of particlegs discussed in more detail in

Section1.3. It has previouslyeen established for n@gueous systems of intermediate dielectric



constant ot her wi se known atbataidbasa gropértiesiplagdne ct r i ¢
important role in determining the polarity and magnitude of chid@jés7], but the scope of this
review is confined to apolar systems of low dieleatoostantwhere reverse micelles are

necessary to stabilize charg#ne d the main challenges of validating the ab@se charging
mechanism is firsdentifying and characterizing the addse properties dioth the surfactant
molecules anthe particle surfaces, and some of the common techniques used are summarized in

Section1.2.

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 comgiderat all times. Onef the most
commonly identified variableis surfactant concentration. As previously mentioned, a certain
concentration of surfactant is required to form reverse micelles, above which particles will obtain
charge. However, it iglso commonly observed that once the surfactant concentration reaches a
certain point, the particle charge decreases with increasing surfi@t:88 40,58 6Q]. It is
believed that this occurs due to charge screening or neutralization cause by changed rev
micelles[29,31,61,6P At large surfactant concentratiomsore charge is generated in the bulk
solution due to micellenicelle charging, increasing this effect. The size of the polar cores of the
reverse micelles and the amount of trace water isytbm to which it contributesare also
significant factors for both micelle and particlearging (discussed further ikr&ionsl.4 and
1.5). Another important factor that is often overlooked is the effect of the applied electric field
used during paicle electrophoretic mobility measurementsds been repeatedly shown taat
significant amount of charge can be induced on particles in the presence of a strong electric field

[49,61 69], and is a recurring issue in electrophoretic mobility studikese effects appear to

f



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 appiield 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. Becauséhefcomplexityof these system# 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 studiesyr@e 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 auése charging mechanism for particles
dispersed in apolar media it is important to e@vhow 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 characteation of acids and bases to apolar systems, sincébasalinteractions
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 if@88Tn 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 artdrwon neutralization of the acid and base as

shown inequation {.2).

HC! (acid) + NaOH (base) — NaCl (salt) + H,0 (12)



1.2.1 BrgnstedLowry and Lewis acibase theories

While the Arrhenius theory was a significant first step toward moderrbasiel theory, it
was limited by the fadhat acids and bases are defined by their relationship with water. In 1923
this definition was independently broadened by Brgn&@dand 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 arbasglreaction, 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 happeasjdtibat 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 equaticd).
HA (acid) + B (base) = A~ (conjugate base) + HB* (conjugate acid) (13)

An important aspect of the Brgnstedwry theor 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 materals 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 comprehensiwefinition for acids and bases was put forth at the same time by
Lewis[71]. This definition removes the restriction of atidse 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 lidvgasamething that can

accept an electron pdir2). Therefore, an acidase reaction results in the formation afadive



bond between the acid and baskere the electrons are furnishemelyby the base, and such a

formation is referred to as an ddase adduct as shown in equafiba).
A+B=AB (1.4)

In addition, aciebase adducts can undergo displacement reactions. These occur when the
acid-base components of an adduct are transferred between different specsitiom &s

shown in equatiol.5).
A:B+A"B =A":B+ A:B (15)

It is important to note that equati¢h.5)takes the same form as the Brgndtedry acidbase
reaction depicted in equati¢h.3). The implication is that Branstddwry acids can be Lewis
adducts witrthe acidic portion being HIn addition, all Brenstetlowry bases are also Lewis
bases. Therefore, the Lewis definition of abake reaction is more universally applicable, but in

aqueous solutions the Brgnsteolwry description is usually a more convemi approach.
1.2.2 Characterizing and ranking acids and bases

A common aspect of Brgnstédwry theory as well as Lewis acluhse theory is that
while molecules can be inert (neither acidic nor basic) or monofunctional acids or bases, most
materials arat 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 lookitigeamnolecular 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.



1.2.2.1 Acid dissociation constant g

The strength of a Brgnstaawry acidor base can be described by the acid dissociation
constantia) and base dissociation constaft), 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 doneegardless of solvent effects by the following equat[é7k

_ [ATlay
47 [Ha] (1.6)
__ [HA]
5 = Talan (17)

whereay is the activity of the proton speci¢blA] is the concentration of the acid, gid] 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 th&, andKg cannot be measuredréctly 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 acidbase reactiodepicted in equatiori(3).

= TwAB (18)

This means that comparing tkevalues 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 ranketh 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 dissocia



constants are determined in a solution of high ionic strength, where the product of the activity
coefficients is assumed to be cons{&d. Overall, the acid dissociation constant represents a
convenient and effective means for ranking acidity aasidity for substances that exhibit

BragnstedLowry type acidbase interactionandare soluble in aqueous solutions.

A common industrial technique used to represeid-base properties gfetroleum
products, especially surfactants, is flaeid numbes (ASTM D664)[74] andibase numbeér
(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 interestfiled 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
hydroxidein solution with propan-ol, and the base number is determined by the titration of

perchloric acid.
1.2.22. Gutmam donor / acceptor number

Determining the relative strength of Lewis acids and bases requires a different approach
than what is used f@rgnstedLowry acids and bases discussed above. A method of
characterizing and ranking Lewis acids anddsawas first developed by Gutmaat al.[76,77
and later added to by Fowke&3]. Gutmam introduced the donor numbéN]) for quantifying
the stregth of Lewis bases. It was defined as the molar exothermic heat of reaction Wih 10

antimony pentachloride (Sbg}| a very strong acid, in a neutral solvent {diéhlorothane]67].

DNy = —AH(ShCl:: B) (2.9
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Later, the acceptor numbekl)) was introduced butmam and coworkers, and is
defined as the relativéP NMR downfield shift ¢p liinduced in triethyl phosphine when
dissolved in the acid of interest. For reference, the neutral solvent hexane was assigned an
acceptor number of 0, and Sk@las assigned value of 100. Later, this characterization
technique was refined by Riddle and Fowj8 when they indicated that tH&® NMR
spectrum shift is affected by van der Waals interactions. This would significantly alter a number
of the previously reportedN values. As an adjustment, the Lifshitzn der Waals (LW) shift
was subtracted from the total shift to yield the dzade contribution. Riddle and Fowkes
showed that the Lifshitzan der Waals contribution to the spectrum skifti) can be

correlatedo the LW contribution to the liquid surface tensiéh™) by the following equation
AP = 8 +'7.37 — 0.312a™ (1.10)

wheretl is *'P NMR peak position for (§15)sPO (referenced to diphenylphosphinic chloride,
extrapolated to zero concentration, and corrected for volusteptibility vs ARhexane), as
tabulated by Gutmanig], andd""is in units of mJ/m This adjustment greatly enhances the
agreement between tidN and the expected enthalpy of interaction with a base of kii\Wwn
This singleparameter ranking of acidity or basicity is convenient in its simplicity and
relationship to fundamental system properties. In additiorAkhandDN allow for materials to
be classified as bifunctional acids and bases. However, it does overlook sootg afshewis

acid-base interactions that are accounted for in Sedtd2.3.
1.2.23. Drago E and C parameters

Another method for ekermining the relative strength of Lewis acndss proposed by

Dragp and Wayland79]. As the Lewis aciebase interaction is defined by adduct formation, it is

11



more appropriate to determine the exothermic muogat of reaction of forming adduct {qp

H”®) of the typedepicted in equatiorL(4). An interesting complication was revealed by the

work of Pearson othefi h ar d a n ebase (SAB)prinaiol§8a which followed from

work done by Mulliker{81] and Edward$82]. Pearsons suggested that the energy of interaction
between Lewisacidend bases i1is twofold: electrostatic (
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 detistg@tor site

(bases). Conver s el yethathasfa kgd stzé) high paladzabdity, lowa s e i s
oxidation state, and low charge density at the acceptor (acid) or donor (base) site. Drago and
Wayland translated this idea to predicting théhalpy of acidbase adduct formation in organic

liquids:
—APAE = B B, 40,0 (1.12)

whereEpandEgr e pr esent s t he Ahar daa@ndGrandEdrepresentthest at i ¢
Asofto or covalent contributi onlll)showshte heat o
strongest acibase interactions will occuvhena hard acidnteractswith a hard base arhena

soft acidinteractswith a soft base. Dragé andC parameters have been compiled for a large

number of molecules using calorime#nyd other mesaurementsand they have proven to be a

fairly effective predictive tool for Lewis acidase interactions. The major downside of this

classification is thatunlike theAN andDN, it assumes all materials are either monotonic acids or
monotonic bases. To account for this would require two sé&isaotiC parameters for each

substance (one for acidic propertgagl one for basic properties).
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1.2.3 Acid-base characterizations f@olid 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 i®siralways 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 thefidifilty 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 OssChaudhuryGood correlation

The van Os€ChaudhuryGood (vVOCG) correlation uses the taxt 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-sange interfacial forces put
forth by van Oss et a]83] which allows one to express the abiase component of the surface

tension as
g8 =g ¥s— (1.12)

wherel" and( are the characteristic acid and base parameters of the material, either solid or

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

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

(213) with Youngbs equation:
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cost = (a5 — a5.)/ 0y, (1.14)

wherelsis the solid surface energy, is the liquid surface tension, adgl is the solidliquid

interfacial tension. The resulting relationship takes the following form

0, (1 + cos8) = 2\/aW eV + 2.[aFar + 2\ [0 0} (1.15)

Using equation.15), one can determine the vOCG acid and base parameters of aigodidd

Us) by measuring the contact angletwb separate probe liquids of known surface tension and
known(_" andC,". The LW component of the solid surface can be determined using an inert
probe liquid. The main difficulty in implementing this technique is determining,fhandd,” 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 mft#h=(21.8 mN/m and

&*® = 51.0 mN/mat 20°C). They then assumed that the acid aasebvOCG parameters of water
were equal to one another, and this allowed them to solve equkii@)t¢ yield a value of 25.5
mN/m for bothli,"” andCy/ . Once the first probe liquid was fully defined, van Oss and

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

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

With these probe liquids characterized it is nawprinciple,possible to determine the
0s" andls parameters for any sdlsurface 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 i n tbase efectsthat maytakerplpgcei har d o
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 oranbg malid. The first of
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which is that the extension of the geometric mixing rule to-aagk interactions has no

theoretical foundation. Secondly, the assumptionfifyat Gy 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 paratees suctas the Drago or Gutmarparameters as there is no
fundamental relationship between these values. Lastly, there appears to be some internal
inconsistency with the vOCG model, as demonstrated by K84k Kwok tested the model by

calculatingd™", G*

, andd 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 factorsiditye ofal

the vOCG correlation isftenquestioned.
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 aciebase charge transfer in the presence oém&ixamples 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 fmo when in a solution of low pH

MOH + Hy0% - MOHF + H,0 (1.16)

or donating a proton when in a solution of high pH

MOH + OH™ - MO~ + H,0. (2.27)
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As a result, mineral oxide surfaces will often obtain a net charge when in contact with an
agueous solution. At a specific pH, the setface 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 matersatiepicted in Figurk2. The

method for determing 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 diffexrekground
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 biedkht electrolyte concentrations would be
nonexistent. In general, the PZC can apply to any charge determining ions, but for surfaces
where the charge determining ions ag®©Hand OHi it is a useful tool for ranking the acidity o

basicity of the surfacef a material.

acidic basic

—~—a ————
Lot oo v vt bbbt bbbt

c 1 2 3 4 5 6 7 8 9 10 11 12 13 14
PZC
IEP

Si0, TiO, ALO; ZnO MgO

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 iselectric 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 potentiadatculatedat several different psito 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 soldhseid
properties, espedlg 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 rfie8ils
Of course, the material to be probed must be insoluble in water, which somewitsatihién
applicability of this technique. It should be noted that the IEP and PZC take into account both
BragnstedLowry and Lewis type acibase interactions. As previously mentioned, even though
these interactions are conveniently described as protorietravents, such charge transfer

events areaptured by the electraransfer description of Lewis aclthse theory.

1.2.3.3. Inverse gashcomatography (IGC)

Inverse gas chromatography (IGC) is one of the most powerful techniques that can be
used forprobing the surface energy as well as the-beise properties of a solid surfd&g].
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.rivdkat IGC the
Ai nverseo of traditional gas chromatography i
solid of interest with known gas samples. Inverse gas chromatography is typically run in the
infinite dilution regime by injecting a small salapf 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 adsor
| awo r begmaimgarameler that is measured is the relative retention volkymeéfined
as the volume of the inert carrier gas required to elute the injected probe through the sample.

This is determined using the following equation
Vn = jFeol(tr = trer) (1.18)

wherej is acorrection factor to account for the pressure drop across the length of the column,

Fcolis the volumetric flow rate of the carrier gésis the retention time of the probe gas, agd

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

When in the fiHenryés | awo regime, the +t+etenti

base properties by the following equation

RTIn(Vy) = 20mory Ué'WUfW - AGC‘?CES‘ +C (1.19)

whereR is the ideal gas constafitjs the absolute temperatueg, is the molar area of the
adsorbate on the surfacg;"’ andd """ are the Lifshitavan der Waals contributions to the

surface tension of the solid and the prape&gq< " is the aciebase contribution to the free energy
change of adsorption, af@lis a contant that depends on the choice of the reference Btate.

gas probes that are inert with regerdhcidbase properties, such as linear alkanesytfis™®

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

nonane, one can plRTIN(\) as a function oéme( '™)*? and obtain a straight line with a slope

of 2 (SLn/) 1/2.

Once the LW contribution to adsorptienergy 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 willrequire a largeYy to elute the probe than predicted by LW interactions alone. This

will cause a vertical shift above the alkane line onRA& (M) Vs. amo( )2 plot, which can

be taken asg Gu<"" for each probe. A large shift for basic probedidates a strongly acidic

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

bi functionality of the surface, but i1t does
there are often some small diffecess ini cp Gae'™° 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 acidbase surface properties, unless one is trying to probe a series of solid surfexst®aga

specific chemical probe.
1.2.3.4 X-ray photoelectron spectroscopy (XPS)

Whether dealing with Brgnstddbwry or Lewis acids and bases, an agoabe reaction
involves the transfer of electrons or electron density. Therefore, the electron @ndngy Eg)
of the surface groups, obtainable througha) photoelectron spectroscopy (XPS), can be used
to determine the acibase properties of a material. The binding energy can be used as a measure
of Lewis basicity, as a lowétz means a lower affity for electrons. XPS is also a powerful tool
for identifying the chemical group®und at the surface of a materidlat typically engage in
acid-base interactions. The surface analysis aspect of this technique has led to a number of
studies that haveocrelatedEg to acidbase properties of materials. One such study analyzed the
uptake of sodium cations (a Lewis acid) by a series of basic poly&88rd here have also been
a number of studies that have attempted to correlatéstbémineral oxides wh their IEP, with
varying degrees of succe$9,9Q. As Delamar suggested, the difficulty in correlating these

values is that the IEP is based on the competition of acidity and basicity of oxygen[@@ups
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Therefore, one needs to introduce a paimopieical parameters to account for this competition

before correlating to IEP values.
1.2.3.5.Calorimetry

The relationship between adidse interactions and the exothermic molar heat of adduct
formation ¢op K®) 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 methaidtissta
relatively timeconsuming and tedious process. Therefore, the enthalpy of adduct formation is
often obtained using correlations to other properties surtirased (R) spectral shiff91].

Regardless of this, thiep 4® can be directly measwutevia 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 rankingf the acidbase 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 otlasecid
properties of a series of 20 oxides performed by A&xiend Gervasini92]. While individual

enthalpies of both C{acid probe) and Nf{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 chaging in apolar media

As mentioned previously, the mechanism by which particles obtain charge in apolar
systems is the most importaagpect 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 acidbase charging. It is believed that surfactant monomers will adsorfingad down

mamer (polar group adsorbs to the surface with the nonpolar tail protruding into the fluid) in
apolar systems. An adsorbed monomer may then form afbaseladduct with a particle surface
group. When this adduct separates, there is a finite possibilitgtthede 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 surfgaadepicted schematically in Figure

1.3. However, the probability of thehargednmonomer 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 cacdopdrated into a nearby

reverse micelle.

Figure 1.3. A generic scheme of acilohse charging is depicted above. An adsorbed monomer
forms an aciebase adduct with a surface functional group. When the adduct is broken and the

monomer desorbs, there isertain 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 lzase
properties of the surfactant and theetle. As discussed iBectionl.2, there is no single
technique that captures the complete picture oflaage interactions. The subject becomes more
challenging when one attempts to translate-heisk behavior from aqueous systems to apolar

ones.Typically, one must first attempt to characterize the-aeise strength of both the
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surfactant and the particle surfac@ng one or more techniquesdiiferent media. Once these
characterizations are made, one can attempt to interpret the particieghiaad occurs when
these individual components are dispersed together in an apolar environment. This kind of
experiment has been conducted fouaber of different surfactaand particle systems: ionic
and nonionic surfactants, and mineral oxide, p@sgmrganic 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 indluapplications, making their
charging behavior of great interest. Secondly, their-bagk properties have been extensively
studied in aqueousiediaand are well characterized by their PZC and [ EER85 87]. This
includes thermodynamic studies thatve shown that there is a linear connection between the
enthalpy of proton adsorption and the PZC of the op9@k Mineral oxides have also been used
as early evidence of aclzthse interactions in nesqueousluids of moderate dielectric constant
[517 54]. Anotherenticing aspect of mineral oxides is that their surfaces can be chemically
modified to alter their hydrophilic/hydrophobic and abmke properties. Most of the studies
conducted on mineral oxides have been of single oxide and surfactantssyBtesno 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 systematidestuaf mineral oxide charging.

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

and Berd 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 surf&gelroxyl groups with either aminopropyltriethoxysilane
(APS) to make the particles more basic or wiiil&idoxypropyltrimethoxysilane (GPS) treated
with acid to open the epoxy ring to impart acidic hydroxyl groups on the surface. The
effectiveness of #se 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 1100@stsia

the apolar solvent Isopdr The resulting particle charge is plotted as a function of surfactant

concentration as shown in Figurd, reproduced with the autrapermission.
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Figure 1.4. Charging of acidic and basic modified siliarticles. 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. Reprinte®frovajodom, S.;

Berg, J.C.; J. Colloid Interée Sci. 2010, 346, 37877, copyright (2010), with permission from
Elsevier.
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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
partide 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 discussedysigyibis is a commonly
observed trendnd the decrease in charge at large surfactant concentration is attributed to
neutralization or screenin@he polarity and magnitude of charge can both be explained by acid
base charge transfer. The basic surfag@h©A 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 chege 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 surfatdaatts 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 surfactaartdparticle acidbase properties.

In an attempt to delve deeper into the relationship betweerbas&l properties and
particle charging, the authors of the current review conducted several studies using a series of
untreated mineral oxides with IEPsdalRZCs that span nearly the entire pH ratge63. The
IEP and PZC of each mineral oxide were experimentally determined to establish thas&cid
properties of each oxide. The mineral oxides were first stabilized in {&op#h the anionic
surfactandioctyl sodium sulfosuccinaf®OT) 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 concentratiathe amaximum
observed mobility was used for comparison. The maximum particle electrophoretic mobility in

IsoparL was then plotted against the PZC éach mineral oxide, represented by the green line

in Figurel.5.
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Figure 1.5. Charging of minerabxide series. The maximum zefield electrophoretic mobility

ofsilica@) , titania (Y), al umi na O(partclesdizpersedino xi de |
IsoparL are plotted against their aqueous PZCs. The green syndbd¥ () represent particles

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

blue symbolsd ) represent particles dispersed with OLOA 11000. These data were collected in

the authorso | aboratory in multiple published

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 xide. The most acidic particle, silicahtained a negative surface charge.

The polarity of chargbecameositive and increased in magnitude with increasing particle
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basicity. This behavior igrecisely what is expected accordingtid-base charging theorit.is
observed that the magnitudedapolarity of charge is dictated by the relative aciditpaththe
particle and the surfactanlf. the particle is more acidic than the surfactant, the surfactant acts as
a proton acceptor or electron donor resulting in a negative particle chargpicted

schematically in Figur&.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 particleTdmarge.
charging behavior observed in this study mirrorshibleavior of oxide charging in aqueous

studies as well as moderate dielectric constaragueous media.

o 0 oO/—S—
o]

oﬁo oﬁ
'O-Na' — S/O‘Na‘

"
o] oH

Acidic Mineral Oxide Acidic Mineral Oxide

00/—5— o 0
=0

0=<_<_ o=§_2=o

. R

,,S\'O Na q 0,,3\:0
0% o

N
/jH/_u OH Na OH oH
Basic Mineral Oxide Basic Mineral Oxide

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

and mineral oxidedn 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 )bibtom

particle surface adsorbs the sodium ion from the AOT monomer and the patrticle 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 f@ecgk, M.; Brooks, G.; Berg,

J.C. Langmuir 2012, 28, 308034. Copyright [2012] American Chemical Society.
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The important difference is that in apolar media it is the-bagk properties of the
surfactant that determine the particle charge as opposed to tHeaaeigroperties of the
medium. The implication of this apolar study is that a series of mineraogah be used as a
means of directly characterizing the abmse properties of the surfactant. The pofrtharge
reversal is an indicator of the relative abmse properties of the surfactant in terms of the pH of
the oxide PZCFor AOT the charge revsalpoint occurs at a pH of approximately 5, indicating

the surlctant acts as a weak acidapolar systas.

The study with the series of mineral oxides was repeated for the acidic surfactant Span 80
and thebasic surfactant OLOA 11008hown in Figurel 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 ofharge 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 patrticle positively, and if one extrapolates tiod@atpH
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. Tiniéciates that while the relative adidse
properties of the particle and the surfactant are a critical factor in determining the polarity and
magnitude bparticle charge, there appdarbe other influences involved. One possible
explanation is that thability for the surfactant reverse micelles to stabilize charge will impact

the slope of the curves shown in Figarg; this is explored in more detail Bection1.5.

As a test for this surfactant characterization technique, the data from the matidéed s

study conducted by Poovaradom and B8 arecompared to the untreated mineral oxide
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mobility vs PZC curves, as shownFigurel.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 bypas&lcharging. This
demonstratedt if the aciebase properties of the particle and surfactant are known, one can

predict both the polarity and magnitude of particle charge.

0.08
0.06 +
>
=
o 0.04 +
=
o> 002
'_.: ~—
Qe o000
RS
a £ o002+
e =
°
3 0.04 4
L
0.06 4
-0.08 } : : } :
0 2 4 6 8 10 12

Aqueous Particle PZC [pH]

Figure 1.7. The maximum zerdield electrophoretic mobility of surface modified silica from
Poovaradom and Berg [39] is overlaid on the plot of untreated mineral oxides from Etgure

Acid treated (¢&) and basic treat édparicg sil i ca
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 stabilizeocaokack 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 ab@secharging was carbon black and OLOA 11000, put forth by
Fowkes[13i 16]. Even though carbon black is a hydrophobic material, the surface is populated
by oxygen containing groups, typicaltarboxylic acid Fowkes suggested that the basic OLOA
11000 would adsorb to the particle surface, engage in atbas&lcharge transfer with these
acidic groups, and then desorb carrying a positive charge with the surfactant and leaving a
negative charge on the partiglerface. This mechanism is the foundation for many of the cases

of acidbase charging discussed in ffrevioussections.

Characterizing the acibase properties of carbon black can be challenging, because when
carbon black is in contact with watersthelieved 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 ardered interfacial water molecules that form near any hydrophobic s{®#i&¥]. 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 iBmagmdous 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 eTdwthors of the current review conducted
electrophoretic mobility measurements, in their laboratory, of four different sources of carbon
black particles dispersed in Isodain the presence of OLOA 11000, AOT, and Span 80. All
four sources of carbon blagvere 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 Figu8eTheseresults currently unpublished,

suppat the acidbase charging mechanism put forth by Fowkes, based on thbasad
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characterization of these three surfactants shown in Figbir€he negative charge of,

presumably acidic, carbon black particles is consistently reported in litef@8ire
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Figure 1.8. The figure shows the particle zeta potential for four different commercially available
carbon black samples dispersed in Isdparth Span 80, AOT, or OLOA 11000. The figure
represents previously unpublished data collecd i n tldberatoayut hor s 6

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 alsoécome a key parameter in inks that take advantage of particle charge to
draw particles out of suspensioeftire transferring them to a selected print meditihe surface
chemistry of organic pigments is quite different from both polymer particles andaiixétes,
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 tHemsacid

properties.

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

commonly used pigment particles, magenta and §8n Chemically, theparticles were a beta
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oxynapthoic acid pigment lake (magenta) and a copper phthalocyanine blue (cyan). The magenta

particles were strongly basad the cyan particles weemphoteric, as characterized by IGC.

These particles were dispersediheptane 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 chargas reproduced in FigufeO.
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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 permigsim
[Gacek, M.M.; Berg, J.C.; Electrophor. 2014, 35, 17266 3. Copyright [2014] WileyVCH.

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

polyisobutylene succinimide surfactants (OLOA analog{fff]) The cyarparticles 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 bylzase interactions. The basic

magenta acts as a proton acceptor or electroaordorll cases, and tremphoteric cyan acts as

a proton or electron donor or acceptor depending on the acidity or basicity of the sudiactant.
other studies, cyan has been observed to charge positively in the presence of zetoylyl 2
hexanoate (ZrO(Ocf) [62,10Q. While ZrO(Oct) 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 interactiofil0(.

A secondaspect of the same studgalyzel 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 sysm. It was observed that synergist added to the magenta surface in the
presence of Span 86sulted in a dramatic decrease of the previously positive particle charge,
and the particles quickly aggregated and settled out of suspelhssolikely that the originally
basic particle became populated with acidic surface groups, which cannot engtageg aciel
base charge transfer with the aci8pan 80 surfactan& 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 ofrcgaspersed 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 delectsoor
acceptors when intertieg with theAOT 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 betanair

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 adise complexes with the basic OLOA 11000 monomers in
solution before they can become adsorbed to the partidkcs. The result is that the surfactant
monomers are modified to be more acidic. This behavior disappears at larger surfactant
concentrations, presumably because tieeeesmaller ratio afynergisto surfactantn the

system. The studgemonstratethe importance of using additives for the promotion of surface
chage generation in apolar systems as well as the added complexity of competitive interactions

between synergists, surfactants, and particles.

1.3.4. Polymeric particles

Particles formedhrough 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 awéde or hydrophobic/hydrophilic properties.
Initial studies of polymer particle charging in apolar media has shown thabasdinteractions

may play a key role in determining the particle chd6jé.

A systematic study of polymer particle charging in apolar media was conducted by Guo
and coworker$49], where several different functionalized polystyrene (PS) particles as well as a
polymethyl methacrylate (PMMA) particle were dispersed in solutions af 8par AOT in
decane. The resulting particle charge is compared to how the different particles charge in water
as well as characterizing the atidse properties using van @kaudhuryGood (vVOCG)
theory. The PS particles were functionalized with amidiaeboxyl, or sulfate surface groups,
and the PMMA particle was functionalized with sulfate groups. In water, the PS particles

functionalized with amidine charged positively, the PMidfate particles charged moderately

33



negative, and the P&rboxyl andPSsulfate particles charged more strongly negative. These
results are expected, and show that the-bage properties of the functional groups are the
determining factor regarding charging in an agueous environment. Based on the results in water
one carconclude that the R&midine particles are basic, and the remaining particles are acidic to
varying degrees. When the particles are dispersed in decane with SpafA@b present the

particles display two different charging regimas shown in Figur#.10.
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Figure 1.10. Polymer particle charging in apolar media. Zero field electrophoretic mobility and
zeta potential (in the Huckel limit) of the different polymer particles in (a) Span 85 and (b) AOT.
Reprinted from Guo, Q.; Lee, J.; Singh, V.; BehreigH.; 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 PMMAsulfate particles charged significantly positive jiehhe PSsulfate and PS
carboxyl particles charged marginally negative. As suggested by Gug4&t] athis charging
shows some dependence on the functional groups of the particles similar to what occurs in water.
However, as the surfactant concentmtieaches 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(a). Behrens and coworkers suggest that
this is likely a result of acitbase charge transfer between the Span 85 and tledying
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 thelpamwere monofunctional
bases, which is not an uncommon result with vOCG theory as discussed in $2cfidrese
results generate a couple of important questions. Why do some particles appear strongly acidic in
water and yet they are all monofunctibbases 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 possi bl
water versus the vOCGabes. 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 particleersaurfac
and interact more with the Asoftero pol ymer g
the relative inability of Span 85 to charge t
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[101]. A more detailed study of these materials would riedxt conducted teither confirm or

refute this.

The second part of the study dealt with the charging behavior of the same patrticles in the
presence of AOT; these results are reproduced in Figlo€b). In the AOT/decane system the
PSamidine did noacquire any significant charge, PMM&Allfate charged moderately negative,
and the PSulfate and P$8arboxyl particles charged more strongly negative. Based on the
vOCG result that all of the particles are monofunctional bases the authors concludesl that th
particles could not obtain a negative charge via-bagke charging. Therefore, some other
mechanism must be occurring, presumably the adsorption of AOT molecules to the patrticle
surface and subsequent dissociation of its polar head f#aupt,4%. 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 surfa
85. Thus, AOT could more readily engage in duzéde 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 chengtriesthat are often involved.

1.4. Water content

The water content is th@her primaryfactor influencing the particle chargeapolar
systemssecond only to the acildlase properties of the surfactant and the particle suA#aef
thesystems that amdescribed in this revielwvave 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 compathents of
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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 chabgestabilized in these systems

[25 27], and this can have dramatic effects on particle stapl@2,103. 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 §hgpically 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 innermosthere 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 if2@ityrhe

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

e? e? 1 1
E = . + (_ B _)
8megen,te  BmWEge, \1y T (2.20)

whereeis the elementary chargg,is the permittivity of free space; is the radius of the polar

core of the reverse micellg,is the radius of the ion, ang, and(} are the dielectric constants of
the nonpolar external medium and fiedar 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 onlyf the ion radius is rather large. The micelle ionization energy from equation
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(12.20)is then used in a Boltzmann relation to represent the fraction of total micelles that are

charged at equilibriumgj [28].

_(C++C_)_2 —Z%2[ 1 ;. 1 (1 1)
= Cr — SO BrReghT Bt ™ B\ B

(122)

whereC, andC. are the concentration of positively and negatively charged mic€ljes the

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

+ 1), kis the Boltzmann constant, amds the absolute temperature. Clgathe 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 leastrwhat 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

e’xCr

g =
6mnRy (1.22)

whered is the viscosity of the system aRd is the hydrodynamic radius of the micelles. Good
agreement between predicted conductivity and experimental values is found for several different

surfactant systeni28].

Another interesting aspect of reverse miceliarging 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 notedted 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 orparticle 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 aistirfor 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 driedan oven is dispersed in a surfactant solytigh 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 progirgssgjve
of mineral oxides diminishes their adise propertiesl05. This would seem to suggest that at
least some moistumaust bepresent on the particle surface to facilitate the-geiske charging

described irBection1.3.

A systematic study of wateontent in solutions containing silica particles dispersed with
OLOA 11000 and Isopdr was carried out in the autrsdfaboratory to attempt to answer some

of these questiorn80]. Water was introduced to the system via both the particles and the

39



surfat¢ant solution, and the location of the water at equilibrium was determined using Karl
Fischer titration and centrifugation. It was found that roughly 80% of the water present in

the system was adsorbed at the silica surface. This was true regafr tiessusfactant

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 addjtibe 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, indicahg charge was generated as a result of an interaction between the particles and
the surfactant solution. The results support the mechanism ebbasedcharging discussed in
Sectionl1.3. It should be noted that these results are the opposite of whabseased in a study
conducted by Dukhif4(], 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 werned 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 micetlese they werentroduced to the systemhrinking their

polar cores, and dezasing the conductivity of the solution.

The last phase of the study of water in silica/OLOA 11000/Isbphspersions was to
examine the effect of water content on the particle electrophoretic mobility, and the results are
reproduced in Figur#.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 micellgarticle 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 likelypecause ithis regime charge screening or neutralization becomes a strong

influence on particle electrophoretic mobility.
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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
measuremds, and are often smaller than the markers. Reprinted with permissionGemek,
M.; Bergsman, D.; Michor, E.; Berg, J.C. Langmuir 2012, 28, 11681%89. Copyright [2012]
American Chemical Society.
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Adding water to the system will swell the reverse niésglenhancing micelmicelle 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, ad 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. Hewef 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 importace to the CMC, the packing parameter of the reverse micelles,
whether or not the surfactant damm reverse micellg the solubility of the surfactant in
solution, and the steric stability gained from surfactant adsorbed on particle surfaces. The
hydrophle-lipophile balance (HLB) number is a simple way to categorizsitenf 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 surfactardelivby the total
molecular weight of the surfactant. While it is agperfect indicator of affroperties, as it does
not account for a number of structtgeecific effects, it does provide a quick means for
classifying surfactants. To study the effedtsurfactant 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 cowd8&rsvhere 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 miceglte 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
concentratiorof 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 chasgjttg reproduced

in Figurel.12,showed an initial spike as a small polyamine was added, but then deceasing

particle charge with increasing polyamine head group length.

Figure112.( 6) Particl e zet a -gnlysokton chadgeanamrdtionfdr) sur f
samples made with PiB through PIB5 as well as O11k in outlined markers. Reprinted with

permission fromParent, M.E.; Yang, J.; Jeon, Y.; Toney, M.F.; Zhou, Zenze, D.;

Langmuir 2011, 271184511857. Copyright [2011] American Chical 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 importate o determining the particle zeta potential. In
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