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Preface

Surfactants constitute an important and unique class of chemicals. These are

used in a legion of processes and products for a myriad of purposes. In other

languages, such as French, German, and Spanish, the word surfactant does

not exist, and the actual term used to describe these substances is based on

their propensity to lower the surface or interfacial tension, for example, ten-

sioactif (French), tenside (German), and tensioactivo (Spanish).

Surfactants possess dual characteristics, that is, hydrophilic and hydro-

phobic (lipophilic) portions. Surfactants essentially exhibit two main phe-

nomena, adsorption and aggregation (e.g., micelles and other aggregated

structures). Broadly speaking, surfactants are classified into four categories:

anionic, cationic, nonionic, and zwitterionic.

The focus of this book is on precision cleaning using surfactants.

Precision cleaning is described as cleaning to the desired level or better with-

out introducing new contaminants. Both adsorption and aggregation beha-

viors of surfactants are important and relevant in removing various

contaminants, such as particulates, organic films, ionic, and microbial con-

taminants, from a variety of surfaces. The individual contributions in this

book provide state-of-the-art reviews by subject-matter experts on surfactants

and their role in the removal of surface contaminants at the micro- and

nanoscale.

The first chapter by Yakun Zhu and Michael Free is an introduction to

surfactants and addresses the adsorption performance of a wide array of sur-

factants. Surfactant adsorption is driven by amphiphilic properties of surfac-

tant as well as surface properties such as charge and composition. The

hydrophilic�hydrophobic nature of surfactants results in interfacial adsorp-

tion and aggregation. Surfactants tend to form submonolayers, monolayer/

hemimicelle, or bilayers/cylindrical micelle structures at interfaces and sur-

faces. The concentration needed to achieve monolayer coverage is usually

close to the cmc for the surfactant. Aggregation of surfactant above the cmc

leads to the formation of spherical micelles and other structures. These struc-

tures act like a buffer that maintains the free monomeric surfactant concen-

tration constant when the total surfactant concentration exceeds the level

needed for micelle formation. The free monomeric surfactant concentration

determines the level of adsorption on a surface. It is possible to predict sur-

factant adsorption based on material properties, surfactant properties such as

xv



hydrocarbon chain length, and solution conditions such as pH and ionic

strength. There are several challenges to more accurate fundamental model-

ing and predictions of surfactant adsorption, aggregation, and partitioning

which are discussed by the authors.

Contaminants on surfaces can be in many forms and may be present in a

variety of states on the surface and have detrimental impacts on the perfor-

mance of products. Their removal is essential for all processes where the sur-

face must be aesthetically or functionally modified, such as bonding,

deposition of thin films and protective coatings, or surface patterning. The

objective of the chapter by Rajiv Kohli is to provide a good understanding

of the nature of surface contaminants and the cleanliness levels of surfaces

that are fundamental to the development of methods for the removal of con-

taminants from surfaces. The use of surfactants is a well-established method

to aid in removal of surface contaminants at the micro and nanoscale and is

the focus of the present book. The most common categories of surface con-

taminants are particles, thin film or molecular contamination that can be

organic or inorganic, ionic contamination, and microbiological contamina-

tion. The sources of contaminants and mechanisms of their generation are

discussed that can assist in developing remediation solutions.

Surfactants can enhance particle removal from surfaces by modifying the

particle�surface interaction forces. In their second chapter, Michael Free and

Yakun Zhu discuss how adsorbed surfactant molecules can alter the van der

Waals attractive force, electrostatic force, hydrophobic force, as well as pro-

vide a steric barrier to contact. The effect of surfactants on these forces can

result in greatly enhanced particle removal efficiency. Surfactant adsorption

density and structure are important factors in determining removal enhance-

ment performance associated with surfactants. Cleaning is generally most

effective above the surface aggregation concentration (sac), which for naturally

hydrophilic surfaces allows for bilayer or multilayer level surfactant coverage

that provides significant charge repulsion as well as a steric barrier.

Adsorption below the monolayer level renders naturally hydrophilic substrates

hydrophobic, which tends to reduce removal efficiency. In contrast, naturally

hydrophobic surfaces are likely to benefit from both submonolayer and multi-

layer coverages of surfactants that occur, respectively, below and above the

sac. Existing adsorption theory and available formulas can aid in the prediction

of the sac, which is an important parameter in predicting the performance of

surfactants in particle removal enhancement. Equations are available to predict

the effectiveness of surfactants in enhancing particle removal.

Semiconductor manufacturing involves several processing steps, where

cleaning is critical before and after each processing step. Nagendra Prasad

Yerriboina, Maneesh Kumar Poddar and Jin-Goo Park discuss two

major wet processing steps in silicon wafer cleaning and post-CMP (chemi-

cal mechanical planarization) cleaning that requires a higher level of clean-

ing to obtain a contamination-free surface. Depending on the application,
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different physical and chemical forces are used. Surfactants are critical dur-

ing semiconductor cleaning to remove the particles during different proces-

sing steps. The primary mechanism involved in removing particles by

surfactants is to weaken the particle adhesion to the substrate and adsorb

onto the particle surface and substrate, creating either steric forces or repul-

sive forces. One of the challenges is to remove particles from patterned sur-

faces. The coupling of surfactants with megasonics would be very effective

in enhancing PRE (particle removal efficiency) and reducing pattern damage.

Contamination by the slurry particles is the major concern after the CMP

process. Hence, a proper cleaning solution in combination with poly(vinyl

acetate) brush scrubbing is used. Surfactants are very critical in removing the

particles from Si, oxide, metal, and III�V material surfaces. As discussed in

their chapter, various mechanisms are involved in removing the slurry parti-

cles from these surfaces and play an important role in Si wafer cleaning in

controlling the etch rates by adsorbing on the wafer surface.

Particulate contamination remains a major issue for yield loss in semicon-

ductor manufacturing as integrated circuit (IC) companies are facing a con-

stant challenge in continuing miniaturization for device structure and

configuration. The requirements for semiconductor cleaning are becoming

more and more stringent as new materials are being introduced in advanced

technology node that has reduced feature size and has increased aspect ratio,

while pushing for higher PRE to maintain or increase the yield. One of the

multiple challenges that the semiconductor industry is facing in maintaining

the current scaling trends is the removal of undesired contamination, typically

originating from the environment or fabrication process steps. Dinesh Thanu,

Aravindha Antoniswamy, Vikhram Swaminathan, Endu Sekhar

Srinadhu, Nikhil Dole, Mingrui Zhao, Rajesh Balachandran, Daksh

Agrawal, Jatinder Kumar, and Manish Keswani address acoustic cleaning

as a type of noncontact cleaning method that utilizes sound waves through a

liquid medium to remove particulate contaminants from surfaces by applying

physical forces to separate particles from substrates. This technique can be

easily implemented and has been employed as a preferred alternative in IC

industries compared to aggressive chemical cleaning for years. Surfactants are

commonly used as additives in cleaning formulations during acoustic cleaning

of semiconductor surfaces. Since surfactants are surface active, they can affect

cavitation characteristics and, thereby, influence cleaning efficiency and dam-

age to the surface. Cleaning steps are among the most critical since they are

repeated several times during microelectronic fabrication. In particular, the

critical size of the particles to be removed has decreased, following the general

IC aggressive scaling trends, to below 30 nm. Hence, surfactants can be effec-

tive tools in modulating the interaction forces between the surface and con-

taminants, and in acoustic cavitation in cleaning during wafer fabrication.

The chapter by Sami Awad and Nadia Awad is focused on ultrasonics

in precision cleaning. The fundamental mechanisms and advantages and
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issues involved in ultrasonic cleaning, as well as cleaning chemistry are

described for different kinds of contaminants. Surfactants play an important

role in ultrasonic cleaning as illustrated by several examples of challenging

industrial applications, including aqueous removal of submicrometer and

nanometer-size particles, semiaqueous cleaning of tough to clean greases and

heavy oils, and aqueous cleaning of steels with full protection from flash

rusting. The authors also discuss the prospects of the technology.

Critical cleaning denotes situations in which the level of cleaning directly

impacts the value of the end product or manufacturing efficiency. In their

chapter, Malcolm McLaughlin, Michael Moussourakis and Jeff Phillips

describe how choosing a surfactant or aqueous detergent for a critical clean-

ing application requires careful selection of cleaning chemistry and methods

to ensure adequate performance without sacrificing worker or environmental

safety. The authors group aqueous detergent selection criteria into three

broad categories: function and efficacy, health and safety, and environmen-

tal, as well as provide selected application examples illustrating the effec-

tiveness of the detergents. Once an aqueous detergent or detergent group is

selected, cleaning validation is necessary to confirm the reproducibility and

reliability of the process. Each cleaning validation study specifies a particu-

lar detergent and method used for cleaning, as well as the product being

manufactured, potential contaminating residue, and equipment used for

manufacturing. There is no one-size-fits-all solution to cleaning validation

studies—any individual validation will depend on the industry, manufacturer,

manufactured product, equipment, cleaning concern, and contamination

potential, among other factors. The cleaning validation process is reviewed

in detail, and specific recommendations and guidance for the key industries

of pharmaceutical and medical device manufacturing are provided.

We would like to express our heartfelt thanks to all the authors in this

book for their contributions, enthusiasm, and cooperation. Our sincere appre-

ciation goes to our publishers Mariana Kühl Leme, Christina Gifford, and

Matthew Deans, who have strongly supported the publication of this volume.

Melissa Read and the editorial staff at Elsevier have been instrumental in

seeing the book to publication. Swapna Praveen was very helpful with copy-

right permissions for use of the figures. Rajiv Kohli would also like to thank

the staff of the STI library at the Johnson Space Center for their efforts in

helping to locate obscure and difficult-to-access reference materials.

Rajiv Kohli

Houston, TX, United States

K. L. Mittal

Hopewell Junction, NY, United States
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1 Introduction

A group of widely used organic molecules are surfactants, sometimes referred

to as tensioactive chemicals or tensides, which usually consists of hydrophilic

and hydrophobic molecular sections [1�6]. The amphiphilic nature of surfac-

tant molecules creates an affinity for adsorption at interfaces such as the

metal/metal oxide�water interface. The properties of surfactants and the inter-

action of surfactants with metal or metal oxide and the surrounding solution

environment determine the level of adsorption. Understanding the behavior of

surfactants is critical to optimal utilization of surfactants in adsorption on a

metal/metal oxide surface, aggregation and partitioning in aqueous and/or

organic phase, as well as the applications of surfactants in areas such as parti-

cle removal, pharmacy, and cosmetics.

1
Surfactants in Precision Cleaning. DOI: https://doi.org/10.1016/B978-0-12-822216-4.00003-3
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Surfactants are generally categorized into four different groups according

to the nature of their head groups: anionic (A), cationic (C), nonionic (N),

and zwitterionic (Z) (see example in Table 1.1). As indicated by their names,

anionic and cationic surfactants are charged, and a counterion of opposite

charge is attached to the head group to keep charge neutrality; metal cations

are typical counterions for anionic surfactants and halogen ions are common

counterions for cationic surfactants. Nonionic surfactants have no charge

associated with their head group, whereas zwitterionic surfactants are charac-

terized by having two distinct and opposite charges (positive and negative)

on the molecule at either adjacent or nonadjacent sites. Another term,

amphoteric, is often used, which is a subset of zwitterionic surfactants; these

surfactants have a charge that depends on pH. One example of a class of sur-

factant molecules is the homologous benzalkonium chlorides (BACs), alter-

natively named hexadecyltrimethylammonium bromide (C16, C16Cl, or

C16BzCl), as shown in Fig. 1.1A and B. C16 has an N-based aromatic func-

tional group that is hydrophilic, and a hydrophobic hydrocarbon tail with 16

linear CH2 and CH3 sections. The hydrophilic group strongly prefers interac-

tion with polar entities such as water or other ions, whereas the hydrophobic

section strongly prefers interaction with other hydrophobic entities such as

hydrocarbons. This dual nature of surfactants determines their interactions

with surfaces and interfaces. The information of all the surfactant compounds

discussed in this chapter is summarized in Table 1.1.

2 Hydrophilicity and Hydrophobicity of Surfactant Molecules

The hydrophilic functional group of surfactant molecules strongly prefers

interaction with polar entities such as water, metals, and other ions.

Generally, surfactants adsorb on the metal surface, block the active sites

such as those surfaces exposed to corrosive media, and thereby reduce corro-

sion attack [6�11]. It is believed that the structure of heterocyclic surfactant

molecules plays a dominant role in the surfactant adsorption. The presence

and structure of specific atoms, such as N and O, in these molecules strongly

influences the adsorption mechanism [6�11].

The hydrophobic portion, which is nonpolar, strongly prefers interaction

with hydrophobic entities such as hydrocarbon phase [6,11,12]. Therefore sur-

factant molecules are prone to adsorb at and cover the surfaces/interfaces, such

as air�liquid surfaces and liquid�solid interfaces, to escape from polar solvents

such as water by associating and packing hydrocarbon chains together. The sur-

factant concentration at which a monolayer of surfactant molecules adsorbs on

and covers a metal surface is termed the surface aggregation concentration (sac)

[4�6,10,11,13�16]. As surfactant concentration increases, bilayers/multilayers

are likely to form on surfaces. Surfactant molecules can also form aggregates in

aqueous phase at solubility saturation in a way that they usually orient their

hydrophobic tails toward those of neighboring surfactant molecules and their

2 Surfactants in Precision Cleaning



TABLE 1.1 Name, Structure, Symbol, and Chain Length (n) of Surfactants (Symbols are used in the text for the

Corresponding Surfactants).

Surfactant Name Structure Symbol n Type

n-[2-[(2-aminoethyl) amino] ethyl]-9-
octadecenamide

AAOA 8 N

n-Benzalkonium chloride Cn, CnCl, or
CnBzCl

12, 14, 16 C

CnH(2n11)-COO(CH2CH2O)12CH3 CnCOOE12 9 N

Polyoxyethylene alkyl ether CnEn0 12, 16 N

n-Alkyltrimethylammonium surfactant CnTAX
(X5Br2, Cl2)

10, 12, 14,
16

C

Potassium alkanoate CnH(2n11)KO2 9, 11 N

Dodecylpyridinium bromide Br- DDPB 12 C

Octylglucoside OG 8 N

(Continued )



TABLE 1.1 (Continued)

Surfactant Name Structure Symbol n Type

Sodium dodecyl sulfate SDS 12 A

Trans-cinnamaldehyde TCA � N

Sodium bis-(2-ethylhexyl)-sulfosuccinate AOT � A

Cetylpyridinium chloride

(n-1)

CPC 14 C

Primary alcohol ethoxylate CnOEn’ 11 N

Polyoxyethylene nonyl phenyl ether NPEn’ 9 N

Poly(ethylene glycol) esters � � N

Linoleate � � N

Dodecylamine DDA 11 N



N-based alkyl amines and derivatives CnNH2 6 N

CnN(CH3)2 4 N

CnN
(CH2CH2OH)2

6 N

CnNO 4 N

CnNH
(CH2)3NH2

10 N

3-[(3-Cholamidopropyl)dimethylammonio]-1-
propanesulfonate

CHAPS � Z

Cocamidopropyl hydroxysultaine CAHS 6, 8, 10,
12, 14, 16

Z



hydrophilic head groups toward water or hydrophilic surfaces. The surfactant

concentration at which surfactant molecules start to form aggregates such as

micelles in solution is termed the critical micelle concentration (cmc)

[4�6,10,11,13�16]. It has been shown that the sac is usually much lower than

the cmc and that high efficiency of surface coverage is usually achieved at the

sac provided that the surfactant is a good adsorbate [6,11,13].

Hydrophilic�lipophilic balance (HLB) is the measure of the size and

strength of the hydrophilic and hydrophobic moieties of a surfactant molecule.

The HLB concept, proposed by Griffin in 1949 [17], is the best-known semiem-

pirical method to select a surfactant suitable for an application. In this semiem-

pirical method a surfactant is assigned an HLB number according to its

chemical structure. The HLB number ranges from 0 to 20 and depending on the

scale, surfactants can be classified for different applications (Table 1.2) [18].

Metal and metal oxide surfaces are hydrophilic [19]. Consequently, the

functional group in surfactant molecules is attracted to surfaces of metals

and metal oxides. The attraction to surfaces is strengthened by the hydropho-

bic portion of the molecule that is attracted to other hydrophobic portions of

adjacent surfactant molecules on surfaces. Thus there is a driving force for

surfactant adsorption on metal and metal oxide surfaces that orients the sur-

factant with the hydrophilic group at the solid surface and the hydrophobic

hydrocarbon chain directed out into the solution, thereby creating a hydro-

phobic surface. This driving force causes surfactant molecules to aggregate

on surfaces. If sufficient surfactant is present in solution, a second layer or

multiple layers of surfactant may adsorb creating a variety of adsorbed

FIGURE 1.1 Chemical formula of benzyldimethylhexadecylammonium chloride (C16, or

C16Cl, or C16BzCl) (A) and the corresponding optimized molecular geometry (B).

6 Surfactants in Precision Cleaning



structures. Surfactants behave in a similar way in solution with aggregate

structures such as micelles forming at moderate concentration levels above

the cmc [20].

It is usually assumed that surfactant adsorption or surface coverage in the

presence of low surfactant concentration (usually lower than the micelle for-

mation concentration) can be represented by the number of active surface

sites of substrate covered by surfactant adsorption [4,6,21�23]. More and

more active surface area is covered by surfactants as surfactant concentration

increases. Near the sac and the cmc, the surface is assumed to be covered by

one monolayer and multilayers/micelles of surfactants, respectively

[4,6,21�23]. Surfactants form micelles at solubility saturation in the aqueous

phase. The surfactant may form reversed micelles in the oil phase at a certain

concentration that is termed the oil cmc (Γ o). The cmc in aqueous phase is

termed the aqueous cmc (Γw). The overall average concentration at which

the micelle starts to form in the oil�water binary phase environment is

termed the apparent cmc (Γ ap).

3 Adsorption Mechanism

The surfactant adsorption mechanism is usually determined by the adsorption

free energy ΔGo
ad, which is correlated to the adsorption constant using the

following equation [6,24]:

Kad 5
1

Cmw
exp 2

ΔGo
ad

RT

� �
ð1:1Þ

where Kad is the equilibrium adsorption constant, which is usually calcu-

lated based on various adsorption isotherms that will be discussed in

TABLE 1.2 Hydrophilic�Lipophilic Balance (HLB) Scale Showing

Classification of Surfactant Applications.

Compatibility With Water/Oil Applications HLB

Oil-soluble HLB, 10 Antifoaming agents 1�3

W/O emulsifying agents 3�6

Wetting and spreading agents 7�9

Water-soluble HLB.10 O/W emulsifying agents 8�16

Detergents 13�15

Solubilizing agents 15�18

O, Oil; W, water.
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Section 12.2; Cmw is molar concentration of water, which is 55.5 M; and R is

the gas constant, and T is absolute temperature.

Generally, a negative value of ΔGo
ad signifies that the adsorption of sur-

factant on a metal surface is a spontaneous process and shows a strong inter-

action between surfactant molecules and hydrophilic surfaces with

appropriate bonding sites such as steel [25,26]. If ΔGo
ad is more positive than

220 kJ/mol, the interaction between surfactant and a surface is often classi-

fied as physisorption due to electrostatic interaction. When ΔGo
ad is more

negative than 240 kJ/mol, the adsorption usually involves charge sharing or

transfer between the surfactant molecules and the surface to form coordina-

tion bonds, which is also classified as chemisorption [26,27]. However, phy-

sisorption can sometimes be energetically favorable and significant, whereas

chemisorption may sometimes have relatively weak binding energy due to

various factors that influence adsorption [27,28].

Because chemisorption involves a chemical reaction between the adsor-

bate and the surface to form a specific bond, it is generally limited to a

monolayer. In contrast, physisorption does not have a specific bonding

requirement and can involve multiple layers under some conditions. The

high bonding energy associated with chemisorption often requires elevated

temperature or exposure of concentrated competitive ions to desorb chemi-

sorbed molecules. Physisorbed molecules are readily desorbed at moderate

temperatures or by lowering related vapor pressures or concentrations.

Surfactant adsorption is related to surface tension, wettability, and other phe-

nomena, and their influence has been studied in great detail [29�37].

4 Surface Tension

Surface tension occurs when cohesive energy exists between molecules.

Hydrogen bonds and van der Waals interactions are present between water

molecules in aqueous media. However, at the air�water interface, hydrogen

bonds are not complete above the interface. Similarly, van der Waals interac-

tions are weakened at the interface because there are no interacting mole-

cules in the air phase. Therefore molecules present at the air�water interface

have fewer bonding opportunities and greater available energy than those in

the bulk phase. This excess energy is the basis for surface tension.

In aqueous media the hydrophobic portion of surfactant molecules has a

tendency to move to available interfaces to escape the undesirable polar sol-

vent. Adsorbed surfactant molecules at the air�water interface decrease sur-

face tension. Thus surfactant molecules are more active at the air�water

interface. Correspondingly, the term “surfactant” is derived from “surface-

active agent” that lowers surface tension. Compounds that have higher cohe-

sive energy at the air�water interface than that between water molecules are

expected to increase surface tension.
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Surface tension is related to the adsorption density as described mathe-

matically in the Gibbs adsorption equation [38,39]:

Λi 52
1

RT
� dY

dlnai

� �
T;P

ð1:2Þ

where Λi is surface excess or adsorption density of surfactant i in number of

molecules per unit area or in mol/m2, Y is surface tension in force per unit

length or in mN/m, and ai is activity of surfactant i. The Gibbs adsorption

equation shows that the adsorption density increases as the slope of surface

tension versus the logarithm of concentration becomes steeper. Adsorption

density, when multiplied by the effective thickness of the surfactant layer to

obtain volumetric concentration units, indicates that the concentration of sur-

factant (solute) at the surface is higher than in the bulk. In the bulk solution,

surfactant is dispersed and more dilute than at the interface where it is aggre-

gated and packed more densely. Thus adsorption density is effectively the

local concentration of surfactant at the adsorption interface.

The surface tension of solution decreases gradually as surfactant concen-

tration increases until it reaches a minimum plateau value. As the interface

becomes more packed, additional surfactant molecules tend to aggregate in

solution as well as at solid�liquid interfaces. Additional surfactant above

the level needed for minimum surface tension is utilized to form aggregate

structures like micelles. The surfactant concentration needed to produce

micelles is known as the cmc. The cmc generally represents the maximum

concentration of surfactant monomers that can be dissolved in solution. The

cmc is reached as the surface tension reaches the minimum plateau level.

Because of this aggregation phenomenon occurring at the cmc, the Gibbs

equation is not valid above the cmc. All surfactant in solution that is in

excess of the cmc forms aggregate structures such as micelles and acts as a

separate phase.

Fig. 1.2 shows surface tension data of BAC, including dodecyltrimethy-

lammonium bromide C12 (or C12Cl or C12BzCl), tetradecyltrimethylammo-

nium bromide C14 (or C14Cl or C14BzCl), and hexadecyltrimethylammonium

bromide C16 (or C16Cl or C16BzCl), which can be used to determine the cmc

[13]. As expressed in the Gibbs adsorption equation, the surface excess

increases as water molecules are replaced by surfactant molecules at the sur-

face provided that the surface tension versus log10(concentration) increases

the magnitude of its slope. Usually the change in slope is large at low con-

centrations and then remains nearly constant as the cmc is approached.

The surface tension of water at the air�water interface at room tempera-

ture is 72 mN/m [40]. Appropriately selected hydrocarbon surfactants are

usually able to decrease the surface tension to around 35 mN/m. Surfactants

with fluorocarbon chain groups are capable of decreasing the surface tension

to 25 mN/m [41]. Addition of a salt can further reduce surface tension due to
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decreased repulsion between ionic head groups of surfactant molecules that

enhances molecular packing [42].

5 Enhancement of Wettability

The contact angle of a liquid droplet on a solid surface is the physical mani-

festation of the balance of three interfacial tension values as presented in

Young’s equation [43,44]:

cosΘ5
YSV 2YSW

YWV
ð1:3Þ

where YSO is the interfacial tension of solid�vapor interface, YWO is the

interfacial tension of water�vapor interface, YSW is the interfacial tension at

the solid�water interface, and Θ is the contact angle of the liquid droplet on

the solid surface. A representation of these interfacial tensions is presented

in Fig. 1.3.

Young’s equation indicates that a decrease in interfacial tension at the

solid�water interface with the addition of surfactant results in a decrease in

FIGURE 1.2 Plots of surface tension of aqueous solution as a function of surfactant concentra-

tion at 40�C: A—C12BzCl in 0.171 M NaCl solution; B—C12BzCl in 0.856 M NaCl solution;

C—mixed C12BzCl, C14BzCl, and C16BzCl at ratio of 0.15/0.70/0.15 in 0.171 M NaCl solution.

The arrows pointing to x axis indicate the cmc values. The cmc is usually defined as the concen-

tration where the decrease of surface tension stops or switches to a very low slope. The plots

indicate what is likely occurring with respect to surfactant adsorption and aggregation as a func-

tion of surfactant concentration and surface tension. cmc, Critical micelle concentration.
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the contact angle. A decrease in the contact angle is an indication of

increased wettability. The ability of a liquid to spread or wet a surface is

described mathematically using the spreading coefficient [45]:

ΔY5YSV 2 YSW 1YWVð Þ ð1:4Þ
Wettability is controlled primarily by the hydrophilicity of the surface.

Surfaces that are very hydrophilic have very low contact angles. The con-

tact angle is a function of the surface tension as indicated in Young’s

equation. Surface tension is a thermodynamic property. Consequently,

wettability is a thermodynamic result of the interactions of the associated

phases. Wettability can be controlled by controlling the surface tension

values through the use of surfactants as well as through selection of

liquids and the solid interface.

Hydrophilic surfaces repel organic phases such as oils, and hydrophobic

surfaces repel water. Consequently, when oil and water are mixed, the water

in the mixture will attract to hydrophilic surfaces such as steel, precipitated

salts, and corrosion product layers even though oil phases may be present.

However, as the surfactant adsorbs on a surface, it can modify the wettabil-

ity. In some cases, surfactants can change the character of a surface from

one that is hydrophobic to one that is hydrophilic or from a hydrophilic sur-

face to a hydrophobic surface.

Wettability can be affected by the surface roughness. Previous research

shows wettability is affected by roughness as expressed by the relation

[43,44]:

cosΘ
0
5 f � YS 2YSL

YL
5 f � cosΘ ð1:5Þ

where Θ
0
is the contact angle of a rough solid surface, f is a roughness factor

that is greater than unity for rough surfaces, YS is surface tension of solid,

YL is surface tension of liquid, and YSL is interfacial tension between solid

and liquid. It is well-known that surface heterogeneity (contamination due to

the presence of attached fine particles), thin films, deformation, and other

phenomena can affect the contact angle [44]. Surfaces can be made excep-

tionally hydrophobic or “superhydrophobic” by creating microscale rough-

ness on a normally hydrophobic surface [46].

FIGURE 1.3 Illustration of contact angle of water in oil on a solid substrate.
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6 Langmuir�Blodgett Films

Surface pressure, which is related to surface tension, and molecular surface

area for monolayer films at the air�liquid interface are commonly measured

and manipulated using a Langmuir�Blodgett (LB) balance [47]. The LB

technique can be used to reveal interesting behavior of adsorbed surfactant

molecules. The surface pressure of LB films, PLB, is defined as [47,48]:

PLB 5Yo 2Y ð1:6Þ

where Yo is surface tension without an adsorbed layer, and Y is the surface

tension with an adsorbed layer. The LB balance can be used to measure sur-

face pressure as the surface area of the adsorbed film is changed by surface

compression using a movable barrier. Thus, the LB method can be used to

modify the area occupied per surfactant molecule using a movable compres-

sion barrier.

When the surface pressure in an LB film device is low and the surface

area per molecule is high, surfactant molecules are well dispersed and often

are not oriented vertically at the interface. This well-dispersed molecular

state is often related to the gas phase because of its resemblance to dispersed

gas molecules. Multiplying the surface pressure by the surface area leads to

the ideal gas equation analog for a two-dimensional surface [49]:

PLBALB 5 nLBRT ð1:7Þ

where ALB is surface area of LB film and nLB is the number of moles of

adsorbed surfactants on LB film. As the LB surface area decreases, surfactant

molecules become more close-packed, and the surface pressure increases. This

often leads to a molecular state that is analogous to a liquid.

Further decrease in surface area forces tight molecular packing and the

surface pressure reaches a maximum value. This tightly packed condition is

analogous to a solid phase because the molecules are packed and can have

two-dimensional, crystal-like structures. The LB film balance can be used to

produce oriented multilayer films by transferring the films to substrates that

are moved slowly through the air�water interface. Thus, the LB film balance

can be used to transfer surfactant films of varying packing density as mono-

layers or multilayers to any solid substrate. Consequently, properties such as

hydrophobicity and diffusion barrier performance can be evaluated using

these films as a function of molecular packing and/or the number of multi-

layers on a substrate.

7 Krafft Point

Surfactant molecules do not dissolve appreciably in aqueous solutions below

a certain temperature, known as the Krafft point [50]. Above the Krafft point
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or temperature, surfactants can form micelles, which greatly increases overall

surfactant solubility. A diagram illustrating the relationship between the

Krafft point and monomer and micelle surfactant forms is presented in

Fig. 1.4. Thus, the Krafft point provides an important boundary condition for

surfactant utilization.

8 Surfactant States

Surfactants can organize into different phases or states. The phase or state of

surfactant is generally closely related to concentration. If surfactant concen-

tration increases above the cmc, monomeric surfactants form aggregate struc-

tures such as micelles. Properties of micelles, the micellization process, and

associated modeling will be discussed in detail in subsequent sections. The

quantitative relationships amongst the total surfactant concentration, mono-

mer concentration, micelle concentration, and the associated cmc are pre-

sented in Fig. 1.5. In addition to micelles, surfactants can form gels at the

gel temperature [43,51]. Surfactants can also form liquid crystals. The gel

state is the transition between the liquid crystal phase and the solid state.

Surfactant in the gel state can change orientation and rotate. In contrast, sur-

factant dissolved in solution can have full freedom unless it is part of aggre-

gate structures.

FIGURE 1.4 Comparison of total surfactant concentration and temperature and its relationship

with surfactant states. Arrows next to the axes point toward the increasing direction.
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At elevated temperatures, some surfactants have decreased solubility.

This decrease is due to reduced hydrogen bonding resulting from higher

energy and conformational changes in surfactant structure that reduces bond-

ing with water. Consequently, some surfactant solutions become cloudy at

elevated temperatures due to the reduced solubility above the “cloud point”

due to secondary phase formation. The cloud point effect is generally associ-

ated with nonionic surfactants.

9 Micelles

Surfactant molecules are compelled to aggregate to form micelle-like struc-

tures above the cmc. A micelle generally consists of tens to hundreds of sur-

factant molecules [28,52]. The number of surfactant monomers in a micelle

is known as the aggregation number. The molecular weight of a micelle can

be obtained simply by multiplying the aggregation number by the molecular

weight of the surfactant monomer.

The aggregation number of surfactants is affected by ionic strength, head

group properties, hydrophobic chain dimensions, and temperature. If there is

a change in ionic strength of solution, the change can affect the aggregation

FIGURE 1.5 Comparison of phase (micelle or monomer) concentration and total surfactant

concentration for a hypothetical surfactant. Arrows next to the axes point toward the increasing

direction.
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number. Increasing ionic strength weakens the repulsion between ionic head

groups and increases the repulsion of the hydrophobic tail from the aqueous

medium, thereby enhancing the tendency for aggregation. The head groups

of surfactant molecules determine the size outside the hydrophobic micelle

core. Small head groups facilitate aggregation. Temperature also influences

aggregation [53]. Increasing temperature can cause surfactant to dehydrate

the hydrophilic group of surfactants, which can result in increased hydropho-

bicity. However, increased temperature also decreases the tendency to adsorb

at interfaces.

Micelles are constantly interacting and exchanging with individual surfac-

tant molecules. Individual monomer surfactant molecules move in and out of

micelles at the microsecond time scale [54]. In contrast, micelles form and

dissociate at a time scale of milliseconds. However, these time scales change

very significantly as the concentration of surfactant and the size and charac-

teristics of the surfactant change.

Micelle aggregates form in shapes that include plate-like micelles,

hemimicelles, spherical micelles, rod-like or cylindrical micelles, and vesi-

cles [28,55]. The governing factor of the shape of a micelle is the packing

of the hydrocarbon chain of the surfactant. Israelachvili showed a packing

parameter (shape factor) will determine the tendency to form spherical

micelles or nonspherical micelles [28]. The packing parameter Ps can be

expressed as [28]:

Ps 5
vs

aols
ð1:8Þ

where vs is a hydrocarbon chain volume, ao is an optimal surface area of sur-

factant head group, and ls is a critical chain length. The preferred structure

of micelles is summarized in Table 1.3 according to the packing parameter.

A spherical micelle is shown in Fig. 1.6 along with the dimensions used for

the packing factor [28].

TABLE 1.3 Micelle Structure as a Function of Packing Parameter Ps [28].

Value of Packing Parameter Structure

Ps#
1/3 Spherical micelle

1/3,Ps,
1/2 Ellipsoidal micelle

Ps� 1/2 Cylindrical micelle

1/2, Ps, 1 Various interconnected structures

Ps�1 Vesicles and extended bilayers

Ps. 1 “Inverted” structures
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The aggregation number of a spherical micelle, Nsph, and the aggregation

number per unit length of a cylindrical portion of the aggregate, Ncyl=ls, are
calculated from the aggregate radii rsph and rcyl [28]:

Nsph 5
4

3

πrsph3

vs
ð1:9Þ

Ncyl

ls
5

πrcyl2

vs
ð1:10Þ

rsph and rcyl are given, respectively, by [28]:

rsph 5
3vs

ao
ð1:11Þ

rcyl 5
2vs

ao
ð1:12Þ

The surface charge density of a spherical micelle and of a cylindrical por-

tion is given by the following equation [56]:

σsph 5
q

ao

rsph

rsph1rh

� �2

ð1:13Þ

σcyl 5
q

ao

rcyl

rcyl 1 rh
ð1:14Þ

where q is the charge of the head group of the surfactant and rh is the dis-

tance from the location of the charge of head group to the surface of the

micellar core. rh is specific to the particular head group.

Tanford demonstrated that the critical chain length ls and hydrocarbon

chain volume can be approximated by the following equations [55]:

ls # lmaxD 0:1541 0:1265Lið Þ nm ð1:15Þ

FIGURE 1.6 Spherical micelle in equilibrium with an individual surfactant monomer with

associated parameters.
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and

vsD 27:41 26:9Lið Þ � 1023 nm3 ð1:16Þ
where lmax is the maximum length of surfactant molecule and Li is the num-

ber of carbon atoms in the hydrocarbon chain of surfactant i. Thus, the

micelle packing parameter for DDPC (dodecylpyridinium chloride) with an

aggregation number of 80 is 0.37 (. 0.33). A value greater than 0.33 indi-

cates the DDPC micelle is likely to be nonspherical.

Micelles are generally considered to be a separate liquid phase. Micelles

behave as a separate phase from a thermodynamic perspective. Correspondingly,

some compounds dissolve in micelle liquids [57,58]. Hydrophobic entities dis-

solve in the hydrophobic interior of micelles in aqueous solutions. In organic

media where micelles are inverted with polar interiors, aqueous or polar entities

are dissolved in the micelle interior.

10 Microemulsions

Microemulsions are similar to solutions with micelles. They consist effec-

tively of swollen micelles that contain a 5- to 100-nm droplet of liquid

inside. They can exist in an oil continuous phase with nanosized water dro-

plets inside of a surfactant shell, or they can exist in a water continuous

phase with oil droplets inside. Microemulsions, which have a wide variety of

uses, consist of alcohol with an ionic surfactant as well as water and oil.

Microemulsions can also be synthesized using water, oil, and a single surfac-

tant such as sodium bis-(2-ethylhexyl)-sulfosuccinate, which is also known

as AOT [59]. Microemulsions are thermodynamically stable forms of emul-

sions [60].

11 Surfactant Mixtures

In practical applications, surfactant mixtures have received wide attention

because of their superior physicochemical properties and capabilities in effi-

cient adsorption, solubilization, dispersion, suspension, and transportation

[6,61,62]. Solutions containing mixed surfactants can often be conveniently

tuned to achieve desired properties by adjusting the mixture composition.

More surface-active and expensive surfactants are usually mixed with less

surface-active and less expensive surfactants to reduce cost [6,11].

It is believed that there is a synergistic effect of mixed surfactants on

adsorption and surface coverage of metals/metal oxides [6,11,26], which

results in improved performance of mixed surfactants relative to pure surfac-

tant. The synergistic adsorption has been shown to be an effective method of

improving the adsorption efficiency, decreasing the amount of dosage, and

diversifying the application of surfactants [6,11,26]. In addition, a coopera-

tive effect in surface coverage of some surfaces occurs upon introduction of
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halide ions to aqueous media. However, the addition of halide ions may

either stimulate or inhibit surfactant adsorption, depending on the concentra-

tion. It has been reported that the inhibitive effects of halides follow the

order of I2..Br2.Cl2. The strong synergistic effect of iodide ion can be

explained by the chemisorption with some surfaces such as steel because of

its larger size and polarizability [63,64].

A synergistic parameter, Ssn, is introduced to describe the combined surface

coverage behavior of amines and halide ions given in the following [65]:

Ssn 5
12θcalc

1;2

12θmeas
1;2

ð1:17Þ

where θmeas
1;2 is the experimentally measured surface coverage of mixed sur-

factants 1 and 2. θcalc1;2 is the calculated surface coverage assuming no interac-

tion between the surfactants and is given by the following equation:

θcalc
1;2 5θ1 1θ2 2θ1θ2 ð1:18Þ

where θ1 and θ2 are surface coverages of surfactants 1 and 2, respectively. It

is generally agreed that if Ssn approaches 1 no interaction between the two

surfactants exists, if Ssn . 1 a synergistic effect applies, and that if Ssn , 1,

an antagonistic interaction predominates [63�65].

Appropriately mixed surfactant systems have also been shown to improve

the performance of some desirable interfacial properties. In a study by Shiao

and coworkers [66], the effects of chain length matching of mixed surfac-

tants on melting points, evaporation retardation, micellar stability, foaming,

lubrication, enhanced oil recovery, corrosion, and microemulsion formation

were discussed in detail. The results from this study showed that when an

ionic surfactant is mixed with a nonionic surfactant in a one-to-one ratio, the

molecular packing is enhanced [66]. Correspondingly, optimum properties

such as corrosion resistance, enhanced oil recovery, melting point, evapora-

tion retardation, foam formation, and surface viscosity were affected by the

chain length compatibility. The rationale for the improvement in properties

is that matching chain lengths allows for more stable interactions between

surfactant molecules in the adsorbed layers [66,67].

12 Adsorption at Surface/Interface

12.1 Adsorption Basics

Surfactant adsorption is a prerequisite to surfactant-based surface cover-

age. A common interpretation of the adsorption of ionic surfactant on

oppositely charged substrates is depicted in Fig. 1.7 with four adsorption

regions (I, II, III, and IV) [68,69]. In this view the adsorption trends are

linear in Region I due to electrostatic attraction. The adsorption density
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follows the Gouy�Chapman equation with a constant slope under con-

stant ionic strength conditions. The adsorption density of the ions (nega-

tive ions as an example), Λ2, is given by the following equation [69]:

Λ2 52
σ2

zF
ð1:19Þ

where σ2 is surface charge density of solid surface/substrate and hardly

changes under constant ionic strength conditions, F is the Faraday constant,

and z is the valence charge of the ion.

Increased adsorption at higher surfactant concentration leads to Region II in

which the adsorption density increases more than the corresponding solution

concentration due to aggregate structure formation at the surface. The adsorbed

surfactant can be in the form of hemimicelles due to lateral interactions between

hydrocarbon chains that can lead to patches of packed molecules [69].

In Region III, electrostatic attraction is no longer operative due to the

electrically neutralized solid surface by the adsorbed surfactant, and adsorp-

tion takes place due to lateral attraction alone with a reduced slope. Region

IV is a saturated region with not much additional adsorption as the residual

solution concentration increases because of solution micelle formation. The

adsorption in this region is mainly through lateral hydrophobic interaction

between the hydrocarbon chains. The local bilayer areas may be in the form

of cylindrical or rod-like micelles, in which surfactant molecules adsorb with

FIGURE 1.7 Qualitative comparison of adsorption density and residual ionic surfactant con-

centration on logarithmic scales with associated surfactant adsorption structures for an oppositely

charged substrate.
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a reversed orientation (head groups facing the bulk solution), resulting in a

decrease in the hydrophobicity of the micelle in this region [68].

Nonionic surfactants usually contain polar head groups, which tend to

form hydrogen bonds with the hydroxyl groups on the solid surface/substrate.

The adsorption of nonionic surfactants to most solids is weaker than that of

ionic surfactants considering that hydrogen bonding is weaker than electro-

static interaction. Therefore nonionic surfactants exhibit a sharp increase in

Region III in the adsorption isotherm due to the absence of electrostatic

interactions [66]. In other regions, nonionic surfactants and ionic surfactants

exhibit similar characteristics in the adsorption isotherms [68].

Surface coverage on metals/metal oxides is directly determined by the

effective adsorption of surfactant monolayers and bilayer/multilayers on the

metal/metal oxides substrate/surface due to the physical and chemical block-

age of the surface-active sites exposed to corrosive media [6,11,22,70].

Physisorption is usually accomplished through van der Waals forces and

electrostatic interactions between polar or charged functional groups and a

charged/polar surface [6,22,70]. The adsorbed surfactant chemically modifies

some surfaces in a way that the functional groups partially donate electrons

to the surface and link to the substrate by forming a partial chemical bond,

leaving the hydrocarbon tails pointing outward and forming a densely packed

hydrophobic barrier, which is believed to inhibit the diffusion of water,

carbonate ions, halide ions, hydrogen ions, oxygen, and other species to the

surface [70,71]. Adsorption behavior can usually be evaluated using experi-

mental methods, such as Fourier-transform infrared (FTIR) spectroscopy and

polarization modulation infrared reflection absorption spectroscopy [72,73],

or using computational approaches such as density functional theory and

classical molecular dynamics simulations [12,71,74�77]. More recently, the

utilization of data mining-based artificial neural networks is becoming a

trend in evaluation of surface adsorption on metals/metal oxides and corro-

sion inhibition [78,79], even though this method is purely empirical without

physical meaning.

The adsorption of a surfactant molecule on a metal/metal oxide surface,

which is an example of a solid/liquid interface, can be presented as a substi-

tution adsorption process between the surfactant molecules in aqueous solu-

tion, (Saq), and the water molecules on the surface (H2Oad) [80,81]:

Saq 1 ς H2Oad2Sad 1 ς H2Oaq ð1:iÞ
where ς is an empirical fitting parameter, which is interpreted as the number

of water molecules displaced by one surfactant molecule.

12.2 Adsorption Isotherms

The most frequently used adsorption models are the Langmuir model,

Temkin model, Freundlich model, Frumkin model, Flory�Huggins model,
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Dhar�Flory�Huggins model, Bockris�Swinkels models, Bockris�Devanathan�
Muller model, van der Waals�Stern model, and Stern Adsorption model

[49,53,71,82�84], which are described.

The Langmuir adsorption isotherm assumes that all surface adsorption

sites are equivalent, regardless of whether neighboring sites are occupied.

Using the Langmuir model, the adsorbed adsorbate concentration is

expressed as follows [71]:

KadC
w
m 5

θ
12θ

ð1:20Þ

where θ is surface coverage, Kad is the adsorption equilibrium constant, and

Cw
m is the total concentration of monomeric surfactants in aqueous phase or

available surface cites.

Determination of whether or not the Langmuir model applies to a given

set of data can be made by plotting 1=θ versus 1=Cw
m and evaluating the lin-

earity of the data. The equilibrium adsorption constant, Kad, can be calcu-

lated from the slope. Kad can be used to calculate the free energy of

adsorption as discussed previously. Some of the limitations of the Langmuir

model are the neglect of molecular interactions, inability to account for mul-

tilayer coverage (along with all other general models), and the neglect of het-

erogeneous surface sites. However, despite its limitations, it is generally very

effective and well used.

The associated equation for a multicomponent system expressed as a

fraction of sites occupied (θi) is as follows [85]:

θi 5
KadiC

w
mi

11
P

i KadiC
w
mi

ð1:21Þ

where θi represents the surface coverage from surfactant i Kadi is equilibrium

constant of surfactant i, and Cw
mi represents the monomeric concentration of

surfactant i in aqueous solution.

The Temkin adsorption isotherm is an empirical adsorption model that

considers nonuniform site distribution. According to this model, the adsorbed

adsorbate concentration is expressed as:

KadC
w
m 5 expðξθÞ ð1:22Þ

where ξ is the molecular interaction constant (ξ, 0 indicates lateral attrac-

tion interactions between adsorbed surfactant molecules; and ξ. 0 indicates

lateral repulsion interactions between adsorbed surfactant molecules). ξ takes

into account of adsorbent�adsorbate interactions. This model usually

assumes that heat of adsorption of all molecules in the layer decreases line-

arly rather than logarithmically with θ when the extremely low and high

values of concentrations are ignored [84].
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The Freundlich adsorption isotherm is derived by assuming a site distri-

bution function that is based on varying adsorption site free energy values.

Using this model, the surface coverage can be expressed as follows:

KadC
w
m1=ς5 θ ð1:23Þ

where ς represents the number of water molecules displaced by one surfac-

tant molecule as previously described. It reduces to the Langmuir equation

for ς5 1 at low concentrations and for ς5N at high concentrations. The

value of 1=ς is a measure of adsorption intensity or surface heterogeneity,

indicating more heterogeneous surface as its value approaches 0. A value of

1=ς below unity implies chemisorption whereas 1=ς above one is an indica-

tion of cooperative adsorption [84].

The Frumkin isotherm can be represented by the following equation:

KadC
w
m 5

θ
12 θð Þ exp 2 ξθð Þ ð1:24Þ

Similar to the Temkin isotherm, the Frumkin isotherm also considers lateral

interactions between adsorbed surfactant molecules through ξ. Determination of

whether or not the Frumkin model applies to a given set of data can be made by

plotting ln θ= Cw
m 12 θð Þ� �� �

versus θ and evaluating the linearity of the data.

The Flory�Huggins isotherm can express the feasibility and spontaneous

nature of an adsorption process and takes the following format:

KadC
w
m 5

θ
ς 12θð Þς ð1:25Þ

The linear form of the Flory�Huggins model can be obtained by plotting

ln θ=Cw
m

� �
versus ln 12 θð Þ.

The Dhar�Flory�Huggins isotherm is similar to the Flory�Huggins

model except for one exponential factor and has the following form:

KadC
w
m 5

θ
12θð Þς expðς2 1Þ ð1:26Þ

The linear form of the Dhar�Flory�Huggins model can be checked by plot-

ting ln θ=Cw
m

� �
versus ln 12 θð Þ. It has been shown that it is strictly incorrect to

refer to an isotherm containing the configurational term θ=ς 12θð Þς as the

“Flory�Huggins isotherm,” since Flory�Huggins statistics leads to an isotherm

having a different form for the configurational term, which is expðς2 1Þ.
The Bockris�Swinkels isotherm was originally proposed by Bockris and

Swinkels for the evaluation of adsorption of organic compounds on metal

electrode and takes the following form:

KadC
w
m 5

θ
12θð Þς

θ1ςð12θÞð Þðς21Þ

ςς
ð1:27Þ
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Note that the Bockris�Swinkels isotherm reduces to the Langmuir iso-

therm when ς5 1.

There are other isotherms available, such as the van der Waals�Stern

model [30], the Stern Adsorption model [85], and the Hill�de Boer model

[84], but they are not used as frequently as the above isotherms in the evalu-

ation of surfactant adsorption on metal/metal oxide surface. Based on the

experimental data, an appropriate adsorption isotherm can be selected for a

particular surfactant of interest and the associated applications are provided

elsewhere [6,71,86]. Note that all the isotherms are based on best fit of

experimental data, and they are only partially theoretically sound except the

Langmuir isotherm. The best-fit empirical parameters ς and ξ usually cannot

be extrapolated to other surfactants that include homologous and nonhomolo-

gous surfactants.

Recently, a multiinteraction (MI) isotherm that describes monolayer

adsorption and lateral interactions between adsorbed surfactant molecules

and the formation of surface aggregates based on the combination of

Langmuir isotherm and the aqueous cmc has been developed and described

as follows [87]:

Λe 5Λmax;1
Cw
m=Γ

w

Khaf;1 1Cw
m=Γ

w 1Λmax;2
Cw
m=Γ

w
� �ς

Khaf;2 1 Cw
m=Γ

w
� �ς ð1:28Þ

where Λe is the equilibrium amount of adsorption concentration [107 mole-

cules/colony-forming unit (CFU)]; Λmax;1 and Λmax;2 are the maximum

adsorption concentrations for the two interactions; Khaf;1 and Khaf;2 are half

saturation constants for each interaction (unit less); and Γw is the aqueous

cmc. The first term on the right-hand side of the abovementioned equation is

a Langmuir isotherm describing monolayer adsorption on the substrate sur-

face, and the second term accounts for lateral interactions between the

adsorbed surfactants and formation of the surface aggregates. The multiinter-

action isotherm adsorption has been validated for linear polyoxyethylene

(POE) alcohol surfactants with the form CxEy onto the surface of

Sphingomonas sp. bacteria [87] and an example of the model application to

C12E9 is given in Fig. 1.8. The fitting of an MI isotherm is excellent over the

entire concentration above and below the aqueous cmc, while the Langmuir

isotherm fails to fit well. However, note that the MI isotherm has three best-

fit parameters (ς, Khaf;1, and Khaf;2) and that these parameters have the same

limitation as those in the regular adsorption isotherms discussed previously.

Correspondingly, the extrapolation of the fitting parameters to other surfac-

tants usually leads to unreliable results.

The aqueous sac (represented using Γ) and cmc (represented using Γw)

are important parameters characterizing surfactant adsorption and aggrega-

tion. Therefore a new adsorption isotherm termed the modified Langmuir
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adsorption (MLA) has been reported by incorporating the aqueous cmc into

the regular Langmuir model [6,11,13]. The concentration range is usually

confined between zero and the cmc for accurate evaluation. The MLA is pre-

sented in the following:

1

12θ
5 11K

0 Cw
m

Γw ð1:29Þ

where K0 is equal to the adsorption constant Kad multiplied by Γw. The value

of K0 for homologous surfactants is relatively constant and can be used as a

universal constant for such homologous surfactants. Note that the monomeric

concentration in aqueous phase Cw
m can increase up to the aqueous cmc Γw

or above. The sac/cmc is a transition point in characterizing the effectiveness

of adsorbed surfactants in formulating a surface coverage film. On the other

hand, the surface coverage is usually high enough at the sac, and therefore

the continuous increase of surfactant concentration up to the sac/cmc or

above does not contribute much to additional surface coverage. Thus, the

deviation between MLA prediction and experimental results at or above the

sac/cmc should be small.

The essence of MLA is that the incorporation of cmc can successfully

adjust for the effects of solution conditions and surfactant properties, such as

FIGURE 1.8 Comparison of experimental and fitted adsorption isotherms for C12E9 onto the

Sphingomonas sp. Replotted after Ref. [87].
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salt concentration, solution temperature, hydrocarbon chain length, lateral

surfactant interactions, and counterion binding, on surfactant adsorption and

thus on corrosion inhibition efficiency. It is interesting to note that the

regression parameter K0 in MLA for one surfactant can be transferred

(extrapolated) to the corresponding homologous surfactants and other surfac-

tants with similar head groups (usually characterized by quantum descriptors)

[6,11,13].

The plots of MLA and some commonly used adsorption models based on

the electrochemical measurements for a surfactant mixture (C12/C14/

C165 0.70/0.25/0.05 in 0.171 M NaCl aqueous media with CO2 saturation

and pH5 4 at 40�C) are presented in Fig. 1.9 in which only MLA shows

clearly the feature of the aqueous sac [6,11]. The MLA plot of 1= 12 θð Þ� �
versus Cw

m=Γ
w yields a slope of fit parameter K

0
5 13.74, and an intercept of

1 which is in the absence of surfactant inhibitors, as shown in Fig. 1.9D. The

K
0
5 13.74 can be extrapolated to other mixtures of BAC surfactants to pre-

dict surface coverage, which is comparable to experimental data as shown in

Fig. 1.10 [6,11].

FIGURE 1.9 The adsorption isotherms on X65 steel electrode of mixed BAC (C12/C14/

C165 0.70/0.25/0.05) in 0.171 M NaCl aqueous media with CO2 saturation and pH5 4 at 40�C:
(A) Langmuir adsorption, (B) Freundlich adsorption, (C) Temkin adsorption, and (D) MLA.

BAC, Benzalkonium chlorides; MLA, modified Langmuir adsorption.
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12.3 Adsorption Thermodynamics

The standard free energy of surfactant adsorption for the adsorption�solution

equilibrium is given by the following equation [11]:

ΔGo
ad 52RTln

aSad
aSaq

52RTln
CSad

CSaq

ð1:30Þ

where a is the activity and C represents the concentration of the specified

form of the surfactant either adsorbed or in aqueous phase. Note the activity

coefficient for the aqueous and adsorbed forms is assumed to be equivalent,

thereby canceling its effect in the equation. Thus the equation can be rear-

ranged to:

CSaqexp 2
ΔGo

ad

RT

� �
5CSad ð1:31Þ

The concentration of adsorbed surfactant is effectively the surface excess

concentration per unit area, Λ, divided by the thickness of the adsorbed

surfactant layer, which is the same scale as the length of the surfactant mole-

cule, lm. The concentration of surfactant in the aqueous phase is effectively

FIGURE 1.10 The comparison of experimentally determined surface coverage and predicted

surface coverage based on MLA and extrapolated parameter K
0
5 13.74 on X65 steel electrode

of mixed BAC (C12/C14/C165 1/1/1) in 0.599 M NaCl aqueous media with CO2 saturation and

pH 5 at 40�C. BAC, Benzalkonium chlorides; MLA, modified Langmuir adsorption.

26 Surfactants in Precision Cleaning



the bulk concentration of surfactant. Therefore the surface excess concentra-

tion per unit area for equilibrium adsorption can be rewritten as [88]:

Λ5CSaq lmexp 2
ΔGo

ad

RT

� �
ð1:32Þ

Correspondingly, the surface excess at various surfactant concentration

levels can be determined. Furthermore, the change in free energy associated

with adsorption can be calculated using the rearranged form of the following

equation:

ΔGo
ad 52RTln CSaq lm

� �
1RTlnΛ ð1:33Þ

Alternatively, the free energy of adsorption can be determined from the

equilibrium adsorption constant [11]:

ΔGo
ad 52RTln CmwKadð Þ ð1:34Þ

Here Cmw is the molar concentration of water.

Thus, the free energy of adsorption can be determined from equilibrium

adsorption data. Temperature has a strong influence on surfactant adsorption.

The relationship between free energy and temperature can be written in a tra-

ditional thermodynamic format:

ΔGo
ad 5ΔHo

ad 2TΔSoad ð1:35Þ

Because surfactant adsorption is commonly an exothermic process, the

enthalpy term in this equation is usually negative. To have the required nega-

tive change in free energy for the reaction, the entropy term must be smaller

than the enthalpy term because the entropy for adsorption of surfactant is

negative due to the ordering of the system associated with adsorption of sur-

factant. Thus, if temperature increases, the entropy term, which has an over-

all positive sign, eventually becomes more dominant than the negative

enthalpy term, and desorption occurs. This same effect is manifest in adsorp-

tion kinetics. Temperature also increases the rate of adsorption, but the corre-

sponding increase in the desorption process becomes more dominant in

relation to the net equilibrium. Consequently, increasing the temperature

generally decreases the adsorption efficiency of surfactant molecules.

The enthalpy of adsorption is related to the change in equilibrium adsorp-

tion constant with respect to the change in temperature [85]:

@lnKad

@T

� �
θ
5

ΔHo
ad

RT2
ð1:36Þ
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Differentiation for constant coverage and comparison to enthalpy change

leads to [85]:

@lnCSaq

@T

� �
θ
52

@lnKad

@T

� �
θ
52

ΔHo
ad

RT2
ð1:37Þ

The change in the concentration or molality of adsorbate as a function of

temperature at constant coverage is proportional to the enthalpy change [85]:

@lnCSaq

@ 1=T
� �

 !
θ

5
ΔHo

ad

R
ð1:38Þ

Consequently, a plot of the logarithm of bulk surfactant concentration

versus the change in inverse temperature has a slope equal to the enthalpy

change associated with adsorption divided by R.

The entropy of adsorption is influenced by the ordering that occurs when

molecules adsorb in an ordered structure on a surface. However, the adsorp-

tion of surfactant on a surface is accompanied by desorption of water mole-

cules and adsorbed ions that become disordered as they leave the surface.

One approach to determine the enthalpy and the entropy of adsorption is to

perform adsorption tests at different temperatures then plot the free energy

of adsorption versus temperature. Because free energy is related to enthalpy

and entropy, a plot of adsorption free energy versus absolute temperature

provides a slope equal to the entropy of adsorption and an intercept equal to

the enthalpy.

12.4 Adsorption Kinetics

Surfactant adsorption is affected by the packing efficiency of surfactant

molecules and their competition with other species (water molecules, halides,

organic acids, and other species). Reports are available from mechanistic

modeling and molecular modeling perspectives regarding the packing effi-

ciency; however, studies assessing the kinetic aspect of surfactant adsorption

are very limited [71]. Therefore the comprehensive evaluation of the trans-

port of water, halides, carbonate ions, hydrogen, and metal complexes

through the porous adsorbed surfactants from the kinetic perspective is

expected. On the other hand, the surfactant concentration in aqueous solution

decreases as a function of time due to desorption. Understanding adsorption

and desorption kinetics of surfactants is critical in the optimization of injec-

tion frequency of surfactants to ensure effective surfactant adsorption and

surface coverage [24,89�91].

The extent and rate of adsorption of many surfactants are affected by sur-

factant concentration as well as concentration of competitive ions. As an

example, the rate of sodium oleate adsorption on a fluorite surface is reduced

significantly by the presence of competitively adsorbing ions such as
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hydroxide, carbonate, and fluoride ions. Measurements made using FTIR

internal reflection spectroscopy, a continuous flow cell, and a fluorite inter-

nal reflection element showed that anions strongly influence the rate of ole-

ate adsorption on fluorite [37,92]. Hydroxide has the most pronounced

influence on adsorption kinetics significant in the 0.0001 M concentration

regime, followed by carbonate and then fluoride [37,92].

Adsorbed surfactant molecules become more oriented as they pack more

tightly. In a comparison of LB monolayers and self-assembled (SA) mono-

layers of stearate, Jang and Miller [93] found that stearate molecules were

oriented 9�16 degrees from the surface normal for LB monolayers and 21

degrees for SA monolayers. Spectroscopic information was also used to

determine the stearate molecules predominantly in the transition state.

For a first-order reaction described by Eq. (1.i), it can be shown

that [37,94]:

dθ
dt

5 kfCSaq 12θð Þ ð1:39Þ

where represents the surface coverage, kf represents the forward reaction

rate constant, t represents reaction time, and CSaq represents the bulk concen-

tration of adsorbing species. Integration of Eq. (1.39) leads to [37,94]:

ln
1

12θ

� �
5 kfCSaq t ð1:40Þ

assuming no coverage at time zero. Thus, for constant solution concentration,

plotting ln 1=ð12θÞ� �
versus t, should yield a slope of kfCSaq and a zero

intercept if the kinetics follow Eq. (1.40) assuming a first-order reaction with

respect to the adsorption density at constant bulk concentration. Fig. 1.11

illustrates such a plot for the adsorption of 13 1025 M oleate on fluorite in

which the maximum monolayer-level adsorption density was selected

between the realistic monolayer coverage values of 5.8 and 6.8 mol/m2 based

upon LB film results [37], such that the best fit of the data was obtained as

determined by maximizing the R-squared values. As predicted by Eq. (1.40),

a reasonably linear relationship exists between ln 1=ð12θÞ� �
and time as

illustrated in Fig. 1.11. The linear relationship is accompanied by an inter-

cept near zero, though it should be noted that for the regression analysis the

line was forced through zero. The first-order kinetics seems to be suitable at

a concentration of 13 1025 M oleate.

Chen and Frank have shown that adsorption kinetics follow a modified

Langmuir�based kinetic model that is expressed as [95]:

dθ
dt

5
kf

Co
CSaq 12θð Þ2 kb

Co
θ ð1:41Þ

where kf represents adsorption rate constant, kb represents desorption rate

constant, and Co is the concentration of adsorbed surfactant at full coverage.
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A kinetic model for adsorption at an expanding air�water interface has

been developed by Valkovska and coworkers [30] This model incorporates

Fick’s second law of diffusion with traditional adsorption isotherm modeling

to predict adsorption at an expanding air�water interface. Valkovska and

coworkers tested this model with alkyltrimethylammonium bromide surfac-

tants in 0.1-m sodium bromide solution and found reasonable agreement

between the model and the measured data. This model is very complex and

does not seem to fit the data any better than simpler models. However, it

does consider micelle breakdown, and it may be useful for some applications

with rapidly changing interfacial areas.

13 Surfactant Aggregation and the Aqueous cmc

As mentioned previously, the incorporation of the aqueous cmc into MLA

provides a substantial improvement in the modeling of surfactant adsorption

in that this method can describe surfactant adsorption on substrate surface

and account for lateral interactions among the adsorbed surfactants, forma-

tion of aggregates, and the environmental factors such as salt concentration

and solution temperature. Therefore, the accurate evaluation of the aqueous

cmc of pure and mixed surfactants of interest is critical to the application of

MLA. On the other hand, the aggregation process consumes most of the sur-

factants added to the aqueous phase above the aqueous cmc, which inevita-

bly affects the availability of monomeric surfactants for adsorption on metal

surface [71,89].

FIGURE 1.11 Plot of ln 1=ð12 θÞ� �
versus time for linoleate adsorption at a fluorite surface as

measured from in situ FTIR/IRS at 25�C. The linoleate concentration was 13 1025 M. The max-

imum adsorption density was set at 6.2 μmol/m2. FTIR/IRS, Fourier-transform infrared internal

reflection spectroscopy.
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Assuming the monomeric (ionic) surfactant mi (i5 1, 2, or 3. . .) is completely

dissociated in aqueous solution containing counterion mj (j5 1, 2, or 3. . .) but in
the micelle form the surfactant is associated to some extent with counterions, the

surfactant micellization can be described by the following process [96,97]:

N
X
i

αimi
zi 1N

X
j

δjmj
zj2M

N
P

i
αizi1

P
j
δjzj

� �
N ð1:42Þ

where αi is the molar fraction of surfactant i in the micelle, MN, which has

an aggregation number N, micelle composition αi, and an ion binding coeffi-

cient δj. For micelles of pure surfactant, αi5 1; for mixed micelles,

0,αi, 1. zi and zj are the valences of ionic surfactant i in dissociated form

and ion j. For nonionic surfactant i, zi5 0 and δj5 0.

One of the challenges in the study of the aqueous cmc comes from the

effects of specific ions and added salts on the aggregation properties of surfac-

tants. Different counterions usually have different effects on the aqueous cmc,

micelle shape, micelle size and distribution, mixed micelle composition (for

mixed surfactants), and phase separation [71,98�100]. It is reported that the

counterion effect on the aggregation properties of cationic surfactants is usu-

ally stronger than that of anionic surfactants [101]. In addition, the cmc

depression due to the counterion effect usually follows the Hofmeister series:

OH2, F2,Cl2,Br2,NO3
2,ClO3

2, I2, benzoate2, salicylate2 for

cationic surfactants and Li1,Na1,K1,Cs1 for anionic surfactants

[56,97]. The specific counterion effects on micelle size and sphere-to-rod tran-

sition are usually in the same order as shown for cmc. The counterion binding

mechanism, however, is not clear and has been a controversial issue [102]. At

low salt concentration, the coion effect on cmc, aggregation number, and

sphere-to-rod transition is negligible [103,104]. However, as salt concentration

increases, the coion effect becomes increasingly noticeable.

It is reported that an alternative molecular thermodynamic (AMT) model

[89,96] for the prediction of the aqueous cmc has been developed, which incorpo-

rates the surfactant activity, counterion activity, and ion effects on surfactant

aggregation. The aqueous cmc of pure surfactant i (Γw
i Þ, or of surfactant mixture

(Γw), is calculated using the equation below (Γw is used for illustration) [96,97]:

Γw 5 Cmw 1Csð Þexp 1
kTΔμo

mð Þ ð1:43Þ
where Cmw is molar concentration of water, Cs is concentration of salt, k is the

Boltzmann constant, T is temperature, and Δμo
m is micellization free energy that

is calculated from several contributing thermodynamic terms [96]:

Δμo
m 5Δμo

trt 1Δμo
int 1Δμo

pack 1Δμo
st 1Δμo

ent 1Δμo
elec 1Δμo

act ð1:44Þ
The first three terms on the right side of Eq. (1.44) are associated with

the packing and interactions of hydrocarbon tails and the formation of a
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hydrophobic micellar core: Δμo
trt, Δμo

int, and Δμo
pack represent free energy

contributions from hydrocarbon transfer from water into micelle, formation

of micellar core�water interface, and hydrocarbon tail packing in micelle,

respectively. The next three terms are associated with surfactant head groups

and counterions in the micelle�water interfacial region: Δμo
st, Δμo

ent, and

Δμo
elec represent surfactant head group steric interactions, head group�coun-

terion mixing, and electrostatic interactions, respectively. The last term

Δμo
act represents the contribution from surfactant activity and counterion

activity in the bulk solution.

Application of the model in Eq. (1.44) to pure alkyltrimethylammo-

nium surfactant CnTABr in solution with added salt (NaBr, NaCl, or

KCl) to evaluate chain length effects, counterion effects, and coion

effects on aggregation properties is shown in Fig. 1.12 [13,89,96,97].

The aqueous cmc (Fig. 1.12A) and the sphere-to-rod transition threshold

FIGURE 1.12 Comparison of predicted parameters and experimental parameters of aggrega-

tion: (A) cmc, (B) weight-based aggregation number Nw, and (C) counterion binding coefficient

of CnTAX (X5Br2, Cl2) vs salt concentration. The salt type is specified in the plots; otherwise,

the salt is defaulted to NaBr. Solid and dashed lines represent model prediction; symbols repre-

sent experimental data from Ref. [71]. Model inputs are based on experimental conditions: total

concentration of surfactant set at 10 mM for C14TABr and C16TABr/Cl, and at 30 mM for

C12TABr at temperature of 35�C. cmc, Critical micelle concentration.
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(Fig. 1.12B) decreases as chain length increases whereas the weight-

based aggregation number Nw (Fig. 1.12B) increases as chain length

increases. The predicted aqueous cmc for all surfactants in Fig. 1.12

matches very well with experimental data, except that a slight deviation

appears for C12TABr with added NaBr above 1 M. Excellent agreement

is observed between predicted and experimental Nw values. The sphere-

to-rod transition is manifested by the sharp change of aggregation num-

ber, counterion binding coefficient, and core minor radius (not shown

here) as a function of salt concentration. The comparison of model pre-

dicted transition (salt concentration threshold) and deduced transition

from experiment match reasonably well [38,97,105�109]. For C16TABr

with added salt KBr, for example, the predicted threshold is 0.08 M and

the experimental threshold is 0.1 M [38,110].

It is reported that the AMT model can also be applied to ternary surfac-

tant mixtures, such as cationic/cationic/nonionic mixture: C16TABr/C16BzCl/

C16E20 with added NaCl in the aqueous solution, as shown in Fig. 1.13

[89,96,97]. The comparison to the Clint model [111] and to the Rubingh and

Holland (R-H) model [112] was also included. The predicted aggregation

number is calculated only from the AMT model, which gives slightly overes-

timated but reasonable values.

An improved traditional model [6,11] for the prediction of the aqueous

cmc is also reported and given below for various pure, binary, ternary, and

multiple homologous/nonhomologous surfactant mixtures:

Γw 5
1P

i xi γcCc

� �δi 1=Γp
i

� � 11δið Þ ð1:45Þ

where xi is the bulk mixed molar fraction of surfactant i. Γp
i is the aqueous

cmc of surfactant i in pure water (i represents surfactant 1, 2, or 3, . . .). δi is
counterion binding coefficient with respect to surfactant i based on best fit of

experimental data. δi is nearly constant for a series of homologous surfac-

tants and is also constant as a function of salt concentration (low to medium

depending on specific surfactant class: 0�1). Note that the counterion bind-

ing coefficient δj in the advanced cmc model is with respect to counterion j

and different from δi. Cc is the concentration of ions dissociated from elec-

trolyte and from ionic surfactant in aqueous solution. γc is the mean activity

coefficient of ions in aqueous solution and is usually calculated using

Pitzer’s method [113] or the Davies equation [114]. Eq. (1.45) is supported

by the report that the cmc is heavily dependent on and exponentially related

to electrolyte concentration [115,116].

It is clear that the aqueous cmc prediction model, for example, MLA,

takes into account the ion/salt effect on aggregation/adsorption, head group-

�counterion pair and associated hydration effect, hydrocarbon chain length,

steric interactions between head groups, electrostatic interactions at the
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interfacial region of micelles, and the interactions between solvent and sur-

factant. Therefore, the insertion of the aqueous cmc into the Langmuir iso-

therm, which is the MLA as introduced previously, can accurately describe

the adsorption of surfactants on substrates and associated effects of physical

and chemical properties of surfactants and solvent environments.

FIGURE 1.13 Predicted (A) cmc, and (B) aggregation number of ternary mixed surfactants

alkyltrimethylammonium bromide C16TABr, benzyldimethylhexadecylammonium chloride

C16BzCl, and polyoxyethylene (20) cetyl ether C16E20 versus experimental results. Predicted

values in part (B) were calculated using AMT model. Inputs of model according to experiment

conditions: total surfactant concentration set at cmc in 30-mM NaCl solution at 25�C. AMT,

Alternative molecular thermodynamic; cmc, critical micelle concentration.
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14 Surfactant Partitioning Between Water and Oil

Surfactant molecules form different phases in water and oil and their mixtures.

A general phase diagram is shown in Fig. 1.14 [117]. This figure shows that

there are often several types of surfactant-mediated structures that form in

water�oil�surfactant mixtures.

In a solution containing oil and water, surfactant molecules can be found

to be in equilibrium in several forms under certain conditions. Surfactant can

partition to the oil and aqueous phases; it can adsorb on solid surfaces; it can

form dimers and micelles; it can combine with metals or hydrogen ions to

form metal salts and hydrogenated compounds; and it can form other com-

pounds. It is anticipated that solving all of the equilibrium processes simulta-

neously can be used to determine the surfactant concentration for effective

adsorption, which can then be used in combination with methods for surface

adsorption to predict the associated surface coverage by surfactants on metal/

metal oxide surface.

When an aqueous surfactant solution comes into contact with an immisci-

ble organic liquid, such as oil, surfactant monomers may prefer partitioning

into organic liquid until equilibrium is reached between the two liquids

FIGURE 1.14 Phase diagram for surfactant, water, and oil illustrating different phase regions

for a typical alkane oil and alkyl surfactant.
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[118,119]. Considering the complexity of water/oil partitioning of surfactants

in water�oil environment and associated interfacial phenomena, the determi-

nation of surfactant partitioning between water and oil usually serves as the

basis of the hydrophobic�hydrophilic balance, which further affects the

availability of monomeric surfactants in aqueous phase and the associated

adsorption on metal/metal oxides surfaces.

For pure surfactant the partitioning is usually characterized by the parti-

tioning coefficient, which is defined as the ratio of monomeric surfactant

concentration in oil to that in aqueous phase (pure water or salt-containing

water) [14,120]:

Ki 5
Co
mi

Cw
mi

ð1:46Þ

where Ki is the partitioning coefficient of surfactant i, Co
mi and Cw

mi are

monomeric concentration of surfactant i in oil phase and aqueous phase,

respectively.

Extensive research has been performed on low concentration (typically

lower than the aqueous cmc) partitioning of nonionic surfactants [119�130].

The partitioning research on higher surfactant concentration systems, how-

ever, is limited and has been rarely reported [121,131�133]. However, the

investigation of partitioning above the aqueous cmc and the apparent cmc is

important (the apparent cmc is the average concentration in water and oil

environment at which the micelle starts to form): the partitioning is a mono-

mer process, and the partitioning coefficient is determined by monomer con-

centrations in the two phases, which are limited by micelle formation.

For surfactant mixtures the partitioning becomes more complicated in

terms of equilibrium mixture composition in each phase, because of the

effect of individual mixed species on the partitioning, and the adsorption of

mixture at the oil/water interface. It has been shown that for some pure sur-

factants, a plateau concentration of monomer is reached either in the oil

phase or in the aqueous phase with increasing total surfactant concentration

beyond the aqueous cmc [121,133]. However, the amounts of surfactants par-

titioned into the oil phase continue to increase beyond the aqueous cmc. The

partitioning change of mixed surfactants above the aqueous cmc is reported

to arise from the selective partitioning of more hydrophobic components into

oil phase, which makes the experimental investigation and quantitative

modeling work more challenging.

Before moving on to the discussion of partitioning modeling, it is neces-

sary to clarify the relation between partitioning and the aqueous cmc. The

aqueous cmc of pure surfactant or mixed surfactants in the absence of oil

phase is assumed to be equal to the aqueous cmc in the presence of nonpolar

oil phase, which is confirmed by related reports [14,70]. On the other hand,

the nonpolar oil phase does not contribute to the micelle formation in aque-

ous phase. It is actually reported that for nonionic surfactants with nonpolar
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heptane as oil phase, the aqueous cmc has been observed to be very similar

to the corresponding aqueous cmc without the oil phase [134] and that for

certain anionic surfactants with heptane as the oil phase, the aqueous cmc

has also been found to be very close to the cmc measured in water in the

absence of oil [135]. For certain cationic surfactants with a more polar oil

phase (dichloromethane), however, the aqueous cmc in the absence of the oil

phase is significantly different from the corresponding cmc in the presence

of the oil phase [136].

It has been reported that the partition coefficients of surfactant in pure

water/oil environment can be predicted using semiempirical modeling

[122,129] and quantum chemical methods [137,138]. One quantum predic-

tion of partitioning coefficient has been reported to take into account the

effect of protonation in aqueous phase [24], which is, however, far away

from realistic conditions in oilfields where the aqueous phase contains multi-

ple classes of inorganic salts, and the crude oils are complex mixtures of

organic solvents.

An improved surfactant partitioning prediction model termed Water�Oil�
Surfactant Distribution Model (WOSDM) has been reported for the evaluation

of partitioning and distribution of mixed surfactants in water (containing salts)

and oil environment [14]. With this model the partitioning coefficient Ki of

surfactant i is predicted using the following equation:

Ki 5
γw
miCmo

γo
miCmw

exp 2
Δμo

tri

RT

� �
ð1:47Þ

where γomi and γwmi are activity coefficients of monomeric surfactant i in oil phase

and water phase, respectively. γomi is usually assumed to be unity. For ionic sur-

factant, γwmi is equal to the geometric mean of the activity coefficient of counter-

ion and the activity coefficient of hydrocarbon tail, whereas for nonionic

surfactant, γwmi is equal to the activity coefficient of hydrocarbon tail. The activity

coefficient of ions/counterions is evaluated using Pitzer’s method [113] or the

Davies equation [114] depending on the salt concentration, whereas the activity

coefficient of the hydrocarbon tail is evaluated from the Setchenov equation

[139]. The essence of γwmi is to take into account the effect of dissolved salt in

water on water�oil partitioning of surfactants. Cmo and Cmw are molar concentra-

tions of oil and water, respectively. The standard free energy change of transfer of

surfactant i, Δμo
tri, from water to oil is estimated from two methods. Method I is

the free energy transfer method [14], in which Δμo
tri is calculated as the sum of

the head group transfer energy and the hydrocarbon tail transfer energy. Method

II is the quantum chemical method [24], in which Δμo
tri is interpreted as the dif-

ference in solvation energy of surfactant i in oil and in water based on the quan-

tum chemical calculations using simulation software, such as Gasussian09.

Excellent agreement is observed between predicted and experimental values of Ki

for various surfactants as shown in Fig. 1.15.
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Assuming the amount of adsorbed surfactants in the oil�water interface

is negligible, a mass balance of total mixed surfactants in the water�oil

environment is given by the following equation [14]:

CtolVw 5C Vw 1Voð Þ ð1:48Þ
where Ctol is the initial concentration (not at equilibrium) of total surfactants

added to aqueous phase; C is the overall average concentration of total sur-

factants in water�oil environments; Vo and Vw are volumes of oil and water,

respectively.

When C,Γap (Γap is the apparent cmc, which is defined as the average

concentration of mixed surfactants at which mixed micelles start to form in

water�oil environments), mass balance of each mixed surfactant i at parti-

tioning equilibrium is given by the following equation [14]:

xiCtolVw 5Cw
miVw 1Co

miVo ð1:49Þ

The partitioning coefficient of surfactant mixture is termed the apparent

partitioning coefficient and is given by the following equation:

Kmix 5
Co
m

Cw
m

5

P
Co
miP

Cw
mi

ð1:50Þ

where Co
m and Cw

m are total concentrations of monomeric surfactants in oil

and aqueous phases, respectively.

FIGURE 1.15 Comparison of the predicted partitioning coefficients and the experimental parti-

tioning coefficients: (A) the partitioning coefficients of pure BAC surfactants C12, C14, and C16

between water and oil (toluene) at 40�C. [For symbols in (A), open symbols with vertical center-

cross line: transfer free energy calculated using Method II; all other symbols: transfer free

energy calculated using Method I. Open symbols: 0 M in NaCl water; open symbols with center

dot: 0.0342 M NaCl in water; open symbols with (vertical and horizontal) center-cross line:

0.171 M NaCl in water; half-filled symbol: 0.804 M NaCl in water; solid-filled symbols:

0.856 M NaCl in water.] (B) The partitioning coefficients of polyoxyethylene alkyl ether (C12En)

in pure water and isooctane environment at 25�C. (C) The partitioning coefficients of N-based

alkyl amines and derivatives in 0.1 M NaOH water and heptane at 20�C. BAC, Benzalkonium
chlorides.
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Substitution of Eqs. (1.48) and (1.49) into Eq. (1.50) leads to [14]:

Kmix 5

P
Kixi= Vw 1VoKið ÞP
xi= Vw 1VoKið Þ ð1:51Þ

where xi is the molar fraction of surfactant i in total mixed surfactants in

bulk solution. Eqs. (1.49) and (1.51) are only applicable to the condition of

C ,Γap, whereas Eqs. (1.46) and (1.50) are applicable to all values of C .

When C.Γap, it is assumed that partitioning process between water and

oil only involves monomers. For ionic surfactant the partitioning involves

the surfactant molecule and the associated counterion. On the other hand,

there is no dissociation in the process of partitioning. Co
mi, C

w
mi, and Cw

m are

given by the following equation [14]:

Cw
mi 5 f iαiΓw

i ð1:52Þ

Co
mi 5 f iαiKiΓw

i ð1:53Þ

Cw
m 5

X
Cw
mi ð1:54Þ

where fi is the activity coefficient of surfactant i in a micelle, and it is

assumed to be unity. αi is the molar fraction of surfactant i in mixed micelles

and is given by the following equation [14]:

αi 5
xiCtol

Ctol 2Cm 11Vo=Vw

� �
1 f iΓ

w
i 1 f iKiΓw

i Vo=Vw

ð1:55Þ

where Cm is the average concentration of total monomeric surfactants in

water�oil environments. Summation of the molar fraction of surfactant i in

the mixed micelle should be unity and thus [14]:

X xiCtol

Ctol 2Cm 11Vo=Vw

� �
1 f iΓ

w
i 1 f iKiΓw

i Vo=Vw

5 1 ð1:56Þ

For fixed values of other parameters, Eq. (1.56) is a polynomial function

of Cm. For surfactant mixtures with multiple components, Cm has multiple

corresponding mathematical values according to the polynomial function of

Cm defined by Eq. (1.56). However, in reality, Cm should only have one

value and should be confined in this range:

Γap ,Cm ,C ð1:57Þ
Eqs. (1.56) and (1.57) are solved simultaneously with respect to Cm. The

apparent cmc of surfactant mixture in water�oil environments is given by

the following equation [14]:

Γap 5
1P

xi=f iΓ
w
i Vw=ðVw 1VoÞ1 f iKiΓw

i Vo=ðVw 1VoÞ
� � ð1:58Þ
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FIGURE 1.16 Properties at equilibrium partitioning of equal-molar mixed BAC surfactants (C12, C14, and

C16) in water (0.171 M NaCl)�oil environment at 40�C: (A) concentration of monomeric surfactants in aque-

ous phase, (B) in oil, (C) concentration of total surfactants in aqueous phase, including monomeric and micel-

lized form, and (D) the composition fraction αi of surfactant “i” in the micelle as a function of initial

concentration of total surfactants added to aqueous phase. Symbols: experiment; lines: model prediction.

Vertical dash line represents the cmc of surfactant mixture in aqueous phase: Γw; vertical dot line represents

twice of the apparent cmc of surfactant mixture in water�oil environment: 2Γ ap. BAC, Benzalkonium chlor-

ides; cmc, critical micelle concentration.



The apparent cmc for pure surfactant i in water�oil environments is

given by the following equation [14]:

Γap
i 5

KiΓw
i Vo 1Γw

i Vw

xi Vo 1Vwð Þ ð1:59Þ

This defined apparent cmc of one pure surfactant in water�oil environ-

ments can reflect the relative hydrophobicity/hydrophilicity of that surfactant.

The higher the apparent cmc of one pure surfactant, the lower the hydropho-

bicity of that surfactant in water�oil environments. The reverse is also true.

With this developed water/oil surfactant distribution model, the partition-

ing coefficient Ki of surfactant i, the aqueous cmc of surfactant i, the appar-

ent cmc of mixed surfactants in water�oil environment, Γap, monomer

concentration of surfactant i in water and oil phases, Cw
mi and Co

mi, and molar

fraction of surfactant i in the mixed micelles, αi, can be predicted in water

(containing salts)�oil (nonpolar) at given inputs, which include total surfac-

tant concentration and mixed molar ratio xi in bulk solution. If experimental

data for the cmc and partitioning coefficient of surfactant i are available, it is

best to use the experimental data. However, if no experimental data are

available, it is best to use the methods introduced previously to predict the

aqueous cmc and the partitioning coefficient and then substitute these values

into the surfactant distribution model.

The application of water/oil surfactant distribution model to the water�
oil partitioning of equal-molar ternary mixtures of BAC surfactants is shown

in Fig. 1.16. Fig. 1.16A and B presents equilibrium concentrations of mono-

meric surfactants in water and in oil versus total initial concentration of

mixed surfactants added to the aqueous phase. The intersection of the verti-

cal dashed line and horizontal axis identifies the aqueous cmc of surfactant

mixture, which is Γw5 3.403 1025 M. The partitioning behavior of each

mixed surfactant component starts to change as indicated by the transition

point in Fig. 1.16A�C. The mixed surfactants form micelles in aqueous

phase as indicated by Fig. 1.16C. The preference of the micellar form of C16

and C14 is reflected by the much higher molar fraction in micelles at the

beginning of micelle formation as shown in Fig. 1.16A, indicating the forma-

tion of more hydrophobic micelles at the beginning. As the total surfactant

concentration increases, the micelles become less hydrophobic.

The application of a water/oil surfactant distribution model is also extended

to water�oil partitioning of additional surfactants, as shown in Fig. 1.17A and

B for mixed primary alcohol ethoxylates C12OE14 and C12OE30, Fig. 1.17C

and D for mixed hexaoxyethylene nonyl phenyl ether (NPE6) and octaoxyethy-

lene nonyl phenyl ether (NPE8), and Fig. 1.17E and F for mixed C16 and POE

20 cetyl ether (C16E20) in water�oil environments [14]. As can be seen from

Fig. 1.17A, the predicted and experimental [121,131] surfactant distribution,

as well as the ethoxylate group average per molecule in the oil phase
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(trichloroethylene) for mixed C12OE14 and C12OE30, agree reasonably well. It

is interesting to note that when the surfactant distribution model is applied to

nonhomologous mixed C16 and C16E20 in water�oil (heptane) environment,

good agreement between experiment and model prediction is observed in

Fig. 1.17E and F with respect to the monomer distribution in each phase [14].

This developed WOSDM for the evaluation of the water�oil partitioning

of surfactant is applicable over a wide total surfactant concentration range,

including the aqueous cmc and the apparent cmc. The model predicted data

and the experimental/reported data of surfactant distribution in water�oil

environments agree very well. However, the application of this model should

be limited to nonpolar or slightly polar organic solvents that do not affect

the aqueous cmc significantly as well as to systems in which microemulsion

formation is minimized.

FIGURE 1.17 Comparison between predicted and experimental partitioning properties of sur-

factants. Parts (A) and (B) are equilibrium partitioning properties of mixed C12OE14 and

C12OE30 surfactants in water�oil (trichloroethylene) environment at 25�C: (A) concentration of

surfactants and (B) average EO distribution in aqueous and oil phase as a function of equilibrium

aqueous concentration Cw. The values of aqueous cmc are 123.2 and 560 mg/L for C12OE14 and

C12OE30, respectively. Mixed ratio: 0.475/0.525. The arrow in part (B) indicates the initial EO

average in water�oil environment. Parts (C) and (D) are equilibrium partitioning properties of

mixed NPE6 and NPE8 surfactants in water�oil (cyclohexane) environment at 25�C: (C) concen-
tration of monomeric surfactants in oil phase and (D) molar fraction of surfactants in mixed

micelles as a function of Ctol. The values of aqueous cmc and partitioning coefficients are

2.703 1025 and 4.053 1025 M, and 481 and 70 for NPE6 and NPE8, respectively. Mixed ratio:

0.542/0.458. Parts (E) and (F) are equilibrium partitioning properties of mixed C16 and C16E20

surfactants in water�oil (heptane) environment at 25�C: (E) concentration of monomeric surfac-

tants in 0.03 M NaCl aqueous phase and (F) in oil phase as a function of Ctol. The predicted

values of aqueous cmc and partitioning coefficients from previous work [71] are 3.613 1025

and 2.473 1026 M, and 5.32 and 0.66 for C16 and C16E20, respectively. Mixed ratio: 0.542/

0.458. Lines: model prediction; symbols: reported data. cmc, Critical micelle concentration; EO,

ethoxylate group.
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15 Surfactant Precipitate and Colloid Formation

Ionic surfactants usually interact with other ions in solution. As surfactants

encounter reactive counter ions, they can react to form precipitates. Some

surfactants such as carboxylates react with hydrogen ions to form carboxylic

acid, which is often in the form of oil droplets. Carboxylates can also react

with other positively charged species such as calcium or magnesium ions to

form solid, colloidal, hydrophobic particles that behave like microscopic

pieces of wax. The process of precipitation to form neutral molecules greatly

reduces water solubility. However, the hydrophobic colloidal precipitate par-

ticles are often soluble in nonpolar solvents such as oils. Thus precipitation

has a very pronounced effect on phase partitioning that strongly favors the

lipophilic or oil phase.

Ionic surfactants interact with hydrogen ion, hydroxide ion, and other

ions. Consequently, phase stability is often a function of pH [140]. Fig. 1.18

shows the stability regions for oleic acid/sodium oleate in a solution contain-

ing calcium ions as noted. Oleate reacts with hydrogen ions to form oleic

acid at low pH. The diagram also shows that at high pH and oleate concen-

trations, aggregate structures form.

The ions Fe21 and Fe31 from iron dissolution can combine with surfac-

tant molecules to form complexes or ligands, which affect the availability of

monomeric surfactants in bulk solution and thus compromise adsorption on

metal surface. It is also likely that the surfactant adsorption consists of such

ligands or complexes that affect the packing efficiency of monolayer/multi-

players. Other components, such as sand, can also compromise the efficiency

of surfactants in a way that these components can act as an alternative
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FIGURE 1.18 Comparison of species with respect to total oleate concentration and pH in the

presence of 0.0001 M calcium ions.
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adsorption sink for the surfactants. Besides the characterization of the spe-

cific complex formation processes using experimental techniques, mechanis-

tic models, which are usually based on a combination of the best fit of

experimental data and associated theory, may become more useful in a way

that the developed model can be extrapolated to similar testing systems, such

as the previously mentioned MLA [6]. Note that the quantum chemical meth-

ods might be used to evaluate complex formation, but it is challenging to

simulate the conditions in realistic WOS environments.

16 Salt/Ion Effects on Surfactant Behavior

The aqueous phase in oil fields generally contains mixtures of various inor-

ganic salts, which not only promote the corrosion of metal in ways as dis-

cussed previously, but also affect surfactant-associated processes, including

aggregation, adsorption, partitioning, surfactant�ion pair, hydration, and

thus affect corrosion inhibition. Any experimental evaluation and modeling

work should take this into account. Alternatively, the ion effects on the effi-

ciency of surfactant adsorption may be incorporated into certain processes

associated with surfactants, such as aggregation and micellization, which are

well accounted for by the abovementioned MLA [6,11] and the WOSDM

[14]. At present, these mechanistic modeling methods are well developed to

describe the effect of simple 1:1 salt (such as NaCl). More complicated salts

[such as Fe2(SO4)3] will require additional work so that the model can be

tuned for application in more complicated systems with mixtures of salts.

17 Summary

A large quantity of research literature describes the adsorption performance

of a wide array of surfactants. Surfactant adsorption is driven by concentra-

tion and amphiphilic properties of surfactant as well as surface properties

such as charge, defects, and composition. The hydrophilic�hydrophobic

nature of surfactants results in interfacial adsorption and aggregation.

Surfactants tend to form submonolayer, monolayer/hemimicelle, or bilayer/

cylindrical micelle structures at interfaces and surfaces. The concentration

needed to achieve monolayer coverage is usually close to the cmc for the

surfactant. Aggregation of surfactant above the cmc leads to the formation of

spherical micelles and other structures. These structures act like a buffer that

maintains the free monomeric surfactant molecule concentration constant

when the total surfactant concentration exceeds the level needed for micelle

formation. The free monomeric surfactant concentration determines the level

of adsorption on a surface. It is possible to predict surfactant adsorption

based on material properties, surfactant properties such as hydrocarbon chain

length, and solution conditions such as pH and ionic strength.
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There are several challenges to more accurate fundamental modeling and

predictions of surfactant adsorption, aggregation, and partitioning: (1) the

surface state of metals/metal oxides, such as steels, is dynamic and can

include different phases as well as metal inclusions and alloying elements

that are difficult to incorporate into fundamental modeling. (2) The mecha-

nism of ion/counterion binding to micelle surface and liquid�metal interface

is not clear and has been a controversial issue. The ion effects on surface

wetting and thus on surface adsorption of surfactants need more study. More

complex molecular or multivalent ions such as divalent ions can in principle

be modeled as well, but experimental verification and model development

are needed. (3) Extensive thermodynamic modeling work on surfactant

aggregation and adsorption has been performed, but the research on surfac-

tant adsorption kinetics and surfactant diffusion is limited. Adsorption kinet-

ics and the mass transfer coefficients can be studied through the

measurement of equilibrium surface tension and surface tension relaxation

profiles at different surfactant concentrations. (4) More experimental work at

elevated temperature and higher pressure to more closely simulate field con-

ditions should be performed for additional validation of thermodynamic

modeling on surfactant aggregation, adsorption, partitioning, and additional

surfactant-associated processes.
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