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PREFACE

This book provides an introduction to the nature, occurrence, physical
properties, propagation, and uses of surfactants in the petroleum indus-
try. The primary focus is on applications of the principles of colloid and
interface science to surfactant applications in the petroleum industry, and
includes attention to practical processes and problems. Books available up
to now are either principally theoretical (such as the colloid chemistry
texts), much more general (like Rosen’s Surfactants and Interfacial
Phenomena, Myers' Surfactant Science and Technology, or Mittal’s
Solution Chemistry of Surfactants), or else much narrower in scope (like
Smith’s Surfactant Based Mobility Control). The applications of surfac-
tants in the petroleum industry area are quite diverse and have a great
practical importance. The area contains a number of problems of more
fundamental interest as well. Surfactants may be applied to advantage in
many parts of the petroleum production process: in reservoirs, in oilwells,
in surface processing operations, and in environmental, health, and safety
applications. In each case appropriate knowledge and practices determine
both the economic and technical successes of the industrial process
concerned.

In this volume, a wide range of authors’ expertise and experiences are
brought together to yield the first surfactant book that focuses on the
applications of surfactants in the petroleum industry. Taking advantage of
a broad range of authors™ expertise allows for a variety of surfactant
technology application areas to be highlighted in an authoritative manner.
The topics chosen serve to illustrate some of the different methodologies
that have been successfully applied. Each of the chapters in this book has
been critically peer-reviewed and revised to meet a high scientific and
editorial standard.

The target audience includes scientists and engineers who may
encounter or be able to use surfactants, whether in process design,
petroleum production, or in the research and development fields. It does
not assume a knowledge of colloid chemistry, the initial emphasis being
placed on a review of the basic concepts important to understanding
surfactants. As such, it is hoped that the book will be of interest to senior
undergraduate and graduate students in science and engineering as well
since topics such as this are not normally part of university curricula.

The book provides an introduction to the field in a very applications
oriented manner, as the focus of the book is practical rather than
theoretical. The first group of chapters (1 to 3) sets out fundamental

vii
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surfactant principles, including chemistry and uses. Subsequent groups of
chapters address examples of industrial practice with Chapters 4-7 aimed
at the use of surfactants in reservoir oil recovery processes, Chapters 8-10
covering some oilwell, near-well, and surface uses of surfactants, Chap-
ters 11-13 addressing several environmental, health, and safety applica-
tions, and the Glossary containing a comprehensive and fully cross-
referenced dictionary of terms in the field.

A recurring theme in the chapters is the use of the fundamental
concepts in combination with actual commercial process experiences to
illustrate how to approach planned and unplanned surfactant occurrences
in petroleum processes. It also completes a natural sequence, serving as a
companion volume to my earlier books: Emulsions: Fundamentals and
Applications in the Petroleum Industry; Foams: Fundamentals and
Applications in the Petroleum Industry, and Suspensions: Fundamentals
and Applications in the Petroleum Industry.
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This chapter provides an introduction to the occurrence, proper-
ties and importance of surfactants as they relate to the petroleum
industry. With an emphasis on the definition of important terms,
the importance of surfactants, their micellization and adsorption
behaviours, and their interfacial properties are demonstrated. It
is shown how surfactants may be applied to alter interfacial
properties, promote oil displacement, and stabilize or destabilize
dispersions such as foams, emulsions, and suspensions. Under-
standing and controlling the properties of surfactant-containing
solutions and dispersions has considerable practical importance
since fluids that must be made to behave in a certain fashion to
assist one stage of an oil production process, may require
considerable modification in order to assist in another stage.

Introduction

Surfactants are widely used and find a very large number of applications
because of their remarkable ability to influence the properties of surfaces
and interfaces, as will be discussed below. Some important applications of
surfactants in the petroleum industry are shown in Table 1. Surfactants
may be applied or encountered at all stages in the petroleum recovery and
processing industry, from oilwell drilling, reservoir injection, oilwell
production, and surface plant processes, to pipeline and seagoing trans-
portation of petroleum emulsions. This chapter is intended to provide an
introduction to the basic principles involved in the occurrence and uses of
surfactants in the petroleum industry. Subsequent chapters in this book
will go into specific areas in greater detail.
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Table 1. Some Examples of Surfactant
Applications in the Petroleum Industry

Gas/Liquid Systems
Producing oilwell and well-head foams
Oil flotation process froth
Distillation and fractionation tower foams
Fuel oil and jet fuel tank (truck) foams
Foam drilling fluid
Foam fracturing fluid
Foam acidizing fluid
Blocking and diverting foams
Gas-mobility control foams

Liquid/Liquid Systems
Emulsion drilling fluids
Enhanced oil recovery in situ emulsions
Oil sand flotation process slurry
Oil sand flotation process froths
Well-head emulsions
Heavy oil pipeline emulsions
Fuel oil emulsions
Asphalt emulsion
Oil spill emulsions
Tanker bilge emulsions

Liquid/Solid Systems
Reservoir wettability modifiers
Reservoir fines stabilizers
Tank/vessel sludge dispersants
Drilling mud dispersants

All the petroleum industry’s surfactant applications or problems have
in common the same basic principles of colloid and interface science. The
widespread importance of surfactants in general, and scientific interest in
their nature and properties, have precipitated a wealth of published
literature on the subject. Good starting points for further basic informa-
tion are classic books like Rosen’s Surfactants and Interfacial Phenomena
[1] and Myers’ Surfactant Science and Technology [2], and the many other
books on surfactants [3—19]. Most good colloid chemistry texts contain
introductory chapters on surfactants. Good starting points are references
[20-23], while for much more detailed treatment of advances in specific
surfactant-related areas the reader is referred to some of the chapters
available in specialist books [24-29]. With regard to the occurrence of
related colloidal systems in the petroleum industry, three recent books
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describe the principles and occurrences of emulsions, foams, and suspen-
sions in the petroleum industry [30-32].

Definition and Classification of Surfactcmts4

Some compounds, like short-chain fatty acids, are amphiphilic or amphi-
pathic, i.e., they have one part that has an affinity for nonpolar media and
one part that has an affinity for polar media. These molecules form
oriented monolayers at interfaces and show surface activity (i.e., they
lower the surface or interfacial tension of the medium in which they are
dissolved). In some usage surfactants are defined as molecules capable of
associating to form micelles. These compounds are termed surfactants,
amphiphiles, surface-active agents, tensides, or, in the very old literature,
paraffin-chain salts. The term surfactant is now probably the most
commonly used and will be employed in this book. This word has a
somewhat unusual origin, it was first created and registered as a trade-
mark by the General Aniline and Film Corp. for their surface-active
products The company later (ca. 1950) released the term to the public
domain for others to use [33]. Soaps (fatty acid salts containing at least
eight carbon atoms) are surfactants. Detergents are surfactants, or
surfactant mixtures, whose solutions have cleaning properties. That is,
detergents alter interfacial properties so as to promote removal of a phase
from solid surfaces.

The unusual properties of aqueous surfactant solutions can be
ascribed to the presence of a hydrophilic head group and a hydrophobic
chain (or tail) in the molecule. The polar or ionic head group usually
interacts strongly with an aqueous environment, in which case it is
solvated via dipole—dipole or ion—dipole interactions. In fact, it is the
nature of the polar head group which is used to divide surfactants into
different categories, as illustrated in Table 2. In-depth discussions of
surfactant structure and chemistry can be found in references [1, 2, 8, 34,

35].

The Hydrophobic Effect and Micelle Formation

In aqueous solution dilute concentrations of surfactant act much as
normal electrolytes, but at higher concentrations very different behaviour
results. This behaviour is explained in terms of the formation of organized
aggregates of large numbers of molecules called micelles, in which the

1A glossary of frequently encountered terms in the science and engineering of
surfactants is given in the final chapter of this book.

> For an example of one of GAF Corp’s. early ads promoting their trademarked
surfactants, see Business Week, March 11, 1950, pp. 42-43.



Table 2. Surfactant Classifications

Class Examples Structures
Anionic Na stearate CII 3(CH;);6COO ™ Na*
Na dodecyl sulfate H3(CHs),;SO4 Na*
Na dodecyl benzene sulfonate H3(CHs)1,CsH4SO5 Na*®
Cationic Laurylamine hydrochloride H3(CHs);NH3Cl™
Trimethyl dodecylammonium chloride ()]QHQ_P‘N+((;H3)3C]
Cetyl trimethylammonium bromide CH;3(CHy) 5N " (CH3)3Br
Nonionic Polyoxyethylene alcohol C,Hy,,1(OCH>CH,),,OH
Alkylphenol ethoxylate CyH g—CsHs—(OCH,CH,),OH
Polysorbate 80 HO(C,H,0),, (OC3H,),OH
wHx+y+z=20, ’
R = (C7H3;3)COO
Y CH(OC,H,),0H
\
CH,(OC5H,).R
Propylene oxide-modified (CH3)38i0((CH3)28i0),(CH3Si0),Si(CH3)s
polymethylsiloxane |
EO = ethyleneoxy CH,CH,CH,0(EO),,(PO),H
PO = propyleneoxy
Zwitterionic Dodecyl betaine C12H2sN*(CH;5)2CH,COO ™

Lauramidopropyl betaine
Cocoamido-2-hydroxy-propyl sulfobetaine

C;1Ha3CONH(CH,)3N*(CH3),CH,COO
C, H,,,1CONH(CHy)3N*(CHj3);CH,CH(OH)CHoS O3
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lipophilic parts of the surfactants associate in the interior of the aggregate
leaving hydrophilic parts to face the aqueous medium. An illustration
presented by Hiemenz and Rajagopalan [22] is given in Figure 1. The
formation of micelles in aqueous solution is generally viewed as a
compromise between the tendency for alkyl chains to avoid energetically
unfavourable contacts with water, and the desire for the polar parts to
maintain contact with the aqueous environment.

A thermodynamic description of the process of micelle formation will
include a description of both electrostatic and hydrophobic contributions
to the overall Gibbs energy of the system. Hydrocarbons (e.g., dodecane)
and water are not miscible; the limited solubility of hydrophobic species
in water can be attributed to the hydrophobic effect. The hydrophobic
Gibbs energy (or the transfer Gibbs energy) can be defined as the
difference between the standard chemical potential of the hydrocarbon
solute in water and a hydrocarbon solvent at infinite dilution [36—40]

A(;'tO: ,uf{C - /'ch;.q <1>

where ppc and wgq are the chemical potentials of the hydrocarbon
dissolved in the hydrocarbon solvent and water, respectively, and AGy is

(b) (©)

Figure 1. Schematic representation of the structure of an aqueous
micelle showing several possibilities: (a) overlapping tails in the centre,
(b) water penetrating to the centre, and (c) chains protruding and
bending. (From Hiemenz and Rajagopalan [22]. Copyright 1997 Marcel
Dekker Inc., New York.)
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the Gibbs energy for the process of transferring the hydrocarbon solute
from the hydrocarbon solvent to water. In a homologous series of
hydrocarbons (e.g., the n-alcohols or the n-alkanes), the value of AGY
generally increases in a regular fashion

AG?=(a — bn.RT (2)

where a and b are constants for a particular hydrocarbon series and n.. is
the number of carbon atoms in the chain. The transfer Gibbs energy, AGy,
can be divided into entropic and enthalpic contributions

AG{=AH? — TAS; (3)

where AH{ and ASy are the enthalpy and entropy of transfer, respectively.
A significant characteristic of the hydrophobic effect is that the entropy
term is dominant, i.e., the transfer of the hydrocarbon solute from the
hydrocarbon solvent to water is accompanied by an increase in the Gibbs
transfer energy (AG > 0) [41]. The decrease in entropy is thought to be
the result of the breakdown of the normal hydrogen-bonded structure of
water accompanied by the formation of differently structured water, often
termed icebergs, around the hydrocarbon chain. The presence of the
hydrophobic species promotes an ordering of water molecules in the
vicinity of the hydrocarbon chain. To minimize the large entropy effect,
the “icebergs” tend to cluster [38], in order to reduce the number of water
molecules involved; the “clustering” is enthalpically favoured (i.e.,
AH < 0), but entropically unfavourable. The overall process has the
tendency to bring the hydrocarbon molecules together, which is known
as the hydrophobic interaction. Molecular interactions, arising from the
tendency for the water molecules to regain their normal tetrahedral
structure, and the attractive dispersion forces between hydrocarbon
chains, act cooperatively to remove the hydrocarbon chain from the
water “icebergs”, leading to an association of hydrophobic chains.

Due to the presence of the hydrophobic effect, surfactant molecules
adsorb at interfaces, even at low surfactant concentrations. As there will
be a balance between adsorption and desorption (due to thermal
motions), the interfacial condition requires some time to establish. The
surface activity of surfactants should therefore be considered a dynamic
phenomenon. This can be determined by measuring surface or interfacial
tensions versus time for a freshly formed surface, as will be discussed
further below.

At a specific, higher, surfactant concentration, known as the critical
micelle concentration (cmc), molecular aggregates termed micelles are
formed. The cmc is a property of the surfactant and several other factors,
since micellization is opposed by thermal and electrostatic forces. A low
cmc is favoured by increasing the molecular mass of the lipophilic part of
the molecule, lowering the temperature (usually), and adding electrolyte.
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Surfactant molar masses range from a few hundreds up to several
thousands.

The most commonly held view of a surfactant micelle is not much
different than that published by Hartley in 1936 [41, 42] (see Figure 1). At
surfactant concentrations slightly above the cmce value, surfactants tend to
associate into spherical micelles, of about 50-100 monomers, with a
radius similar to that of the length of an extended hydrocarbon chain.
The micellar interior, being composed essentially of hydrocarbon chains,
has properties closely related to the liquid hydrocarbon.

Critical Micelle Concentration

It is well known that the physico-chemical properties of surfactants vary
markedly above and below a specific surfactant concentration, the cme
value [2-9, 13, 14, 17, 35—47]. Below the cmc value, the physico-chemical
properties of ionic surfactants like sodium dodecylsulfate, SDS, (e.g.,
conductivities, electromotive force measurements) resemble those of a
strong electrolyte. Above the cmce value, these properties change drama-
tically, indicating a highly cooperative association process is taking place.
In fact, alarge number of experimental observations can be summed up in
a single statement: almost all physico-chemical properties versus concen-
tration plots for a given surfactant—solvent system will show an abrupt
change in slope in a narrow concentration range (the cmc value). This is
illustrated by Preston’s [48] classic graph, shown in Figure 2.

In terms of micellar models, the cmc value has a precise definition in
the pseudo-phase separation model, in which the micelles are treated as a
separate phase. The cmce value is defined, in terms of the pseudo-phase
model, as the concentration of maximum solubility of the monomer in that
particular solvent. The pseudo-phase model has a number of short-
comings; however, the concept of the cmc value, as it is described in
terms of this model, is very useful when discussing the association of
surfactants into micelles. It is for this reason that the cmc value is,
perhaps, the most frequently measured and discussed micellar parameter
[39].

Cmc values are important in virtually all of the petroleum industry
surfactant applications. For example, a number of improved or enhanced
oil recovery processes involve the use of surfactants including micellar,
alkali/surfactant/polymer (A/S/P) and gas (hydrocarbon, Ny, COs or
steam) flooding. In these processes, surfactant must usually be present at
a concentration higher than the cmc because the greatest effect of the
surfactant, whether in interfacial tension lowering [30] or in promoting
foam stability [31], is achieved when a significant concentration of
micelles is present. The cmc is also of interest because at concentrations
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that occur beyond the critical micelle concentration. (From Preston [48].
Copyright 1948 American Chemical Society, Washington.)

above this value the adsorption of surfactant onto reservoir rock surfaces
increases very little. That is, the cmc represents the solution concentra-
tion of surfactant from which nearly maximum adsorption occurs.

Cmc Measurements.

The general way of obtaining the cmc

value of a surfactant micelle is to plot some physico-chemical property of
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Table 3. Some Common Cmc Methods

UV/Vis, IR spectroscopy

Fluorescence spectroscopy

Nuclear magnetic resonance spectroscopy
Electrode potential/conductivity
Voltametry

Scattering techniques

Calorimetry

Surface tension

Foaming

interest versus the surfactant concentration and observe the break in the
plot. Table 3 lists the most common cmc methods. Many of these methods
have been reviewed by Shinoda [11] and Mukerjee and Mysels [49]. It
should be noted that different experimental techniques may give slightly
different values for the cmc of a surfactant. However, Mukerjee and
Mysels [49], in their vast compilation of cmc values, have noted that the
majority of values for a single surfactant (e.g., sodium dodecyl sulfate, or
SDS, in the absence of additives) are in good agreement and the outlying
values are easily accounted for.

For petroleum industry processes, one tends to have a special interest
in the cmc’s of practical surfactants that may be anionic, cationic, nonionic
or amphoteric. The media are typically high salinity, high hardness
electrolyte solutions, and in addition, the cmc values of interest span the
full range from ambient laboratory conditions to oil and gas reservoir
conditions of temperature and pressure. Irrespective of aiming for
process development and optimization under realistic (reservoir) condi-
tions of temperature and pressure, it remains common to determine cmc’s
experimentally at ambient laboratory conditions and assume that the
same hold even at elevated temperatures and pressures. This can be an
extremely dangerous assumption.

The nature and limits of applicability of specific methods for deter-
mining critical micelle concentrations vary widely. Most methods have
been developed for a relatively small set of pure surfactants involving very
dilute electrolyte solutions and only ambient temperature and pressure.
The determination of cmc at elevated temperature and pressure is
experimentally much more difficult than for ambient conditions and
comparatively little work has been done in this area. Most high tempera-
ture cme studies have been by conductivity measurements and have
therefore been limited to ionic surfactants. For example, cmc’s at up to
166 °C have been reported by Evans and Wightman [50]. Some work has
been reported using calorimetry, up to 200 °C by Noll [51], and using g
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NMR, up to 180 °C by Shinoda et al. [52]. Some work has been reported
involving cme determination by calorimetry (measuring heats of dilution
or specific heats). Archer et al. [53] used flow calorimetry to determine
the cmc’s of several sulfonate surfactants at up to 178°C. Noll [51]
determined cmc’s for dodecyltrimethylammonium bromide and commer-
cial surfactants in the temperature range 25-200 °C using flow calorime-
try. Surface tension is the classical method for determining cmc’s but
many surface tension methods are not suitable for use with aqueous
solutions at elevated temperatures. Exceptions include the pendant,
sessile, and captive drop methods which can be conducted with high-
pressure cells [54, 55].

For any of the techniques applied it appears (Archer et al. [53]) that
the uncertainties in the experimental cme determinations increase with
increasing temperature because at the same time the surfactant aggrega-
tion number decreases and the aggregation distribution increases. That is,
the concentration range over which micellization occurs broadens with
increasing temperature. Almost all of the elevated temperature cmc
studies have involved carefully purified surfactants (not commercial
surfactants or their formulations) in pure water or very dilute electrolyte
solutions. Conducting cmc determinations at elevated pressure, as well as
temperature, is even more difficult and only a few studies have been
reported, mostly employing conductivity methods (La Mesa et al. [56];
Sugihara and Mukerjee [57]; Brun et al. [58]; Kaneshina et al. [59];
Hamann [60]) which, again, are unsuitable for nonionic or zwitterionic
surfactants and for use where the background electrolyte concentrations
are significant.

In the case where one needs to be able to determine cmc’s for nonionic
or zwitterionic surfactants, in electrolyte solutions that may be very
concentrated, and at temperatures and pressures up to those that may
be encountered in improved oil recovery operations in petroleum
reservoirs, most of the established methods are not practical. One
successful approach to this problem has been to use elevated tempera-
ture and pressure surface tension measurements involving the captive
drop technique [8] although this method is quite time-consuming.
Another approach is to use dynamic foam stability measurements.
Foaming effectiveness and the ease of foam formation are related to
surface tension lowering and to micelle formation, the latter of which
promotes foam stability through surface elasticity and other mechanisms
[61]. Accordingly, static or dynamic foam height methods generally show
that foam height increases with surfactant concentration and then
becomes relatively constant at concentrations greater than the cmc
(Rosen and Solash [62]; Goette [63]). Using a modified Ross-Miles static
foam height apparatus, Kashiwagi [64] determined the cmc of SDS
at 40°C to be 7.08 mM which compared well with values attained
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by conductivity (7.2 mM) and surface tension (7.2 mM). Rosen and
Solash [62] also found that foam production was related to cme using
the Ross-Miles method at 60 °C when they assessed SDS, potassium
tetradecyl sulfonate, potassium hexadecyl sulfonate, and sodium hexa-
decyl sulfate.

Morrison et al. [65] describe a dynamic foam height method for the
estimation of cmc’s that is suitable for use at high temperatures and
pressures. This method is much more rapid than the surface tension
method, and is applicable to a wide range of surfactant classes, including
both ionic and amphoteric (zwitterionic) surfactants. The method is
suitable for the estimation of cmc’s, for determining the minimum cmc
as a function of temperature, for identifying the temperature at which the
minimum cmc occurs, and for determining how cmc’s vary with signifi-
cant temperature and pressure changes. The method has been used to
determine the temperature variation of cmc’s for a number of commercial
foaming surfactants in aqueous solutions, for the derivation of thermo-
dynamic parameters, and to establish useful correlations [55].

Cmc Values. Some typical cme values for low electrolyte con-
centrations at room temperature are:

Anionics 10721072 M
Amphoterics 1073210 'M
Cationics 1073107 ' M
Nonionics 107°-10"*M

Cmc values show little variation with regard to the nature of the charged
head group. The main influence appears to come from the charge of
the hydrophilic head group. For example, the cmce of dodecyltrimethyl-
ammonium chloride (DTAC) is 20 mM, while for a 12 carbon nonionic
surfactant, hexaethylene glycol mono-n-dodecyl ether (C12E¢), the cmc is
about 0.09 mM [39, 41, 49]; the cmc for SDS is about 8 mM, while that
for disodium 1,2-dodecyldisulfate (1,2-SDDS) is 40 mM [66]. In addition
to the relative insensitivity of the cmc value of the surfactant to the nature
of the charged head group, cmc’s show little dependence on the nature of
the counter-ion. It is mainly the valence number of the counter-ion that
affects the cme. As an example, the cmc value for Cu(DS)y is about
1.2 mM, while the cmc for SDS is about 8 mM [49, 67].

Cmc values often exhibit a weak dependence on both temperature
[68-70] and pressure [59, 71], although, as shown in Figure 3, some
surfactant cmc’s have been observed to increase markedly with tempera-
ture above 100 °C [55, 65]. The effects of added substances on the cmc
are complicated and interesting, and depend greatly on whether the
additive is solubilized in the micelle, or in the intermicellar solution. The
addition of electrolytes to ionic surfactant solutions results in a well
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Figure 3. Temperature variation of the critical micelle concentrations of
three amphoteric surfactants in 2.1% total dissolved solids brine solu-
tions. (From Stasiuk and Schramm [55]. Copyright 1996 Academic Press,
New York.)

established linear dependence of log (cmc) on the concentration of added
salt [72-76]. For nonionic micelles, electrolyte addition has little effect on
cmc values. When non-electrolytes are added to the micellar solution, the
effects are dependent on the nature of the additive. For polar additives
(e.g., n-alcohols), the cmc decreases with increasing concentration of
alcohol, while the addition of urea to micellar solutions tends to increase
the cme, and may even inhibit micelle formation [77, 78]. Nonpolar
additives tend to have little effect on the cmce [79].
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The Krafft Point

The solubilities of micelle-forming surfactants show a strong increase
above a certain temperature, termed the Krafft point (Ty). This is
explained by the fact that the single surfactant molecules have limited
solubility whereas the micelles are very soluble. Referring to the illustra-
tion from Shinoda [11]in Figure 4, below the Krafft point the solubility of
the surfactant is too low for micellization so solubility alone determines
the surfactant monomer concentration. As temperature increases the
solubility increases until at Ty the cmc is reached. At this temperature a
relatively large amount of surfactant can be dispersed in micelles and
solubility increases greatly. Above the Krafft point maximum reduction in
surface or interfacial tension occurs at the cme because the cme then
determines the surfactant monomer concentration. Krafft points for a
number of surfactants are listed in references [1, 80].

Nonionic surfactants do not exhibit Krafft points. Instead, the solubility
of nonionic surfactants decreases with increasing temperature, and these
surfactants may begin to lose their surface active properties above a
transition temperature referred to as the cloud point. This occurs because
above the cloud point a surfactant rich phase of swollen micelles
separates, and the transition is usually accompanied by a marked increase
in dispersion turbidity.

o
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CMC curve

Concentration (m)

Solubility
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Figure 4. Example of a “phase behaviour” diagram for a surfactant in
aqueous solution, showing the cme and Krafft points. (From Shinoda et al.
[11]. Copyright 1963 Academic Press, New York.)
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Table 4. Typical Methods of Surfactant Analysis

Surfactant Class Method
Anionic
alkyl sulfates and sulfonates Two-phase or surfactant-electrode monitored
titration
petroleum and lignin sulfonates ~ Column or gel permeation chromatography
phosphate esters Potentiometric titration
sulfosuccinate esters Gravimetric or titration methods
carboxylates Potentiometric titration or two-phase titration
Nonionic
alcohols NMR or IR spectroscopy
ethoxylated acids Gas chromatography
alkanolamides Gas chromatography
ethoxylated amines HPLC
amine oxides Potentiometric titration
Cationic
quaternary ammonium salts Two-phase or surfactant-electrode monitored

titration, or GC or HPLC

Amphoteric

carboxybetaines Low pH two-phase titration, gravimetric analysis,
or potentiometric titration
sulfobetaines HPLC
Analysis

Numerous methods have been developed for the quantitative determina-
tion of each class of surfactant. The analysis of commercial surfactants is
greatly complicated by the fact that these products are mixtures. They are
often comprised of a range of molar mass structures of a given structural
class, may contain surface-active impurities, are sometimes intentionally
formulated to contain several different surfactants, and are often supplied
dissolved in mixed organic solvents or complex aqueous salt solutions.
Each of these components has the potential to interfere with a given
analytical method. Therefore surfactant assays may well have to be
preceded by surfactant separation techniques. Both the separation and
assay techniques can be highly specific to a given surfactant/solution
system. This makes any substantial treatment beyond the scope of the
present chapter. Good starting points can be found in the several books on
surfactant analysis [§1-86]. The characterization and analysis of surfactant
demulsifiers is discussed in Chapter 2 of this book. Table 4 shows some
typical kinds of analysis methods that are applied to the different

surfactant classes.
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There are a number of reviews available for surfactants in specific
industries [87], and for specific surfactant classes. References [81-90]
discuss methods for the determination of anionic surfactants, which are
probably the most commonly encountered in the petroleum industry.
Most of these latter methods are applicable only to the determination of
sulfate- and sulfonate-functional surfactants. Probably the most common
analysis method for anionic surfactants is Epton’s two-phase titration
method [91, 92] or one of its variations [93, 94]. Related, single-phase
titrations can be performed and monitored by either surface tension [95]
or surfactant-sensitive electrode [84, 85, 96-98] measurements. Grons-
veld and Faber [99] discuss adaptation of the titration method to oleic
phase samples.

Surfactants and Surface Tension

In two-phase dispersions, a thin intermediate region or boundary, known
as the interface, lies between the two phases. The physical properties of
the interface can be very important in all kinds of petroleum recovery and
processing operations. Whether in a well, a reservoir or a surface
processing operation, one tends to encounter large interfacial areas
exposed to many kinds of chemical reactions. In addition, many petro-
leum industry processes involve colloidal dispersions, such as foams,
emulsions, and suspensions, all of which contain large interfacial areas;
the properties of these interfaces may also play a large role in determining
the properties of the dispersions themselves. In fact, even a modest
surface energy per unit area can become a considerable total surface
energy. Suppose we wish to make a foam by dispersion of gas bubbles into
water. For a constant gas volume fraction the total surface area produced
increases as the bubble size produced decreases. Since there is a free
energy associated with surface area, this increases as well with decreasing
bubble size. The energy has to be added to the system to achieve the
dispersion of small bubbles. If this amount of energy cannot be provided,
say through mechanical energy input, then another alternative is to use
surfactant chemistry to lower the interfacial free energy, or interfacial
tension. The addition of a small quantity of a surfactant to the water,
possibly a few tenths of a percent, would significantly lower the surface
tension and significantly lower the amount of mechanical energy needed
for foam formation. For examples of this simple calculation for foams and
emulsions, see references [61] and [100] respectively.

The origin of surface tension may be visualized by considering the
molecules in a liquid. The attractive van der Waals forces between
molecules are felt equally by all molecules except those in the interfacial
region. This imbalance pulls the latter molecules towards the interior of
the liquid. The contracting force at the surface is known as the surface
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tension. Since the surface has a tendency to contract spontaneously in
order to minimize the surface area, bubbles of gas tend to adopt a
spherical shape: this reduces the total surface free energy. For emulsions
of two immiscible liquids a similar situation applies to the droplets of one
of the liquids, except that it may not be so immediately obvious which
liquid will form the droplets. There will still be an imbalance of
intermolecular force resulting in an interfacial tension, and the interface
will adopt a configuration that minimizes the interfacial free energy.
Physically, surface tension may be thought of as the sum of the contract-
ing forces acting parallel to the surface or interface. This point of view
defines surface or interfacial tension (y), as the contracting force per unit
length around a surface. Another way to think about surface tension is that
area expansion of a surface requires energy. Since the work required to
expand a surface against contracting forces is equal to the increase in
surface free energy accompanying this expansion, surface tension may
also be expressed as energy per unit area.

There are many methods available for the measurement of surface and
interfacial tensions. Details of these experimental techniques and their
limitations are available in several good reviews [101-104]. Table 5 shows
some of the methods that are used in petroleum recovery process
research. A particular requirement of reservoir oil recovery process
research is that measurements be made under actual reservoir conditions
of temperature and pressure. The pendant and sessile drop methods are
the most commonly used where high temperature/pressure conditions are
required. Examples are discussed by McCaffery [105] and DePhilippis et
al. [106]. These standard techniques can be difficult to apply to the
measurement of extremely low interfacial tensions (<1 to 10 mN/m).
For ultra-low tensions two approaches are being used. For moderate
temperatures and low pressures the most common method is that
of the spinning drop, especially for microemulsion research [107]. For
elevated temperatures and pressures a captive drop method has been
developed by Schramm et al. [108], which can measure tensions as low as
0.001 mN/m at up to 200 °C and 10,000 psi. In all surface and interfacial
tension work it should be appreciated that when solutions, rather than
pure liquids, are involved appreciable changes can occur with time at the
surfaces and interfaces, so that techniques capable of dynamic measure-
ments tend to be the most useful.

When surfactant molecules adsorb at an interface they provide an
expanding force acting against the normal interfacial tension. Thus,
surfactants tend to lower interfacial tension. This is illustrated by the
general Gibbs adsorption equation for a binary, isothermal system
containing excess electrolyte:

I'v=—(1/RT)(dy/dInCy) (4)



Table 5. Surface and Interfacial Tension Methods used in Petroleum Research

Static Dynamic Surface Interfacial High T, P
Method Values Values Tension Tension Contact Angle Capability
Capillary rise v X v X X, need 0=0 X
Wilhelmy plate v ~ v X v, need to know y x
du Nouy ring v x v x X, pure liquids only X
Drop weight v X v v X, need 0=0 v
Drop volume v X v v X, need 0=0 v
Pendant drop v v v v x v
Sessile drop v v v v v v
Oscillating jet v v v x x X
Spinning drop v ~ v v x x
Captive drop v v v v X, forces 0=0 v
Maximum bubble pressure v 5 v x X x
Surface laser light scattering v v v ~ X v
Tilting plate v ~ X x v x
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where T, is the surface excess of surfactant (mol/cm?), C, is the solution
concentration of the surfactant (M), and y may be either surface or
interfacial tension (mN/m). This equation can be applied to dilute
surfactant solutions where the surface curvature is not great and where
the adsorbed film can be considered to be a monolayer. The packing
density of surfactant in a monolayer at the interface can be calculated as
follows. According to equation 4, the surface excess in a tightly packed
monolayer is related to the slope of the linear portion of a plot of surface
tension versus the logarithm of solution concentration. From this, the area
per adsorbed molecule (ag) can be calculated from

ds = 1/<NAFS) <5>

where Ny is Avogadro’s number. Numerous examples are given by Rosen
[1].

When surfactants concentrate in an adsorbed monolayer at a surface
the interfacial film may take on any of a number of quite different
properties which will be discussed in the next several sections. Suitably
altered interfacial properties can provide a stabilizing influence in
dispersions such as emulsions, foams, and suspensions.

Surface Elasticity

As surfactant adsorbs at an interface the interfacial tension decreases (at
least up to the cmc), a phenomenon termed the Gibbs effect. If a
surfactant stabilized film undergoes a sudden expansion, the immediately
expanded portion of the film must have a lower degree of surfactant
adsorption than unexpanded portions because the surface area has
increased. This causes an increased local surface tension which produces
immediate contraction of the surface. The surface is coupled, by viscous
forces, to the underlying liquid layers. Thus, the contraction of the surface
induces liquid flow, in the near-surface region, from the low tension
region to the high tension region. The transport of bulk liquid due to
surface tension gradients is termed the Marangoni effect [27]. In foams,
the Gibbs—Marangoni effect provides a resisting force to the thinning of
liquid films.

The Gibbs—Marangoni effect only persists until the surfactant adsorp-
tion equilibrium is re-established in the surface, a process that may take
place within seconds or over a period of hours. For bulk liquids and in
thick films this can take place quite quickly, however, in thin films there
may not be enough surfactant in the extended surface region to re-
establish the equilibrium quickly, requiring diffusion from other parts of
the film. The restoring processes are then the movement of surfactant
along the interface from a region of low surface tension to one of high
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surface tension, and the movement of surfactant from the thin film into
the now depleted surface region. Thus the Gibbs—Marangoni effect
provides a force to counteract film rupture in foams.

Many surfactant solutions show dynamic surface tension behaviour.
That is, some time is required to establish the equilibrium surface tension.
After the surface area of a solution is suddenly increased or decreased
(locally), the adsorbed surfactant layer at the interface requires some time
to restore its equilibrium surface concentration by diffusion of surfactant
from, or to, the bulk liquid (see Figure 5, [109]). At the same time, since
surface tension gradients are now in effect, Gibbs—Marangoni forces act
in opposition to the initial disturbance. The dissipation of surface tension
gradients, to achieve equilibrium, embodies the interface with a finite
elasticity. This explains why some substances that lower surface tension
do not stabilize foams [21]; they do not have the required rate of approach
to equilibrium after a surface expansion or contraction. In other words,
they do not have the requisite surface elasticity.

At equilibrium, the surface elasticity, or surface dilational elasticity,

Eg, is defined [21, 110] by

&
Ee=qma (6)

where y is the surface tension and A is the geometric area of the surface.
This is related to the compressibility of the surface film, K, by K= 1/E.
Eg is a thermodynamic property, termed the Gibbs surface elasticity. This
is the elasticity that is determined by isothermal equilibrium measure-
ments, such as the spreading pressure—area method [21]. E¢ occurs in
very thin films where the number of molecules is so low that the
surfactant cannot restore the equilibrium surface concentration after
deformation. An illustration is given in [61].

The elasticity determined from nonequilibrium dynamic measure-
ments depends upon the stresses applied to a particular system, is
generally larger in magnitude than E¢, and is termed the Marangoni
surface elasticity, Ey [21, 111]. For foams it is this dynamic property that
is of most interest. Surface elasticity measures the resistance against
creation of surface tension gradients and of the rate at which such
gradients disappear once the system is again left to itself [112]. The
Marangoni elasticity can be determined experimentally from dynamic
surface tension measurements that involve known surface area changes,
such as the maximum bubble pressure method [113, 115]. Although such
measurements include some contribution from surface dilational viscosity
[112, 114] the results are frequently simply referred to in terms of surface
elasticities.

Numerous studies have examined the relation between Eg or Ey; and
foam stability [111, 112, 115]. From low bulk surfactant concentrations,
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Figure 5. Illustration of the Gibbs—Marangoni effect in a thin liquid
film. Reaction of a liquid film to a surface disturbance. (a) Low surfactant
concentration yields only low differential tension in film. The thin film is
poorly stabilized. (b) Intermediate surfactant concentration yields a
strong Gibbs—Marangoni effect which restores the film to its original
thickness. The thin film is stabilized. (c) High surfactant concentration
(>cmce) yields a differential tension which relaxes too quickly due to
diffusion of surfactant. The thinner film is easily ruptured. (From Pugh
[109]. Copyright 1996 Elsevier, Amsterdam.)
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the Gibbs elasticity increases with an increase in surfactant concentration
until a maximum in elasticity is reached, after which the Gibbs elasticity
decreases. Surfactant concentrations above the cmec lie well beyond this
maximum elasticity region. Lucassen-Reynders [112] cautions that there
exists no direct relationship between elasticity and foam stability,
although Schramm and Green [113] have found a useful correlation for
foams flowing in porous media. Additional factors, such as film thickness
and adsorption behaviour, have to be taken into account. Nevertheless,
the ability of a surfactant to reduce surface tension and contribute to
surface elasticity are among the most important features of foam
stabilization. This partially explains why some surfactants will act to
promote foaming while others reduce foam stability (foam breakers or
defoamers), and still others prevent foam formation in the first place
(foam preventatives, foam inhibitors).

Schramm et al. [116] discuss some of the factors that must be
considered in the selection of practical foam-forming surfactants for
petroleum recovery processes. Kerner [117] describes several hundred
different formulations for foam inhibitors and foam breakers.

Surface Rheology

Surface rheology deals with the dynamic behaviour of a surface in
response to the stress that is placed on the surface. Two types of viscosities
are defined within the interface, a shear viscosity and a dilational viscosity.
For a surfactant monolayer, the surface shear viscosity is analogous to the
three dimensional shear viscosity: the rate of yielding of a layer of fluid
due to an applied shear stress. The surface dilational viscosity expresses
the magnitude of the viscous forces during a rate expansion of a surface
element. A surfactant monolayer can be expanded or compressed over a
wide area range. Thus, the dynamic surface tension experienced during a
rate dependent surface expansion is the resultant of the surface dilational
viscosity, the surface shear viscosity, and elastic forces. Often, the
contributions of shear and/or the dilational viscosities are neglected
during stress measurements of surface expansions. Isolating interfacial
viscosity effects is rather difficult. The interface is connected to the
substrate on either side of it and so are the interfacial viscosities coupled
to the bulk viscosities. Therefore, it becomes laborious to determine
purely interfacial viscosities without the influence of the surroundings.

A high interfacial viscosity can contribute to emulsion stability by
reducing the rate of droplet coalescence [118—121]. This is therefore a
property that one may wish to enhance in the formulation of a desirable
emulsion. For example, oilfield water-in-oil (W/O) emulsions may be
stabilized by the presence of a protective film around the water droplets.
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Such a film can be formed from the asphaltene and resin fractions of the
crude oil. As drops approach each other the rate of oil film drainage will
be determined, in part, by the interfacial viscosity which, if high enough,
will significantly retard the final stage of film drainage and possibly even
provide a viscoelastic barrier to coalescence. More detailed descriptions
are given in references [121-123]. On the other hand, in an enhanced oil
recovery process one will generally desire low interfacial viscosity so that
once the oil is emulsified and displaced from pores within which it was
trapped, the same emulsion drops can later coalesce into an oil bank
which can be displaced from the reservoir [30]. Wasan et al. [124] found
such a correlation between oil droplet coalescence rate and interfacial
viscosity.

As bubbles in a foam approach each other, the thinning of the films
between the bubbles, and their resistance to rupture, are thought to be of
great importance to the ultimate stability of the foam. Thus, a high
interfacial viscosity can promote foam stability by lowering the film
drainage rate and retarding the rate of bubble coalescence [125]. Fast
draining films may reach their equilibrium film thickness in a matter of
seconds or minutes due to low surface viscosity, while slow draining films
may require hours due to their high surface viscosity. Bulk viscosity and
surface viscosity, thus, do not normally contribute a direct stabilizing
force to a foam film, but act as resistances to the thinning and rupture
processes. The bulk viscosity will most influence the thinning of thick
films, while the surface viscosity will be dominant during the thinning of
thin films.

The presence of mixed surfactant adsorption seems to be a factor in
obtaining films with very viscous surfaces [27]. For example, in some
cases, the addition of a small amount of nonionic surfactant to a solution
of anionic surfactant can enhance foam stability due to the formation of a
viscous surface layer; possibly a liquid crystalline surface phase in
equilibrium with a bulk isotropic solution phase [21, 126]. To the extent
that viscosity and surface viscosity influence emulsion and foam stability
one would predict that stability would vary according to the effect of
temperature on the viscosity. Thus, some petroleum industry processes
exhibit serious foaming problems at low process temperatures, which
disappear at higher temperatures [21].

Adamson [110] illustrates some techniques for measuring surface shear
viscosity. Further details on the principles, measurement and applications
are given in references [127-130] for emulsions, and in reference [131]
for foams. It should be noted that many experimental studies deal with the
interfacial viscosities between bulk phases rather than on droplets or thin
films themselves.
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Surfactants and Surface Curvature

Surface tension causes a pressure difference to exist across a curved
surface, with the greatest pressure being on the inside of a bubble. The
pressure difference across an interface between one phase (A), having
pressure pa, and another phase (B), having pressure pg, for spherical

bubbles of radius R, is given by:
Ap =pas —ps=2V/R (7)

This is the Young—Laplace equation. It illustrates the facts that Ap varies
with the radius, and that the pressure inside a bubble exceeds that
outside. If the interface had a more complex geometry, then the two
principal radii of curvature, R; and Rs, would be used,

Ap =pa — pe="(1/Ry + 1/Ry) (8)

The Young-Laplace equation forms the basis for some important meth-
ods for measuring surface and interfacial tensions, such as the pendant
and sessile drop methods, the spinning drop method, and the maximum
bubble pressure method [101-103, 107]. Liquid flow in response to the
pressure difference expressed by equations 7 or 8 is known as Laplace
flow, or capillary flow.

Detergency and the Displacement of Oil. Detergency
involves the action of surfactants to alter interfacial properties so as to
promote removal of a phase from solid surfaces. Obviously, wetting agents
are used, and usually those that rapidly diffuse and adsorb at appropriate
interfaces are most effective. In this section we will consider a petroleum
industry example.

When a drop of oil in water comes into contact with a solid surface the
oil may form a bead on the surface or it may spread and form a film. A
liquid having a strong affinity for the solid will seek to maximize its contact
(interfacial area) and form a film. A liquid with much weaker affinity may
form into a bead. This affinity is termed the wettability. Since there can be
degrees of spreading another quantity is needed (see Figure 6, [132]). The
contact angle, 0, in an oil-water—solid system is defined as the angle,
measured through the aqueous phase, that is formed at the junction of the
three phases. Whereas interfacial tension is defined for the boundary
between two phases, the contact angle is defined for a three-phase
junction.

If the interfacial forces acting along the perimeter of the drop are
represented by the interfacial tensions, then an equilibrium force balance
equation can be written as,

w0 €os 0 =750 — Ysaw 9)
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Figure 6. Ilustration of spreading, beading, and the contact angle in
a s*olzd/hquz(l/hqmd system. (From Shaw [132]. Copyright 1992
Butterworth—Heinemann, Oxford, UK.)

where the subscripts refer to water, W, oil, O, and solid, S. This is Young’s
equation. The solid is completely water-wetted if 0 = 0 and only partially
wetted otherwise. This equation is frequently used to describe wetting
phenomena, so two practical points should be remembered. In theory,
complete non-wetting by water would mean that 0 = 180° but this is not
seen in practice. Also, values of 0 < 90° are often considered to represent
“water-wetting” while values of 0 > 90° are considered to represent “non-
water-wetting”. This is a rather arbitrary assignment based on correlation
with the visual appearance of drops on surfaces.

In primary oil recovery from underground reservoirs, the capillary
forces described by the Young and Young—Laplace equations are respon-
sible for retaining much of the oil (residual oil) in parts of the pore
structure in the rock or sand. It is these same forces that any secondary or
enhanced (tertiary) oil recovery process strategies are intended to over-
come [26, 29, 30, 133]. The relative oil and water saturations depend upon
the distribution of pore sizes in the rock. The capillary pressure, P, in a
pore is given by,

P.=2ycosO/R (10)
where R is the pore radius, and at some height h above the free water
table, P, is fixed at Aph (Ap is the density difference between the phases).

Therefore, as the interfacial tension and contact angle are also fixed, and if
the rock is essentially water-wetting (low 0), the smaller pores will tend to
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Figure 7. Trapping of oil in water-wet pores of different sizes due to
capillary forces. (From Clark [134]. Copyright 1969 Society of Petroleum
Engineers, Richardson, TX.)

have more water in them (less oil) than larger pores, as illustrated in
Figure 7 [134].

Primary production from an oil reservoir, using only energy inherent
in the reservoir, will only recover up to about 15% of the original oil-in-
place (OOIP). In secondary oil recovery, flooding the reservoir with water
(waterflooding) can produce an additional 15% or so of the oil originally in
place. After waterflooding some 70% of the original oil-in-place still
remains trapped in the reservoir rock pores. In a water-wet reservoir this
residual oil is left in the form of oil ganglia trapped in the smaller pores
where the viscous forces of the driving waterflood could not completely
overcome the capillary forces holding the oil in place.

In tertiary, or enhanced, oil recovery one generally attempts to reduce
the capillary forces restraining the oil and/or alter viscosity of the
displacing fluid in order to modify the viscous forces being applied to
drive oil out of the pores. The ratio of viscous forces to capillary forces
actually correlates well with residual oil saturation and is termed the
capillary number. One formulation of the capillary number is:

Ne=nv/(yo) (11)

where # and v are the viscosity and velocity of the displacing fluid, y is
the interfacial tension and ¢ is the porosity. A correlation is shown in
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Figure 8. Correlation between residual oil saturation reduction and the
capillary number. (From Taylor and Hawkins [135]. Copyright 1990
Petroleum Recovery Institute, Calgary, AB.)

Figure 8; beginning after even the most efficient waterflooding, when
N. is about 10~ and the residual oil saturation is still around 45% [135].

Suppose that one wished to design a tertiary recovery process so that
additional oil would be recovered, reducing the oil saturation to around
25%. A residual oil saturation of 25% requires increasing the capillary
number to about 5 x 10~ . This could be done by raising the viscous
forces, i.e., viscosity and velocity, but practical limitations on the size of
pumps and the need to avoid inducing fractures in the reservoir prevent
one from using these factors to achieve the needed orders of magnitude
increase. But, by adding a suitable surfactant to the water one can readily
decrease the interfacial tension from say 20 mN/m to 4 x 103 mN/m,
increasing the capillary number to the desired 5 x 103, Substitution of
these interfacial tensions into the above capillary pressure equation shows
that with the reduced interfacial tension oil will be recovered from smaller
pores down to R'=0.0002R. A more detailed treatment of this topic is
given in Chapter 6 of this volume.

In some systems the addition of a fourth component to an oil/water/
surfactant system can cause the interfacial tension to drop to near-zero
values, ca. 107° to 10~ * mN/m, allowing spontaneous emulsification to
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very small drop sizes, ca. 10 nm or smaller. The droplets can be so small
that they scatter little light and the emulsions appear to be transparent
and are termed microemulsions. Unlike coarse emulsions, microemul-
sions may be thermodynamically stable. Microemulsions can be used in
an enhanced oil recovery process. The much lower interfacial tensions
produced increase the oil displacement from reservoir rock by increasing
the capillary number. The micelles present also help to solubilize the oil
droplets, hence this process is sometimes referred to as micellar flooding.
The emulsions can be formulated to have moderately high viscosities
which help to achieve a more uniform displacement front in the reservoir;
this gives improved sweep efficiency, see Figure 9 [136]. Thus, there are a

DISPLACEMENT OF OIL IN PETROLEUM RESERVOIRS
BY WATER OR CHEMICAL FLOODING (FIVE-SPOT PATTERN)

P

PRODUCTION
WELLS

A B c D

Figure 9.  Oil displacement, with good sweep efficiency, in a reservoir.
(From Ling et al. [136]. Copyright 1987 Royal Society of Chemistry,
Cambridge.)
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number of factors that can be adjusted using a microemulsion system for
enhanced oil recovery.

Surfactants and Surface Potential

Most substances acquire a surface electric charge when brought into
contact with a polar medium such as water. For crude oil/aqueous systems
the charge could be due to the ionization of surface acid functionalities.
For gas/aqueous systems the charge could be due to the adsorption of
surfactant ions. For porous rock or suspensions, the charge could
originate from the diffusion of counter-ions away from the surface of a
mineral whose internal crystal structure carries an opposite charge due to
isomorphic substitution (in clays for example). In a practical petroleum
process situation the nature and degree of surface charging is more
complicated than in these examples, and surfactant adsorption may cause
a surface electric charge to increase, decrease, or not significantly change
at all. For example, the bitumen—aqueous interface can become nega-
tively charged in alkaline aqueous solutions due to the ionization of
surface carboxylic acid groups, the adsorption of natural surfactants
present in the bitumen, and the adsorption of charged mineral solids
[139-141]. The degree of such negative charging is very important to the
success of in situ oil sands bitumen recovery processes, and surface oil
sands separation processes, such as the hot water flotation process (see
references [142, 143], and Chapter 10 of this volume).

The presence of a surface charge influences the distribution of nearby
ions in the polar medium. Ions of opposite charge (counter-ions) are
attracted to the surface while those of like charge (co-ions) are repelled.
An electric double layer, which is diffuse because of mixing caused by
thermal motion, is thus formed. The electric double layer (EDL) consists
of the charged surface and a neutralizing excess of counter-ions over co-
ions, distributed near the surface (see Figure 10). The EDL can be
viewed as being comprised of two layers, (i) an inner layer that may
include adsorbed ions, and (ii) a diffuse layer where ions are distributed
according to the influence of electrical forces and thermal motion.

Taking the surface electric potential to be ¥°, and applying the Gouy—
Chapman approximation, the electric potential ¥ at a distance x from the
surface is approximately

Y =y exp(—Kx) (12)

Thus ¥ depends on surface electric potential and the solution ionic
composition (through «). 1/k is called the double layer thickness and for
water at 25 °C is given by:

Kk =3.288v/1 (nm 1) (13)
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Figure 10. The electric double layer around a charged species in
aqueous solution. The left view shows the change in charge density
around the charged species. The right view shows the distribution of
ions. (Courtesy L.A. Ravina, Zeta-Meter Inc., Staunton, VA.)

where I is the ionic strength, given by I=(1/2)%; cz2, where ¢; is
concentration of ions and z; is charge number of ions. For 1:1 electrolyte,
I/x=1nmfor I[=10"" M and 10 nm for I =102 M.

Also, an inner layer exists because ions are not really point charges and
an ion can only approach a surface to the extent allowed by its hydration
sphere. The Stern model specifically incorporates a layer of specifically
adsorbed ions bounded by a plane known as the Stern plane (see Figures
10 and 11). In this case the potential changes from y/° at the surface, to
Y(0) at the Stern plane, to = 0 in bulk solution.

An indication of the surface potential can be obtained through
electrokinetic measurements. Electrokinetic motion occurs when the
mobile part of the electric double layer is sheared away from the inner
layer (charged surface). Of the four types of electrokinetic measurements,
electrophoresis, electro-osmosis, streaming potential, and sedimentation
potential, the first finds the most use in industrial practise. In electro-
phoresis, an electric field is applied to a sample causing charged dispersed
species, and any attached material or liquid, to move towards the
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Potential

Potential

Distance From Colloid Distance From Colloid
Fresh Water Saline Water

Figure 11. Simplified illustrations of the surface, Stern, and Zeta
potentials for a dispersed, charged species in low and high electrolyte
concentration aqueous solutions. ( Courtesy L.A. Ravina, Zeta-Meter Inc.,
Staunton, VA.)

oppositely charged electrode. The moving species, which may be parti-
cles, droplets, or bubbles, are viewed under a microscope and their
electrophoretic velocity is measured at carefully selected planes in the
sample cell. The results can be interpreted in terms of the potential () at
the plane of shear, known as the Zeta potential. Since the exact location of
the shear plane is generally not known, the Zeta potential is usually taken
to be approximately equal to the potential at the Stern plane.

Good descriptions of practical experimental techniques in electro-
phoresis and their limitations can be found in references ([144-146]). For
the most part, electrophoresis techniques are applied to suspensions and
emulsions, but with appropriate cell designs they can sometimes be
applied to dispersions of bubbles (e.g., [147-149]). Other electrokinetic
techniques, such as the measurement of sedimentation potential, have
been used as well. Streaming potential measurements give an indication
of the average surface potential in a porous rock, but are strongly
influenced by the pore size distribution and may not be sensitive to the
contributions of individual mineral constituents [150]. Electrophoresis
measurements require crushing of the rock, but have the advantage of
being convenient for establishing equilibrium with different solutions and
provide information about individual rock components (e.g., clay versus
silica components of sandstones) [151]. Figure 12 shows the relative
effects of adsorbing anionic, amphoteric or cationic surfactants on
different kinds of rock particles (sandstone, limestone and dolomite)
dispersed in aqueous solution, as described in reference [152].
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Figure 12.  Relative effects on particle electrophoretic mobility, and Zeta
potential, of adsorbing anionic, amphoteric or cationic surfactants. The
different kinds of rock particles are sandstone (SS), limestone (LS), and
dolomite (Dolo), all dispersed in aqueous solution. (From Mannhardt et
al. [152]. Copyright 1992 Elsevier Science Publishers, Amsterdam.)

Surface Potential and Dispersion Stabilization. Most emul-
sions, suspensions, and foams are not thermodynamically stable, but may
well possess some degree of kinetic stability. Encounters between
dispersed species can occur due to Brownian motion, sedimentation,
and/or stirring. The stability of the dispersion depends upon how the
particles interact when this happens. More details are given in reference
[153]. Surfactants are frequently involved in the stabilization of colloidal
dispersions of droplets, particles or bubbles by increasing the electrostatic
repulsive forces.

In the simplest example of colloid stability the dispersed species would
be stabilized entirely by the repulsive forces created when two charged
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surfaces approach each other and their electric double layers overlap. The
repulsive energy, Vg, has the general form,

Vi = Vi(Y) exp[—xH] (14)

where the function V() depends on the material properties of the
particular system and includes the Stern plane potential; H is either the
separation distance (emulsions and suspensions) or the film thickness
(foams). There is another repulsive force, Born repulsion, which is
experienced at very small separation distances where the atomic electron
clouds overlap.

The dispersed species will be attracted to each other through electric
dipole interactions, which may be due to: (1) two permanent dipoles,
(2) dipole—induced dipole, or (3) induced dipole—induced dipole. The
latter forces between nonpolar molecules are also called London disper-
sion forces. Except for quite polar materials, the London dispersion forces
are the more significant of the three. Whereas for molecules the force
varies inversely with the sixth power of the intermolecular distance, the
nature of the variation with distance is somewhat different for dispersions.
For dispersed droplets (or particles, etc.) the dispersion forces can be
approximated by adding up the attractions between all inter-droplet pairs
of molecules. When added this way the dispersion force between two
droplets decays less rapidly as a function of separation distance than is the
case for individual molecules. For two spheres of radius a, separated by
distance H, the attractive energy, V,, can be approximated by,

V= —a(\/A_— \/A—1)2/12H (15)

when H << a. Here, A, and A, are the Hamaker constants of the medium
and spheres respectively; they depend on the densities and polarizabilities
of the constituent atoms, and are typically about 107 t0 107 % ].

The energy changes that take place when two dispersed species
approach each other can be estimated by summing the energies of
attraction and repulsion over a range of separation distances,
V=V, +Vg. This is known as the DLVO theory, after its originators
Derjaguin and Landau (see citations in reference [154], and Verwey and
Overbeek [155]).

Vi decreases exponentially with increasing separation distance, and
has a range about equal to k1 while V. decreases inversely with
increasing separation distance. Figure 13 shows simple attractive and
repulsive energy curves, and the total interaction energy curve that
results. The shaded areas show that either the attractive van der Waals
forces or the repulsive electric double layer forces can predominate at
different inter-droplet distances.

The DLVO theory was developed in an attempt to account for the
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Figure 13. Emmlple of an attractive energy curve, repulsive energy
curve and the total interaction energy curve that resulis. (Courtesy L.A.

Ravina, Zeta-Meter Inc., Staunton, VA.)

observation that colloids coagulate quickly at high electrolyte concentra-
tions, and slowly at low concentrations. The transition from one rate to the
other occurs over a very narrow electrolyte concentration range, the mid-
point of which is termed the critical coagulation concentration (CCC).
Where there is a positive potential energy maximum, a dispersion should
be stable if V >> kT, that is, if the energy is large compared to the thermal
energy of the particles (15kT is considered unsurmountable). In this case,
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colliding droplets should rebound without contact, and the emulsion
should be stable to aggregation. If, on the other hand, the potential energy
maximum is not very great, V & kT, then slow aggregation should occur.
The height of the energy barrier depends on the surface potential, (),
and on the range of the repulsive forces, k1. The figure shows that an
energy minimum can occur at larger interparticle distances. If this is
reasonably deep compared to kT, then a loose, easily reversible aggrega-
tion should occur.

Examples of interaction energy plots can be found elsewhere for
suspensions [32], emulsions [30], and foams [31]. In the case of foams, it is
sometimes more helpful to consider the same phenomena in terms of the
disjoining pressure. When the two interfaces bounding a foam lamella are
electrically charged, the interacting diffuse double layers exert a hydro-
static pressure which acts to keep the interfaces apart. In thin lamellae
(film thicknesses on the order of a few hundred nm) the electrostatic,
dispersion and steric forces all may be significant and the disjoining
pressure concept is frequently employed. The disjoining pressure repre-
sents the net pressure difference between the gas phase (bubbles) and the
bulk liquid from which the lamellae extend [154], and is the total of
electrical, dispersion and steric forces (per unit area) operating across the
lamellae (perpendicular to the interfaces). The disjoining pressure, 7, may
be expressed by taking the derivative of the interaction potential with
respect to the film thickness,

n(t) = —dV/dt (16)

A description of how the disjoining pressure can be determined is given in
reference [154]. To the extent that the disjoining pressure arises from
electrostatic forces, there will be an obvious influence of electrolyte
concentration. For very thin films (<100 nm) the disjoining pressure is
very important.

It will be apparent that the DLVO calculations can become quite
involved, requiring considerable knowledge about the systems of interest.
Also, there are some problems. For example, on one hand there will be
some distortion of the spherical emulsion droplets as they approach each
other and begin to seriously interact, causing a flattening. Also, our view of
the validity of the theory is changing as more becomes known about the
influence of additional forces such as those due to surface hydration. The
DLVO theory nevertheless forms a very useful starting point in attempt-
ing to understand complex colloidal systems such as petroleum emulsions.
There are empirical “rules of thumb” that can be used to give a first
estimate of the degree of colloidal stability that a system is likely to have if
the Zeta potentials of the droplets are known.

Many types of colloids tend to adopt a negative surface charge when
dispersed in aqueous solutions having ionic concentrations and pH typical
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of natural waters. For such systems, one rule of thumb stems from
observations that the colloidal particles are quite stable when the Zeta
potential is about —30 mV or more negative, and quite unstable due to
agglomeration when the Zeta potential is between +5 and —5 mV. An
expanded set of guidelines, developed for particle suspensions, is given in
reference [156]. Such criteria are frequently used to determine optimal
dosages of polyvalent metal electrolytes, such as alum, used to effect
coagulation in treatment plants.

The transition from stable dispersion to aggregation usually occurs
over a fairly small range of electrolyte concentration. This makes it
possible to determine aggregation concentrations, often referred to as
critical coagulation concentrations (CCC). The Schulze-Hardy rule
summarizes the general tendency of the CCC to vary inversely with the
sixth power of the counter-ion charge number (for indifferent electro-
lyte). This relationship follows directly from the DLVO theory when one
derives the conditions under which V =0 and dV/dH = 0 for high surface
potentials. As an illustration, suppose that for a hypothetical emulsion the
above equation predicts a CCC of 1.18 M in solutions of sodium chloride.
The critical coagulation concentrations in polyvalent metal chlorides
would then decrease as follows:

Dissolved z CCC
Salt (M)
NaCl 1 1.18
CaCl,, 2 0.018
AlCl; 3 0.0016

The Schulze-Hardy rule can be applied in the selection of appropriate
treatments of injected fluids so as to protect an oil-bearing reservoir from
the damage that could otherwise occur due to the release and migration of
small, highly charged particles (fines migration) [157]. The particle
charges could be due to the nature of the minerals and their interaction
with the aqueous environment and/or to the adsorption of ionic surfac-
tants or polymers. The protective action results from compression of the
electric double layers and reduction of the Zeta potentials to zero, or near-
zero, values.

Surfactant Adsorption in Porous Media

In petroleum recovery [31] and environmental soil remediation processes
[158, 159], surfactant adsorption from solution onto solid surfaces most
commonly occurs in porous media, either on the walls of pores or throats
or else on fine particles in rock pores. This adsorption constitutes a loss of



38 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

valuable surfactant so it directly affects, and may well dictate, the
economics of an oil recovery or remediation process. The adsorption is
also of considerable scientific interest because the surfactant can adsorb
as individual molecules or as surfactant aggregates of various kinds.

Surfactant adsorption may occur due to electrostatic interaction, van
der Waals interaction, hydrogen bonding, and/or solvation and desolva-
tion of adsorbate and adsorbent species. Consider a typical adsorption
isotherm for a polar surfactant adsorbing on an oppositely charged surface
due to a combination of electrostatic and van der Waals forces. At low
surfactant concentration, individual molecules adsorb, with more and
more molecules adsorbing as surfactant concentration increases. At some
concentration, surfactant aggregation may occur on the surface as hemi-
micelles [160-162] in which all the surfactant head groups are towards the
surface, and/or admicelles [163—165] in which some of the surfactants are
in an opposite orientation to the surface. At higher surfactant concentra-
tion, the surface will become covered with a monolayer of surfactant. At
still higher surfactant concentration bilayer formation may occur. For
more details, see references [18, 166—168].

Figure 14 shows the effect on surface electrokinetic charge of
adsorbing increasing amounts of a commercial anionic surfactant onto
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Figure 14.  Illustration of the effect on surface electrokinetic charge of
adsorbing increasing amounts of Dow XS84321.05, an anionic surfactant,
onto the surfaces of Indiana limestone particles in a high salinity, 2.1%
total dissolved solids, brine solution. Plotted from cilta reported in
reference [172].



1. ScHRAMM & MARANGONI  Basic Principles 39

the surfaces of Indiana limestone particles in a high salinity, 2.1% total
dissolved solids, brine solution. In this case, increasing surfactant adsorp-
tion first reduces the positive Zeta potential, then causes it to reach zero
(the isoelectric point), then makes it increasingly negative.

The extent of adsorption of commercial surfactants developed for use
in reservoir recovery processes can vary from near zero to as high as
2.5 mg/g. Surfactant adsorption on rock surfaces is usually measured by
either static (batch) or dynamic (coreflood) experiments. The static
adsorption method, employing crushed rock samples, is essentially the
classical method for determining adsorption isotherms at the aqueous
solution/solid interface and involves batch equilibrations of particles in
solutions of different initial surfactant concentration. The dynamic core-
flood method is more involved but employs a greater solid to liquid ratio
and is therefore more sensitive, see references [169-171]. Temperature,
brine salinity and hardness, solution pH, rock type, wettability, and the
presence of a residual oil phase have all been found to influence the
extent of adsorption of different surfactants [116, 152, 172].

Wettability Alteration. Another consequence of surfactant
adsorption onto solid surfaces in porous media is that it may alter the
wetting properties of the surfaces, which can be an advantage in oil
recovery schemes applied to reservoirs of mixed wettability, or where the
rock is predominantly oil-wetting. In this case, surfactants may be injected
into a reservoir with the intention of having them adsorb onto the rock
surfaces in such an orientation that the contact angle is decreased, making
the reservoir more water-wetting. A number of studies have shown
wettability shifts from oil-wetting towards water-wetting due to surfactant
adsorption [173, 174]. This topic is discussed in detail in Chapter 5 of this
volume. Another example of surfactant-induced wettability alteration can
be found in the treatment of swelling clays, such as montmorillonite, with
a cationic surfactant, such as dimethyl di(hydrogenated tallow) ammo-
nium, in order to produce organophilic clay for use in nonaqueous drilling
muds [175, 176].

Surfactant Adsorption at the Liquid/Liquid Interface

It was pointed out earlier that surfactant adsorption at liquid interfaces
can influence emulsion stability by lowering interfacial tension, increasing
surface elasticity, increasing electric double layer repulsion (ionic surfac-
tants), lowering the effective Hamaker constant, and possibly increasing
surface viscosity. Surfactant can determine the arrangement of the phases
in an emulsion, that is, which phase will form the dispersed versus
continuous phase. We will briefly summarize several rules of thumb. A
very qualitative rule of emulsion type, Bancroft's rule, states that if a
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Table 6. Approximate Surfactant HLB Values®

Surfactant HLB
Oleic acid 1
Sorbitan tristearate (SPAN 65) 2
Sorbitan monooleate (SPAN 80) 4
Diethylene glycol monolaurate 6
Sorbitan monolaurate (SPAN 20) 9
Glycerol monostearate 11
Polyoxyethylene (10) cetyl ether (BRIJ 56) 13
Polyoxyethylene sorbitan monooleate (TWEEN 80) 15
Sodium octadecanoate 18
Sodium dodecanoate 21
Sodium octanoate 23
Dioctyl sodium sulfosuccinate 32
Sodium heptadecyl sulfate 38
Sodium dodecyl sulfate 40
Sodium octyl sulfate 42

“ Compiled from data in references [2, 23, 181, 184]
SPAN, BRIJ, and TWEEN are trademarks of ICI Americas Inc.

surfactant is most soluble in one of the phases, then more of the agent can
be accommodated at the interface if that interface is convex towards that
phase, i.e., if that phase is the continuous phase. Very often, mixtures of
emulsifying agents are more effective than single components. It is
thought that some mixed emulsifiers form a complex at the interface,
thus yielding low interfacial tension and a strong interfacial film. A second
qualitative rule, the oriented wedge theory, specifies that soaps of
monovalent metal cations tend to produce O/W emulsions, while those
of polyvalent metal cations will tend to produce W/O emulsions. Because
the polyvalent metal cations each coordinate to two surfactant molecules,
which are aligned with their polar groups near the metal ion, the
hydrocarbon tails adopt a wedge-like orientation. The hydrocarbon tails
in a close-packed interfacial layer are most easily accommodated if the oil
phase is the continuous phase. It is emphasized that there are exceptions
to each of these rules; their utility lies in assisting with initial predictions.

An empirical scale developed for categorizing single-component or
mixed (usually nonionic) surfactants is the hydrophile-lipophile balance
or HLB scale. This dimensionless scale ranges from 0 to 20 for nonionic
surfactants; a low HLB ( <9) refers to a lipophilic surfactant (oil soluble)
and a high HLB (>11) to a hydrophilic (water soluble) surfactant. Most
ionic surfactants have HLB values greater than 20. Some examples of
surfactant HLB’s are given in Table 6. In general, W/O emulsifiers exhibit
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HLB values in the range 3-8 while O/W emulsifiers have HLB values of
about 8-18. There exist empirical tables of HLB values required to make
emulsions out of various materials [177, 178]. If the value is not known,
then lab emulsification tests are required, using a series of emulsifying
agents of known HLB values [178]. There are various compilations and
equations for determining emulsifier HLB values [177-181].

A limitation of the HLB system is that other factors, such as
temperature, are very important as well. Also, the HLB is an indicator of
the emulsifying characteristics of an emulsifier but not the efficiency of an
emulsifier. Thus, while all emulsifiers having a high HLB will tend to
promote O/W emulsions, there will be a considerable variation in the
efficiency with which those emulsifiers act for any given system. For
example, usually mixtures of surfactants work better than pure com-
pounds of the same HLB.

Just as solubilities of emulsifying agents vary with temperature, so does
the HLB, especially for the nonionic surfactants. A surfactant may thus
stabilize O/W emulsions at low temperature, but W/O emulsions at some
higher temperature. The transition temperature, at which the surfactant
changes from stabilizing O/W to W/O emulsions, is known as the phase
inversion temperature, PIT. At the PIT, the hydrophilic and oleophilic
natures of the surfactant are essentially the same (another term for this is
the HLB temperature). As a practical matter, emulsifying agents are
chosen so that their PIT is far from the expected storage and use
temperatures of the desired emulsions. In one method [182] an emulsifier
with a PIT of about 50 °C higher than the storage/use temperature is
selected. The emulsion is then prepared at the PIT where very small
droplet sizes are most easily created. Next, the emulsion is rapidly cooled
to the desired use temperature, where now the coalescence rate will be
slow, and a stable emulsion results. Further details can be found in
reference [183].

Summary

From the preceding sections it can be seen that surfactants can be
extremely important in many facets of the petroleum industry. From a
knowledge of some of the basic properties of a surfactant (i.e., the cmc,
Krafft point, cloud point, adsorption level and surface or interfacial
tension at the cmc), some predictions may be made as to the
performance of the surfactant in a given potential oil recovery process.
However, it is also clear that there are severe limitations on the extent
to which equilibrium micellar properties can be used to predict what
are frequently, in practical application, dynamic phenomena. Subse-
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quent chapters in this volume will explore a range of such application

areas.
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List of Symbols

a

as

A

Al Ag
b

Ci

cme
Cs
CCC
DLVO
Eq
En
AGy

h
H
AH?

HLB

ne
Na

Pa,PB

P,
PIT

Empirical constant, also used as radius

Area per adsorbed surfactant molecule

Surface area

Hamaker constants

Empirical constant

Concentration of ions i

Critical micelle concentration

Surfactant concentration in solution

Critical coagulation concentration

Derjaguin, Landau, Verwey, and Overbeek
Gibbs surface elasticity

Marangoni surface elasticity

Gibbs free energy change for the transfer of a hydrocarbon
solute from a hydrocarbon solvent to water
Height

Separation distance

Enthalpy change for the transfer of a hydrocarbon solute from
a hydrocarbon solvent to water
Hydrophile-lipophile balance

Solution ionic strength

Boltzmann constant

Surface film compressibility

Number of carbon atoms in a hydrocarbon chain
Avogadro’s number

Capillary number

Pressures on each side of an interface

Pressure difference across an interface

Capillary pressure

Phase inversion temperature

Radius of a curved surface or interface, also used as the gas
constant
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Ry, R, Principal radii of curvature of a surface or interface

AS? Entropy change for the transfer of a hydrocarbon solute from a
hydrocarbon solvent to water

t Fluid film thickness

T Absolute temperature

Ty Krafft point

v Darcy velocity

\% Total potential energy

Vi, Vs Constants in potential energy equations

Va Attractive potential energy

Vi Repulsive potential energy

x Distance from a surface or interface

zi Charge number of ions i

Greek

j Surface excess concentration of surfactant

y Surface or interfacial tension

0 Stern layer thickness

{ Zeta potential

n Viscosity

0 Contact angle

K Debye length (inverse of the double layer thickness)

jliste Chemical potential of a hydrocarbon dissolved in a hydrocar-
bon solvent

Haq Chemical potential of a hydrocarbon dissolved in water

UE Electrophoretic mobility

T Disjoining pressure

Ap Density difference between phases

¢ Porosity

W Electric potential

e Surface electric potential
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Characterization of Demulsifiers

R.J. Mikula and V.A. Munoz

CANMET, Advanced Separation Technologies Laboratory, Western
Research Centre, Devon, Alberta, Canada

Demulsifiers are a class of surfactants used to destabilize emul-
sions. This destabilization is achieved by reducing the interfacial
tension at the emulsion interface, often by neutralizing the effect
of other, naturally occurring surfactants which are stabilizing
the emulsion. Demulsifier performance is routinely character-
ized using simple test procedures developed for use in the field.
Because of the complexity of factors determining emulsion
stability and, therefore, the effectiveness of any given demulsifier
chemical, the wide wvariety of fundamental, mechanistic
approaches to demulsifier selection often give way to empirical
methods. A discussion of some of the common demulsifier
performance characterization techniques is given along with
some empirical methods for demulsifier selection.

Introduction

Several excellent reviews of demulsifier chemistry and properties can be
found in the literature [I1-5]. For this chapter, the important factors in
demulsifier selection and characterization will be discussed, accompanied
with specific examples.

Chemical demulsification is commonly used to separate water from
heavy oils in order to produce a fluid suitable for pipelining (typically less
than 0.5% solids and water). A wide range of chemical demulsifiers are
available in order to effect this separation. In order to develop the
fundamental understanding necessary to optimize demulsifier selection
for a particular emulsion, it should be sufficient, in principle, to obtain a
complete chemical and physical characterization of both the emulsion to
be separated and the demulsifier to be used.

In practice, however, this is not possible because of the wide range of
factors that can affect demulsifier performance. Aside from demulsifier
chemistry, factors such as oil type, the presence and wettability of solids,
oil viscosity, and the size distribution of the dispersed water phase can all
influence demulsifier effectiveness. As a result, demulsifier selection for a
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particular field operation can still be considered to be an art to some
degree.

Oil is produced in combination with water as an emulsion. Some
fraction of the water separates easily, while a portion is emulsified and
requires some chemical or mechanical processing. Specifications for oil
quality for pipeline transportation vary but generally are on the order of
less than 0.5% bottom solids and water (BSW), largely determined by
water content. The BSW specification for pipeline quality oil is applied
using a simple centrifugation test [6, 7].

An extensive variety of chemical demulsifiers are available to enhance
resolution of the water-in-oil emulsion that is produced at the wellhead
[8-12]. These demulsifiers are simply surfactants that are used to
counteract the effect of surfactants naturally present in the wellhead or
process emulsions, and which stabilize the water in the oil phase. In the
petroleum industry, emulsions of oil in water are known as reverse
emulsions. Demulsifiers are also used to destabilize these oil-in-water
emulsions. The wide variety of oil types and produced water chemistries
in petroleum industry emulsions necessitates an even wider variety of
chemical demulsifiers. In addition, production and processing variables
require demulsification chemicals tailored to particular process needs.

For example, a long-residence-time settler vessel for demulsification
might perform best with a demulsifier which, although slow to reach the
interface, results in a high-quality (low water content) oil product. A
demulsification process that utilizes centrifuges is better served by a
demulsifier that goes to the emulsion interface rapidly (due to the short
residence time in the centrifuge). In static testing, the demulsifier, which
can rapidly get to the interface often will give a poorer oil quality. In the
high gravity environment of the centrifuge, this potential reduction in
product oil quality can be overcome. Therefore, from an operations point
of view, the same oil quality could be achieved in a settler vessel or in a
centrifuge, but each would require a particular demulsifier [2].

The presence of solids further complicates the requirement for an
effective demulsifier in that the agent used must ensure that the solid
surface is water wet. Various surfactants are more effective at preventing
rag layer formation and others are effective over wide concentration
ranges (less susceptible to overtreating). Blends of demulsifiers are often
employed to satisfy these sometimes conflicting process requirements.

Determining the best demulsifier for resolution of a given water-in-oil
emulsion, given a variety of process variables, is not a task that lends itself
to solutions based on analysis of the fundamental principles involved. A
series of bottle tests are generally performed in order to determine the
most effective demulsifier or combination of demulsifiers for a given
emulsion. In spite of the difficulties involved, however, several attempts
have been made to put demulsifier selection on a solid scientific
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foundation. Invariably these methods have limited applicability because
of the often conflicting effects of the process chemistry and the physical
effects of process residence time, emulsion water content, temperature,
or pumping conditions [13-15].

Characterization and Selection of Demulsifiers

Background. Demulsifiers are surface-active substances (sur-
factants) that have the ability to destabilize emulsions. In order to
perform, a demulsifier must counteract the emulsifying agent stabilizing
the emulsion, and promote aggregation and coalescence of the dispersed
phase into large droplets that can settle out of the continuous phase [1-5,
8, 9].

The demulsifier should have a strong attraction to the interface (good
surfactant properties) and migrate rapidly through the continuous phase
to reach the droplet interface. After concentration at the oil/water inter-
face, the demulsifier counteracts the emulsifying agent and promotes the
formation of flocs or aggregates of the dispersed phase. In the flocculated
system the emulsifier film is still continuous so the demulsifier must
neutralize the emulsifier and facilitate the rupture of the droplet interface
film, resulting in coalescence. Ideally this happens rapidly resulting in the
separation of the oil and water phases.

Emulsions stabilized by fine particles can be broken up if the
wettability of the particles is changed by adding oil- or water-soluble
demulsifiers. Iron sulphides, clays, and drilling muds can be made water
wet, causing them to leave the interface and be diffused into the water
droplets or they can be made oil-wet so that they can be dispersed in the
oil. Paraffins and asphaltenes can be dissolved by the demulsifier to make
their films less viscous, or crystallization and precipitation can be
prevented [I, 3, 16-18].

The role of surfactants in stabilizing emulsions, as well as the relation-
ship between demulsifier structure and performance, has been identified
for over 50 years [19]. The classification of surfactants as well as
demulsifiers is quite arbitrary, but a commonly used one is based on
chemical structure [20, 21]. Chemical types include nonionic, anionic,
and cationic. A brief summary of the evolution in demulsifier chemistry
over the years and the effective concentration range is presented in Table
1. The development of chemicals which are more surface active has
allowed for reductions in the average dosages.

The first anionic surfactants used as demulsifiers are known as soaps
and are usually prepared by saponification of natural fatty acid glycerides
in alkaline solution [2, 22]. The degree of water solubility is controlled by
the length of the alkyl chain ranging from 12 to 18. Multivalent ions such
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Table 1. Summary of Demulsifier Changes in the Petroleum Industry (from
Reference 2)

Typical
Time Period ~ Concentration Chemical Type
1920s 1000 ppm Soaps, salts of naphthenic acids, aromatic and
alkylaromatic sulphonates
1930s 1000 ppm Petroleum sulphonates, mahogany soaps, oxidized

castor oil, and sulphosuccinic acid esters
Since 1935 500 to 1000 ppm  Ethoxylates of fatty acids, fatty alcohols, and
alkylphenols
Since 1950 100 ppm Ethylene oxide/propylene oxide copolymers,
p-alkylphenol formaldehyde resins with
ethylene/propylene oxides modifications

Since 1965 30 to 50 ppm Amine oxalkylates

Since 1976 10 to 30 ppm Oxalkylated, cyclic p-alkylphenol formaldehyde
resins, and complex modifications

Since 1986 5 to 20 ppm Polyesteramines and blends

as calcium and magnesium, commonly present in wellhead fluids,
produce marked water insolubility; thus, soaps are not useful in many
saline oil field waters.

In the 1930s a number of long-alkyl-chain sulphonates (anionic
chemicals), alkyl aryl sulphonates, and sulphates replaced the soaps.
Unlike the sulphonates, sulphates are susceptible to hydrolysis, so that
pH control is important for sulphate solutions. In dehydration applica-
tions the sulphonates exhibit fair to good wetting and water drop
performance, some ability to brighten oil, and very little tendency to
overtreat, particularly in high-gravity emulsions [1, 2].

The cationic agents are long-chain cations, such as amine salts and
quaternary ammonium salts. The amine salts are susceptible to hydrolysis
so they are not frequently used. Derivatives of alkyltrimethylammonium
salts and alkylpyridium salts are the most common in this group.

The nonionic agents offer advantages regarding compatibility, stabi-
lity, and efficiency compared to the anionic and cationic agents. They are
often divided into those that are relatively water insoluble and those that
are quite water soluble. Long-chain fatty acids and their water-insoluble
derivatives belong to the first group (fatty alcohols, glyceryl esters, and
fatty acid esters).

The ethylene oxide and propylene oxide block copolymers are a class
of molecules that are particularly active at the oil/wvater interface. They
became available in the 1940s allowing for the preparation of a wide
variety of derivatives including fatty acids, fatty alcohols, and alkylphenol
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ethoxylates to produce the more water-soluble nonionic agents. These
include alkylpolyoxyethylene glycol ethers and alkylphenol (ethylene
oxide) ethers. Addition of ethylene oxide and/or propylene oxide to
formaldehyde resins and to diamines or higher functional amines yields a
variety of modified polymers that perform well at relatively low concen-
trations. The low molecular weight demulsifiers can be transformed into
high-molecular-weight products by reactions with diacids, diepoxides, di-
isocyanates, and aldehydes [2, 20-23]. This allows for tailoring of
demulsifier chemistry to accommodate various oil gravities and surfactant
properties, and to adjust surface activity and the rate at which demulsi-
fiers move to the interface.

Demulsifiers synthesized by polycondensation of an ethylene oxide—
propylene oxide block copolymer, an oxalkylated fatty amine, and a
dicarboxylic acid are known as polyester amines. These demulsifiers
have the ability to adhere to natural substances that stabilize emulsions,
such as organic materials formed by asphaltenes, oil resins, naphthenic
acids, paraffins, and waxes; they also adhere to inorganic particles formed
by clays, carbonates, silica, and metallic salts. These properties increase
the demulsification efficiency of the polyester amines [2, 5]. The
availability of a variety of building blocks allows for the preparation of
demulsifiers for specific applications. With this chemical arsenal it is
possible to tailor demulsifiers for nearly all problems posed by stable
emulsions, including crude oil dehydration and desalting.

A variety of parameters are used to select demulsifiers and predict
their performance for given dispersion systems. These include methods
that emphasize the demulsifier properties such as the molecular weight,
hydrophilic-lipophilic balance (HLB), partition coefficient, relative solu-
bility numbers (RSN), hexane acetone titration (HAT), or preferred
alkane carbon number (PACN) [24-27]. Routine characterization of
demulsifiers also includes determinations of molecular weight, interfacial
tension, infrared spectroscopy, and elemental analysis [5]. Sophisticated
methods for the study of surfactant solutions include thermodynamic
methods, small-angle neutron scattering, light scattering, rheology, lumi-
nescence, nuclear magnetic resonance, spin labels, and chemical relaxa-
tion methods [28].

Along with demulsifier characterization, the emulsion system should
be characterized as completely as possible. This includes the size
distribution of the dispersed phase and the chemistry of the water phase.
The composition of the solids and the associated size distribution are
also important and can determine emulsion stability and demulsifier
performance.

Characterization of the oil phase is also important and involves
properties like equivalent carbon number (EACN), acid number, asphal-
tene content. Other important properties of an emulsified system are due
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to the synergies between the components. Examples would be interfacial
tension and interfacial viscosity, which are properties of the oil-water
system. These properties can also be sensitive to the solids present and
the nature of the solid surfaces (i.e. whether they are oil or water wet) [1—
3, 29-33]. Since the viscosity of the emulsion is affected by both the water
content and the droplet size, it can be used to monitor the demulsification
process. Microscopic techniques alone or combined with automated
image analysis of oil-in-water and water-in-oil emulsions can also provide
unique information for the characterization of dispersions and assessment
of demulsifier efficiency [34-38].

In practice, the level of characterization required to tailor a demulsi-
fier based on first principles is prohibitive, due mostly to the variety of
process variables that impact demulsifier effectiveness. There are many
examples of emulsions studied in the laboratory to develop an effective
demulsification protocol that resulted in chemical choices that were
completely ineffective in the field.

Bottle testing, therefore, is always an essential part of the experimental
work prior to pilot or field tests. Work at the Saskatchewan Research
Council on characterization of several oilfield emulsions coupled with
chemical characterization of commercially available demulsifiers and
demulsifier blends showed that physical processes (temperature, pump-
ing, and dispersed water size distribution) were at least as important as the
chemical effects associated with demulsifier and oil chemistry in deter-
mining demulsifier effectiveness [13-15].

Bottle Testing. Bottle or jar tests are the most commonly used
method for evaluating demulsifier effectiveness or characterizing demul-
sifier performance. The details of the test procedure vary somewhat
depending upon the materials available at a particular oilfield operation.
Basically, samples of the process emulsion and the demulsifier to be
tested are mixed, and left to separate for a defined period of time.
Depending upon the process being mimicked, diluents may be added,
the temperature may be controlled, or the sample may be centrifuged.
After a defined period of time, the (presumably) separated emulsion is
examined for brightness of the oil phase (a bright, shiny, oil phase is
indicative of a low water content), clarity of the water phase, sharpness of
the interface, and the rate at which the emulsion is resolved into oil and
water. The oil phase is evaluated in more detail by dilution with an
appropriate solvent and centrifugation to determine the residual water
content of the oil phase. Typical pipeline quality oil contains less than
0.5% bottom solids and water as determined from the centrifuge spin test
[6, 7]. Sometimes Karl-Fischer water content [39] determinations are
used and, in laboratory situations, the water content in the oil phase is
determined as a function of distance from the oil/water interface.
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Table 2. Bottle Test Data

Height in the separated oil phase BSW (bottom water and solids) in the oil phase
(0-25 is closest to the water

interface) Demulsifier 1 ~ Demulsifier 2~ Demulsifier 3

75-100 0 0 0

50-75 0.2 0.1 0.2

25-50 0.3 0.2 0.3
0-25 0.7 0.5 0.3

Actual average 0.3 0.2 0.2

Practical average 0.1 0.1 0.1

In field evaluations these detailed determinations are seldom done,
sometimes resulting in inappropriate demulsifier selection. This can
occur if the oil phase is relatively low in total water but with significantly
more water near the oil/water interface compared to the bulk oil phase.
An example of this is shown in Table 2.

In this set of bottle test data, the water and solids content (BSW) of the
separated oil phase has been evaluated as a function of distance from the
separated water. The oil at the surface (75-100) is in all cases water and
solids free. The practical average is identical in all cases because during
field testing it is often not possible to extract the entire oil phase for BSW
testing. It is the most important part of the sample nearest the water phase
(often about 10%) that is not analysed. Without detailed BSW data for the
oil, these three demulsifiers would be presumed to have identical
performance while in fact, demulsifier 1 has a significant amount of the
oil which does not meet the 0.5% BSW pipeline specification.

A high water-in-oil content near the oil/water interface in a separation
test in the best case can indicate some percentage of off specification oil
and in the worst case indicates a propensity for rag layer formation which
often results in process upsets. The rag layer is a gel-like emulsion that
forms at the interface of the oil and water in a separation vessel. It can be
an oil-in-water and/or a water-in-oil dispersion and often shows multiple
emulsions. In oil separation vessels, these layers are often allowed to
accumulate and are pumped to separate separation processes. Rag layer
emulsion separation is one of the most difficult oil-water demulsification
problems. When they can be separated at all, they usually are demulsifier
intensive and often require elevated temperatures, diluents, or both. This
is due to the concentration of emulsion stabilizing components that have
built up in the separation vessel where the rag layer accumulates.

Microscopic studies on typical rag layers reveal that the rag layer is
formed partly by oil components exhibiting a gel-like structure, along with
regions of both oil- and water-dispersed emulsion.
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Examples of inorganic solids capable of forming hydrophilic colloidal
suspensions are multivalent metal hydroxides (Si, Al, Mg, Fe, etc.), clays
(kaolinite, montmorillonite, etc.), and silver halides (AgCl, AgBr, Agl).
Organic hydrophilic substances include natural polymers such as poly-
saccharides (acacia, agar, heparin sodium, pectin, sodium alginate,
tragacanth, xanthan gum) and polypeptides (casein, gelatin, protamine
sulphate).

The gel formation process in organic nonionic substances requires the
existence of dissolved polymers that possess segments in constant
Brownian motion. Each polymer chain is encased in a sheath of solvent
molecules that solvate its functional groups. In the case of aqueous
solutions, water molecules are hydrogen bonded to polar groups such as
the carboxylate, hydroxyl, ester, amide, and ether groups. The envelope of
water of hydration impedes the chain segments from attracting each other
by means of interchain hydrogen bonds and van der Waals forces. Factors
reducing the hydration of the macromolecules increase the attracting
forces, which establish cross-links between chains, initiating the gelation
process.

In the case of ionic substances the stabilization of colloidal suspensions
in their sol form is based on electrostatic repulsion and the development
of electric double layers. Besides the chemical interaction between the
dispersed and continuous phases, gelation can be induced by lowering the
temperature of the system and increasing the concentration of the
dispersed phase.

In the oil sand and heavy oil industries the components which can play
a role in rag layer formation include asphaltenes, oil resins, naphthenic
acids, waxes, and oxidised oil components as well as clays, carbonates,
silica, iron hydroxides and sulphides: potentially any material that might
have an affinity for both the oil and water phases.

In an industrial operation, these components have an opportunity to
accumulate at the oil/water interface in the separation vessel, and as the
strength of the gel increases, solid components that might otherwise fall to
the bottom with the separated water become trapped, further increasing
the handling difficulties and separator performance. Figure 1 shows an
example of rag layer formation in a BSW spin test where the emulsion is
simply mixed with toluene and centrifuged for a period of time. Figure 2
shows a microscopic view of the rag layer showing the complexity of the
oil, water, and solids interactions.

Another important parameter in characterizing demulsifier perfor-
mance is the range of effective concentrations. Usually a demulsifier with
poorer performance but a wider range of effective concentrations is better
in the field. This is because variations in the water cut in oil field
emulsions can result in significant swings in demulsifier concentration
on an oil basis and, without a demulsifier that performs well over a range
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Figure 1.  BSW test of an oil emulsion with a high propensity for rag
layer formation. Despite the addition of toluene and the centrifugal force
applied during the test a clear rag layer was formed at the oil/water
interface.

of dosages, overall effectiveness in the field will be reduced. This is
illustrated in Figure 3 which shows rag layer formation and water content
in the oil phase as a function of demulsifier concentration for a series of jar
tests. The oil product water content is only one factor in defining
demulsifier performance. Rag layer formation, or overtreatment also
needs to be avoided, while optimizing product quality. Figure 4 shows
the oil recovery curves which account for loss of oil to rag layer formation.
Demulsifier A is probably the better choice because of its wider range of
effective concentrations, in spite of the fact that demulsifier B has the
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Figure 2. Confocal micrograph of a sample taken from the rag layer
shown in Figure 1. The oil is the bright phase while the water is the dark
component. The oil phase shows structures typical of gels (black arrows)
which are often found in oxidized oil. This rag layer contained between 20
and 30% oil, which represents a significant potential loss of recovery. The
water phase contained dispersed c?ays forming aggregates and emulsified
oil (white arrow). The areas with oil as continuous phase exhibited
cavities and structures in which water with dispersed clays was intruded
generating a very stable system. Bar = 50 um.

same performance at about half the addition rate. In the rare field
situation where the feed is very consistent, demulsifier B would be the
best choice because of the lower addition rate required.

Bottle or jar tests in the field are the only reliable way to characterize
demulsifier performance because of the importance of the rate at which
the emulsifying components in the oil migrate to the oil/water interface.
So-called aged emulsions can be notoriously difficult to separate because
the passage of time allows asphaltenes and other naturally occurring
surfactants to stabilize the water droplets.

Jar tests are not without their drawbacks in that it is often difficult to
reproduce the temperature and pressure conditions encountered in the
field. In addition, extrapolation of jar test performance to operational
conditions can be subject to serious scale-up problems. Table 3 illustrates
the differences in jar test performance which can occur due to wall effects
with the glass test containers. The tests were carried out in a variety of
glass containers with different volume to surface area ratios. The
recoveries are a function of the glass surface area of the container to the
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volume of sample. Note that with no demulsifier addition, no separation
occurred (0% recovery). In a vessel with a V:S of 10, the emulsion
separation (% oil recovery) is very low. In vessel with a V:§ of 2.5, the oil
recovery is very good. In a vessel with a V:S of 5, an intermediate oil
recovery is observed. The test result for mixing at V:S of 5 and separation
in a V:S of 2.5 indicates that wall effects can influence separation test
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Table 3. Comparison of Oil Recovery (Emulsion Resolution) for a Series of
Bottle Tests

Test conditions Approximate
100 ppm demulsifier (weight demulsifier/ volume : surface
weight emulsion) % recovery of the vessel
20°C, 50 rpm, 40 min, (2 L) 25.2 10

20°C, 50 rpm, 5 min, (2 L) 10.3 10

20 °C, hand mixed cylinder, (1 L) 86.7 2.5

20 °C, hand mixed jar, (500 mL) 63.4 5

20 °C, hand mixed jar, cylinder separation 69.2 5,2.5

results in both the mixing and separation parts of the test. The resolution
of this water-in-oil emulsion is significantly enhanced by the interaction of
the water and the glass surface. With progressively larger sample-to-
container surface ratios, progressively poorer demulsification is achieved.
Demulsifier testing is best done in both hydrophilic and hydrophobic
containers in order to eliminate erroneous interpretations of results. This
is not common practice.

Microscopy. Microscopy is an important tool for characterizing
emulsions and evaluating demulsifier performance. A variety of micro-
scopy techniques can be used to characterize complex emulsion systems
and therefore help in the choice of demulsifier and in assessing demulsi-
fier performance. These techniques include light microscopy (LM),
cryogenic scanning electron microscopy (SEM), confocal laser scanning
microscopy (CLSM), and infrared microspectroscopy (IRM) [40—43].
Examples of confocal micrographs and data from IRM are given in this
chapter.

CLSM combines some features of LM and scanning electron micro-
scopy (SEM). Like SEM, which scans microscopic entities with an
electron beam, CLSM scans the sample with a finely focussed laser
beam. The reflected or emitted light (fluorescence) from the specimen is
detected by two photomultipliers, digitized, and displayed on a monitor.
The main feature of CLSM is that it removes out-of-focus information
from the image by means of a spatial filter that consists of an adjustable
pinhole (iris) set before the detector. This technique allows for indepen-
dent imaging of structures with height differences on the order of the
wavelength of the light source, thus permitting construction of profiles,
three-dimensional images, and quantitative measurements of height.

The CLSM technique can acquire (simultaneously) images in two
wavelengths, exciting the fluorescence of some sample components with
blue light (488 nm) and detecting the fluorescence image in the green
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region (514 nm), while also, in a second photomultiplier, other compo-
nents which can show strong reflection of a longer wavelength (such as
647 nm). Image processing techniques allow one to merge the two images
in order to study the association between fluorescent and non-fluorescent
sample components. Typically, fluorescence is excited in the organic
components and the inorganic components (clays, etc.) are best imaged in
the deflectance mode at the longer wavelengths. The use of a pinhole iris
and computer reconstruction of only the in-focus information results in an
image with a depth of field orders of magnitude better than can be
achieved with ordinary light microscopic techniques.

Infrared microspectroscopy (IRM) combines LM with Fourier trans-
form infrared spectroscopy (FT-IR). The IRM technique can obtain
infrared spectra of optically distinguishable microscopic structures. In
the IRM instrument, the visible light path is coaxial with that of the IR
spectrometer, ensuring that the area visually selected is the same area for
which the infrared spectrum is being collected. This instrument uses
highly polished aluminum mirrors rather than lenses because of adsorp-
tion and attenuation of the infrared light that would occur with conven-
tional lenses. Transmittance spectra are acquired for transparent
materials, whereas reflectance spectra are acquired for opaque materials.
The method is particularly suited to demulsifier and surfactant identifica-
tion when used as a fingerprint technique in conjunction with a library of
commercially available chemicals. In the examples discussed here, rather
than assigning the spectral bands to their functional groups, the spectra
were compared to a computerized Sadtler library. The spectral data
search of the software used in IRM compares the spectral data in the
sample with every selected library entry. The comparison is done by using
a normalized least squares, dot product algorithm that generates a hit
quality index (HQI). A perfect match corresponds to a HQI of zero;
however, values lower than 0.5 still provide useful information about the
composition of the unknowns. The Sadtler library is divided into groups
such as petroleum, surfactants, monomers and polymers, inorganics, and
minerals.

Whether or not an emulsion is stabilized by solids will determine the
nature of the demulsifier that will be most effective. In addition, the
presence of multiple emulsions (water-in-oil-in-water-in-oil, etc.) is often
symptomatic of demulsifier overtreatment. Figure 5 shows an oilfield
emulsion formed when a free water knockout vessel was contaminated
with viscosity reducers from an earlier well fracture. Similar multiple
emulsions can result from overtreatment of the produced fluid by
demulsifiers in the process.

Interaction of solids at the emulsion interface can also be character-
ized using microscopy, as can the wettability of the solids. Figures 6 and
7 show two emulsions with nominally the same oil, water, and solids
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Figure 5. A typical multiple emulsion resulting from a significant
process upset condition. The bright features are the oil phase, the dark
areas are water. Some instances of water-in-oil-in-water-in-oil-in-water
are visible. Similar multiple emulsions are typical of demulsifier over-
treatment conditions.

contents. Figure 6 shows a strong interaction of the solids with the oil
phase indicated by the large number of particulates at the oil/water
interface. Since certain chemicals are effective in changing the wett-
ability of solids, a demulsifier for that situation would certainly require
that type of component in the optimum chemical blend. Figure 7 shows
little or no interaction of the solids at the emulsion interface; an
optimum demulsifier blend for that emulsion would not likely include
wetting agents.

Most of the methods used to measure solids wettability are based on
direct determination of the contact angle [44]. A variety of techniques are
available for contact angle measurements including the tilting plate,
sessile drop, captive bubble, Wilhelmy plate, and capillary rise methods.
In general, the data available are for a smooth (usually polished),
macroscopic surface of a solid. The material can have different surface
properties when it is in powdered form. In the case of fine particles, the
material is compressed into a porous plug and the capillary pressure is
measured, providing data for calculating the contact angle. Some of the
problems associated with this technique are that the packing, surface
roughness, particle shape, and porosity play roles that are difficult to
correct for in the calculations. Another method is based on the calori-
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Figure 6. A reverse emulsion showing a significant interaction between
solids and the oil phase. A significant percentage of the solids are intruded
into the oil droplets (the oil is bright, the water and solids are dark in this
image). An effective demulsifier for this fluid will have to include a solids
wetting agent.

metric determination of heat evolved upon immersion of the powder in
the liquid. The surface area of the powder must then be determined using
gas adsorption.

Overall, wettability measurement of small particles is a difficult
problem that is further aggravated in the case of heterogeneous surfaces.
Some of these problems can result from the presence of patches of
different composition in the same particle. It is considered that if these
patches are below a critical size of 0.1 mm, the surface is homogeneous
regarding its wettability. Several indirect techniques have been developed
to measure the surface tension, and thus the wettability of small particles.
In these techniques, the surface tensions of the particles are derived from
thermodynamic models and include the advancing solidification front or
freezing front, sedimentation volume, and particle adhesion techniques
[44, 45].

Wettability of solids can also be directly determined from microscopic
observations of the immersion or repulsion of the solids by an advancing
liquid front at room temperature. The simplicity of the microscopic
wettability test allows the use of any non-volatile liquid, such as produced
water, deionized water, and oils. As well, the effect of additives such as
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Figure 7. A reverse emulsion with the same oil, solids, and water
contents as that shown in Figure 6. In this case, there are no solids at the
emulsion interface (the oil is bright, the water and solids are dark in this
image).

demulsifiers incorporated in the liquid for treatment of the solids can be
readily studied.

Microscopic wettability tests performed at CANMET have demon-
strated that solids from oil sands plants (froth, middlings, and tailings)
prepared by solvent extraction to remove bitumen and water (Dean Stark)
analysis were all oil wetted. It is known, however, that the bulk of the oil
sands solids are in fact water wet. Since solvent extraction is the common
method for preparation of oil field solids, it raises some questions about
the utility of wettability tests on extracted solids using the conventional
methods mentioned earlier.

Wettability determinations were performed by depositing the solids in
a flat-bottom, 25 x 9 x 0.7 mm (I x w x d) glass cell with a glass cover
0.17 mm thick. The depth of the cell could be adjusted with spacers so
that there was no contact between the glass cover and solids in the cell.
The cell was mounted under the light microscope and deionized water or
mineral oil (refractive index = 1.5150) was introduced into the cell using a
low flow rate by means of a 500-pL syringe. The advance of the liquid
front and its contact with the particles were recorded photographically
and videotaped. The liquid front appears as a dark line in this optical
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Figure 8. Microscopic wettability test showing the water front before it
contacts the particles. The approaching water f?’ont is the dark arc at the

left of the field of view.

microscope image. Particles that are water wettable will be engulfed by
the advancing water front, while hydrophobic particles will be pushed
ahead.

Figure 8 shows the solids sample before the water front has contacted
the solids. Figure 9 shows the advance of the water front sweeping the
particles from the field of view. This demonstrates that the solids are
hydrophobic and are not wetted by the moving water front.

Infrared microspectroscopy of the solids in this case showed signifi-
cant organic components on the particle surfaces (Figure 10). The spectra
shown are from a single particle in the microscopic field of view in Figure
9. The example in Figure 10 also shows a spectrum from the Sadtler
infrared library of commercial demulsifier and surfactant spectra. Refer-
ence to this library is useful in tracing demulsification problems which
result from incompatibilities between demulsifiers, corrosion inhibitors
or other process aids. In this case it was simply used to confirm the
presence of organic components on the normally hydrophyllic mineral
surfaces.

The effect of commercial wetting agents on the wettability of the oil
wetted particles can be evaluated by treating some of the solids with these
reagents and observing their performance. Reagents which do not work
result in behaviour similar to that shown in Figures 8 and 9. Wetting
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Figure 9. The same particles as in Figure 8 being pushed ahead of the
water front, indicating that they are all hydrophobic. There are no
particles in the water on the left side of the ﬁ'e{d of view.

agents that are most effective will result a complete reversal from oil
wetted to water wetted particles. This is shown in Figures 11 and 12.
Figure 11 shows the advance of the water front into the microscopic
cell while Figure 12 shows the particles engulfed by the advancing water
front, thus demonstrating that the particles are now water wettable due to
the demulsifier. The same technique can be used to identify situations
where demulsifiers or wetting agents are effective in changing the
behaviour of only certain mineral components (clays and quartz but not
pyrites for example). This insight into particle behaviour in stable
emulsion systems is invaluable in optimizing the choice of demulsifier.

An Empirical Approach to Demulsifier Selection. Re-
search into emulsion fundamentals added greatly to our understanding
of the factors that determine emulsion stability and the surface-active
chemicals that can be used to manipulate those factors. In spite of these
advances, the requirement for blending demulsifiers in order to achieve
acceptable field performance means that empirical approaches are often
required for demulsifier selection. In fact, complete characterization of
emulsion properties, including process residence times, temperatures,
and product requirements still only provides guidance in the selection of
process demulsifiers. The costs and time involved in achieving the level of
characterization required for a fundamental approach can also be
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3. BP BP000221 CELLULOSE, CARBOXYMETHYL, SODIUM SALT 0.310
4. CL CL000899 HI-FOAM BASE C ANIONIC 0.310
5. CL CL001605 AMINO LNO NONIONIC 0.327
6. CL CL001788 CLEARATE SO NONIONIC*SOYA LECITHIN 0.332
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Figure 10. Infrared microspectroscopy of the hydrophobic particles in

Figure 9. The organic coating is indicated by the strong CHj stretching
peaks at 2800 to 2900 cm~1. The lower spectrum is from the library of
commercial demulsifiers and surfactants and represents the best fit to the
particle spectra. Ten of the closest spectral matches from the library are
listed. The ability to identify commercial additives from the library is
useful in determining the extent of incompatibilities between demulst;zyem
and other process aids (corrosion inhibitors, previously added demulsi-
fiers, etc.). CL: Surfactants Library, BP: Monomers and Polymers
Library.
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At

Figure 11. Oil emulsion processing solids treated with a demulsifier
wetting agent, before the water front has contacted the particles. The
water front is at the black arc at the left of the field of view.

SR

Figure 12.  The same solids as in Figure 11 engulfed by the water front,
indicating that the wetting agent has made them Zydrophilic. The
particles which are water wetted remain in place as the water front
advances and can be seen to the left of the advancing water (the dark arc).
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prohibitive. Demulsifier vendors generally have suites of chemicals or
blends that have been found over the years to be useful in certain oilfields
or in certain process demulsification situations. Jar testing carried out on
fresh emulsions in the field using these commercially available demulsi-
fiers is often the most cost-effective approach to picking an effective and
economical treatment chemical.

Statistical evaluation of demulsifier properties and performance can
be useful in reducing the number of jar tests required by targeting
chemically similar demulsifier blends. The data used to characterize and
group the various demulsifier blends should account for some funda-
mental demulsifier properties. One method that has been used success-
fully is the chemical characterization of demulsifiers using carbon 13
nuclear magnetic resonance (C-13 NMR), although many other charac-
teristics could be used.

Principal Component Analysis. Principal component analysis
(PCA) is a statistical method that is well established for the quantitative
interpretation of large data sets, and it has been particularly useful for
characterizing oils [46] and demulsifiers [13-15, 47]. This or any similar
statistical method has applications to understanding, at least empirically,
the effectiveness of demulsifiers in water in oil emulsion separation. Any
large data set of demulsifier properties combined with performance data
could be reduced using PCA (48). An example is shown here for C-13
NMR chemical compositional data. The C-13 spectrum has peaks
corresponding to the chemical components which make up the demulsi-
fier blend and the area under the peaks is proportional to the amount of
component present in the blend. Figures 13 and 14 show a typical
example that illustrates the main chemical constituents of the blends
including the diluent components, and the corresponding chemical
structure.

One of the practical aspects of PCA of NMR data is that the grouping
of the demulsifiers into classes can be graphically visualized by the use of
a score plot. The scores assigned to the principal components illustrate
relationships among the demulsifiers: similar demulsifiers collect together
as clusters in the score plot.

In the present case we have the NMR spectra of several demulsifiers
where the spectra are described by the peak intensities at 46 specific peak
locations. Of these variables, 17 C-13 chemical shifts are from the alkane
region, 11 are from the ethylene/propylene oxide region, and 18 are from
the aromatic region. These data are represented by a matrix of 198 rows
(the demulsifiers) and 46 columns (the peak positions).

The eigenvectors (or principal components) of the data matrix are
column matrices with 46 rows corresponding to the importance of each of
the 46 NMR peak positions in describing this data set . By multiplying the
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Figure 13.  Carbon 13 nuclear magnetic resonance spectra of a demulsi-
fier blend showing the spectral regions typical of poly-oxyethylene (EO),
poly-ethylene (PE), poly-propylene oxide (PO), and xylene diluents
(benzene derivatives, BD). The areas under the peaks are proportional
to the amount of the component in the blend.

most important eigenvectors or principal components by the row vector
representing the NMR peak intensities of a given demulsifier, one can geta
“score” for each of the demulsifiers. These scores can be characterized
mathematically and clusters or groups of chemically similar demulsifier
blends can be found. The number of principal components used to
represent the data depends upon the similarities in the various demulsifier
blends. In this example, some important points can be illustrated using only
the first two principal components since this lends itself to visualization on
an x—y plot. The purpose of the PCA is to develop a test which illustrates
similarities in chemistry which correlate to performance. The data which is
input for the PCA must be related to performance and therefore cannot be
either too detailed or too general. It could include any fundamental
property of the demulsifier such as molecular weight, HLB, etc.

Figure 15 shows the score plot of the two principal components with
four distinct clusters. These clusters represent demulsifier blends with
similar chemical compositions. Figure 16 shows the demulsifier perfor-
mance superimposed on the clusters of similar composition. The corre-
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Figure 14.  Chemical structures of the poly-propylene oxide (PO), poly-
oxyethylene (EO), and poly-ethylene (PE) components shown in
Figure 13.

lation between demulsifier chemistry and performance means that in the
field the number of jar tests required can be significantly reduced by
testing in detail only those demulsifiers from clusters with similar
composition that have good performance. In addition, where good
performance is achieved by a few demulsifiers outside the main cluster,
commonalities in their properties can be found which could help in
understanding the mechanism of demulsification. This approach can be
usefully applied to any demulsifier data set in order to minimize the jar
testing required for a given oil field.
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Figure 15. Two-dimensional score plot of the 198 demulsifiers charac-
terized using C-13 NMR data. The clusters, or proximity, of demulsifier
scores indicate chemically similar demulsifier blends.
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Figure 16. Demulsifier performance data superimposed on the clusters
ulem‘tﬁed in Figure 15. These data points correspond to jar tests where
separated oil quahtl was less than 0.2% BSW. In field testing of
demulsifiers, the information about which demulsifier chemical types
are most effective helps to reduce the number of jar tests required. A
selection of demulsifiers from each group could be tested to determine
which blends are successful in separating the emulsion. In this case,
chemical types corresponding to the large circle on the left are most
effective. Further optimization would then be carried out only on
chemically similar demulsifiers from the cluster identified in the initial
screening. Some demulsifiers in the other distinctly different chemical
groups are also effective which emphasizes the comp;/exity of the demulsi-
fication process.

Summary

Chemical demulsifiers are a class of surfactants that serve to neutralize

go
all

the stabilizing effect of naturally occurring surfactants in oil emulsions. A

od deal of research into the mechanisms of emulsion stability has
owed demulsifier technology to keep pace with the increasingly

difficult process emulsions now being encountered. Enhanced oil recov-
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ery methods either introduce emulsion stabilizing agents (secondary or
tertiary oil recovery using chemical injection) to the produced fluids or
increase the rate at which natural surfactants can get to and stabilize the
oil/water interface (steam flooding, steam assisted gravity drainage). The
shift from conventional to heavier oil production also results in emulsions
that are more difficult to treat because of the higher concentration of
natural surfactants in heavy oils and bitumens. Demulsifier effectiveness
has been tailored over the years to deal with these new more difficult
emulsions.

The microscopic techniques discussed here represent some of the
state of the art in demulsifier performance characterization. Coupled with
our appreciation of the fundamental mechanisms by which emulsions
form and are stabilized, there is a sense that it should be possible to
formulate a demulsifier to efficiently separate any fluid given enough
information. This is true on one level in that if it is known that an emulsion
is stabilized by solids, then addition of an agent to change the wettability
of the solids will destabilize the emulsion. What is not known, is how
quickly such a reagent might reach the solids in order to be effective.

In spite of our fundamental appreciation of the role of surfactants in
stabilizing and destabilizing emulsions, the choice of an effective demul-
sifier still depends upon field tests on a selected suite of commercially
available chemicals or blends. Field testing on fresh fluids still gives only
trends in performance due to the variety of physical factors that impact
the rate and extent to which an emulsion can be resolved into its oil and
water phases. Selection of the most effective demulsifier in the field also
requires some judgement as to the range of demulsifier addition that can
be tolerated before an overtreatment situation will occur. Our under-
standing of demulsification fundamentals gives us an appreciation of the
equilibrium factors which determine emulsion stability and demulsifier
effectiveness, but the kinetic factors involved are more difficult to predict
from even a complete characterization. As a result, increases in our
understanding of the science of demulsification have still not completely
obviated the “art” of demulsifier selection.
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Emulsions and foams occur or are created throughout the full
range of processes in the petroleum producing industry, includ-
ing drilling and completion, fracturing and stimulation, reservoir
recovery, surface treating, transportation, oil spill and tailings
treating, refining and upgrading, and fire fighting. This chapter
provides an overview of these examples of surfactants in action.

Introduction

In a petroleum industry context, emulsions comprise a mixture of oil and
water in which one of the phases, the dispersed phase, occurs as droplets
dispersed within the other, the continuous phase. The droplet diameters
are typically of the order of 0.1 to 100 um, but may be as small as a few
nanometres or as large as many hundreds of micrometres. Two types of
emulsion are readily distinguished, oil-dispersed-in-water (O/W) and
water-dispersed-in-oil (W/O). However, emulsion characterization is not
always so simple and it is not unusual to encounter multiple emulsions, O/
W/0, W/O/W, and even more complex types [1]. Figure 1 shows an
example of a crude oil W/O/W/O emulsion.

Petroleum industry foams comprise a mixture of gas with either oil or
water, where the gas phase occurs in the form of bubbles dispersed within
the liquid. The bubble diameters are typically on the order of 10 to
1000 pum, but may be as large as several centimetres. Although both
aqueous and oleic foams may be encountered, the former are by far the
most common. Foams and emulsions may also be encountered simul-
taneously [2]. Figure 2 shows an example of an aqueous foam with crude
oil droplets residing in its Plateau borders.

Petroleum related occurrences of emulsions and foams are
widespread, long-standing, and important to industrial productivity.

79
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Figure 1. Example of a petroleum industry water-in-oil-in-water-in-oil
(W/O/W/O) emulsion.

Filgure 2. Example of a petroleum industry foam containing emulsified
oil droplets.
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Table 1. Some Desirable and Undesirable Emulsions and Foams

Undesirable
Well-head emulsions W/O
Well-head foams G/O
Fuel oil emulsions W/O
Oil flotation process froth emulsions W/O and O/W
Oil flotation process diluted froth emulsions O/W/O
Oil spill mousse emulsions W/O
Tanker bilge emulsions o/wW
Distillation and fractionation tower foams G/O
Fuel oil and jet fuel tank (truck) foams G/O
Desirable
Foam drilling fluid G/W
Foam fracturing fluid G/W
Foam acidizing fluid G/W
Producing well-bore foams G/O
Oil flotation process froths G/O
Heavy oil pipeline emulsions o/wW
Oil flotation process emulsions Oo/wW
Emulsion drilling fluid: oil-emulsion mud O/W
oil-base mud W/0
Asphalt emulsion o/wW
Enhanced oil recovery in situ emulsions o/wW
Fuel-oil emulsion (70% heavy oil) o/wW
Blocking and diverting foams G/W
Gas-mobility control foams G/W

Both emulsions and foams may be applied or encountered at all stages in
the petroleum recovery and processing industry and both have important
properties that may be desirable in some process contexts and undesir-
able in others (Table 1). This chapter provides an overview of some
surfactant and interfacial phenomena applications in the petroleum
industry. Further information may be found in the specific references
given in the text and elsewhere in this book. A number of other books
also provide very useful introductions to the properties, importance, and
treatment of emulsions [1, 3-6] and foams [2, 7-9] in the petroleum
industry.

Although most emulsions and foams are not thermodynamically
stable, in practise they can be quite stable and may resist explicit
demulsification, antifoaming and defoaming treatments. Figure 3 shows
a magnetic resonance imaging (MRI) slice taken through the centre of an
emulsion sample which one of the authors (LLS) had collected from an
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Figure 3.  Magnetic resonance imaging (MRI) slice taken through the
centre of an emulsion sample which had been collected from an oil/water
separating plant, and then stored for more than 5 years before this image
was taken. Aqueous films are shown in white, oiZ‘/ in grey, and solids in
black. The larger oil-in-water-in-oil emulsion droplets are about 200 to
250 wm in diameter.

oil/water separating plant, and then stored for more than 5 years before
this image was taken. The continuous phase is oil, and one can clearly
observe still dispersed oil-in-water-in-oil (O/W/O) and water-in-oil (W/O)
droplets. The angular, rather than spherical, shapes suggest the presence
of viscoelastic interfacial films surrounding these droplets. Foams can also
have long lifetimes. Although the drainage half-life of a typical foam is of
the order of tens of minutes, some foams can have much greater stability.
In carefully controlled environments, it has been possible to make
surfactant-stabilized foam bubbles and films having lifetimes of from
months to years [10].

An emulsion or foam can be made by simply mixing oil or gas into
water with sufficient mechanical shear. The additional interfacial area
created between the two phases is important because, as shown by the
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Table 2. Some Factors Involved in Determining the Stability of Foams

Low surface tension (makes it easier to form and maintain large interfacial area)
Gravity drainage (increases the rate of film thinning)

Capillary suction (increases the rate of film thinning)

Surface elasticity (counteracts the effect of surface perturbations)

Bulk viscosity (reduces the rate of film thinning)

Surface viscosity (reduces the rate of film rupture)

Electric double layer repulsion (reduces the rates of film thinning and rupture)
Dispersion force attraction (increases the rates of film thinning and rupture)
Steric repulsion (reduces the rates of film thinning and rupture)

Table 3. Some Factors Involved in Determining the Stability of Emulsions

Low interfacial tension (makes it easier to form and maintain large interfacial area)
Electric double layer repulsion (reduces the rates of aggregation and coalescence)
Surface viscosity (retards coalescence)

Steric repulsion (reduces the rates of aggregation and coalescence)

Small droplet size (may reduce the rate of aggregation)

Small volume of dispersed phase (reduces the rate of aggregation)

Bulk viscosity (reduces the rates of creaming and aggregation)

Small density difference between phases (reduces the rates of creaming and
aggregation)

Dispersion force attraction (increases the rates of aggregation and coalescence)

Laplace equation, even a modest interfacial energy per unit area can
become a considerable total interfacial energy requirement if many small
droplets or bubbles are formed. In practise, the energy requirement is
even greater due to the need for droplets and bubbles to deform before
being disrupted [11, 12]. If this energy requirement cannot be provided,
say, by mechanical shear, then another alternative is to use surfactant
chemistry to lower the interfacial free energy, or interfacial tension. This
can lower the amount of mechanical energy needed for emulsification or
foaming by several orders of magnitude. Every meta-stable emulsion or
foam that will be encountered in practise contains a stabilizing agent:
either surfactant molecules or surface-active fine solids. The stabilizing
surfactant makes the emulsion or foam easier to form and may create an
interfacial film that helps keep the system from breaking [1-10]. Although
surfactants and surface and interfacial tensions are very important to the
stability of emulsions and foams, there are a considerable number of
factors involved in determining the stability of emulsions and foams.
Some of these are summarized in Tables 2 and 3. Additional details are
given in the books referenced earlier and also in Chapter 1 of this book.
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Near-Well Emulsions and Foams

Drilling and Completion. Both emulsions and foams have
been used as alternatives to suspensions (muds) in drilling fluid formula-
tion. Two kinds of oilwell drilling fluid (or “drilling mud”) are emulsion
based: water-continuous and oil-continuous (invert) emulsion drilling
fluids. Here a stable emulsion (usually oil dispersed in water) is used to
maintain hydrostatic pressure in the hole. This is obviously a desirable
kind of emulsion. However, just as with classical suspension drilling muds,
careful formulation is needed in order to minimize fluid loss into the
formation, to cool and lubricate the cutting bit, and to carry drilled rock
cuttings up to the surface. The oils used to make the emulsions were
originally crude oil or diesel oil, but are now more commonly refined
mineral oils [13]. Oil-continuous, or invert, emulsion fluids are typically
stabilized by long chain carboxylate or branched polyamide surfactants.
Borchardt [14] lists a number of other emulsion stabilizers that have been
used. In the case of carboxylate surfactants, the calcium form is often used
to ensure stabilization of the water-in-oil emulsion type (involving the
oriented-wedge mechanism, as is discussed in reference [15]). Organo-
philic clays have also been used as stabilizing agents. Invert emulsion
fluids provide good rheological and fluid-loss properties, are particularly
useful for high-temperature applications, and can be used to minimize
clay hydration problems in shale formations [13].

Several kinds of foams have been utilized as drilling fluids [16-21].
Figure 4 shows some possible flow regimes corresponding to the use of
air, mist, foam, or liquid as a drilling fluid [22]. Foams have been used to
remove formation brine that has entered a well while air drilling, this is
sometimes called mist drilling because the fluids are injected as a mist,
although the mist changes to foam before returning up the annulus of the
well. Since foams can exhibit a high carrying capacity (viscosity), they can
also be used for sand or scale clean-outs. Foam drilling fluids are now of
much interest for underbalanced, low annular velocity drilling of hori-
zontal wells [23, 24], a method in which the drilling fluid is kept at lower
pressure than the reservoir so that the drilling fluid and cuttings will
neither erode nor penetrate and potentially damage the reservoir. Air,
mist, and foam can also yield superior drilling penetration rates compared
with conventional mud systems. Such foams are typically based on alpha-
olefin sulfonate or alcohol ether sulfate surfactants, having solution
concentrations in the range 0.2 to 2 mass %, and are usually formulated
to have gas contents (foam qualities) in the range 55 to 96% (v/v).
Polymer-thickened foams have also been used for enhanced cuttings
carrying capacity [14, 25]. Foam qualities in the range 95 to 98% (v/v)
tend to provide the best carrying capacities. By carefully selecting the type
of surfactant one can adjust the brine salininty and oil tolerances of the
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Figure 4.  Flow regimes corresponding to the use of air, mist, foam, or
liquid as a drilling fluid. (From Lorenz [22]. Copyright 1980 Gulf
Publishing Co., Houston, TX, USA.)

foam. Polymers, such as guar and xanthan gums, may be added to adjust
the foam viscosity, and hence its carrying capacity for cuttings.

Foams intended for use in wells and in several near-well reservoir
processes are pre-formed at the surface before injection (Figure 5). One
common foam generation method involves simply combining surfactant-
containing and gas streams at a high flow velocity and then causing them
to experience a sudden pressure drop across, say, a choke or a valve.
Another method involves flowing the mixed stream through a foam
generating cannister, which may contain screens, steel wool, metal rings
or shavings, or glass beads. Both of these methods can produce very high
shear rates, which can cause a problem if polymers are incorporated in to
the foam. More sophisticated foam generators, that permit some control
over the shear forces imparted, have been developed for the generation of
polymer-thickened foams [26].
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Figure 5. Schematic illustration of a foam drilling fluid system.

When a foam drilling fluid is brought to the surface, a defoaming
strategy is needed to prevent overfoaming of the pit or tank. The
traditional approach to defoaming is to add a defoamer such as a
polydimethylsiloxane or low molar mass aliphatic alcohol, which will
break foam and also act to prevent re-foaming. Borchardt [14] lists a
number of defoamers that have been used. Another way this can be
handled in the field is to formulate the foam so it is stable at alkaline pH,
while in the well, but unstable at acidic pH. In this way the foam can be
rapidly destroyed at the surface, the resulting slurry treated to remove the
cuttings and other contaminants, then made alkaline again and reused in
the drilling operation [27, 28].

Stimulation: Fracturing and Acidizing. Other desirable
near-wellbore emulsions and foams are used to increase the injectivity or
productivity of wells by fracturing or acidizing. In either case, the goal is
to increase flow capacity in the near-well region of a reservoir. Fracturing
fluids are injected at high pressure and velocity, through a wellbore, and
into a formation at greater than its parting pressure. Fractures (cracks) are
created and propagated. Various types of fracturing fluids are available,
including water- and oil-based emulsions, and water-, oil-, and alcohol-
based foams. Acidizing foams, used to increase the productivity of
reservoirs by dissolving fine particles in flow channels, are aqueous
foams in which the continuous phase is usually hydrochloric acid
(carbonate reservoirs) or hydrofluoric acid (sandstone reservoirs) [29].
Blends of these acids are also used [14]. Borchardt [14] lists a number of
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other inorganic and organic acids that have been used. Foaming an
acidizing fluid will increase its effective viscosity, allowing some mobility
control. The propagation of an acidizing fluid can be enhanced by
formulating it as an acid-in-oil emulsion, in which case the continuous oil
phase acts to reduce contact between the acid and the rock.

Emulsified fracturing fluids are typically very viscous polymer oil-in-
water emulsions that may consist of 60—70% liquid hydrocarbon dispersed
in 30-40% aqueous solution or gel. The hydrocarbon phase may be diesel
fuel, kerosene, or even crude oils and condensates. The aqueous phase
may consist of gelled fresh water, a KCI solution or an acid solution.
Emulsion fracturing fluids may be applied to oil or gas wells, particularly
in low pressure formations susceptible to water blockage, and for bottom-
hole temperatures of up to about 150 °C. They can provide excellent fluid
loss control, possess good transport properties and can be less damaging
to the reservoir than other fluids. However, emulsions are more difficult
to prepare and can be more expensive.

Foams have been used as fracturing fluids since the 1970s [30-37].
They were first applied for low pressure reservoirs, but foamed fluids
have now been applied to all types of wells: low and high pressure, gas or
oil, where it is important to minimize damage. Foam fracturing fluids
have been used in liquid sensitive formations to minimize the amount of
potentially damaging liquid coming into contact with the reservoir and to
permit rapid recovery of the majority of the treatment fluid. Foamed
fracturing fluids are typically 60-80% gas (N3 or COg). The liquid phase,
water, water/methanol, aqueous gel, or oleic gel, contains surfactants and
frequently contains other stabilizers to reduce the likelihood of phase
separation. They may be applied to oil or gas wells, particularly in low
pressure and water-sensitive formations, and for bottom-hole tempera-
tures of up to about 150 °C. They tend to be less expensive, contribute less
liquid contact and less damage to the formation, provide reduced
proppant requirements, and have a more rapid recovery and clean-up
step compared with other fluids. However, the difficulty of monitoring
the rheological properties of these complex systems has caused difficulties
with on-site quality control and pressure analysis.

Delayed cross-linking (gelling) nitrogen foams were introduced in the
1980s [38]. Addition of cross-linkers increases the viscosity of the
fracturing fluid. Various additives that have been used include polymers
(guar gum and guar derivatives) and cross-linking agents (aluminate,
borate, titanate, and zirconate). Cross-linked foams can be used to more
easily place proppant in a formation compared with the use of a non-
cross-linked polymer-foam. Nitrogen, being inert, allows foams to be
formulated with many types of cross-linkers. The addition of cross-linkers
to COy foams has allowed their application to deeper, hotter reservoirs
[39]. Quite thin filtercakes (0.10 mm) are deposited with cross-linked
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foams [40], but since the residue is cross-linked, it is much more difficult
to remove than is the case with non-cross-linked polymers. Even though
the cost of foam treatments is typically 10 to 20% greater than non-
foamed gel stimulation treatments, the rapid fluid recovery and mini-
mized damage to the reservoir has made foamed fluid treatment pro-
cesses attractive. Chambers provides a useful review of the applications of
foam stimulation fluids [41].

Reservoir Occurrences of Emulsions and Foams

Primary and Secondary Production. Emulsions are com-
monly produced at the wellhead during primary and secondary (water-
flood) oil production. For these processes the emulsification has not
usually been attributed to formation in reservoirs, but rather to formation
in, or at the face of, the wellbore itself [42]. However, at least in the case of
heavy oil production, laboratory [43] and field [44, 45] results suggest that
water-in-oil emulsions can be formed in the reservoir itself during water
and steam flooding. Energy is needed for emulsification, partly because of
the increased surface area that is created in forming small droplets and
partly because deformation of large drops is needed before smaller drops
can pinch off. The type of emulsion that will be formed is influenced by
the critical Weber number [11, 12]. The Weber number, We, is given by:

We = (’71?1{)/)’12

where 7, is the viscosity of the continuous phase, 7 is the shear rate, R is
the droplet radius, and 7,5 is the interfacial tension. Figure 6 shows that
for a given viscosity ratio, 17o/11, between the dispersed (12) and contin-
uous (1;) phases, reducing the interfacial tension increases the Weber
number, lowering the energy needed to cause droplet breakup. The
figure also shows that for a given flowing system in a heavy oil reservoir,
the viscosity ratio will be smaller, and an emulsion easier to form, if it is a
water-in-oil emulsion rather than an oil-in-water emulsion.

During primary production, the pressure is greater in the reservoir at
the locations from which oil is being drained and lower near and in the
wellbore. As oil moves toward a producing well and then into the bottom
of the well, the reduced pressure it experiences can cause dissolved gas to
be released. When this happens to a light oil, the gas normally separates
from the oil. In the case of some heavy oils, however, the gas remains
dispersed in the oil as an in situ oil foam [46]. In petroleum industry
terminology this is called foamy-oil production, and can be associated
with increased primary oil production compared to what would be
expected from non-foamy-oil production. It is thought that the formation
of foamy-oil delays the formation of a continuous gas phase (increases the
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Figure 6. The critical Weber number: for a given viscosity ratio,
reducing the interfacial tension increases the Weber number, lowering
the energy needed to cause droplet breakup. (From [11]. Copyright 1992
American Chemical Society, Washington, DC, USA.)

trapped gas saturation) and contributes a natural pressure-maintenance
function [46].

Secondary and Tertiary Production. Chemical Flooding.
In oilfields, after the primary and secondary cycles of oil recovery,
chemicals may be injected to drive out additional oil in an enhanced oil
recovery process, which may involve creating in situ emulsions in the
reservoir. Figure 7 shows a reservoir schematic with such a chemical
flood.
In a petroleum reservoir the relative oil and water saturations depend
upon the distribution of pore sizes in the rock. The capillary pressure, or
pressure difference across an oil/water interface spanning a pore, is given

by:

P.=2vycosO/r
where y is the oil/water interfacial tension, 0 is the contact angle,
measured through the water phase at the point of oil/water/rock contact,

and r is the effective pore radius. In a water-wet reservoir the water will
have been imbibed most strongly into the smallest radius pores, while the
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Figure 7. Illustration of a reservoir enhanced oil recovery process,
which may involve creating in situ emulsions or foams. (Courtesy Alberta
Oil Sands Technology and Research Authority, Edmonton, AB, Canada.)

largest pores will retain high oil contents. As water is injected during a
secondary recovery process the applied water pressure increases and the
larger pores will imbibe more water, displacing oil which may be
recovered at producing wells. There is a practical limit to the extent that
the applied pressure can be changed by pumping water into a reservoir
however, so that after waterflooding some residual oil will still be left in
the form of oil ganglia trapped in the larger pores where the viscous forces
of the driving waterflood could not completely overcome the capillary
forces holding the oil in place.

The ratio of viscous forces to capillary forces correlates well with
residual oil saturation and is termed the capillary number. One formula-
tion of the capillary number is:

Ne=no/(y¢)

where # and v are the viscosity and velocity of the displacing fluid. The
functional form of the correlation is illustrated in Figure 8 in Chapter 1 of
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this book. During waterflooding N.. is about 107 % and at the end of the
waterflood the residual oil saturation is still around 45%. In order to
recover the remaining oil one must increase the capillary number. This
could be done by raising the viscous forces, i.e. viscosity and velocity, but
in practise does not achieve the desired orders of magnitude increase.

Chemical flooding involves the injection of a surfactant solution which
can cause the oil/aqueous interfacial tension to drop from about 30 mN/m
to near-zero values, on the order of 10™° to 10~ * mN/m, allowing
spontaneous or nearly spontaneous emulsification and displacement of
the oil [47, 48]. Sharma [49] has reviewed the kinds of surfactants used for
enhanced oil recovery processes. The exact kind of emulsion formed can
be quite variable, ranging from fine macroemulsions, as in alkali/surfac-
tant/polymer flooding [50], to microemulsions [51, 52]. Microvisualization
studies suggest that with such low interfacial tensions, multiple emulsions
may form, even under the low flow rates that would be produced in a
reservoir. Figure 8 shows an example of multiphase flow in an etched glass
micromodel wherein crude oil is being displaced by an alkali/surfactant/
polymer solution at low flow rate (advance rate of about 2 m/day). Even at
such a low flow rate, the displacement and tortuous flow have combined
to produce both water-in-oil emulsion (top of the pores) and water-in-oil-
in-water multiple emulsion (lower regions of the pores). Details of the
chemical formulation are given in reference [53].

Microemulsion/Micellar Flooding. Microemulsions are stable
emulsions of hydrocarbons and water in the presence of surfactants and
co-surfactants. They are characterized by spontaneous formation, ultra-
low interfacial tension, and thermodynamic stability. The wide-spread

Figure 8. Videomicmgmphic image of multiple emulsions formed
during low tension flooding of oil in a microvisual cell. The droplets in
the upper field of view are W/O while the lower droplets are W/O/W.
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Table 4. Components of Microemulsions for EOR

Component Composition
Oil Crude oil or white oil
Brine Formation water or water from sea, lakes, and rivers with variable

saline conditions and concentrations (mg/L to g/L)
Chemicals Primary surfactant (e.g., petroleum sulfonate)
Co-surfactant/co-solvent (e.g., C5 to Cs alcohol)
Polymer (e.g., xanthan)
Alkaline agents (e.g., sodium carbonate)
Bactericides (e.g., formaldehyde)
Sacrificial adsorption agents

interest in microemulsions and use in industrial applications are based
mainly on their high solubilization capacity for both hydrophilic and
lipophilic compounds, their large interfacial areas and on the ultra-low
interfacial tensions achieved when they coexist with excess aqueous and
oil phases. The properties of microemulsions have been extensively
reviewed elsewhere [54—60]. The ultra-low interfacial tension achieved
in microemulsion systems has application in several phenomena involved
in oil recovery as well as in other extraction processes (e.g., soil
decontamination and detergency).

As with alkali/surfactant/polymer formulations, microemulsions are
injected into reservoirs as part of enhanced oil recovery (EOR) processes
which use interfacial tension lowering to mobilize the residual oil left
trapped in the reservoirs after waterflooding. The optimum surfactant
formulation for a microemulsion system is dependent on many variables
(e.g., pH, salinity, temperature, etc.). Table 4 lists some of the compo-
nents in a typical formulation. The surfactants and co-surfactants must be
available in large amounts at a reasonable cost. In addition, they should
also be chemically stable, brine soluble and compatible with the other
formulation components. Common surfactants used are petroleum sulfo-
nates and ethoxylated alcohol sulfates [49, 50]. The degree of interfacial
tension lowering depends on the phase behaviour of the oil/brine/
surfactant mixture. Surfactants are generally used at concentrations
much higher than their critical micelle concentration (cmc). Phase
behaviour will depend on the surfactant partition coefficient between
the oil and brine. The advent of new and more cost-effective surfactants
and polymers, along with improved reservoir characterization, should
lead to substantial design improvements.

Although producing a more efficient oil displacement than alkali/
surfactant/polymer flooding, microemulsion flooding has developed
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slowly so far because of its complex technology and higher costs. Never-
theless, numerous field pilot tests have been reported, primarily using
previously waterflooded reservoirs [61, 62]. Many field experiments have
failed or have displayed poor performances because of inadequate well
patterns, poor knowledge of reservoir characteristics, or degradation of
chemicals, leading to loss of mobility control. Some pilot tests, with better
reservoir characterization and properly designed chemicals, have been
reported to be technically successful with recoveries in the order of 50%
of the oil at the start of the flood, recovering two-thirds of the residual oil
[63, 64]. Specific chapters on chemical flooding for reservoir oil recovery
(Chapter 6) and for environmental soil remediation (Chapter 11) appear
elsewhere in this book.

Macroemulsion Flooding. Some emerging applications involve
the possible use of macroemulsions, as opposed to the microemulsions
discussed in the previous section. These emulsions would be injected or
produced in situ in order either for blocking and diverting, or for
improved mobility control. Broz et al. [65] and French et al. [66] have
proposed the use of oil-in-water emulsions for blocking and diverting of
injected steam. For mobility control, there is some evidence to suggest
that the in situ formation of heavy water-in-oil emulsions, such as
sometimes happens during cyclic steam stimulation of heavy oil reser-
voirs, can improve the oil mobility, and hence recovery, in water-wet
reservoirs [67]. This apparently only occurs for certain conditions of
emulsion properties, flow conditions, and rock wettability, because the
improved oil mobility in the reservoir has to occur despite the fact that the
bulk phase emulsion viscosity would be greater than that of the oil alone.

Sarma and Maini [68] have suggested that emulsified solvent flooding
might be a viable alternative to hydrocarbon or COs miscible displace-
ment of heavy oil from thin reservoirs. In this case one would be able to
both improve sweep efficiency (reduce fingering) and significantly reduce
the amount of solvent needed for a flood by injecting it in the form of a
solvent-in-water emulsion.

Foam Injection Processes. Foams can be injected in to a
reservoir for mobility control or for blocking and diverting. The foam can
thus act to reduce the effects of:

e poor mobility ratio between injected and reservoir fluids
e other causes of poor areal sweep efficiency

e poor vertical sweep efficiency

e non-oil-saturated or thief zones

® reservoir heterogeneities

For example, major problems occur in gas flooding methods due to the
displacing agent’s high mobility and low density compared with those of
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reservoir fluids. In such cases, channelling (fingering) and gravity over-
ride both reduce the sweep efficiency, contribute to early breakthrough of
injected fluid, and therefore reduce the amount of oil recovered. Injecting
the gas as a foam can counteract these kinds of problems because the
foam lowers the gas mobility in the swept and/or higher permeability parts
of the formation and diverts at least some of the displacing medium (gas)
into other parts of the formation that were previously unswept or under-
swept. It is from these latter areas that the additional oil is recovered.
Since foam mobility tends to be reduced disproportionately more in
higher permeability zones, improvement in both vertical and horizontal
sweep efficiency can be achieved. Suitable foams can be formulated for
injection with air/nitrogen [69-72], natural gas [72-76], carbon dioxide
[72, 77, 78], or steam [72, 79-81].

A major challenge is the proper selection of foam-forming surfactants,
and there have probably been several hundred papers published in the
past 35 years on appropriate foam characteristics. Some of the character-
istics thought to be necessary for a foaming agent to be effective
(including cost-effective) in porous media under reservoir conditions are
as follows [82]:

e good solubility in the brine at surface and reservoir conditions

e good thermal stability under reservoir conditions

e low adsorption onto the reservoir rock

e low partitioning into the crude oil phase

e strong ability to promote and stabilize foam lamellae

e strong ability of the foam to reduce gas mobility in porous media

e good tolerance of the foam to interaction with crude oil in porous
media

These requirements can severely limit the number of surfactant candi-
dates. For example, the desired process might be the hydrocarbon gas
miscible foam flooding of high salinity (ca. 100,000 to 300,000 ppm), high
hardness (ca. 5000 to 25,000 ppm), moderately high temperature (to
130 °C) reservoirs such as are found in Western Canada. In one study,
from an initial set of 157 commercially available foaming surfactants
recommended by suppliers around the world, solubilities were deter-
mined [83] at different salinity, hardness, pH and temperature conditions
and it was found that only nine had sufficient solubility and thermal
stability under such conditions. The most salinity and hardness tolerant
surfactants were mostly betaines and sulfobetaines. Borchardt [14] lists a
number of foaming surfactants that have been used in less demanding
environments.

Foaming capability relates to both foam formation and foam persis-
tence. Relevant are such factors as surface tension lowering, surface
elasticity, surface viscosity and disjoining pressure [84]. Surface tension
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lowering is necessary but not sufficient. Some combination of surface
elasticity, surface viscosity and disjoining pressure is needed, but the
specific requirements for an effective foam in porous media remain
elusive, partly because little relevant information is available and partly
because what information there is appears to be somewhat conflicting.
For example, both direct [85] and inverse [86] correlations have been
found between surface elasticity and gas mobility reduction in foam
floods. Overall, it is generally found that the effectiveness of foams in
porous media is not reliably predicted based on bulk physical properties
or on bulk foam measurements. Instead, it tends to be more useful to
study the foaming properties in porous media at various laboratory scales:
micro, meso and macro.

Micro-scale experiments involve the microscopic observation of flow-
ing foams in etched-glass micromodels. Here the pore dimensions are
typically on the order of hundreds of micrometres. Such experiments
provide valuable and rapidly obtainable qualitative information about
foam behaviour in constrained media under a variety of experimental
conditions, including the presence of a residual oil saturation [82, 87, 96].

Meso-scale experiments involve conducting foam floods in samples of
porous rock, which may be reservoir core samples or quarried sandstones
and carbonates, the quarried samples being more reproducible. The
overall rock dimension here is of the order of 10 cm. These meso-scale
foam floods allow the determination of gas mobility reduction by foams
under widely varying conditions [1]. The mobility reduction factor (MRF)
is the ratio of pressure drops across a core resulting from the simultaneous
flow of gas and liquid in the presence and absence of surfactant in the
liquid phase. Mobility reduction factors achieved depend on many factors
[82, 83, 88, 89] including:

the nature of the surfactant

the composition of the brine

the composition of the gas

the nature of the porous medium
the foam quality

the foam texture

the foam flow rate

the temperature and pressure

Macro-scale experiments involve a special apparatus that allows foam
floods to be performed at reservoir conditions of temperature and
pressure in an integral two metre length of rock sample, that is, in
porous media samples one order of magnitude longer than the meso-
scale. In addition to being a first step in scale-up, this allows the study of
dynamic foam behaviour that would be impossible in short core samples.



96 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

The conduct and interpretation of such macro-scale experiments are
illustrated in Chapter 7 of this book.

The economics of foam flooding are determined to a large degree by
the amount of surfactant required to generate and propagate a foam.
Surfactant loss through partitioning into the crude oil phase and through
adsorption on the rock surfaces cannot be completely eliminated, and
these are therefore important (but undesirable) mechanisms of surfactant
loss. Surfactant loss through partitioning into the crude oil phase can be
responsible for surfactant losses of as much as 30%. However, for the very
hydrophilic surfactants chosen for many foam flooding applications, the
partitioning into crude oil is very nearly zero. More serious are the results
of a number of systematic studies of the adsorption properties of
surfactants suitable for foam flooding, e.g., [90-92]. These have shown
that effective foaming surfactants may exhibit adsorption levels from near
zero up to quite high levels on the order of 2.5 mg/g, depending, not only
on the nature of the surfactant, but also on factors such as temperature,
brine salinity and hardness, rock type, wettability, and the presence of a
residual oil phase. These factors can lead to vastly different distances of
foam propagation in a reservoir, so that selection of a surfactant formula-
tion with acceptable adsorption levels at reservoir conditions is crucial.
Surfactant adsorption is discussed in more detail in Chapter 4 of this
book.

Results from field testing have suggested that foams may achieve
lower gas mobility reductions than anticipated due to the defoaming
action of residual crude oil [93], which has led to an interest in the
formulation of oil tolerant foams. Although crude oils tend to act as
defoamers, microvisual and coreflood studies have shown [94-96] that
foams actually exhibit a wide range of sensitivities to the presence of crude
oils. Temperature, brine salinity and hardness, and the nature of the
crude oil phase have all been found to influence the oil tolerance of a
given foam and many attempts have been made to correlate foam—oil
sensitivity with physical parameters, e.g., [94-100]. These have met with
varying degrees of success [87, 101]. Overall, it is clearly possible to make
foams that are reasonably stable in the presence of light through heavy
crude oils [96], using either relatively pure foaming agents (usually quite
expensive), or else with specially formulated mixtures, which can be cost-
competitive with traditional foaming agents (e.g., [102, 103]). Some of
these foams, intended for mobility control, can even improve microscopic
displacement, by emulsifying oil into droplets that are small enough to
permit their passage inside the foam’s lamellar structure, and thus
contribute an incremental oil recovery [96, 103].

The foregoing summarizes much of what can be gained from labora-
tory testing in terms of surfactant selection. Necessary subsequent steps
in the evaluation of foam effectiveness include reservoir simulations and
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field tests. Reservoir foam applications may involve slug injection, in
which foaming surfactant solution is injected into the gas stream at the
wellhead over a period of a few hours, semi-continuous injection, in which
surfactant solution is injected at intervals over a period of a day or so, and
continuous injection, in which surfactant solution is injected continuously
for months or even years. The application mode is chosen depending
upon a number of factors, including the reservoir characteristics, the prior
production history, and a project’s specific economics. Currently, most
attention is being paid to near-well applications of foams. Some examples
are given in references [72, 74-76]. Disadvantages of deeper penetration
and full-field foam application include surfactant costs (especially due to
replenishing surfactant lost due to adsorption on reservoir rock) and the
fact that it can take a considerable amount of time (months) to build up an
appreciable flow resistance in deep reservoir applications.

Polymer Thickened Foams. Polymer enhanced (thickened)
foams have also found increasing use in the petroleum industry. Incor-
porating polymers into foaming solutions affects the solution properties
primarily by increasing the liquid phase viscosity, which enhances foam
stability by decreasing the rate of drainage and reducing the rate of
interbubble gas diffusion (e.g., [104-111]). There is a small but growing
literature on the development of polymer thickened foams in terms of
both fundamental and applied work (e.g., [106-108, 112, 113]).

Several uses of polymer thickened foams for reservoir recovery were
patented in the late 1960s and early 1970s (e.g., [106, 114]), and in 1974
Minssieux showed that the addition of a polymer to a foaming solution
could diminish the loss of foam viscosity due to foam degradation in the
presence of oil [115]. Studies [108, 113] have also shown that polymer
thickened foams can possess extremely high effective viscosities in both
bulk and in sand-pack porous media flow tests. These studies also showed
that the effective polymer-foam viscosities can be comparable to the
viscosities of the polymer solutions (no gas) used in formulating these
foams. This suggests that polymer thickened foams, with their enhanced
viscosities and stability, could be effective mobility control agents [105,
114, 116]. Otherwise, polymer thickened foams can be formulated using
the same range of types of gases, surfactants, and other additives as is the
case for conventional surfactant-stabilized foams. A range of polymer
additives have been tested, including polyacrylamide, polyvinyl alcohol,
polyvinylpyrrolidone, and xanthan biopolymers. In addition to changing
foam quality and texture, the effective viscosities of polymer thickened
foams can also be adjusted by varying the polymer concentration and
molar mass. In general, polymer thickened foams are shear thinning.

Polymer thickened foams to which time-delayed cross-linking agents
have been added, gelling foams, can be used to improve the efficiency of
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oil displacement by blocking swept zones and by diverting fluids into
underswept zones in reservoirs containing large permeability variations
and/or fractures [117-119]. Once gelled, these foams can function in
similar fashion to conventional gels, but with only a small fraction of the
pore space being occupied by gelled liquid. Figure 9 shows photomicro-
graphs of gelled-foam lamellae in a Berea sandstone core, showing films,
rods, and intermediate structures.

Micro-Foams (Colloidal Gas Aphrons). The terms micro-
foam and colloidal gas aphrons refer to a dispersion of aggregates of very
small foam bubbles in aqueous solution. The latter term was coined by
Sebba [120-122] in the 1970s. They can be created by dispersing gas into
surfactant solution under conditions of very high shear. An apparatus for
this purpose is described in references [121, 123]. The concept is that,
under the right conditions of turbulent wave breakup, one can create a
dispersion of very small gas bubbles, each surrounded by a bimolecular
film of stabilizing surfactant molecules (Sebba termed this film a soapy
shell). Under ambient conditions the bubble diameters are typically in the
range 50 to 300 pm. Figure 10 shows an example of such a micro-foam,
generated with an apparatus modelled after that of Sebba. There is some
evidence that such micro-foams tend to be more stable than comparable
foams that do not contain the bimolecular film structure [120, 121, 123].
Other claims for special properties have been made [124-130], but are
less well supported, or even conflicting within the literature.

Two kinds of applications relating to petroleum recovery have been
reported in the literature, micro-foam flushing for soil remediation [126—
128] and micro-foam injection for reservoir oil recovery [129, 130].
Despite the fact that these papers make conflicting claims regarding the
physical properties of these foams, and, although their results should be
interpreted with caution pending additional independent studies, these
papers provide interesting reading and suggest that micro-foams may well
find useful application in reservoir oil recovery processes.

Emulsions and Foams in Surface Operations

An emulsion that was useful in the reservoir may be, or may become, an
undesirable type of emulsion (W/O) when produced at the wellhead.
Pipeline and refinery specifications place severe limitations on the water,
solids, and salt contents of oil they will accept, in order to avoid corrosion,
catalyst poisoning, and process upset problems. Foaming, as well, can
cause surface handling and refinery upset problems.

Oilfield Emulsions and Foams and their Treatment. A
typical W/O petroleum emulsion from a production well might contain
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60 to 70% water. Some of this, the free water, will readily settle out. The
rest (bottom settlings) requires some kind of specific emulsion treatment.
The specific kind of treatment required can be highly variable. It is often
said that each oilfield location produces a unique kind of emulsion
requiring a custom treatment approach. Some of the complexity and
variability of oilfield emulsions can be appreciated if one considers that
crude oils consist of, at least, a range of hydrocarbons (alkanes,
naphthenes, and aromatics) as well as phenols, carboxylic acids and
metals. There may be a significant fraction of sulphur and nitrogen
compounds present as well. The carbon numbers of all these components
range from one (methane) through 50 or more (asphaltenes). Some of
these components can form films at oil surfaces while others are surface
active. In addition, due to the wide range of possible compositions, crude
oils can exhibit a wide range of viscosities and densities (so much so that
these properties are used to distinguish light, heavy and bituminous crude
oils [131]).

In many surface separation processes there will occur three distinct
phases or process streams, an oil product stream, which may contain
emulsified water, an aqueous tailings stream, which may contain emulsi-
fied oil, and an interface or “rag layer” emulsion stream, which may
contain emulsified oil and/or water. The interface emulsion layer may
build up to a certain level in a process, continuously reform and break in
the separator and never cause operational problems. On the other hand,
the interface emulsion layer may build to such an extent that it requires
removal and treatment. Knowledge of the nature of the dispersed phase
will be required to determine an effective treatment. Figure 3 illustrated
the simultaneous presence of W/O and O/W/O emulsion. Mikula shows
(Figure 1 in reference [132]) a photomicrograph of a quite stable inter-
face emulsion (rag layer emulsion) in which one can clearly observe the
simultaneous occurrences of both O/W and W/O emulsions in different
regions of the same sample.

The first step in systematic emulsion breaking is to characterize the
emulsion in terms of its nature (O/W, W/O, or multiple), the number
and nature of immiscible phases, the presence of a protective
interfacial film around the droplets, and the sensitivity of the emulsi-
fiers. In oilfield W/O emulsions, a stabilizing interfacial film can be
formed from the asphaltene and resin fractions of the crude oil. This
causes special problems because if the films are viscoelastic then a
mechanical barrier to coalescence exists, which may be quite intract-
able and yield a high degree of emulsion stability. More detailed
descriptions are given in references [133-135]. Based on an emulsion
characterization, a chemical addition could be made to neutralize the
effect of the emulsifier, followed by mechanical means to complete the
phase separation.
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Figure 9(a)

Figure 9. Photomicrographs of gelled-foam lamellae in a Berea sand-
stone core, taken using a low energy scanning electron microscope (SEM).
Image (a) shows a view down a pore surrounded by rock grains. Image
(b) is a magnification of the upper centre region.

Demulsifying agents are designed to reduce emulsion stability by
displacing or destroying the effectiveness of the original stabilizing agents
at the interfaces. Examples of the primary active agents in commercial
demulsifiers include ethoxylated (cross-linked or uncross-linked) propyl-
ene oxide/ethylene oxide polymers or alkylphenol resins. These products
are formulated to provide specific properties including hydrophile—
lipophile balance (HLB), solubility, rate of diffusion into the interface,
and effectiveness at destabilizing the interface [6, 136]. Demulsifiers are
usually added to the continuous phase, within which they must then
diffuse to the interface and disrupt the stabilizing interfacial film. The
demulsifier should usually be added far enough upstream to permit these
actions to take place, and for droplet coalescence to occur, before the
emulsion reaches a separating vessel.

A variety of physical methods are used in emulsion breaking. These
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Figure 9(b).

are all designed to accelerate coagulation and coalescence. For example,
oilfield W/O emulsions may be treated by some or all of settling, heating,
electrical dehydration, chemical treatment, centrifugation and filtration.
The mechanical methods, such as centrifuging or filtering, rely on
increasing the collision rate of droplets and applying an additional force
driving coalescence. An increase in temperature will increase thermal
motions to enhance the collision rate and also reduce viscosities (includ-
ing interfacial viscosity), thus increasing the likelihood of coalescence. In
the extremes, very high temperatures will cause dehydration due to
evaporation, while freeze—thaw cycles will break some emulsions. Elec-
trical methods may involve electrophoresis of oil droplets, causing them to
collide, to break O/W emulsions. With W/O emulsions, the mechanism
involves deformation of water droplets, since these are essentially
nonconducting emulsions. Here the electric field causes an increase in
the droplet area, disrupting the interfacial film. Increased droplet
contacts increase the coalescence rate, breaking the emulsion. More
details on the application of these methods in large-scale continuous
processes are given elsewhere [137, 138].
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Figure 10. Photomicrograph of a freshly generated micro-foam
(colloidal gas aphron). The bubble diameters are in the range 30 to
150 pm.

The produced water in an oilfield typically contains emulsified oil at
levels of a few hundred to a few thousand mg/L [139]. The oil content
usually must be greatly reduced in order to reuse this water for reinjection
(<20 mg/L), steam generation (<1 mg/L), local irrigation ( <5 mg/L), or
ocean disposal (<25 mg/L) [139]. The emulsified oil is usually separated
by some combination of skim tanks, filters, induced gas flotation (IGF)
cells, centrifuges, and hydrocyclones. Two kinds of surfactants are added
to the IGF cells, flotation aids and demulsifiers, typically at concentra-
tions in the range 1 to 10 mg/L. Further details can be found in references
[138, 139]. Oilfield produced water may also foam, which can cause
problems in handling and in gas separation. This is usually dealt with by
adding antifoaming or defoaming chemicals such as silicones or polyglycol
esters at levels in the range 1 to 30 mg/L.

When oil nears and enters the annulus of a production well, it
experiences a decreased system pressure, dissolved gas may come out of
solution, and the oil may foam. In conventional oil production this foam is
thought to be detrimental to oil production rates so antifoaming or
defoaming agents are sometimes placed in the wells [140]. In the non-
thermal production of heavy oil, however, foaming of the oil is thought to
improve production, as discussed in an earlier section.
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Transportation Emulsions. Some emulsions are made to
reduce viscosity so that an oil can be made to flow. Emulsions of asphalt,
a semi-solid variety of bitumen dispersed in water, are formulated to be
both less viscous than the original asphalt and stable so that they can be
transported and handled. In application, the emulsion should shear thin
and break to form a suitable water-repelling roadway coating material.
Another example of emulsions that are formulated for lower viscosity with
good stability are those made from heavy oils and intended for economic
pipeline transportation over large distances. Here again the emulsions
should be stable for transport but will need to be broken at the end of the
pipeline. It is desirable for the dispersion to possess poor stability under
static conditions to permit easy separation of the oil and water. In
addition, the oil that has undergone separation is often re-emulsified for
further treatment/application.

Oil Sand Processing. The large oil sands surface-mining and
processing operations involve a number of kinds of emulsions and foams
in a variety of process steps. Here, bitumen is separated from the sand
matrix, in large tumblers, and forms an oil-in-water (O/W) emulsion
containing not just oil and water, but also dispersed solids and gas. The
emulsified oil is further separated from the solids by a flotation process
which produces an oleic foam termed bituminous froth, which may be
either gas dispersed in the oil (primary or secondary flotation) or the
reverse, gas dispersed in water (secondary or tertiary flotation). In this
case of bituminous froths, the foams contain not just oil and gas, but also
emulsified water and some dispersed solids. The froth has to be broken in
order to permit pumping and subsequent removal of entrained water and
solids before the bitumen can be upgraded to synthetic crude oil. This is
facilitated by deaeration and dilution with naphtha. The diluted froth
contains multiple emulsion types including tenacious multiple emulsions
[15] which complicate the downstream separation processes. These
aspects are discussed in Chapter 10 of this book and are reviewed in
references [141, 142].

Oil Spills and Tailings. Emulsions may be discharged to or
created in tailings ponds, such as in the tailings ponds created by surface
processing of mined oil sands (see Chapter 10 of this book). Oil is
produced at off-shore drill sites in the form of oil-in-water emulsions
(containing reservoir water) which may have to be transported to an on-
shore processing centre, at which the primary emulsion is separated into
its components and the oil is often re-emulsified (fresh water) for other
applications.

Oil spills at sea can cause significant environmental damage. The most
straightforward method is to contain the spill and remove it mechanically,
but this is not always feasible in practise. Often chemical treatment agents
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must be incorporated into the clean-up procedures. Following the actual
spill of an oil onto the sea, a slick is formed which spreads out from the
source with a rate that depends on density, interfacial tension, viscosity,
and the nature and degree of emulsification that has occurred [143]. With
sufficient wind and wave energy advection and turbulence can cause an
O/W emulsion to be formed, which helps disperse oil into the water
column and away from sensitive shorelines. Droplets may rise but usually
become weathered, lose their lighter components to evaporation, and
eventually settle out. Otherwise, the oil may pick up water to form a
water-in-oil “mousse” emulsion, probably stabilized by asphaltenes and/
or natural surfactants [144—147].

These W/O mousse emulsions can contain abnormally high water
contents (>80%) without inverting. Such high dispersed phase volume
fraction emulsions have very high viscosities. This complicates the use of
dispersants and/or demulsifiers. As their common name implies, the
mousse emulsions not only have viscosities that are much higher than
the original crude oil but can become semi-solid. With increasing time
after a spill these emulsions weather (evaporation of lighter components,
wind and wave effects, and photo-oxidation of remaining components)
making the emulsions more stable, more solid-like, and considerably
more difficult to handle. The presence of mechanically strong films [147,
148] makes it hard to get demulsifiers, which are usually sprayed from
vessels or aircraft, into these emulsions (Figure 11). Oil spill dispersants
are therefore more effective if applied while the spill is still fresh, before
mousse emulsion can form [149].

A fairly large number of demulsifying/dispersing formulations have
been created for application to marine oil spills [143, 150, 151]. These are
usually formulated to have a tendency to promote oil-in-water emulsion
formation, and tend to be moderately hydrophilic, having hydrophile—
lipophile balances (HLB’s) in the range 10 to 12 [150, 152]. They are
usually formulated in a solvent that will be miscible with the spilled oil
[153]. Such values can be obtained, for example with an appropriate blend
of Span™ and Tween™ surfactants. Some surfactant dispersants include
sulfosuccinates, sorbitan esters of oleic or lauric acid, polyethylene glycol
esters of oleic acid, and ethoxylated fatty alcohols. Determining effective-
ness of a chemical agent is a complex issue because it is a function of the
oil type, composition, the amount of oil present and how long it has
weathered. This has been a major stumbling block in the development of
a universal treatment agent. More hydrophilic surfactants than those used
for oil spills may be effective in treating/breaking emulsions that have
been recovered in skimmers or tanks where the water solubility of the
agent is not as important an issue. Figure 12 illustrates the addition and
action of a dispersant [153]. Dispersant application is influenced by
factors such as oil spill slick thickness, degree of oil weathering that has
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Figure 11.  Illustration of possible structures in the interface in a water-
in-oil mousse emulsion. Some possibilities are, from left to right, stabilized
by asphaltenes, by surfactants and waxes, by both, and unstabilized.
(From Mackay [147]. Copyright 1987 Environment Canada, Ottawa,
ON.)

already taken place, and the prevailing weather and sea conditions. For
instance, surfactants that are effective in Arctic waters will not behave the
same in more temperate conditions. Further details are presented in
Chapter 12 of this book.

Surface-washing agents remove the oil from solid surfaces such
as shorelines through a different mechanism, detergency (see Chapter
1 of this book). The longer the oil remains on the shoreline/beach the
more difficult it is to remove, therefore response time is critical. Good
surface-washing agents are poor dispersants and vice versa. Low dis-
persant effectiveness is a benefit for surface-washing applications
because the oil is to be recovered, not dispersed. The post-treatment
of recovered oil can be another complex issue. Depending on the
condition of the recovered oil, the oil may have to undergo various
treatment procedures. For example, before oil can be sent back to a
refinery it must be de-watered and free of suspended solids. Very
viscous recovered oils may be too difficult to treat, necessitating either
incineration or land-fill disposal.
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Figure 12. Illustration of the mechanism of oil spill dispersion. (From
Fiocco et al. [153]. Copyright 1995 American Society for Testing and
Materials, Philadelphia, PA.)

Downstream Occurrences

Refineries and Upgraders. Wellhead or other surface-pro-
duced emulsions may have to be broken and reformulated as new
emulsions more suitable for transportation by pipeline to an upgrader or
refinery. At the upgrader or refinery, the new emulsion will have to be
broken and the water removed, which otherwise would cause operating
problems. At any of the emulsion breaking stages the presence of solid
particles and film-forming components from the crude oil or bitumen can

make this very difficult.
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Some agents will act to reduce the foam stability of a system (termed
foam breakers or defoamers) while others can prevent foam formation in
the first place (foam preventatives or foam inhibitors). There are many
such agents, Kerner [154] describes several hundred different formula-
tions for foam inhibitors and foam breakers. In all cases the cause of the
reduced foam stability can be traced to various kinds of changes in the
nature of the interface.

The addition to a foaming system of any soluble substance, that can
become incorporated by co-solubilization or by replacement of the
original surfactants into the interface, may decrease dynamic foam
stability if the substance acts against the formerly present stabilizing
factors. Some branched, reasonably high molecular mass alcohols can be
used for this purpose. Not being very soluble in water, they tend to be
adsorbed at the gas/liquid interface, displacing foam promoting surfactant
and breaking or inhibiting foam. Alternatively, a foam can be destroyed by
adding a chemical that actually reacts with the foam-promoting agent(s).
Foams may also be destroyed or inhibited by the addition of certain
insoluble substances.

Petroleum emulsions have been used to prevent the formation of
foams, or destroy foams already generated, in various industrial processes
[155]. The rapid spreading of drops of low surface tension oil over
lamellae ruptures them by providing weak spots [156]. Polydimethyl-
siloxanes are frequently used as practical antifoaming agents because they
are insoluble in aqueous media (and some oils), have low surface tension
and are not overly volatile. They are usually formulated as emulsions for
aqueous foam inhibiting so that they will readily become mixed with the
aqueous phase of the foam. A review of refinery foam occurrences and
treatment is given by Lewis and Minyard [157].

Finally, many kinds of foams pose difficult problems wherever they
may occur. In surface emulsion treaters (e.g., oil-water separators) and in
refineries (e.g., distillation towers), the occurrence of foams is generally
undesirable and any such foams will have to be broken [2].

Emulsions for Paving Roads. Asphalt emulsions are used to
produce a smooth, water-repellant surface in road paving. First, an
asphalt oil-in-water emulsion is formulated which has sufficiently low
viscosity to be easy to handle and apply, and which has sufficient stability
to survive transportation, brief periods of storage, and the application
process itself. After application the emulsion needs to break quickly. An
additional advantage of the emulsion over asphalt alone lies in its ability to
be applied to wet gravel or rock [3, 158].

The asphalt emulsions are usually stabilized either by natural naphthe-
nic surfactants released by treatment with alkali (for a somewhat similar
situation, see also Chapter 10 in this book), or else by the addition of
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anionic or cationic surfactant [158]. When stabilized by cationic surfac-
tant, the positive charge may facilitate binding of the asphalt droplets to
the gravel or rock surfaces [3].

Fire Fighting Foam Systems. Fire fighting foams were first
introduced in the early 1900s, and complete fire fighting foam systems
were in use by the military by the 1940s [159]. Some of the history of this
development, and a description of the early formulations of suitable
foaming agents, are given by Perri [159]. Fire fighting foams function by a
combination of the following [160, 161].

e blanketing the burning fuel surface and smothering the fire

e suppressing and preventing air from mixing with flammable
vapours

e separating flames from the fuel’s surface

e cooling the fuel and its surface by the action of the water in the
foam

Some of these are illustrated in Figure 13. The foam is created by
mechanically mixing air with a concentrated solution of surfactant in
water. These foams are often formulated to contain fluorocarbon surfac-
tants, sometimes blended with hydrocarbon surfactants and/or polymers.

AQUEOUS FILM OR
POLYMERIC MEMBRANE

Figure 13. Some functions of a fire fighting foam: blanketing the
burning fuel surface, smothering the fire, preventing air from mixing
with flammable vapours, and separating flames from the fuel’s surface.
(Reliable Fire Equipment Company, Alsip, IL.)
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Foams that can be effective on hydrocarbon fuel fires are typically
characterized as protein (hydrolyzed protein surfactants), fluoroprotein
(hydrolyzed protein and perfluorinated surfactants), aqueous film-form-
ing (AFFF, blend of perfluorinated surfactants), alcohol resisting aqueous
film-forming (AFFF-AR), high expansion, or alcohol (polar-solvent)
foams [160]. The practical formulations may contain numerous other
additives to control freezing, viscosity, bacterial degradation, oxidation,
corrosion, and so on [161]. The most commonly used foams for fire
fighting contain 75-97% air; these are known as “low expansion” foams.
For a fire fighting foam to be effective it must possess the following
attributes [162]:

e resistant to large electrolyte concentrations (e.g., sea water)
e insignificant toxicity and biodegradability

e long term storage stability

e undamaged by inadvertent freezing—thawing cycles

o freeze-resistant for cold climates

Foam selection criteria include classical properties like static half-lives,
but also properties like expansion and fire extinguishing performance.
Corrie [161] describes a range of laboratory evaluation methods. Fire
fighting foams may be found in any of the many industrial operations
involving the transportation, processing, or handling of flammable petro-
leum liquids, including refineries and offshore production platforms.
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Laura L. Wesson and Jeffrey H. Harwell
The University of Oklahoma, Norman, OK, USA

An overview of some of the significant findings of surfactant
adsorption research is presented. Subjects include the impor-
tance of surfactant adsorption in petroleum applications, some
history of surfactant adsorption research, the mechanisms which
have been proposed to explain observed adsorption behavior,
and a review of several significant surfactant adsorption studies.
The emphasis of this review is understanding the mechanisms of
surfactant adsorption as they relate to applications of surfactants
in petrolewm processes.

Introduction

Surfactants have a variety of applications in the petroleum industry, and
surfactant adsorption is a consideration in any application where surfac-
tants come in contact with a solid surface. In enhanced or improved oil
recovery (EOR or IOR) surfactants can be used in classic micellar/
polymer (surfactant) flooding, alkaline/surfactant/polymer (ASP) flooding
or in foams for mobility control or blocking and diverting. Surfactants can
act in several ways to enhance oil production: by reducing the interfacial
tension between oil trapped in small capillary pores and the water
surrounding those pores, thus allowing the oil to be mobilized; by
solubilizing oil (some micellar systems); by forming emulsions of oil and
water (alkaline methods); by changing the wettability of the oil reservoir
(alkaline methods) or by simply enhancing the mobility of the oil [1]. In
selecting a suitable surfactant for any EOR application, one of the criteria
for economic success is minimizing surfactant loss to adsorption. Factors
affecting surfactant adsorption include temperature, pH, salinity, type of
surfactant and types of solids found in the reservoir. Usually the only
factor which can be manipulated for EOR is the type of surfactant to be
used; the other factors being determined by reservoir conditions.

When an oil reservoir is first produced, forces such as overburden
pressure and evolution of gases dissolved in the reservoir oil cause
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spontaneous production of oil because of the pressure gradient between
the interior of the reservoir and the production well. This spontaneous
production is commonly referred to as primary recovery. Following the
completion of the primary recovery phase, 60 to 80% of the oil originally
in the reservoir commonly remains in the formation. Production has
ceased because a pressure gradient no longer exists to mobilize the oil.
Secondary recovery consists of water-flooding to displace the remaining
oil from the injection to the production well.

Nevertheless, a point is soon reached where the amount of oil
produced by water-flooding is insufficient to justify the operating costs
of the project. At this time it is common for 30 to 60% of the original
reservoir oil to remain in the formation. The oil is trapped in the pores of
the rock by capillary forces arising from the high oil/water interfacial
tension. Additional water injected into the formation simply bypasses the
trapped oil droplets on its way to the production well, following the path
of least resistance to the flow.

It has long been known that surfactants lower oil/water interfacial
tensions, thus reducing capillary forces such as those trapping the
remaining oil. This raises the possibility of releasing trapped oil droplets
by injecting surfactants into the reservoir. Early demonstrations of the
technical feasibility of enhanced oil recovery by surfactant flooding
(sometimes referred to as micellar or chemical flooding) were done in
the laboratory by Novosad et al. in 1982 [2] and in field tests by Lake and
Pope in 1979 [3] and by Holm in 1982 [4]. In addition to the technical
feasibility, economic feasibility must also be determined; however, the
economic feasibility depends on a complex of factors such as oil prices,
international economies, and the cost of the surfactants. Generally, the
cost of the surfactant is the single most expensive item in the cost of a
chemical flood. These costs include both the initial investment in
purchasing the surfactant, as well as the cost of replacing surfactant
which has been lost to adsorption. It is frequently found that the amount
of surfactant adsorbed accounts for most of the cost of the surfactant.
Since these surfactants are synthesized from petroleum, their costs will
rise at least as fast as that of the oil they are used to produce. So simply
waiting for oil prices to increase will not necessarily make EOR economic-
ally feasible. The oil produced by a chemical flood must then be sufficient
to replace the oil used for the surfactant (unless some means of recovering
the surfactant from the reservoir is feasible), to pay for the price of
producing the surfactant from the oil, to pay for all the additional
engineering, equipment and operating costs during the several years the
flood is occurring, and to provide a reasonable return on investment. All
of these demands must be satisfied in a volatile oil market in which oil
prices may fluctuate between the beginning of a surfactant flood and the
time the tertiary oil is finally produced. Producing more barrels of oil for
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each kilogram of surfactant injected into the reservoir is a technological
problem that has direct bearing on the economics of the process. Under-
standing and controlling the amount of surfactant adsorbed directly
affects project economics. The following is a sample calculation which
illustrates just how substantial the costs associated with losing surfactant
to adsorption can be.

An area one acre (4047 m®) by 3 meters deep is to be swept with a
surfactant solution. Core samples reveal that the subsurface is approxi-
mately 70% solid material having a density of 2.5 g/cc. Thus approxi-
mately 2.12 x 10" grams of solid material are available for adsorption of
the surfactant. If the specific area of this solid were 0.5 mz/g then the
surface area of the solid would be 1.06 x 10'° m>. Assuming surfactant
adsorption reaches bilayer coverage at a density of 1 molecule per 0.5 nm?
of available surface area (typical for an ionic surfactant), then approxi-
mately 3.5 x 10* moles of surfactant would be adsorbed onto the solid. If
the surfactant had an average molecular weight of 500 g/mol this would
result in 1.76 x 10* kilograms of surfactant being adsorbed. Assuming a
purchase price of $2/kg for this surfactant, then the resultant loss to
adsorption would be $34,300. If this surfactant were being used to
produce oil worth $18/bbl then 1960 barrels would have to be produced
just to compensate for the adsorbed surfactant. Looking at this situation in
terms of EOR, if there is 50% residual saturation and EOR is expected to
remove 50% of the residual or 5727 barrels of oil, then the cost of the
surfactant loss to adsorption would account for approximately one-third of
the total value of the oil recovered by EOR. Obviously, it is critical to the
economic success of an EOR project that adsorption be minimized in the
design of the project; to do so requires an understanding of surfactant
adsorption mechanisms.

In the first part of this chapter, reviews of the background research on
surfactant adsorption and the mechanisms involved in surfactant adsorp-
tion are presented. In the second part of the chapter, several pertinent
experimental studies are presented which illustrate the mechanisms of
surfactant adsorption in various systems. As already stated, there are
multiple factors which affect adsorption These factors will now be
presented, beginning with the characteristics of the solid materials
commonly used in adsorption studies.

Solid Surface Chemistry

Many surfactants adsorb onto a solid due, in a large part, to the
electrostatic interactions between charged sites on the solid surface and
the charged headgroups of the ionic surfactants. The adsorption of
nonionic surfactants is discussed later in this chapter. The structures of
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several solids used in adsorption research and the electrical properties
associated with them are discussed in this section. Most mineral surfaces
in reservoirs can be assumed to be charged.

Types of Solids. There have been a variety of solids used in
surfactant adsorption research. These solids have included “ideal” reser-
voir materials such as alumina (Al;Os) and silica (SiOs), and “real”
materials such as kaolinite clays, river alluvium, and sandstones.

There are several crystalline phases of alumina arising from the
different configurations possible for the aluminum and oxygen ions. The
surface charge on alumina in contact with a surfactant solution arises
indirectly from the crystal structure of the alumina. The most commonly
used alumina in adsorption studies has been a-alumina or corundum
which has a rhombohedral crystal structure comprising a hexagonal close-
packed array of oxygen ions with aluminum ions on two-thirds of the
octahedral sites (5). The other two forms of alumina are the n-phase,
which has a cubic structure, and the 6-phase, which has a monoclinic
structure.

Crystalline silica can exist as quartz, cristobalite, and tridymite, with
quartz being the form most commonly used in adsorption studies. Many
studies also use amorphous silicon oxides. The quartz crystal consists of
silica tetrahedra with the silicon ions located in the center and the oxygen
ions located at the corners. The tetrahedra are arranged to form
interlinked helical chains [5]. The different forms of quartz are distin-
guished by the differences between the angles formed by the Si—O—Si
bond, with the a-form being the most common.

Kaolinite is a clay mineral with the chemical formula: Als(OH),Si505
[5] or (OH)gSi4Al4O4¢ [6]. The basic unit of kaolinite consists of a single
silica tetrahedral sheet and a single alumina octahedral sheet such that the
oxygen atoms at the tips of the silica tetrahedrons and one of the oxygen
atoms of the alumina octahedral sheet form a common layer.

In illustrating the mechanisms of surfactant adsorption we will discuss
adsorption on a river alluvium. River alluvium from the Canadian River in
Cleveland County, Oklahoma has been used in several recent adsorption
studies [7-9]. Palmer et al. [7] profiled the alluvium and found that it
consisted of 91% sand, 2% silt and 7% clay.

An adsorption medium often considered typical of reservoir solids is
sandstone. Sandstone is an agglomeration of individual minerals, but the
primary component is usually quartz. Other minerals comprising sand-
stone include chert, feldspar, mica, illite, kaolinite and calcium carbonate.
A common type of sandstone used in adsorption research is Berea
sandstone [10, 11].

Other solids used in surfactant adsorption research include rutile
(TiOg) [12-15], carbonates, and graphite [16-19]. Studies with carbonates
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have included purified calcium and magnesium carbonate [20] and
Indiana limestone [11] and Baker dolomite [11, 21].

With the exception of graphite, the common characteristic of the
solids used in adsorption research is the capacity of the surface of these
solids to have an electrical surface charge. This capacity arises from the
interaction between the oxygen atoms in the structure and water
molecules. It is especially significant to note that under typical reservoir
conditions carbonates and sandstones have opposite charges.

Electrical Characteristics and the Electrical Double
Layer. Electrical surface charges arise from charge imbalances due to
imperfections in the crystal structure and preferential adsorption of
counter or potential determining ions [22, 23]. At low surfactant concen-
trations the surface charge largely determines the surfactant adsorption.
However, as the surfactant concentration increases other factors such as
the tendency of the surfactant to aggregate, become significant.

Imperfections in the crystal structure include isomorphous replace-
ment of ions within the crystal lattice, broken bonds, dislocations, and
lattice defects [24]. Ion replacement leads to a charge imbalance within
the lattice resulting in a charged surface. A common substitution is the
replacement of silicon atoms in kaolinite by aluminum atoms.

When a surface is fractured, bonds between layers, such as the
alumina-—silica layers in kaolinite or the metal-oxygen bonds in alumina,
can be broken, leaving ions with unsatisfied valence conditions. The
resulting charge can be either negative or positive depending on the type
of bond broken. A related source of surface charge is the partial
dissolution of the solid surface by water. This also leaves surface ions
with unsatisfied valences.

Lattice defects are holes within the lattice due to missing ions. The
missing ions leave the lattice with unbalanced charges. Charge imbal-
ances can also arise in crystal structures due to dislocations. There are two
types of dislocations. In the screw dislocation a section of a crystal is
skewed one atom spacing. In the edge dislocation an extra plane of atoms
has been inserted into a section of a crystal. The charge imbalances arise
at the sites of the dislocations.

Charge imbalances and broken bonds are accommodated by chemical
adsorption of water by the solid surface. The chemically adsorbed water
molecule forms an amphoteric site on the surface. Deprotonation of the
group leaves a negative charge on the surface. Protonation of the
amphoteric group leads to a positive charge on the surface. This charging
mechanism makes the surface charge highly dependent on the pH of the
contacting solution.

Electrical Double Layer. One of the earliest theories proposed
for explaining interactions of charged particles at the solid/liquid interface
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was the electrical double layer theory developed to describe the formation
of a charge on a mercury electrode surface. In early studies of surfactant
adsorption on minerals, the surfactant concentrations were low enough
that there were no interactions between surfactant monomers on the solid
surface. The simple electrical double layer model developed for mercury
electrodes was adequate for describing the adsorption behavior. When
the surfactant concentrations increased to levels where surfactants began
to interact with one another at the surface, this theory could no longer
describe the adsorption behavior. The addition of higher electrolyte
concentrations also affected the ability of this theory to describe adsorp-
tion behavior. The equations given below provide an introduction to the
kinds of interactions which must be considered in describing adsorption
behavior. In addition this theory serves as a starting point for many of the
more complex models of surfactant adsorption. Some discussion of
current models is provided in the next section.

The adsorption of counterions or potential determining ions at
relatively low concentrations can be addressed by the concept of the
electrical double layer which develops in response to a charge on the
mineral surface. An electrical potential exists across an interface when
there is an unequal distribution of charges across that interface. This
unequal distribution results in each side of the interface acquiring net
charges of opposite sign.

The idea of the electrical double layer was proposed by Helmholtz in
1879, and modified by Stern in 1924 [25]. In the Stern modification the
counterions in the solution, opposite in charge relative to the surface,
were divided into two layers: (1) a layer of ions adsorbed close to the
surface (generally referred to as the Stern layer) and (2) a diffuse layer of
counterions sometimes referred to the Gouy layer. As shown in Figure 1,
the potential decreases rapidly within the Stern layer (6) and more
gradually within the diffuse layer (d). The net charge in the Stern layer
plus the Gouy layer is equal and opposite in sign to the surface charge.
For minerals the surface charge is primarily controlled by the pH and the
nature of the mineral.

The diffuse layer charge, o, which extends out from the plane J seen
in Figure 1, can be described by the following:

2ekT
T

e Ze‘I’5> "

v/ng sinh < KT

where ¢ is the dielectric constant of water, k is Boltzmann’s constant, T is
the absolute temperature, Z is the valence charge including the sign of the
adsorbing ion, e is the elemental charge, W is the electrical potential at
the plane a distance 6 from the surface (the Stern plane) and ny is the
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Figure 1. Gouy—-Chapman model of the electrical double layer and the
potential distribution where ¢ is the Stern plane within which counter-
ions are adsorbed close to the surface and d is the diffuse layer of
counterions.

number of ions/cc in the bulk phase (where the electrical potential is
Zero).

The adsorption of counterions at the plane ¢ from the surface can be
described by the Gouy—Chapman equation as:

I's =2rCexp <_k—‘;/5> (2)

where I'; is the adsorption density, r is the radius of the adsorbed ion, C is
the concentration of ions in the bulk, and W is the work required to bring
ions from the bulk solution to the plane ¢ and is comprised of electrostatic
and interaction terms:

Ws =ZeWs — ¢ (3)

In equation 3 Ze'¥; is the electrical work of bringing the ion into the
Stern plane, and ¢ is the free energy change associated with the partial
removal of the alkyl chain for a surfactant from the water phase.

Assuming for an alkyl chain of n carbon atoms,

!
¢ _ng ()
kT kT
where ¢ is the interaction energy per CHy group between adjacent
chains of adsorbed surfactant molecules. This interaction begins when the
bulk surfactant concentration reaches the hemimicelle concentration,
which is the concentration at which the first surfactant aggregates form on
the solid surface. Details of the concept of the hemimicelle are presented
in the next section of this chapter.
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In applying these equations to surfactant adsorption research for
surfactant concentrations greater than the hemimicelle concentration,
Somasundaran et al. [26] put equation 2 into logarithmic form and
differentiated to give:

d Ze‘I’5
@_1_L_£’d_" (5)
dlnC dlnC kT dInC

where n is the number of carbon atoms and dn/dIn C indicates that the
effective number of carbon atoms that can be removed totally from the
aqueous environment by chain—chain association increases as the surface
coverage increases [23].

The concept of the electrical double layer works well in describing the
behavior of simple ions like Na™* or ClI~ or single ions like surfactants
when a nonelectrostatic term is added to the adsorption potential. For
potential determining ions such as H™ and OH~ however, the “site-
binding” model is frequently used. This model is used to describe the
development of a surface charge at a mineral/solution interface. It
requires knowing the reactions responsible for surface charge develop-
ment and the potential-charge relationships at the interface. It also limits
the concentration of the surface species to the total number of sites
available on the surface. These interactions are specific for individual
systems [27-29].

The adsorption of H" and OH ™ at the surface affects the charge on
the surface of the solid. The charge on the surface can be negative,
positive or neutral. The neutral condition is referred to as the point of zero
charge or pzc. The pzc is the pH at which the net charge on the surface is
zero. At a pH value above or below the pzc the surface is negatively or
positively charged, respectively. In the case of alumina with a pzc of
approximately 9 [22], the surface is positively charged at a pH less than 9
and negatively charged for pH values greater than 9. For silica the pzc is
2-3 [22], so the surface is negative above pH 3. For kaolinite the pzc is
approximately 4.5 [24]. If adsorption is desirable then the surfactant and
surface should have opposite charges. If adsorption is undesirable, which
is the case for applications such as EOR, then it may be advantageous to
have a surfactant with the same charge as the solid. Surfactants will still
adsorb on like charged surfaces, however, especially at high concentra-
tions (above the CMC) and in the presence of multivalent counterions.

Mechanisms of Surfactant Adsorption

Single Surfactant Systems. Surfactant adsorption at the solid/
liquid interface has been studied for several decades. Much of the early
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work reported in the literature was based on selecting the most effective
surfactant for purifying ores by flotation. These studies focused on
determining the interactions which bring about adsorption and determin-
ing the structures of the surface aggregates formed. Currently there is
general agreement on the interactions which bring about adsorption, but
there is still much discussion concerning the structure of the surfactant
surface aggregates.

Some of the experimental techniques employed in these studies have
included determining the change in surfactant concentration in the bulk
solution upon adsorption, zeta potential measurements, and probe
techniques (electron spin resonance and fluorescence). Attempts to
describe the adsorption behavior exhibited in the adsorption isotherms
has led to the development of several mathematical models [26, 30-33].
To date, none of the models are capable of fully accounting for all of the
phenomena which affect surfactant adsorption without introducing ad
hoc assumptions and adjustable parameters, but they have offered some
interesting insights.

Most adsorption studies have employed the surfactant depletion
method with the results being presented as isotherms which are simply
plots of the amount of surfactant adsorbed per gram of solid or per surface
area of solid versus the equilibrium surfactant concentration at a constant
temperature. These plots can be constructed using log—log, linear-log or
linear—linear scales with the most common choice being the log-log scale.
Koopal [34] presents a discussion of the advantages and disadvantages for
the different scales. The log—log scale can be used to obtain information
over wide ranges of adsorption and surfactant concentrations, and the
plots generally have abrupt changes in slope with increasing surfactant
concentration. A typical four-region isotherm constructed on a log-log
scale for a monoisomeric anionic surfactant is shown in Figure 2. The
reasons for the changes in slope are discussed below.

Not all log-log isotherms seen in the literature consist of four regions.
Some of the earliest adsorption studies were conducted by de Bruyn,
1955, Shinoda, 1963, and Jaycock and Ottewill, 1963 using surfactant
concentrations well below the CMC, and the reported isotherms con-
sisted of only two regions [26]. Further studies showed that at higher
surfactant concentrations log-log isotherms exhibited three distinct
regions [35] and at still higher concentrations four regions [36, 37]. It is
important to note that the exact shape of the isotherm will depend on
several factors including the type of surfactant, the charge on the surface,
and the presence or absence of additional compounds including electro-
lytes, co-surfactants, hydrotropes or alcohols.

The mechanisms driving surfactant adsorption are generally discussed
in terms of the four-region isotherms. At low surfactant concentrations,
designated as region I (see Figure 2), the adsorption behavior can usually



130 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

Region IV
Region III
= :
2 : CMC
é& HMC or Region II
® |CAC ;
&0 :
'2 .
Reégion I

log surfactant concentration

Figure 2. Typical four-region adsorption isotherm for a monoisomeric
surfactant.

be described by Henry’s Law, i.e. linear with a slope of one. This is also
the region where the simple Stern/Gouy double layer model is appro-
priate. Early work by de Bruyn [38] and Gaudin [39, 40] determined that
in this region surfactant monomers adsorbed as individual ions with no
interaction between the adsorbed molecules. This conclusion was based
on the zeta potential measurements of quartz/dodecylammonium chlor-
ide systems at low surfactant concentrations being nearly identical to the
zeta potential measurements of quartz/sodium chloride systems [40].
Today, it is known that the surface—surfactant interaction depends on the
type of surfactant. For nonionic surfactants the interactions involve
hydrogen bonding between surface hydrogens and proton acceptors in
the head groups and hydrophobic bonding between the hydrocarbon tails
of surfactants and the surface. Hydrophobic bonding is explained in
Chapter 1 of this book. Scamehorn et al. [30] and Harwell et al. [31]
showed that a tail-surface interaction involving adsorbed monomers
affects the value of the Henry's Law coefficient. For ionic surfactants
there are electrostatic interactions between the head groups of the
surfactants and charged sites on the surface. This electrostatic attraction
is typically described in terms of the interaction of the charged surfactant
ion with the electrical double layer of the solid.

The mechanism dominating adsorption in region II was described in
1955 by Gaudin and Fuerstenau [40] as being due to the association of the
adsorbed surfactants into patches at the solid/liquid interface. These
associations were attributed to tail-tail interactions, which are the same
hydrophobic interactions by which micelle formation is described today.

The region I/region II break corresponds, therefore, to the surfactant
concentration at which the first surfactant aggregates form on the surface.
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This concentration is referred to as the hemimicelle concentration
(HMCQC) [35] or as the critical admicelle concentration (CAC) [31]. This
aggregate formation can be viewed as a two-dimensional phase transition
occurring on the highest energy patches on the solid surface [30]. The
CAC/HMC varies with surfactant chain length and branching in the same
manner as CMC varies with these parameters [41]. If the system contains
ionic surfactants, the addition of an electrolyte will decrease the CAC in
the same manner that electrolytes reduce the critical micelle concentra-
tion (CMC) [42]. A note of practical application: in systems with added
electrolyte care must be taken to avoid precipitation of the surfactant by
the electrolyte [43]. The presence of a precipitate is easily hidden by the
solid material upon which adsorption is supposed to be occurring, and the
decrease in surfactant concentration due to precipitation could be
interpreted as greater surfactant adsorption than what is actually occur-
ring. Familiarity with the precipitation phase boundaries of the surfactant
for a given electrolyte or preliminary precipitation analyses using the
surfactant and electrolyte concentrations of interest may eliminate this
error.

In region III a decrease in the slope relative to the slope in region II is
seen. There have been several theories proposed to explain this change.
Somasundaran et al. [26, 35] attributed this change in slope to the
surfactant ions having filled all of the surface sites by the end of region II
with further adsorption being due to association between first and second
layer hydrocarbon chains in region III. The observed change in slope was
also attributed to a reversal in surface charge due to the adsorbed
surfactant ions. Scamehorn et al. [30] proposed that bilayer formation
began in region II and continued into region III but at a different rate.
This can also be viewed as adsorption taking place on the least energetic
patches on the surface in region III.

Region IV or plateau adsorption generally begins at or near the critical
micelle concentration (CMC) and is characterized by little or no increase
in adsorption with increasing surfactant concentration. In this region
micelles exist in the bulk solution and act as a chemical potential sink for
any additional surfactant added to the system. Most researchers agree that
the surfactant aggregates have a bilayer structure when the solution
concentration exceeds the CMC. The total adsorption above the CMC
may still be substantially less than complete a bilayer, however, and
depends strongly on surface charge and, therefore, pH.

There have been several surfactant structures proposed in attempts to
describe the adsorption isotherm. Two of them have been mentioned
already, the hemimicelle and local bilayer or admicelle. In 1955, Gaudin
and Fuerstenau [40] introduced the term hemimicelle to describe the
adsorption behavior they had observed in region II. Hemimicelles can be
described as aggregates of adsorbed surfactant molecules in which the
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surfactant monomers are arranged in a single layer with the head groups
facing the solid surface. This structure was proposed to explain the
increased adhesion of bubbles to the surface of minerals in region IT of
the adsorption isotherm. The bilayer structure consists of surfactant
monomers arranged such that the head groups of the first layer are
facing the surface and those of the second layer face the surrounding
solution. The tail groups of the two layers interact in the same manner as
they do in micelles. The bilayer structure was first proposed in the 1940s
[40]. In 1985 the term admicelle was introduced and was used to describe
surfactant surface aggregates which were bilayered in structure and which
had formed without an intermediate hemimicelle structure existing at a
lower surfactant concentration [31]. Such structures almost certainly
dominate at the CMC when the total surface coverage is well below
complete bilayer coverage.

Some additional structures which have been proposed are the surface
micelles proposed by Gao [44], and the hemicylinders and cylinders
proposed by Manne et al. [17, 18]. Surface micelles are aggregates
described as spheres with only one surfactant monomer adhering to the
solid surface. The hemicylinder and cylinder structures were based on
atomic force microscopy (AFM) images of several surfactant systems
involving adsorption of cetyltrimethylammonium bromide on pyrolitic
graphite [17], tetradecyltrimethylammonium bromide (C;4TAB) on silica,
C14TAB and didodecyldimethylammonium bromide on mica [18], and
C14TAB, hexadecyltrimethylammonium hydroxide, and sodium dodecyl-
sulfate on gold [45]. These cylindrical structures are arranged such that
the head groups of the surfactants are facing outward.

As the study of surfactant adsorption has evolved, the debate over the
exact structure of the adsorbed surfactant aggregates has become more
confused rather than becoming clarified. Until the recent advent of AFM
studies most of the debate had focused on monolayer (hemimicelle) and
bilayer (admicelle) structures. Current literature indicates that many
researchers are beginning to believe that the structure of the adsorbed
surfactant depends on the system being studied. In 1989 Somasundaran
et al. [46] introduced the term solloid to describe any surfactant
aggregates at the solid/liquid interface without attempting to define its
morphology. Despite the uncertainty or at least the complexity of the
structure of adsorbed surfactant aggregates, it is clear that micelle-like
aggregates form spontaneously at concentrations well below the bulk
CMC. Also, a complete bilayer is formed at the maximum adsorption of
surfactants adsorbing onto surfaces of opposite charge.

Mixed Surfactant Systems. Most surfactant systems used in
the petroleum industry are comprised of more than one surfactant. The
similarities and differences between pure component and mixed surfac-



4. WEssoN & HARWELL ~ Surfactant Adsorption in Porous Media 133

tant systems have been presented by Harwell and Scamehorn [47]. As
adsorption behavior from single surfactant systems mirrors the behavior
of micelle formation in solution, so too does adsorption from mixed
surfactant systems mirror mixed micelle behavior. Since there is no
interaction between surfactant molecules in region I, adsorption in this
region for a mixed surfactant system is driven by the same interactions as
for single surfactant systems, and the surfactants adsorbing from a
mixture will behave as their pure components; but as the surfactant
concentrations increase, the position of the region I/region II break may
shift relative to the break in the single component adsorption isotherms.
Adsorption from a mixture may fall in region II when the adsorption of
either pure component would still be in region I. This behavior is exactly
analogous to the lowering of the CMC in mixed surfactant systems.

The position of the remainder of the isotherm (regions II, III and IV)
relative to the adsorption isotherms of the pure component will depend
on the types and amounts of surfactants in the mixture. When surfactants
of similar head groups are mixed, the adsorption of the mixture will vary
monotonically between the adsorptions of the pure components. This is
the same as the CMC of the mixture varying monotonically with the mole
fraction of each component. If the mixture exhibits negative deviations
from ideal mixing behavior such as when ionic and nonionic surfactants
are mixed, then the CAC will also exhibit negative behavior. That is the
mixture CAC will be lower than either of the CAC’s of the pure
components. If anionic and cationic surfactants are mixed then deviations
more negative than those seen for ionic—nonionic systems will be seen.
This results in CAC’s that will again be lower than that of either of the
pure components adsorptions. To summarize: mixtures exhibiting non-
ideal behavior can produce the same surface coverage but with lower total
surfactant concentrations relative to the pure component systems.

Experimental Studies

Surfactant adsorption research covers many disciplines. Theoretical
studies include attempts to create models capable of accounting for
every facet of surfactant adsorption including determining the structure
of the adsorbed aggregates and determining the mechanisms driving the
adsorption process. Practical studies focus on evaluating surfactant
systems suitable for applications like ore flotation, improved oil recovery,
in situ and ex situ soil remediation (a field which has its origins in EOR),
cleaning applications, surfactant based separation processes, and wetting.
Often the results obtained from a study have both theoretical and
practical applications.

The literature review in this section is intended as an introduction to
the types of research that have been done; and is divided into the
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following sections: general adsorption studies with an emphasis on those
results which were significant in furthering the basic understanding of
surfactant adsorption; applied studies with an emphasis on EOR and
related fields; and recent studies involving gemini surfactants, a new class
of high performance surfactants.

Fundamental Adsorption Studies. This section presents a
few of the studies which were fundamental to understanding the
mechanisms of surfactant adsorption and several recent studies which
have served to expand our basic knowledge.

Cationic Surfactant onto Quartz. In the early 1950s attempts
were made to move the ore flotation process from an art to a science.
These attempts were driven by the more complex ores being mined and
the recognized need for a systematic approach to selecting a suitable
collector (surfactant) for a given ore. The purpose of the collector was to
promote adhesion of ore fines to bubbles sparged into a slurry of ore. The
early studies focused on quartz using dodecylammonium acetate concen-
trations which spanned what are now termed regions I and IT adsorption.
Figure 3 is the isotherm which Gaudin and Bloecher [48] obtained. They
noted that the observed change in slope in the isotherm occurred slightly
below the bulk critical micelle concentration (CMC), and that the
adsorption was reversible. They also found that the amount adsorbed in
a flotation process which resulted in almost complete recovery of the
oxide was under 5% of the amount required for monolayer coverage.
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Figure 3. Two-region adsorption isotherm of dodecylamine on quartz

[48].
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Based on zeta potential measurements of dodecylammonium chloride
adsorption onto quartz [40], it was proposed that the observed change in
the adsorption behavior was due to the association of the adsorbed
surfactants into patches at the solid/liquid interface. It was hypothesized
that these aggregates of adsorbed surfactant formed for the same reasons
surfactant monomers associate to form micelles in solution, and the term
hemimicelle was introduced. The aggregates were proposed to be “half™
micelles on the surface because the surface now spontaneously dewet to
allow bubble attachment. Zeta potential measurements showed that the
surface potential changed from negative to positive in systems containing
multivalent ions. This change in potential was also observed in systems
containing dodecylammonium ions. Based on these observations it was
proposed that the association of adsorbed ammonium ions acted as
multivalent cations.

Continuing research led to the application of electrical double layer
theory to describe surfactant adsorption. This theory was applied to
sodium dodecyl sulfonate adsorption onto alumina [35, 37]. Region III
adsorption was observed and attributed to the surfactant ions having filled
all of the first layer sites by the end of region II with further adsorption
being due to association between of the first layer hydrocarbon chains and
second layer hydrocarbon chains. The region II/III transition was
attributed to reversal of the surface charge leading to repulsion of the
surfactant ions from the surface in region III thus reducing the electrical
component of the adsorption potential. For a time after these studies,
researchers tended to focus on the electrical interactions between the
surfactant ions and the surface while other features, such as patchwise
adsorption and the presence of bilayers, were overlooked.

Cationic Surfactants onto Silica. The effect of surfactant types
on the adsorption mechanism was illustrated by a study of dodecylpyr-
idinium chloride (DPC) and cetylpyridinium chloride (CPC) onto silica
[49]. Due to the more hydrophobic nature of the silica surface relative to
rutile and alumina, both the head and tail groups of DPC and CPC can
interact with the solid surface. Adsorptions were conducted with various
pH values and salt concentrations. The resulting isotherms, on a logarith-
mic scale, consisted of four regions, but the shape of the isotherms
depended on the potassium chloride concentration and the pH. Figure 4
illustrates the differences in these isotherms relative to the typical
isotherm shown in Figure 2 for varying pH values. Adsorption of DPC
onto the commercial silica Aerosil was also conducted at two salt
concentrations (0.001 M and 0.1 M) For both salt concentrations used,
the slopes of the region I adsorptions were approximately one, and the
region IV plateau adsorption was only slightly higher for the higher salt
system. For the low salt system region II appeared as a pseudoplateau.
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Figure 4. Adsorption isotherm of DPC onto Aerosil OX50 [49].

This behavior was attributed to both the head and tail groups adsorbing
onto the surface and thus inhibiting adsorption. For the high salt
concentration there was no pseudoplateau but a steep increase in the
slope as is typically seen for surfactant adsorption on mineral oxides. This
steep increase in the slope was attributed to the salt ions being able to
screen the head group repulsion. As in micelle formation this screening
allows the head groups to approach each other more closely and facilitate
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surfactant aggregation. Similar results were obtained for tetramethylam-
monium bromide (TMAB) and cetyltrimethylammonium bromide

(CTAB) [50].

Anionic Surfactant onto Alumina and Kaolinite. A study
involving the adsorption behavior of isomerically pure alkylbenzene
sulfonates onto alumina and kaolinite and the development of a predictive
patchwise adsorption model to explain the observed isotherm examined
the underlying forces causing surfactant adsorption and provided infor-
mation which could aid in minimizing the loss of surfactant to adsorption
in EOR [30]. The resulting isotherms did not exhibit apparent adsorption
maxima or minima that had been seen in previous studies. The presence
of maxima and minima in earlier studies was attributed to using
surfactants which were not monoisomerically pure and to the interactions
which occur between the isomers in mixed micelles during adsorption.
This is analogous to the minima observed in surface tension curves for
mixed surfactant systems. The agreement between the theoretical calcu-
lations and experimental data was good for both mineral oxide systems
except for the region just prior to the plateau region for the kaolinite
isotherms. The structures predicted by the patchwise adsorption model
were unassociated molecules in region I, hemimicelles then mixtures of
hemimicelles and bilayers in region II, and bilayers in regions III and IV.

A second aspect of this work was comparing the plateau adsorption on
alumina at varying pH values to bilayer values calculated from adsorption
densities for monolayers. The monolayer values were estimated to range
from 1.94 to 2.87 molecules/100 A%. These estimates were determined
from surface tension data, film pressure studies on sodium dodecyl
sulfonate, and sulfonate head group densities for cubic packing. When
the plateau adsorption values were compared with adsorption densities
for bilayer coverage calculated from the monolayer values it was observed
that the plateau adsorption values fell in between the values calculated for
bilayer coverage below pH 7 but fell below the bilayer range for
adsorption above pH 7, thus indicating the formation of bilayers at pH
values far below the pzc of approximately 9. As the pH approaches the pzc
it is only natural that there would not be complete bilayer coverage since
the charge on the surface is becoming less positive.

Mixture of Anionic Surfactants onto Alumina. Most EOR
surfactants are mixtures of isomers, but these mixtures are too complex
for application of basic theory. In contrast, the effectiveness of ideal
solution theory in explaining region II adsorption for binary mixtures of
anionic surfactants has been demonstrated [51]. These controlled iso-
meric mixtures allow application of the ideal solution theory. The
application of this theory utilized a reduced adsorption equation for
mixtures of anionic surfactants [52]. The parameters for this reduced
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equation were obtained from the individual adsorption isotherms for
sodium octyl sulfate (CsSOy), sodium decyl sulfate (C;(,SO,) and sodium
dodecyl sulfate (C1250,) onto a-alumina at 30 °C. The alumina had a
surface area of 160 m*g and the pH was adjusted to produce an
equilibrium pH of 8.4. This pH results in a positive charge to the alumina
surface leading to high adsorption of the anionic surfactants. Figure 5
illustrates the agreement between ideal solution theory and experimental
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Figure 5. Mixed adsorption isotherms of CsSO4 and C12SO, onto o-
alumina [51].
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data for a binary mixture of CgSO4/C12S0,4. Agreement was also demon-
strated for a binary mixture of C;pSO4 and C12SO4 on y-alumina [53].
Regular solution theory has been shown to describe adsorption of
mixtures of anionics and nonionics [54]. One important observation in
these mixture studies is the reinforcement of the view that micelle
formation and mixed micelle formation play a central role in the behavior
of such systems, as proposed earlier by Trogus et al. [55]. Another
important conclusion is that mixed admicelle and hemimicelle formation
is very similar to that of mixed micelle formation.

Cationic Surfactants onto Porous Silicas. Remarkably, while
many of the studies of surfactant adsorption have been on porous
materials, little attention has been paid to the effect of pore size on the
isotherms. Indeed, all of the models of surfactant adsorption that have
been developed ignore the effect of pore structure on the electrical
double layer, treating the surface as a plane. Recently, the influence of
pore size on the adsorption of cationic surfactants onto porous and
nonporous silicas was examined in a study using the cationic surfactants
hexadecylpyridinium chloride and dimethylbenzyltetradecylammonium
chloride (TBzCl) [56]. The porous silicas were Sorbsil C30 from Rhone-
Poulenc with an average pore volume of 0.6 ml/g and Sipernat 50S from
Degussa-France with a pore volume of 0.003 ml/g. The corresponding
BET surface areas are 700 and 450 1n2/g, respectively. It might be
expected that the higher surface area silica would have the highest
plateau adsorption, but this was not the case. For TBzCl in 0.01 mol/L
NaCl the maximum adsorption on the Sorbsil C30 was 5.5 x 10~ % mol/g
and on Sipernat 50S it was 9 x 107° mol/g. This behavior was attributed
to the Sipernat 50S having large pore diameters while the Sorbsil had
small diameters. This behavior had been seen in a previous study [57]
using a nonionic surfactant, Triton X-100 adsorbed onto various silicas
with well characterized pore radii. Again, as the BET surface areas
increased, the pore radii decreased and the plateau adsorption
decreased.

Applied Adsorption Studies. This section deals primarily with
the application of surfactant adsorption to EOR processes and related
fields. From early work involving the formation of optimum micro-
emulsions (three phase or Winsor Type III systems) to the current use of
surfactants in other tertiary processes such as foam, CO,, steam, and
alkaline floods, surfactant adsorption has always played a significant role
in surfactant selection. The following are just a few of the many articles
that have involved studies of surfactant adsorption. These articles range
from having surfactant adsorption as the primary topic to those in which
adsorption is but one facet of the work being presented.
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Anionic Surfactants onto Kaolinite and Illite. In the investi-
gation of the adsorption of sodium dodecylbenzenesulfonate (SDBS) and
sodium dodecyl sulfate (SDS) onto asphalt covered kaolinite and illite
surfaces, Siffert et al. [58] observed Langmulr type I isotherms for SDS
adsorptlon onto Na " kaolinite and Na ™ illite while the SDBS exhibited a
maximum in adsorption with a decrease beginning near the CMC.
Adsorptlon maxima were observed near the CMC for both surfactants in
the Ca®>" kaolinite and Ca®™ illite systems. The adsorption behavior was
explained as precipitation of the calcium salt of the surfactants (an idea
supported by other studies), and the interaction of the aromatic ring in
SDBS with the asphalt. This interaction favors desorption of the asphalt
rather than adsorption of the SDBS. The amount of asphalt desorbed by
SDBS was twice that desorbed by SDS. Other explanations for adsorption
maxima include mixed micelle formation [55] and electrostatic repulsion
of micelles from the bilayer covered surface [59].

Anionic Surfactant onto Kaolinite. The adsorption of a petro-
leum sulfonate surfactant, TRS 10-80, onto Na-kaolinite was conducted in
batch experiments at low-to-medium salinity and under conditions in
which liquid-crystal suspensions formed in alcohol-containing brines [60].
TRS 10-80 was described as not being very brine-soluble. The adsorption
studies were conducted at 30 °C with pH values ranging from 7 to 13. The
alcohol used was 2-butanol and its concentration was held constant at
30 g/l.

%he adsorption of systems containing NaCl alone and NaCl-NayCO;
were markedly different. For NaCl systems (26.2 and 21 g/l NaCl) the
adsorption isotherms are marked by maxima of approximately 55 and
40 g/1, respectively. The maxima for both systems occurred at an equi-
librium sulfonate concentration slightly below 5 /1. In contrast the NaCl-
NayCOj3 adsorption plateaued at approximately 10 mg/1.

Other findings presented in this study include (1) the observation that
sodium hydroxide, while producing a higher pH than sodium carbonate
(12.2 versus 11.3), did not decrease the adsorptlon as effectlvely as sodium
carbonate; (2) the substitution of SO~ ions for Cl~ ions at constant ionic
strength strongly diminishes sulfonate adsorption; (3) adding sodium
silicates to the NaCl brines was said to give adsorption results similar to
those with NagCO3 (no data was presented) while systems containing
phosphates gave adsorptions of less than 5 mg/g, and in some systems
negative adsorption was observed.

Some of the conclusions presented were that, for these systems, the
pH dependent part of adsorption is small, the decrease in the
adsorption was correlated with the lowering of the sulfonate activity,
and sodium carbonate reduces sulfonate adsorption more than sodium

hydroxide.
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Anionic Blends onto Sand and Clay. Following a successful
enhanced oil recovery demonstration using a surfactant blend in a foam
flood, research was conducted to examine the fate of the blends in core
studies [61]. The surfactant blend was composed of alpha olefin sulfo-
nates (AOS’s) and the DOWFAX' surfactant 3B2. This surfactant is a
disulfonated alkyldiphenyloxide (DPOS). This line of surfactants is
discussed in more detail in the third part of this section.

It was pointed out that the use of AOS’s was desirable for EOR
applications due to their low cost, but that they tend to precipitate in the
presence of such cations as calcium and magnesium. The DPOS surfac-
tant, on the other hand, does not tend to precipitate in the presence of the
cations because of the disulfonate anion.

Solubility experiments indicated that a 50:50 blend of the surfactants
was soluble in 90,000 ppm Ca?™"; sufficient for most conditions encoun-
tered in oil reservoirs. Adsorption studies on sand indicated that the pure
surfactants had maximum adsorptions of approximately 150 and 50 pg/g
for AOS and DPOS respectively, while the 50:50 blend had a maximum
adsorption of about 75 pg/g. This reduced adsorption for the disulfonate
is consistent with the role of surface charge in surfactant adsorption
mechanism.

In static studies using the clay montmorillonite, surfactant adsorption
as a function of blend composition was examined. It was found that when
the blend consisted of more than 30% DPOS, total adsorption was
suppressed, again consistent with reduction of adsorption when charge
repulsion between surface and surfactant is increased.

Column studies were conducted on sand using each of the pure
surfactants, and a 50:50 blend of the surfactants in a 5% (weight to
volume) sodium chloride solution. In each of the three cases the
surfactant solution was injected in 1/4 pore volume slugs and the effluent
continuously monitored. The DPOS was the least adsorbed, the AOS the
most adsorbed, and the degree of adsorption of the blend fell between the
two pure surfactant adsorptions, but was still much less than the AOS
adsorption.

Conclusions concerning the adsorption work presented were that the
blend provided increased calcium tolerance and losses of surfactant due
to precipitation by calcium and adsorption onto reservoir rocks can be
reduced by the presence of the disulfonate.

Cationic and Anionic Surfactants onto Carbonates. The
adsorption onto several carbonates of the cationic surfactants, cetyl-
pyridinium chloride (CPC) and dodecyl pyridinium chloride (DPC)
were compared to the adsorption of the anionic surfactant sodium
dodecyl sulfate (SDS) [20]. It was expected that cationic surfactants
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would exhibit adsorption lower than anionic surfactants on carbonate
minerals, which tend to be positively charged. The carbonate solids were a
synthetic calcite (CaCO3) and natural dolomite (CaMgCOs3).

The surface charges on these carbonate minerals were attributed to
preferential dissolution of lattice ions, Mg2+ , Ca®" and CO3™ and the
adsorption of H" or OH ™~ which may act as potential determining ions
for carbonates. Therefore, the adsorption was conducted using various
concentrations of MgCly, CaCly, NayCOs, but no attempt was made to
regulate the pH, although the pH was measured. The average pH value of
the MgCl, and CaCl, systems was approximately 8.0, and the average pH
of the NayCOj systems was approximately 10.0. The pzc of the calcite was
9.2 and the pzc of the dolomite was 7.4 [62].

The adsorption behaviors of the CPC and DPC on the two carbonates
were markedly different. DPC exhibited region I (linear) adsorption over
the entire range of surfactant concentrations examined, up to the CMC,
with the exception of the DPC/calcite/MgCly system. For this system
there was approximately zero adsorption until the equilibrium surfactant
concentration reached approximately 4500 pmolar. At this concentration
the adsorption was measured as a negative value. Negative adsorption was
explained as the repelling of the like-charged surfactant from the surface
and the subsequent concentration of surfactant in the region of the
solution from which the analyte sample was collected. The negative
adsorptions seen for the CPC/calcite systems are shown in Figure 6.

CPC with no electrolyte present had nearly constant adsorption (0.05—
0.1 pmole/gram) on calcite. Adsorptions from 0.05 M MgCl, onto calcite
and from 0.05 M CaCl; onto calcite resulted in nearly constant adsorp-
tions at approximately 0.05 pmole/gram until the equilibrium surfactant
concentration approached 200 pmolar, then the adsorption became
negative. In contrast, adsorption isotherms for the dolomite system were
more like the traditional isotherm shown in Figure 2. For the system with
no additional electrolyte the adsorption values ranged from approximately
0.01 to 2.0 pmole/gram. Adsorption values from 0.05 M MgCly ranged
from 0.02 to 0.35 pmole/gram. While the values from 0.05 M CaCl,
ranged from 0.2 to 0.4 pmole/gram.

The adsorption isotherms of anionic SDS on the carbonates indicated
typical surfactant adsorption behavior with the plateau adsorption occur-
ring at 9-10 pmole/gram for the system containing no additional electro-
lyte, and in the MgCly solutions on both carbonates. The maximum
adsorption for both carbonate systems containing NayCOg3 was approxi-
mately 4 pmole/gram while the CaCly systems were approximately
5 pmole/gram.

The conclusions reached by the authors were that the addition of
lattice ions from the solid can enhance the adsorption of the anionic
surfactant while reducing the adsorption of a cationic surfactant by
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Figure 6. Negative adsorption exhibited by CPC onto synthetic calcite

[20].

directly affecting the surface charge. The enhancement of the anionic
surfactant adsorption arises from the decrease in the electrostatic repul-
sion between the head groups of the adsorbed surfactant molecules due to
the addition of the divalent cations. This effect would not, of course, be
observed in the cationic surfactant systems.

Further, just as in micelle formation, the addition of counterions can
reduce the repulsion between the head groups of the anionic surfactants
by compressing the electrical double layer between them. This com-
pression acts to increase the adsorption. This increase in adsorption was
not observed for addition of divalent cations to the cationic surfactants
systems, however.

The authors proposed that a reduction in surfactant losses for EOR in
carbonate reservoirs would be possible by using a cationic surfactant with
an appropriate concentration of added multivalent electrolyte where the
cations were also lattice ions for the mineral. In addition to lower
adsorption losses the cationic surfactant offer good corrosion inhibiting
capabilities and antibacterial properties. Unfortunately, cationic surfac-
tants are more expensive than anionic surfactants; however, to the
author’s knowledge the economics of the proposed application have
never been examined.
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Ethoxylated Sulfate Surfactants onto Mineral Oxides and
Sandstone Cores. Various features of anionic surfactant systems in
EOR have been illustrated in a series of studies using ethoxylated sulfates
as the primary surfactants with additives which included co-surfactants,
alcohols, electrolytes, polyethylene oxide and polymers [63-70]. The
solids included kaolinite, quartz, sandstone cores, Berea cores, and oil
containing reservoir cores.

The initial study [63] examined the adsorption of commercial mixtures
of polyethylene oxide nonyl-phenolether sulfates, Cy-Ph-(EO),-SO3Na
and their corresponding nonionic surfactants, Cy-Ph-(EO),-OH with
x=2, 4,55, 6, and 9. The nonionic surfactant is present as unreacted
feed in the production of the sulfated material. These studies also
examined the adsorption behavior of an isomerically pure polyethylene
oxide nonyl-phenolether sulfate, Co-Ph-(EO)4-SO3Na. The adsorption
isotherms for the commercial surfactant systems containing less than
30 mol% anionic surfactant indicated that the plateau adsorption
decreases, on a mole basis, as the number of EO-groups increases. An
additional observation was that as the amount of nonionic surfactant
increases there is an increase in adsorption in regions II through IV, with
the increase being greater for quartz than for kaolinite. When comparing
the adsorption of the isomerically pure sulfate with sulfate/nonionic
mixtures, it was observed that both anionic and nonionic surfactants
adsorbed onto kaolinite and quartz, but adsorption of the nonionic was
approximately 50% greater on both solids. Since the quartz is negatively
charge, this is again consistent with our understanding of the central role
of electrostatics in surfactant adsorption.

A later study [66] focused on the nonequilibrium adsorption of Cy-Ph-
(EO)-SO3Na, 88 mol% sulfonate and 12 mol% unconverted nonionic
surfactant, with a polymer, xanthan, onto oil-containing sandstone cores
from the North Sea. Addition of the polymer reduced the surfactant
adsorption by 80% relative to adsorption without xanthan, yet there was
no complex formation between the surfactant and the xanthan. This study
reflects one of the current trends of using systems containing surfactant—
polymer mixtures and emphasizes the need for system specific adsorption
studies in EOR applications.

A more recent study [70] examined the effects of the polymer
on surfactant adsorption in a low tension polymer water flood (LTPWF).
The surfactant was alkylpropoxyethoxy sulfate, Cja 15-(PO)4-(EO)s-
0SO3 Na™, and the polymers were xanthan and a copolymer of acryla-
mide and sodium 2-acrylamido-2-methylpropane sulfonate (AN 125 from
Floerger). The solid materials were sandstone cores from a North Sea oil
reservoir, Berea, and Bentheim cores. For these systems the xanthan
caused a 20% reduction in the adsorption of the surfactant. It was also
observed that surfactant adsorption appeared to increase as the water
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wettability decreased under LTPWF conditions and also as the salinity of
the brine increased. No mechanism was presented to explain the effect of
wettability on surfactant adsorption; however, it was proposed that the
polar components in the crude oil were adsorbed onto the solid surface
and would not be displaced under the LTPWF conditions. The effect of
the brine was explained as a reduction in lateral electrostatic repulsion
among adsorbed surfactant ions which causes a closer packing of the
adsorbed molecules, thus facilitating formation of admicelles.

Mixed Anionic Surfactants onto East Vacuum Grayburg—-San
Andres Unit (EVGSAU) and Baker Dolomite Cores. The surfactant
CHASER™ CD1045 (Chevron Chemical Co.) described only as a mixed
surfactant was adsorbed onto EVGSAU and Baker dolomite cores as part
of a study examining COs-foam in mobility control (21). The adsorption
portion of this study was conducted at room temperature and atmospheric
conditions.

On Baker dolomite cores the results of four studies were reported.
The differences between the studies were the presence or absence of
additional electrolytes (4% brine) and the porosity of the cores. Compar-
ing the adsorption of the surfactant from distilled water versus from the
4% brine solution for cores with similar porosity indicates that the
adsorption from the distilled water was slightly less than the adsorption
from the brine solution. For example, for cores with porosities averaging
18.8% with equilibrium surfactant concentrations of approximately
2180 ppm, the adsorption was 3200 Ib/acre-ft for the distilled water
system and 3577 Ib/acre-ft for the 4% brine system. The adsorption was
described as “reasonably Langmurian”, meaning that the slope decreased
as adsorption increased. For the distilled water systems, the adsorption
appears to be just beginning to plateau at the maximum of the surfactant
concentration range studied. The brine systems exhibit an adsorption
plateau of approximately 3500 Ib/acre-ft. The differences in the adsorp-
tion behavior between the distilled water and brine systems was attrib-
uted to the brine shifting the surface charge of calcite towards less
negative or even positive values. Any anionic surfactant would tend to
adsorb to a greater extent under increased electrolyte concentrations.

The adsorption behavior of the CHASER™ CD1045 onto EVGSAU
cores was similar to the behavior seen for the dolomite cores. For the
distilled water it appears that the adsorption is just beginning to plateau,
but greater surfactant concentrations would have to be studied in order to
confirm this. For the 4% brine system the adsorption plateaus at slightly
greater than 2000 Ib/acre-ft which is less than the adsorption seen on the
dolomite cores.

In a similar study [71] using Chaser™ CD-1045 for COs-foam
applications, the adsorption of the surfactant onto Baker dolomite was
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determined. The dolomite used in this study was similar in porosity to the
previous study discussed but the studies were conducted using synthetic
South Camden Unit (SCU). The average surfactant adsorption was
approximately 420 Ib/acre-ft which is considerably lower than that
reported for the East Vacuum Grayburg—San Andres Unit. The composi-
tion of the brine was not provided in this report, but it may be at least part
of the reason for the great difference between the two adsorption studies
conducted on Baker dolomite.

There are two additional types of chemical flooding systems that
involve surfactants which are briefly mentioned here. One of these
systems utilizes surfactant—polymer mixtures. One such study was pre-
sented by Osterloh et al. [72] which examined anionic PO/EO surfactant
microemulsions containing polyethylene glycol additives adsorbed onto
clay. The second type of chemical flood involves the use of sodium
bicarbonate. The aim of the research was to demonstrate that the
effectiveness of sodium bicarbonate in oil recovery could be enhanced
with the addition of surfactant. The surfactant adsorption was conducted
in batch studies using kaolinite and Berea sandstone [73]. It was
determined that the presence of a low concentration of surfactant was
effective in maintaining the alkalinity even after long exposures to
reservoir minerals. Also, the presence of the sodium bicarbonate is
capable of reducing surfactant adsorption.

Adsorption of Gemini Surfactants. Gemini surfactants,
characterized by two hydrophilic groups and at least two hydrophobic
groups, have attracted a significant amount of recent attention because of
several unique properties. A few of these properties are low CMC values,
low adsorption at the air/water interface, and closer packing of the
hydrophobic groups [74]. This section examines two studies, one directly
applied to EOR and the second involving a suite of gemini isomers for
their possible use in remediation applications.

Anionic Surfactant Blend and Amphoteric Surfactants onto
Berea Sandstone, Indiana Limestone, Baker Dolomite, and
Quartz. The first study to be presented examined the adsorption
behavior of two amphoteric surfactants, a betaine (Empigen BT) and a
sulfobetaine (Varion C%S); and a 50:50 blend of a C;, diphenyl ether
disulfonate (DOWFAX 3B2), and a C;4_;6 a-olefin sulfonate [11]. The
anionic surfactant blend was designated as DOW XS84321.05. The C;q
diphenyl ether disulfonate surfactant is one isomer in a suite of surfactants
which differ in their degree of alkylation and sulfonation and in their
chain lengths. This suite consists of monoalkyl disulfonates (MADS),
dialkyl disulfonates (DADS), monoalkyl monosulfonates (MAMS), and
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Table 1. Plateau Adsorption Values (mg/g) from Adsorption Isotherms”

Surfactant Types”
Rock Type Brine Anionic Betaine Sulfobetaine
Sandstone 2.1% TDS 0.11 1.31 1.30
Sandstone 10.5% TDS 0.26 1.12 —
Sandstone 2.32% NaCl 0.03 0.94 1.29
AGSCO Quartz 2.1% TDS 0.15 0.23 —
AGSCO Quartz 10.5% TDS 0.15 0.09 —
Indiana Limestone 2.1% TDS 0.37 0.31 0.21
Indiana Limestone 10.5% TDS 0.30 0.33 —
Indiana Limestone 2.32% NaCl 0.21 0.12 0.19
Baker Dolomite 2.1% TDS 0.13 0.38 0.32
Baker Dolomite 2.32% NaCl 0.12 0.37 0.34

“Taken from Table 5 of Mannhardt et al. [11]
b Anionic surfactant (DOW XS84321.05); betaine (Empigen BT); sulfobetaine (Varion
CAS)

dialkyl monosulfonates (DAMS). DOWFAX" 3B2 is a mixture of C10
MADS and C10 DADS. The general structure of these surfactants is
shown in Figure 7.

The adsorption studies were conducted on core samples of Berea
sandstone, Indiana limestone, Baker dolomite, and quartz sand from
three brines (a sodium chloride solution of 2.32% and two synthetic
reservoir brines with total dissolved solids of 2.1 and 10.5%). Conclusions
were based on the maximum or plateau adsorption values obtained, and
these values are shown in Table 1.

As shown in Table 1, the anionic surfactant blend gave the lowest
adsorption onto sandstone and onto the dolomite for all three of the brine
conditions examined. While onto quartz, the adsorption of the anionic
surfactant remained constant for both of the synthetic reservoir brines

SO3N3 (SOgNa)

(R) R

Figure 7. Structure of the DOWFAX' gemini surfactant where R are
alkyl chains of C6, C10, C12, or C16.
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tested with amounts in between those seen for the betaine surfactant. For
limestone the adsorption of the anionic and the betaine were approxi-
mately the same in the two synthetic reservoir brines, but both were
greater than the adsorption of the sulfobetaine. For adsorption onto
limestone from the brine solution the anionic adsorption was greater than
the betaine and slightly greater than that of the sulfobetaine.

Upon examining the adsorption data from the reservoir brines, there
was no consistent pattern seen in the adsorption behavior. Based on this it
was concluded that the tendency of surfactant adsorption to increase with
increasing salt concentration is minor and that the trends in adsorption
can be explained solely on the basis of the interaction of the charge on the
surfactant with the solid surface charges.

The surface charge on the solid depended, in part, on the brine
solution surrounding the surface. Electrophoretic mobilities were deter-
mined in the 2.1% TDS and the 2.32% NaCl brines, and at pH 7 the
following trend was observed:

Berea clays < quartz < dolomite < limestone
most negative least negative

The Berea sandstone had been split into clay and quartz fractions, but the
Berea whole rock was still more negative relative to the other core listed
for this study. Even though the trend was the same for both brines, the
divalent cations in the 2.1% TDS brine produced less negatively charged
surfaces than did the NaCl brine. This behavior was attributed to
adsorption of these ions into the Stern layer or, in the case of carbonates,
to preferential dissolution of CO3 ™~ over Ca®" or Mg> " in the presence of
excess divalent cations in the aqueous phase. It was also noted that
adsorption of metal hydroxide ions or mineral transformation reactions at
the solid surface may play a role.

A detailed discussion was presented on the relationship between
surfactant adsorption and the solid surface charge. For the anionic
surfactant, as expected, as the surface became increasingly positive the
adsorption increased. This increase in positive charge occurred either
when the rock type was changed in the order shown above while keeping
the brine fixed or when divalent cations were added to the brine for a
fixed rock type.

Some of the conclusions presented were that the anionic surfactant
blend exhibits low adsorption levels on sandstone, but adsorbs more
strongly onto dolomite and limestone. Divalent cations increase the
adsorption of the anionic surfactant and the betaine on sandstone and
limestone under constant ionic strength conditions, but the adsorption of
the sulfobetaine was affected very little by the presence of the divalent
cations. Increasing the total dissolved solids at constant ionic composition
gave mixed results, increasing the adsorption for some surfactant/rock
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Table 2. Gemini Surfactant Description

Surfactant Avg. MW (g/mol) CMC (M)*
C10 MAMS 423 353 x 1074
C10 MADS 523 1.40 x 10~*
C10 DADS 617 1.33 x 10~*
C12 MADS 551 1.30 x 104
C16 MADS 600 253 x 1074

“Reported by Dow Chemical and determined at room temperature and native
electrolyte conditions

combinations, but decreasing it for others (see Table 1). In terms of
adsorption levels, the anionic surfactant appears to be the best choice of
the systems studied for applications in sandstone and dolomite reservoirs.
In limestone reservoirs, the sulfobetaine would be best, particularly in the
presence of hardness ions. Finally, the trends in the adsorption of the
anionic surfactant appear consistent with the electrostatic mechanisms.

Anionic Surfactants onto Canadian River Alluvium (CRA)
and Alumina. The second study on gemini surfactants to be discussed
was conducted in order to determine strategies for designing gemini
surfactants in order to minimize adsorption. The adsorption studies were
conducted on Canadian River alluvium (CRA) [9] and on alumina at room
temperature. CRA is primarily a sand and is expected to behave similarly
to sandstone cores. The anionic gemini surfactants were supplied by
DOW and used as received. The alkyl groups used in the CRA and
alumina studies were linear and included alkyl chain lengths of C6, C10,
C12, and C16. The DAMS components and the C12 and C16 DADS were
not studied due to their low water solubilities.

Adsorption onto Canadian River Alluvium (CRA). The adsorp-
tion studies done on CRA were part of a larger study focused on
examining the behavior of the gemini surfactants in soil remediation
processes [9]. For the adsorption onto CRA, the surfactants studied
consisted of C10 and C16 MADS, C10 DADS, and C10 MAMS.

Prior to use, the CRA was crushed and sieved. The BET (Ny) surface
area was determlned to be 4.63 m /g with an average pore diameter of
55.52 A. Five grams of soil were used with 0.1 ml of a calcium chloride
solution (0.005 M) added and allowed to dry. Previous research had
shown the calcium chloride to be necessary to get the soil fines to separate
from the bulk solution. When the soil was dry, 25 ml of each surfactant
solution (1/5 to 10 times the CMC) was added. The CMC values for the
individual components are given in Table 2. The samples were placed on a
finger-tip shaker for 24 hours then centrifuged for 20 minutes. The
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amount of adsorption was determined by calculating the change in
surfactant concentration in the bulk solution. The equilibrium surfactant
concentrations were determined by HPLC with a UV detector set at
254 nm and methanol as the mobile phase. Prior to analysis on the HPLC,
all samples were passed through a 0.2 pm syringe filter to remove any
suspended soil particles.

As shown in Figure 8, the greatest adsorption is shown by the C10
MAMS component (4.91 mg/g). The MAMS surfactant is an isomeric
variation of the theme of this suite of gemini surfactants which has lost the
defining structure of the geminis. The higher adsorption of the C10
MAMS is then attributed to the monosulfonated component having less
electrostatic and steric hindrances than the disulfonated gemini compo-
nents. The maximum adsorption of the C10 MADS was 0.6 mg/g,
considerably lower than the 4.91 mg/g seen for the C10 MAMS. The
more hydrophobic nature of the MAMS relative to the MADS component
arises from the absence of the second sulfonate group. This greater
degree of hydrophobicity is the source of the increase in adsorption.

Figure 9 depicts the adsorption isotherms of the three C10 compo-
nents. For the reasons stated above, the monosulfonate had the greatest
adsorption (4.91 mg/g). While between the two disulfonated components
(MADS and DADS), the dialkyl component had the greatest amount of
adsorption (2.25 versus 0.6 mg/g). This is due to the greater hydrophobi-
city of the dialkyl component. The difference seen in the maximum
adsorption of the MAMS and DADS components, 4.91 and 2.25 mg/g,
respectively, is due to both steric hindrances caused by the second alkyl
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Figure 8.  Gemini adsorption onto CRA, all components.
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Figure 9.  Gemini adsorption onto CRA, C10 components.

group and the more ionic nature of the DADS component due to the
second sulfonate group.

The adsorption isotherms of the C10 and C16 MADS components are
shown in Figure 10. It can be seen that the adsorption increases at lower
surfactant concentration with increasing chain length, from C10 to C16
(0.6 to 1.83 mg/g). This increase is attributed to increasing hydrophobicity
with increasing chain length.

Adsorption studies have been conducted with other gemini surfactants
on CRA. Rouse et al. [8] studied the adsorption of DOWFAX" 8390, a
commercially available C16 surfactant and found the maximum adsorp-
tion of 4.3 mg/g while the maximum adsorption of the C16 MADS
component was 1.8 mg/g. The commercial product contains approxi-
mately 35 weight percent active component which is approximately
80 wt.% monoalkylated and 20 wt.% dialkylated. The increase in the
dialkylated component in the commercial mixture is responsible for its
greater maximum adsorption compared to the C16 MADS.

The adsorption behavior of the C10 DADS relative to the C16 MADS
is worth special note. Comparing initial concentrations, it is seen that at
lower surfactant concentrations the C16 has the greatest amount of
adsorption; however, as the plateau region is approached the C10
adsorption exceeds that of the C16. Since they are both disulfonates this
behavior can be attributed to the difference in chain lengths and the
degree of alkylation, both of which are directly related to the hydro-
phobicity of the surfactants. At the lower surfactant concentrations the
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Figure 10.  Gemini adsorption onto CRA, MADS components.

longer chain length dominates the adsorption, but at higher concentra-
tions the dialkylation dominates.

Adsorption onto Alumina. The goal of the adsorption studies on
alumina was to study the adsorption of the gemini surfactants on an
oppositely charged substrate, leading to high adsorption and bilayer
formation . The adsorptions of the C10, C12, and C16 MADS and the
C10 DADS components were studied.

The alumina used was manufactured by LaRoche and has a BET (Ny)
surface area of 301.83 mz/g and an average pore diameter of 105.08 A.
Due to the high surface area, only 0.05 grams of alumina and 30 ml of
surfactant solution were used. These quantities allowed enough surfactant
to remain in the bulk solution at equilibrium to be analyzed. The
surfactant feed concentrations ranged from approximately 1/5 to 10
times the CMC with NaCl concentrations of 0.15M for the MADS
solutions and 0.09 M for the DADS solutions. The pH of the alumina/
surfactant solutions was measured and adjusted to values ranging from 2.3
to 3.5 using sulfuric acid. The pH was allowed to equilibrate without
further adjustment. The vials were placed on a table-top type shaker for
24 hours. The alumina in the adsorption solutions was allowed to settle
prior to analysis. Centrifuging was found not to be effective in separating
the alumina from the surfactant solutions. The equilibrium pH was then
measured. The equilibrium surfactant concentrations were determined
by HPLC using methanol as the mobile phase with a UV detector with the
wavelength varying from 254 to 264 nm depending on the surfactant.
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Prior to injection into the HPLC the solutions were passed through a
0.2 pm syringe filter to remove any suspended alumina.

Of the MADS components the order of increasing adsorption was
C10, C12, and C16. This is in agreement with adsorption studies of
sodium alkylsulfonates onto alumina conducted by Wakamatsu and
Fuerstenau [41]. From the isotherms shown in Figure 11, the behavior
of the C16 and C12 MADS are very similar, noticeably the sharp increase
in adsorption just prior to the plateau region. The C10 MADS component
has a more gradual increase with no sharp break before apparently
plateauing. The third, fourth and eighth data points of the C10 MADS
isotherm were at lower feed pH’s than the remaining points on the curve.
The effect of varying feed pH’s on C12 and C16 MADS was not as
noticeable as on the C10 MADS.

As seen in Figure 11, the adsorption isotherms of C10 MADS and C10
DADS overlap over the entire isotherm. This was not expected. Gener-
ally, the dialkyl component would be expected to have the greater
adsorption due to the greater hydrophobicity. Since this behavior was
not seen in the adsorption isotherms on the CRA, there must be a
difference in the interaction of the surfactants and the alumina. Even
though there is a greater hydrophobicity for the dialkyl component, there
are also greater steric constraints for aggregate formation. On the more
porous alumina it is possible that the pore structure was such that the
second alkyl group prevented adsorption of the dialkyl component in
some pores, while no such constraint existed for the monoalkyl compo-
nent. There were no significant variations in the feed or equilibrium pH
values, and the difference in the salinity was 0.06 M. A lower salinity was
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Figure 11.  Gemini adsorption onto alumina, all components.
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Table 3. Maximum Adsorptions of Gemini Surfactants

Surfactant CRA Alumina

C10 MAMS 4.91 mg/g (1.16 x 10~° mol/g) —

C10 MADS 0.6 (1.15 x 1079) 236.5 mg/g (4.52 x 10~ * mol/g)
C10 DADS 2.95 (3.66 x 1079 237.0 (3.86 x 107

C12 MADS — 299.1 (5.43 x 10™%)

C16 MADS 1.83 (3.05 x 1079 527.5 (8.79 x 1079

required for the DADS component due to the tendency of these solutions
to form insoluble materials.

In general the gemini components adsorbed as expected on both
surfaces. As expected the higher surface area, oppositely charged alumina
had significantly greater adsorption than that on the CRA (see Table 3 for
the actual values). The monosulfonates showed the greatest amount of
adsorption due to the lack of electrostatic and steric hindrances. In the
series of MADS components there was increasing adsorption with
increasing chain length due to increasing hydrophobicity.

There were several observations made concerning the effect pH had
on the adsorption on alumina. Adsorption of the DADS component onto
alumina was very sensitive to variations in the feed pH. This was exhibited
by the several points that did not fit smoothly on the isotherm (see Figure
11). It was also noted that for any of the surfactants if the feed pH was at
or below 2.5 or 2.6 the final pH was usually below 3.0, but if the feed pH
approached 3.0 the final pH would approach 4.0.

In conclusion, the adsorption studies on the CRA indicated that the
purer components had significantly less soil adsorption than the commer-
cially available DOWFAX surfactants. In EOR or soil remediation
projects this smaller amount of surfactant loss to the soil could amount
to significant cost savings, but as with all commercial applications the
economics of the higher costs associated with producing purer products
must be weighed against profit losses associated with losing surfactant to
adsorption.

While the gemini surfactants discussed above have many properties
favorable for EOR and remediation applications, like all surfactants their
use will be determined by their behavior under conditions specific to the
application. In general their adsorption values were lower than those
exhibited by many other surfactants and their salinity tolerance has been
demonstrated. The similar behavior exhibited by the C10 MADS and
C10 DADS components onto alumina further illustrates the importance
of pore size in influencing adsorption. For this particular suite of surfact-
ants the components which are not “true gemini” surfactants tend to
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have the more favorable adsorption properties, monoalkyl versus dialkyl
components.

Summary

Surfactants are used extensively in enhanced oil recovery. Applications
include micellar floods or flooding in conjunction with polymers, alkalis,
steam or carbon dioxide. Another application is the generation of foams
for mobility control or blocking and diverting. For each of these applica-
tions care must be taken in selecting the surfactants. Surfactants tend to
be a major portion of the costs associated with EOR, and losing surfactant
to adsorption leads to substantial economic losses.

Surfactant adsorption depends on many factors. Factors discussed in
this chapter include the electrical nature of the solid surface, pH of the
system, and the structure of the surfactant. For most of the solids in the
various studies reviewed, the charge on the surface is determined in large
part by the pH of the system. Adsorption is enhanced in those systems in
which the solid surface and the surfactant have opposite charges, and the
greater the surface charge the greater the surfactant adsorption. Higher
surface area solids tend to have increased adsorption, but pore size can
also affect the degree of adsorption. Care must be taken to avoid
confusing precipitation of the surfactant for adsorption; hence, familiarity
with the solubility of a surfactant in the presence of counterions is
necessary.

The studies reviewed for this chapter are examples of the types of
studies which have been done on surfactant adsorption. These studies
included those upon which fundamental theories and models have been
developed as well as those used to develop practical applications of
surfactants in the field of enhanced oil recovery.

Acknowledgment

We would like to express our appreciation to Lisa Quencer of the DOW
Chemical Company for all of her help in the gemini surfactant research
conducted on Canadian River alluvium and alumina.

References

1. Taber, |.J.; Martin, F.D.; Seright, R.S. SPERE Aug. 1997, 199-205.

2. Novosad, J.; Maini, B.; Batycky, ]. JAOCS 1982, 59, 833.

3. Lake, L.W.; Pope, G.W. Pet. Eng. Int. 1979, 51, 38.

4. Holm, L.W. Proceedings of the 57th Annual Fall Technical Conference of



156

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24,
25.

26.

27.

28.

29.

30.

31.

SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

SPE; Society of Petroleum Engineers: New Orleans, LA, 1982, paper SPE
11196.
Greenwood, N.N.; Earnshaw. A. Chemistry of the Elements, 2nd ed.;
Butterworth-Heineman: Boston, 1997; pp 2424, 352.
Grim, R. Clay Mineralogy; McGraw-Hill: New York 1968; p 59.

ahner C.; Sabatini, D.A.; Harwell, J.H. In Transport and Remediation of
Subsurface Contaminant; Sabatini, D.A.; Knox, R.C. Eds.; American
Chemical Society: Washington DC, 1992; pp 169-81.
Rouse, ].D.; Sabatini, D.A.; Brown, R.E.; Harwell, ].H. Water Env. Res.
1996, 68, 162-8.
Sabatini, D.A.; Harwell, ] H.; Deshpande, S.; Wesson, L.; Wade, D. Water
Research, submitted for publication.
Novosad, ] J. SPE] Dec. 1982, 962-70.
Mannhardt, K.; Schramm, L.L.; Novosad, J.J. Colloids Surfaces 1992, 68,
37-53.
Bohmer, M.R.; Koopal, L.K. Langmuir 1992, 8, 2649-59.
Bohmer, M.R.; Koopal, L.K. Langmuir 1992, 8, 2660-5.
Koopal, LK.; Lee, E.M.; Bohmer, M.R. J. Colloid Interface Sci. 1995, 170,
85-97.
Lee, E.M.; Koopal, LK. J. Colloid Interface Sci. 1996, 177, 478-89.
Zhu, B-Y.; Gu, T.; Colloids Surfaces 1990, 46, 339-45.
Manne, S.; Cleveland, J.P.; Gaub, H.E.; Stucky, G.D.; Hansma, P.K.
Langmuir 1994, 10, 4409-13.
Manne, S.; Gaub, H. Science 1995, 270, 1480-2.
Krishnakumar, S.; Somasundaran, P. Colloids Surfaces 1996, 117, 227-33.
Tabatabai, A.; Gonzalez, M.V.; Harwell, J.H; Scamehorn, |.F. SPERE
1993, 117-22.
Tsau, J-S.; Heller, J.P.; Moradi-Araghi, A.; Zornes, D. R.; Kuehne, D.L.
SPE/DOE Ninth Symposium on Improved Oil Recovery: Tulsa, OK, 1994,
paper SPE/DOE 27785.
Fuerstenau, D.W. Pure Appl. Chem. 1970, 24, 135-64.
van Olphen, H. An Introduction to Clay Colloid Chemistry; Interscience:
New York, 1963; pp 17-20.
Fernandez, M.E. Master’s Thesis, University of Texas at Austin, 1978.
Rosen, M.]. Surfactants and Interfacial Phenomena; Wiley, New York,
1989, 2nd ed.; pp 35-8.
Somasundaran, P.; Healy, T.W.; Fuerstenau, D.W. J. Phys. Chem. 1964,
68, 3562—6.
Davis, J.A.; James, R.O.; Leckie, ].O. J. Colloid Interface Sci. 1978, 63,
480-99.
James, R.O.; Parks, G.A. In Surface and Colloid Science; Matijevic, E., Ed.;
Plenum Press: New York, 1982, Vol. 12; pp 119-216.
Hankins, N.P.; O'Haver, ].H.; Harwell, [.H. Ind. Eng. Chem. Res. 1996,
35, 2844-55.
Scamehorn, J.F.; Schecter, R.S.; Wade, W.H. ]J. Colloid Interface Sci.
1982, 85, 463-78.
Harwell, J.H.; Hoskins, J.C.; Schecter, R.S.; Wade, W.H. Langmuir 1985,
1, 251-62.



32.
33.
. Bohmer, M.R.; Koopal L.K. Lanﬂmmr 1992, 8, 2649-59.
35.
36.

37.
38.
39.

. Gaudin, A.M.; Fuerstenau, D.W. Trans. AIME 1955, 202, 958—62.
41.

42,
43.

44.
45.

46.
47.

48.
49.
50.
51.

52.
53.

54.
55.

56.

57.

58.
59.

60.

61.

WEsSON & HARWELL ~ Surfactant Adsorption in Porous Media 157

Zhu, B-Y.; Gu, T. J. Chem. Soc., Faraday Trans. 1989, 85, 3813-7.
Bohmer M R.; Koopal, L.K. Lzmamuzr 1992, 8, 1594-602.

Somasundaran P.: Fuerstenau, D W. J. Phys. Chem. 1966, 70, 90-6.
Scamehorn, J.F.; Schecter, R.S.; Wade, WH. . Colloid Interface Sci.
1982, 85, 479-93.

Chandar, P.; Somasundaran, P.; Turro, N.]J. J. Colloid Interface Sci. 1987,
117, 31-46.

de Bruyn, P.L. Trans AIME 1955, 202, 291-6.

Gaudin, A.M.; Morrow, ].G. Trans AIME 1954, 199, 1196-202.

Wakamatsu, T.; Fuerstenau, D.W. In Adsorption From Aqueous Solution;
Weber, W. |.; Matijevic E., Eds.; American Chemical Society: Washington,
DC, 1968; pp 161-72.

Bitting, D.; Harwell, ].H. Langmuir 1987, 3, 500-11.

Amante, ]C Scamehorn J.F.; Harwell, J.H. J. Colloid Interface Sci. 1991,
144, 243-53.

Gao, Y.; Du, |.; Gu, T. J. Chem. Soc., Faraday Trans. 1987, 83(8), 2671.
]aschke M.; Butt, H.-J.; Gaub, H.E.; Manne S. Langmuir 1997, 13, 1381~

SOH]dSllIlddI‘dn P.; Kunjappu, J.T. Colloids Surfaces 1989, 37, 245-68.
Harwell, J.H.; Scamehorn J.H. In Mixed Surfactant Systems; Ogino, K.;
Abe, M., Eds.; Marcel Dekker: New York; pp 263-81.

Gaudin, A.M.; Bloecher, F.W. Trans AIME 1950, 187, 499-505.

Goulob, T.P.; Koopal, L.K. Langmuir 1997, 13, 673-81.

Goulob, T.P.; Koopal, L.K.; Bijsterbosch, B.H.; Sidorova, M.P. Langmuir
1996, 12, 3188-94.

Lopata, J.J.; Harwell, ].H.; Scamehorn, J.F. In Surfactant-Based Mobility
Control; Progress in Miscible-Flood Enhanced Oil Recovery; Smith, D.H.,
Ed.; American Chemical Society: Washington, DC, 1988; pp 205-19.
Scamehorn, J.F.; Schecter, R.S.; Wade, W.H. JAOCS 1983, 60, 1345-9.
Roberts, B.L.; Scamehorn, J.F.; Harwell, J.H. In Phenomena in Mixed
Surfactant Systems; Scamehorn, J.F., Ed; American Chemical Society:
Washington, DC, 1986; p 200.

Lopata, ].J. Master’s Thesis, University of Oklahoma, Norman, OK, 1987.
Trogus, F.]J.; Schecter, R.S.; Wade, W.H. J. Colloid Interface Sci. 1979, 70,
293-305.

Treiner, C.; Montocone, V. In Surfactant Adsorption and Surface Solubi-
lization; Sharma, R., Ed.; American Chemical Society: Washington, DC,
1995; pp 36-48.

Giordano, F.; Desnoyel, R.; Rouquerol, J. Colloids Surfaces A 1993, 71,
293-8.

Siffert, B.; Jada, A.; Wersinger, E. Colloids Surfaces 1992, 69, 45-51.
Ananthapadmanabhan, K.P.; Somasundaran, P. Colloids Surfaces 1983, 7,
105-14.

Baviere, M.; Ruaux, E.; Defives, D. SPE International Symposium on
Oilfield Chemistry: Anaheim, CA, 1991, paper SPE 21031.

Dawe, B.; Oswald, T. J. Canadian Pet. Tech. 1991, 30, 133-7.



158

62.
63.
64.
65.
66.
67.
68.
69.
70.

71.

72.

73.
74.

SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

Gonzalez, M. Master’s Thesis, University of Oklahoma, Norman, OK,
1989.

Austad, T.; Lgvereide, T.; Olsvik, K.; Rolfsvag, T.A.; Staurland, G. J. Petrol.
Sci. Eng. 1991, 6, 107-24.

Austad, T.; Bjgrkum, P.A; Rolfsvag, T.A. J. Petrol. Sci. Eng. 1991, 6, 125—
35.

Austad, T.; Bjgrkum, P.A; Rolfsvag, T.A.; @ysed, K.B. J. Petrol. Sci. Eng.
1991, 6, 137-48.

Austad, T.; Rgrvik, O.; Rolfsvag, T.A.; Qysaed, K.B. J. Petrol. Sci. Eng.
1992, 6, 265-76.

Austad, T ; Fjelde, L; Rolfsvag, T.A. J. Petrol. Sci. Eng. 1992, 6, 277-87.
Austad, T.; Fjelde, I; Veggeland, K. |. Petrol. Sci. Eng. 1994, 12, 1-8.
Fjelde, I; Austad, T.; Milter, |. J. Petrol. Sci. Eng. 1995, 13, 193-201.
Austad, T.; Ekrann, S.; Fjelde, I.; Taugbgl, K. Colloids Surfaces 1997, 127,
69-82.

Contracts for Field Projects and Supporting Research on Enhanced Oil
Recovery, U.S. Department of Energy, Progress Review No. 86, Contract
No. DE-FG22-94BC14991, 1996.

Osterloh, W.T ; Jante, M.]., Jr. SPE/DOE Eighth Symposium on Enhanced
Oil Recovery: Tulsa, OK, 1992, paper SPE/DOE 24151.

Peru, D.A.; Lorenz, P.B. SPE Res. Eng. 1990, 5(3), 327-32.

Rosen, M.J.; Tracy, D.J. . Surf. Detergents 1998, 1, 547-54.

RECEIVED for review July 7, 1998; ACCEPTED revised manuscript January 6,
1999.



Surfactant Induced Wettability
Alteration in Porous Media

Eugene A. Spinler and Bernard A. Baldwin
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USA

It is the wettability of the reservoir rock that controls the
distribution of oil and water and affects their movement through
pore spaces. Understanding wettability in porous media is, by
itself, a difficult problem. Controlling it to modify the behavior of
reservoir rock presents a more complex problem. Surfactants
provide a tool that can transform the wettability of the porous
rock. There are numerous methodologies and practices for
studying and measuring wettability and its modification. The
interactions of surfactants with reservoir materials to alter
wettability are highly dependent upon the pore surface compo-
sition and pore structure as well as the characteristics of the
surfactants. Wettability alteration of the porous rock from
surfactants can affect drilling, well completion, well stimulation,
secondary or tertiary oil production and environmental clean-

up.

Role of Wettability Alteration

Wettability alteration of porous reservoir rock with surfactants is one
means to improve the flow and distribution of fluids in a reservoir.
However, much remains to be learned regarding how surfactants interact
with the rock minerals and organics found both within the pores and on
the pore surfaces of reservoir rock. It is the objective of this chapter to
provide an initial understanding and review of the following:

Theoretical aspects of wettability
Methods for measuring wettability
Surfactant induced wettability alteration
Laboratory and field studies

L

Background. Surfactants have been introduced into oil reser-
voirs to increase oil recovery, minimize adverse mobility ratios, clean
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plugged wellbores and improve drilling. In the first two processes, the
surfactant is selected to either alter the interfacial tension between
injected and in-situ fluids and/or alter the wettability of the reservoir
rock. The former changes wettability by altering the fluid(s) while the
latter alters the chemical nature of the immobile surface. Both processes
are capable of increasing hydrocarbon production, however, most studies
have focused on the reduction of interfacial tension. Understanding the
role surfactant-altered wettability plays in hydrocarbon recovery may be
of equal, or greater, importance. The latter two processes are designed to
either remedy a production problem or minimize negative interactions
between the reservoir and the drilling procedure. Without careful
selection of surfactant, the latter two may seriously alter the reservoir
wettability and permeability near the production wellbore causing cata-
strophic reduction in hydrocarbon production and alter recovered core so
that it no longer accurately represents the reservoir. Thus, surfactants can
play a very important role, both positively and negatively, in oil produc-
tion.

Theoretical Aspects for Wettability

Fundamental Equations of Wettability. This section pro-
vides the basic equations and concepts that are needed to understand and
permit a practical discussion of wettability. Rigorous definitions and
mathematics can be found in the references. Wettability, in this chapter,
describes the interaction between fluids and the rock surface, i.e. whether
a surface prefers to be in contact with oil or water. Although some general
terminology will be used, wetting will generally be described with water as
the wetting fluid and oil as the second fluid phase.

When two fluids, mutually immiscible with each other, both contact a
solid surface, the less wetting fluid will retreat from contact with the solid
while the stronger wetting fluid will be attracted to the surface. At the
point of intersection between the two fluid phases and the solid surface, a
contact angle is produced. If the fluids are not moving and their
interaction with the surface and each other is thermodynamically stable,
the three phase contact angle that forms is the result of the mechanical
equilibrium of the three interfacial tensions (free energy per unit area).
Young’s equation [1] denotes the equilibrium relationship

7so — Ysw = Ywo cos 0 (1)

vso is the interfacial tension between a solid and oil, ygy is the interfacial
tension between a solid and water and ywo is the interfacial tension
between water and oil. In an oil/water/solid system, the contact angle, 0, is
customarily measured through the water phase (Figure 1). This contact
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Figure 1. View of the contact angle, 0, as measured through the water
phase.

angle provides a direct macroscopic measurement of wettability on flat
surfaces under the appropriate experimental conditions.

Contact angles can be either static or dynamic. Static contact angles
are formed with a surface under no applied force other than gravity, i.e.
surface is perpendicular to the gravitational field and neither the fluids
nor the surface(s) are being displaced. Dynamic contact angles are
distorted from the static case by an applied force and can be advancing
or receding. Advancing contact angles are formed at the front of the
encroaching wetting phase. Likewise, receding contact angles are formed
at the front of the encroaching non-wetting phase.

The right side of equation 1 is known as the adhesion tension, Tswo,
for water and oil in contact with a solid:

Tswo = Ywo cos 0 (2)

Measuring the adhesion tension provides a means to determine the
contact angle for smooth clean surfaces. This is discussed under wett-
ability measurement by the Welhelmy method.

Regardless of which fluid(s) wets the surface, any spontaneous
spreading that occurs decreases the free energy of the total system. The
change in free energy is called the spreading coefficient, Syys, for water
and a solid, and in terms of the three interfacial tensions can be written as

Sws =7s0 — Ywo — Vsw (3)

Spontaneous spreading of water only occurs when Sy is zero or greater.
A change in the interfacial tension term of any component produces an
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alteration of wettability. Combining equation 1 with 3 results in
Sws = ywolcos 0 — 1) (4)

Spontaneous spreading of water occurs when water has a “nonfinite”
contact angle (i.e. less than zero). In this case water spreads spontaneously
on the surface, which can hold a uniform film of water that is stable at any
thickness. When the contact angle is finite, and is less than 90°, the water
“wets” but does not spread; it forms a sessile drop with a large area of
contact on the surface. When the contact angle is finite, and is greater
than 90° but less than 180°, the water does not spread and does not wet
either; it forms a sessile drop with a very small area of contact on the
surface. The discussion is analogous for oil spreading, but one has to be
careful to maintain the contact angle as measured through the water.

To describe wettability in a porous reservoir rock requires inclusion of
both the fluid surface interaction and curvature of pore walls. Both are
responsible for the capillary rise seen in porous media. The fundamental
equation of capillarity is given by the equation of Young and Laplace [2]

AP = ywoll/r, + Ury) (5)

The pressure difference, AP, between the two fluid phases that causes
capillary rise is a function of the interfacial tension (surface free energy)
and the mutually perpendicular radii of curvature, r; and ry, for the
interface between the two fluids. The pressure difference is known as the
capillary pressure, P, and is defined as the pressure in the oil phase, Po,
less the pressure in the water phase, Pyw. If the porous medium is
regarded as a bundle of capillaries with an average radius, 7, equation 5
can be expressed as

PC = 2?“’() cos O/F (6)
When liquid penetrates a single capillary of radius r, the length of flow [,
in time ¢, for fluid of viscosity u, is given by the Washburn [3, 4] equation
I = (pwort cos 0)/(2p) (7)
To apply to a porous medium, defined as bundle of capillaries, the
equation can be written as

I = ((cPywot cos 0)/(2p) (8)

where ¢ is a constant to allow for randomly oriented capillaries.

Forces Associated with Wettability. Molecules in a thin film
reside in a different environment than those in a bulk phase. The
fundamental forces that produce the interfacial tensions at surfaces are
intermolecular. When the distances separating interfaces are small these
forces interact proportionally to the distance of separation. The inter-
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action at these distances can be described by a force per unit area known
as the disjoining pressure, I1(h), where h is the thickness of the thin film.
When the disjoining pressure is positive, the interfaces repel each other.
If the disjoining pressure is negative, the interfaces attract each other. The
disjoining pressure can be approximated by the sum of three force
components, electrostatic (ITe), structural (ITs), and van der Waals (ITm)

[5].
II(h) = He(h) + Ts(h) + IIm(h) (9)
The descriptions of these components are as follows:

e Ile(h) — Ionic molecules in water give rise to double layers at the
fluid—fluid and at the fluid-solid interfaces that consist of a
compact surface charged layer and a diffuse layer of counterions
(see Figure 2). As a film thins, the counterions of the two double
layers approach each other and repulsion of these double layers
takes place. This repulsion stabilizes the film by preventing further
thinning and creates the electrostatic component of the disjoining
pressure.

e IIs(h) — Forces that interact at molecular dimensions and depend
upon the solvent structure constitute the structural portion of the
disjoining pressure. Dipole—dipole interaction is the attraction of
the positive end of one polar molecule for the negative end of
another polar molecule. The hydrogen bonding of water molecules
are an example of dipole—dipole interaction. Non-polar molecules
such as hydrocarbons do not dissolve in water because the
attraction between adjacent water molecules is greater than that
between water and hydrocarbons. This results in an enhanced

Solution '
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Figure 2. The electric double layer showing a comfact surface charged
layer and a diffuse layer of counterions. (Reprinted by permission from
reference 38. Copyright 1989.)
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attraction, hydrophobic bonding, between two particles when the
solvent—particle interaction is weaker than the solvent—solvent
interaction. Consequently, if two hydrophobic surfaces are
immersed in water, the interfacial energy (interfacial tension) of
the water—hydrocarbon interface is reduced as the hydrophobic
surfaces are brought together.

e IIm(h) — London—van der Waals forces, also known as the “disper-
sion” forces, arise from the mobility of electrons in a molecule such
that molecules are attracted to or repulsed from each other by the
polarizable electron cloud. The interaction between molecules
varies with separation and provides for the van der Waals compo-
nent of the disjoining pressure.

The Young—Laplace equation (equation 5) describes the force balance
in terms of capillary pressure for two fluid phases in contact with each
other and a surface. If one of the phases is present as a thin film, the
equilibrium relationship that accounts for the thin film is the augmented
Young-Laplace equation [6-8],

P.=I1(h) + 2Hywo (10)

where H is the mean curvature of the film interfaces. In the meniscus
region where the distance between interfaces is large, TI(h) is zero and
equation 10 reverts to equation 5. When the solid interface is flat and the
interfaces are parallel, H becomes zero and P. becomes equal to IT(h).

An observable contact angle may exist for a meniscus even when one
of the fluid phases completely wets a solid substrate with a thin film (see
Figure 3). The thickness of the film can be less than the wavelength of
visible light (4000 to 7000 angstroms). Melrose [9] estimated the bilayer
film thickness of water to be on the order of 0.5 nanometers. Zorin [10]
calculated the equilibrium thickness of the wetting film on a quartz
surface for particular cationic and anionic surfactant solutions to be 100
and 770 angstroms, respectively. The observable contact angle is an
apparent contact angle and under conditions that are presumed to give
equilibrium is the equilibrium contact angle [7, 8] (used in previous
equations above). This apparent or equilibrium contact angle on a flat
surface can be calculated from

o0

Ywo COS 0= Ywo T Pcho + H(h) oh (11)

ho
In the meniscus region, the macroscopic contact angle can be measured
and is extrapolated to the solid surface by representing the film as a
membrane of zero thickness. Although derived for a flat surface, equation
11 applies to curved surfaces if the film is thin relative to the curvature of
the surface.
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Figure 3. An observable contact angle may exist for a meniscus even
when one of the fluid phases completely wets a solid substrate with a thin

film of thickness ho.

Summary. Most of the above fundamental equations have been
developed for simple surfaces and form the basis by which wettability can
be studied. Some researchers [11] have endeavored to extend these
relationships to more complex surfaces. The addition of surfactant to a
system can, to a limited extent, use the above equations to describe
wettability alteration. As will be seen further below, the intricacy of the
problem to alter wettability by surfactants extends well beyond contact
angle and the pore shape complexity.

Wettability Measurement Methods

This section briefly describes the more customary measurement methods
that can be used to study surfactant induced wettability alteration of
porous and non-porous media. The information is given to make the
reader aware of the significant differences between the various wettability
measurement methods and the various quantities that they measure. The
reader is referred to the references for more detailed information about
any given method. Anderson [12] has produced a good literature review of
many of the various wettability methods.

Amott-Harvey. The wettability test devised by Amott [13] and
its modification, the Amott—Harvey Relative Displacement Index (RDI)
[14] are the most common quantitative measures of wettability employed
for porous media by the oil industry. It relies on measurements of the
saturation changes produced by spontaneous imbibition for both water,
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ASws, and oil, ASog, compared to the maximum saturation change by
forced imbibition of these same fluids, ASwy and ASop, respectively, in
the porous rock sample. Spontaneous imbibition occurs by displacement
of the non-wetting fluid by a wetting fluid via capillary forces. Forced
displacement (sometimes referred to as drainage, forced imbibition or
viscous displacement) occurs via an external pressure gradient applied to
the fluids to overcome capillary forces resisting further displacement of
the fluid. Figure 4 illustrates those saturation changes in relation to the
pressure required for fluid displacement. The Amott formulation consists
of two terms, one defined as the water index (WI) and a second defined as
an oil index (OI) as follows:

WI = ASwg/(ASws + ASwy) (12)
OI = ASog/(ASog + ASop) (13)
:
:
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Figure 4. The relationship of saturation states used for the Amott
wettability indices or Amoti—-Harvey Relative Displacement Index to
capillary pressure. ASws is the saturation change from a to b. ASwyg
is the saturation change from b to c. ASos is the saturation change from
c to d. ASoy is the saturation change from d to a.
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These indices vary from 0 to 1 for neutral to strongly wet, respectively.
The Amott—Harvey methodology combines these indices into a single
expression, the Relative Displacement Index, RDI, by

RDI=WI — OI (14)

RDI varies from 1 to —1, for highly water-wet and highly oil-wet porous
media, respectively. Neutral wettability has an RDI equal to 0.

The main shortcoming, reported by Anderson [12] for the Amott
methods, is their insensitivity near neutral wettability. In addition, the
RDI relates relative volumes of imbibition, but one also needs to look at
these individual volumes to obtain a better understanding of fluid
displacement as represented by this index. More recently, Ma [I5]
reported that the Amott test also does not discriminate adequately at
strongly water-wet conditions and proposed an imbibition rate method for
wettability (see below). Other shortcomings include variations in labora-
tory procedures. The temperature and length of time employed for the
spontaneous imbibition and the pressure used during the forced displace-
ment cycle are often modified to match specific field parameters or for
ease of measurement in the laboratory. Consequently, the quantitative
values that are obtained can differ from one laboratory to another for
reasons that are not related just to the wettability of the rock sample.

This imbibition method is dependent on both the chemical properties
of the rock surface and the geometry of the pore network, particularly the
pore throat size and shape. Since pore structure can affect the measure-
ment results, the reduction of the interfacial tension between pore fluids
by surfactants can affect fluid movement through the pore structure. This
method, therefore, is not strictly a measure of surface wettability, but is a
measure of the efficiency of fluid displacement that is normally most
strongly affected by the wettability state of the pore surfaces. Within this
framework of understanding, wettability alteration of the pore surfaces
using surfactants can be studied with this measurement method.

USBM. The United States Bureau of Mines (USBM) method,
described by Donaldson [16], is another commonly used method for
determining the wettability of porous rocks. Although similar in overall
practice to the Amott—-Harvey method, it was based on the free energy
change of water per unit of pore space, F, accompanying a change of
water saturation, 6Sw.

OF =—P.d0Sw (15)
By relating the free energy change to that produced by forcibly displacing
water (called secondary drainage) to that produced by forcibly displacing

oil (called forced imbibition) into the same porous media, a measure of
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wetting is obtained. The data is normally obtained in a series of steps
using conventional centrifuge techniques.

The integration of equation 15 is used to obtain the area under the
individual curves (A; for secondary drainage and Ay for forced imbibi-
tion). A limit of final saturation or capillary pressure must be chosen to
provide consistent results. Wettability is defined as

W =log(A/As) (16)

Figures 5a to 5¢ show the USBM method applied, respectively, to water-
wet, oil-wet and neutral-wet porous rocks. The wettability for each rock
was determined using equation 15. Three distinct categories of wettability
are readily apparent from these plots: water-wet, intermediate wettability,
and oil-wet.

The USBM method is similar to the Amott methods in that it is affected

WATERWET LOG A, [ A, =0.79 OIL WET LOG A,/ A, =~0.51

CAPILLARY PRESSURE, PSI
o
|

AVERAGE WATER SATURATION, PERCENT AVERAGE WATER SATURATION, PERCENT

10 TR TR E R LI Y PR

NEUTRAL LOG A,/ A, = 0.00

AVERAGE WATER SATURATION, PERCENT

Figure 5. The areas under the forced imbibition and forced drainage are
the basis for the USBM wettability method. (Reproduced by permission
from reference 16. Copyright 1969.)
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by both the surface interaction and the pore network geometry. Likewise,
with similar caveats, wettability alteration of the pore surfaces using
surfactants can be studied with this measurement method.

Spontaneous Imbibition Index. The Spontaneous Imbibition
Index (SII), as a quantifiable measure of wettability to one fluid
component, was defined by Spinler [17] as the ratio of measured
spontaneous water imbibition to highly water-wet spontaneous imbibi-
tion, ASWS—VVVV:

SII = ASWS/ASWS_\VVV (17)

The relationship of SII to the Amott WI can be seen in Figure 6. This
index is the same as the Amott WI at both neutral and highly water-wet
conditions, 0 and 1, respectively. The denominator in equation 17 is
normally estimated using a correlation obtained from conventional WI
tests and can be formulated in terms of porosity, ¢, and initial water
saturation, Swi, both raised to powers.

ASws ww = @“(1 — Swi)’ (18)
1 -
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Figure 6. SII varies from the Amott WI with initial water saturation.
SII is less sensitive to wettability at highly water-wet conditions.
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Thus, SIT is sometimes expressed as
SII = (Swf — Swi)/(¢®(1 — Swi)?) (19)

The above expression has been used not only for laboratory measure-
ments, but to estimate apparent wettability from well log measurements
for waterflooded reservoirs in which the displacement process was
dominated by capillary forces [17].

Although SIT has only been defined in terms of water imbibition, an
analogous definition could be made for oil imbibition. Many of the
problems that apply to the Amott indices also apply to SII, but the
denominator of SII, once determined for a specific rock type, simpli-
fies the determination of wettability to measurements of spontaneous
imbibition.

Like the other imbibition methods, SII is dependent on both surface
chemistry and pore network geometry. It works best for rocks that imbibe
only one fluid, but could be modified to a form like the Amott—Harvey
RDLI. It also has the potential, by its formulation, to evaluate wettability
alteration by surfactants in reservoirs.

Imbibition Rate. Spontaneous imbibition rate has long been
considered only a qualitative measure of wettability because the rate is
dependent upon fluid and rock properties in addition to wettability. Ma
[15], however, defined a method of quantifying wettability from the rate
of spontaneous imbibition using the area under the imbibition curve as a
measure of the work of displacement that results from the decrease in
surface free energy. Wettability is defined as the ratio of pseudo-work of
spontaneous imbibition, W, to the pseudo-work of spontaneous imbibi-
tion for strongly water-wet imbibition, W yy:

w
Wg = 20
T W ww (20)
where
Swr S+
W= " (21)
Swi t%

for both the numerator and denominator of equation 20. The dimension-
less time, tp, in the denominator of equation 21 is raised to a power and
used to normalize the dependency of the spontaneous imbibition rate on
fluid and rock properties. The form of ¢, used by Ma was based on the
work of Rapoport [18] and Mattax et al. [19] as

ky 1
tp = At — 22
P \/; tw L, #2)
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where A is a constant, ¢ is imbibition time, k is permeability, ¢ is porosity,
7 is interfacial tension, uyy is viscosity and L is a characteristic length.

This index ranges from 0 to 1 for neutral to highly wet, and has a
similar form for both water-wet and oil-wet systems. It has the advantage
of being able to discriminate at strongly wet conditions. Figure 7 shows
that until the contact angle exceeds about 50° on rough surfaces, the
spontaneous imbibition endpoint (P.=0) does not vary significantly. In
this case, indices such as the Amott and SII could not distinguish between
contact angles less than about 50°. Since the imbibition rate technique
uses the area under the imbibition curve and this area is proportional to
the magnitude of P, this technique should be able to discern these
different wettabilities. Otherwise, the same constraints apply to this
technique that applied to the other imbibition techniques.

Contact Angle. Precise measurements of fluid/surface interac-
tion are made by determining the angle that forms between a drop of fluid
and a surface [20, 2I]. Wetting is noted by very low contact angles,
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Figure 7. This illustrates the effect of contact angle on imbibition
capillary pressures for air/liquid in Teflon cores. O is the contact angle
on a smooth flat plate and 0, is the advancing contact angle on a
roughened Teflon surface. [, is the displacement curvature; Py, is the
imbibition capillary pressure; ¢ is the surface tension. (Reproduced by

permission from reference 103. Copyright 1978.)
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neutrality is observed at a contact angle near 90° and non-wetting is
indicated by a high contact angle (>90°). Quantitative observation of the
contact angle requires a very flat surface. Thus, this measurement is often
considered more of a basic research method than a practical tool for
analysis of porous rock. However, this technique is valuable because it
provides a method for determining surface/fluid interaction, independent
of pore throat geometry.

Contact angle is generally determined by optically observing the angle
of the air/liquid/solid interface, or in the case of two fluids the liquid/
liquid/solid interface. The actual measurement can be performed visually
or by mathematically analyzing a digital image. The technique is extre-
mely sensitive to surface contamination and requires diligence to obtain
accurate values. When properly performed the analysis is highly repea-
table and accurately describes the surface/fluid interaction.

Wilhelmy Plate. The dynamic Wilhelmy plate provides a direct
method of measuring adhesion tension, tgwo, from the force exerted
when a plate is passed perpendicularly through an interface such as oil
and brine at slow constant speed [22-25]. Adhesion tension (equation 2) is
the product of the interfacial tension between oil and brine, and the
contact angle with the plate acting on the perimeter of the plate in contact
with the oil-water interface. Buoyancy and capillary forces determine the
shape of force—distance records that result from the movement of the
plate. The wetting behavior of liquid/liquid/solid systems can be investi-
gated making this technique an effective means for investigating surfac-
tant interactions with smooth planar surfaces. Normally the plate is
suspended in one phase and raised or lowered through the interface to
the other phase. Consequently, contact angle hysteresis (advancing and
receding) can be measured. The force, Q, acting on the plate due to
adhesion tension is:

Q = VOWP COS 9 <23>

where p is the perimeter of the plate.

The Wilhelmy plate method measures information about the surface
interactions, but since it uses a flat plate, it does not provide the pore
network geometric contribution for wettability alteration of porous media.

Capillary Pressure. At equilibrium, two immiscible fluid

hases (water and oil) in contact with each other in a porous material
will distribute themselves in such a manner to minimize the free energy of
the total system. This distribution is a function of saturation history,
surface wettability for each fluid, pore structure, interfacial tension, fluid
densities, and fluid height. The pressures within the water and oil phases
reflect the distribution of fluids in a porous medium and consequently the
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free energy of the system. Capillary pressure, as previously defined, at any
given height is the pressure difference between the oil and water pressure
in the porous medium

P.=Po — Py (24)

In porous media, by definition, the capillary pressure is positive when
water is the more wetting phase and, accordingly, the capillary pressure is
negative when oil is the more wetting phase. Capillary pressure becomes
zero at the oil-water interface, also called the free fluid level that would
exist outside of the porous medium.

Where surfactant is introduced to the reservoir via some carrying
fluid, the relevant capillary pressure curves are from imbibition, both
spontaneous and forced. Porous plate/membrane desaturation [26], flow
or centrifuge effluent production [27, 28] and direct measurement of
saturation in the porous media [29] are capable of measuring the
complete imbibition curve. When used with reservoir-like fluids, the
results from these methods reflect the wettability state of the porous rock.
When surfactant is introduced, these methods should also be able to see
the impact of wettability alteration. Two of these methods, the porous
plate/membrane and the direct measurement of saturation methods
require no modeling to be accurate for laboratory use.

Cryomicroscopy. Cryomicroscopy is a method that looks
directly at pore surfaces and internal fluids to evaluate wettability [30].
Porous rock samples containing oil and water are frozen quickly to
cryogenic temperatures and then viewed with conventional scanning
electron microscope (SEM) techniques. The quick freezing process
locks the pore fluids in place without expansion or movement. A cryogenic
cold stage is added to the SEM to keep the sample cold. When coupled
with X-ray spectroscopy analysis, it is possible to analyze pore wall
mineralogy and geometry, and to differentiate brine from oil in the
images of fluid distribution in pore spaces (see Figure 8).

Nuclear Magnetic Resonance (NMR). The surface sensitive
nature of proton NMR relaxation provides a technique for qualitative
wettability measurement in porous media. NMR measures the behavior
of the magnetic dipoles of hydrogen nuclei in the presence of an applied
magnetic field. Proton relaxation rates are strongly dependent upon the
pore size and surface properties (wettability) of the pore wall. Water
molecules near a water-wet surface will relax faster than near an oil-wet
surface (and vice versa for oil). Most efforts to utilize NMR for core
wettability have not demonstrated the capability to provide quantitative
measures of wettability. However, Howard et al. [31] used relaxation time
populations generated by a non-linear optimization technique to distin-
guish between water and hydrocarbon phases in chalk at various water



Figure 8. Magnification of the lower part of a quartz grain that was altered to be oil-wet. An oil film can be seen to
surround the quartz grain. (Reproduced from reference 30. Copyright 1991.)
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saturations. Shifts of these relaxation time populations were interpreted as
indicators of pore-wall wettability. A comparison made with SII measure-
ments indicated some promise for this technique.

Proton relaxation is strongly affected by paramagnetic impurities that
are found in some porous rocks that can limit the application of this
technique.

Other. Some of the other methods that are sometimes used to
obtain a quantitative or qualitative measure of wettability include:
immersion microcalorimetry [32], environmental scanning electron
microscopy [33], capillary penetration [34], dye adsorption [35], pore
surface analysis [36] and flotation [37].

Summary. The Amott, USBM, Spontaneous Imbibition Index,
imbibition rate, and capillary pressure are all displacement methods
applicable to porous media and the possible evaluation of wettability
alteration by surfactants. However, these methods must be complemen-
ted by more fundamental studies using contact angles or adhesion studies
(Wilhelmy), etc. to meld the understanding of surface interactions with
the macroscopic displacement of fluids. To comprehend how a surfactant
alters the contact angle on a flat surface provides only part of the
information to predict how the surfactant will interact in porous media.
To measure only the fluid displacement in porous media provides little
information on surface interactions. NMR and/or cryomicroscopy could
help span this gap. Cryomicroscopy can directly look at pore surfaces, but
for the moment, it is difficult and time consuming to use. Both techniques
provide more of a qualitative measure of wettability than quantitative, but
they are tools that can complement and help bridge between more
fundamental measurements and quantitative displacement methods.

Surfactant Induced Wettability Alteration

A number of factors affect the interaction of surfactants with the solid
surface of porous rock and consequently affect wettability. Some of the
more obvious items include:

1. Surfactant structure
2. Surfactant concentration
3. Kinetics
4. Pore surface composition
5. Other factors

a. Surfactant stability

b. Co-surfactants

c. Electrolytes and pH

d. Temperature
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e. Pore structure/surface roughness
f. Reservoir structure

The interplay between these various factors is complex and often requires
experimental measurement under as realistic conditions as possible to
appropriately determine the impact of surfactant on wettability. It is the
migration to, and the adsorption of, the surfactant at the fluid and solid
interfaces along with the orientation and density of the adsorbed
surfactant molecules that modifies the fluid—surface interfacial tension/
wettability. Surfactant adsorption at an interface is a necessary, but not a
sufficient condition for wettability alteration. Although details of adsorp-
tion will be covered in Chapter 4, this section includes a brief treatise on it
with the other known variables that can affect wettability modification
with surfactants.

Surfactant Structure. Surfactants in this section are defined as
amphipolar or amphipathic molecules composed of a hydrophilic head
and a hydrophobic tail group. A detailed description of surfactants and
surfactant structure can be found in Chapter 1. Surfactants are generally
classified according to their hydrophilic head group. Common classifica-
tions are:

1. Anionic — negative charge

2. Cationic — positive charge

3. Amphoteric — charge changes with pH (sometimes grouped with
Zwitterionics)

4. Zwitterionic — both positive and negative charges

5. Nonionic — no charge

The hydrophobic tail of the surfactant can consist of a hydrocarbon,
perfluoroalkyl or polysiloxane group. The structure of the tail group such
as its length or branching can significantly alter the physical behavior of
the surfactant.

The dual nature of surfactants produces a strong affinity for interfaces
between immiscible fluids such as oil and water or fluid/solid interfaces.
The concentration of surfactant at an interface minimizes the free energy
of the total system. The surfactant, by adsorbing at a fluid/solid interface,
reduces interfacial tension and modifies the ability of water or oil to wet
the solid surface. A surfactant that orients itself on a surface such that the
surfactant molecules have the hydrophobic tail groups away from the
surface or along the surface will decrease water-wetting and increase oil-
wetting. Likewise, the orientation of a surfactant with the head group
away from the surface can make the surface more water-wet.

In addition to the dual nature of surfactant molecules, specific
structural characteristics can increase or decrease the packing of surfac-
tant molecules and consequently influence the modification of surface
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wettability. Rosen [38] made some general observations of modifications
to hydrophobic tail groups that can be applied to the water/solid interface
as follows:

1.

Increasing its length can

a. improve packing of the surfactant molecules at an interface
provided the head group permits it, and

b. increase the tendency of the surfactant to absorb at an interface.

. Introducing branching or undersaturation can cause looser pack-

ing of surfactant molecules at the interface.

. The presence of an aromatic nucleus can

a. cause looser packing of surfactant molecules at the interface, and
b. increase adsorption of the surfactant onto polar surfaces.

. The presence of a polyoxypropylene chain can increase surfactant

adsorption onto polar surfaces.

. The replacement of the hydrophobic tail by a perfluoroalkyl

group could create a surface that is neither water nor hydrocarbon
wet.

The literature cited next does not include experimental work on reservoir-
like materials, but the general nature of the observations should be
indicative of the effect that the structural modifications to the hydro-
phobic tail group has on adsorption:

e Varadaraj et al. [39] used Wilhelmy plate measurements to study

dynamic contact angles of Guerbet sulfate (branched hydrophobic
tail) and monodisperse ethoxy sulfate surfactants (linear hydro-
phobic tail) on the Teflon—water—air interface. Comparison of C16
linear with C16 Guerbet surfactants revealed that hydrocarbon
chain branching decreases the advancing and receding angles by
about 30°, representing increased water-wetting effectiveness.
This change was attributed to an increased structural rigidity of
the branched hydrophobic tail group as well as an increased area of
coverage.

Varadaraj et al. [34] also evaluated the influence of the composition
and structure of the hydrophobic tail group on wettability altera-
tion of hydrophobic sand packs using capillary penetration wetting
techniques. The composition of the surfactant tail group and its
branching exerted a significant influence on wetting. The rate of
wetting at half saturation was observed to order as ethoxylates >
sulfates > ethoxysulfates. However, wetting effectiveness was
observed as sulfates > ethoxoylates based on maximum amount of
water imbibed. Branching of the tail group was observed to
increase the wetting rate and effectiveness.

e Schechter et al. [40] compared the adsorption of alkyl benzene
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sulfonates (anionic) on alumina for varying lengths of hydrophobic
tail groups. Adsorption below the critical micelle concentration
(CMCQ) increased with increasing tail length. For the plateau level,
at and above the CMC, increasing tail length produced a small
decrease in adsorption.

Experiments such as these show that it is important to match the
surfactant to the specific surface of interest to achieve optimum wett-
ability alteration.

Surfactant Concentration. In solutions below the CMC, the
surfactant in solution consists of monomers. Above the CMC, surfactant
micelles are formed and the monomer concentration remains relatively
constant with increasing surfactant concentration. Surface coverage by
surfactant molecules, however, varies in a more complex manner with
concentration. Chapter 4 of this book provides a detailed description of
surfactant adsorption isotherms.

A typical ionic surfactant adsorption isotherm for an oppositely
charged substrate is illustrated in Figure 9. A number of researchers [41,

LOG ADSORPTION OF SURFACTANT

LOG EQUIL. BULK CONC. OF SURFACTANT

Figure 9. A typical ionic surfactant adsorption isotherm for an oppo-
sitely charged substrate. The regions where adsorption behavior changes
are numbered and described accordingly in the text.
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42] have described the change in surfactant adsorption behavior as
follows:

e Region 1 corresponds to low surface coverage by individual
surfactant molecules with an absence of surfactant aggregate
formation on the surface.

e Region 2 indicates the formation of surfactant aggregates (called
admicelles or hemimicelles) which produces the sharp increase in
the slope of the isotherm.

e Region 3 represents a sufficient accumulation of surfactant aggre-
gates with the decrease in the slope of the isotherm caused by a
change in the sign of the surface charge to that of the oppositely
charged surfactant, resulting in electrostatic repulsion of further
ionic surfactant molecules.

e Region 4 begins at the CMC and is described as completion of
bilayer coverage of the surface.

The adsorption of ionic surfactants on a like-charged substrate is less
understood, but can occur via hydrogen bonding or dispersive forces [43].
In the experimental work reported by Alveskog et al. [44], the wettability
alteration of Berea sandstone, containing negatively charged mineral
surfaces, with an anionic surfactant appeared consistent with the stated
mechanisms. Details are provided in the Laboratory and Field Studies
section of this chapter.

Nonionic surfactants are described as having Langmuir type adsorp-
tion isotherms [43] on charged substrates, with the surfactant at low
concentrations lying prone on the surface and at higher concentrations
with the hydrophobic group displaced from the surface. For concentra-
tions at or above the CMC, either a monolayer or a bilayer may form. If
only a single monolayer is adsorbed and the hydrophobic end of the
surfactant is outward from the surface or lying along the surface, this
would render the surface more oil-wet. If a bilayer is adsorbed, the
hydrophilic end of the surfactant would tend to render the surface water-
wet with a reversed ionic surface charge for an ionic surfactant. A reversal
in surface charge was measured by Zorin et al. [10] for a quartz surface
as a function of a cationic surfactant concentration (cetyltrimethyl-
ammonium bromide) (see Table 1).

Rosen [43] also describes the surfactant adsorption isotherm for non-
polar, hydrophobic substrates as Langmuir type. At low concentrations,
the surfactant orientation occurs with the hydrophobic tail group close or
parallel to the surface and the hydrophilic head group towards the water.
As more surfactant is adsorbed, the orientations of the surfactant
molecules become more perpendicular to the surface until the CMC,
where surface saturation is achieved. The different orientations of the
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Table 1

CTAB

Concentration Charge Sign of
(mole/l) Quartz Surface
(U negative
1076 negative
107° negative
10°* positive
5% 1074 positive

Reprinted with permission from reference 10.
Copyright 1992

surfactant molecules would make the surface change from oil-wet at low
concentrations to water-wet at the CMC and higher concentrations.

Complicating the typical behavior of surfactants with increasing
concentration, as described above, is the reported work by McGuiggan
etal. [45], in which different adsorption procedures can produce different
adsorption/wetting characteristics. Sequential adsorption by several expo-
sures to small amounts of dihexadecyl dimethylammonium acetate on
mica surfaces produced an intercalated monolayer exhibiting low adhe-
sion; whereas direct adsorption by a single exposure to a higher surfactant
concentration produced a hydrophobic monolayer of high adhesion. The
low adhesion of the intercalated monolayer was a result of head groups
pointing both into and away from the mica surface. In such a configura-
tion, the positively charged head groups reduce interfacial energy by
electrostatic interaction with the mica or the aqueous environment.
Conversely, with a hydrophobic monolayer where the surfactant mole-
cules are oriented in the same direction, the hydrophobic tails create a
high energy interface when interacting with the water-wet mica surface or
the aqueous solution. An intercalated monolayer has a lower water/
hydrophobe interfacial energy, but at the cost of an increase in the mica—
surfactant interfacial energy.

Kinetics. Kinetics also play a role in wettability alteration of
porous media by surfactants. In reservoirs, surfactants must be trans-
ported through the pore networks by an injected fluid phase, usually
water or oil. The ability to alter wettability is related to surfactant diffusion
rates and adsorption rates. Surfactants must diffuse through the bulk fluid
phase to the meniscus interface and the fluid—pore interface. Surfactants
must also interact and adsorb on the pore surfaces. If the diffusion rate or
the adsorption rate for surfactant is slow relative to the creation of new
water—rock interfaces, because of the water displacement rate, the
wettability of the pore surfaces may vary with time. These types of non-
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equilibrium effects are not well understood and may control the displace-
ment of oil in porous rock. Experimental and theoretical work illustrates
the importance of understanding surfactant kinetics:

o Chesters et al. [46] have addressed the transport of low concentra-
tions of surfactant in a theoretical framework. A hydrodynamic
model of steady wetting was extended to include the effect of a
nonionic surfactant. This model indicated that under certain
conditions surfactant may concentrate at the contact line between
a surface and a meniscus to significantly reduce the contact angle.

e Damania et al. [47] used the Wilhemy technique to study the
processes of diffusing anionic and cationic surfactants on quartz
surfaces. The surface tension response for populating a newly
formed meniscus surface (on contacting a liquid—air interface) with
anionic surfactant decreased for the slow diffusion process with
minimal adsorption on the similarly charged quartz surface. The
surface tension response for the cationic surfactant, however,
showed an oscillating behavior indicating a varying concentration
of surfactant at the meniscus as scavenging by adsorption on the
quartz surface competed with populating the newly formed menis-
cus surface for the slow diffusing surfactant.

e Similar erratic behavior was found by Princen et al. [48], who
performed an experimental study of instabilities that occur during
wetting. These instabilities manifested themselves as stick—slip
phenomena, where an advancing fluid of surface-active molecules
(trioctylamine) moved in a non-uniform manner onto hydrophyllic
quartz surfaces. Depending upon the velocity of the moving
surface, the instabilities could be periodic or random. It was post-
ulated that this effect was caused by the diffusion and adsorption of
molecules in front of the liquid edge, increasing the contact angle.

e Dynamic capillary pressures and interfacial tensions using surfac-
tants (cetyltrimethylammonium bromide, a cationic surfactant and
ethoxylated isononylphenol, a nonionic surfactant) were studied by
Churaev [49] and Churaev et al. [50]. The rates of spontaneous and
forced displacement of aqueous surfactant solutions by oils were
measured in thin quartz as a function of pressure drop and
surfactant concentration. The surface of an advancing or receding
meniscus was observed to become depleted of surfactant by
adsorption or concentrated by desorption. Thus, capillary pres-
sures, contact angles, and interfacial tensions become rate depen-
dent as a result of mass exchange processes between the moving
meniscus and a wetting film on capillary walls. A model represen-
tation of the mass transfer of surfactant molecules as shown in
Figure 10 illustrates the nature of the problem.
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Figure 10. This schematic illustrates the mass transfer of surfactant
molecules between a receding meniscus (a), and advancing meniscus (b),
and a wetting film on the capillary wall. T is surfactant adsorption, C is
surfactant concentration, q is the flux of surfactant between the meniscus
and into the fluid or onto the wetting film and v is velocity. Subscript f
refers to the wetting film, m refers to the meniscus, o refers to the bulk
solution and d refers to diffusion. (Reprinted by permission from
reference 50. Copyright 1996.)
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Table 2
Mineral Isoelectric Point
Quartz <2.0to 3.7
Kaolinite <ltob
Calcite none/4 to 10.1
Dolomite <6to7

Reprinted with permission from reference 54.
Copyright 1996

Pore Surface Composition. The bulk matrices of most reser-
voir formations are composed of mixtures of quartz, clays, limestone and
dolomite. Based on the normally water-wet character of these rock matrix
components for most formations, it could be concluded that most
reservoirs are water-wet. However, Treiber et al. [51] reported that
laboratory evaluations of 55 different oil producing reservoirs from
various areas of the world showed a different picture with 66% of the lab
reservoir core as oil-wet with a contact angle from 105 to 180° and 7% as
intermediate-wet with a contact angle from 75 to 105°. Taber [52], using
Morrow’s [53] definition of intermediate wettability as systems that do not
spontaneously imbibe, an advancing contact angle of 62° to a receding
contact angle of 133°, changed this allocation to 27% of the lab reservoir
core as oil-wet and 47% of the lab reservoir core as intermediate-wet. The
factor that masked the water-wet character of bulk rock composition was
the presence of films on the pore surfaces that resulted from the
deposition of crude oil components and/or original organic films.

The surface potential of the reservoir bulk matrix materials cited above
depends upon pH of the water phase in contact with the mineral. The pH
for which the Zeta potential on a surface is zero is the isoelectric point.
These surfaces are positively charged at pH less than the isoelectric point
and negatively charged at pH greater than the isoelectric point. Table 2
contains isoelectric points for the common reservoir materials assembled
by Maini et al. [54]. Tonic surfactants therefore can be attracted or
repulsed from a surface depending upon pH.

Under most reservoir conditions, quartz grains are considered as
having a negative surface charge and carbonate grains as having a positive
surface charge. Clay materials, because of their structure, can have a
different charge on the surface of the clay crystal than on the edge of the
crystal, but typically have a negative surface charge and a positive edge
charge [55].

e Some clay minerals can also coat a pore rock surface and change its
wettability behavior. Trantham et al. [56] noted that the oil-wet
character of the North Burbank reservoir was due to a coating of
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chamosite clay, that covered an estimated 70% of the quartz
surface.

e Fassi-Fihri et al. [30] used cryomicroscopy on Brent reservoir
sandstone to study the placement of oil. Illite was found associated
with brine and the reservoir oil had an affinity for kaolinite. Quartz
and feldspar were noted to be generally in contact with the brine.
Wettability was heterogeneous on the pore scale. The field was
considered to have mixed wettability since in laboratory tests both
oil and brine would spontaneously imbibe into the rock.

Reservoir mineral surfaces tend to be contaminated by hydrocarbon
components. Crude oil components may adsorb on these high-energy
mineral surfaces by a variety of mechanisms [57] including precipitation,
and polar, acid/base and ion-binding interactions. Furthermore, the latter
two processes require the presence of brine. Yan et al. [58] induced
wettability alteration of Berea sandstone plugs, even at relatively high
water saturations, by precipitation of asphaltene fractions. Xie [59] used
the Wilhelmy plate method to measure the wettability alteration and
found that at higher temperatures, the more asphaltic crude oils resulted
in higher contact angles. Clementz [60] demonstrated that asphaltenes
adsorb on clays at low water content. Radke et al. [11] used the concept of
disjoining and critical capillary pressures to describe the collapse of water
films on pore walls with negative curvature to provide sites for asphaltene
adsorption from crude oils. Given geological time and the higher
temperatures that often exist in reservoirs, it is likely that, by diffusion
through thin water films and other mechanisms, all reservoir rock surfaces
have some degree of hydrocarbon contamination.

Some limestone rocks may even retain original organic films since
limestone has an organic origin. Chalk is composed of the skeletal remains
of numerous nanofossils such as coccoliths. Associated with chalks are
thin (few hundred angstroms) organic films [61, 62] that appear well
preserved despite the depositional environment and age.

The result of the varied composition for reservoir pore surfaces is that
surfactants can interact with these surfaces in a variety of ways on a pore
level and their consequential orientation can alter wettability. The ionic
surfactants will be attracted to or repelled from charged surfaces, non-
ionic surfactants may adsorb on negatively charged surfaces via hydrogen
bonding, and the hydrophobic tail group regardless of the head group may
adsorb by dispersion or hydrogen bonding to hydrophobic organics.

Not only are the pore surfaces complex in the reservoir, but it is
difficult to obtain pore surfaces for laboratory studies like those found in
the reservoir. The problem is caused by a number of factors including:

1. Contamination from drilling and coring.
2. Changes in temperature and pressure from reservoir conditions
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that can cause precipitation of components from the brine,
deposition of crude components and/or dissolution of surface
materials.

3. Improper storage that can result in evaporation of water and the
lighter crude components, changes in clays and the oxidation of
surfaces.

4. Restoration process in the laboratory that includes solvent extrac-
tion and resaturation with non-reservoir-like fluids.

Such artifacts affect the laboratory response of the core materials to
surfactants and can complicate the evaluation and selection of surfactants
for use in the reservoir.

Other Factors. There are a number of other factors that can
potentially affect wetting. Their effects on wetting, however, are little
studied, particularly in porous media. They are mentioned here to make
the reader aware of them.

1. Surfactants may spend long periods of time being transported in
the reservoir before interacting to alter the wettability of pore
surfaces. The surfactant must maintain its chemical structure and
interfacial properties during that time. The long term stability of
surfactants at elevated temperatures in an appropriate brine can be
monitored in the laboratory from cloud point and interfacial
tension measurements [63].

2. Co-surfactants or impurities can interact with the surfactant in
solution and at interfaces to improve or worsen the behavioral
characteristics of the surfactant. Most commercial surfactants are
not pure blends and are often shipped as a complex mixture of
surfactants and alcohols to improve their handling characteristics.
Some alcohols, when mixed with surfactants, are known to syner-
gistically reduce interfacial tension between fluids. They could also
interact with the surfactant at the solid-liquid boundary. Binary
mixtures of surfactants such as anionic and nonionic have been
investigated to reduce surfactant adsorption [64], but the effect on
wettability was not determined. Mixtures of surfactants and co-
surfactants will usually separate chromatographicaly [65] in the
porous rock as the stronger adsorbing components are more
rapidly depleted resulting in a compositional change of the mixture
as it propagates through the reservoir.

3. Electrolytes and pH can affect both the surfactant and the rock
pore surface interaction with the surfactant. Complicating the
situation for an oil reservoir, is the presence of pH and ions for
the injected surfactant solution that are not in equilibrium with the
reservoir rock or connate brine. Electrolytes are known to affect
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the solubility of surfactants [66]. Schramm et al. [67] provided a
broad study of the effect of brine composition, ionic strength and
pH in the range of most reservoirs on the Zeta potential for Berea
sandstone, Indiana limestone and Baker Dolomite. The presence
of organic films on pore surfaces may dampen or have other
significant effects on such surface interactions. Bitting et al. [68]
investigated the effect of counterion type and concentration on
adsorption for various salts of dodecyl sulfate (anionic) on alumina.
Counterion binding induced aggregate formation by an anionic
surfactant on a like-charged surface with the monovalent counter-
ions between the adsorbed surfactant aggregate and the mineral
surface. The dependence of the advancing and receding contact
angle on pH (approximately 2 < pH < 12) for sodium dodecyl
sulfate (anionic) and cetyltrimethylammonium (cationic) surfac-
tants were measured by Zorin et al. [10] in 0.1 normal NaCl brine
on polished quartz surfaces. Both the advancing and receding
contact angles were different and decreased with increasing pH.
No hysteresis was observed with the anionic surfactant. The
cationic surfactant experienced substantial hysteresis with both
the advancing and receding contact angles increasing for inter-
mediate pH (4 < pH < 10).

. Temperature can also alter wettability by affecting either the

surfactant or the surfactant—surface adsorption characteristics.
Ziegler et al. [69] reported that the adsorption of a nonionic
(nonylphenoxypolyethanol) decreased with temperature increase
for low concentrations, whereas the opposite was true for high
concentrations. Noll et al. [66] reported adsorption calorimetry
results that indicated an increase in temperature decreased
adsorption for sodium dodecylsulfate (anionic) and decyltrimethy-
lammonium bromide (cationic) surfactants regardless of surface
wettability. Similar results were reported for nonionic commercial
surfactant (Triton™ X-100) except for adsorption on an oil-wet
surface. These trends were consistent with an increase in adsorp-
tion associated with conditions that caused a decrease in surfactant
solubility in solution.

. Pore surface roughness may affect the apparent wettability

induced by surfactants in the same way that surface roughness
can affect equilibrium or advancing and receding contact angles.
Figure 11 shows how the apparent equilibrium contact angle, 0Oy,
can appear to be something other than the true equilibrium
contact angle, Orryg. The roughness effect on contact angle is
sometimes represented by cos Ok =R cos Orgur [70]. If Orrur
is greater than 90°, it is increased by surface roughness; if Orrug
is less than 907, it is decreased by surface roughness. Some of the
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Water

Solid Substrate

Solid Substrate

Figure 11.  The upper drawing shows the misleading effect of roughness
on the equilibrium contact angle for a water-wet substrate. The lower
drawing shows the same effect for an oil-wet substrate.

hysteresis effects seen in advancing and receding contact angles
have been associated with rough surfaces [71, 72].

6. Large reservoir features can influence wettability alteration of a
reservoir by surfactants. The sweep efficiency of a reservoir can
influence the quantity of surfactant that contacts the reservoir rock
matrix. Wettability alteration may be limited by the permeability
contrast and the displacement mechanism. For a highly fractured
reservoir with capillary dominated oil displacement, only the water
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that enters a matrix block by spontaneous imbibition will be able to
transport surfactant to the matrix. At lower surfactant concentra-
tions, there may be insufficient surfactant to satisfy the matrix
adsorption, but sufficient to alter the wettability of the portions of
pore surfaces first encountered or that have a higher affinity for the
surfactant. For viscous dominated oil displacement, water is
continuously displaced through the reservoir matrix, carrying
surfactant. Most of the injected surfactant is transported through
the higher permeability parts of the reservoir. For lower concen-
trations of surfactant, the quantity of surfactant may eventually be
sufficient to satisfy matrix adsorption with ample pore volumes of
surfactant containing injected water. In either case, the adsorption
of surfactant is controlled by the injected surfactant concentration,
its dilution by formation water and the volume of water displaced
through the matrix.

Summary. The interplay between the static and dynamic factors
is very complex and often requires experimental measurement under
conditions as realistic as possible to appropriately determine the impact of
a given surfactant on wettability. Some progress has been made in the
understanding of wettability and how to alter it with surfactants in the
reservoir. Ultimately, it may require a field test to account for all of the
variables that affect the interaction of the surfactant with the reservoir
rock. However, by comprehending the probable behavior of surfactants in
the laboratory, and within the framework of conceptual models, one can
likely reduce the effort required to select a suitable surfactant for
wettability modification of a reservoir.

Laboratory and Field Studies

Most studies in the literature with surfactants focus on the important
aspect of reducing liquid interfacial tensions, nonetheless, understanding
the role that surfactants can have to alter wettability is of equal
importance. As an example, some researchers [73] have reported that
maximum oil recovery occurs near neutral wettability. In actuality, the
optimum wettability condition for maximum oil recovery depends upon
numerous factors and can vary from reservoir to reservoir [74]. Surfac-
tants provide an opportunity to modify reservoir wettability for maximum
secondary or tertiary oil recovery. Other opportunities exist to improve
drilling, etc. This section provides laboratory studies and field examples of
wettability alteration by surfactants in porous media.

Capillary Pressure and Relative Permeability. Surpris-
ingly, no specific experimental studies were found on the effect of
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surfactants on capillary pressure or relative permeability (K,). These
parameters are essential to mechanistic numerical modeling of oil
displacement. There are studies [53, 75] that show the effect of wettability
on P, and K,, but these are not surfactant generated and can not be
concluded to be representative. Nevertheless, since it is known that both
P. and K, are affected by wettability, surfactants are expected to have a
significant effect on these properties.

Imbibition Tests. Alveskog et al. [44] measured the influence of
surfactant concentration for n-dodecyl-ortho-xylene-sulfonate (anionic)
on Berea sandstone plugs. Since the quartz surfaces of Berea sandstones
are normally negatively charged, adsorption of the like-charged surfactant
should be low and wettability alteration at a minimum. However, as
surfactant concentration was increased, the wettability as measured by
the Amott—Harvey method changed from strongly water-wet to weakly oil-
wet in a very narrow range, 0.005 to 0.008 weight % surfactant. This
wettability reversal occurred at a surfactant adsorption level that was 10%
of the adsorption at the CMC and remained weakly oil-wet for surfactant
concentrations well above the CMC. The tabulated data included by
Alveskog indicated substantial spontaneous imbibition of water, 50 to 70%
of final water saturation quantity after forced imbibition, in addition to
spontaneous oil imbibition throughout the surfactant concentration range
for which the Berea plugs were labeled weakly oil-wet (see Figure 12).
This suggests that the plugs had a substantial number of continuous water-
wet pathways in addition to continuous oil-wet pathways, otherwise
spontaneous imbibition of both oil and water would not occur. Surfactant
adsorption would be expected to primarily take place through hydrogen
bonding or dispersive forces for the quartz Berea surfaces. If this is the
case, it is possibile that the surfactant hydrophobe covered some of the
quartz surfaces creating oil-wet pathways and the surfactant head group
provided water-wet pathways. Another possibility was that clays or other
than quartz surfaces were present and have affected the results.

Austad et al. [76] conducted imbibition tests in outcrop chalk that had
been aged in crude oil to achieve desired wettabilities. Chalk character-
ized as nearly oil-wet because of a slow spontaneous imbibition rate, saw a
dramatic increase in the countercurrent imbibition rate and in oil
recovery when the imbibition water contained 1 weight % dodecyltri-
methylammonium bromide surfactant (cationic). This was attributed to a
change in wettability to a more water-wet state. The increase in the
countercurrent imbibition rate indicated that the loss of capillary forces
expected for the decrease in interfacial tension from the surfactant was
overcome by the increase in capillary forces from the wettability change.

Foams. Foams are employed to reduce the mobility ratio of
injected gas to in-situ fluids in a reservoir. This reduction provides a
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Figure 12. Alteration of wettability of Berea plugs with an anionic
surfactant created continuous oil paths as well as water paths in the rock
as evidenced by the high indices.

better sweep efficiency and consequently increased recovery of hydro-
carbons. A foam is produced by mixing surfactants with water and
injected gas. Limited studies [77, 78] have been made where attention to
wettability alteration by the surfactants in foams have been addressed.
Foams, made with similar surfactant concentrations, were reported
equally effective at reducing gas permeability in both oil-wet and water-
wet porous media. The ability to form a stable foam in an oil-wet porous
medium resulted from the alteration of the initially oil-wet surface to
water-wet by surfactant adsorption. Wettability alteration of the oil-wet
surface was evidenced by a dramatic shift in liquid relative permeability
when surfactant was present in the aqueous phase. The liquid relative
permeability curve of the oil-wet porous medium, in the presence of
surfactant, essentially matched that of the porous medium when it was
water-wet. Similar shifts in liquid relative permeability have not been
observed for foam flow in strongly water-wet porous media. The adsorp-
tion of surfactants from foams was substantial for some surfactants [79].
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Since surfactant adsorption can alter rock surface wettability, it is possible
that a surfactant could change a water-wet surface to oil-wet and break
the foam. Such foam effects on porous media surfaces must be considered
in the design of the foam.

Carbon Dioxide Flood. Smith et al. [80] studied the impact of
wettability on tertiary oil recovery by carbon dioxide flooding after a
secondary waterflood. It was reported that oil recovery could be improved
by the wettability alteration of reservoir rock surfaces using surfactants. In
this study, water-wet sandstone rock surfaces were modified by treatment
with solutions of surfactants to neutral and even moderately oil-wet states.
The laboratory results indicated that maximum tertiary oil recovery, after
waterflood, by carbon dioxide flooding increased as the wettability of the
sandstone decreased from highly water-wet to a neutral-wet or a slightly
oil-wet surface.

Microbial Enhanced Oil Recovery (MEOR). The use of in-
situ or injected microbes to increase oil production is very attractive
because of low cost, environmental concerns and distribution of the
microbes throughout the reservoir. The dominant mechanism(s) involved
in MEOR apparently has not been positively identified. It is known that
microbe growth produces gases, acids, surfactants and polymers. The
gases can increase oil production by viscosity reduction and expulsion of
oil by free gas [81, 82]. Acids are believed to increase permeability by
dissolving the constrictions in the pore network [76, 83]. Polymers and the
biomass of cells can plug the larger pores and provide a better flow
pattern [81, 82]. Microbes produce a variety of biosurfactants, with the
type and amount dependent on both the specific strain of microbes and
growth conditions [84, 85]. Marsh et al. [86] showed that generation of
biosurfactant was essential for increased oil recovery by comparing
flooding with whole microbe fluids, cell-free fluid and fluid from a
microbe which did not produce surfactant. They concluded that the
production of acids, solvents and gases alone could not explain the
observed increases in oil recovery by Bacillus strain JF-2.

Researchers tend to clump all biosurfactants as interfacial tension
reducers [81, 83, 84], however, their measured interfacial tensions are
often at least two-orders of magnitude greater than required for increased
oil production by interfacial tension reduction. This discrepancy is
generally explained by suggesting that in the rock the biosurfactants are
locally concentrated or that the presence of co-surfactants, such as
bioalcohols, produces a lower IFT than measured in the laboratory. Bala
et al. [87] observed that MEOR with a wide range of oils was about the
same for all oils. Furthermore, they noted that there was no correlation
between IFT reduction and MEOR. This suggests that an alternate
explanation might be a change in rock wettability produced by the
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biosurfactants. To achieve a change in wettability would not require the
concentration of biosurfactant generally associated with substantial IFT
reduction. The change in surface wettability could also explain the
generally observed increase of oil permeability during MEOR. One
could even speculate that the produced bioacids may react with crude oil
components to form surfactants. This area of MEOR seems potentially
fruitful for further work because of low operating cost and the placement
of the surfactant producing microbes throughout the reservoir. The latter
eliminates the significant loss of surfactant through adsorption, which
often occurs for conventional surfactant injection into wells.

Drilling Mud. Drilling muds and completion fluids often con-
tain surfactants to either suspend the components in the additive package
or affect the drilling process. For example, cationic and anionic surfac-
tants are included in oil-based muds to wet the surface of the cuttings and
facilitate their removal from the wellbore by floatation. Thomas [8S]
showed that drilling fluids could change the wettability of core. Sharma et
al. [89] identified the major contributor for the wettability changes caused
by drilling muds as the surfactants. They found that oil-based muds had
the most profound change on the wettability of sandstone and carbonate
outcrop rocks. Water-based muds, even ones containing surfactant, had
only a minimal effect. Highly water-wet samples were more affected by
the oil-based muds than the less water-wet samples. The altered wett-
ability ranged from slightly less water-wet to oil-wet. For the muds tested,
the original water-wet state of the rock was largely restored with cleaning.
Menezes et al. [7] found that most oil-based mud components changed
the wettability of pure quartz. McDonald et al. [90] investigated oil-based
mud emulsifiers and actual mud filtrates containing surfactants that
changed the wettability of sandstone rock. Sanner et al. [91] reported
that oil-based mud filtrate reversed the wettability of both sandstone and
carbonate rock. This altered wettability reduced the effective oil perme-
ability in low permeability rock and increased oil permeability in high
permeability rock, by reducing water saturation in high permeability rock.
Most of the wettability alterations caused by drilling muds are inadver-
tent. The surfactant was added to produce some property other than
wettability alteration. However, Christensen et al. [92] described a water-
based drilling mud additive with a strongly lipophilic surfactant that was
included to decrease shale sloughing and borehole instability while
drilling. This was accomplished by reducing the water-wettability of the
rock and preventing water from interacting with the formation and
causing the damage.

Surfactant Enhanced Oil Recovery. Most traditional surfac-
tant floods were conducted to minimize the interfacial tension between
the oil and water. In water-wet reservoirs, oil is generally trapped in pore
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spaces by capillary forces and can be present as discontinuous oil ganglia
following a waterflood. In these cases, by reducing interfacial tension, the
capillary forces are reduced and oil recovery may be improved. In oil-wet
or mixed-wet conditions, a substantial portion of the oil is trapped by
being attached to pore surfaces. Although a reduction in interfacial
tension will help mobilize the oil, a change in wettability of the pore
surfaces to a more water-wet state will release oil from the surfaces and
consequently can improve oil recovery.

A study [93], which included laboratory evaluation and a field test in
Santa Fe Energy Company’s Torrance Field, reported increased oil
production when the reservoir wettability was altered from oil-wet to
water-wet using a synthetic surfactant. These surfactants, called thin film
spreading agents (TFSA), such as alkoxylated nonylphenol resins, displace
asphaltene molecules from both oil-water interfaces and mineral surfaces.
The laboratory studies on demulsification, wettability alteration, and oil
recovery efficiency indicated that TFSA molecules recovered incremental
oil by coalescing near wellbore emulsions, rendering oil-wet reservoir rock
surfaces water-wet, thus increasing oil permeability and improving areal
sweep efficiency. Over an 18 month period in a 36-acre waterflood pilot, a
0.1 pore volume bank containing 239 mg TFSA/kg of rock was injected
into an irregular pattern of one injector surrounded by nine producing
wells. An estimated 8150 + 850 bbl of additional oil was recovered.

A similar test in the Basal Tannehill reservoir, Shackleford County
Texas [94], was not as conclusive as the Torrance pilot, due to the short
time period of stabilized oil production prior to TF'SA injection. However,
an estimated 1510 barrels of additional incremental oil was recovered.

These field responses to wettability alteration appear to corroborate
the laboratory work that showed increased oil recovery with wettability
alteration under idealistic laboratory conditions. However, there were
insufficient follow up studies to confirm that wettability alteration was the

rimary reason for additional recovery. Additional field studies such as
coring of the pilot area could have helped to evaluate the effectiveness of
wettability alteration.

Alkaline Floods. Alkaline floods, typically using sodium
hydroxide, generate surface active products by an in-situ chemical
reaction between the injected alkali and the organic acids of the crude.
Four possible mechanisms [95] are responsible for the recovery of oil by
alkaline floods: (1) emulsification and entrainment, (2) emulsification and
entrapment, (3) wettability reversal from oil-wet to water-wet, and
(4) wettability reversal from water-wet to oil-wet. One example in the
literature of wettability alteration by alkali [96] was reported for an
offshore field in the Gulf of Mexico that had a low recovery factor from
primary production. The wettability of this reservoir was found, using the
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Amott method, to be preferentially oil-wet, RDI = —0.82. Laboratory
work was undertaken to determine the feasibility of injecting alkaline
solutions to improve oil recovery. These experiments were designed to
produce surfactants in-situ. The surfactants would both lower the inter-
facial tension and react with the reservoir rock surface to modify the
wettability of the porous media. The experimental work considered the
injection of seawater and sodium hydroxide mixtures into cores. The
experimental results show that the oil recovery was higher than 50% when
the alkaline solution was injected. The conclusion was that surfactant
produced by alkaline injection altered the rock wettability from oil-wet to
intermediate-wet, increasing oil recovery. One precaution with alkaline
flooding is that the range of reactions and the change in pH can cause
unexpected variation in oil recovery if the reservoir and fluids are not well
characterized.

Cementation. The alteration of wettability by surfactants can
be applicable to well cementation. Carriay [97] describes a method
whereby a water-oil microemulsion was used as a spacer to reverse the
wettability on the walls of the borehole by eliminating the oil film. This
wettability alteration made the surface water-wet and permitted the
cement, whose continuous phase is water, to adhere more strongly to the
formation. An amphoteric surfactant with a co-surfactant was found to be
most suitable.

Well Stimulation. The injection of water and production of oil
are often limited by the near wellbore permeability of the fluids. One
method of altering the oil or water relative permeability is to change the
wettability.

One interesting way proposed to improve relative permeability was a
patent obtained by Penny [98] on the use of anionic alkyl polyamine and
anionic perfluoro compounds as reservoir wettability-altering agents. It
was claimed that these highly surface active compounds reduce both the
oil-wet and water-wet tendencies of reservoir carbonate rock. In an
injection well, it was claimed that these agents increase water perme-
ability by both reducing the residual oil saturation and the interaction of
the water with the reservoir surface. The increase in water permeability
means that more water can be injected with the same equipment or that it
costs less to inject the same amount of water. In a production well, this
non-wetting property allows the hydrocarbons to displace water, leaving a
lower water saturation and an increased flow of hydrocarbons through
capillaries and flow channels in the formation to the production wellbore.
The authors and reviewers have some reservations about some of the
claims in this patent, but the concept deserves due consideration.

Micellar acidizing solvents [99] are sometime used in removing skin
damage and near-wellbore plugging problems. These micellar systems are
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produced by combining a surfactant, co-surfactant, and a high molecular
weight, water-insoluble, polar organic solvent that is added to an acidic
solution. They tend to exhibit the same types of properties as mutual
solvents, but do so through an entirely different scheme of chemistry.
Like most mutual solvents, the micellar acidizing solvent is totally
miscible in acid, but exhibits the properties of a much stronger surfactant,
and the solvency of a much stronger organic solvent. The mixture is
melded into a clear, single-phase micellar system. This micellar system
has the properties of a water-wetting agent, surfactant, dispersing agent,
and an organic solvent in a totally miscible treating solution. In a
producing well, the relative permeability to oil is increased by changing
the surface to water-wet. In an injection well, removal of residual oil
around the wellbore and water-wetting the surface promotes single-phase
flow for the injected water.

Soil Remediation. Surfactants have been used to remove
hazardous waste contamination from soil. Kimball [100] has applied the
technology developed for enhanced oil recovery to in-place remediation
of soil containing hydrophobic substances. It was found that surfactants
(sandoxylate sx-408, naxchem k, and inprove) were effective at removing
hexadecane, o-cresol and phenanthrene by desorption of the con-
taminants through flushing of soil. This desorption method indicated
that recovery of contaminants resulted from a change in surface wetting
with the introduction of surfactant.

Researchers at New Mexico Institute of Mining and Technology have
developed a method of treating natural zeolites with cationic surfactants
to produce a sorbent for non-polar organics and inorganic oxyanions while
causing minimal decrease in the zeolite’s sorption of transition metals
[101]. The water-wet zeolites, after modification with surfactants,
absorbed organic hydrocarbons and chlorinated hydrocarbons from
aqueous solutions. They also removed Pb2" from solution with or without
the surfactant treatment. The surfactant treatment changed the wettabil-
ity of the zeolite surface to promote hydrocarbon removal without
affecting the internal structure that removed the transition metal ions.

One major constraint for soil and aquifer remediation is that surfac-
tants, if left behind, must not impose an environmental threat. Environ-
mental issues [102] concerned with the transport of surface active
compounds through the subsurface must be addressed as part of the
advancement of this technology.

Conclusion

This chapter provides an overview of much of the current methodology
and practices for studying wettability and its alteration by surfactants in
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porous rock. The cited references should provide the reader with a
starting point for a more comprehensive review of any particular aspect.
The complex nature of the subject can be overwhelming. The reader
should have noted that there are few studies that directly address
wettability alteration by surfactants in reservoir rock. The authors contend
that this is probably a result of a poor understanding of wettability and
surfactants on reservoir rock, both in the laboratory and in the reservoir,
as well as a continuing negative backlash from numerous failed efforts to
develop a cost effective surfactant flood process in the 1970s. However,
surfactants do have their purpose, as seen in the previous section on field
studies. Some challenges in this area are to better merge the theoretical
understanding of wettability and surfactants in porous media and to
present the results in forms understandable to the reservoir engineers
and others who ultimately apply the results.

List of Symbols
A constant
Ay area under secondary drainage curve
Ay area under forced imbibition curve
C surfactant concentration
CMC critical micelle concentration
h film thickness
ho thin film thickness
H mean curvature of the film interfaces
Jimb displacement curvature
permeability
K, relative permeability
[ length of flow
L¢ characteristic length
0]} Amott oil index
p perimeter
P. capillary pressure
Pinb imbibition capillary pressure
Po pressure in oil phase
Pyw pressure in water phase
Q force from adhesion tension
R ratio of apparent to true equilibrium contact angle
r single capillary radius
7 average capillary radius
ry radius of curvature perpendicular to ry
T radius of curvature perpendicular to 1
RDI Amott—Harvey Relative Displacement Index

SII Spontaneous Imbibition Index
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Sw water saturation

Swf final water saturation after spontaneous imbibition

Swi initial water saturation before imbibition

Sws spreading coefficient

t imbibition time

b dimensionless time

w pseudo-work of spontaneous imbibition

WI Amott water index

Wr ratio of pseudo-works of spontaneous imbibition

Ws ww  pseudo-work of spontaneous imbibition for strongly water-wet
imbibition

Greek

Y interfacial tension

7SO interfacial tension between a solid and oil

Ysw interfacial tension between a solid and water

YwWo interfacial tension between water and oil

r surfactant adsorption

oF free energy change of water per unit of pore space

AP pressure difference

ASop forced imbibition oil saturation change

ASog spontaneous imbibition oil saturation change

ASw water saturation change

ASwp forced imbibition water saturation change

ASwg spontaneous imbibition water saturation change

ASwg_wyw highly water-wet spontaneous imbibition water saturation
change

0 contact angle measured through water

O advancing contact angle

0 contact angle

u viscosity

Uw water viscosity

I1(h) disjoining pressure

IMe(h)  electrostatic component of the disjoining pressure

IMm(h)  van der Waals component of the disjoining pressure

IIs(h) structural component of the disjoining pressure

o surface tension

TSWO adhesion tension

[0 porosity
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Improvements of surfactant flooding in enhanced oil recovery
during the last 10 years are discussed. The review starts by
giving a short introduction to the principles of traditional
surfactant/polymer flooding in sandstone reservoirs. Progress to
improve the flooding technique by simplifying the chemical
Sformulation in a viscous displacement of oil is reviewed. Factors
related to surfactant-polymer properties, interfacial tension,
interaction between chemicals and rock, phase behavior, and
possible phase gradients are discussed. The experience of per-
forming chemical floods at three-phase and two-phase conditions
without alcohol present is presented. The status of spontaneous
imbibition of water and aqueous surfactant solution into low-
permeable chalk material containing oil is brought up to date.
Special focus is given to interfacial tension, wettability, and
height of the chalk material. The imbibition mechanism is
discussed in terms of forces related to capillary pressure, gravity,
and possible gradients in surface tension.

Introduction

Scope. From a technical point of view, more so in the lab than in
the field, chemical flooding of oil reservoirs is one of the most successful
methods to enhance oil recovery from depleted reservoirs at low pressure.
It is, however, well documented in the literature that chemical flooding is
only marginally economical, or in most cases directly uneconomical.
Initially, the objective of chemical flooding was to recover additional oil
after a waterflood, and it is therefore described as a tertiary oil recovery
process. A lot of papers and reviews, both laboratory work and field tests,
have been published on this subject since the first work by Marathon Oil
Company in the early 1960s [I]. Even though enormous effort by oil
company, university, and government researchers during the 1970s and
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1980s increased our knowledge about the chemical flooding process, it
was more or less accepted or concluded by the oil companies at the end of
the 1980s that the method was not economical, or the economical and
technical risk was too high with the present oil prices. The research
declined drastically during the 1990s, but still some research groups were
active trying to improve the technique by:

o simplifying the flooding process
e improving the efficiency of surfactants
e developing new chemicals (surfactants)

Surfactants and polymers are the principal components used in
chemical flooding. The surfactant lowers the interfacial tension (IFT)
between the reservoir oil and the injected water, while the polymer will
create favourable viscosity conditions and good mobility control for the
surfactant slug. The oil is then displaced by the viscous forces acting on
the oil by the flowing water. For this reason, chemical flooding is also
denoted as:

e micellar/polymer flooding
e surfactant /polymer flooding
e microemulsion flooding

Secondary oil recovery by spontaneous imbibition of water into low-
permeable fractured chalk is a well accepted method to improve the oil
recovery from water- to mixed-wet rock material [2]. Normally, this
process is driven by capillary forces, and it may seem a little strange to
lower the capillary forces by adding surfactants to the injected water. In
the same way as the viscous forces will mobilize capillary trapped water-
flooded oil, the gravity forces may be active in displacing the oil by
spontaneous imbibition at low IFT [3]. A crossover from a capillary forced
spontaneous imbibition (counter-current flow) to a gravity forced imbi-
bition (cocurrent flow) is observed by decreasing the IFT. The status and
recent advances in the research in this area will be included in this
presentation as well.

The objectives of the present work are to bring the topic up to date and
to focus on the recent laboratory developments in chemical flooding of oil
reservoirs. For the historical development of the process, interested
readers are referred to noteworthy reviews by Pope and Baviere [4],
Thomas and Farouq [5], Healy and Reed [6], and Ling et al. [7]. The
present review will be related to new developments within:

e traditional chemical flooding of sandstone reservoirs
e imbibition of aqueous surfactant solution into low-permeable chalk

Other areas where surfactants are used in flooding of oil reservoirs, which
are not included in the present review, are:
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o Alkaline/surfactant/polymer process, termed ASP [8]. The ASP
flooding is hoped to be a low-cost improvement over micellar/
polymer flooding.

e Surfactant based mobility control, i.e. foam generation during gas
injection.

e Partial or complete blocking of high-permeable regions, forcing
injected displacing fluid into low-permeability areas of high oil
content [9].

Traditional Surfactant/Polymer Flooding. In general terms,
Figure 1 illustrates the various regions of immiscible flow during a typical
displacement of oil by a surfactant solution. Provided that a water flood
was performed prior to the chemical flood, the various zones are
described as:

Region 1: Waterflooded residual oil saturation, only water is flowing.
Region 2: An oil bank is formed, both oil and water are flowing.
Region 3: Surfactant slug forming the low IFT region, two- or three-
hase flow of oil, brine, and microemulsion depending on the
actual phase behavior.
Region 4: Polymer solution for mobility control, single phase flow of
water.

The capillary number, N, is related to the residual oil saturation
through the desaturation curve illustrated by Figure 2. N.. is defined as the
ratio between the viscous and local capillary forces and can be calculated
from:

Ofhy
N, = ¥ 1
. (1)

where v is the effective flow rate, p,, is the viscosity of displacing fluid, and

Flow direction

Region 4 Region 3 Region 2
Polymer Surfactant Oil bank

Figure 1.  Phase position in a typical chemical flood.
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Figure 2. Schematic capillary desaturation curve for a nonwetting
phase.

o is the IFT. If the wettability preference of the rock is taken into account,
the formula for N, becomes:

Ul

¢ gcosl @)

where 0 is the contact angle measured through the fluid with the highest

density. The capillary number, corresponding to the break in the

desaturation curve, is designated as the critical capillary number, N,;.

Thus, to improve the oil recovery relative to a water flood by using

chemicals, N. must be significantly higher than the critical capillary

number, N >> N,,;. The critical capillary number and the shape of the
desaturation curve depend on the rock properties such as:

e aspect ratios, the ratio of body to pore throat diameter
e pore size distribution
o wettability

For an ordinary water flood under water-wet conditions, N is usually
in the range of 10~ " to 10~°. The critical capillary number may be in the
range of 107" to 10~* whereas complete desaturation of the nonwettin
phase (oil) may occur at a capillary number in the range of 10 %to 10~
[10]. The waterflooded residual oil saturation may be in the range of 30 to
40%. It must be noticed that these data are mainly based on model cores
(Berea and other outcrop sandstone cores) which have never been in
contact with reservoir crude oil. Much lower values are, however,
observed under mixed-wet conditions [11]. This implies that it is about
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10 times more difficult to remobilize capillary trapped discontinuous oil,
compared to continuous oil. In order to be able to mobilize a significant
amount of the waterflooded residual oil, it is expected that the capillary
number must be increased by a factor of 10° to 10*. The only practical way
to do this is to reduce the IFT between the reservoir oil and the injected
water by the same factor using surfactants, which normally means that the
IFT should be between about 0.01 and 0.001 mN/m.

Until recently, no single surfactant or mixture of surfactants was able
to decrease the IFT between water and oil to this level by adding small
concentrations of surfactant (about 0.1 to 0.5 wt%) to the water injected
in an ongoing water flood. Instead, complicated formulations of injection
strategies were developed by forming a thermodynamically stable micro-
emulsion phase between the oil and the water. At optimum conditions, i.e.
equal solubilization of oil and water into this middle phase, the IFT
between the microemulsion phase and the two excess phases, oil and
water, is utralow and equal, fulfilling the conditions for displacing most
waterflooded residual oil. A variety of chemicals, mixtures of surfactants
and low molecular weight alcohols, were needed to design a gel-free
chemical formulation. In order to work properly, phase gradients, usually
a negative salinity gradient, must be established in the reservoir. The
amount of polymer needed for maintaining mobility control must be high
because the middle phase microemulsion is normally rather viscous.
Good mobility control is essential to protect the integrity of the small
slug of chemicals injected against dissipation because of fingering,
channeling, mixing, crossflow and other reservoir mechanisms. Espe-
cially, fingering is a problem in a low tension flooding process because the
capillary forces are low.

Because of the complexity of the chemical formulation, the slug
is affected by mass transfer and changes in phase behavior as the
fluids propagate through the resevoir. The process is sensitive to many
parameters including:

rock type

mineral content

interstitial brine salinity and composition
pH

injection rate

slug composition

polymer concentration and type
oil viscosity and composition
pressure

temperature

e heterogeneities of the formation

The most common anionic surfactants (petroleum-, alfa-olefin-, and
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alkylaryl- sulfonates have égreat potential for extracting adsorbed multi-
valent cations, Mg etc., into the micellar slug, with the con-
sequence of a drastlc change in phase properties. Therefore, a preflush of
water containing monovalent cations is often performed to obtain a cation
exchange. In order to compensate for reservoir parameters, which disturb
the phase behavior of the surfactant slug during the process, an imposed
phase gradient is normally used. If the phase gradient does not behave
properly, a great loss of surfactants may take place due to phase trapping,
i.e. the surfactant is trapped in the oil or in the middle phase. From a
reservoir engineer’s point of view, it is very difficult to handle the flow of
three liquid phases through an inhomogeneous porous medium. Remem-
ber that the fluids have different viscosities and mass transport is taking
place between the different phases depending on the reservoir con-
ditions. Thus, technically it would be a step forward if the chemical
flooding could be performed in the two-phase mode.

The goal of the research on surfactant flooding during the 1990s was to
develop surfactants that can recover additional oil in a cost-effective
manner during a normal water flood using produced brine (due to
environmental aspects) or seawater as injection fluid. In order to avoid
many of the problems associated with complicated chemical slugs with
high concentration of surfactants and cosurfactants/alcohols, the follow-
ing criteria should apply:

e the only chemicals used are surfactant and polymer

e low chemical concentration (surfactant 0.1-0.5 wt%; polymer
<500 ppm)

e no imposed salinity gradient or other phase gradients

the chemicals should be insensitive to multivalent cations

e the flooding conditions should be a two-phase flood with the
surfactant and polymer present in the aqueous phase, forming an
oil-in-water microemulsion, termed Type II(—)

The flooding performance is termed Low Tension Polymer Water Flood,
LTPWF, or low surfactant concentration enhanced water flood, and
illustrated in Figure 3.

Surfactant loss due to phase trapping is minimized if only oil and water
phases are present at all times during the flood. Surfactant loss is only
related to adsorption onto the mineral surface provided that the surfac-
tant tolerates multivalent cations, i.e. no precipitation. In the following
sections we will discuss recent published work which is relevant in
reaching this goal.

Possible combinations of oil, water/salt, and surfactant/cosurfactant/
alcohol will give different phase behavior depending on actual conditions.
The liquid phase containing the surfactant is a thermodynamically stable
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Flow direction

Surfactant Oil bank Residual
polymer Oil bank oil

Figure 3. Schematic illustration of a LTPWF.

phase usually termed a microemulsion. The following phase terminology
will be used in this chapter:

Type II(—): An oil-in-water microemulsion in equilibrium with excess
oil.

Type I1I: A middle phase microemulsion in equilibrium with excess
oil and water.

Type II(+): A water-in-oil microemulsion in equilibrium with excess
water.

In general, the phase property of the Type II(—) is described as a water-
continuous phase with dissolved oil in micellar aggregates. Likewise, the
Type II(+) is described as an oil-continuous phase with dissolved water
in reversed micellar aggregates. The Type III is described as a bi-
continuous phase, i.e. it is continuous both in oil and water with the
surfactants located in the interface and, at the optimum condition, the
volume of oil and water is the same.

Chemicals

Surfactant. Based on a two-phase flood condition, Type II(—)
phase behavior, the interfacial surface between oil and water must be
covered by at least a monolayer of surfactants. High surface coverage is
needed in order to obtain low enough IFT. Thus, the surfactant molecules
must have strong lateral intermolecular association without forming liquid
crystals and gels. Futhermore, the surfactant must also grade smoothly
from being oil- to water-soluble over a sufficient length of the molecule.
In this way it will be a smooth transition from oil- to water-like fluid along
the interphase. A lot of papers have shown that it is possible to synthesize
anionic surfactants with these properties that tolerate high concentrations
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of multivalent cations [12-15]. Anionic surfactants containing multiple
units of ethylene oxide and/or propylene oxide (EO and PO) in their mid-
section were found to satisfy many of the desired conditions. Examples
are:

R-(PO),-(EO),-SO3 (alkyl propoxy-ethoxy-sulfonate)
R-(PO),-(EO),-OSO3 (alkyl propoxy-ethoxy-sulfate)
R-Ph-(PO),-(EO),-SO3 (alkylaryl propoxy-ethoxy-sulfonate)

wherey=0,1,2,3,...,x=1,2,3, ...
Rys 15-O-(CH(CH;)CH50)7-(CH,CH50)o-(CH,CH(OH)CH,)-SO3 Na ™

Pure and highly substituted benzene sulfonates, n-Cis-0-xylene-SOj’,
have similar properties regarding low IFT in the two-phase region
without using alcohol [16].

Sanz and Pope [17] have screened combinations of ethoxylated
sulfonates and alkylaryl sulfonates for alcohol-free chemical flooding
purposes. They observed difficulties in obtaining clean or gel-free micro-
emulsions at the phase transition from Type II(—) to Type III, which
means that surfactant retention and pore plugging may take place. Thus, it
appears to be an advantage to stay in the two-phase region during the
flood process.

Analysis. Normally, commercial anionic surfactants of the
propoxy and ethoxy type are polydisperse in the PO- and EO-groups.
Furthermore, the products usually contain significant amounts of non-
ionic alcohols. In the case of ethoxylated aromatic sulfonates, HPLC
analysis is found to give a good quality check of the product [18]. Mixed-
mode reversed-phase/ion-exchange columns of the type C18 and C4 from
Alltech were found to separate the different EO-oligomers of the anionic
surfactant, Figure 4. The distribution of the EO-groups in the commercial
product, Cy-Ph-(EO)s-SO;3Na, was in the range of 2 to 13. The figure also
shows that the nonionic alcohols and possible impurities of the type
R-(EO),-R can be detected and quantified.

Due to the formation of mixed micelles with a low value of critical
micelle concentration, CMC, mixtures of ethoxylated sulfonates and alkyl
aryl sulfonates are found to tolerate hard water and high salinities. Mixed-
mode columns of the type C4 can also be used to analyse mixtures of Co-
Ph—(EO)grSOgNH and C12—Ph-SO3Na [19]

Stability. Ethoxylated anionic sulfonates are fairly stable regard-
ing desulfonation by breakage of the C—S bond at ordinary reservoir
conditions [20]. Water solvolysis, H" catalyzed hydrolysis, and nucleo-
philic (HS™ and CI™) displacement reactions have, however, been
observed. Each and every one of these reactions can dominate the
decomposition rate under different conditions.
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Figure 4. HPLC analysis of a commercial product of Cg-Ph-(EO)s-

SOsNa. (Reproduced with permission from reference 23, copyright 1993
Elsevier.)

0.02

Even though oil reservoirs have a reducing environment, air or oxygen
is usually not excluded from solutions in surfactant flood experiments, and
it is therefore important to be sure that the loss of surfactant is not due to
chemical decomposition during the experimental period. Under aerobic
conditions, oxygen is important in the decomposition of the EO-groups.
The main mechanism is believed to be cleavage of the ether bonds in the
same way as in the decomposition of polyethylene oxide [21]. The ether
bonds are broken by formation of hydroperoxides as intermediates. The
peroxides are then decomposed by a radical mechanism, which may
initiate chain scission reactions. The decomposition may also be catalyzed
by metal ions [22]. It is, however, illustrated in Figure 5 than no significant
decomposition of Cg-Ph-(EO)s-SO3Na takes place at 80°C at seawater
salinities under aerobic conditions during a test period of 156 days [23].

The EO-sulfates are cheaper than the corresponding EO-sulfonates,
but they are hydrolysed at high temperatures and low pH. The pH of
injected seawater is normally changed from about 8 to 4-6 due to
solubilization of COg and ion-exchange between water and the reservoir
rock. At 60 °C, the halflife time for EO-sulfates is estimated to be about 7
and 30 years at pH &~ 5 and pH =& 8, respectively [24]. The rate of
hydrolysis increases exponentially with increasing temperature.

Polymer. The polymer must be water-soluble and of low flexi-
bility to give high viscosity at low polymer concentration and high



212 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

0,20
B o0days
B 4days
0,157 32 days
i Y] 60 days
O 156 days
0,10 A

Mole fraction

14+13 12 1110 9 8 7 6 5 4 3 2
EO-number

Figure 5. Stability test of Cg-Ph-(EO)s-SO3Na at 80°C. (Reproduced
with permission from reference 23, copyright 1993 Elsevier.)

salinities. The two biopolymers, xanthan and scleroglucan, are good
candidates. Xanthan acts as a negatively charged double helix in saline
solution, while scleroglucan acts as an uncharged triple helix in solution.
Polymers forming a helix usually hide their hydrophobic sections in the
interior of the helix, minimizing surfactant—polymer complex formation.
Both of the polymers tolerate high salinity and can be used in seawater.

Hydrolysed polyacrylamide, HPA, is a good alternative at low sali-
nities, but is not recommended to be used in hard water at high salinities.
Copolymers containing sulfonate groups (acrylamide and sodium 2-
acrylamido-2-methylpropane sulfonate from Floerger) are designed to
tolerate high temperatures and seawater salinities.

Surfactant-Polymer Interaction in Solution. In the tradi-
tional way of micellar flooding, the surfactant is present most of the time
in the microemulsion phase, i.e. the middle phase, and the polymer is
present in the excess water phase. Due to the negative salinity gradient
usually applied, a high concentration of surfactant is also present in the
aqueous phase, Type II( —) phase behavior, at the back of the surfactant
slug. A rather high concentration of polymer must initially be injected to
obtain mobility control of the surfactant slug. Thus, at the rear of the
surfactant slug, both surfactant and polymer are present in the aqueous
phase in significant concentrations (5-10 wt% surfactant and more then
1000 ppm of polymer). It is well documented in the petroleum and
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chemical literature that mixtures of anionic surfactants and different
water-soluble polymers tend to phase separate in saline aqueous solutions
[25, 26]. The incompatibility phenomena can be chemically explained by
considering the micelle—polymer system as a colloidal system according to
the DLVO theory for the stability of colloids [27, 28]. Therefore, the
micellar—polymer systems usually contain alcohol in order to obtain gel-
free microemulsions and to improve the compatibility of the surfactant—
polymer solution. High salinities require larger concentrations of alcohol
to prevent phase Separation.

Piculell and Lindman [29] recently discussed the phase separation of
aqueous mixtures of polymer/polymer and polymer/surfactant solutions in
terms of association and segregation. When one of the phases is
concentrated with both of the components, the phase separation is
termed associative, and when the separating phases contain components
of comparable total concentrations it is called a segregative phase
separation. Mixtures of nonionic polymer and ionic surfactant mainly
show an associative phase separation. However, this may be due to the
fact that most studies performed in the chemical literature have been
specifically concerned with systems where P-S association has been
important. Systematic experiments on P-S systems where both are
negatively charged are reported to show a segregative phase separation.

In a LTPWF, the concentration of surfactant and polymer is much
lower than in a traditional micellar slug flood (surfactant 0.1-0.5 wt% and
polymer <500 ppm) and incompatibilities between the chemicals result-
ing in associative or segregative phase separation are normally not
observed even at high salinities [14]. It is, however, very important that
no association between surfactant and polymer takes place in solution. In
the presence of excess polymer, the surfactant monomer concentration
will then become lower than the CMC. The monomolecular packing
of surfactants at the interface decreases, and the IFT will increase
drastically.

It is important to note that the association between ethoxylated
sulfonates [30] and sulfates [31] and nonionic polymers decreases as the
ethoxylation degree increases. Practically no interaction was observed
with EO-groups higher than 3—4. This means that the free energy for
normal micelle formation is more favorable than for forming micellar
aggregates on the polymer.

Interfacial Tension. Another property of the polymer is the
ability to bind up water. Depending on the nature of the polymer, charged
or neutral, the hydrodynamic volume or the electrical double layer will be
affected by both salinity and temperature. Usually it will decrease as
salinity and temperature increase. Kalpakci et al. [13] suggested that a
dissociative surfactant—polymer interaction would have synergistic effects
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on the IFT, i.e. they measured a decrease in the IFT (between the excess
phases (oil and water)) and in the CMC for different surfactant systems in
the presence of 1500 ppm xanthan compared to a polymer free system.
Austad and Taugbgl [16] found that a solution containing 500 ppm
xanthan did not affect the IFT significantly compared to a polymer free
surfactant system, Figure 6. It should be noted that the authors have not
found any documentation in the literature for pure components that
polymer in the presence of surfactant will affect the IFT significantly.
Thus, at the concentration levels for the chemicals used in LTPWF, it
appears that the polymer will not change the IFT provided that it is a
dissociative interaction between the surfactant and polymer.

It is reasonable to expect that the average time a surfactant molecule
spends in the oil-water interface is of the same order as the average
monomer life-time in a micelle, i.e. about 6 ps [32]. A stronger association
between the surfactants at the interface will increase the coverage of the
interface with surfactants. The electrostatic repulsion between the
negatively charged head groups of the surfactants will prevent high
coverage of the surface. The intermolecular repulsion will, however,
decrease if the system contains a small mole fraction of cationic surfac-
tant. Wellington and Richardson [15] observed synergistic interactions
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Figure 6. IFT between n-C7 and brine at 50 °C. (Reproduced with
permission from reference 16, copyright 1995 Elsevier.)
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Table 1. IFT Decrease with Dilution (data from reference 15)

Anionic Surfactant Cationic Surfactant IFT
(ppm) (ppm) (mN/m)
4000 400 0.024
1000 100 0.004
500 50 0.0002

between anionic and cationic surfactants when adding fractional amounts
of PO-EO quaternary ammonium cations to PO-EO sulfonates (mole
ratio of 1:10). The physicochemical properties of these surfactant mix-
tures are in many ways comparable to nonionic surfactants. At a given
salinity and a surfactant concentration above the CMC, a phase separation
temperature or a cloud point is reached by increasing the temperature of
the solution. The cloud point may also be reached by dilution. In general,
as the surfactant solution approaches the cloud point, the IFT will
decrease. More surfactants will move to the interface because of poor
dissolution in the aqueous phase. The mixed anionic—cationic surfactant
system appears to behave in this way, as indicated in Table 1. This
property is very useful during an enhanced waterflooding process.

The propoxy ethoxy sulfonate used by Taugbgl et al. [14] also showed
an IFT value close to 1072 mN/m towards n-heptane in seawater,
Figure 7. Thus, the present PO-EO-surfactant systems are able to lower
the IFT between water and oil by a factor of more than three magnitudes
in a Type II(—) phase behavior. The corresponding increase in the
capillary number suggests that a significant amount of waterflooded
residual oil will be recovered by a chemical flood performed in the two-
phase region.

Another interesting feature about these surfactant systems is that the
PO and EO groups need not be on the same molecule, i.e. mixtures of
propoxylated and ethoxylated surfactants could be used. This is an
advantage in designing and manufacturing the chemicals because the
EO and PO groups may be on separate molecules. Several parameters can
then be varied in order to design the wanted hydrophilic and lipophilic
balance, HLB, like the relative number of PO and EO groups and the
relative amount of the two surfactant types.

One characteristic of the PO/EO sulfonate-type surfactants is their
remarkable performance in the presence of high concentrations of Cca®t
and Mg2+ ions. This is taken to mean that calcium and magnesium salts of
these surfactants have a limited solubility in oil, which will reduce possible
trapping of surfactant at low concentration in the residual oil phase. As
illustrated by Figure 8, a relatively small change in IFT is observed by
doubling the salinity of seawater [14].
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Figure 7. IFT between n-heptane and seawater at 50 °C. (Reproduced
with permission from reference 14, copyright 1995 Elsevier.)
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duced with permission from reference 14, copyright 1995 Elsevier.)
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Interactions Between Chemicals and Rock

Normally, retention of surfactants, which involves adsorption, precipita-
tion, and phase trapping, has been regarded as one of the main factors for
the unfavorable economics in chemical flooding. Adsorption at the solid—
liquid interface should be at minimum and be the only retention
mechanism for a properly designed surfactant system for a Type II(—)
phase behavior. Commercial products of actual surfactants are poly-
disperse in the PO and EO groups, and mixtures of them are potential
flooding chemicals.
The questions to be asked are:

1. Will there be a selective adsorption or chromatographic separation
of the surfactant mixture as it propagates through the porous
medium?

2. Will the polymer act as a sacrificial chemical when coinjected with
the surfactant?

3. Why is adsorption of surfactant at anaerobic conditions (reservoir
conditions) lower than adsorption at aerobic conditions (laboratory
conditions)?

The answers to these questions will be discussed below.

Chromatographic Separation/Adsorption. The HPLC analy-
sis of the commercial product Co-Ph-(EO)s-SO3Na showed that the
number of oligomers can be high, Figure 4. Also, mixtures of surfac-
tants containing different numbers of PO- and EO-groups have been
used to optimize the surfactant formulation at a given salinity [12]. Tt
has been verified experimentally that surfactant mixtures show proper-
ties that are beneficial for oil recovery compared to single components.
Under a dynamic flood process, the formation may act as a chromato-
graphic column towards the surfactant mixture. Different models for
chromatographic separation of surfactant mixtures have been presented
[33-35]. The models are based on idealized adsorption (Henry’s Law),
electrostatic interaction in the adsorbed layer combined with the
pseudophase separation model, and a pseudobinary mixture of surfac-
tant in brine (ideal mixed micelle theory). The models qualitatively
describe the chromatographic movement of a surfactant mixture (usually
two components) in sandstone cores. It is, however, unreasonable to
believe that the models will predict the movement of a multicomponent
surfactant mixture. Some experimental results concerning EO surfac-
tants and mixtures of ethoxylated and nonethoxylated surfactant will be
presented.

Surfactant flooding under a Type II(—) phase condition will have
retention mechanisms mainly related to adsorption at the water—solid
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interface. No trapping in the oil phase or precipitation by multivalent
cations is expected at a surfactant concentration above the CMC. Austad
et al. [36] circulated a solution of Cy-Ph-(EO)s-SO3Na through clay
containing reservoir cores for more than two weeks to obtain adsorption
equilibrium. The surfactant concentration was above the CMC all the
time. The surfactant contained EO-oligomers in the range of 2-13. In the
case of a precleaned core with no oil present, an increase in the adsorption
of the low molecular weight EO-sulfonate oligomers relative to the high
molecular weight oligomers was observed. If oil was present, no signifi-
cant preferential adsorption of the various EO-sulfonate oligomers could
be detected.

Static adsorption onto kaolinite at surfactant concentrations below the
CMC showed a drastic change in the selective adsorption of the different
oligomers. Relative to the initial distribution, the surfactant mixture
became richer in the higher molecular weight oligomers, i.e. the low
EO-number oligomers have a stronger adsorption to the clay. However,
the main conclusion from the work is that ethoxylated sulfonates, and
probably PO-EO type compounds too, have a structural similarity which
will show minimal chromatographic separation during a chemical flood
provided that the surfactant concentration is above the CMC. Similar
conclusions are made by others [12, 15].

In order to reduce the cost of the chemical formulation, mixtures of
ethoxylated and alkylaryl sulfonates have been tested as potential chemi-
cals both in the field and in the laboratory [37, 38]. Analysis of produced
fluids from a pilot test suggested that no significant chromatographic
separation had occurred between the components of the surfactant slug
that had been injected. Without any experimental documentation, Miller
et al. [38] suggested that the interaction between surfactants in such
mixtures tends to equalize the adsorption of the components onto the
reservoir rock.

The low CMC of the mixed micelles is the reason for the stability of
these surfactant mixtures towards multivalent cations, and the surfactant
system can be applied even in seawater. The chromatographic separation
of the dual surfactant system Cy-Ph-(EO)s-SO3Na (6EOS) and sodium
dodecyl-benzene-sulfonate (SDBS) in the mole ratio of 1:1, was tested by
Fjelde et al. [39]. Both of the chemicals were polydisperse, but the system
was studied as a pseudobinary surfactant mixture. This dual surfactant
system showed a strong negative deviation from ideality, which means
that a minimum in the CMC versus surfactant mole fraction is observed.
Long term dynamic circulation experiments in a reservoir core, and
dynamic slug injection in a Berea core at waterflooded residual oil
showed that a fast selective adsorption took place until the surfactant
composition of the most stable mixed micelles was reached. Further
decrease in the individual concentrations of the two groups of surfactants
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appears to be governed by a simple linear relationship between concen-
trations of the chemicals in solution, provided that the concentration is
above the CMC. Thus, in order to avoid drastic changes in the relative
composition of the two surfactants, the surfactant flooding should be
performed with a concentration ratio of the two surfactants corresponding
to the minimum in the CMC. Below the CMC, the adsorption of the
nonethoxylated surfactant is significantly higher than the ethoxylated
surfactant.

Effect of Polymer. In recent years, as described previously,
much attention, both experimental and theoretical, has been focused on
surfactant—polymer interaction in solution. Less experimental work,
however, is done on the interaction between polyelectrolyte and surfac-
tant of similar charge at the solid-liquid interface. Static adsorption
experiments from the chemical literature indicate that the polymer does
not affect the adsorption of the surfactant onto solid material as long as
the surfactant concentration is above the CMC, apparently owing to the
availability of sufficient surface sites for adsorption of the surfactant
molecules [40, 41].

The adsorption process of surfactant and polymer under a two-phase
dynamic flow condition in a porous medium, being heterogeneous in the
mineral composition, showing flow constrictions due to small pore
throats, and having stagnant volumes, i.e. zones bypassed by the injected
fluid, is quite different from what is observed in a stationary adsorption
process. The mechanism of a dynamic surfactant adsorption process onto
clay-containing reservoir sandstone cores has been studied by Austad et
al. as a function of time by circulating the solution through the core and
determining the decrease in the surfactant concentration. Several adsorp-
tion regimes were observed due to the complexity of the mineral
composition [42], residual oil saturation [43], and the presence of polymer
[44]. Due to diffusion of surfactant monomers into the micropores of clay
minerals, the time to reach adsorption equilibrium was in many cases
rather long, about 50 days.

In the pre-equilibrium stage, the interaction between the surfactant
and the polymer at the solid-liquid interface during the flooding process
is also affected by chromatographic separation between the chemicals due
to size exclusion phenomena, relative diffusion rate between surfactant
monomers and polymers and between polymers of different molecular
weight, and the access to the surface area. The polymer will move ahead
of the surfactant when the chemicals are coinjected into a porous
medium. Will an anionic polymer act as a sacrificial adsorbate towards
PO-EO anionic surfactants? Experimentally, this was tested by circulat-
ing the injected solution containing xanthan and a PO-EO sulfate through
reservoir cores of rather high clay content, approximately 20 wt%, [45].
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Different adsorption regimes of the surfactant were observed with and
without polymer present.

In Figures 9(a) and (b), the S-core only contains surfactant, while the
SP-core contains surfactant and polymer. The different adsorption
regimes responsible for the decrease in the surfactant concentration are
described as:

1. Dilution with brine from the core/tubing/pump and fast adsorp-
tion.

2. Adsorption where there is a surfactant concentration gradient
between the mixing bottle and the solution inside the core.

3. A temporary delay in the adsorption process.

4. Diffusion controlled adsorption where the surfactant concentra-
tion in the mixing bottle is nearly equal to the surfactant concen-
tration in the solution inside the core.

5. A constant surfactant concentration, indicating that final adsorp-
tion equilibrium is obtained.

The temporary delay in the adsorption process may be explained by the
time it takes for the surfactant to “clean up” sufficient openings of the
micropores where adsorption of surfactants still can take place.

In the presence of xanthan, however, a minimum in the surfactant
concentration is observed prior to the regime 3. This is interpreted as a
fast surfactant adsorption onto easily accessible surface area, followed by a
slow displacement by the polymer. Final adsorption equilibrium for the
polymer was also obtained close to 2000 PV. The polymer will act as a
sacrificial adsorbate towards the surfactant, causing a 20% decrease in
equilibrium adsorption of the surfactant. In model cores of low clay
content, small slug experiments, i.e. at surfactant concentrations well
below the CMC in parts of the slug, the surfactant adsorption also
decreases in the presence of xanthan, probably due to competitive
adsorption between the surfactant and the polymer. In the large slug
experiments, i.e. at surfactant concentrations well above the CMC, the
surfactant adsorption is not significantly affected by the presence of
xanthan or AN 125 (anionic copolymer containing sulfonate groups) [45].

Thus, to sum up, the polymer may decrease the adsorption of
surfactant in reservoir rock of high clay content, approximately 20 wt%.
In cores of low clay content, approximately 5wt%, the polymer will
probably have negligible effect on the surfactant adsorption onto the rock.

Adsorption Anaerobic/Aerobic. A very interesting paper,
suggesting that surfactant adsorption onto reservoir rock is related to the
reduction/oxidation potential of the system, was presented by Wang [46]
using the PO-EO sulfates from in the Loudon field test. Conventional
laboratory core floods consistently resulted in higher surfactant adsorp-
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tion or retention levels than observed in the field tests. There are,
however, great uncertainties in determining the adsorption levels from a
field test. Laboratory core floods under anaerobic reduced conditions
using reservoir brine and sodium dithionite, NasSsOy, as oxygen trapper,
appeared to give similar results. Static adsorption experiments on differ-
ent clay minerals showed that the surfactant adsorption level was
unaffected by using either synthetic brine or Loudon field brine. In the
presence of dithionite, the adsorption of surfactant was reduced, and the
reduction was partly reversible when the clays were reexposed to oxygen.
Wang also pointed out that the adsorption of the PO-EO sulfates was
primarily due to the presence of clays, and the contribution from quartz
and silica was minimal.

The adsorption results from Wang’s core flood experiments are
interesting, but some critical comments are relevant:

1. Dithionite may act as a sacrificial agent towards the anionic
surfactants and reduce the adsorption in the same way as car-
bonate, phosphate, and silicate do. This effect is not discussed in
Wang’s paper.

2. Why is only dithionite found to be active in reducing the surfactant
adsorption onto clay minerals? No effect was observed by washing
with anaerobic reservoir brine. Remember also that the clay
minerals were determined to be the main source for surfactant
adsorption. Oxidatation of the dithionite to sulfate, which is not
regarded as a sacrificial agent, increased the adsorption of surfac-
tant.

It is interesting to note that core floods conducted by Wellington and
Richardson [15] agreed with Wang’s findings. The observations are surely
important, but the reason for the suggested lower adsorption of surfac-
tants at reservoir conditions is not quite clear yet. Are there, for example,
small amounts of anionic species in a reduced state which can act as
sacrificial agents towards the surfactants in a flood process at reservoir
conditions?

Phase Properties/Gradients

The chemical flooding systems discussed in this section are without
alcohol present as cosurfactant. As pointed out by Sanz and Pope [17], a
major difficulty was to preclude gels, liquid crystals, macroemulsions, and
precipitates along the compositional path during a chemical flood if
cosurfactants/alcohols are not part of the chemical formulation. Phase
trapping and blockage of the porous medium must be avoided.
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Parameters Affecting Phase Behavior. In general, the phase

behavior at reservoir conditions for oil-water—surfactant systems without
alcohol present is very sensitive to the oil composition. Polar components
in the crude oil may act as cosurfactants. On the other hand, model oils
like n-alkanes do not contain this type of material. Different papers using
the Exxon surfactant product termed RL-3011 (dodecyl-o-xylene sulfo-
nate) illustrate the importance of oil composition on the phase behavior
regarding changes in reservoir parameters like temperature, pressure,
and salinity [47-50]. Conclusions from these papers may be summarized
in the following way:

Effects of temperature:

For model oils, the multiphase system moves towards the II(—)
state as the temperature is increased.

For crude oil systems, the mutiphase behavior is complicated. At
moderate temperatures <90 °C the system appears to move
towards a II(—) state as the temperature is increased. At higher
temperatures, the system will move towards the II( +) state. For a
given system, the phase transition temperatures are dependent on
pressure.

At constant salinity and pressure, the phase behavior on changing
the temperature may lead to two optimum conditions (equal
solubilization of oil and water into the middle phase).

Two middle phases are frequently observed in certain temperature
ranges.

The optimal solubilization of oil and water in the middle phase
decreases as the temperature increases.

Effects of pressure:

For all types of oils, the multiphase system moves towards the
II( —) state as the pressure is increased.

At constant salinity and temperature, two middle phases and two
optimum pressures are frequently observed.

The optimum solubilization in the middle phase increases as the
pressure increases.

Salinity:

Nonclassical phase behavior in a salinity scan is often found for
crude oil systems. In this case, no optimal salinity exists. As the
salinity increases in the three-phase region approaching optimal
salinity, suddenly the system turns into the II( + ) state.

Examples of the multiphase behavior using a reservoir crude oil are
shown in Figures 10 and 11. Thus, in both cases (temperature and
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Figure 10. Solubilization parameters vs. temperature for a crude oil
system. (Reproduced with permission from reference 50, copyright 1996
Elsevier.)

pressure scans) a nonclassical phase behavior is observed, i.e. no optimum
(defined as S(w) = S(0)) in the three-phase region is observed.

Although EO and PO-EO sulfonates and sulfates have been used in
field tests, no systematic phase studies of these systems are presented in
the literature, especially at reservoir conditions. Maerker and Gale [12]
observed that the PO-EO-sulfates designed for the Loudon field showed
anormal phase behavior using diesel oil, but a nonclassical phase behavior
using crude oil in a salinity scan. It appears to be a general trend that these
surfactants have low ability to form middle phases at low surfactant
concentration.

The PO-EO sulfonate formulation composed by Wellington and
Richardson [15] contained small amounts of a cationic surfactant with
EO groups. Contrary to traditional anionc surfactants, an aqueous
solution of this formulation passes through a cloud point by increasing
the temperature, i.e. a phase separation takes place. In the presence of oil,
the system will move towards the II(+) state as the temperature is
increased. This is the same behavior as for nonionic surfactants.

Phase studies at reservoir conditions were conducted using a branched
ethoxylated sulfonate termed AS-142 which was used in a single well test
in the Gullfaks field [51]. The phase properties were studied as a function
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(Reproduced with permission from reference 50, copyright 1996 Elsevier.)

of pressure, temperature, and gas—oil ratio (GOR) at seawater salinity
using reservoir crude from Statfjord [52]. The general conclusions were:

e The system has a preference for forming either II(—) or II(+)
phase behavior.

e In the two-phase area, the phase behavior is hardly affected by
changes in pressure.

e The system moves towards the II(+) state as temperature is
increased.

e The system moves towards the II(+) state as the GOR decreases.

The variation in the volume fraction of the aqueous phase versus
temperature is shown in Figures 12(a) and (b) at 400 and 300 bar. A phase
transition from a II(—) state to a II(+) state takes place at 400 bar by
increasing the temperature. At 300 bar, the system stayed in the II(+)
state in the temperature range studied.

Osterloh and Jante [53] reported that classical phase transitions from
II(—) — III - II(+ ) were observed using PO-EO sulfates in combina-
tion with a blend of stock tank oil and a light fraction from the crude oil,
probably in a salinity scan.
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Phase Gradients. A flooding process under multiphase con-
ditions requires a correct phase gradient for optimal displacement of oil.
It is relevant to discriminate between natural phase gradients which are
caused by changes in reservoir parameters like temperature, pressure,
and salinities and imposed phase gradients due to changes in the
concentration or composition of the injected fluids. Under traditional
chemical flooding under multiphase conditions, the negative salinity
gradient concept is regarded as the most effective flood process. A II( —)
phase state is then created at the rear of the microemulsion in order to
minimize the surfactant loss due to phase trapping.

Natural phase gradients. Temperature. The temperature will
increase from the injector to the producer which will have an influence on
the multiphase behavior for a chemical formulation. Anionic surfactant
systems without PO and EO groups will, under moderate temperatures,
move towards the II( —) state as temperature is increased. At temperature
gradients above about 100°C, a similar system may move towards the
II(+) state. Anionic surfactants containing PO and/or EO groups will
move towards the II( + ) state with increasing temperature. Thus, it is very
important to take into account possible temperature gradients when
designing the HLB of the surfactant system in order to prevent unfavor-
able phase conditions.

Pressure. The reservoir pressure will decrease from the injector
to the producer. Most anionic surfactant multiphase systems will move
towards the II(+) state as the pressure is decreased. The pressure
gradient in most of the reservoir is small, and it will normally not influence
the phase behavior during the flood process.

Salinity. A possible salinity gradient is related to the salinity of
the injected water, salinity of reservoir brine, and composition and
amount of adsorbed cations onto the formation. It is verified that the
phase behavior of anionic surfactants of the sulfonate type without PO
and/or EO is much more affected by changes in the ionic strength than
the PO-EO sulfonates.

Imposed phase gradients. Salinity. The chemical slug is
injected with a salinity corresponding to the optimal salinity in the three-
phase state. The salinity of the injected water is then decreased to obtain a
II(—) state at the rear of the microemulsion zone [54].

Alcohol.  Based on numerical simulation data, Baker [55] sug-
gested that self-sharpening behavior, and robustness to variations in
reservoir conditions, could also be achieved by inclusion of an alcohol in
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the chemical slug, provided that the alcohol is chosen to have an
appreciable effect on the phase behavior. This will, however, increase
the chemical cost and complicate the flood performance.

Multiple micellar slugs. Thomas and Farouq [56] suggested the
use of multiple chemical slugs with graded miscibility characteristics to
improve the flood efficiency. The slugs should be injected in the order of
increasing water content, with the compositions falling along an appro-
priate line on the phase diagram. They used, however, surfactant systems
containing various amounts of alcohols in their experiments.

Polymer. Austad and Taugbgl [57] discussed the possibility of
using a polymer gradient at constant salinity in a three-phase low tension
polymer flood process. Polymer has effects on the II(—) — III phase
transition for a single surfactant system as indicated by Figure 13. The
II(—) — III phase transition moves to a lower salinity in the presence of
500 ppm xanthan. At a salinity of 2.1 wt% NaCl, the system will move into
a three-phase state if the concentration of xanthan exceeds approximately
150 ppm, Figure 14. Thus, by decreasing the polymer concentration, a
type III system will move into a type II(—) state at the rear of a three-
phase surfactant slug.

Viscous Displacement of Oil

Some recent laboratory experiments using mostly low concentration
surfactant systems without alcohol will be presented in this section. The
experiments were conducted either as a three-phase flood with a phase
gradient or simply as a two-phase flood without any need for phase
gradient. There has been a discussion in the literature whether the
polymer and surfactant should be coinjected or the polymer should be
injected after the surfactant solution. References will also be given to
actual field tests/pilots where the new generation of surfactants was used.

Three-Phase Displacement. Provided that the alcohol free
surfactant system shows a classic phase behavior, II(—) — III — II(+ ) by
increasing the salinity without forming gels or stable macroemulsions
during the phase transitions, the chemical flood can be performed as a
three-phase flood using a negative salt gradient.

Kalpakei et al. [13] introduced the concept “Low Tension Polymer
Flood”, LTPF. The flood was conducted by coinjection of surfactant and
polymer and, due to chromatographic effects, the polymer moved ahead
of the surfactant. In such an application, mobility of the water at the front
will be reduced and the activity of the surfactant will be enhanced. The
LTPF system should, according to Kalpakci, exhibit type III/II(—)
(slightly under optimum) phase behavior at the injection. Ethoxylated
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sulfonate and scleroglucan were used as LTPF chemicals at high
temperature and salinity with good recovery characteristics (66% of
waterflooded residual oil) and low surfactant retention (less than
0.18 mg/g of rock) in core lengths up to 2.9 m.

One of the great advantages of coinjection of surfactant and polymer is
probably the improved sweep efficiency. Some interesting studies per-
formed by Amoco in the middle of the seventies confirm the idea that
polymer ahead of the surfactant slug will improve the surfactant efficiency
[58, 59]. Flood tests in physical models of heterogeneous porous media
showed that preinjection of polymers could result in better flooding
efficiency because of increased volumetric sweep. It was also found that
the presence of waterflooded residual oil in the porous media increased
the water-flow resistance. Residual resistance factors of 2-3.5 times the
value when the rock was free of residual oil were observed. Furthermore,
polymer preinjection had no effects on oil displacement characteristics of
the micellar fluid and appeared to reduce the surfactant adsorption on the
rock for the polymer—-micellar system studied. Although these experi-
ments were conducted to improve the macroscopic surfactant flooding
efficiency, similar effects may be seen at a lower scale in a homogeneous
medium like a Berea core.
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Austad et al. [60] discussed the physicochemical principles of LTPF in
relation to surfactant—polymer interaction, chromatographic separation of
surfactant and polymer, effects of polymer on the II(—)/III phase
transition and interfacial tension.

Reservoir simulators in combination with an economics model are
useful to optimize the design of a chemical flood using surfactant and
polymer. Project profitability is found to vary significantly at different
surfactant concentrations. Recently, Wu et al. [61] found that the best
results were obtained for the case where low concentrations of both
surfactant and polymer were simultaneously injected, i.e. under a LTPF
condition. Sensitivity analysis on the optimum design showed that the
most important economic variables were oil price, discount rate, operat-
ing cost and chemical prices.

Single surfactant (n-Cjz-0-xylene sulfonate) core flood experiments
using Berea cores and model oil have been performed in order to
compare the oil recovery from floods using polymer and salt gradients
[57]. The surfactant and the polymer were injected simultaneously. About
70% of waterflooded residual oil was recovered, and the recovery from
the salinity gradient was slightly higher compared to the polymer gradient
flood. Normally, in order to lower the chemical costs, the concentration of
polymer in the injection fluid after the surfactant/polymer slug is reduced
in a LTPF and a II( — ) phase state is then created in an optimized system.
Due to the lower mobility of the less concentrated polymer solution, the
polymer gradient zone may be rather large. In that case, the phase
transition is not as sharp as for a salinity gradient. This may have an
effect on the self-sharpening behavior of the surfactant slug using a
polymer gradient in this way. However, the polymer gradient concept
does not involve chemicals other than surfactant and polymer and should
be studied further because of low operational costs.

Alcohol-free chemical floods using an equimolar blend of an olefin
sulfonate and a petroleum sulfonate were reported to give a final oil
recovery of 94% with a 13% of PV slug size using 3 vol.% surfactant
concentration. When the slug size was reduced to 3% of PV, the oil
recovery was still 80% [17]. The mobility was controlled by adding
polymer so the minimum slug viscosity, us, was at least equal to the
reciprocal value of the water mobility at residual oil saturation, S,,;  is
viscosity of water and k., is relative permeability of water, i.e.:

s > /Ky

Dual surfactant systems, ethoxylated sulfonate/sulfate and alkane/
aromatic sulfonate, as potential flooding chemicals have been studied in
the laboratory by Miller et al. [38] and in the field by Holley and Caylas
[37]. In a laboratory experiment at low surfactant concentration, the
residual oil saturation decreased to about 5% with increasing surfactant
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concentration. In the field experiment, some alcohol was added to the
chemical formulation. The incremental oil recovery was only 25% of the
remaining oil after waterflooding in the entire pilot area. It was con-
cluded, however, that better sweep efficiency in the pilot area by the
surfactant would have increased the oil recovery. It is interesting to note
that during the pilot test, no significant chromatographic separation of the
surfactant slug was detected.

In some cases, the ethoxy groups may play an active role in surfactant
adsorption towards certain minerals. A natural question to be asked is
then, “Will polyethylene glycol, PEG, containing many EO-groups, act as
a sacrificial adsorbate in the presence of actual PO-EO sulfonates/sulfates
and in this way improve the oil displacement performance?” Osterloh and
Jante [53] have studied the effect of adding 0.5 wt% PEG-1000 to a blend
of PO-EO sulfates at a brine salinity of 190 g/L. and a temperature of
47°C. Static adsorption of the surfactants onto kaolinite was lowered to
undetectable levels, while dynamic adsorption of the surfactants onto
Berea sandstone was lowered by a factor of four when PEG-1000 was
added to the microemulsion. The oil recovery factor was also increased.
Independently, Austad et al. [62] did similar studies using 0.4 wt% PEG-
4000 at seawater salinities and 80 °C in combination with an ethoxylated
sulfonate containing 12 mole% nonionic unconverted material. Short-
term static adsorption studies confirmed that PEG-4000 had sacrificial
adsorbate effects towards the sulfonate for both kaolinite and quartz. pH-
variations between 7.5 and 3.5 had small effects on the behavior of PEG-
4000. Long-term dynamic adsorption studies were performed by circulat-
ing the surfactant solution through Berea and reservoir cores. A tempor-
ary decrease in the surfactant adsorption corresponding to values
between 7 and 35% was observed by adding PEG-4000, illustrated by
Figure 15. The decrease in adsorption was lowest for the oil-containing
reservoir core. Furthermore, a pressure build-up was observed for the oil-
free Berea cores. The observations were related to formation of PEG-
microgels which are verified from light scattering experiments. Increase
in temperature caused the weight fraction of PEG-microgel particles to
increase. Thus, long-term experiments are needed in order to confirm the
sacrificial adsorbate effects of PEG towards potential PO-EO surfactants.

A favorable phase gradient for oil displacement can also be obtained
by using multiple chemical slugs in a sequence from oil-rich to water-rich
[56]. The injected slugs were selected from equilibrium phase formed in

seudo-ternary oil-water—surfactant systems and followed by a mobility
buffer. The chemical systems used contained alcohol and appeared to be
rather sensitive to multivalent cations, which requires a preflush if used in
reservoir field situations. Compared to single slugs of either oil-rich or
water-rich microemulsions, multiple slugs of similar chemical size were
observed to improve the recovery of waterflooded residual oil. With
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Figure 15. Dynamic adsorption of ethoxylated surfactant mixture onto
Berea vs. time. At 250 PV 0.4 wt% PEG-4000 was added (T =80°C;
brine = synthetic seawater; pH = 6.9-7.1). (Reproduced with permission
from reference 62, copyright 1992 Elsevier.)

process optimization, very high process efficiency was noticed, i.e. a
graded 2% PV slug yielded 15 times as much oil. Similar experiments
should be performed using PO-EO surfactants free from alcohols.

Chemical floods are usually performed by phase gradients in the ITI/
II(—) area for two reasons. (1) To obtain low enough IFT-value. (2) To
obtain a self-sharpening of the surfactant slug. At large well distances, it is
difficult to control the self-sharpening behavior of the chemical slug by
proper phase gradients. Technically, a low tension polymer waterflood is
more easy to perform as discussed in the next section.

Low Tension Polymer Water Flood. In oil reservoirs, where
the critical capillary number is relatively low, a significant amount of
waterflooded residual oil can be displaced by surfactants of high
efficiency even at two-phase flood conditions. This was demonstrated by
the successful second Ripley surfactant flood pilot test in the Loudon field
where approximately 68% of waterflooded residual oil was recovered by
injecting a 0.3 PV microemulsion bank [63]. The microemulsion bank
was followed by 1.0 PV of higher viscosity polymer drive. The
chemical formulation consisted of a blend of two PO-EO sulfates,
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ie. i—C13H27O(PO)4(EO)2803Na and i—C13H270<PO)3<EO)4SOSN3. The
retention of surfactant was confirmed to be less than 0.08 mg/g of rock,
and more than 93% of the injected surfactant was recovered in the
producing wells.

Simultaneous injection of surfactant and polymer with a hydrophilic—
lipophilic balance, HLB, close to the three-phase region was termed Low
Tension Polymer Water Flood, LTPWF, by Austad and Taugbgl [14, 16].
Due to chromatographic effects, the polymer will move ahead of the
surfactant during the flooding process as illustrated by the effluent
profiles in Figure 16. The chemical system consisted of a PO-EO-sulfate
and xanthan in seawater [16]. The oil recovery is, as expected, strongly
dependent on the polymer concentration, Figure 17. Close to 60% of
waterflooded residual oil in Berea core was recovered using 500 ppm
xanthan in the surfactant slug. In Bentheim cores, nearly 80% of the
waterflooded residual oil was recovered under the same conditions. No
pressure build-up or flow restrictions were observed during the flood
experiments.

Similar experiments were performed by using dodecyl-o-xylene sulfo-
nate as surfactant together with xanthan in NaCl-brine [14]. In this case,

0,8 1 | 1 | 1 |
0,7 .
0,6 I

—8— Xanthan
0’5 7] —&— Surfactant
0,4 .

0,3 - B

Relative conc.

0,24 i
0,1 -

0

I

| : o
0 1 2 3 4
Pore volume
Figure 16.  Effluent profile of surfactant and polymer vs. pore volume

from a 60 cm Berea core. (Reproduced with permission from reference 14,
copyright 1995 Elsevier.)
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Figure 17. Oil recovery vs. polymer concentration. Flood conditions:
0.5 PV of 0.5 wt% surfactant in 60 cm 500 mD Berea cores. (Reproduced
with permission from reference 14, copyright 1995 Elsevier.)

the presence of xanthan caused the oil recovery to decrease, and it was
verified from the effluent profiles that the polymer had a negative effect
on the flow performance of the surfactant in the porous medium. NMR
diffusion studies and small angle neutron analysis showed that the
micellar aggregates of this surfactant system are very large at conditions
close to the II( — )/IIT phase transition, and this may be the reason for the
special behavior. Remember that the surfactant and the polymer are both
present in the aqueous phase during the flood process.

Enhanced waterflooding design with dilute surfactant concentrations
for North Sea conditions was evaluated by Shell [64]. It was concluded
that alkyl-PO-EO glyceryl sulfonate surfactants could be used in a dilute
(0.1 wt%) surfactant flood at North Sea reservoir temperatures
(<120°C) and seawater salinities without polymer drive but with a
sacrificial agent. The oil viscosity should be less than 3 mPas. Increase
in the temperature of the surfactant/water/oil system will give a cloud
point or a three-phase system. The IFT will decrease, and at 95 °C it was
5 x 1072 mN/m, which is in the range required for tertiary oil remobili-
zation. The estimated technical cost for application in the North Sea oil
fields ranged from $81 to $94/incremental m> of oil. Taking into account
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uncertainty factors, another $31/m> should be added to the cost. As the
authors pointed out, further studies should be directed towards surfac-
tant-rock interaction and reproducibility of surfactant synthesis.

Recently, Wellington and Richardson [15] presented an interesting
paper discussing the mechanism of low surfactant concentration
enhanced water flood. The surfactant system consisted of alkyl-PO-EO
glyceryl sulfonate with small amounts of an ethoxylated cationic surfactant
to control phase behavior, interfacial activity, and surfactant loss. The
surfactant systems had the ability to reduce their cloud point and
interfacial tension when diluted, which was regarded as very useful for
an effective flood performance. A surfactant concentration of about 0.4%
removed essentially all the residual oil from sand packs in just over 1 PV
with a surfactant loss of less than 0.1 PV. Mobility control by polymer was
strongly required for good displacement and sweep efficiency and to
reduce surfactant loss.

Obviously, it is documented in the literature that it is technically
possible to perform a low tension water flood at low surfactant concentra-
tion by using polymer to control the mobility. Efforts should be made to
establish good routines to synthesize PO-EO sulfonates in a reproducible
and cost effective way. Mobility control is very important, and routines for
preparing low cost polymers are important as well.

Recently, Taber and co-workers [65] have published screening criteria
for all enhanced oil recovery (EOR) methods and their applications and
impact of oil prices. About 3% of the worldwide production now comes
from EOR. There are relatively few chemical flooding projects in the
world, and these projects contribute very little to worldwide EOR
production when compared to steamflooding and gas injection. A
LTPWEF, as a secondary flood method, may drain the reservoir to a
residual oil saturation in the range of 15-20% rather fast and this may
have an impact on the economics of the process. Future research on
chemical flooding should move in this direction.

Displacement of Oil by Spontaneous Imbibition of Aqueous
Surfactant Solution

Imbibition of water is a physical process caused by adsorption of water to
hydrophilic ion-groups forming a hydrophilic surface. A porous reservoir
medium, consisting of a hydrophilic surface, may contain lipophilic liquid
such as oil. When such an oil filled reservoir rock is exposed to water, the
water may spontaneously be sucked into the pores and displace the oil.
This physical process is a result of forces acting in the individual pores.
The pores are often imagined as capillaries and the forces acting in the
pores called capillary forces. However, pores in reservoir media are far
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from capillaries and very irregular [66] but in the absence of a better term,
the term “capillary forces” will be used in this chapter. Capillary forces in
a porous medium are related to the wettability of the minerals making up
the porous rock [67-70], fluid/fluid [71, 72] and fluid/rock chemistry [73,
74], and saturation history of the reservoir rock [75, 76].

Cuiec et al. [77, 78] investigated the role of capillary forces, influence
of length, boundary conditions and variable interfacial tension, IFT, using
high porosity and low permeability chalk, model oils and brine. They
found that imbibition rate decreased when IFT decreased, and final
recovery was higher for low-IFT systems.

The interfacial tension between the hydrophilic and the lipophilic
fluids can be modified by surfactants. In addition, adsorption of surfac-
tants onto a solid surface affects wettability. The wettability is affected by
salting out, hydrophobic bonding, solubility, Point of Zero Charge (PZC),
mono-layer adsorption, and electrostatic forces [79-82].

According to the Laplace equation, the capillary pressure is given as:

B 20,/ cos ©

P
R

()

where R is the radius of the pore, ® is the contact angle, and o, is the
interfacial tension between oil and water. From this equation, the
capillary pressure is proportional to the interfacial tension. Different
methods can be used to obtain the P.-values if P. > 0 [83-85]. A non-
linearity between P. and IFT could be caused by use of chemical additives
acting on the solid surface, i.e. wettability alteration [86, 87].

Mattax and Kyte [88] discussed the imbibition driven by only capillary
forces. This was done in relation to the dimensionless time scale for flow

given by:
o k Oo/w
fa= t\/% L2 @)

Here, ¢, is dimensionless time, ¢ is time, ¢ is porosity, k is permeability,
Oon 18 interfacial tension, IFT, p, is viscosity of water, and L is block
dimension (length). They assumed that gravity effects are negligible, and
that the shape of the matrix blocks, wettability, initial fluid distributions,
relative permeabilities, and capillary pressures are the same. From
equation 4 it is seen that the imbibition rate decreases if interfacial
tension o, decreases.

In experiments where an oil saturated rock is surrounded by a water
phase, both capillary and gravity pressure gradients may be active in the
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displacement process. A capillary to gravity ratio expression, Q, was

derived by Iffly et al. [89]:

_ Oo/wcos O/ /k

ApgH

()

High Q-values mean that the flow is dominated by capillary forces and low
Q-values mean that the flow is governed by gravity segregation.

A transition from capillary-dominated flow to gravity-dominated flow
occurs as IFT is reduced. From a balance between capillary and gravity
forces, examined by du Prey [90], Schechter et al. [3, 91] derived an
inverse Bond number, Ng *:

Oo/w (nb/k

Nz =04
B ApgH

(6)
Where Oonv is the IFT (mN/m), ¢ is the porosity, k is the permeability
(em?), Ap is the density difference between the two immiscible phases
(g/cm ), g is acceleration due to gravity (em/s?), H is the core length
(cm), and C is a constant related to the pore geometry (C=0.4 for
cyhndrlcal capillaries). Schechter et al. found that at low values of
Ng! (<< 1), gravity segregation dominates the flow and at high values
of Nz ' (>5) a counter-current flow based on caplllary forces dominates
the flow. Snap-off is partially suppressed for N5 = < 1.0.

Recovery factors from oil reservoirs with use of surfactants and water
injection with surfactants can be affected strongly by the rate and level of
spontaneous imbibition. Improved oil recovery from low permeability
rock may consequently be p0551ble by decreasing the capillary to gravity
force ratio, i.e. decrease Ng ! and Q. This could be done by decreasing
IFT between oil and water if the displacement rate does not end up too
slow for commercial use. In the following sections, displacement of oil by
spontaneous imbibition at high and low IFT are considered for each
wettability state; water-wet, mixed-wet and oil-wet.

Water-Wet Systems. At high IFT, a fast imbibition process
starts immediately after completely oil saturated water-wet rock is
surrounded by brine [92]. Oil is displaced by a counter-current process.
This can be observed visually because rather large oil drops grow from all
sides of the porous rock before they release from the core surface [93].

high values of the inverse Bond numbers, according to equation 6,
signify that capillary forces dominate the flow. Besides a high imbibition
rate, the final oil production may be high, depending on the rock
dimensions [93-95] and boundary conditions [77, 78]. A high recovery
can, besides favourable boundary conditions, be related to the pore
geometry characterized by a rather small aspect ratio, decreasing the
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amount of oil being trapped by a snap-off mechanism. After a production
plateau is reached, it is difficult to recover any significant additional oil by
decreasing the IFT. Morrow and Songkran [11] have estimated that
mobilization of trapped oil blobs is about five times more difficult to
achieve than prevention of trapping. Trapped oil due to snap-off and
bypass may not be mobilized even by decreasing the IFT by a factor of
about 10° [93].

At low IFT, the displacement process is different from the displace-
ment process at high IFT. At the beginning of the displacement process, a
counter-current imbibition takes place, but later a cocurrent flow takes
over [93]. The cocurrent displacement process is slow, and final oil
production equilibrium may be gained after a very long time. The oil
production curve will show a break, which indicates a change in the oil
expulsion mechanism, see Figure 18. The longer the core, the sooner this
crossover from capillary-forced imbibition to a gravity-dominated flow
will happen. In the slow part of the displacement process, Ny Lvalues less
than 1 indicate that gravity forces are active in the cocurrent displacement
mechanism. Visual observations of the released oil drops from the core
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Figure 18.  Imbibition curves for the long water-wet and mixed-wet core
experiments at low IFT. (Reproduced with permission from reference 97,
copyright 1996 Elsevier.)
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top surface confirm that gravity forces are active in the displacement
process [93].

If the imbibition process at low IFT is governed from the beginning by
capillary forces only, the oil recovery should be related to the factor (o/u)t,
as described by equation 4. The oil production in the presence of
surfactant is much too high in the early stage to be scaled as a capillary-
forced imbibition only [86, 93]. Due to adsorption of surfactant onto the
rock surface, adsorption at the oil-water interface, and lateral displace-
ment at the liquid-liquid interface, a gradient in the surfactant concentra-
tion is established as the water invades the pore system. At the water
front, the surfactant concentration is below the CMC, and a relatively
higher IFT-value will result in a relative increase in capillary pressure and
higher imbibition rate.

Cuiec et al. [77] also discussed this effect as a gradient in the capillary
pressure over the oil blobs. The oil will then move in the direction of
lower capillary pressure until equilibrium is established. The effect is a
higher oil displacement rate than accounted for by equation 4 because
equation 4 does not include gradients in the IFT.

Mixed-Wet Systems. At high IFT conditions, oil from oil-filled
rock surrounded by water will be expelled from the vertical rock surface
and from the top and bottom surfaces in line with a counter-current flow
mechanism governed by capillary forces [97]. The imbibition rate and the
oil production rate are much faster from a water-wet rock than from a
mixed-wet rock. The size of the core is very important for the production
profile. For bigger blocks, the oil production plateau will be higher for the
mixed-wet case compared to the water-wet case [97], contrary for smaller
blocks. The block size in the reservoir may therefore be important, and
lab experiments on small sized rock may lead to a too pessimistic recovery
estimate [98].

A drastic change in the oil expulsion will happen at low IFT. In the
beginning, the oil will be expelled from all sides in a counter-current flow
regime. After a short time, the displacement mechanism will turn to a
cocurrent flow regime based on gravity. Because of low permeability and
small density difference between the fluids, this displacement process
may be extremely slow. During such a displacement process, the fluid
distributions inside the rock look as given in Figure 19.

At low IFT, oil production from a small mixed-wet core may stop even
after just a small percentage recovery [97]. On the contrary, oil produc-
tion would continue in a small water-wet core. In long core experiments,
where the gravity forces are about 10 times larger than in small cores, the
imbibition curves for mixed-wet and water-wet cores may be quite similar
in shape. The production profiles have a break after a certain time, see
Figure 18. This break is related to change in the imbibition mechanism,
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Figure 19. Cleaved mixed-wet small chalk core during a low IFT oil
displacement experiment. (Reproduced with permission from reference
91, copyright 1991 SPE.)

from a counter-current flow, governed by capillary forces and surface
tension gradients, to a cocurrent flow based on gravity forces.

The lower imbibition rate in the gravity-dominated regime for a
mixed-wet system compared to a water-wet system may be explained by
adsorption of surfactant onto the chalk surface. The equilibrium adsorp-
tion of surfactant at concentrations above the CMC onto water-wet
patches, in between patches with adsorbed organic matter from the oil,
may create oil lenses. If oil lenses are formed and the oil pins to the
surface, then brine imbibition would be drastically reduced.

Oil-Wet Systems. Imbibition of water into an oil-wet material is
not possible by definition without a change in wettability towards a more
water-wet system. A drainage process governed by gravity forces may take
place, but this process is very slow. A strategy to initiate an imbibition of
water into an initially oil-wet rock is to use a surfactant system that creates
water-wettability in the porous medium and gives a moderate decrease in
IFT. In this way, the flow would turn out to be counter-current based on
forces related to capillary and surface tension gradients. Recent results
indicate that this vision may be possible to realize [92] by adding a
surfactant to the aqueous phase. The IFT between the surfactant solution
and the oil decreases and some of the surfactant dissolves in the oil phase.
A possible mechanism was suggested which involves that some surfactant
cross the oil-water interface and form unstable reversed micelles, where
the water may act as a powerful nucleophile towards the rock surface. By
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Figure 20.  Oil production as function of time in spontaneous imbibition
experiments with and without the cationic surfactant present. (Repro-
duced with permission from reference 92, copyright 1997 SPE.)

using this technique a drastic increase in oil expulsion rate can be
achieved, as illustrated by Figure 20.

Previously in this chapter, the imbibition at low IFT in a water-wet
chalk system was described as a two-step process. Visual observations of
the oil expulsion from the almost oil-wet system using surfactant indicated
that the oil expulsion was governed by capillary forces and gradients in
surface tension. At high IFT, the counter-current imbibition rate was very
small, and the rate increased in the presence of surfactant. According to
equation 5, one way to increase the counter-current flow rate is to make
the rock surface more water-wet. The increase in the capillary forces
(equation 3) by making the rock water-wet must overcome the decrease in
the capillary forces due to the decrease in the IFT. The distribution of the
oil saturation in the core at a water saturation of 41% was visually
observed by cutting the core vertically, Figure 21. No segregation in the
oil density in the vertical direction was observed, confirming that the
displacement took place in a counter-current flow process. Thus, a
reasonable explanation for the improved imbibition in the presence of
surfactant is that the surfactant makes the rock more water-wet. This
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Figure 21.  Picture of the cleaved core from the spontaneous imbibition
experiment with brine followed by C 15TAB surfactant solution. The water
saturation is approximately 41%. (Reproduced with permission from
reference 92, copyright 1997 SPE.)

means that IOR can be possible from an almost oil-wet rock by use of
surfactants.

Concluding Remarks

It is documented both in laboratory and field tests that more than 50% of
waterflooded residual oil can be produced in a simple low tension
polymer water flood, i.e. without using complicated phase gradients in
the three-phase region. Anionic surfactants of the propoxy—ethoxy type
will lower the interfacial tension between oil and water by a factor of more
than 1000 in the two-phase area. The surfactants are stable at most
reservoir conditions, and negligible chromatographic separation of the
different PO-EO oligomers takes place during the flooding process.
Polymers are needed for mobility control of the surfactant slug, and
coinjection of surfactant and polymer appears to be the most favorable
flooding process. The flood can be conducted at low chemical concentra-
tions (0.1-0.5 wt% of surfactant and about 500 ppm of polymer for a low-
viscous oil). For field applications, future work should be focused on
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industrial processes for preparing the actual surfactants in a cost effective
and reproducible way. To improve the economics, the chemical flooding
should be performed as a secondary flood process if the reservoir
description is well known.

Spontaneous imbibition of aqueous surfactant solution into low-
permeable oil saturated chalk material is complex due to the presence of
different forces, i.e. capillary, gravity, and surface tension gradients. In
general, it is not recommended to add surfactants to the injection water
for a water-wet system. For mixed-wet to oil-wet systems, a properly
designed surfactant system may in some cases improve the imbibition of
water. In this case, more work is needed to understand the imbibition
mechanism.

List of Symbols

CMC critical micelle concentration

C12TAB  dodecyl-trimethylammonium bromide
EO ethoxy-group

GOR gas—oil ratio

HLB hydrophilic-lipophilic balance
HPLC  high pressure liquid chromatography
HPA hydrolyzed polyacrylamide

IFT interfacial tension

LTPWF low tension polymer water flood
PO propoxy-group

S(o) solubilization of oil

S(w) solubilization of water

II(—) oil-in-water microemulsion
II(+) water-in-oil microemulsion

111 middle phase microemulsion

C constant related to pore geometry
g acceleration due to gravity

k permeability

kw relative permeability of water at S,
H height

L length of block

Ng Bond number

N. capillary number

Nevi critical capillary number

P. capillary pressure

R radius

Sor residual oil saturation

t time
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tq
(v

dimensionless time
effective flow rate

Greek

Ky
Hg
¢
Ap
o

0
Q

viscosity of water

viscosity of gas

porosity

density difference

interfacial tension

contact angle

capillary to gravity force ratio
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Foam experiments were duplicated in both short (20 cm) and
long (2m) Berea cores to ascertain how to scale-up foam
performance. Gas mobility reduction factors were measured at
pseudo-steady state as a function of foam quality, and foam
velocity in oil free cores and at residual oil saturation, at room
temperature and at 7000 kPa system pressure.

The experimental results indicate that different water frac-
tional flows, for particular frontal advance rates, are needed to
generate strong foams. This effect is much more pronounced in
the presence of oil, i.e. higher fractional flow of water was needed
to establish significant mobility reduction factors when residual
oil was present. Foams generated in the presence of residual oil
produced consistently lower mobility reduction factors than
foams generated in cores without oil.

When no oil was present, the scale-up work experiments
show good correspondence between the short and long core
lengths. The increased pressures experienced in the upstream
section of the long core, during foam flow, do however affect the
mobility reduction capacity of the foam and need to be taken into
consideration. Injecting foam steadily into a short core at water-
flood residual oil lowered the oil saturation significantly and
subsequently allowed for strong foams to be established. Repeat-
ing this flooding sequence on the long core caused a blocking
emulsion (gas/surfactant solution/oil) to be formed in-situ, which
completely blocked the long core.

Three prevalent, Stea(ly state foam models, all based on
modification of the gas phase relative permeability, are reviewed.
Two supplemental correlations were derived in order to account
for the effect of ambient pressure on foam performance. Thus the
reduced mobility of the gas phase, when foam is present, can be
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effectively modeled for long and short core experiments, with and
without oil. Subsequently, the results from this work can be
extended to model a field application.

Introduction

A large percentage (80%) of Canadian enhanced oil production comes
from hydrocarbon miscible flooding [1]. The low density and viscosity of
the injected fluids cause hydrocarbon miscible EOR processes to suffer
from poor sweep efficiency, due to viscous fingering and gravity override.
Mobility control foams provide a means for improving the sweep
efficiency and could significantly increase oil production from Canadian
Teservoirs.

Many steam-foam field tests [2—4] and three hydrocarbon solvent-
foam field tests [5-7] have shown that foams can be used successfully in
the field. Most of the surfactants used in foam studies are unsuitable for
western Canadian reservoirs. Through previous efforts, surfactants were
identified that are soluble and form strong foams in the high salinity
brines encountered in many western Canadian reservoirs currently
subjected to hydrocarbon miscible flooding [8]. Extensive studies were
conducted with respect to aspects important to the application of foams in
these reservoirs: gas mobility reduction in porous media [8], foam/oil
interactions [9], surfactant loss through adsorption [10], and the effects of
hydrocarbon solvents and wettability on foam performance [11]. Our
continuing research is aimed at improving foam flood design through a
combination of experimental and computer modelling approaches. The
next logical step, modelling and experimental scale-up work, has been
addressed in this project with the goal to transfer this technology to the
field. The experiments were designed such that the results of the foam
floods were used as input to calibrate the numerical model. A robust foam
model was developed since the foam behaviour was studied and simulated
under a wide variety of conditions.

In the first phase of this work, foam experiments were performed in
short and long cores in the absence of oil. In short cores, three different
foam qualities were investigated at four different advance rates. The
experiments proceeded until a steady state pressure drop was measured
across the core at a given quality and flow rate. Historically most foam
work in our laboratories has been performed under such conditions, so
that these experiments can be compared to cases existing in the literature.
To understand the scaling effects on foam behaviour the same corefloods
that were performed in short cores, 0.2 m in length, were repeated in long
cores, 1.8 m in length. Due to the longer duration of long core experi-
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Table 1. Fluid Properties at 6900 kPa and 23 °C

Judy Creek Oil
dead oil density ( g/cmS) 0.8293
live oil density (g/cms) 0.8258
dead oil viscosity (mPa-s) 2.866
live oil viscosity (mPa-s) 2.484
Surfactant Solution
Chevron Chaser GR-1080 0.5 wt%
Injection Brine (2.1%) TDS
density (g/cms) 1.0162
viscosity (mPa-s) 0.85
TDS 2.1%
Nitrogen
viscosity (mPa-s) 0.0175

ments, the pressure drops generated by only one frontal advance rate, at
three different foam qualities, were investigated.

Oil can usually destabilize foam lamellae and foam collapse is much
more prevalent in this instance. In the second phase of this work, the set
of foam flood experiments (oil free) was repeated in short and long cores
in the presence of oil, to achieve more realistic reservoir conditions.

The foam experiments were tailored to generate data suitable for
simulation studies. Three foam models are compared in this work, each of
which relies on modifying the gas relative permeability in the presence of
foam.

Experimental

In order to differentiate between foam effects, the effects of surfactant
transport, and multiphase flow, a number of peripheral experiments were
conducted. Through additional corefloods the surfactant adsorption level
was measured and the relative permeabilities between the different
phases gas/oil/water were determined, as outlined in the Appendix.

Materials. Several fluid properties, listed in Table 1, were
determined at a temperature of 23 °C and a pressure of 1000 psig (dead
oil indicates no gas saturation while live oil indicates nitrogen gas
saturated). A compromise was chosen between extreme Canadian reser-
voir conditions and the limiting operating conditions of the laboratory
equipment. All experiments were conducted at a pressure of 6900 kPa
(1000 psig) and at room temperature (23 °C). Berea rock was used as core
material.
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The surfactant chosen was Chevron Chaser GR-1080, a proprietary
commercial mixture of surfactants proven to form effective mobility
control foams in high salinity and hardness conditions, and in the
presence of crude oil [11]. The surfactant concentration was kept at
0.5 wt% throughout the experiments.

Apparatus. Essentially the coreflood equipment used for the
long and short core experiments was very similar. For the short core
experiments, only a single pressure drop across the whole core was
measured. In the long core apparatus five separate pressure taps were
mounted along the 1.8 m long core (see Figure 1).

Foam Flooding in Oil Free Cores. Short Core Experi-
ments. The bulk of the short core experiments consist of measurements
of pressure drops and mobility reduction factors (MRFs) generated by
foams in porous media. The MRF is determined by comparing the
pressure drop across a core during simultaneous injection of surfactant
solution and gas with that during injection of brine (without surfactant)
and gas at the same experimental conditions. The MRF is defined as
follows:

AP
MRF = 3" (1)
Baseline pressure drops, AP,,, were measured during co-injection of
brine and gas into a previously brine saturated core (no foam present in
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Figure 1. Long coreﬂo()d apparatus.



7. WassmutH et al.  Mobility Control Foams for Improved Oil Recovery 255

Table 2. Effect of Flow Rate on Foam AP

FAR at 95% Quality (m/day)

Foam
AP (kPa) 0.5 1 3 3 4 5 6 7
Chaser GR-1080 18 24 33 2595
(This work)
Dow XSS-84321.05 86 193 377 848
(Reference [12])
Flourad FC-751 520 627 755 758 707

(Reference [12])

4000
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Figure 2. Foam pressure drops in an oil free short core.

the core). The co-injection of surfactant solution and gas followed at
varying foam qualities and frontal advance rates (FAR). Figure 2 shows
the results for APy, measured in the presence of surfactant. The trend
towards increasing pressure drop due to foam with increasing foam flow
velocity agrees with previous results obtained for Flourad FC-751 and
Dow XSS-84321.05 foams flowing in Berea sandstone cores. Table 2
shows such a comparison for 95% quality foams [12]. Figure 3 shows the
variations in MRF with changing foam flow rate and quality. Note that in
the low foam quality region (fg=0.6), the lower frontal velocities
demonstrate higher MRFs than the higher frontal velocities. In the high
foam quality region, the MRFs are of similar magnitude for all frontal
advance rates.

Long Core Experiments. Experiments designed to match those
performed in the short core were conducted using a 1.8 m long Berea
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Table 3. Flood History for the Long Core (MCF4), Oil Free Experiments

Injection History:
saturated core with brine

Base Line Experiment: total injection rate 40 ml/h of gas and brine
injected 19.8 PV of gas and brine with tracer at 95% quality, AP = 24.6 kPa
injected 6 PV of gas and brine at 90% quality, AP = 29.6 kPa
injected 5 PV of gas and brine at 85% quality, AP = 47.2 kPa
injected 5 PV of gas and brine at 80% quality, AP = 61.8 kPa
injected 5 PV of gas and brine at 98% quality, AP = 19.6 kPa

Foam Experiments: total injection rate 40 ml/h of gas and brine with surfactant
injected 10 PV of gas, brine + surfactant + tracer at 95% quality, system overpressured
injected 40 PV of gas, brine + surfactant at 98% quality
injected 13 PV of gas, brine + surfactant at 60% quality

1600

—&—0.5 m/day
1400 1 A
—— 1 m/day

u
@ 1200
= —&—2 miday
s
E 1000 —e—4m/day
w
s
E 800 T
3
3
@ 600 1
Z
H
g 400 Torefiood: MCF2

200 +

0 + + + + +
55 60 65 70 75 80 85 90 95 100

Foam Quality (% gas)

Figure 3. Variation in MRF with foam flow rate and quality (oil free,
short core).

sandstone core. In the long core experiments, following the progress of a
sharp pressure-front also monitors the advance of foam generation and
foam transport.

The flood history is summarized in Table 3. First baseline pressure
drops were determined across the 1.8 m core during simultaneous
injection of brine (without surfactant) and gas at a fixed frontal advance
rate and varying gas fractional flows. A frontal advance rate of 4.0 m/day
was selected to ensure a flow rate higher than the critical rate for effective
foam formation and propagation. A non-adsorbing tracer, tritiated water,
was added to the brine so that the breakthrough of the tracer could be
compared with the breakthrough of the gas.
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Figure 4. Foam generation at 95% quality in a long, oil free core.

In Figure 4 the pressure build-up during foam generation, for each
30 cm section of core, is followed as a function of total pore volumes
injected. Transducer TO measures the overall pressure drop across the
whole core. After an initial delay, approximately 2.5 PV total injection,
foam is generated in the front part of the core as registered by T1 (first
30 ¢cm). The foam propagates into the second core section. After 5 PV of
total injection foam progress is registered in the second section by
transducer T2, and after 7.75 PV pressure starts to build-up in the third
section, as registered by T3. After 8.5 PV total injection the absolute
pressure in the core started to exceed the limiting pressure of the core
holder and the experiment had to be cut short. Steady state foam flow
across the core was not achieved. Subsequently, the foam was washed out
with brine and the 98% and 60% foam quality floods were conducted. The
latter experiments approached steady state conditions across the whole
core. The pressure drops obtained during the foam experiments are
presented in Figure 5.

Overall, a trend toward increasing pressure drop due to foam with
increasing system pressure was observed for all foam qualities (see Figure
5). Exceptions to this trend are core sections T4 to T6 for the 95% quality;
foam was not established in these sections since the experiment was
aborted at an early stage. Section T6 for the 60% quality case proved to be
an exception. This pressure trend agrees with previous results [12]
obtained for Flourad FC-751 and Dow XSS-84321.05 foams flowing in
Berea sandstone cores. Table 4 shows some comparisons for 90-95%
quality nitrogen foams flowing at constant flow rate (4 m/day) at various
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Table 4. Effect of System Pressure on 95%, 4 m/day, Foam AP

Approximate System Pressure (kPa)

Flowing Foam AP
(kPa) 100 800 3500 7000 7400 11,300
Chaser GR-1080 469 3937 5586
(This work)
Dow XSS-84321.05 69 99 322 206
(Reference [11])
Flourad FC-751 170 470 760 1120

(Reference [11])
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——Foam Quality 95 %, Injection Rate = 43.3 mi/h,
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—&—Foam Quality 98 %, Injection Rate = 43.3 ml/h,
Frontal Advance Rate = 4 m/day

5000

4000
—A—Foam Quality 60 %, Injection Rate = 43.3 ml/h,
Frontal Advance Rate = 4 m/day

3000

Pressure Drop, kPa

2000

1000

= i
T1(0-30em) T2(30-60 cm) T3 (60-80 ¢cm) T4 (90-120 cm) T4 (120-150 cm) T4 (150-180 cm)

Core Sections

Figure 5. Foam pressure drops from long core experiment (no oil).

system pressures. The results for the present work represent the pressure
drops across sections T3, T2, and T1 and are referenced to the total of the
system backpressure plus the accumulated pressure drops in downstream
sections of the core.

Calculated mobility reduction factors are also shown in Figure 6. For
the 60% foam quality case an experimental baseline pressure drop was not
available, so we used the results of the modelling work described in a later
section to estimate the pressure drop expected for gas/brine flow at the
appropriate fractional flow. Since the 95% quality foam flood did not
reach steady state foam flow conditions, and since the pressure drops in
individual sections of the long core were influenced by the pressure drops
due to foam flowing in downstream sections of the core, we cannot make
exact comparison between the MRFs generated in the long core with
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Figure 6.  Mobility reduction factors from long core experiment (no oil).

those generated in the short cores studied in the next section. For the two
long core experiments, where steady state foam flow was achieved, the
MREF values for the final section (T6) of the long core were somewhat
higher in comparison to the short core experiments (215 versus 165 at
60% quality, 364 versus 169 at 98% quality). Qualitative agreement
between the long and short core MRF's was thus achieved.

Foam Flooding at Residual Oil Saturation. Short Core
Experiments. The core was waterflooded to residual oil saturation
before the foam experiments were conducted. We have already gained
experience with the behaviour of the Judy Creek oil from previous
research [9, 13]. The residual oil saturation after waterflooding was 24%.
Baseline pressure drops, AP, were measured, at residual oil saturation,
during co-injection of water and gas, with no foam present in the core (see
Table 5).

First, the 98% foam quality experiments were executed at velocities of
1, 2, and 4 m/day. No significant foaming behaviour was observed. Next,
the foam quality was decreased to 60%; no significant foaming behaviour
was observed for frontal velocities of 1 and 2 m/day. However, at 4 m/day
strong foaming tendencies were observed through a sharp increase in
pressure drop. Along with the formation of foam, additional oil was
produced. The oil saturation was lowered from S, = 24% to S,¢=13%.
At the residual oil saturation to foam, S, the foam experiments were
repeated using qualities from 98% down to 10% with three different
frontal advance rates. Table 5 shows the results for AP, measured in the
presence of surfactant. One must differentiate between the foam pressure
drops, APy, evaluated at the two different oil saturations, S, and S
Since the oil saturation decreased after strong foam formation, the
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Table 5. Summary of Short Core Foam Experiments, at Residual Oil Saturation

Injection Rate = Injection Rate = Injection Rate =
43.3 ml/h, 21.6 ml/h, 10.8 ml/h,
Frontal Advance Frontal Advance Frontal Advance
Rate = 4 m/day Rate = 2 m/day Rate = 1 m/day

Foam
Quality Base AP, Foam APy Base AP, Foam AP; Base AP, Foam AP;
(% gas) (kPa) (kPa) (kPa) (kPa) (kPa) (kPa)
0.98 134 45.3 9.2 25.0 6.9 12.7
0.98 32.0 17.3 9.9
0.98 8.8 5.1 3.3
0.95 21.6 11.1 5.4
0.95 79.2 53.7 36.8
0.8 1168.2 163.5 52.6
0.6 81.6 1728 59.9 113 37.8 55.7
0.6 1446.8 879.6 175.4
0.4 1488.1 1113.2 251.8
0.2 1236.9 1065.1 749.0
0.1 916.6 676.2 451.5

Values in the shaded areas were obtained at S,,¢ ~ 0.13

baseline pressure drops evaluated at S, can not be compared to the
foam pressure drops evaluated at S+ Thus, it is difficult to establish
MRFs after the oil saturation has been lowered.

Figure 7 shows the variations in MRF with changing foam flow rate
and quality at residual oil saturation. At S,,,,, the MRFs ranged from 1.5 to
3.5; once the oil saturation was lowered to S, the MRFs increased by an
order of magnitude. This MRF data further strengthens the observation
that foams are ineffective at higher oil saturations. The effect of residual
oil saturation on the effectiveness of Chaser GR-1080 foams can also be
compared with previous experience, as long as one also considers the
magnitude of the residual oil saturation. Table 6 shows a comparison for
95% quality foams flowing at 4 m/day. Other work (see Schramm [I14])
suggests that oil sensitive foams can be relatively effective in porous media
as long as the residual oil saturation is below some critical value, which
appears to generally lie in the range 10 to 20%. This is consistent with the
results [11, 15] brought together in Table 6.

Long Core Experiments. Experiments designed to match those
in the short core, at residual oil, were also conducted in the long core
apparatus using a 1.8 m long Berea core. The flood history and baseline
pressure drops are summarized in Table 7. During the 60% baseline flood
the residual oil saturation was reduced slightly, from 35% to 33%.
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Table 6. Effect of Residual Oil Saturation on Foam MRF

GR-1080 Flowing Foam Residual Oil MRF MRF

(95% quality at 4 m/day) Saturation (%) Oil Free at Sorf

Judy Creek & Berea Core 13-14 215 ~5
(This work)

Oseberg & Berea Corel5 13-14 671 21

Keg River & Carbonate Corell <13 8-18 27-31

Table 7. Core Data and Flood History for the Long Core, Residual Oil
Experiments

Injection History:
saturated core with brine
flooded with oil to Sy.
flooded with brine to S

Base Line Experiment: total injection rate 42.6 ml/h of gas and brine
injected 5 PV of gas and brine at 98% quality, AP = 220 kPa
injected 3 PV of gas and brine at 60% quality, AP = 2407 kPa
injected 2 PV of gas and brine at 95% quality, AP = 593 kPa

Foam Experiments: total injection rate 42.6 ml/h of gas and brine with surfactant
injected 27 PV of gas, brine + surfactant at 98% quality
injected 3 PV of gas, brine + surfactant at 60% quality, system overpressured
injected 1 PV of gas, brine + surfactant at 60% quality, reduced rate to 2 m/day
injected 3 PV of gas, brine + surfactant at 60% quality, reduced rate to 1 m/day
injected 56 PV of gas, brine + surfactant at 95% quality, restored rate to 4 m/day
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Figure 7. Variation in MRF with foam flow rate and quality at S,,.
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The long core foam experiments were started at a 98% foam quality
and yielded very low pressure drops across the core. The full core
pressure drop was 249 kPa, only 30 kPa higher than the baseline pressure
drop measured under similar flow conditions. This difference is con-
sidered insignificant (yielding an MRF of 1.1) and it was judged that no
effective foam was formed at a quality of 98%. Similarly, in the short core
the foam effectiveness in the presence of an oil saturation of 24% was
considered negligible; as indicated by the low mobility reduction factor of
3. The residual oil saturation in the long core was 33% resulting in the
lower MRF for the long core.

The next foam experiments were conducted at 60% quality. In this
case, unstable pressure drops were observed over the first two segments
of the core (several MPa per section), a very large pressure drop was
noted in the third segment of the core (over 7 MPa), and diminishing and
unstable pressure drops were found in the final sections of the core. By
reducing the flow rate, flooding was able to continue, some oil having a
waxy appearance was produced, and the residual oil saturation was
reduced to about 32%. It appears that oil was mobilized in the front part
of the core and that in some fashion it was involved in the increased
resistance to flow experienced in the middle segment of the core. Since
reducing the flow rates did not solve the problem, the foam was washed
out with brine.

The final foam experiments were conducted at 95% quality. In this
case reasonably stable pressure drops were achieved across the first two
segments of the core (T1: 234 kPa and T2: 91kPa) and increasing
pressure drops were measured across the remaining segments of the
core (ca. 4.8 MPa). Under these conditions, foam was apparently formed,
but steady state foam flow across the full core was not achieved.

Empirical Foam Modelling

Due to the extensive research that has been conducted in the area of foam
application in enhanced oil recovery, simulation of foam behaviour has
become more feasible. Several methods of foam simulation have been
developed: population balance models [16, 17], fractional flow models
[18, 19], and models that alter the gas phase permeabilities [20, 21].
Although the population balance models treat the foam generation
mechanisms in a detailed fashion, they may be impractical to apply on
large field scale simulations. Both the fractional flow model and the
models that alter the gas phase permeabilities rely on history matching
experimental data. The fractional flow model provides insight into one-
dimensional foam flow, but it may be more difficult to apply in three-
dimensional situations. In the following section, the application of relative
permeability alterations to model foam flow is investigated.
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The empirical approach to modelling foam behaviour in porous media
is based primarily on laboratory observations. In addition, it makes several
simplifying assumptions. The first of these is that the time involved in
both the generation and destruction of lamellae is negligible compared to
the time scale employed in the simulation. Secondly, it is assumed that
whenever gas and aqueous surfactant coexist at a given point in the
medium, foam exists, provided all other conditions are suitable for the
formation of foam. It is generally assumed that foam alters only the
relative permeability of the gas phase while the relative permeability of
the aqueous phase remains unaltered. In addition, the amount of water
that is needed to generate the foam is considered negligible. Foam effects
are therefore modeled using an interpolation scheme designed to extend
gas phase mobility data in case of foam formation.

It is difficult to distinguish between foam affecting the relative
permeability or the viscosity of the gas phase. Thus, the preference of
the individual dictates whether foam effects are attributed to the relative
permeability or the viscosity. In this chapter, the effects due to foam are
attributed to the relative permeability.

Fractional Flow Model at “Limiting Capillary Pressure”.
Rossen et al. [18, 19, 22] applied fractional flow theory to foam processes.
At the center of their application lies the concept of “limiting capillary
pressure”, P;. Experimental evidence shows that the higher the capillary
pressure the more unstable the foam. If P} is surpassed rapid bubble
coalescence destroys the foam as capillary suction withdraws the water
out of the foam lamellae. In two phase flow (water and gas), the capillary
pressure is related directly to the water saturation. For water wet porous
media, as the water saturation increases the capillary pressure decreases.
Therefore, P} can be related to a limiting water saturation, S,. Once the
water saturation decreases below the limiting water saturation, existing
foam should rapidly destabilize.

It is assumed that the foam remains at the limiting capillary pressure
independently of pressure gradient and gas and liquid flow rates. This
implies that the water saturation remains at S, over a range of water
fractional flows (approximately 0 < fw < 0.2). The equations of multi-
phase flow can be manipulated to yield expressions for the pressure
gradient and gas mobility when the water saturation equals S,.

, Kk o (S
VP = u—f: where A = 75%( v (2)
}“w Ky
)Vg = Ay f_ = JVWT when SW == Sw (3)



264 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

4,000
Eoon
xperimental i ation
Data ’

3,000
[\
o
-
a
[
(=]
5 2,000
3
0
0
o
o.

1,000

0 . I . ] . ! . | .
0 0.2 0.4 0.6 0.8 1

Gas Fractional Flow

Figure 8. Foam pressure drop using the limiting capillary pressure
concept (FAR = 4 m/day).

The remainder of the fractional flow curve, S, > S is constructed to
match the experimental data.

In Figure 8, the experimental results from the (4 m/day frontal
advance rate, oil free) short core flood are compared to the simulated
pressure drops which were based on the limiting capillary pressure
principle. In this particular case S}, was chosen at 0.35 over a range of
water fractional flows from 0.01 to 0.15 to closely match the experimental
data. For S, > S, a fractional flow curve was chosen which matched the
experimental data closely by appropriately adjusting the gas phase relative
permeability curve. The water relative permeability curve remains the
same as defined in the Appendix under gas/water relative permeabilities.
The composite foam fractional flow curve can be seen in Figure 9. Notice
the vertical section in the curve for the foam flow case lies at S, = 0.35.

The close match between experimental and simulated data does
not continue when the same fractional flow curve is used to simulate
the experimental pressure drop results at a slower frontal advance rate
(2 m/day, oil free). A new fractional flow curve had to be constructed to
give a closer match. In Figure 10 the experimental pressure drops are
compared to the simulated curves and in Figure 9 the contrast between the
new and old fractional flow curves is made clear. Due to the shear thinning
nature of the foam, at slower frontal advance rates a steeper fractional flow
curve is required at the same critical water saturation, S, = 0.35.

w

STARS Foam Interpolation. STARS [21] is a commercially
available reservoir simulator created by the Computer Modelling Group,
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CMG, in Calgary, Canada. Since STARS was already equipped with a
foam interpolation parameter, its functional form was explored through
history matching short and long core experiments.

A dimensionless foam parameter, FM, can be formulated to adjust the
gas phase relative permeability to foaming conditions.
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krgf = krgw FM (4)
FM :f(C57SO7SgJSVV7NC\V7NCg7P) (5)

This foam parameter combines the effects of surfactant concentration,
phase saturations, water and gas flow rates into a dimensionless value.
Various functional forms of FM have been investigated during this
study; explicit details will be given later. The primary advantage of this
foam modelling approach lies in its simplicity; use is made of the phase
flow equations plus the surfactant transport equation. In addition, the
functional form of FM should mimic suitable foaming conditions.

1
1+ FFmaX < Cs ) “ (Somax - So) 0 (Ncref> « (NCP — Gcref> “
Cimax Somax N, cp Geref

(6)
where: C, = surfactant concentration, S, =oil saturation, N, = pressure
based capillary number, N..f=reference capillary number for shear
thinning, G,er = critical foam formation capillary number.

The foam factor FF,,,, is a scaling factor that weighs the overall foam
effects. FF,, is related to the foam mobility reduction factor “MRF”,
but there exists no straightforward correlation between the two factors.
In the STARS formulation, the single capillary number N, is based on
the local pressure drop, and the length over which the pressure drop is
effective:

FMcme =

KAP

No = A (7)

The reference capillary numbers for the purposes of determining shear
thinning and generation effects are N,or and Ge.er respectively. The
various exponents are used to weigh the relative contributions of each
mechanism. The parameter FM predicts the behaviour of foam after the
various experimentally observable coefficients in equation 6 have been
appropriately weighted. To ascertain true foam performance, it is
important to possess an understanding of flow behaviour in the porous
medium in the absence of foam, most notably three phase relative
permeability behaviour and the transport properties of the surfactant
(adsorption).

As illustrated by equation 6 the value of the dimensionless interpola-
tion factor, FM, depends on several dimensionless ratios. The first of
these is the surfactant concentration term. Experimental observations
suggest that foam often becomes more effective with increasing surfactant
concentration. Clearly, as the concentration of surfactant in the system
approaches Cgyay, the interpolation factor will more closely approximate
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the inverse maximum mobility reduction factor. If the exponent es is
assigned a positive value, decreasing the surfactant concentration has a
detrimental effect on foam behaviour as evidenced by an increase in FM.
A negative exponent will cause an increase in foam effectiveness as the
surfactant concentration is decreased. Switching the sign of the exponent
could prove useful in the situation where the perceived strength of a foam
passes through a maximum at a given surfactant concentration and foam
quality.

The next term of interest is the oil saturation term. The presence of oil
is known to destabilize some foams. This is exemplified by the oil
saturation term, which becomes smaller as the saturation of the oil phase
approaches a given maximum value, Sypax. Should the maximum satura-
tion be equaled or exceeded by the actual saturation of the oil phase, foam
will be unable to form. The exponent eo will always be positive, reflecting
the fact that greater oil saturations impede the formation of foam.

The capillary number of the system at experimental conditions affects
the performance of foam in two ways. A shear thinning effect is modeled
by the third dimensionless term in equation 6. As the capillary number is
increased relative to the reference capillary number of the experiment, it
can lead to increased shear thinning and degradation of foam. The
exponent ev is therefore positive in most cases. A negative exponent
would indicate shear-thickening behaviour. Secondly, a critical capillary
number needs to be exceeded, below which foam will not form. Foam will
first appear when this capillary number of generation is surpassed, and as
the capillary number continues to increase beyond the critical value, the
foam will become stronger. The fourth dimensionless term in equation 6
models this behaviour. The exponent en is generally positive, though a
negative exponent can indicate an increasing instability in the foam as the
capillary number increases. In most instances, where both ev and en are
positive, increasing the velocity of the experiment will act both to stabilize
the foam, as the generation capillary number is further exceeded, and
reduce its effectiveness, as shear thinning effects come into play.

Comparing the experimental pressure drop at steady state (4 m/day
frontal advance rate, oil free, short core) to the simulated pressure drop
indicates the weakness of STARS foam correlation (see Figure 11). At
high gas fractional flow (fg > 95%) STARS predicts very high pressure
drops. Yet the experimental results show a weakening in the foam, i.e.
lower pressure drops at high gas fractional flow. The simulated results in
Figure 11 were obtained by setting FF,. to 500 and setting the
exponents (es, eo, en) equal to zero (Table 8). This effectively shuts
down any impact of the variables Cg, S,,. During this particular short core
experiment the surfactant concentration was not varied, so the effective-
ness of the surfactant concentration was not probed; also, no oil was
present during this experiment. Only the capillary number N, varied
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Table 8. Correlation Parameters used in the STARS Foam Simulation

Relative Permeability Curves Foam Correlation Parameters
Surg 0.3 FF,,, 500
Sgne 0.07 Nope 0.05
kiwe 0.5 ev 0.4
Kl 0.2 es 0
Zwg 3.2 eo 0
Zew 2.2 eg 0
4,000

3,000
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Figure 11. Comparison of experimental to simulated pressure drop
using STARS.

during the course of the oil free experiments. Shear thinning behaviour
was modeled by setting the parameter ev equal to 0.52.

A limiting capillary pressure concept, i.e. critical water saturation
(introduced in the previous section), can also be applied in the STARS
simulator, through the input of a composite foam/no-foam relative
permeability curve. If the water saturation is below S}, then no foam
exists, and the gas/water relative permeability curves are followed. On the
other hand, if S,, is greater than S, then foam is formed and the foam
correlation takes effect. A composite gas relative permeability curve is
shown in Figure 12; the water relative permeability curve remains
unchanged. In this composite gas permeability curve, S, was set equal to
0.35. Furthermore, the foam section of the relative permeability curve
equaled the gas relative permeability curve divided by 2.0 x 10*. Figure
13 shows the corresponding foam simulation in comparison to the
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Figure 13.  STARS simulation with limiting capillary pressure concept.

experimental data. Two separate experiments are presented, one with a
frontal advance rate of 4 m/day, and one with an advance rate of 1 m/day.
An excellent match was achieved between simulated and experimental
results for the 4 m/day case. Applying the critical water saturation tends to
correct the problem of overpredicting the pressure drop in the high gas
fractional flow area (compare Figure 11 and Figure 13). For the 1 m/day
case, the simulated pressure drops are greater in comparison to the
experimental values, in the high gas fractional flow region. Shifting S¥ to a
larger value on the gas relative permeability curve may lead to a better
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history match for the 1 m/day experiment. The foam correlation para-
meters for the last two simulations are the same as shown in Table 8§,
except that the FF . factor was set equal to 1000, in the 1 m/day case.
The foam experiment with an advance rate of 0.5 m/day could not be
modeled because of simulator stability problems.

In the experiments conducted here, the pressure drop was always the
dependent variable, dependent on foam formation. The independent
variables were the flow rates of gas and water; they are easier to control
than running the experiments at fixed pressure drops. It seems that for
these experiments the capillary number N, is a rather poor choice of
variable to predict foam generation. Conversely, in field projects the
injection is often controlled by pressure limitations, thus for field studies
the N, variable may be more suitable. de Vries and Wit [23] concluded in
their modelling efforts that for foam modelling the primary variables
should be changed from pressure and saturation to gas and water
velocities. It should be possible to develop a foam correlation based on
the independent lab variables, which can predict the onset of foam
generation and foam effectiveness over a greater variable range.

Vassenden and Holt [24] extended the limiting capillary pressure
model by incorporating the mechanism of foam flow at a critical pressure
gradient. Falls et al. [25] predicted that a foam lamella, positioned near a
constriction, could support a pressure drop (up to a maximum) without
flowing. Once this critical pressure drop is surpassed the lamella will flow
through the pores, and increasing the gas flow rate will not increase the
pressure drop. Thus, the pressure gradient generated by foam flow is
independent of flow rate and not affected by water saturation. This
implies that the gas relative permeability increases linearly with an
increase in foam flow rate. When the water saturation is reduced near S,
then the lamellae may rupture due to increased capillary suction. In this
region, the limiting capillary pressure model applies. Vassenden and Holt
constructed a convenient exponential function, which allows for the
reduction in gas relative permeability under foaming conditions, incor-
porating the notions of limiting capillary pressure and critical pressure
gradient.

ev

FM = Ugo (8)

1 forS, <S8,

w

Only when the water saturation exceeds the critical water saturation will
foam be allowed to form. In the critical capillary pressure regime the gas
relative permeability is reduced exponentially with the slope sy; in the
critical pressure gradient region, the gas relative permeability is reduced
by a factor of (uy/tig,)""F,. This simple model was applied successfully to
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simulate the foam experiments in the short core without oil present. In
Figure 14, pressure drops are simulated using the Vassenden and Holt
model. An excellent match between simulated and experimental pressure
drops is obtained for all of the frontal advance rates (FAR = 0.5, 1, 2,
4 m/day). The corresponding fractional flow curves in Figure 15 demon-
strate the shear thinning behaviour of the foam in the critical pressure
gradient region. The parameters for the foam model are presented in

Pressure Drop, kPa

Water Fractional Flow, fw

3500 A

/\ A
= = = Sim. FAR = 0.5 m/day /
3000 mmasessnGim, FAR = 1m/day /
Sim. FAR = 2m/day /
= ==Sim. FAR = 4m/day Critical Pressure Gradient Region g
2500 & Expt at 0.5 m/day
O Expt at t miday ~
W Expt at2m/day -
A Expt at4 miday -~
2000 e,
~ oo’ ",
1500 ~ . Critical Capi“a&,‘v
~ \Pressure Region *.M
h
> .. \
1000 + T S
e . S
.
o S
500 e
”
0 +
0 01 02 03 o7 08 1

Goads Fracticoagal Flow?'%g

Figure 14.  Pressure drops simulated with critical pressure gradient and
capillary pressure models.
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Figure 15. Fractional flows simulated with critical pressure gradient
and capillary pressure models.
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Table 9. Correlation Parameters Used in the Critical Pressure Gradient and
Capillary Pressure Model (no oil present)

Relative Permeability Curves Foam Correlation Parameters
St 0.13 Fo 21 x 1074
Sore 0.3 gy, m/day 4
San 0.02 Sz 0.35
Ko g 05 s 50,000
Koae 0.2 52 —10
Zw 3.3 ev 0.65
Zg 2.3

Table 9. Vassenden and Holt used a value of 1 for the shear thinning
exponent ev; for these experiments ev equal to 0.65 was more suitable.

Modelling of Foam Flooding in Oil Free Cores. Modelling
Short Core Experiments. As the frontal advance rate decreases the
slope of the fractional flow curves approaches 90° (almost vertical); due to
the shear thinning nature of the foam, the reduction of foam mobility is
greater at slower frontal advance rates. The water saturation at which
foaming occurs was set at 35%, identical to the S}, chosen in the fractional
flow model. Typically, in the critical capillary pressure regime the water
saturation is virtually constant over a large range of foam qualities. Foam
flow, coinciding with high water fractional flow (low foam quality), has
received limited attention in the literature. Additional experimental foam
data should be gathered in this region to fill out the picture.

Experimental evidence [35] suggests that, in the presence of foam, the
irreducible phase saturations of water and 0il (Syrg, Sorg) can be lowered
significantly. Thus, the irreducible water saturation, Sy, can actually be
lower in the presence of foam than the measured value of 46%,
determined from the gas/water relative permeability experiment (Appen-
dix). For all of the foam simulations, an irreducible water saturation of
30% was chosen. Since the in-situ water saturation was not measured, the
critical water saturation value S, (set to 0.35) could not be determined
accurately.

In Figure 16 the MRF data was constructed from the simulations. In
the high foam quality region (high gas fractional flow), the MRF for foams
propagated at various frontal advance rates is nearly identical. Thus, the
shear thinning nature of foams seems to become effective only when the
foam quality decreases below 95%, in the critical pressure gradient
region. The shear thinning behaviour dictates that the MRFs for foams
with a low FAR are higher in comparison to the MRFs for foams with a
high FAR. Qualitatively, the MRF's agree with the experimental data
(compare Figure 3 and Figure 16).
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Figure 16. Constructing MRF data using the critical pressure gradient
and capillary pressure models.

Modelling Long Core Experiments. The long core, initially
saturated with brine, was foam flooded at a 95% foam quality. As
discussed in the experimental section, the 95% foam flood could not
continue until a steady state was reached, since the generated pressure
drop exceeded the safety margin of the core apparatus.

The simulations for this long core experiment, at 95% quality, focused
on testing the validity of instantaneous foam generation assumed in
STARS, provided sufficient surfactant and gas co-exist. Therefore, the
foam front in the STARS model advances as the surfactant front advances,
taking into account surfactant adsorption.

The same input parameters as for the short core simulations were used
for the long core simulations. In Figure 17, the experimental overall
pressure drop is compared to the simulated pressure drop. The simulated
pressure drop increases with the advancing of the surfactant front. During
the simulation, as soon as surfactant is injected into the core, and
adsorption has been satisfied, foam is generated at the injection front.
After 20 PV of total injection, i.e. 1 PV of surfactant injection, the pressure
drop levels out because surfactant has been transported through the
length of the core and in the simulation foam formed everywhere. In the
experiment, the actual foam generation lags behind by 2.5 PV of total
injection. At approximately 8.5 PV injection the simulated pressure drop
and the experimental pressure drop seem to match. This match is
achieved erroneously, because the simulation underestimates the pres-
sure gradient generated by the foam.

After the foam was partially broken, the foam quality was changed to
98%. At this quality, foam could be set up for the whole length of the core
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Figure 17.  Foam generation in a long core (oil free, foam quality 95%).
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Figure 18.  Foam transport in a long core (oil free, foam quality 98%).

without overpressuring the system. Steady state foam flow was obtained
after injecting 35 PV. Figure 18 shows the build-up of foam over the
whole length of the core, where the horizontal lines indicate the steady
state pressure drops for the different sections. To simulate the steady state
pressure drops across the 30 cm long sections (T1 to T6), the Vassenden
and Holt model was used with the same foam parameters as obtained for
the short core. The compressibility of the gas and its effect on the foam
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quality was taken into account for the long core simulation. Section T6
was modeled first since the backpressure of the system was known and the
specified experimental foam quality was set at backpressure conditions.
Using the model with the specified parameters, the foam pressure drop
for section T6 was calculated. Knowing the foam pressure drop for section
T6 specifies the end condition of section T5: ambient pressure, foam
quality, frontal advance rate. As the ambient section pressure increases
the foam quality is reduced (due to the gas compressibility) and so is the
frontal advance rate. A new foam correlation was established for each
section. Sequentially, the pressure drop is then calculated for all the
sections (from T6 to T1) and compared to the experimental data (see
Figure 19). Excellent agreement is obtained between experimental and
simulated pressure drops for the last section of core; larger deviations are
apparent near the front of the core

Sanchez and Schechter [26] demonstrated that the local pressure and
surface tension affect the rate of lamellae generation. The higher the
ambient pressure and the lower the surface tension the faster the lamellae
snap off process proceeds, thus generating a denser foam texture. Holt et
al. [27] presented experimental results, which showed that the surface
tension of a C15 AOS surfactant is significantly lowered when the ambient
pressure is increased. Thus, the combined effect of pressure and lower
surface tension generates a finer foam texture resulting in increased
pressure gradients. A competing process is also effective; displacing newly
formed lamellae out of the constriction at extremely rapid rates will cause
the lamellae to collapse, reducing density of the foam texture. An
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Figure 19.  Core section pressure simulations with and without ambient
pressure effect at high foam quality, 98%.
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optimum ambient pressure should exist at which the foam generates a
maximum resistance to flow. For the long core experiment discussed here
this optimum pressure was not surpassed, the mobility reduction factor
kept increasing with increasing pressure. Vassenden and Holt [24]
explained the effect of system pressure in a different way. They assumed
that the critical capillary pressure would remain independent of system
pressure, however, the critical water saturation S?, would decrease as the
surface tension was lowered under increasing system pressure. For our
simulation purposes we assumed that both mechanisms were in effect:

(i) the critical water saturation is reduced with ambient pressure
logarithmically:

P
§7 = 0.3471 — 0.0213 In (P—> 9)
(ii) the foam quality changes with ambient pressure, such that F,
decreases linearly for the range of test conditions investigated here:

F,o(P) = —6.000E — 05(P/P,) + 2.751E — 04 (10)

A lower value in F, results in lower foam mobility, i.e. increased pressure
gradients during foam flow. Here P, serves as the reference pressure for
F,, set at 6894 kPa. The overall change in the critical water saturation and
the foam mobility factor are presented in Figure 20. Since the ambient
pressure in each core section changes, so does the critical water saturation
S, the foam mobility multiplier F,, the FAR, and the foam quality. A
family of pressure drop vs. foam quality curves was established, for each

0.35 2.500€-04

~—&—Calculated Sw*
== Calculated Fo

0.345 1 2.000E-04
Fo =2.751E-04 - 6.000E-05*(P/Po)
034 1.6006-04
5 e
0.335 1.000E-04
Sw* = -0.0213Ln(P/Po) + 0.3471
033 5.000E-05
0325 0.000E+00

1 12 14 16 1.8 2 22 24 26

Normalized Pressure, P/Po

Figure 20.  Pressure dependence of critical water saturation and foam
mobility multiplier.
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Figure 21.  Long core section pressure simulations at low foam quality,
60%.

core section. With the implementation of the ambient pressure effects, it
is possible to obtain an extremely close match between experimental and
simulated values (see Figure 19). Due to the gas compressibility, the FAR
drops from 4 m/day at the end of the core to 1.7 m/day at the front of the
core. This corresponds to a change in foam quality from 98% (at the end
of the long core) to 95% (at the front of the long core). The pressure
correction term may need additional refinement since the pressure for
maximum mobility reduction was not reached. The numerical data was
calibrated in the region of high foam quality, which also corresponds to
the critical capillary pressure regime of foam flow.

The final long core foam injection experiment (without oil) was carried
out at a foam quality of 60%. The experimental pressure drops measured
across each segment are presented in Figure 21 and compared to the
simulated pressure drops. The previously determined functions for S,
and F,, equations 9 and 10, were also used for this simulation. Working
backwards from sections T6, T5, and T4, the segmental pressure drop
decreases because the frontal advance rate and foam quality decrease,
due to increased compression of the gas (ambient pressure increases from
back towards front of the core). As the ambient pressure increases, the
foam texture becomes finer, shifting the foam mobility multiplier to lower
values. In sections T3, T2, and T1 we assume that the change in foam
texture is responsible for the observed increase in segmental pressure

drop.

Modelling of Foam Flooding at Residual Oil. Modelling
Short Core Experiments. Further simulations were carried out to
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Table 10. Correlation Parameters Used in the Critical Pressure Gradient and
Capillary Pressure Model (oil present)

Relative Permeability Curves Foam Correlation Parameters
Soxt 0.13 Fo 5.0 x 107*
Swre 0.3 Ugo, n/day 4

*
Sarw 0.02 S% 0.355
k;ng 0.5 S1 350
o ¢
K 0.2 S9 0
Zw 3.3 ev 0.65
Zg 2.3
1800 T »=Sim. FAR = 1m/day
Sim. FAR = 2m/day e : -
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Figure 22.  Matching foam pressure drop data at Ss.

match the experimental foam flood results in the presence of residual oil
using the Vassenden and Holt model. In Figure 22, the simulated
pressure drop generated for a range of foam qualities is superimposed
onto the experimental results; each curve represents a different frontal
advance rate. A much closer match between experimental pressure drop
and simulated pressure drop can be obtained for a singular advance rate.
However, the foam correlation parameters were chosen such that an
overall agreeable fit could be obtained. The following simulations are
evaluated at a constant oil saturation of 13% with the optimized foam
correlation parameters noted in Table 10. The most notable difference in
the model parameters between the foam case with oil and the foam case
without oil is the value of the exponent s,. As described earlier, the value
s1 dictates the gas permeability reduction in the critical capillary pressure
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gradient region. If s, is large, the gas relative permeability is reduced
dramatically by foam over a small saturation change, near the critical
water saturation, S}. With residual oil present, s; is relatively small
(<1000) and the critical capillary pressure gradient region is defined by
a much larger saturation change. This is evident in the corresponding
fractional flows curves presented in Figure 23. The critical capillary
pressure region ranges from a water saturation of 0.355 to 0.373 with
respective foam qualities above 90%. Again, the slower frontal velocities
demonstrate a steeper fractional flow curve in the critical pressure
gradient region due to the shear thinning nature of the foam. The mobility
reduction factors are easily constructed using the simulated foam and
base case pressure drops, see Figure 24. In the critical capillary pressure
region, the simulated MRF values are equal, while in the critical pressure
gradient region the difference in MRF arises due to the shear thinning
nature of the foam.

Discussion

Most laboratory investigations of improved oil recovery processes involve
coreflood experiments using short core lengths, usually on the order of 9
to 20 cm. There are very few accounts of work involving significantly
longer core lengths that also include comparisons with the results from
conventional short core lengths. In earlier work [28], we studied the effect
of increasing the core length on a chemical flooding process. Increasing
the scale by a factor of 4.5 (from 9 cm to 41 cm cores) decreased the
amount of chemical dispersion (by increasing the Péclet number) but had
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Figure 23.  Water fractional flow under foaming conditions at S,
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Figure 24.  Simulated MRF data using mechanistic approach (at S.,).

no significant effect on tertiary oil recovery. Chung and Hudgins [29],
however, found that in foam flooding there seemed to be an increased
randomness, or poor reproducibility, for foam flow with increasing
distance along a 10 m packed-bed slim tube. In their work foam
effectiveness and reproducibility were good near the foam injection end
of the slim tube, but were poor and non-reproducible near the outlet end.

In this project, the experimental scale-up work for the oil free case
showed a good reproducibility between the short and long core experi-
ments. However, it is important to compare those sections of the long core
to the short core, which are operating under similar conditions. Under
foaming conditions, the increased pressures experienced in the upstream
part of the long core definitely influence the foam behaviour. The
conditions in end section T6 (near the production end) of the long core
correspond more closely to the operating conditions of the short core and
any scale-up comparison should be made here. The MRF values for the
section T6 of the long core were slightly higher than the MRF values of
the short core experiments, but overall qualitative agreement was
achieved.

The foam experiments in the short core with oil present demonstrated
that no significant foaming took place until slowly generated foam
reduced the oil saturation from 24% (after waterflood) down to 13%.
Similar experimental evidence has been recorded by Mannhardt et al.
[11, 15]. Subsequently, strong foam was generated at various flow rates
and foam qualities. At an oil saturation of 13%, significant foaming did not
occur until the foam quality decreased below 98% at a frontal advance
rate of 4 m/day. In the oil free case, strong foams were observed when the
foam quality was equal to or below 98%. The maximum foam pressure
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drops generated in the presence of oil (short core) were consistently lower
than the foam pressure drops measured without oil present.

During the waterflooding stage of the long core experiments, the oil
saturation was only reduced to 33%. Upon co-injection of surfactant
solution and gas, some of the oil was mobilized, similarly as in the short
core. Whereas the foam/oil emulsion was produced without significant
problem in the short core experiment, during the long core experiment
this emulsion generated a blockage inside the long core. This blockage
could not be displaced under the pressure limitations of the long core
apparatus. Although the long core foam tests at residual oil had to be
abandoned, the obtained results are still significant. A strong blocking
emulsion can be formed when co-injecting gas and surfactant solution
into a porous medium with a limited amount of mobile oil. If this
emulsion needs to be transported a significant distance (in our case 2 m),
then the medium can be completely blocked. This effect may be desirable
or undesirable but it should not be ignored. Furthermore, this effect was
not observed during the short core experiment.

Three foam models were investigated in the course of this project. All
three models relied on modifying the gas relative permeability in the
presence of foam. The foam model by Vassenden and Holt [24] was the
most versatile platform to match steady state foam results at various
frontal advance rates and foam qualities. With this steady state foam
model, it was possible to history match the foaming behaviour investi-
gated on the long and short cores.

As other investigations had proven previously, the critical capillary
pressure concept is effective in modelling foam transport at high foam
qualities, greater than 90% for the system investigated here. Without oil
present, the critical capillary pressure region was defined by a singular
saturation. However, with residual oil present, the same model suggested
that a band of critical saturations was active, 0.355 < S}, < 0.372. Addi-
tional foam experiments in the presence of residual oil need to be
conducted to ascertain if this band of critical water saturations is a
modelling artifact or reality.

In the critical pressure gradient regime (foam qualities <90%) two
types of pressure responses during foam propagation were observed. The
pressure drop developed by foam transport can be monotonically increas-
ing with an increase in foam quality, as was the case in the oil free system
(see Figure 14). With residual oil present, the pressure drop was first
increasing, reached a maximum, and then decreased with an increase in
foam quality (see Figure 22).

The experimental evidence from the long core floods indicates that
ambient pressure effects on foam behaviour need to be taken into
account. Two additional pressure correlations were established (no oil
present) specific to the foam system investigated:
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1. the critical water saturation, S, is lowered with increasing ambient
pressure

2. the foam mobility multiplier, F,, is decreased with increasing
ambient pressure

Thus, it was possible to history match the pressure responses obtained
from the long core foam floods, which were operated in the high quality
(critical capillary pressure region) and in the low quality (critical pressure
gradient region) foam regions. Overall, the foam correlation used in this
project achieved good agreement between experimental and simulated
results. Furthermore, the model seemed to be applicable for both cases
with and without oil present. A population balance model to predict foam
behaviour may be more fundamentally correct [16], especially when
investigating transient foam effects, however it also requires a tremen-
dous amount of additional computation time. Modelling and history
matching steady state foam results with relative permeability modifica-
tions of the gas phase, provides a convenient and efficient tool to
investigate foam transport.

Recommendations

Future work should focus on foam floods in the presence of oil,
monitoring in-situ saturations of all three phases: gas, water, and oil.
Currently we are imaging foam floods using nuclear magnetic resonance
techniques in order to elucidate these points.
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Appendix

Core Data. A detailed list of core properties is presented in
Table 11.

Surfactant Adsorption. Surfactant adsorption was measured by
flooding one core under the same conditions as used in the MRF
measurements.

Measured amounts of Chaser GR-1080 surfactant (5.006 g/1) and
tritiated water in a solution of 2.1% TDS brine were injected into a



7. WassmutH et al.  Mobility Control Foams for Improved Oil Recovery 283

Table 11. Core Data

Core ID MCF1 MCF2 MCF4 MCF6 MCF5
Rock Type Berea Berea Berea Berea Berea
Dry Weight (g) 450.0 451.0 4426.4 449.3 4398.4
Length (cm) 20.0 19.8 183.0 19.9 182.90
Diameter (cm) 3.76 3.77 3.87 3.76 3.849
Area (cm?) 11.1 11.1 11.8 11.1 11.63
Bulk Volume (cm?) 222 220 2153 221 2128
Porosity (%) 23.1 23.3 20.5 23.7 22.0
Pore Volume (cm®) 51.1 51.3 441.3 52.2 468.0
Abs. Permeability: Air (mD) 1006 998 1158 916 1226
Abs. Permeability: Brine (mD) 646 259 297 251 241
QOil Perm. at Sy, (mD) 169 138
Brine Perm. at S, (mD) 34 84

Sor (%) 24 35
Sorf <%> 13

brine-saturated core at a temperature of 23 °C and a pressure of 6.89 MPa
(1000 psig), and effluent concentrations were determined. Figure 25
shows the effluent profiles. A material balance from the effluent profiles
yielded the amount of surfactant adsorption at 0.23 mg/g (based on the
leading edge only) and the tracer balance was closed within 1.6%. The
critical micelle concentration, needed for the adsorption simulation, of
the surfactant in 2.1% TDS brine was determined by surface tension
titration. The interpolated cmce was 0.084 g/l at 23 °oC under atmospheric
pressure. The core flood results have been simulated using a PRI
adsorption model and methods illustrated in reference [10], to determine
the adsorption isotherm.

The simulation resulted in the following adsorption model parameters:

S 14,000
m; (mg/g) 1.9
my/ms 8.6
k. (hr™h) 0.15
kg (hr™t) 0.001
D/v(tracer) (cm) 0.15
D/v(surfactant) (cm) 0.15

The calculated adsorption isotherm is shown in Figure 26. The plateau
adsorption determined from the calculated adsorption isotherm was
0.23 mg/g (mass adsorbed per unit mass of rock) or 0.83 pmol/m? (moles
adsorbed per unit rock surface area).

Water/Oil Relative Permeabilities. For simple two phase flow,
the relative permeability is a function of saturation only. The relative
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Figure 26. Adsorption isotherm calculated from adsorption model
parameters.

permeability—saturation relationship can be approximated using the end-
point relative permeabilities (kyo, kow), the residual saturations (Sye, Sorw)
and empirical exponents (zy, z,).

Sw—Swe \™ So—S
krw =k° v % kro =k, - — 11
o <1 - Sorw — SWO> row (1 - Sorw - ch) ( )
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Figure 27.  Experimental and simulated waterflood results.

The experimental pressure and effluent curves were history matched
using an analytic simulation package, “PRIsm” [30, 31], which is based on
the Buckley-Leverett theory.

An initially brine saturated core was flooded with oil to irreducible
water saturation (Sy.), and subsequently waterflooded. During the water-
flooding stage, the pressure drop and oil productions were continuously
monitored until the residual oil saturation was reached. In Figure 27 the
comparison between experimental and simulated values of the waterflood
recovery and concurrent pressure drop (across the core) is made. The
history matched relative permeability curves are shown in Figure 28; the
corresponding parameters are listed here:

K=4594mD  ky,=0018 k., =022
Swe=025  S,w=043  z,=34  z,=3.1

Gas/Oil Relative Permeabilities at Connate Water Satura-
tion. The same core that was used for water/oil relative permeability
evaluations, core MCF3, was re-saturated with oil after the waterflood.
Next, nitrogen was injected at a flow rate of 6 ml/hr. The oil recovery was
determined at consistent time intervals. Problems were experienced with
the backpressure regulator, such that the pressure readings were too
erratic to be useful in the relative permeability curve evaluation. Only the
residual oil saturation to gas and the gas endpoint relative permeability
were determined in the presence of connate water:

K=4594mD  S,.=025  Syu=05 k% =0.05

Gas/Water Relative Permeabilities. The gas/water relative
permeabilities were not measured directly. However, a suitable set was
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profiles.

deduced from history matching the displacement of tracer in the 100%
brine saturated long core at a gas fractional flow of 95% (see Figure 29).
The STARS simulator was used for the history matches. Predicted
pressure drops from the relative permeability curves were also compared
to the baseline pressure drops generated at various foam fractional flows
(see Figure 30). The relative permeability parameters, deduced from
simulations, are summarized as follows:

kag=05 Kgy=022 Syg=046 S0 =0.07 2yg=32 24 =22

wg
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Figure 31.  Comparison of gas/water relative permeabilities.

A number of investigations have reported three phase relative perme-
ability data for Berea sandstone [32, 33]. In Figure 31, the gas/water
relative permeabilities deduced from the simulations are compared to
similar relative permeability data presented by the authors Maloney and
Brinkmeyer [34] and Huh and Handy [35]. The water relative perme-
abilities (k,g) seem to group tightly together. Larger discrepancies are
observed for the gas relative permeabilities (K,q,). The gas relative
permeabilities obtained from our calculations seem to group more closely
with the data by Huh and Handy. In any case, the gas/water relative
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Figure 32.  Water relative permeabilities as a function of saturation.

permeability curves deduced by our history match compare quite
favourably with those established by other authors.

Under the assumption that the water relative permeability is only a
function of the water saturation, the water relative permeability curve,
kg, from the gas/water experiment should overlap with the water relative
permeability curve, k., from the oil/water experiment (see Figure 32).
In the region where S, > 0.5 the relative permeabilty curve seems to
match within the limits of experimental variation. However, large dis-
crepancies are noted in the region of irreducible water saturation. In the
oil/water case, Sy equals 0.25, while the irreducible water saturation in
the gas/water experiment, S, equals 0.46. We speculate that during the
gas/water relative permeability experiment the pressure drop generated
by the gas flow was insufficient to reduce the water saturation any further.
Since the irreducible water saturations do not correspond, the relative
permeability curves do not match in the low water saturation region.

List of Symbols

A cross sectional area of core

C, surfactant concentration

Comax maximum surfactant concentration
D dispersion coefficient

eg, ev, ew, ep exponents

es, eo, en exponents

FAR frontal advance rate, g/A¢
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foam scaling factor

foam mobility factor

gas fractional flow

foam mobility multiplier

water fractional flow

critical foam generation capillary number

absolute permeability

adsorption rate constant

desorption rate constant

lamella generation and decay rate constants

net foam generation rate constant

gas endpoint relative permeability at S,,s under foam
conditions

gas endpoint relative permeability at S,

gas endpoint relative permeability at S,

water endpoint permeability at Sy,

water endpoint permeability at S,

oil endpoint relative permeability at Sy

length of core

AP/AP,,, mobility reduction factor

monolayer coverage of surfactant

monolayer coverage of solvent

K AP/gL, capillary number based on pressure

reference capillary number for shear thinning

Uy /o, water capillary number

Uy, gas capillary number

lamellae number per unit volume

pressure

capillary pressure

limiting capillary pressure

pressure drop during foam (surfactant solution plus gas)
injection

pressure drop during brine plus gas (no surfactant) injec-
tion

reference pressure

total injection rate

gas saturation

residual gas saturation under foam conditions

residual gas saturation after water flooding

oil saturation

residual oil saturation after foam flooding

maximum oil saturation after gas flooding for foam to be
effective

residual oil saturation after gas flooding
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Sorw residual oil saturation after waterflooding
Sw water saturation
Swe connate water saturation
St residual water saturation under foam conditions
Sorg residual water saturation after gas flooding
S1, So exponents
u Darcy velocity
Ug, Uy Darcy velocity of gas and water phase
Uge reference velocity of gas phase
Uge, Une critical velocities of gas and water phases
Vrotal q/A¢, total frontal advance rate
Vg q4/A¢, gas phase advance rate
Uy gw/A¢@, water phase advance rate
zf exponents for gas relative permeability curve under foam
conditions
Zgws Zwg exponents for gas/water relative permeability curves
Zws Zo exponents for water/oil relative permeability curves
Greek
Jeg gas phase mobility
Aw water phase mobility
g gas phase viscosity
Ly water phase viscosity
o water/gas surface tension
¢ porosity
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The Use of Surfactants in
Lightweight Drilling Fluids

Todd R. Thomas and Ted M. Wilkes
Clearwater Inc., Pittsburgh, Pennsylvania, USA

An overview of lightweight drilling fluids is presented with a
discussion of the application of foam as a drilling fluid. The
primary classes of surfactants used in such fluids, of varying
quality, are described. An overview of specialty surfactant
conditioning additives is presented. A novel foam control
system is offered and several lightweight fluid case studies and
field examples are showcased.

Introduction

Figure 1 depicts four fluids that are commonly used in “lightweight” or
“underbalanced” drilling applications. Shown in each depiction is the
drilling fluid, as it may appear down-hole with cuttings being carried from
the borehole. These fluids include:

e dry gas, typically: air, pure nitrogen, oxygen depleted air (mem-
brane nitrogen), carbon dioxide or methane

e mist, fog or high quality foam (HQF), low liquid volume fraction
(LVF), <4%

e gasified or aerated fluid, generally less than 55% gas volume
fraction (GVF)

e foam, generally 55-96% GVF

Each of these fluids has distinct surfactant requirements. In dry gas
applications, there is typically no surfactant used. In mist, fog, and in all
foams, several classes of surfactants are used. Gasified (aerated, nitrified)
fluid typ1cally employs standard polymer and clay mud systems lightened
with a gas to lower hydrostatic pressure on the formation.

The focus of this chapter will be:

1. To present an overview of lightweight drilling fluids.
2. To discuss the application of foam as a drilling fluid.
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Air or Gas Mist Aerated Liquid Foam

Figure 1. Depiction of lightweight drilling fluids.

3. To describe the primary classes of surfactants used in lightweight
drilling fluids from qualities of 55% through 99.9%.

4. To present an overview of specialty surfactant conditioning addi-
tives.

5. To offer a novel foam control system.

6. To showcase several lightweight fluid case studies and field
examples.

Overview of Lightweight Fluids

The application of high quality fluids (>96% GVF) is commonly referred
to as mist drilling. In traditional mist drilling, the water present is treated
as a cutting and for calculation purposes, the density and mass flow rate of
the water vapor replace those for the cuttings. However, field experience
has indicated that in most instances, when foaming surfactants are
employed, the “mist” actually becomes high quality foam. When the
quality increases beyond a critical level, the foam does not collapse and
become droplets of surfactant laden water. Rather, the foam becomes
discontinuous. The point at which this happens is determined by the
elasticity and surface tension of the foam structure itself. Only when non-
foaming surfactants are used, will the water appear as a continuous phase
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as in the appearance of a “fog,” or a fine dispersion of micro water
droplets in the gas. Govier and Aziz [1] depict the physical appearance of
this fog. In mist drilling with a “fog,” calculations are made with the
assumption that air-water is a continuum. Introduction of a non-foaming
surfactant to the water that is being pumped downhole can create this
“fog.” The surfactant reduces the water’s surface tension. The agitation
realized in the expanding air-water—surfactant mixture across the bit
nozzles, or in fog generators at surface, permits the formation of the “fog”
or “mist.”

Foam, as a drilling fluid, has been in use since the 1960s and has been
the subject of several journal articles [2, 3]. Foam, as typically used in
drilling, is a mixture of water, a surfactant and air or nitrogen. Field terms
that are generally applied to foam are foam quality and foam texture.
Foam quality is the ratio of gas volume to the total volume (GVF) and
foam texture relates the size and distribution of the gas bubbles.

Foam Utilization as a Drilling Fluid

If gas and a liquid are mixed together in a container, and then shaken,
examination will reveal that the gas phase has become a collection of
bubbles that are dispersed in liquid: a foam has been formed, as in
Figure 2. Foams serve many important functions in the petroleum
production process from their use as a drilling fluid, through reservoir
stimulation, to secondary and tertiary recovery. Foam has gained wide-
spread acceptance as a viable drilling fluid alternative. Foam, as a

Plateau
Border

Lamella

Thin Film
Region
(Liquid Phase)

Interface
(2-D Surface Phase) BULK FLUID

Figure 2. Overview of a foam bubble. (Reproduced from reference 4.
Copyright 1994 American Chemical Society.)



298 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

drilling fluid, has endured a rather unrefined gestation period. Only in
the very recent past has the industry recognized the importance of foam
drilling science and engineering. Presently, with the evolution of under-
balanced drilling technology, foam has become a more frequently
considered option, as a lightweight drilling fluid. Today, wells are being
drilled with foam, that, until recently, were not considered foam drilling
candidates. Although limitations still exist, many of the obstacles facing
foam drilling have been conquered through chemical and mechanical
innovation.

Overview of the Foam Bubble [4]

Foams consist of polyhedral gas bubbles separated by thin liquid films or
lamellae as shown in Figure 2. A single bubble, like a balloon, has a ve
thin skin, or film, surrounding a volume of gas. When an individual bubble
is formed it takes the shape of a sphere. The surface tension of the film
maintains a form, which minimizes surface area and requires the least
amount of energy. Of all possible shapes, a sphere has the largest volume
in comparison to its surface area. Thus, “a soap bubble is a thin film that
embraces a fixed volume of gas ... through its need to minimize stored
energy, it assumes the shape of a sphere” [5].

Aside from being entertaining, a single soap bubble has little practical
application in the drilling industry, whereas persistent, or stable, foams
have unlimited possibilities. In a physical system, when three or more
soap bubbles come together they immediately transform into foam cells,
polyhedra, separated by almost flat liquid films. The polyhedra are almost,
but not quite, regular dodecahedra. These two-sided thin films are called
the lamellae of the foam. Where three or more gas bubbles meet, the
lamellae are curved, at an angle of 120°, concave to the gas cells, forming
what is called the Plateau border or Gibbs triangles. Figure 2 illustrates
this principle. This honeycomb shape is stabilized by the presence of
surface-active materials at the liquid/gas interface, which can retard the
loss or drainage of the liquid from the area between the bubbles. Thus,
created is a somewhat rigid, mechanically strong bi-layer that maintains
the foam structure.

The previous definitions aid in the understanding of the chemistry
and engineering of foams and are critical when dealing with the
formation and stability of foam structure. Persistent or stable foams
consist of a network of thin liquid films, which exhibit complex hydro-
dynamics. For a drilling foam to remain persistent, or stable, several
mechanisms are required to prevent the loss of liquid and gas from the
foam and to prevent premature collapse of the foam, when subjected to
environmental stresses.
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Benefits of Foam as a Drilling Fluid

A properly prepared foam fluid has several features which would make it
an excellent drilling fluid. The following is a brief summary of the benefits
of foam.

Lightweight Drilling Fluid. Specific gravities, as low as 0.15
(1.25 Ib/gal, equivalent circulating density, ECD), can be effectively
achieved with foam. Low density has two profound advantages. The first
being increased penetration rate, and the second being the ability to
achieve bottom hole pressures below that of the productive reservoir.
This condition is called “underbalance.” With recent emphasis focused on
drilling “underbalanced,” the effective density of the drilling fluid should
be below the pore pressure of the reservoir. In depleted, or low-pressure
zones, the choice of fluids, which function effectively at these densities, is
rather limited. Conversely, relatively high fluid densities, up to a specific
gravity of 0.78 (6.5 lb/gal, ECD) can also be achieved with foam. Foam in
a dynamic system produces significant friction factors. When calculating
bottom hole pressure, in dynamic foam flow, the sum of the hydrostatic
weight and the friction pressure provides the total bottom hole pressure
(BHP) and equivalent circulating density.

To eliminate unwanted influxes, many wells have been intentionally
drilled overbalanced with foam. Proper fluid chemistry is essential in
these situations. If the foam “breaks-down,” or specifically, if the viscosity
of the foam is altered by the influxes, the friction factor decreases and, in
turn, the bottom hole pressure is reduced. A general understanding of
fluid chemistry, and the selection of the proper foaming agent, is essential
in assuring a successful project. Many projects have failed in the past due

to inadequately applied chemistry.

Cuttings Transport. The application of foam has shown it to
possess an exceptional ability to remove cuttings from the wellbore. When
created with the proper surfactant, viscous foam creates a motive fluid,
with the ability to transport up to ten times the amount of cuttings, when
compared to a single-phase fluid. This translates to increased penetration
rates, by reason of efficient hole cleaning. Along with the ability to carry
cuttings, foam has the ability to displace large volumes of downhole fluid
influxes. Recent foam drilling jobs have continued to operate effectively
in the presence of 25 bbl/min of water influx. Certain “oil foaming”
surfactants have performed remarkably well on horizontal drilling opera-
tions, with as much as 50 bbl/hr oil influx [6].

Annular Velocity. Recently, attention has been focused upon
the detrimental effects of wellbore erosion, due to high annular velocities.
It is a general drillers’ guideline that, for a given formation, there is a
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critical velocity which should not be exceeded. Fluid velocities beyond a
certain level will adversely affect borehole stability. Annular velocities as
low as 100 feet/min have provided sufficient hole cleaning in many foam
drilling operations. This gentle flow medium is quite beneficial in velocity
sensitive shales and semi-unconsolidated formations.

Down-hole pressure fluctuations, due to the termination of flow in the
annulus, are unquestionably of great concern. When circulation is
stopped, during a connection or survey, for example, the foam can
“break-back” to soapy water and its gas phase. The gas can then expand
toward the surface. In order to re-establish circulation of foam, the
“broken-back” water in the bottom of the well must be displaced by
newly introduced foam through the drill pipe. The BHP increases until
the fluid begins to move up the wellbore. As the fluid is lifted out of the
well, the BHP decreases, subjecting the formation to a dramatic pressure
drop. In pressure sensitive formations this may have an unfavorable effect
on borehole stability. In these cases, special additives can be used to
create exceptionally stable foams. These foams are many times referred to
as “stiff,” or “stable,” foams.

Lost Circulation. Unlike the flow of foam within the drill string
and casing, circumstances are quite different within a porous medium, in
which immobile containing boundaries are near to every avenue of flow.
The motion of the two-dimensional array of foam cells limits the entry into
the porous zone. This is shown in Figure 3. When drilling with a single-
phase fluid, lost circulation is both an economic and operational con-
sideration. Drilling with foam can eliminate these concerns. Elimination
of lost circulation greatly reduces the likelihood of differential sticking of
the drill string.

Flexibility of Foam Drilling. Foam is the most versatile of all
the low density drilling fluids. The water (LVF) and percentage of gas
(GVF) can be easily controlled at the surface to achieve bottom hole
pressures sufficient to drill the well. Various surfactant chemicals can be
added to the water phase to address such problems as influxes, shale

Figure 3. Immobile boundaries containing lost circulation of foam.
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control, corrosion, and borehole stability. Thereby, the foam drilling fluid
can be customized to meet the requirements of each foam drilling
application.

Surfactant Testing

Surfactant testing and reagent screening can be performed in a variety of
ways. The simplest and most common technique used in the petroleum
industry is the standard “blender test” [7]. Other test methods [4] include
Ross-Miles foam height test, flow loop testing, capillary foam testers,
contact angle measurements, tensiometers and actual field evaluations.
Due to its low cost, easy duplication and ability to be used in the field,
blender testing has become the norm in the industry for foam based

fluids.
A standard blender test consists of the following:

1. To a 1000 ml Waring Commercial Blender add 100 ml of the test
water.

2. With a pipette add the desired amount of surfactant to be tested.
The standard concentration is 0.5% v/v.

3. Operate blender on “high” for 30 seconds. Start timing the half-life
immediately upon completion of the agitation.

4. Immediately pour the foam from the blender into a 1000 ml
graduated cylinder.

5. Measure the foam height in milliliters, when all of the foam is
transferred to the graduated cylinder.

6. Record the foam half-life as the time required for drainage of 50 ml
of water in the bottom of the cylinder, as measured at the point
when the meniscus rises above the 50 ml graduate.

Interpretation of Blender Tests

Interpretation of blender test results is critical to product selection and
formulation.

For example:

A given foamer shows test results indicating a foam height of 500 ml
and a half-life of four minutes and thirty seconds in fresh water at 0.5% v/v
surfactant concentration.

What do these numbers mean?

Generally, foam height in a blender test describes the ease of foam
formation, due to surface tension lowering and surface elasticity, the
ability to create very thin lamellae and the speed with which foam can be
created or recreated. Half-life gives an indication of foam stability. Both
measurements are important in drilling operations. Stability is required
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during static periods, such as “air off” connections, surveys and in low
flow areas, and surface tension lowering and elasticity are required to
create foam viscosity.

Foam viscosity and elasticity are required for cuttings transport and
hole cleaning, particularly at high qualities. Returning to our example, a
foam height of 500 ml, after starting with 100 ml of water, gives a foam
quality of only 80% at atmospheric pressure. Actual bottom hole condi-
tions show foam qualities of above 98% are common. This would mean
that the foam height created from 100 ml of fluid would be 5000 ml at
98% quality.

How does this happen?

In flow loop testing, continuous foams at qualities of up to 99.6% have
been observed. The energy created by the pumping pressure, shear and
friction with the drill pipe, allows the lamellae to thin to a point where the
water is dispersed over a greater volume. In the case of our example, a
10 ml aliquot of water would create a foam height of 500 ml.

As quality is increased beyond a certain point, the rate of bubble
bursting exceeds the rate of bubble creation and stabilization, caused by
the dynamic flow conditions. The foam then becomes discontinuous.
Discontinuous foams do not carry cuttings as well as a solid foam matrix.
Therefore, hole cleaning is compromised.

Correlating blender test results with other test mechanisms and actual
field observations is critical for proper foamer application.

Surfactant Selection
Five broad surfactant groups are used in lightweight drilling fluids.

e primary foaming surfactants
e conditioning additives

e corrosion inhibitors

e fog drilling surfactants

e defoamers

Extensive field experience, controlled flow loop testing and foam circula-
tion in test well projects [8] has clearly shown proper surfactant selection
to be the dominant factor controlling drilling foam performance. Many
different surfactants are used in oilfield applications; anionic, cationic
nonionic and amphoteric. Anionic surfactants have a polar group, which is
negatively charged. Due to their cost performance in drilling operations,
anionic surfactants are the most broadly used. Cationic surfactants
conversely have a polar group, which is positively charged, and are used
much less often. Nonionic surfactants carry no charge. Surfactant species
that can be either cationic or anionic, depending upon the pH of the
solution, are called amphoteric, or zwitterionic.
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Several criteria must be considered when evaluating surfactants.

e foaming capability — foam drilling

surface tension reduction — fog drilling

ionic charge — compatibility with other additives

salt tolerance — compatibility with brine water influxes
hydrocarbon tolerance — compatibility with hydrocarbon influxes
temperature limitations — effectiveness in high temperature wells
environmental concerns — biodegradability, toxicity

cost

Primary Foaming Surfactants

Primary foaming surfactants are typically selected from any of the groups
shown in Tables 1-4. They can be used alone or in combination with other
primary surfactants or conditioners. They are selected for their foaming or
surface tension reduction properties.

Conditioning Additives

Conditioning additives are used to enhance specific properties of a
foaming agent solution. Foam stabilizers extend the drainage time of the
foam. Stabilizers can be polymeric additives, that add base fluid viscosity,
or other surfactants, which work synergistically with the primary surfac-
tant. Some conditioning additives can be used alone as base surfactants,
but due to lack of versatility, or their cost, are mostly used as secondary
additives in the oilfield.

Many times, conditioning additives are used to impart particular
properties to a foam system. The use of primary surfactants blended with
conditioning additives, in demanding applications, can be significantly
more economical than the use of primary surfactants alone. Desirable
properties and examples of their application include:

e High Temperature Stability: Foam was recently used to drill a well
in Texas with a bottom hole temperature (BHT) of 370 °F.

e Resistance to Degradation by Oil Contamination: Many wells, both
vertical and horizontal, have been drilled using stable foam, with
up to 40% by volume oil influx. Foam stability and BHP were
maintained even despite this influx.

o Salt Contamination (Chlorides): Surfactants are available to effec-
tively maintain stable foam in saturated aqueous solutions. An
example application is using foamed saturated brine to drill
through troublesome salt sections.



Table 1.

Primary Foaming Surfactants — Anionic

Chemistry Application Comment Relative Cost Index
Sulfates of linear C6 through C12, with Wide application Most versatile and most Moderate
alcohol ethoxylates between 2.0 and 4.0 moles widely used
of ethylene oxide per mole
of alcohol
Sulfates of linear C8 through C16 Mostly fresh water Highly effective, but not as Moderate

alcohols

Sulfates of nonyl
phenol ethoxylates

Sulfonates of alpha
olefins

Sulfonates of linear
alcohol ethoxylates

Sulfonated alkyl
benzene

Fatty (C12-16) acid
salts

C9 alkyl group plus phenol
ring
C10-C16

Sulfonate vs. sulfate

Soft or hard acid, DDBSA,
typically Na, NH; or MEA
salts

Soap

Broad effectiveness
Mostly fresh water

Better acid tolerance, will
not degrade as quickly as
sulfates

Limited in drilling, due to
water hardness
intolerance

Limited in drilling, due to
hardness and low pH
intolerance

versatile

Not environmentally
preferred

Commonly used as a foam
booster

Not widely used

Limited brine (NaCl)
tolerance, low hardness
(Ca + Mg) tolerance

Limited brine tolerance, low
hardness tolerance

Low—Moderate
Moderate

High

Low

Low




Table 2.

Primary Foaming Surfactants — Cationic

Chemistry

Application

Comment

Relative Cost Index

Fatty (C10-C18)
quaternaries

Fatty quaternary
ethoxylates

Fatty amine
ethoxylates and
propoxylates

Fatty amine oxides

Basic cationic foamer

Better performance than
straight quaternaries

Amount and type of
alkoxylation affects
solubility and performance

Less cationic functionality
gives better compatibility

Some fresh water use

Ethylene oxide gives better
hard and salt-water
performance

Not commonly used alone

Good fresh water
enhancement

Cationic systems can have
improved compatibility
with certain corrosion
inhibitors and shale
stabilizer systems

Works synergistically with
other cationic surfactants

Usually used as boosters in
cationic systems

Used as foam boosters in all
systems

High

High

High

Moderate




Table 3.

Primary Foaming Nonionic Surfactants

Chemistry

Application

Comment

Relative Cost Index

Alcohol ethoxylates

Nonyl or octyl
phenol ethoxylates
Ethoxylated esters

PEGs, polyethylene
glycols

ie. C9-11 + 8 moles EO

Similar HLBs to the above

i.e. PEG (20) mono-sorbitan
oleate

Highly water soluble
polymers

Some usage, when anionics
or cationics are not used

Limited usage

Good emulsifiers, can add oil
tolerance to anionic
systems

Can add base fluid viscosity
and stability to other
systems

Not as efficient as the
anionics, but not bad for
not having a charge

Environmental questions

Niche products in drilling
foams

Good boosters or stabilizers,
also used for shale
stabilization

Low—Moderate

Low—Moderate

High

Low—Moderate




Table 4. Primary Foaming Amphoteric Surfactants

Chemistry

Application

Comment

Relative Cost Index

Betaines
Sulfaines

Proprionates

Glycinates

Coco-amido-propyl betaine

Coco-amido sulfo propyl
betaine

Imidazoline derivatives

Imidazoline derivatives

Not usually used alone

Good versatility can be used
alone

Not common

Not common

Shows synergy with sultaines

Shows synergy with anionic
systems

Can enhance foam heights —
elasticity

Can enhance foam heights —
elasticity

Moderate-High
Moderate—High

High

High
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Table 5. Foam Boosting Properties of AOS

Weight % AOS Weight % AES Foam Performance in FW
25 0 500/4:08
20 5 500/4:01
15 10 510/4:13
10 15 520/4:18
5 20 520/4:23
0 25 500/3:55

Synergistic effect of mixing 40% active alpha olefin sulfonate solutions (AOS) with 80%
active C6—C10 alcohol ether sulfate solutions (AES), balance is water

® Depth Limitations: Foam has been used as the drilling fluid to
depths over 21,000 feet.

Examples of specialty surfactant conditioners include:

e Amides: Commonly used as foam stabilizers. Coconut or lauryl
diethanolamide shows excellent performance for fresh water
systems.

o Sodium diphenyl oxide disulfonate: Dual anionic functionality can
provide superior hydrocarbon tolerance.

o Sulfosuccinates: Typically, dioctyl sulfosuccinate. Commonly
referred to as DOSS — can exhibit good wetting and foam
stabilizing abilities.

e Alpha Olefin Sulfonates, AOS: Frequently used conditioning
additive, standard C-14/16 product gives excellent fresh water
foam boosting properties. Lower molecular weight AOS can
provide hard and/or salt-water performance, as well as oil toler-
ance. Table 5 demonstrates the synergy of AOS with an alcohol
ether sulfate (AES) solution. In this example, 5 parts AOS together
with 20 parts AES clearly shows synergy.

Hydrotropes

Hydrotropes are frequently used to improve the solubility, and therefore
the effectiveness, of marginally soluble surfactants. This is particularly
beneficial in high electrolyte (salty) waters. Commonly used hydrotropes
include: aryl sulfonates (SXS, STS, SCS), glycol ethers, and phosphate
esters.

Widely used because of their relatively low cost, glycol ethers, such as
ethylene glycol mono butyl ether, can have beneficial effects as demon-
strated below, in Table 6. In this table, the effect of various glycol ethers
on the performance of a “typical” commercial foam drilling product is
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Table 6. Effect of Glycol Ethers in Brine Water Foaming

Base Product A Formulation

Material Weight percent
C6-C10 linear alcohol with 3-4 moles ethylene oxide, sulfated 45%
Sodium xylene sulfonate, 45% solution 8%

Alpha olefin sulfonate, C14-16, 40% solution 10%
Isopropanol 12%

Water Balance

To Base Product A, a series of glycol ethers were added to measure foam performance in
a standard blender test. The test utilized synthetic brine made by dissolving excess
Allberger #3 salt into distilled water, at 90 °C. This brine is then allowed to cool to 25 °C,
whereupon salt crystals precipitate out of solution. The supernatant water is then used
for the test.

Control — No glycol ether added, Base Product A foam height 370 ml. Half-life 3:25

Glycol ethers added — ethylene glycol mono butyl ether (EGMBE), diethylene glycol
mono butyl ether (DEGMBE), and triethylene glycol mono butyl ether (TEGMBE).

Concentration EGMBE, w/w Foam Height, ml/Half-Life, min:sec
0% 360/3:25
2% 370/3:31
4% 370/3:36
6% 380/3:43
8% 380/3:51

10% 390/3:59
12% 410/4:11
14% 400/4:14
16% 400/4:12
18% 400/4:11
20% 400/4:03

Concentration DEGMBE, w/w Foam Height, ml/Half-Life, min:sec
0% 360/3:25
2% 360/3:31
4% 360/3:33
6% 370/3:37
8% 370/3:41

10% 380/3:45
12% 380/3:47
14% 370/3:44
16% 370/3:45
18% 370/3:42
20% 370/3:43

Continued
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Table 6. (Cont.)

Concentration TEGMBE, w/w

Foam Height, ml/Half-Life, min:sec

0%
2%
4%
6%
8%
10%
12%
14%
16%
18%
20%

360/3:25
360/3:26
360/3:26
370/3:22
370/3:24
370/3:26
370/3:31
370/3:32
360/3:32
370/3:35
370/3:32

Table 7. Effect of Coupling Agents on Fresh Water Foam

Base Composition

C10-12 linear alcohol ether sulfate
C14-16 alpha olefin sulfonate

IPA

Water

Foam height/half-life in Neville Island Tap Water (NITW)
Addition to formula with corresponding reduction in water:

8% by weight of sodium xylene sulfonate, 100% basis
8% by weight of sodium toluene sulfonate, 100% basis
8% by weight of sodium cumene sulfonate, 100% basis

20%

5%

5%
Balance

330 ml/2:09

310 ml/2:16
420 ml/2:48
370 ml/2:32

observed. The product in this test is being evaluated in synthetic brine.
Significant performance improvements are observed with the addition of

glycol ethers.

This effect is not only seen in high electrolyte systems. Certain
beneficial hydrotropic effects can be observed in fresh water systems as
well. This is shown in Table 7, where sodium sulfonates of xylene, camene
and toluene are added to a fresh water foaming system.

Foam Stability and Foam Destruction Mechanisms

The understanding of foam persistence, or stability, and bubble
coalescence is an analytic dilemma. Unquestionably, this is a dynamic
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phenomenon of stunning complexity. Study in a controlled laboratory is,
as we all know, quite different than the environment within a wellbore.
Several of the major factors affecting foam persistence are:

e thin film elasticity

e drainage of liquid in the lamellae
e bulk liquid and surface viscosity
e surfactant selection

These aspects are discussed in more detail in Chapter 1 of this book.

Thin Film Elasticity. As imagined, the liquid thin film layer is
basically stretched around the gas to form the foam cell or bubble. The
presence of aqueous solution of surface-active agents facilitates the
stretching of the film. As the stretching, or thinning, occurs, equal and
opposing forces must immediately occur to counteract the thinning of the
membrane to avoid rupture of the foam cell. As thinning occurs in one
isolated location, liquid flows, due to surface tension increase, and
equalizes the thin film in the thinning area. The change in the surface
tension with the change in the concentration of surface-active agent is
known as the Gibbs effect (Gibbs, 1878). The change in surface tension
with time is known as the Marangoni effect (Marangoni, 1872).

Drainage of Liquid in the Lamellae. The lamella contains
the liquid film separating the gas bubbles. In relatively thick lamellae, or
wet foams, gravitational effects dominate drainage of this liquid. In the
absence of, or with insufficient quantities of surface-active agents the
fluid drains from the lamellae. This causes the film to thin, reaching a
critical thickness, at which time the film ruptures or gas is diffused
through the film and coalescence occurs. High viscosity of the lamella
fluid, surface rheological effects, and electrical interactions can all have
varying consequences on drainage. The selection of the appropriate
surfactant can beneficially alter all of these attributes and contribute to
foam stability.

Purushottam reports that drainage half-life is directly proportional to
base fluid viscosity and roughly inversely proportional to the square of the
bubble size [9].

In drilling fluid applications, several types of viscosity modifiers can be
used to enhance foam stablity. These include: partially hydrolyzed
polyacrylamide (PHPA); clays, such as bentonite; xanthan gum; guar
gums; starches; cellulosic polymers, such as hydroxy ethyl cellulose
(HEC) and sodium carboxy methyl cellulose (SCMC). In Table 8, base
fluid viscosities and drainage times for one-half and four-fifths of the base
fluids are recorded in a foam system consisting of an anionic foamer,
sodium lauryl sulfate (SLS) and a nonionic foamer, TX100 — ethoxylated
octyl phenol. It can be seen that in these systems base fluid viscosity alone
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Table 8. Effect of Base Fluid Viscosity on Foam Stability [10]

Solutions Viscosity, mPa.s T %, seconds T 4/5, seconds
SLS, 0.23% 1.00 110 370
SLS, 0.23% 36.50 990 1930
SCMC, 0.75%

SLS, 9.2% 1.32 110 350
SLS, 9.2% 37.00 170 420
SCMC, 0.75%

TX-100, 0.02% 1 65 225
TX-100. 0.02% 28 245 850
SCMC, 0.1%

TX-100, 0.8% 1.05 95 260
TX-100, 0.8% 30.00 360 1260
SCMC, 0.1%

does not determine foam stability, rather, it is a synergistic combination of
the foaming agent and the viscosifying agent. This is especially true in the
case of the anionic (SLS) surfactant. The nonionic (TX-100) is more prone
to base fluid viscosity dominant stability profiles.

It is common belief that the addition of viscosifying agents to the bulk
fluid greatly increases foam persistence or stability. In general, slowing
down the drainage rate can indeed promote foam stabilization, but this is
a complex issue. Adding viscosity to the base fluid doesn’t necessarily add
mechanical strength to the thin film. Particularly viscous thin films do not
produce especially persistent foams. By increasing viscosity, elasticity is
often sacrificed and the net result is detrimental, relative to persistence.
High viscosity of the lamellae fluid may retard the flow toward the
thinning area and minimize the equalization effect. At the elevated
pressures consistent with drilling conditions, the bulk fluid is extremely
viscous. As a basic rule of thumb, with the correct surfactant selection and
proper concentrations, the addition of foam stabilizing agents such as
polymers, gels, etc. is not necessary. In only exceptional instances are they
required to enhance the performance of the foam as a drilling fluid.

Film Rupture. This effect is essentially the coalescence of
bubbles, i.e. lots of small bubbles joining to form larger bubbles. The
large bubbles, being less electrostatically stable, create higher drainage
rates and eventual loss of foam performance. Film rupture is the method
by which defoamers work. This can also be caused by the presence of
cuttings, and other substances unfriendly to the foam, such as oil,
condensate, salt, sulfur or water hardness.
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Gas Diffusion. Gas diffusion is the process whereby, in static
conditions, small bubbles being of higher pressure than large bubbles,
lose their gas to larger bubbles. Smaller bubbles have greater interfacial
curvature and by Laplace’s law, higher internal pressure. Therefore, small
bubbles shrink and big ones grow with time. Diffusion is ultimately driven
by surface tension and the movement towards equilibrium. Generally,
over time the average bubble gets bigger [11-13]. At some point this
effect can create discontinuous flow or slugging in drilling operations.

Rheology. Drilling foam rheology is extremely complex [14].
Drilling fluid foams are many times described as a Bingham plastic,
however, they share the rheological properties of a gas, a liquid and a
solid. Foams have a finite shear modulus, as does a solid, however, they
respond elastically to a small shear stress. When the applied stress is
increased beyond the yield point, the foam flows in a laminar fashion like
a viscous liquid. Finally, to totally complicate the matter, foams are
compressible like a gas and are greatly affected by changes in pressure.

Corrosion Inhibitors

Lightweight drilling fluids can employ several types of surfactants used
for corrosion abatement in drilling operations. Typical targets of corrosive
attack include the drill pipe, casing and bottom hole assembly. Surface
equipment is usually much less affected as corrosion rates are greatly
increased by the increases in temperature experienced down hole. In
particular, oxygen generated or catalyzed corrosion is the prime concern,
especially when compressed air is being used. Membrane generated
nitrogen systems (oxygen depleted air) reduce the oxygen content of the
gas being used to 5% or less. This has some limited beneficial effect, but
does not completely control corrosion. The presence of acid gases, HyS
and CO,, greatly enhances the corrosivity of any system.

Corrosion inhibiting surfactants used in lightweight fluids for general
and oxygen-related corrosion include:

e Phosphate esters — typically used with anionic systems for compat-
ibility reasons. Generally, effective below 200 °F.

e Phosphonates — used as passivating agents at higher temperatures.

e Surface-active filming amines — can be incompatible with anionic
base foaming agents, but can be effective at temperatures above
200 °F and in the presence of acid gases.

e Neutralizing amines — used as scavengers or neutralizers for acid
gases.
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Fog Drilling Surfactants — Surface Tension Reducers

The goal in fog drilling applications is to create an extremely fine
dispersion of liquid into the gas phase, essentially, a true mist. This is best
accomplished by reduction of the interfacial tension to below 25 mN/m
(see also reference [15]). In aqueous systems this can be accomplished by
the use of various types of surfactants. Preferably, non-foaming materials
are used. These can be chosen from a list including:

e fluorocarbons, cationic, anionic, and nonionic

e acetyl surfactants and alcohols

e phosphate esters

e low HLB ethoxylates of alcohols and alkyl phenols

The primary surfactant is typically diluted with isopropanol or methanol
for field use products.

Defoamers and Foam Control Systems

Historically, antifoaming agents or, more commonly, defoamers were
single component liquid systems or homogeneous solutions derived from
vegetable oils and fatty acids. Other useful materials included mineral
oils, aliphatic and aromatic hydrocarbons [16, 17].

Defoamers in use in the petroleum industry today are formulated to
meet more diverse and demanding applications in the field. Four broad
classifications can be distinguished.

1. Liquid single component or homogeneous solutions — hydrocarbon
oils.

2. Dispersions of hydrophobic solids in a carrier oil — hydrophobic
silica dispersions.

3. Aqueous or water containing suspensions or emulsions — silicon oil
emulsions.

4. Solid materials — stearates.

A brief overview of some typical oilfield defoamers follows.

1. Carrier Oils. These are typically water insoluble paraffinic
and naphthenic mineral oils, preferred because of their low cost and
versatility. Alternatively, vegetable oils, such as tall oil, castor oil, soybean
oil, or peanut oil are used. These oils themselves have foam control
capabilities as well as the ability to work synergistically with the ingre-
dients they carry.

2. Silicone Oils. Widely used and highly effective because of

their low surface tension, chemical inertness and total water insolubility,
these compounds have become predominate in the industry. The most
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common silicone oil used is dimethylpolysiloxane, with 2 to 2000 repeat-
ing siloxane units. These oils are commonly blended with small mesh size
hydrophobic solid particles, with which synergy is developed. The oils
provide a carrier fluid and the spreading mechanism for the foam killing
solid particles. Field strength products are typically sold as 5-50%
emulsions.

3. Hydrophobic Silica. Amorphous, precipitated silica (particle
size 1-2 pm) is commonly added to silicon oils, fats, waxes and aqueous
mixtures for preparation of cost effective foam control products [18, 19].

4. Hydrophobic Fat Derivatives and Waxes. This category
includes a broad variety of compounds, waxes and derivates.

Fatty acid esters

Fatty acid amides and sulfoamides

Paraffinic hydrocarbon waxes

Phosphoric acid mono-, di-, and tri-esters of short- and long-chain

fatty alcohols (tri-n-butyl phosphate)

e. Short- and long-chain natural or synthetic fatty alcohols

f. Water insoluble soaps of long-chain fatty acid, such as aluminum
stearate, magnesium stearate and calcium behenate

g. Perfluorinated fatty alcohols

o T

5. Water Insoluble Polymers. There are a number of poly-
meric substances reported to have functionality as defoamers. These
include fatty acid modified alkyloid resins, copolymers of vinyl acetate and
long-chain maleic and fumaric acid diesters, as well as polypropylene and
butylene oxide polymers and addition products [19-21].

6. Amphiphilic Components. This category includes a variety
of substances that are activated by either temperature increases that
create insolubility near the cloud point (low HLB nonionic ethoxylates,
fatty acids, fatty amines) or in situ formation of insoluble calcium salts [22,
23].

Defoamers, such as those listed above, are typically introduced into the
drilling fluid system upon return of the fluid to the surface. This can be
accomplished by direct injection in the blooie (return) line, surface
application in mud pits or by direct injection into closed loop separators.

Alternative Foam Control Systems [24, 25]

Trans-Foam' is a novel foaming agent system developed by Clearwater
Inc., which is greatly affected, and thereby, controlled by changing the pH
of the water being treated. Trans-Foam consists of components that by
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themselves are effective at broad pH ranges (components #25 and #12, for
example). However, when mixed together these materials interfere with
each other at low pH and complement each other at high pH, see
Figure 4.

As can be seen in Figure 4, at pH levels of 11 or above, the formula #7,
when agitated in a standard blender test creates a viscous stable foam.
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Figure 4. Foam performance of two components (#25 and #12), indi-
vidually and blended together.



8. TuoMAs & WILKES Surfactants in Lightweight Drilling Fluids 317

When the pH is dropped to below 3.5, the foaming potential of the water
is greatly reduced. It should also be noted that this formula is essentially a
mixture of two surfactants, Components #25 and #12, which are them-
selves largely unaffected by the pH of the system. Component #12
actually shows slightly increased foam performance at reduced pH
levels. It is the interaction, or incompatibility, of the two components at
low pH that cause the reduced foam performance.

The foam is essentially killed by the addition of an acidic solution. Of
commercial importance is the fact that this fluid can then be recycled, as
this interference is reversible. Once the pH is elevated the foaming action
returns and the fluid can be reused. This foam, defoam, refoam cycle can
continue on for many cycles. However, makeup foaming agent must be
added to replace the foaming agent lost due to surface adsorption of the

drilled solids.

Benefits of Using a Recyclable Foam System. 1. Contain-
ment. One problem with using foam in the past has been the necessity
to excavate large earthen pits to capture the volumes of foam returning
out of the blooie line. On large diameter wells the equivalent of up to
600 gal/min of foam is needed to adequately clean the well bore. In one
hour this equates to 36,000 gallons of foam. Some of the foam will break
down over this period of time. However, a desirable characteristic of a
foaming agent is its ability to maintain foam volume over time. Therefore,
the pits fill up. Recyclable foam systems are designed to be used in the
confines of an above ground standard mud system, thus eliminating the
effort and expense of excavating large pits. In many situations installing
earthen pits is not an option. This is especially true in offshore environ-
ments and in environmentally sensitive areas.

2. Water Consumption. The overall consumption of water is
greatly reduced, since the water is being continuously recycled. On many
drilling operations, the supply of fresh water is of foremost concern. The
economics of water handling vary greatly depending on location. When
using recyclable foam systems, the benefits are twofold, the water is
continually recycled and the system operates in the absence of conven-
tional defoamers, such as silicone oils. Disposal of water containing such
materials can be difficult and expensive. With pH controlled foaming
systems, the continual adding of defoamer (acid) and activator (alkali)
forms an inert, non-toxic material that is highly water soluble (salt);
therefore no significant environmental concerns are added to the system.
At the conclusion of the drilling project, the drilling water can be disposed
of in the normal fashion or recycled for the next well. With proper fluid
cleaning procedures, the fluid may be used repeatedly, thereby positively
affecting the bottom line economics of the project.
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Table 9. Specific Surface Areas of Some Reservoir Rocks and Clays

Solid Specific Surface Area (m%g)

Clays

Kaolinite 9-23

Smectite 35-110

Tllite 40-110

Chlorite 14-42
Reservoir Rocks

Berea sandstone 0.8-1.2

Indiana limestone 0.37-0.54

Baker dolomite 0.22-0.29

Quartz sand 0.16

3. Chemical Consumption. In a closed loop recyclable system,
a large majority of the foaming agent is recovered and available to be used
again. Experience shows a 50-90% surfactant recovery rate depending on
well conditions. Due to surface adsorption on the drilled solids and the
wellbore surface some surfactant is continually lost. The amount of overall
adsorption is determined by parameters such as the following [26-28]:

e solid: rock type (sandstone or carbonate), mineral composition
(clays, other minor or trace minerals), wettability, surface charge,
and specific surface area

e surfactant type, surfactant composition, and surfactant solubility

® temperature

Basically, the absolute amount of surfactant adsorbed per unit mass
depends on the drilled rock’s specific surface area. The larger the specific
surface area the greater the surfactant loss as in Table 9.

4. Adaptability. The single most outstanding feature of a
recyclable system is its simplistic operation. By being able to kill the
foam rapidly, the system will operate within the confines of nearly all
conventional drilling mud or aerated fluid systems.

5. Well Site Safety. Containment of a foam drilling fluid into a
closed loop system provides a measure of safety that open systems do not
allow. Hydrocarbons, acid gases and oxygen depleted air are kept safely
away from personnel. Additionally, open “foam pits” can create a hazard,
as they are typically plastic lined pits, that could allow the unknowing
person to slip in and possibly suffocate under a blanket of foam.

An essential piece of equipment in recyclable systems is a well-
designed mud-gas separator. The function of the separator is to disengage
the gas and liquid phases. When the foam control additive is introduced
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prior to entering the separator, the foam is destroyed leaving fluid,
cuttings, and gas. There exist many new designs for mud—gas separators,
ranging from the simple to the complex. However, the most important
feature of the mud—gas separator, in respect to a recyclable foam system,
is the ability to maintain a liquid level in the bottom of the unit. The
function of this “liquid leg” is to increase the efficiency of the liquid-gas
separation process. As the returned fluid/gas mixture enters the unit, the
velocity of the multi-phase fluid decreases rapidly, the gas phase exits out
the top of the unit, the liquid and cuttings exit the bottom as in Figure 5.
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Figure 5.  Mud-gas separator schematic, showing foam “break-out”.
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By maintaining a “liquid leg” in the unit, the gas more efficiently follows
the path of least resistance, which is out the top. This “liquid leg” allows
for near complete destruction of the foam, by disallowing any remaining
foam to flow out of the bottom of the unit onto the shaker screens. This is
extremely important when drilling in producing oil reservoirs. Often, the
reservoir pressure is slightly above the bubble point and, as the oil is
brought to the surface by the foam, the pressure is reduced to below the
bubble point. By utilizing an efficient mud-gas separator, the operator
will ensure that the gas contained in the oil “breaks out” within the unit,
thus eliminating the safety and handling concerns of excess natural gas
carryover into the mud handling system.

Recyclable Foam System Operation. As previously stated, a
recyclable foam system can be adapted to function in almost any
conventional mud pit system. In a system that functions by changing the
pH of the drilling fluid, the selection of the acid and base to be used
determines the salt created by the acid-base neutralization. Examples of
this salt formation are as follows:

1. If sodium hydroxide is used to raise the pH and hydrochloric acid is
used to lower the pH then sodium chloride is formed.

2. If potassium hydroxide is used to raise the pH and hydrochloric
acid is used to lower the pH then potassium chloride is formed
(KCI). This is the most widely used combination, as KCI has
beneficial qualities.

3. If lime (calcium oxide) is used to raise the pH and sulfuric acid is
used to lower the pH then calcium sulfate (gypsum) is formed.

After repeated cycles, the salt concentration begins to increase. Normally,
this does not pose a problem, as the large volume of fluid within the
system allows for substantial dilution. If the use of salts in the drilling fluid
is prohibited by regulation (i.e. KCl in some locations), an acid-base
combination can be used, which forms an insoluble salt, removable by the
mud cleaning equipment.

Lightweight Fluid Case Studies [29]

Large Diameter Well with Recyclable Foam. The objective
on this well was to drill a 26-inch surface hole to 1500 feet and a 17.5-inch
intermediate hole to 6000 feet with foam. Previous drilling in this
particular region had proven to be excessively expensive due to low
penetration rates. There existed a known potential for lost circulation,
large fresh water influxes, and unconsolidated formations in the upper
section of the well. Foam was chosen as the drilling fluid of choice, due to
its ability to function effectively in the presence of high water influxes and
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its capability to drill effectively in formations with lost circulation
potential. The location was in an environmentally sensitive area. Excava-
tion of large earthen pits was not considered an option. Also, availability of
fresh water to generate foam was limited. Transporting water to this
remote location was quite expensive. The decision was made by to use a
recyclable closed loop foam system. Existing surface equipment was
utilized and few modifications were required to retrofit the mud pits to
effectively operate the foam system.

The mud system capacity totaled 1200 bbl and consisted of four
three-hundred-barrel standard surface mud tanks. The fluid in the first
pit, below the shaker, was maintained at pH 3 by the addition of
hydrochloric acid. A centrifugal pump was installed to pump the low
pH fluid from the shaker pit into the blooie line, downstream of the
choke manifold. This low pH fluid intermixed with the foamed fluid
returning from the well, destroying the foam. The fluid was then run
through a mud-gas separator. The gas phase was split off and sent to a
flare pit. The fluid and drilled solids were sent over two parallel double
deck shakers. Fluid level in the shaker pit was controlled by the use of a
floating suction line and maintained to approximately 75% of working
capacity. The fluid, a low pH foamer solution, was allowed to flow over
into the second pit at the same quantity that was being pumped down
the well. Simply stated, a recirculation loop was established, pumping
from the shaker pit, into the blooie line, through the mud gas separator,
across the shaker and back into the shaker pit. Once the fluid flowed out
of the shaker pit, the pH was increased to 10 by the addition of
potassium hydroxide (caustic potash). At this point the fluid was
pumped through a desilter, followed by a centrifuge to eliminate the
drilled solids. As with any drilling fluid, solids control is of utmost
importance in a foam system.

Once the returned fluid had been cleaned, blender tests were run to
determine the makeup concentrations of foamer and polymer. Due to
natural adsorption of surfactant on the cuttings surface, maintenance
concentrations of foamer and polymer were added to maintain the desired
performance. The percentage of makeup depended on many different
factors, such as penetration rate, temperature, rock type, etc. On this
particular well makeup percentages were in the 0.1-0.2% range out of the
original 0.8% loading. The foam system was considered to be very
controllable, economical and successful by all those involved. Penetration
rates of 5-10 times those achieved with conventional mud systems were
realized.

Coiled Tubing Horizontal Re-entry with Recyclable
Foam. This project was one of the first coiled tubing horizontal re-
entries into a depleted oil reservoir with foam. The productive zone is a
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blanket sandstone reservoir varying from 10 to 100 feet in thickness. Over
700 wells were drilled in the field on 20 acre spacing. The wells vary from
2200 to 3500 feet in depth. The reservoir pressure is nearly constant
throughout the field at 500 psi, due to uniform depletion. The objective of
the project was to utilize a coiled tubing drilling unit to carry out the
entire operation.

Foam was selected as the drilling fluid for the horizontal section. The
necessity to maintain a low bottom hole pressure in order to remain
“underbalanced,” relative to formation pore pressure, along with the
imminent danger of lost circulation, made this project an excellent
candidate for foam. Minimizing formation damage was of prime concern.

Prior to beginning the project, a major issue to be addressed was the
need for a recyclable surfactant, which would perform satisfactorily in the
presence of a high hydrocarbon influx. A formulation was developed to
withstand up to 50% oil influx by weight of the injected foam solution.
This was accomplished through the use of oil tolerant amphoteric
surfactants. Figure 6 depicts the surface handling facility and mud pit
configuration used on this project.

The horizontal section was drilled with a 4%—1110}1 tri-cone bit to 4100
feet measured depth, MD. The bottom hole assembly (BHA) consisted of
a bit, 3%—inch positive displacement mud motor, adjustable bent housing,
non magnetic dual float sub, non-magnetic collars (as required for non-
magnetic spacing), coiled tubing quick connect, bi-directional orienting
tool, steering tool, and coiled tubing connector.

Nitrogen and foamer solution (1.5% surfactant, 0.4% shale control
polymer) were pumped at a rate of 500 scfm and 25 gpm respectively.
The rate of penetration averaged 50 feet/hour. The horizontal section was
drilled in 14 hours. Over the course of drilling, 300 bbl of foam solution
were pumped and over 250 bbl of 35° oil were produced. This was viewed
as a technological success, as the well was effectively drilled with foam in
the presence of nearly a 50% oil influx.

A surface foam handling unit was specially built for this project
(Figure 6). The unit is an efficient, compact, trailer mounted fluid
system, designed to be used with recyclable foams. The unit is basically a
condensed version of a standard mud handling system, complete with all
of the necessary fluid conditioning capabilities. Due to the unique
simplicity of the recyclable foam system, the scale of surface handling
equipment is greatly reduced. The unit is comprised of one main square
vessel compartmentalized into three separate pits. The unit contains a
double deck shale shaker, desilter, centrifuge, and integrated 30-inch
diameter, mud-gas separator. Two fully automated electronic pH con-
trollers maintain fluid pH within the unit. The unit functioned as
designed without operational problems.



Figure 6. Coiled tubing drilling, closed loop recirculating foam system surface layout.
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Extended Reach Gas Well. To demonstrate the tremendous
friction that can be created by foam in small diameter, extended reach
holes, consider the following:

e Re-entry well drilled into a gas reservoir at a vertical depth of
12,000 feet

e Total measured depth of the well was 14,500 feet

e Bottom hole foam quality was maintained at 98%

e Nitrogen flow rates of 900 scfm

e Foam solution was pumped at 9 gpm

With this geometry, the hydrostatic pressure exerted by the static column
of foam was approximately 300 psi. However, under dynamic conditions,
the observed bottom hole pressures were in the neighborhood of
2100 psi. This indicates that 1800 psi of friction pressure was created by
the foam.

This frictional effect could also be observed by varying the concentra-
tion of foaming surfactant. With foaming agent concentrations of 0.4%,
standpipe pressures registered in the 500 psi range. A surfactant concen-
tration of 0.6% was found to be sufficient to create a continuous phase
stable foam. Without adjusting other parameters, standpipe pressures
increased to 1500 psi when foamer concentration was increased.

Low Pressure Gas Well. Certain gas bearing formations, such
as shales or coal seams, can be of such low pressure that foam will not
generate a bottom hole pressure low enough to be “underbalanced”. In
these cases the fluid of choice is fog. An example well was drilled with fog
to a measured depth of 3500 feet. True vertical depth was only 900 feet. A
fog generating surfactant was selected that created a surface tension of
below 25 dynes/cm at a concentration of 0.5% v/v. By increasing the GVF,
observed cuttings transport and hole cleaning performance were deemed
to be similar to that of foam.

Exploratory Large Diameter Well. This well was equipped
with 28-inch ID casing set at a depth of 30 feet. A 26-inch hole was drilled
from this point to a depth of approximately 2000 feet. The drilling fluid
used in this well was composed of 1000 scfm of air and 25 gpm of water
containing 1% v/v of foaming surfactant. Back-pressure of 10 psig was
maintained at the blooie line. The foam generated using this system was in
e/xceqs of 96% GVF. The cuttings collected at the surface were as large as
Q in diameter compared to less than 1 1 " with standard mud. This illustrates
that high quality foams can be generated in the field with cuttings carrying
capacity superior to conventional fluids.

High Quality Foam Well. This well was drilled with dry air

until a water-bearing zone was encountered, and the hole became wet. At
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this point, the circulating medium was changed from the dry air to a high
quality foam by adding to the air 16 gpm of water containing 1.78%
foaming agent and 0.34% shale control polymer. As a result of this change
in the circulating medium, three effects were 1mmed1ately noted. The
diameter of the cutting size increased from 515 to3"; the standpipe pressure
increased from 210 psig to 245 psig; and the penetration rate dropped
from 40 feet/hour to 15 feet/hour. It should be noted that a portion of the
reduction in penetration rate was attributable to a change in the formation
penetrated.

Summary

Lightweight drilling fluids are experiencing ever-broadening exposure in
the oil and gas industry. This is driven by the expansion of “under-
balanced” type drilling operations, which become increasingly important
in the face of mature reservoirs, reduced pressures and depleted fields.
The design, selection and application of surfactant systems for these fluids
will play a critical role in determining the extent and success of this
expansion.

Abbreviations

AOS alpha olefin sulfonate
bbl barrel, 42 US gallons
BHA bottom hole assembly
BHP bottom hole pressure
BHT bottom hole temperature

DDBSA  dodecyl benzene sulfonic acid
ECD equivalent circulating density

EO ethylene oxide
GVF gas volume fraction, volume percent gas in a compressible
fluid

HEC hydroxy ethyl cellulose
HLB hydrophile-lipophile balance
HQF high quality foam

LVF liquid volume fraction, volume percent liquid in a compress-
ible fluid

MD measured depth

MEA mono-ethanolamine

PEG polyethylene glycol

PHPA  partially hydrolyzed polyacrylamide
PO propylene oxide

ROP rate of penetration
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SCMC  sodium carboxy methyl cellulose

SCS sodium cumene sulfonate
SLS sodium lauryl sulfate
STS sodium toluene sulfonate
SXS sodium xylene sulfonate
References
1. Govier, G.W.; Aziz, K. The Flow of Complex Mixtures in Pipes; Van

2.

P>

10.

11.
12.
13.
14.

15.

16.

17.
18.
19.
20.
21.
22,

23.

Nostrand Reinhold: New York, 1972.

Beyer, A.H.; Millhone, R.S.; Foote, R-W. Proceedings of the 47th Annual
Technical Conference of SPE; Society of Petroleum Engineers: Richard-
son, TX, 1972, paper SPE 3986.

Okpobiri, G.A.; Ikoku, C.U. SPE Drilling Engineering 1986, Feb., 71-88.
Schramm, L.L.; Wassmuth, F. In Foams: Fundamentals and Applications
in the Petroleum Industry; Schramm, L.L. Ed.; American Chemical
Society: Washington, DC, 1994, pp 3-45.

Boys, C.V. Soap Bubbles: Their Colours and the Forces Which Mold
Them, Dover Publications: New York, 1959.

Field Testing Report Trans-Foam O, Clearwater Inc., Pittsburgh, 1995.
Foam Engineers Manual, Clearwater Inc., Pittsburgh, p 17.

Clearwater Inc., Unpublished research documents, Clearwater Inc.,
Pittsburgh, 1997.

Purushottam, Y., Network Modeling of Foam Drainage, B. Tech. Thesis,
Indian Institute of Technology, Bombay, India, 1995.

Laheja, A.P.; Basak, S.; Patil, R.M.; Khilar, K.C. Langmuir 1998, 14, 560—
564.

Markworth, A.]. J. Coll. Interface Sci. 1984, 107, 569.

Mullins, W.W. J. Appl. Phys. 1986, 59, 1341.

Glazier, J.A.; Gross, S.P.; Stavans, |. Phys. Rev. A 1987, 36, 306.
Graham, R.L. Report of Foam Drilling for Petrobras Well Sabalo X-1,
ECD Northwest Inc., Pittsburgh, Dec. 26, 1998.

Schramm, L.L., Ed. Foams: Fundamentals and Applications in the
Petroleum Industry, American Chemical Society: Washington, DC, 1994.
Philipp, C. Allg. Oel Fett Ztg. 1942, 39, (5) 167-170; (6) 203-207; (7)
235-239.

Ohl, F. Seifen Oele Fette Wachse 1953, (5) 114-115; (6) 141-143.

Iler, R.K. U.S. Patent 2801 185, 1952.

Simpson, E.A.; Doyle, C.F. U.S. Patent 3 720 532, 1972.

Fock, J. German Patent DE 3201478, 1982.

Fock, J.; Fink, H.F. German Patent DE 3 201 479, 1982.

Hofer, R. “Foams and Foam Control”, In Ullmann’s Encyclopedia of
Industrial Chemistry, Gerhartz, W., Ed.; Wiley: New York, 1988, Vol. A,
11.

Friberg, S.; Liang, P. In Encyclopedia of Chemical Processing and
Design, McKetta, ].J., Ed.; Marcel Dekker: New York, 1985, Vol. 23,
312-333.



8. TuoMAs & WILKES Surfactants in Lightweight Drilling Fluids 327

24.
25.
26.
27.

28.

29.

Thomas, T.R. U.S. Patent 5385 206, Jan. 31, 1995.

Thomas, T.R. U.S. Patent 5591 701, Jan. 7, 1997.

Mannhardt, K.; Schramm, L.L.; Novosad, J.J. Colloids and Surfaces
1992, 68, 37-53.

Mannhardt, K.; Schramm, L.L.; Novosad, ].J., SPE Adv. Technol. Ser.
1993, 1(1), 212-218.

Mannhardt, K.; Novosad, J. In Foams: Fundamentals and Applications in
the Petroleum Industry, Schramm, L.L., Ed.; American Chemical
Society: Washington, DC, 1994, 259-316.

Wilkes, T.M.; Watson, R.W.; Graham R.L. Proceedings of the IADC/SPE
Drilling Conference; Society of Petroleum Engineers: Richardson, TX,
1972, paper IADC/SPE 39301, 1998.

RECEIVED for review December 2, 1998. ACCEPTED revised manuscript
February 3, 1999.






Surfactant Use in Acid Stimulation

Hisham A. Nasr-El-Din

Lab Research and Development Center, Engineering Services, Saudi
Aramco, PO Box 62, Dhahran 31311, Saudi Arabia

Acids are extensively used to enhance the performance of various
types of wells. Several chemicals are added to the acid to
minimize adverse effects of the acid and enhance the overall
efficiency of the acidizing treatment. Surfactants are commonly
included in the acid formulation to perform one or more
important tasks. Surfactants encounter various chemical species
that can affect their performance.

This chapter discusses several applications where surfactants
can be used as anti-sludge agents, acid retarders, acid diverters
and surface tension reducers. The chapter also highlights some
chemical interactions, which may result in phase separation of
nonionic surfactants, which are widely used in acid stimulation.

Introduction

Acidizing treatments are used to remove wellbore damage, enhance
matrix permeability or both. The acid reacts with the rock matrix and, as
a result, the permeability of the formation will increase. Reagents
commonly used to stimulate carbonate reservoirs are hydrochloric (15 or
28 wt%), formic (9 wt%), and acetic (10 wt%) acids [1]. Recently, Fredd
and Fogler [2, 3] introduced ethylenediamine tetraacetic acid (EDTA) as
an alternative fluid to acidize carbonate formations.

Acids commonly used in sandstone formations include hydrofluoric-
based acids. Full strength mud acid (12 wt% HCI + 3 wt% HF) has
been used to stimulate sandstone reservoirs for several decades [1].
Because of the fast reaction of hydrofluoric acid with clay minerals,
various retarded mud acids were introduced. In one system, aluminum
chloride was added to mud acid systems to ensure deep acid penetration
[4]. In a second system, boric acid was used to achieve the same goal [5].
Recently, Lullo and Rae [6] introduced a new acid system, consisting of
phosphonic acid and hydrofluoric acid. For high temperature applica-
tions, mixtures of organic acids (formic or acetic) and hydrofluoric acids
are used [7].

329
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Surfactants are used in almost all acidizing treatments to do one or
more of the following functions: water-wet the formation, break emul-
sions or sludges, reduce surface or interfacial tension, and help to remove
fine particles. Other functions of surfactants include forming foams for
acid diversion and preparing emulsified acids for deep acid penetration.

Surfactants are chemicals containing an oil-soluble group (lipophilic)
and a water-soluble group (hydrophilic). These chemicals have the ability
to accumulate (adsorb) at various interfaces and alter their properties.
Surfactants are classified according to their ionic nature into four
categories: anionic, cationic, nonionic and amphoteric. Various surfac-
tants from these groups are used in well acidizing. Some specific
applications of these surfactants in well stimulation are discussed in this
chapter.

The type and concentration of the surfactant used during acid
stimulation depends on the characteristics of the treated well (tempera-
ture, pressure, lithology, salinity) and the function of the surfactant. For
oil producing wells, surfactants are added to prevent the formation of
acid—oil sludge [8-10]. They are also used to water-wet the formation
after the acid job [1]. For gas wells in low permeability reservoirs, the
spent acid can be trapped around the wellbore by the effect of the
capillary forces. Accumulation of water around the wellbore area (known
as water blockage) will reduce the relative permeability to gas and hence
gas production [11]. To overcome this problem, surfactants are added to
the acid to reduce the surface tension of the spent acid, allowing the spent
acid to flow easily from tight formations. For water disposal wells,
surfactants are used to lower interfacial tension between the native oil
and treating fluids and, as a result, the trapped oil will be mobilized and
the injectivity of the well will be increased [12].

Besides the above important functions, surfactants are used to
enhance acid penetration into the formation and improve sweep effi-
ciency during well stimulation. It is well known that acidizing tight
carbonate formations will result in surface wash-out only [13]. One way
to enhance acid propagation is to use emulsified acids [14, 15]. In this
case, a suitable surfactant is used to emulsify the acid (typically 15 wt%
HCI) and a light hydrocarbon phase (crude oil or diesel). Injection of the
acid in this form (acid-in-diesel emulsion) will minimize acid-rock
contact, which will result in the formation of deep wormholes (i.e.
channels with high permeability). Emulsifying the acid will also increase
its viscosity and improve acid distribution in heterogeneous reservoirs
[16].

Stimulation of horizontal and multi-lateral wells presents a very
challenging problem. With a very long target zone(s), acid diversion
plays a very important role in determining the efficiency of the acidizing
job. Without a proper means for acid diversion, most of the injected acid
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will only flow into high permeability zones. This uneven flow will result in
improving the permeability of the already permeable zone and leave the
tight zones nearly unaffected. One way to improve sweep efficiency
during well stimulation is to use foams [17]. In this case, a surfactant is
used to form viscous foam. The foam will flow into the high permeability
zones, causing the acid to flow into the tight zones.

As outlined above, surfactants are added to acids to perform one or
more of several needed functions. However, other chemicals are also
added to the acid. These additives include corrosion inhibitors [18], iron
control agents [19, 20], hydrogen sulfide scavengers [21], scale inhibitor
[22] and clay stabilizers [23]. It is very important to perform compatibility
tests of the selected surfactant with the acid formula, especially in this
complex environment. Also, some of the surfactants are used in high
temperature and high salinity applications. Therefore, it is necessary to
ensure thermal stability of these surfactants under these harsh conditions.

As indicated above, surfactants are added to acids during well
stimulation to perform several tasks. The overall efficiency of stimulation
jobs depends to a great extent on the ability of these surfactants to
perform their functions effectively. This chapter will discuss some specific
applications of surfactants in well stimulation and examine the effect of
acids and stimulation additives on the properties of some classes of
surfactants that are commonly used during well acidizing.

Surfactants as Anti-Sludge Agents

Sludge Formation. One of the main functions of acid stimula-
tion is to remove formation damage, hence, to enhance the productivity of
the oil producing zones. Some of the major problems encountered during
stimulation of oil producing wells are the formation of acid-in-oil emul-
sions and precipitation of asphaltene particles, which induce sludge
formation. These viscous emulsions and sludges can plug the formation
and cause further damage to the well [24-26]. They also cause operational
problems in the surface facilities following acid stimulation [26-29].

Both oil-in-acid and acid-in-oil emulsions form during well acid
stimulation [10]. The latter type of emulsions, however, can cause serious
problems because of its high viscosity. These viscous emulsions are slow
to return into the wellbore and result in loss of production, especially in
low-pressure reservoirs.

It is important to understand the causes of acid sludge formation. One
mechanism that is frequently cited is precipitation of asphaltene particles
and heavy hydrocarbons when oil contacts strong acids. Asphaltenes are
colloidal particles dispersed in crude oils that are composed of condensed
aromatic ring structures containing a significant number of heteroatoms
such as oxygen, sulfur and nitrogen [30]. They exist in a micelle form with
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natural resins (maltenes) adsorbed on the surface of the asphaltic particle
(Figure 1). The adsorbed resins stabilize asphaltene micelles [31].

Because asphaltene particles are negatively charged [24], the highly
charged positive acid protons (HT) can have a significant effect on the
surface charge of asphaltene particles. Neutralization of these particles
with H" allows larger aggregates of asphaltenes to form [32]. These
aggregates can form very rigid emulsions during acidization and can also
deposit at the pore throats, reducing well productivity (Figure 2). The
emulsion droplets are stabilized by the asphaltene or resin fraction of
crude oils, and these can reduce the interfacial tension [31]. Moreover,
the problem becomes more complicated if other particulate solids are
present. Sand, silt, and metal oxides can also accumulate at the oil-acid
interface and stabilize acid-in-oil emulsions [24, 27].

Crude oils have different emulsion stability, viscosity and density [33].
Houchin et al. [34] studied the effect of acids on 231 crude oils from 27
formations. Depending on oil characteristics, acids can form sludges or
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Figure 1.  Asphaltene micelle.
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Figure 2. Formation damage due to asphaltene precipitation.
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rigid film emulsions. Acid-induced sludge occurs primarily in crudes with
°API > 27 and asphaltene content <3 wt%. Strassner [35] found that
rigid film emulsions occurred when crude containing high asphaltenes
contacts an aqueous phase of pH < 6. Houchin et al. [34] found that rigid
film emulsions form when crude oils with “API < 22 and asphaltene
content >4 wt% come into contact with strong acids.

There are several factors which can enhance acid sludging [10].
Increasing HCI strength will aggravate sludging of asphaltic crudes,
especially at high temperatures. Therefore, asphaltic crudes should not
be exposed to 28 wt% HCI [34]. Iron contamination, especially ferric iron,
also plays a very important role in sludge formation [36]. The influence of
iron on sludge formation can be explained by flocculation of asphaltene
particles, which follows charge neutralization. The latter occurs due to
coordination of iron with porphyrin, pyrroles, pyridines or possibly
phenolic hydroxyl groups present in the crude oil. Iron can also catalyze
polymerization processes of heavy hydrocarbons at high temperatures
[32]. Tron in acid can originate by dissolution of corrosion products and
some iron-rich minerals (chlorite, ankerite, and magnetite) [19].

Full strength mud acid (12 wt% HCI + 3 wt% HF) appears to cause
more severe sludging than HCI at the same acid concentration. Other
factors that control sludge formation include reservoir temperature,
viscosity of the native oil [10] and acid additives (e.g., corrosion inhibitors)
[31, 37].

Based on the above discussion, every effort should be made to avoid
the formation of acid—oil sludge. Anti-sludge agents, surfactants and
mutual solvents, are usually added to the injected acid to minimize the
impact of acid-oil sludge [26]. These agents disperse the asphaltene
particles and prevent their precipitation.

It is worth mentioning that mutual solvents are multi-functional,
nonionic agents soluble in oil, water and acids. They contain strong ether
and alcohol groups, which provide a wide range of solvent properties.
Ethylene glycol monobutyl ether (EGMBE) is one of the mutual solvents
that is commonly used in the oil industry. It is used to achieve several
tasks, including reducing surface tension and enhancing water-wetting
characteristics of formation rocks after acidizing.

Field Application. Sludge formation during acid stimulation of
oil wells was noted in the United States and central Alberta, Canada, and
its formation was detected in the field by one or more of the following
symptoms [38]:

1. Acid cannot be squeezed deep into the formation without applying
high pressures

2. The presence of viscous material in the produced fluids

3. Stimulation results below expectations
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4. Formation does not respond to acidizing
5. Communication behind casing

The American Petroleum Institute recommends conducting acid
sludge test API RP 42 before performing acidizing jobs in the field [39].
These tests are used to determine the type and concentration of the
surfactant (nonionic or anionic) needed to break acid-in-oil emulsions in a
reasonable period of time. It is very important to perform the tests using
live and spent acids at reservoir temperature. Spent acid should be

repared in the lab using formation rock. The live and spent acids
should include acid additives as per field formula. The crude oil sample
should be fresh, and free from water and oilfield chemicals (e.g., scale
inhibitors, demulsifiers, etc.).

Because of the strong effect of iron ions on sludge formation,
especially Fe®", several researchers [9, 36, 40] modified the API test
procedure by adding up to 10,000 mg/L of iron (Fe*" and Fe® ") to the
acid. This amount of iron is equivalent to the iron that would be dissolved
by the acid during pumping.

It should be mentioned that the standard method API RP 42 has
drawbacks [9]. For example, it does not take into account loss of
surfactant due to adsorption on the rock surface [8, 9]. Once the
concentration of the surfactant in the injected acid decreases due to
adsorption or phase separation (precipitation), acid—oil sludge will form
[32]. Rietjens [41] recommended performing acid sludge tests using flow
systems (coreflood experiments) to overcome some of the problems
encountered with the API RP 42 procedure.

Besides adding a suitable anti-sludge agent to the injected acid, the
concentration of ferric ion in the injected acid should be reduced. This
can be achieved by using properly cleaned mixing tanks, and pickling the
coiled tubing used to place the acid. Moreover, iron reducing agents
should be added to the acid when sweat wells are acidized [19].

Another method to reduce sludge formation is to minimize acid
contact with the native crude oil. One way to achieve this goal is to use
solvent preflush (xylene or toluene) that can act as a barrier to separate
sensitive crudes and the acid [26, 34]. A second way is to use acid
emulsified in solvent [42]. The solvent in this emulsion will minimize
acid—oil contact.

Surfactants as Acid Retarders

Hydrochloric acid is commonly used to stimulate carbonate (calcite and
dolomite) reservoirs [1]. The reaction rate of HCI acid with calcite is very
fast [43, 44]. In conventional stimulation when 15 wt% HCl is used at low
flow rates, the acid reacts with carbonate rocks and causes a face



9. Nasr-EL-DIN Surfactant Use in Acid Stimulation 335

dissolution or surface wash-out [13]. This means that the acid is spent on
the formation surface and cannot penetrate the damaged zone to enhance
the formation permeability. Face dissolution leads to consumption of
large volumes of acid [2]. One way to overcome this problem is to use
acid-in-diesel emulsions [14, 15, 45, 46]. This emulsion consists of diesel
(continuous phase), HCl acid (dispersed phase), and an emulsifier. Diesel
acts as a diffusion barrier between the acid and the rock [47—49], slowing
the reaction rate of the acid with carbonate rock. This gives the acid the
ability to penetrate deeper into the formation by creating wormholes and
enhancing well productivity [13, 50-52].

Method of Preparation in the Lab. The emulsified acid
consists of three main components: HCI acid, a hydrocarbon phase
(diesel or light crude oil) and an emulsifier (a cationic surfactant).
Typically the acid to diesel volume ratio is 70:30 [14]; however, other
volume ratios can be used. First, the emulsifier is mixed with diesel in a
Waring blender at a medium speed. The corrosion inhibitor and other
acid additives are mixed with 15 wt% HCI acid in a separate beaker. The
acid is gently added to diesel in the blender. Then, the two phases are
mixed in the blender for 10 minutes at a high speed. The concentration of
the emulsifier and mixing time should be adjusted until the electrical
conductivity of the emulsified acid is zero. High conductivity readings
mean that the acid remains the external phase, and more mixing or
additional emulsifier is needed. The same procedure can be applied in the
field using proper mixing equipment.

Characteristics of Emulsified Acid. Al-Anazi et al. [14]
measured the apparent viscosity of the acid-in-diesel emulsion as a
function of shear rate at various temperatures by using a Brookfield
viscometer Model DV-II. Figure 3 shows that the apparent viscosity
decreased as the shear rate was increased. This result indicates that the
acid-in-diesel emulsion is a non-Newtonian fluid (shear-thinning beha-
vior). Crowe and Miller [45] and Krawietz and Rael [53] reported a
similar behavior. The apparent viscosity (1) can be predicted over the
shear rate (j) examined using the power-law model given by the following
equation:

n=k()" (1)

This model yields good predictions (straight lines shown in Figure 3) for
the apparent viscosity. The model parameters are needed to calculate the
pressure required for pumping the emulsified acid. The power-law index
(n) slightly increases (from 0.62 to 0.68) as temperature is increased to
45°C [I14]. As a result, the emulsified acid approaches Newtonian
behavior at higher temperatures. Field data [14, 15] indicate that the
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Figure 3. Apparent viscosity of emulsified acid as a function of shear
rate. (Reproduced with permission from reference 14. Copyright 1998.)

emulsified acid can be pumped using a 1.25 or 1.5 inch coiled tubing.
The emulsified acid can also be placed into the target zone by bullheading
[15].

Stability of Acid-in-Diesel Emulsions. Al-Anazi et al. [14]
showed that acid-in-diesel emulsion is stable for more than three days at
room temperature. However, at high temperatures it breaks down and an
aqueous (acidic) phase was noted at the bottom of the test tube. Figure 4
depicts the volume of the separated aqueous phase as a function of time at
96 °C. The aqueous phase first appears after 85 minutes. The volume of
separated acid gradually increases until complete phase separation occurs
after nearly 220 minutes. In the presence of reservoir rock, the aqueous
phase appears after approximately 20 minutes, and complete phase
separation takes place after an hour. These results indicate lower emul-
sion stability in the presence of calcite. The acid reaction with the
carbonate rock produces water (which causes the pH to rise) and calcium
chloride. It appears from these results that the surfactant moves away
from the acid—diesel interface as the pH or ionic strength increases, which
causes the emulsion to break.

The droplet size of the dispersed phase plays a key role in the
effectiveness of the acidizing job. Too fine or coarse droplets will
adversely affect the efficiency of the stimulation job. The acid-in-diesel
emulsion was examined under the microscope and the drop size distribu-
tion of the dispersed phase determined using a phase contrast technique.



9. Nasr-EL-DIN Surfactant Use in Acid Stimulation 337

o
E 100 ’............’. .................... .’ ‘ — 100
S Temperature 21
> 2
g ¢ With Rock Without Rock y 27130 O
2 [ T =)
§ 60 [ 160 =

=
= ;! = 5
< 40 5 140 S
= < | g
- =
S 20 120
g

»

R ol v |,

0 50 100 150 200

Time, min

Figure 4. Separation of emulsified acid as a function of time. (Repro-
duced with permission from reference 14. Copyright 1998.)

L

Figure 5. A photomicrograph ( x 250) of the emulsified acid. (Repro-
duced with permission from reference 14. Copyright 1998.)

Figure 5 is a photomicrograph (250 x ) of an acid-in-diesel emulsion. The
average droplet size for this acid-in-diesel emulsion is nearly 77 pm [14].
Excellent field results were claimed when this acid was used to stimulate
carbonate formations with permeability less than 100 mD [14, 15].
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The presence of diesel will reduce the reaction rate between the acid
and carbonate rock. The reaction rate (dissolving power) of the acid-in-
diesel emulsion can be compared with that of a regular 15 wt% HCI acid
at room temperature by placing the rock (calcite) slices in the acids
(regular and emulsified) and monitoring their weight as a function of
time. More details on this method are given by Hoefner et al. [13] and Al-
Anazi et al. [14].

Figure 6 illustrates that the emulsified acid has a much lower
dissolution rate compared with regular 15 wt% HCI [14]. The regular
15 wt% HCI dissolved 90 wt% of the rock after 6 minutes. However, the
acid-in-diesel emulsion dissolved 2 wt% of the sample after the same
period of time. This result indicates that the dissolution rate of the
emulsified acid is slower than that of the 15 wt% HCI by a factor of 45.

The reaction rate of regular HCI with calcite is fast. However, mass
transfer by diffusion plays a significant role in the case of the emulsified
acid. As the temperature is increased, the viscosity of the emulsified acid
decreases. Also, the probability that an acid drop will contact the calcite
rock increases. Both factors enhance mass transfer of the acid to the rock
surface. This point was examined by Al-Anazi et al. [14] who showed that
the dissolution rate of the emulsified acid increases at high temperatures
(Figure 7).

Coreflood Tests. The effectiveness of the emulsified acid is
also evaluated by performing coreflood experiments [14, 15]. In each
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Figure 6.  Weight loss of carbonate rock in the presence of regular and
emulsified HCL. (Reproduced with permission from reference 14. Copy-
right 1998.)



9. NasrR-EL-DIN Surfactant Use in Acid Stimulation 339

100
3\2 80
=
“

g 60
-
=
=) 40
L
= 20

70

Time, minute

Figure 7. Effect of temperature on the dissolution of carbonate rock.
(Reproduced with permission from reference 14. Copyright 1998.)

experiment, the core (carbonate) is first saturated with the brine under
vacuum. Either brine or oil is injected until the pressure drop across the
core becomes constant. Then, the acid (either regular or emulsified) is
injected and followed by the formation brine or oil as a postflush. A new
core plug sample is used in each experiment. The effect of injection flow
rate on acid propagation in the core is studied at flow rates from 0.5 to
12.0 cm®/min.

Core permeability is determined before (K,) and after (K) acid
injection by using Darcy’s law for linear flow. Permeability ratio, K,, is
also calculated as a function of the cumulative core effluent using the
following equation:

K
K. =— 2
e (2)
Figure 8, from reference [14], shows the permeability ratio as a function
of the acid injection rate. For brine saturated cores, the final core
permeability exponentially increases with the acid injection rate. The
same trend is noted in the case of oil saturated cores.

Field Application of Emulsified Acids. Surfactants are used
to form emulsified acid, where acid is the dispersed or internal phase.
Pumping the acid in this form reduces acid contact with the rock. This
enables the acid to form deep wormholes. It also reduces acid contact
with the native crude. This will reduce sludge precipitation and associated
problems [42].
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Figure 8. Effect of emulsified acid on the permeability ratio. (Repro-
duced with permission from reference 14. Copyright 1998.)

The apparent viscosity of this acid is relatively high, which will
enhance sweep efficiency during acidizing [16]. The acid can be pumped
using a coiled tubing or bullheaded. The fact that the acid does not come
in contact with the well tubulars minimizes corrosion, which will reduce
iron concentration in the acid. Other advantages of this acid are that only
small amounts of corrosion inhibitors and iron control agents are usually
needed.

There are specific properties required for using emulsified acids [14].
The emulsified acid should be stable for a long period of time at room
temperature, in case of operational problems, and should be stable until it
reaches the target zone. Obviously, a longer period of time will be needed
when acidizing horizontal wells. Once inside the formation, the acid
should be soaked for a long period of time until it completely reacts with
the formation. It should be also mentioned that the soaking time should
be longer when stimulating injectors or disposal wells, because of their
lower temperature [15].

Because the acid is injected in an emulsified form, extreme care
should be taken in the design of the preflush and postflushes [14]. The
presence of demulsifiers or mutual solvent may break the emulsified acid.

Emulsified acid was successfully applied in oil producing wells [14],
water injectors and water disposal wells [15]. Its use is recommended
when the permeability of the target zone is less than 100 mD. Emulsified
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acid should be used with care when stimulating weak carbonate forma-
tions where there is a potential for producing fine particles.

Surfactants to Reduce Surface Tension During Well
Acidizing

The surface tension of the aqueous phase is an important consideration
during acid stimulation of gas wells. Low surface tension is required to
reduce capillary forces that trap the aqueous phase in the pores of
formation rock. Accumulation of the aqueous phase near the wellbore
area, known as water blockage, leads to significant reduction in gas
production [11].

In tight gas reservoirs, the spent acid is usually trapped at the pore
throats by the capillary forces (Figure 9). The pressure drop (Ap)
required to mobilize a drop of trapped spent acid can be calculated
using the Laplace equation, as follows:

Ap =20 {i - i] (3)
ry T
where ¢ is the surface tension, r; and r, are the radii of the water droplet.
According to equation 3, the surface tension should be reduced so that the
spent acid droplet can be mobilized and produced from the formation.
Lower surface tension values of the spent acid can be achieved by adding
special surfactants to the injected acids. Nonionic surfactants and mutual
solvents are commonly added to the acid to lower its surface tension [54—
57].
Surface tension of stimulating fluids is a complex function of acid type,
concentration, ionic strength, and additive type and concentration [58,
59]. Figure 10 shows a schematic diagram of the variation of surface

Gas Flow

<« Pore
Throat

Figure 9.  Water blockage in tight gas reservoirs.
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tension for inorganic acids, organic acids and inorganic acids + surfac-
tants. The addition of inorganic acid (e.g., HCI) to water slightly decreases
its surface tension [59], as a function of acid concentration (Figure 10).
Organic acids commonly used in well stimulation (acetic and formic)
significantly reduce surface tension. The relationship between surface
tension and acid concentration is not linear [58-62]. Addition of surfac-
tants to a strong acid reduces its surface tension until the critical micelle
concentration, CMC, after which increasing surfactant concentration
does not affect surface tension.

Nasr-El-Din and coworkers [57, 58] conducted detailed studies on the
effect of acids and stimulation additives on surface tension, using an
automated Kriiss (Model K-12) Tensiometer. The measurements were
carried out at 25°C using the Wilhelmy plate method. All aqueous
solutions were prepared using Millipore Milli-Q water.

Figure 11 shows the variation of surface tension of 15 wt% HCI with
mutual solvent (ethylene glycol monobutylether, EGMBE) concentra-
tion. The surface tension decreases with mutual solvent concentration up
to 10 wt%, then remains constant. Mutual solvent acts as a surface-active
species. A similar behavior was noted by D’Angelo and Santucci [63]
when mutual solvent was added to distilled water.

Figure 12 depicts the influence of TX-100, a nonionic surfactant, and
SDS, an ionic surfactant, on the surface tension of 15 wt% HCI. In both
cases, the surface tension decreases with increasing surfactant concentra-
tion until the CMC of the surfactant is reached, and then remains
constant. At the same concentration by weight, SDS was found to reduce
the surface tension more than TX-100 [58]. However, SDS can interact
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with other acid additives, e.g., corrosion inhibitors, and cause phase
separation.

Field Application. Low surface tension is needed during acid
stimulation of tight reservoirs. Surfactants, especially fluorocarbons, can
be added to the injected acid to achieve this goal. As a rule of thumb, the
surface tension of the injected acid should be less than 30 mN/m at room
temperature. Fluorocarbon surfactants can reduce surface tension to a
value less than 20 mN/m.

Several key points should be noted during field application. The
surfactant should be thermally stable at reservoir conditions. It should
also be compatible with other acid additives, and surfactant loss due to
adsorption on the rock surface should be minimal.

Some of the techniques used to minimize surfactant adsorption
include mixing of different types of surfactants and the use of sacrificial
adsorbent [64]. At the low pH environment encountered during acidizing,
mutual solvent was found to minimize the loss of surfactant due to
adsorption in sandstone reservoirs [65].

Surfactants to Divert Acid Using Foams

Most oil reservoirs (sandstone and carbonate) are heterogeneous with
permeability varying from one layer to another. Acidizing such hetero-
geneous media is very difficult, because most of the injected acid will flow
into the high permeability zones and only a small amount of the acid will
flow into tight zones. This uneven distribution of the injected acid
represents a major economic loss for the following reasons:

1. A larger volume of acid is needed to conduct the matrix-acidizing
job

2. The flow from or into the low permeability zone will not increase

3. The permeability contrast will be more evident after the acidizing

job

An effective acid diversion technique is needed to overcome uneven
acid distribution and obtain good sweep efficiency during stimulation.
Mechanical and chemical means are available for acid diversion. Mechan-
ical means include straddle packers and ball sealers, however, they have
limited use in openhole, gravel packed and slotted liner completions and
are normally expensive [66]. Chemical means can be used in cased and
openhole wells. The type of chemical diversion technique depends on the
lithology and other reservoir characteristics (temperature, salinity, and
hydrogen sulfide content). In carbonate reservoirs, emulsified acids [16]
and viscosity controlled acids [67] have been used to improve sweep
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efficiency during well stimulation. In sandstone reservoirs, oil-soluble
resins or benzoic acid particles were used in some cases.

Another effective method of acid diversion is the use of foams. Foam is
a mixture of a liquid phase and a gas phase. A suitable surfactant is added
to the liquid phase to reduce surface tension and stabilize foam lamellae.
Nitrogen and carbon dioxide are exclusively used in the field to form
foams [17]. The volume percent of the gas phase in the foam is known as
foam quality («), and is calculated using the following equation:

VgTP
=" (4)
VgT‘P + Vl
where V, and V} are the volumes of the gas and liquid phases at bottom
hole pressure and temperature.

Acid diversion using foams was introduced over ten years ago [66].
Foams can be used in sandstone and carbonate reservoirs for both cased
and openhole completions [68-82]. The goal of such diversion processes
is to reduce acid flow into the high permeability layers where less acid is
needed, and thereby divert the acid into the low permeability layers
where more acid is needed for stimulation.

Foam Mobility. The objective of foam is to control acid
mobility in high permeability zones. The mobility of a given fluid (M) in
a reservoir zone or layer is simply the ratio of the permeability of this zone
to the effective fluid viscosity, which is given by Darcy’s law as:

M =k/n = QL/(APA) (5)
where:

M = mobility (D/mPa-s)
k = absolute permeability (D)
1 = viscosity (mPa-s)
Q = flow rate (cm®/s)
L =length (cm)
AP = differential pressure (atm)
A = cross-sectional area (cm?)

Once the foam flows into a specific zone, the mobility of the fluid in this
zone will decrease. This is referred to as the mobility reduction factor,
MRF.

MRF = Mbrinc/Mfoam <6)

Foam Diversion in Parallel Cores. To assess effectiveness of
foams in reducing fluid mobility, coreflood tests are usually conducted in
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two parallel cores (dual-core) of different permeability. The pressure
drop is the same across the two cores. Darcy’s law can be applied to each
core to determine the flow rate as follows:

For the low permeability core:

Q1 =kiA; AP/(mLy) (7)
For the high permeability core:
Qh = khAh AP/(V]th) <8)

where the subscripts 1 and h refer to the low and high permeability cores,
respectively. If the two cores have the same length (L;=Lj,) and cross-
sectional area (A; = A},), then the ratio of flow rates into the two cores can
be determined from the following equation:

Qv = (ki/m)/(kn/my,) 9)
= M,/M, (10)

Coreflood experiments. Acid diversion using foams was thor-
oughly investigated using limestone cores [68, 74] and Berea sandstone
[80-82]. Figure 13 illustrates the apparatus used by Khamees et al. [68] to
study foam diversion during acidization experiments. The apparatus has
the capability of injecting both gases and liquids into two cores connected
in parallel Brine, acid and surfactant solutions were injected by an
Eldex"™ pump. Nitrogen, the foaming gas, was stored in floating-piston
cells, which were driven by hydraulic oil pumped through a Quizix"™
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Figure 13. Dual-core apparatus to study foam diversion during acid
stimulation.
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computer-controlled positive displacement pump. The apparatus is
equipped with two high-pressure visual cells before and after the cores.
These cells enabled the observation of the foam injected into and
produced from the cores.

Two core plugs from a carbonate reservoir (calcite) were used [68].
One core holder held a high permeability core (initial brine permeabil-
ity =535 mD) and the second core holder had a low permeability core
(initial brine permeability = 3.1 mD). The cores and floating-piston cells
were placed inside a temperature-controlled oven. Foam quality was
varied by adjusting the flow rates of mtrogen and the surfactant solution
while keeping the total flow rate at 5 cm’ 3/min.

Coreflood Procedure. The cores were flushed with several
pore volumes of trichloroethane and toluene to remove residual oil. The
cores were then evacuated and saturated with brine. Nitrogen was
injected into the high permeability core at 4 cm 3/min together with a
1 wt% solution of a nonionic surfactant at 1 cm>/min. This generated a
foam of 80% quality. Foam injection was continued until a constant
differential pressure across the cores was obtained. Acid injection at
1 em®/min was simultaneously started, and nitrogen mJectlon was
stopped. The acid was 15 wt% HCI with 0.2 wt% corrosion inhibitor.
Each core was then individually flushed with brine to ensure that the acid,
surfactant, and gas were displaced out of the cores. A preflush of
surfactant solution was carried out to equilibrate the rock surface with
the nonionic surfactant. More details on the experimental procedure are
given by Khamees et al. [68].

Brine Permeability After Acidization. Brine permeability
was measured on each core after the foam/acidization process. Foam
diversion was successful in stimulating the low permeability core where its
permeability increased from 3.1 mD before acidization to 1133 mD after
treatment. At the same time, the permeability of the high permeability
core did not significantly change.

CT Scanning of Cores Before and After Acidization.
Figures 14 and 15 show the results of the CT scans of the two cores,
before and after acidization. Each figure shows two columns of cross-
sections of a core, roughly equally spaced, with the inlet at the bottom and
the outlet at the top. The column on the left is for the pre-treatment
images, and the column on the right is for the post-treatment sections.

The scales show the color intensity and its equivalent bulk density. The
acid did not cause significant changes to the high permeability core as
shown in Figure 14. It appears that the foam was successful in preventing
the acid from invading this core. On the other hand, Figure 15 shows that
the low permeability core did change substantially after acidization, which
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Figure 14.  CT scans for a high permeability carbonate core before and
after acid contact.

is a further indication that the acid successfully invaded this core. The
porosity at the center of the low permeability core increased (darker color
at the center, Figure 15). Also, a dark small circle appeared at the top of
all the cross-sections. This indicates that the acid formed a “wormhole”
that extended throughout the length of the core.
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Figure 15. CT scans for a low permeability carbonate core before and
after acid contact.

Field Application. Foams have been used to divert acids both
in carbonate and sandstone reservoirs. However, there are several factors
that should be carefully considered before field application. Compatibility
of the selected surfactant (foaming agent) with reservoir oil must be
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examined. It is known that oil can adversely affect foam propagation in the
reservoir [83]. Surfactant loss due to adsorption should be carefully
considered [64]. If the surfactant concentration decreases due to adsorp-
tion, then foam will not propagate far from the wellbore area. Selection of
a suitable surfactant is a difficult task. Surfactants used in this application
should be stable at high salinity, low pH values, and high temperatures. A
very limited number of surfactants can perform under these harsh
conditions.

There are several factors to consider during field application [66, 69],
some of these are:

Permeability contrast

Injection mode (continuous or staged)
Injection rate

Foam quality

Preflush and postflush

Pumping mode (coiled tubing or bullheading)

2

Surfactant Separation During Well Acidizing

As mentioned in the previous sections, surfactants are included in acid
formulations to perform specific tasks. In acid stimulation treatments,
surfactants encounter various chemical species. First, the surfactant is
mixed with the acid and its additives. Some of these additives are cationic,
e.g., corrosion inhibitors and clay stabilizers. Others are anionic or
nonionic species. Second, the acid reacts with the formation and releases
several cations. Hydrochloric acid reacts with carbonate minerals and, as a
result, the spent acid contains calcium, magnesium and iron. Hydrofluo-
ric-based acids react with clay minerals and release silicon and aluminum
in addition to those dissolved by hydrochloric acid. The presence of these
chemicals together with surfactants can cause phase separation of the
surfactants. As a result, surfactants will not perform their task as
anticipated.

Nonionic surfactants have been added to various acid formulations
[54, 56, 84]. These surfactants are chosen because they maintain low
interfacial tension between the acid and oil. They are inexpensive, and can
be mixed with other types of surfactants to enhance their properties [85].
However, in common with other types of surfactants, they should be
carefully tested before field applications. Nonionic surfactants can
separate out of solution under certain conditions, as will be explained in
the next section.

Solubility of Nonionic Surfactants. Nonionic surfactants owe
their solubility in water to hydration of the polyethylene oxide chains. The
solubility of these surfactants in water increases as the length of the
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hydrophilic part of the surfactant increases. As the temperature of a
nonionic surfactant solution is increased, hydrogen bonds break [86] and
the solubility of the surfactant in water diminishes. At a certain tempera-
ture, known as the cloud point, the surfactant molecules separate out of
solution, causing it to become cloudy. Ultimately, the surfactant solution
separates into two immiscible phases: a surfactant-rich phase and a
surfactant-lean phase. In oilfield operations, the cloud point of nonionic
surfactants is an important parameter that determines the efficiency of
such operations. For example, in stimulation, or during drilling opera-
tions, separation of surfactant from solution in the injected fluid can plug
the formation, hence the productivity or injectivity of the well will
diminish [87].

The cloud point of nonionic surfactants is a function of ionic strength
[87-89]. Several studies have indicated that simple inorganic salts, e.g.,
NaCl and CaCls, lower the cloud point of nonionic surfactants, with
sodium chloride causing more depression than calcium chloride [90, 91].
A summary of these studies is given by Hinze and Pramauro [86] and
Sadaghiania and Khan [92].

The effect of inorganic acids on the cloud point of nonionic surfactants
was considered by several investigators [54, 57, 84]. Travalloni-Louvisse
and Gonzalez [57] found that hydrochloric acid raised the cloud point of
TX-100. Nasr-El-Din and Al-Ghamdi [54, 84] examined the effect of acids
and other stimulation additives on the cloud point of nonionic surfactants
over a wide range of parameters, and this is discussed in the next section.

Experimental Studies. Nasr-El-Din and Al-Ghamdi [54, 84]
measured the cloud point of ethoxylated octyl phenyl alcohols known as
the Triton-X series. These surfactants have the general chemical formula
of R'-CsH4-(OCyHy),,-OH where R’ is a branched octyl group and n is the
number of ethylene oxide groups. Four surfactants having various
numbers of ethylene oxide groups were examined.

The cloud point of various surfactant solutions was determined
visually by noting the temperature at which the continuously heated
solution suddenly became cloudy. In most cases, the surfactant solution
under investigation was heated starting from room temperature. The
repeatability of the cloud point measurements using this method was
+0.5°C.

The cloud point varies with the number of ethylene oxide groups of
the surfactant. As the number of ethylene oxide groups increases, the
solubility of the surfactant increases, hence the cloud point becomes
higher. The cloud point of nonionic surfactants is also a function of
surfactant concentration [92, 93]. Therefore, the surfactant concentration
in all experiments conducted by Nasr-El-Din and Al-Ghamdi [54] was
kept constant at 20,000 ppm.
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Effect of Acids. To examine the effect of acids on the cloud
point, various acids were added to several nonionic surfactants at acid
concentrations from 0 to 15wt% [54]. The cloud point of TX-45 (5
ethylene oxide groups) solutions was less than 0 °C, and addition of HCI
up to 15 wt% did not raise its cloud point above room temperature. On
the other hand, the cloud point of TX-405 (number of ethylene oxide
groups = 40) solutions was higher than 100 °C at all acid concentrations
examined. Only TX-114 and TX-100 (number of ethylene oxide
groups = 7.5 and 10, respectively) have cloud points that can be measured
with the method employed by Nasr-El-Din and Al-Ghamdi [54].

Figure 16 shows the effect of hydrochloric, acetic, citric and formic
acids on the cloud point of TX-100 [54]. The cloud point of neutral TX-
100 solutions at a surfactant concentration of 2 wt% was 64.5 °C, which
agrees with literature values [94]. At HCI concentrations greater than
1 wt%, the cloud point monotonically increased with HCI concentration,
and exceeded 100°C at an acid concentration of nearly 10 wt%. The
effect of HCI on the cloud point of TX-100 was similar to that observed by
Travalloni-Louvisse and Gonzalez [57].

At acid concentrations less than 1 wt%, the effect of acid type on the
cloud point was not significant, as shown in Figure 16. However, at higher
acid concentrations, the cloud point obtained with acetic or citric acid was
less than that observed with HCI and the difference increased at higher
acid concentrations. Formic acid, a weak organic acid, did not raise the
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Figure 16. Effect of acids on the cloud point of TX-100. (Reproduced
with permission from reference 54. Copyright 1997.)
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cloud point significantly. The relationship of the cloud point and acid
concentration was linear for the acids tested, except HCI.

The effect of HCI acid on the cloud points of TX-100 can be explained
as follows: the hydrogen ion causes salting-in of nonionic surfactants [95],
whereas the chloride ion induces a salting-out effect [57]. It appears from
the results shown in Figure 16 that the salting-in effect dominates, and
becomes important at higher acid concentrations. Obviously, the concen-
tration of hydrogen ions in the case of HCI is much higher than that
obtained with the weaker organic acids. Consequently, the cloud point is

higher with hydrochloric acid.

Combined Effect of Acids and Salts. The effect of simple
inorganic salts, which are commonly encountered in acid stimulation
processes, was examined [54]. Sodium and calcium chlorides are present
in almost all formation brines. Potassium and ammonium chlorides are
used in sandstone reservoirs as temporary clay stabilizers [96, 97].
Aluminum chloride is used in some mud acid formulations to retard
hydrofluoric acid for deep acid penetration [4].

Figure 17 depicts the effect of these salts on the cloud point of TX-100
solutions which contained 5 wt% HCI [54]. The influence of salt type on
the cloud point was not significant at salt concentrations less than 1 wt%.
At higher salt concentrations, the five salts depressed the cloud point of
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Figure 17.  Effect of simple salts on the cloud point of acidic solutions of
TX-100. (Reproduced with permission from reference 54. Copyright
1997.)
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TX-100. Mono-valent cations depressed the cloud point more than di- or
tri-valent cations. On a weight percent basis, the cloud point was nearly
the same in the presence of calcium or aluminum chloride. Sodium ion
caused the steepest drop in the cloud point among the three mono-valent
cations examined. The relationship between the cloud point and salt
concentration was linear for the five salts. It is interesting to note that the
effect of salt type on the cloud point was similar to that observed with
nonionic surfactants at neutral pH conditions [95].

Effect of Anionic Surfactants. Mixing two surfactants of
different hydrophilic groups is commonly used to enhance the properties
of the surfactants. Several researchers [84, 85, 92, 98—101] have indicated
that the addition of a small amount of an ionic surfactant to a nonionic
surfactant increases the cloud point of the latter. The rise in the cloud
point of nonionic surfactants, due to the addition of an ionic surfactant,
depends on the ratio of the ionic and the nonionic surfactants and salt
concentration. Figure 18 illustrates the effect of NaCl on the cloud point
of TX-100 solutions containing 5 wt% HCl at SDS concentrations of 0, 0.1
and 0.5 wt%. Unlike the effect of SDS on the cloud point of nonionic
surfactants at neutral pH conditions [93, 99-101], SDS depressed the
cloud point of acidic TX-100 solutions at all sodium chloride concentra-
tions examined. The depression in the cloud point continued as the
concentration of SDS was increased to 0.5 wt%.
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Figure 18.  Effect of SDS on the cloud point of acidic solutions of TX-
100. (Reproduced with permission from reference 54. Copyright 1997.)
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The effect of SDS on the cloud point of TX-100 solutions at neutral pH
conditions can be explained as follows. SDS monomers carry negative
charges and form mixed micelles when they are added to TX-100
solutions. The mixed micelles will also have negative charges, which will
generate electrostatic repulsion between various micelles. As a result, the
cloud point of solutions containing the two surfactants will be higher. The
addition of sodium chloride will lower the cloud point of TX-100/SDS
solutions, because the sodium ion will shield the negative charges of the
mixed micelles. As a result, the electrostatic repulsion diminishes. The
size of the micelles increases, hence the cloud point decreases. At low pH
values, nonionic surfactants carry positive charges. These charges attract
SDS monomers, which carry negative charges. As a result, the size of the
mixed micelles increases, and the cloud point of the nonionic surfactant
decreases. The presence of sodium ion will reduce the cloud point by the
salting-out effect explained earlier.

Effect of Mutual Solvents. Mutual solvents are commonly
included in acid formulations [102, 103]. They are used as water-wetting
agents, demulsifiers, and surface/interfacial tension reducers. The mutual
solvent examined by Nasr-El-Din and Al-Ghamdi [54] was ethylene glycol
monobutyl ether (EGMBE) which is commonly added to acid formula-
tions at 5 to 15 vol%. The mutual solvent was added to HCI formulations,
which contained 2 wt% surfactant. The concentration of mutual solvent
was varied from 0 to 40 wt%. The variation of the cloud point as a function
of mutual solvent concentration depended on the number of ethylene
oxide groups of the surfactant, and the concentrations of mutual solvent
and acid, as discussed below.

Figure 19 illustrates the variation of the cloud point of TX-45 with HCI
concentration at mutual solvent concentrations between 5 and 20 wt%. At
a mutual solvent concentration of 0 wt%, the cloud point was less than
room temperature. At a mutual solvent concentration of 5 wt% the cloud
point was greater than room temperature at HCI concentrations greater
than 11 wt%. At 10 wt% mutual solvent, the cloud point was greater than
room temperature at HCI concentrations greater than 1 wt%. The cloud
point further increased at higher mutual solvent concentrations of 15 and
20 wt%. At a given HCI concentration, the effect of mutual solvent on the
cloud point of TX-45 diminished at higher mutual solvent concentrations.
The relationship of the cloud point and HCI concentration was linear at all
mutual solvent concentrations examined.

The variation of the cloud point of TX-45 with the concentrations of
the acid and mutual solvent should be considered when designing an acid
formulation. At a mutual solvent concentration of 10 wt%, acidic solutions
of TX-45 will be clear in live acid (15 wt% HCI), however, they will
become cloudy once the acid is spent. Therefore, it is important to
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Figure 19.  Effect of mutual solvent on the cloud point of acidic solutions
of TX-45. (Reproduced with permission from reference 54. Copyright
1997.)

measure the cloud point of nonionic surfactants both in live and spent
acids before field application.

Unlike the results obtained with TX-45, the cloud points of TX-405
decreased with the addition of the mutual solvent [54]. The effect of the
mutual solvent on the cloud point of TX-405 was significant, as illustrated
in Figure 20. At 0 wt% HCI, the cloud point sharply decreased with the
addition of 5 wt% mutual solvent. This drop continued as the concentra-
tion of the mutual solvent was increased up to 20 wt%. It should be
mentioned that the cloud point at 5wt% mutual solvent and HCI
concentrations greater than 0 wt% was higher than 100 °C. Therefore,
the cloud point was measured at neutral pH conditions only. Similar to
the results obtained with TX-100, the cloud point of TX-405 was
depressed with increasing the concentration of mutual solvent at acid
concentrations less than 5 wt%. At mutual solvent concentrations greater
than 7.5 wt% and acid concentrations greater than 5 wt%, the cloud point
was higher than 100 °C. Therefore, it was not possible to examine the
effect of mutual solvent on the cloud point of these surfactant solutions.

The results shown in Figures 19 and 20 indicate that the cloud point
depends on acid concentration, mutual solvent concentration, and the
number of ethylene oxide groups of the nonionic surfactant. There are
strong interactions between the mutual solvent and nonionic surfactants
in acidic solutions. Mutual solvent contains an alcohol group, however, its
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Figure 20.  Effect of mutual solvent on the cloud point of acidic solutions
of TX-405. (Reproduced with permission from reference 54. Copyright
1997.)

effect on the cloud point is more complicated than that observed with
short-chain alcohols. Short-chain alcohols raise the cloud point of
nonionic surfactants. However, in the case of mutual solvent, the cloud
point of the nonionic surfactant may increase or decrease, depending on
the number of ethylene oxide groups of the surfactant. The solubility of
mutual solvent in water is higher than nonionic surfactants with a small
number of ethylene oxide groups. Therefore, the mutual solvent raised
the cloud points of TX-45 and TX-114. The solubility of mutual solvent is
less than nonionic surfactants with a high number of ethylene oxide
groups, therefore, mutual solvent depressed the cloud points of TX-100
and TX-405. At higher mutual solvent concentrations, the properties of
the solvent are different, and the effect of the number of ethylene groups
diminishes. The interactions between the mutual solvent and nonionic
surfactants are more complicated than described above, and more work is
needed to explain these interactions.

Field Application. Nonionic surfactants have several advan-
tages over other classes of surfactants [54, 56, 84]. This explains their
extensive use in the area of acid stimulation. However, these surfactants
can separate out of solution at temperatures greater than their cloud
point. Because phase separation can cause formation damage [87],
these surfactants should be used in the field at temperatures below their
cloud point. Several additives may depress the cloud point of nonionic
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surfactants. Therefore, the cloud point of these surfactants should be
measured in the presence of all expected additives as per field formula.

Concluding Remarks

There is a wide spectrum of applications where surfactants are used in
acid stimulation. These applications range from anti-sludge agents, acid
retarders, to acid diverters. Selection of a suitable surfactant for a specific
application is a difficult task. This is due to the many variables that need
consideration before field application. In addition, using large amounts of
surfactants can lead to emulsion formation, precipitation and other
operational problems.

Surfactants encounter large numbers of chemical species during well
stimulation. Understanding chemical interactions is a must before field
application. To date, some of these interactions are not fully understood.
More research is needed to fully understand these interactions and their
effects on the efficiency of acidizing.

List of Symbols

A cross-sectional area (cm?)
EDTA  ethylenediamine tetraacetic acid
EGMBE ethylene glycol monobutyl ether

L length (cm)

AP differential pressure (atm)

k consistency factor, mPa-s"

K permeability, md

K, initial permeability, mD

K, permeability ratio, dimensionless
M mobility (D/mPa-s)

MRF mobility reduction factor

n power-law index, dimensionless
p pressure, psi

Q flow rate (cm®/s)

r radius, m

SDS sodium dodecyl sulfate

Vy gas volume, m>

Vi liquid volume, m>

Greek

o foam quality

v shear rate, s !

n apparent viscosity, mPa-s

o surface tension, mN/m
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In the surface processing of oil sands, surface and interfacial
phenomena involving surfactants are involved in the occurrence
and properties of suspensions, emulsions, and foams of several
kinds. The actions of natural surfactants originating in the
bitumen, and underlying the physical chemical basis for the
separation process, are reviewed in the context of individual
process steps. Issues arising from the occurrence of these
surfactants in the process tailings basins are also discussed.

Introduction

Slurry conditioning of oil sand and the subsequent flotation recovery of
separated bitumen comprise what is known as the hot water flotation
process for Canada’s Athabasca oil sands, a large-scale commercial
application of mined oil sands technology. As will be seen, the hot water
flotation process is composed of numerous inter-linked elementary
process steps many of which are rich in surfactant chemistry. We will
review aspects of the surfactant science underlying this process. But first,
a few words on oil sands and their early exploitation.

Oil sands are unconsolidated sandstone deposits containing a very
heavy crude oil termed bitumen. Bitumen is chemically similar to
conventional crude oil but has a greater density (a lower API gravity) and
a much greater viscosity. Deposits of oil sand are present in many
locations around the world and they appear to be similar in many respects
[1-3], occurring along the rim of major sedimentary basins, mainly in
either fluviatile or deltaic environments containing sands of high porosity
and permeability. Reviews are available for most locations worldwide [I,
3-10]. The amount of world oil sands rivals the world’s total discovered
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medium and light gravity oils in place [2]. Most of the bitumen (about
91%) is contained in the Canadian and Venezuelan deposits. Of the
Canadian deposits, the Athabasca deposit forms the world’s largest self-
contained accumulation of hydrocarbons totalling 600 billion barrels. This
is at least four times the size of the largest conventional oil field (Ghawar
in Saudi Arabia) [2].

Accounts of early exploration and examination of the Athabasca
deposit can be found elsewhere [3, 11-13] as can accounts of some of
the early process development efforts [14—16]. Commercial plants now
mine oil sands and then extract bitumen using the hot water conditioning
and flotation process (at production levels of over 300,000 bbl/d). The
extracted bitumen is subsequently upgraded by refinery type processes to
produce light, sweet crude oil.

In oil sand processing the general principles of mineral flotation apply
but oil sand composition and structure, and their variations, have a great
impact on the way the flotation must be operated. General descriptions of
the geology of the Canadian deposits can be found in several books [12,
17-20]. Considerable effort has gone into describing the geological
aspects of oil sand deposits including subdivisions into depositional
environments based on the principle that, for example, rivers deposit
different sands in a different geometry than do lakes or oceans [18, 19,
21-26]. The Canadian oil sand deposits occur in sandstones of early
Cretaceous (ca. 110 million years) [18]. Because sediments were brought
in to the deposit area from different sources and at different times, the oil
sands occur as a mixture of sediment types, overlain by varying thick-
nesses of non-oil bearing formations. In the case of the Athabasca deposit,
the largest of the Canadian oil sand deposits [18, 27], the bitumen is
contained mostly in the McMurray formation which lies over limestone
and under marine shale. The McMurray formation is a drainage basin that
filled in with sediments and at different times the sea alternately flooded
and then receded so that a number of distinct depositions can be
discerned [19, 25, 27, 28]. The bulk of the sediments appear to be the
result of estuarine phases, with increasing marine invasion at later dates.
Such sequences, each layering and disrupting with fluvial/marine move-
ments, lead finally to a system of sediments having great diversity.
Accordingly, the oil bearing sands in this deposit have great variability in
their compositions and properties.

The oil sands resemble conventional oil deposits but there are some
important differences [3, 29-31]. Athabasca oil sand consists mainly of
quartz sand, with smaller amounts of feldspar grains, mica flakes and clays
[28-30, 32]. The clays in this deposit are predominantly kaolinite and illite
with some chlorite. Some tables of mineral and bitumen compositions of
Athabasca oil sands are given by Camp [31]. In general the oil bearing
sands are very-fine to fine grained (62.5 to 250 pm diameter). These oil
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sands are unconsolidated and have fairly high porosities (30-35%) due to
a low occurrence of mineral cements [29].

It is generally accepted that the Athabasca oil sand grains are
predominantly water-wet (see the discussion in reference [55]). Most of
the literature results are consistent with the view [33] that connate water
exists as pendular rings around sand grain contact points and as roughly
10 nm thick films on sand grain surfaces. The oil is thought to have
migrated into this water/mineral environment and then degraded in-place
due to some combination of evaporation, diffusion, oxidation, and/or
bacterial degradation of components [3, 19, 20, 34]. Any combination of
these factors would have resulted in a residuum of the heavier com-
ponents, i.e., bitumen. The viscosity of Athabasca bitumen in-place is
sufficiently high, about 1,000,000 mPa-s at reservoir temperature, that oil
sand has enough material strength to be mineable. A number of studies
have been published on its density [31, 35] and rheological properties
[35—40].

It follows that the depositional environments, porosities, perme-
abilities, and bitumen saturations are related. Where sediment transport
and deposition were originally slow relatively large amounts of silt and
clay deposited. The strong influence of clay content on oil saturation has
been emphasized by Carrigy [41] who has surmised that the ability of
clays to absorb large amounts of water reduced the permeability to oil so
that when oil migrated into such areas of low porosity and permeability,
little was retained. For these lean oil sands water forms the continuous
phase. In regions where there were originally strong currents, primarily
larger grains were deposited and little fine grained material. When oil
migrated into these environments of high porosity and permeability
relatively large amounts of bitumen were trapped. Accordingly [22, 29],
the best ore bodies are those located along deep river or estuarine
channels. For these richer oil sands bitumen forms the continuous
phase.g Carrigy [41] has related grain size distribution for a number of
Athabasca oil sands to the variation in oil content as shown in Figure 1; oil
sands containing progressively more clay-size (<2 pm) materials have
lower oil contents.

In summary, there is a general consensus that, for the most part, the
mineral grains in Athabasca oil sand are water-wet and that most of the
bitumen is not in direct contact with the mineral phase, but instead
separated by at least a thin film of water. There remains some reason to
believe that a fraction of the solids are, however, oil-wetted. The

3 Although there are various conventions for describing saturations (e.g. [27]) for oil
sands amenable to mining and hot water flotation an appropriate set of definitions are as
follows: rich oil sand containing 12-14% bitumen, average grade 10-11%, and lean
grade 6-9%. Lower than 6% is usually not considered to be of “ore-grade” quality.
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Figure 1. Oil contents of Athabasca oil sands as a function of the
percentage of clay-size particles (<2 um), according to Carrigy [41].
(Copyright 1962.)

separation of most of the oil from solids by a water film is widely held to be
the characteristic difference between Athabasca oil sand and oil sand
from other oil sand deposits in the world (e.g., California, New Mexico or
Utah) that are thought to consist of oil-wet solids. These “oil-wet” oil
sands are considered to be more difficult to beneficiate using hot water
flotation because of the difficulty in dislodging bitumen from an oil-wet
surface during the slurry conditioning stage [42, 43].

The Commercial Hot Water Flotation Process

We will briefly review the initial steps in the operation of an integrated
commercial oil sands-synthetic crude oil production process (see Figure
2). Additional details are available in the technical and patent literature [3,
10, 31, 44-50].

Before oil sand is mined, some 30 m of overburden material must be
removed. The mining of the oil sand (ore) body, which is about 60 m
thick, is accomplished either by large draglines or by mobile power
shovels that dig the oil sand from an open pit. Typically the mining
operation must remove } tonne of overburden and mine 2 tonne of oil
sand of about 10% bitumen content to yield 1 barrel of oil after extraction.
Obviously as the grade of oil sand decreases, additional tonnes must be
mined and processed to yield the same amount of oil. Therefore a
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commercial operation has an economic grade limit dictated by the trade-
off between the mining and processing costs versus the value of the oil.

In some operations, mined oil sand is free-casted onto windrows from
which bucketwheel reclaimers load the oil sand onto conveyors that carry
it to surge pile/dump pockets. In other operations the oil sand is mined
directly by power shovels and moved by trucks to surge bins. From the
surge piles or bins and dump pockets a complex arrangement of feeding
devices and conveyors is used to deliver oil sand to tumblers at a uniform
feed rate. In some future operations it is probable that the conveyors and
tumblers will be replaced by pipeline hydrotransport and conditioning.
Each of the mining methods blends some of the oil sand and clay (lens)
bands to various degrees. A certain degree of mixing also occurs during
the subsequent handling and transferring operations, including transfer-
ring via conveyors and dumping into surge piles. Although modern truck
and shovel operations permit more selective mining than was previously
possible with draglines and bucketwheels, there is still mixing when
feeding trucks and surge bins. Despite the mixing, delivered oil sand is
not homogeneous. Since oil sands having different natures and composi-
tions are associated with different conditions for optimal separation and
flotation, bitumen process control strategies are very important.

Mined oil sand is first conditioned by slurrying with water in rotating
horizontal tumblers (although again, in some future operations it is
probable that the conditioning will be accomplished during pipeline
hydrotransport instead). Here heat and shear are employed to overcome
the forces holding oil sand lumps together. In this ablation process,
successive layers of each lump are warmed and sheared off until every-
thing is fairly well dispersed. Besides stirring to maintain a state of
suspension, a number of other things must happen in the conditioning
step. The bitumen has to be separated from the solids (which make up
about 70% w/w of the slurry) and prepared for separation from the
aqueous phase. Steam is added to raise the tumbler (exit) temperature to
80 °C. Air is not directly sparged in, but becomes worked in to aerate the
bitumen by inclusion of about 30% v/v gas [31]. Sodium hydroxide is
added to raise the solution pH. The amounts of the reagents added are
typically in the proportion: oil sand/water/NaOH = 1/0.4/0.0012 by mass.
An appreciable time is required to achieve a good distribution of the
bitumen, minerals and reagents and to allow chemical and surface
reactions to occur. Within 5 minutes or so a quasi-steady state is reached,
although probably not full thermodynamic equilibrium.

The slurry is discharged from the tumblers onto vibrating screens and
washed with hot spray water to remove oversized solids and undigested oil
sand lumps. This process may also provide additional air entrainment and
hence further aeration of bitumen. Additional hot water is added to the
slurry which is then pumped to the primary separation (flotation) vessels.
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The rejected solids (about 5% of the original oil sand) are conveyed out of
the plant for disposal.

The diluted (flooded) slurry contains about 7% aerated bitumen
droplets, 43% water and 50% suspended solids. The aerated bitumen
droplets have the lowest density and rise (float) to the surface of the
primary separation vessel, a large vessel with a cylindrical upper section
and a conical lower section. The vessel is maintained in a quiescent
condition to facilitate this flotation, as well as the settling of coarse solids
to the bottom. The slurry is retained here for about 45 minutes. Since the
process is continuous, the presence of fine minerals (e.g., clays) makes
this vessel susceptible to solids build-up which can increase the viscosity
[31, 51, 52]. To maximize the flotation and sedimentation processes the
middlings region viscosity and density are kept low by adjusting the flood
water addition and middlings removal rates. Mechanical rakes at the
bottom of the vessel keep the coarse, rapidly settling solids moving toward
the bottom from which they are withdrawn as a concentrated suspension
(primary tailings).

The smaller suspended solids which do not settle rapidly, and the
smaller and poorly aerated bitumen droplets which do not float rapidly,
are all drawn off in a slurry from the middle of the vessel (middlings). The
bitumen droplets in middlings have either too little air content or have too
small diameters for rapid enough flotation. The middlings stream and
primary tailings stream contain enough bitumen that they are combined
and pumped to a special tailings oil recovery (TOR) flotation circuit [53].
The middlings from this TOR vessel are then pumped to a scavenging
(secondary) flotation circuit for additional bitumen flotation. Here con-
ventional flotation cells, employing vigorous agitation and air sparging, are
used to cause further bitumen aeration and flotation. Meanwhile, the
TOR froth is recycled into the flooded slurry that is fed into the primary
separation vessels. The TOR tailings are combined with the tailings from
the scavenging circuits. Other variations of this process are also practised.

Processibility and Process Control

Many sub-processes are required in order to carry out conditioning and
flotation steps efficiently. Figure 3 shows some of the elementary
processes. Although the real phenomena may not be entirely subdividable
in this way, or take place in exactly the order assigned, it can be seen that
the tumblers and primary flotation vessels combine quite a few simulta-
neous or nearly simultaneous elementary process steps. This makes the
interaction of process variables difficult to predict. Consequently, much
hot water flotation process optimization research involves test processing
in a laboratory or pilot-scale apparatus. The small-scale observations are
used to describe the flotation behaviour of the oil sand and infer what will
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Figure 3. Simplified block diagram of elementary process steps in the hot water flotation process for Athabasca oil sands.
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happen at the full-scale plant level. Many different laboratory- and pilot-
scale investigations into oil sand processing have been conducted over the
past 60 years or so.

A practical standard hot water flotation process batch extraction unit
(BEU) and test procedure has evolved in which small (0.5 kg) samples of
homogenized oil sand are processed. A detailed description is given
elsewhere [54]. Figures 4 and 5 illustrate some of the steps and variables
involved. This test is reproducible and sensitive enough to be useful for
evaluating new process aids (chemicals), process variables, and determin-
ing the processibility of different oil sand samples [45, 101, 102, 104]. An
example of a continuous pilot-scale experimental extraction circuit (EEC)
has been described in the literature [46, 54-57]. In this particular unit
larger amounts, 2000-3000 kg/h, of oil sand are processed continuously. It
is a scaled-down version of the continuous commercial process although
the addition of sophisticated measuring sensors and computer control
allow more careful monitoring and mass-balancing than is possible in the
full-scale commercial process. The smaller circuit is thus better suited to
research studies. Sanford [45] has shown that results from the batch and
pilot processes described above can be correlated. As shown in Figure 6
the batch test results establish trends which translate directly to the pilot
scale. Absolute process recoveries are translated only with difficulty due
to unavoidable differences incorporated into the processing in batch
mode at such a small scale. The larger pilot process, being continuous

SEPARATION FLOTATION
AERATION

Figure 4. Illustration of the steps involved in conducting a batch hot
water flotation process test, after Schramm and Smith [101]. (Copyright
1989, Alberta Oil Sands Technology and Research Authority.)
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and closely modelled after the commercial process, yields results that
compare quite well with the commercial process.

Although there are many variables, process efficiency is more sensitive
to some variables than to others [47, 58-60]. Early studies led to the
identification of base (NaOH) addition level as the preferred process
variable and since then much work has been aimed at determining how
much base is needed. It was at first thought that the process must be
operated at generally “alkaline pH” [15, 61, 120]. Further research
involved study of an increased number of oil sands, which led to the
discovery that the process could be controlled to achieve good bitumen
separation and flotation efficiency by maintaining a constant pH. This was
specified at different values, for example, Bowman [62] recommended
the middlings layer pH be kept in the region 7 to 8.5 while Innes and Fear
[47] and Floyd et al. [63] recommended the pH range 8.0 to 8.5.

It was eventually shown by Sanford [64] that pH was not the important
parameter as such but rather NaOH addition level, and that it should be
regulated in response to fines level in the feed (Figure 6). Figure 7 shows
processibility curves for four oil sands of differing composition. The term
processibility refers to the primary bitumen (oil) recovery versus process
aid (NaOH addition) relationship for a given oil sand and means, in
essence, the NaOH addition level required to achieve maximum primary
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Figure 7.  Processibility curves (laboratory batch extraction) for four oil
sands of different composition. (From Sanford [45]. Copyright 1983.)
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oil recovery. In addition to its process control origin, the concept of
processibility forms a partial means for categorizing oil sands.

The commercial extraction/flotation plants are controlled using
empirical relations involving oil sand grade and fine solids content
information [45, 47]. Sanford [45] found several important correlations,
first between the <44 pm fine solids size fraction and the <5 pm fine
solids size fraction as shown in Figure 8. This correlates with the
bitumen content in oil sand as shown in Figure 1, and also correlates
with the amount of process aid (sodium hydroxide) addition required
for optimal hot water flotation process efficiency as shown in Figure 6.
Taking Figures 1, 6, and 8 together leads to the main method of
commercial process control: the bitumen content of oil sand feed
entering the plant is determined on-line by infrared reflectance and
used to estimate the level of fine solids in the feed, thereby indicating
the level of process aid addition required. Despite optimizing for each
quality of feed, Figure 9 shows how oil recoveries become progressively
poorer with decreasing grade of oil sand [65]. For grades of below 10%
bitumen content, recoveries of less than 90% and lower energy
efficiencies in the process are obtained. Improved empirical corre-
lations are continually being discovered for these and other, anomalous
oil sands [66]. Further mechanistic information could be used to
develop improved process aids, process controls, and even alternate
processes.
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(Copyright 1982.)

The Role of Surfactants and Interfacial Properties

The hot water flotation process for oil sands is a separation process in
which the objective is to separate bitumen from mineral particles by
exploiting the differences in their surface properties. The slurry condi-
tioning process involves many process elements as illustrated in Figure 3.
Given that ablation and mixing, mass and heat transfer, and chemical
reactions are accommodated, the conditioning step involves separating
bitumen from the sand and mineral particles.

Disengagement of bitumen from solids will be favoured if their
respective surfaces can be made more hydrophilic since a lowering of
surface free energy will accompany the separation. The phase separation
is enhanced by the effects of mechanical shear and disjoining pressure.
Adopting the water-wet model for Athabasca oil sand, one has that a thin
aqueous film already separates the bitumen from the sand. So this pre-
existing separation needs only to be enhanced.

The need for alkaline conditions in the oil sand slurry has already been
emphasized. The main role of the base (e.g., NaOH) is to produce
(saponify) natural surfactants from the bitumen [45, 54]. In the 1960s,
Bowman and co-workers used foam fractionation and spectroscopic
characterization of the isolated waxy material obtained to establish that
the surfactants produced in the process are primarily carboxylic salts of
naphthenic acids [67-69] with the possibility of sulfonic salts as well.
Figure 10 shows an example of an early identification of the possible
surfactant structure and illustrates the reaction of base with the acid form
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Figure 10.  Simplified representation of the structure of the naphthenic
acids produced during hot water processing, compiled from the literature
of the 1960s. (From Schramm et al. [102]. Copyright 1984, Alberta Oil
Sands Technology and Research Authority.)

of the surfactant (in the bitumen) to produce the salt form of the
surfactant (in the aqueous phase).

For rich grade oil sands, the addition of a base such as NaOH is usually
not necessary and simply slurrylng with hot water is all that is needed to
release sufficient quantities of natural surfactants into the aqueous phase.
For lower grades of oil sand, NaOH process aid addition is needed to
optimize bitumen recovery. In this case, only a small fraction of the
NaOH added in processing reacts to produce the natural surfactants;
while the major portion (ca. 90%) reacts with minerals (to produce mostly
bicarbonate) [70, 102-104].

By 1987, Schramm, Smith, and Axelson [71] isolated natural surfac-
tants from a large sample of tumbler slurry from Syncrude’s continuous
pilot plant. The slurry was allowed to settle for several days and the
supernatant clarified by centrifuging and then filtering through 0.8 pm
(nominal pore size) filters and then 1000 molar mass (nominal) ultra-
filters. The clarified process solution was then foam fractionated, using
the apparatus depicted in Figure 11, in six stages of collecting foam,
diluting, and re-foaming. Using the final fractionate, the isolated surfac-
tants were characterized using proton and carbon-13 NMR and were
found to predominantly consist of aliphatic carboxylates having hydro-
carbon chains of at least five carbons (typically C;5 to Cy7) and aliphatic
sulfonates having hydrocarbon chains of at least five carbons. Also found
were traces of species having methoxyl, aromatic and humic character.
Figure 12 shows formulae for the predominant structural types. Surfac-
tants such as sodium myristate (Cy4) and sodium palmitate (Cy6) have
been used as model surfactants in process research. Misra, Aguilar, and
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Figure 11.  Foam fraction apparatus for isolating natural surfactants.

Figure 12. Simplified formulae for the major structural types of
naphthenic acids produced during hot water processing, as determined
more recently. The total carbon numbers are likely to be about 14 to 16.

Miller [72] have made a similar identification of paraffinic carboxylate
surfactants as the principal surfactant type released in the processing of
Utah tar sands.

Analytical Methods for the Process Natural Surfactants.
In order to experimentally verify linkages between surfactant action and
process performance one needs appropriate analytical techniques. A
number of books and reviews [73—-83] discuss methods for the determina-
tion of anionic surfactants. Most are applicable only to the determination
of sulfate- and sulfonate-functional surfactants. Difficulties associated
with their application to carboxylate-functional surfactants include lack of
stoichiometry in the formation of anionic—cationic surfactant pairs, inter-
ferences due to inorganic species, and the need to control the solution pH
so that the surfactant remains in the salt form.
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The first surfactant assays reported for oil sand process samples were
conducted by Schramm, Smith, and Stone [102]. In these early assays
process samples were first clarified by centrifuging. Next, a sub-sample
would be potentiometrically titrated with dilute HCI to determine the
total carboxylic salt concentration, including both surface active and non-
surface active species. Another sub-sample would be foam fractionated to
exhaustion, after which the residue would be essentially stripped of all
surface active species, as verified by surface tension measurements.
Aliquots of foam fractionate and residue were then acid titrated as
before. From such data one can calculate the concentration of carboxy-
late-functional surfactants present in the original sample. Additional
details including the needed equations are given in reference [102]. This
method was used to establish the first quantitative relationships between
surfactant concentrations and conditioning and flotation process perfor-
mance [48, 102, 103, 121], but was restricted to the carboxylate-functional
surfactant class. The method is also very time-consuming due to the
requirement that samples be foam fractionated to exhaustion. Finally,
foam fractionation does not completely remove surfactants from solution,
and it was later found that the presence of unremoved surfactant from the
residue contributes a consistent 10% error (underestimate) to this
method [106].

In order to determine both carboxylate- and sulfonate-functional
surfactants, probably the most common general method for anionic
surfactants is Epton’s two-phase titration method [84, 85] or one of its
variations [86-88]. However, when assaying samples from the condition-
ing and flotation processes it is found that such methods exhibit endpoints
that are very difficult to determine due to the pH at which the titration
must be employed, and also due to the presence of inorganic and organic
salts, finely emulsified oil, and dispersed fine solids. An improved method
was developed by Schramm and Smith [106], still based on the formation
of a compound between the anionic surfactant to be determined and a
cationic surfactant added as a titrant, but in which a single-phase aqueous
titration is carried out and monitored by means of surface tension
measurements using the maximum bubble pressure technique [106]. We
have since found that the titration can be equally well conducted using
surface tension monitoring by the Wilhelmy plate method, which can also
be automated. In either case, the method is dependent on obtaining
clarified solutions with little ultra-fine solids. An added benefit is the
simultaneous determination of a sample’s dynamic surface tension.

A promising method for quantitation of anionic process surfactants is
by cationic surfactant (e.g., Hyamine) titration monitored by a surfactant-
sensitive electrode. The basic approach is described in references [76, 77,
89-92]. This technique has found application in the analysis of formulated
products in the cosmetic [91] and pharmaceutical [90] industries and may
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show potential in the analysis of oil sand secondary tailings. This
technique has the advantages that it is useful for all ionic surfactants, it is
reproducible, there is no organic waste, no experience is needed on the
part of the operator and low concentration electrolytes do not affect the
endpoint detection. The endpoint is observed as the inflection point of a
potential jump. Carboxylic moieties, having weak anions, are more
difficult to assess, but assays are possible in an alkaline environment. We
are currently pursuing the development of this promising method.

Several methods have been developed specifically for naphthenic
acids, a class which includes the surface active carboxylate surfactants.
Naphthenic acids are present as a complex mixture of a number of
homologues with only a small range in molar mass (166-450 mol/g), little
change in solubility character, and have been difficult to assay using
conventional analytical methods. Methods such as negative ion-mode
mass spectrometry using fast atom bombardment (FABMS), have been
successfully applied to the analysis of naphthenic acid mixtures [93, 94].
Other promising techniques include fluoride ion chemical ionization mass
spectrometry (FI-MS) [95], and electrospray ionization mass spectro-
metry (ESIMS), which may allow for the quantification of the various
naphthenic acid fractions [96].

An FTIR method has also been developed for the determination of the
naphthenic acids in oil sand process tailings [97]. In this method, a tailings
sample is clarified by filtration (0.45 pm nominal pore size) then by ultra-
filtration. Acidification to pH 2.5 with sulfuric acid ensures the acid form
of all carboxylate functionalities and thus complete dissolution. The
sample is then extracted with methylene chloride and evaporated to
dryness. The naphthenic acid residue is dissolved in methylene chloride,
the carbonyl stretching frequencies at 1708 and 1748 em ™ ! are observed
and the corresponding absorbance values determined by FTIR. The
method determines total organic carboxylates and therefore is sensitive
to a broader range of structures than the carboxylate surfactants alone,
but is sometimes used as an indicator of relative carboxylate surfactant
concentrations, especially in studies of oil sand tailings pond samples.

For example, in an adaptation of the standard methods [98, 99], the
FTIR analytical technique just described was used to determine the
octanol/water partition coefficient of naphthenic acids as a function of the
aqueous phase pH. In this case, the octanol/water partition coefficient
(Kow) is the ratio of the equilibrium concentration of naphthenic acids in
octanol to that in the aqueous phase. K, was determined by equilibrating
a known total amount of naphthenic acids in a 1:1 volume mixture
of octanol-saturated water (buffered to the selected pH) and water-
saturated octanol, then determining the aqueous phase concentration.
Figure 13 shows the variation in log(K,,) with solution pH. It can be seen
that K, decreases from quite high values, near 1000, to about 1 as the
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Figure 13.  Relationship between K, of naphthenic acids and solution
pH, based on n-octanol :water partitioning,.

aqueous phase pH increases from 5 to 9. Above pH 9, K, remains low.
Thus, under the alkaline conditions typical of the water-based oil sands
flotation process, in the slurry conditioning and flotation stages the
naphthenates (including the carboxylate surfactants) will be partitioned
about equally between the oil and aqueous phases. This represents a
much lower preference for the aqueous phase than is found with most
synthetic anionic surfactants, which are typically very hydrophilic. These
results are, however, consistent with the long hydrocarbon chains (ca. Cy5
to Cy7) of the process’s natural carboxylate surfactants described in the
preceding section.

Natural Surfactants and Interfacial Properties. The action
of the natural process surfactants has been studied in some detail [100—
104]. The impact arises due to their adsorption at surfaces and interfaces,
by which they alter surface electric charges and interfacial tensions.
Figure 5 shows an example of the steps involved in determining the
surface, interfacial, and other properties of dispersed bitumen drops,
solid particles, and gas bubbles in aqueous solution. The samples analysed
would be based on batch extraction tests involving different oil sand types
and different process conditions.
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In the conditioning process, under suitable alkaline conditions, both
ionization of functional groups at the bitumen surface [33, 105] and
adsorption of the natural anionic surfactant molecules at the bitumen/
aqueous interface [100, 101, 104] occur. Descriptions of the experimental
techniques, including microelectrophoresis, employed to study the effects
are given elsewhere [100, 102, 104, 106]. Figure 14 shows how addition of
NaOH in the process increases the concentrations of surfactant in the
aqueous phase, which in turn increases the extents of surfactant adsorp-
tion at all of the aqueous phase interfaces present in the system: gas/
aqueous, bitumen/aqueous, and solid/aqueous. The adsorption increases
until monolayer coverage is achieved and thereafter either levels off or
continues into multilayer adsorption.

The adsorption of anionic surfactant molecules directly affects the
electrophoretic mobilities of dispersed bitumen droplets, gas bubbles,
and fine solid particles. These electrophoretic mobilities are directly
linked to the Zeta potentials at the surfaces and therefore to the surface
electric charges on the drops, particles or bubbles. Reference [100] shows
how to convert the mobilities into Zeta potentials or surface charges.
Although, as will be seen later, the shapes of the processibility curves can
vary considerably, the various surface charges are always quite negative
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under reasonable processing conditions. Whereas the surface charge on
the solid particles reaches a plateau with increasing surfactant concentra-
tion, the surface charges on bitumen drops and gas bubbles reaches a
maximum and thereafter decrease. Figure 15 shows some additional
examples. Essentially the same trends have been independently con-
firmed by Hupka and Miller [107] and Drelich et al. [108]. The ionization
of surface groups and adsorption of charged surfactants cause increased
electrostatic repulsion which increases the disjoining pressure in the
aqueous film separating the bitumen and solids.

In the optimized slurry conditioning step the natural surfactants have
adsorbed just enough on the bitumen to impart a maximum charge, and
just enough on the mineral solids to yield nearly a maximum charge there
as well. Since initially the bitumen and solids are separated by a very small
distance (ca. 10 nm), this charging causes a large repulsive force that
results in the bitumen being pushed off the solids. Figure 16 illustrates
the effects of increasing (NaOH addition) versus decreasing (CaCly
addition) this disjoining pressure in the film. (Additional details on
electrostatic stabilization, the DLVO theory of colloid stability, and its
contribution to disjoining pressure can be found in references [109, 110]
and in many colloid chemistry textbooks.) Increased disjoining pressure
together with the applied mechanical and thermal energy cause the
separation of bitumen from solids, see Figure 17(a). At this stage the
bitumen has been separated, but the fine solids have been dispersed.

The correlation between maximum negative Zeta potential on bitu-
men droplets and optimum processing conditions for maximizing primary
bitumen recovery [100] has been shown to scale-up. On-line determina-
tion of the emulsified bitumen droplet Zeta potentials has been applied to
primary separator feed (i.e., screened and flooded tumbler slurry) during
the processing of oil sand under a variety of process conditions in
Syncrude’s continuous pilot-plant [111]. Figure 18 shows that adjusting
the process aid addition level needed to maximize bitumen Zeta potential
agreed well with both maximum primary recovery and the batch-scale
correlations. For the data point corresponding to the continuous pilot-
plant measurements, the actual maximum (negative) emulsion droplet
Zeta potential achieved was about —35 mV, which is consistent with
“good stability” guidelines such as those discussed in Chapter 1 of this
book.

After bitumen—solid separation, bitumen—air attachment has to occur.
The process conditions that most favour bitumen—solids separation, that is
a high degree of electrostatic repulsion due to charged surfactant
molecules at the interfaces, also tend to oppose gas—bitumen attachment
since the gas bubbles also acquire a surface charge of the same sign [112]
(see Figure 14). In comparison, mineral flotation involves gas—solid
attachment without filming and such electrostatic repulsion is not as
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Figure 16. Illustration of the effects of increasing (NaOH addition) or
decreasing (CaCly addition) on the thin aqueous film disjoining pressure

() between bitumen and sand. (From Takamura and Chow [158].
Copyright 1983.)

important a factor as are inertia effects when the particles and bubbles are
larger than, say, 10 to 40 pm diameter. It is in fact possible for bitumen
droplets to attach to gas bubbles and form bubble droplet pairs or
aggregates, as in mineral flotation. Houlihan [113] found that for low
alkali addition levels or reduced temperature conditions bitumen droplets
will attach to air bubbles as discrete particles. Under optimum process
conditions however, something even better happens. If the interfacial
tension between bitumen and the aqueous phase is low enough, then the
balance of interfacial tensions in the system will favour filming of the
bitumen around the gas bubbles.

If a bitumen droplet and a gas bubble collide, their mutual attachment
is thermodynamically favourable if the “attachment coefficient” is positive
(often referred to as an entering coefficient; originally defined by
Robinson and Woods [114] for defoamers). The attachment coefficient,
A, is given as:

A= Vzoxq + VBivaq — VBit
where the first term on the right-hand side is the aqueous solution surface
tension, the second term is the aqueous solution/bitumen interfacial
tension, and the third term is the surface tension of the bitumen. When

bitumen attaches to a gas bubble a certain amount of gas/bitumen
interface is created while some gas/aqueous and aqueous/bitumen inter-
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Figure 17. Illustration of two of the steps in the hot water flotation
process: (a) the separation of bitumen from solids showing the adsorption
of naturally produced surfactants, and (b) the attachment and filming of
bitumen around gas bubbles. (From Shaw et al. [55]. Copyright 1994,
American Chemical Society.)

facial areas are eliminated. The attachment is predicted to be favoured
and spontaneous when A > 0. If A < 0, the bitumen should not attach.

If bitumen attaches to a gas bubble then, from thermodynamics,
bitumen would be predicted to spread spontaneously over a gas bubble if
its “spreading coefficient”, S, is positive (Harkins [115]). The spreading
coefficient is given by:

S= yIOXq — VBivAq — VoBit (1)

where the symbols are defined as above. If bitumen spreads out over the
gas/aqueous interface a certain amount of both gas/bitumen and aqueous/
bitumen interface is created while some gas/aqueous interface is elimi-
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primary bitumen recovery and process aid additions required to attain
maximum bitumen/aqueous surface charge (Zeta potential). The data are
for continuous pilot plant operation () and laboratory batch extractions
(@ ). (From Schramm and Smith [111].)

nated. The spreading is predicted to be favoured, and spontaneous, when
S > 0. That S and A are interrelated is shown through a combination of
the above equations:

A=S+ ZVBit/Aq

This shows that A is always greater than or equal to S, but that three
combinations of effects can occur.

A < 0. If A is negative then S must be negative. Here the bitumen would
neither attach nor spread at the aqueous solution/gas interface.
Flotation is not expected in this case.

A >0, S <0. In this case the bitumen would attach but would not be
expected to spread at the interfaces. This condition could cause
flotation of the bitumen, depending on whether the flotation medium
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is sufficiently quiescent that the bitumen is not sheared away from the
bubble.

A >0, S > 0. Here the bitumen would attach and then spread over the
gas bubble. Once the bitumen encapsulates a gas bubble only very
high mechanical shear would cause it to be stripped away. This is the
best configuration for bitumen flotation in a primary separation
(flotation) vessel.

Table 1 shows some ranges of values that have been measured, at
80°C, for froths and clarified secondary tailings solutions from batch
extraction tests. Based on this data one would predict that under reason-
able processing conditions bitumen will spontaneously attach to and then
spread over the gas bubbles, encapsulating them. The surfactant proper-
ties that most promote this behaviour are a major lowering of bitumen/
aqueous interfacial tension with minor lowering of the aqueous phase
surface tension. This behaviour is consistent with the action of ionic
surfactants having long hydrocarbon tails so that they will tend to partition
mostly into the bitumen and only slightly into the aqueous phase. Based
on actual process surfactant isolation and characterization research, the
surfactant formulae shown in Figure 12, with carbon numbers in the
range Cy5_17, match these criteria very well.

Both laboratory studies [112] and Houlihan’s continuous extraction
circuit studies [113] indicate that under normal (good) processing condi-
tions the bitumen does indeed preferentially encapsulate air bubbles.
Figure 17(b) and the photographs in Figure 19 show the spontaneous
filming of bitumen around a gas bubble brought into contact with the
solution/bitumen interface. Similar observations have been made inde-
pendently by Miller et al. [43, 72, 108]. These aerated bitumen globules
are the species that float upwards in the flotation vessels to form froth.

Gas-bubble/mineral-particle attachment also occurs for the fraction of
mineral particles that are not hydrophilic, so that some bubble-particle
aggregates also form, float upwards, and become incorporated in the
froth. An important goal of the flotation process is to produce bituminous
froth without entraining large amounts of solids. Since the entrained

Table 1. Approximate Thermodynamic Properties for Froth Bitumens and
Clarified Aqueous Secondary Tailings, for 80 °C, all units in mN/m

Aqueous Bit./Aq. Bitumen

Surface Interfacial Surface

Tension Tension Tension A S

50 to 60 2to 12 22 to 28 24 to 50 10 to 36

Source: L.L. Schramm, unpublished results
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Figure 19. Photographic sequence in which, viewing the images clock-
wise, an air bubble, on the tip of a capillary, is pushed down through an
alkaline solution, at 80 °C, until it just touches a layer of bitumen that had
been coated onto a silica surface. The bitumen spontaneously spreads over
the surface of the bubble causing it to detach from the capillary and
become engulfed. Note the obvious presence of solid particles in the
bitumen on the surface in the lower photo. (Photomicrographs by L.L.
Schramm, reproduced from Shaw et al. [55], copyright 1994, American
Chemical Society.)

water and froth are later removed only with considerable difficulty, the
question of how to produce higher quality froth is of interest. This is why
so many oil sands patents are directed principally at the primary recovery
aspect of the process (e.g. reference [6]). As a practical matter the solids
floated do become part of the nature of the froths, and will be discussed
later.

Processibility and Surfactant Concentrations. Of the two
natural surfactant classes identified earlier (see Figure 12), the carboxy-
late surfactant class has the greatest impact on process efficiency in most
cases. Furthermore, optimal process conditions for best primary bitumen
recovery correlate very well with a specific concentration of these sur-
factants in the aqueous phase of the conditioning slurry. This optimum
concentration has been termed a “slurry-stage critical carboxylate
surfactant concentration” ({&s) [101], where the subscript specifies the
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carboxylate surfactant. Accounting for the addition of flood water, one
can easily calculate the corresponding value of this concentration in
the flooded slurry. This gives the value of the flooded-stage critical
carboxylate surfactant concentration (C %s) that would be measured were
one to assay process streams such as the secondary tailings (batch
extraction tests) or the primary separator middlings (continuous pilot or
commercial process tests). The actual values of these parameters vary
depending upon the specific process equipment used, but for the
standard laboratory batch extraction unit (BEU) operated at 80 °C they
are as follows:

Flooded Stage: Cgs=1.2 x 107 * N
Slurry Stage: (&s =75 x 107*N

The existence of optimum concentrations for separation- and flota-
tion-aid surfactants is quite common in mineral processing operations. In
oil sand processing, reasons for reductions in process efficiency at higher
than the optimum concentrations may be due to the formation of different
adsorption layer orientations and/or multiple adsorption layers at inter-
faces. Either or both of these could explain the observed reductions in
surface electric charge (Zeta potential) at the bitumen/aqueous and gas/
aqueous interfaces (see Figure 14).

The other natural surfactant class (see Figure 12), the sulfonate
surfactant class, has a significant impact on process efficiency under
conditions where the carboxylate surfactant concentration is near zero.
Otherwise preferential adsorption of the carboxylate surfactants domi-
nates the properties of the interfaces. At near-zero concentrations of
carboxylate surfactants, optimizing the process conditions for best pri-
mary bitumen recovery correlates very well with achieving a specific
concentration of the sulfonate surfactants in the aqueous phase of the
conditioning slurry. This optimum concentration is termed the “slurry-
stage critical sulfonate surfactant concentration” (£85) [101], but note that
the subscript now refers to sulfonate surfactant. Again, one can calculate a
corresponding value of this concentration in the flooded slurry, which
gives a flooded-stage critical sulfonate surfactant concentration (C ). For
the standard laboratory batch extraction unit (BEU) operated at 80°C
these values are:

Flooded Stage: Cgs=15x 107*N
Slurry Stage: ¢ =95x107*N

With guidelines for the critical concentrations and recognizing the
preferential adsorption behaviour (dominance) of the carboxylate surfac-
tant, an extremely wide range of oil sand processing behaviours can be
understood, as illustrated in a number of papers on the subject [70, 101-
104, 116].
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Figures 14, 15, and 20(a) show seven processibility curves that are
typical of the different kinds of grades (rich through lean) and facies
(estuarine through marine) origins that are encountered when processing
Athabasca oil sands. In these cases the processibility is solely determined
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Figure 20. Illustration of the processibilities and natural surfactant
concentration variations in several kinds of oil sands. (From Schramm
and Smith [104]. Copyright 1987.)
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by the action of the natural carboxylate surfactants. Note the correlation
between the primary bitumen recovery maxima and the point at which the
free carboxylate surfactant concentration (Ccs) equals the critical con-
centration (C2g).

Figure 20(b) illustrates a case where, at low NaOH addition, the
concentration of carboxylate surfactants is near-zero and when the
sulfonate surfactant concentration reaches C%, a first primary recovery
maximum is observed. For the same oil sand processed at a moderately
high NaOH addition level, the carboxylate surfactant concentration has
increased and reaches C¢s, at which condition a second primary recovery
maximum is observed. This “two-peak™ processibility curve is not an
artifact, as it has been reproduced in multiple laboratory studies and also
in continuous pilot-scale testing [104]. This particular kind of oil sand (a
type of channel margin origin) first gained notice when a so-called
‘problem ore” in a commercial extraction plant was encountered, for
which traditional feed-forward fines-content process control strategies
failed.

Of course there exist oil sands which, when processed using moderate
NaOH additions, yield surfactant concentrations that are intermediate
between the two extremes just discussed. Figure 20(d) shows how rather
broadened recovery curves result when both surfactant classes reach near
critical concentrations at similar NaOH addition levels.

Ore Grades, Ageing, Blending of Ores and Contamination
with Overburden. The oil sand feed itself is an important process
variable. Each oil sand type contains its own composition of compounds
that can react with either the sodium hydroxide or directly with the
natural surfactants. Figure 20(a) shows a series of processibility curves
governed by differing free surfactant concentration profiles. This illustra-
tion represents three grades of oil sand that yield progressively lower
surfactant concentrations for given NaOH additions. Progressively higher
fine mineral solids contents inhibit surfactant production by adsorbing
surfactants as they are produced and by reacting with the NaOH itself,
preventing it from generating the surfactants. The importance of such
reactions extends beyond a call for more process aid to reach the critical
surfactant concentrations: there is a concomitant decrease in obtainable
primary oil recoveries.

Ageing. Rather than three grades of separate oil sands, curves 1—
3 in Figure 20(a) could also represent a single oil sand that “things have
happened to”. Curves 1-3 in this case could be three different “ages”.
Exposure of oil sand to ambient surface conditions causes a reduction in
obtainable surfactant levels and hence oil recovery drops unless additional
process aid is added. A number of ageing case studies have been reported
by Schramm and Smith [117, 118] and by Wallace et al. [119]. Figure 21
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Figure 21. Processibility changes due to ageing of an oil sand. The
curves correspond to processing the oil sand when freshly mined (@), and
after 27 (A), 54 (M), and 91 ( ® ) days of age. (From Schramm and Smith
[117]. Copyright 1987, Alberta Oil Sands Technology and Research
Authority.)

shows an example of the ageing of a moderate-size (20 kg) sample of oil
sand over a period of three months. This figure illustrates the classic
reduction in obtainable surfactant concentrations, the need for increased
process aid addition, and the loss in maximum obtainable prima
bitumen recoveries that accompany ageing. The “ageing effect” is due to
the oxidation of minerals such as pyrite, which causes the release of
polyvalent metal cations which precipitate the natural surfactants and also
react directly to consume added NaOH during processing [118]. Figure
22 shows the reactions involved.



10. ScuramM etal. Athabasca Oil Sands Processing 395

. Time .
Fresh Oil Sand » Aged Oil Sand
Hot Fose —2 M0 ke, (504)s Hot
Water Fey (S04)s + 3M'~Clay—= 3M'SO, + 2Fe - Clay Water
Process Process
] Y
Reactions : Reactions :
MX, + 2NoOH—> MIOH), ¥ * 2NoX M'SO, + 2NaOH —+M'(OH), ¥ * No, SO,
NooH —2L500d o peooNa M'SO, + 2RCO0 Na—+(RC00), M' | + Na, SO,
NooH —9Sed | g'so, Na MX, + 2NoOH —=MI(OH), § *+ 2NoX

NeOH O30 peoo Na

NaOH OiSond , RS0, No

(Competition for NaOH reduces
[RCOONu] which includes the
natural carboxylate surfactants)

Figure 22. Illustration of reactions involved during the processing of
fresh and aged oil sands. (From Schramm and Smith [118]. Copyright
1987, Alberta Oil Sands Technology and Research Authority.)

It should be pointed out that whereas ageing phenomena present
problems in laboratory and pilot-plant research and development studies,
ageing has only occasionally been found to be a problem in commercial oil
sand processing. In one instance a “small” quantity (several hundred
thousand tonne) of oil sand was mined, set aside in a stockpile for about
one year, then reclaimed and sent to an extraction plant. In this case,
extremely poor recoveries were attributed to the ageing of the stockpile.
In normal mining and processing operations oil sands are not left exposed
for many months and even for dragline mining most of the oil sand in
windrows does not age quickly. This was quantitatively demonstrated
when Schramm and Smith [120] dissected a large commercial-scale
windrow of about two months age. By determining the processibility of
oil sand samples from different locations in the cross-section, it was found
that only minor amounts of ageing had taken place.

Mineral Contamination. Returning to Figure 20, curves 1-3
could also represent a single oil sand that has been contaminated with
increasing levels of minerals from, for example, top reject material in the
mine or simply a reject grade oil sand. Figure 23 shows a typical example,
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Figure 23.  Processibility of an oil sand by itself (@) and when blended
with 2 mass % of overlying material (M). (From Schramm and Smith
[116]. Copyright 1989.)

of an oil sand to which was added 2 mass % of overlying (non-ore grade)
material. Usually the source of the problem can be traced to clays and
other components in the contaminant overlying material; specifically,
mineral species containing polyvalent-metal cations which consume
NaOH and precipitate the surfactants. The problem can be traced to
interfering polyvalent metal cation reactions, and alternative process aids
can be used. Figure 24 shows an example in which an oil sand of a certain
native processibility (A) suffered greatly due to the addition of 2 mass %
of overlying mineral material from the mine (<&). Almost exactly its
original surfactant concentrations and processibility were restored ([]) by
an appropriate addition of chelating agent, EDTA [116]. Another use of
EDTA to remediate poor processing is described in reference [118].
Figures 20(c) and 23 show how mineral contamination can have marked
effects upon concentrations of carboxylate surfactants with correspond-
ingly dramatic impacts on recovery. The kinds of mineral components

that can have such dramatically negative effects on oil sand processibility
include [70, 116]:

e polyvalent metal carbonates, e.g., CaCO3, MgCO3
e clays, e.g., Ca-illite, Ca-kaolinite
e polyvalent metal sulfates, e.g., CaSO,, FeSOy4

Ore Blending. An application of the influence of mineral
components on processibility is the planned blending of different types
of oil sands. Some fresh, rich grade oil sands, when processed with hot
water only (no NaOH addition) yield natural surfactant concentrations
that are above the critical concentration. As has been shown in earlier
figures most oil sands yield surfactants at the critical surfactant concen-
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Figure 24.  Processibility of an oil sand alone (A), when blended with 2
mass % of overlying material (), and when blended with 2 mass % of
overlying material and processed with the addition of EDTA (O). (From
Schramm and Smith [116]. Copyright 1989.)

tration with either zero or a small NaOH addition. Some lean oil sands
require significant NaOH additions and, as has been mentioned earlier,
large NaOH additions dramatically increase the concentrations of other
dissolved salts which has a depressing effect on primary bitumen
recoveries. An alternative to large NaOH additions is to blend the very
rich oil sands with the very lean oil sands in proportions designed to allow
optimal processing of the final mixtures with little or no NaOH addition.
The mixing rules for proper blending and the synergisms achievable are
described in reference [103]. An example is shown in Figure 25. This
approach has been patented [121] and used commercially in long-range
mine operations planning.

Other Process Variables: Changing Slurry Water, Time,
and Temperature. Although the “standard” hot water process
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Figure 25.  Surfactant concentrations produced by processing rich (Left,
Upper) and lean (Left, Lower) oil sands. The shaded area indicates the
region of processing conditions within which blending could be synergis-
tic. The right-hand figure shows maximum primary recoveries obtained
from processing blends of the rich and lean ores (@). (Note that the
recovery scale is in mass units and was intended to show relative rather
than absolute recoveries.) The straight line (O) represents ideal mixing
rule behaviour. (From Schramm et al. [103]. Copyright 1985, Alberta Oil
Sands Technology and Research Authority.)

involves using NaOH as the process control variable there are, of course,
other conditions of the process that can be varied. Building on the
previous discussion of surfactant action in the process we can examine
the effects of adjusting such variables as slurry water addition, slurrying
time, and process temperature.

In an earlier section we discussed the difference between slurry-stage
and flooded-stage critical surfactant concentrations. These allow one to
directly predict the influence of changing slurry water addition levels in
the process. To a first approximation, the standard processing conditions
will generate a specific amount of natural surfactant in the slurry and their
actual concentration will be determined by the total amount of slurry
water present. This can be illustrated with an actual process example as
given in Figure 26. Under standard conditions, the optimum processing
condition was 0.02 wt% NaOH. One should be able to generate the same
slurry-stage critical surfactant concentrations at a lower NaOH addition,
say 0.01 wt% (where, under standard conditions Cg = 6.2 x 107*N), by
reducing the slurry water addition level. There is a limit to how much the
slurry water addition levels can be reduced without impairing the
ablation, mixing and dispersion processes (see the elementary process
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Figure 26. Example showing the effect of changing the slurry water
addition levels. The left-hand graphs refer to standard processing condi-
tions, including a slurry water addition level of 150 mL. The right-hand
graphs refer to 0.01 mass % NaOH addition levels and varying slurry
water addition levels. (Adapted from Schramm and Smith [101]. Copy-
right 1989, Alberta Oil Sands Technology and Research Authority.)

steps in Figure 3). Based on wet grinding research from other mineral
processing industries, an estimate of the most effective water addition
range for an average grade of oil sand processed under batch extraction
conditions has been given [101] as 110 to 160 mL for 500 g of oil sand. In
an ideal situation we should be able to cut the slurry water addition from
150 mL to about (6.2 x 10~*N)(150 mL)/(7.5 x 10~* N) = 124 mL,
which is within the predicted range. At this condition C¢gs should equal
C2s. From Figure 26, Ccs becomes =7.5 x 10"*N and maximum
primary recovery is achieved at 133 mL of slurry water which is quite
close to the predicted value considering that reducing the slurry water
addition level in reality changes the situation by more than just dilution
factors.

It has been shown [101] that the simple dilution model can be used to
fairly accurately predict how to increase slurry water addition levels as
well as, for example, to counteract overdosing with NaOH in the slurry. It
has also been shown [I101] that the correlations between maximum
primary bitumen recovery and surface electric charges (Zeta potentials)
are also preserved when varying the slurry water addition levels.



400 SURFACTANTS: FUNDAMENTALS AND APPLICATIONS IN THE PETROLEUM INDUSTRY

While focussing on the slurrying stage we can address another
important process variable — the slurry time (in the continuous process
this would be the tumbler residence time). It takes some time for the
natural surfactants to dissociate and diffuse into solution, even when no
NaOH is added into the process, as illustrated in Figure 27. Also over time
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Figure 27.  Example showing the effect of changing the slurrying time in
batch processing. (Adapted from Schramm and Smith [101]. Copyright
1989, Alberta Oil Sands Technology and Research Authority.)
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the surfactants obviously react with other species since their concentra-
tion drops after reaching a maximum. See reference [101] for further
details.

Finally, there has recently been much attention paid to the possibility
of reducing commercial process costs by reducing the slurry temperature.
Figure 28 shows some comparisons for the processing of an average grade
of oil sand at 82 versus 55 °C. The latter temperature could be reached in
a continuous process tumbler using only hot water (i.e., no steam
addition). It can be seen that all of the trends are virtually identical,
although it was found [I0I] that the lower temperature process is
associated with a slightly lower critical surfactant concentration, a slightly
lower optimum slurry water addition level, and a longer slurrying time
requirement.

Alternative Process Aids. Numerous substitute process aids
have been evaluated for possible use in the hot water flotation process.
Indeed, this is probably the subject of the majority of patents directed at
oil sand processing. It should be fairly obvious that if sodium hydroxide is
a suitable process aid then other alkaline agents could be used as well.
Research by many investigators has borne this out over the years. Other
bases, including silicates and phosphates have been studied in some detail
[122]. Some of these alternative alkalis have performance advantages over
NaOH. The main reason NaOH has remained in commercial use over
three decades has been economic.

A number of studies have shown that it is possible to directly add
commercially available surfactants to the conditioning step of the process
rather than rely on the addition of water alone or water plus an alkali such
as NaOH. Some surfactants that have been successfully used include a
variety of hydrocarbon- (ionic, nonionic, amphoteric), perfluoro-, and
silicone-based commercial products [122]. The anionic hydrocarbon
surfactants include tallow foots (a carboxylate-functional surfactant from
the meat packing industry) [123], lignosulfonate (a sulfonate-functional
surfactant from the pulp and paper industry) [124], sodium oleate [124,
125], and even the clothes-washing detergent Tide™* [124]. Although
commercially available surfactants can be very effective as process aids,
their cost has thus far posed a barrier to significant commercial use in hot
water processing.

Another kind of process aid class is that of diluents, which would
dissolve in the bitumen in order to reduce its viscosity and facilitate its
separation and flotation. This is an essential additive in the processing of
Utah oil sands, in which the bitumen is extremely viscous and for which
kerosine has been recommended [42, 119]. A blend of kerosine and

4 Tide is a trade-mark of Proctor & Gamble.
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Figure 28.  Example showing the effect of changing the conditioning and
flotation temperature in batch processing. The graphs show the process-
ibility of an oil sand at 82 °C (Left) and at 55°C (Right). (Adapted from
Schramm and Smith [101]. Copyright 1989, Alberta Oil Sands Tech-

nology and Research Authority.)

methylisobutyl carbinol (MIBC, also known as methylamyl alcohol) is the

process aid of choice for the so-called “OSLO” extraction process [126].
Finally, a number of other kinds of process aids, too numerous to

cover here, have been evaluated. As an example, the reader may
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remember the discussion around Figure 24, in which it was shown that
polyvalent metal cation problems could be counteracted by the addition
of a chelating agent such as EDTA.

Beyond Primary Flotation

Reference was earlier made to the fact that under optimal processing
conditions the bitumen droplets which float are for the most part
spherical, consisting of a thin film of oil enveloping an air bubble. At the
surface of the primary separation vessels, successfully floated bitumen
globules form a froth layer. The packing density of aerated bitumen
droplets at the froth interface is a function of droplet size distribution, the
flux of material impinging on the boundary, and the bitumen droplet
coalescence rate. The latter variables govern the time available for water
drainage and the extent to which droplets can orient themselves relative
to one another. Under normal vessel loading conditions, the rate of
bitumen droplet coalescence is slow relative to the rate at which bitumen
droplets collect at the interface. Paths for drainage become exceedingly
tortuous and much of the occluded water is unable to drain (see reference
[55]). The quality of this froth is determined not only by the relative
amounts of water and solids present in the material, but also by the ease
with which these constituents can be separated from the froth in down-
stream operations.

Calculations can be performed to show the expected relationships
between froth quality, bitumen droplet aeration, and packing density for
an ideal system of uniform spheres that congregate in a hexagonal close
packed array with a volume fraction of 0.74. The ideal relationship
between froth quality and aerated bitumen droplet density which follows
(still assuming equal sized droplets) is shown in Figure 29. For compar-
ison, Figure 29 also shows Danielson’s [127] measured bitumen droplet
densities and corresponding froth compositions for two oil sands of
differing processibility. Although these froth compositions are somewhat
higher than those predicted from the ideal system, the trend towards
improved froth quality with increasing droplet density is still evident. Of
course, in real systems the assumption of uniform droplet size is not
completely adequate (small sized droplets would fill the interstices of
larger droplets) and real droplets can deform in the froth, both of which
give rise to increased bitumen concentration. The effect of varying
packing density on froth bitumen content is shown in reference [55].

Based on microscopic studies, Swanson [128] proposed that the rising
bitumen-coated gas bubbles collapse in the froth layer to yield water
droplets dispersed in bitumen, as illustrated in Figure 30. This would
produce dispersed gas bubbles with diameters just smaller than the
original globules and also small water droplets, formed from the original
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Figure 29. Relationship between froth quality and aerated bitumen
droplet density showing model (solid curve) and experimental results
(broken curve). (Adapted from Schramm [110]. Copyright 1994,
American Chemical Society.)

thin films and containing sub-micron sized mineral particles. The
membranous interfacial film was concluded to be formed from solids
(mostly clays) having an organic coating, making them oil-wetting or bi-
wetted. In addition, there will be larger sized water droplets that are
entrained into the froth layer and are termed free water. This model is
consistent with other microscopic investigations conducted by Chung et
al. [129] and a magnetic resonance imaging study of froth structure
conducted by Schramm and Axelson (reported in reference [55]). Given
that froth contains an interstitial aqueous phase originating from the
middlings of the separation vessel, one might expect that a certain amount
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THE PROPOSED MECHANISM OF WATER-SAC FORMATION

bubble rising | bubble collopses water-filied residue
in froth ot top ot frcth of bubble ofter collapse

1 surface ==

{
water ¢ solids

bitumen + solids

Figure 30. Swanson’s mechanism of membranous emulsified water
formation in froth, based on microscopic examinations. (From Schramm
[110]. Copyright 1994, American Chemical Society.)

of dissolved natural surfactant and also dispersed water-wet clays and
silica will be present as well. In addition, Schutte [130] found that froth is
enriched in asphaltenes. Otherwise, there do not appear to be any
published studies relating to surfactant occurrences in these bituminous
froths.

Primary froth typically consists of 60% bitumen, 10% solids and 30%
water. It also contains air and so is compressible and more viscous than
bitumen [40]. To facilitate pumping, the froth is deaerated in towers by
causing it to cascade through shed decks, flowing against the upward flow
of steam. The froth from the secondary flotation is much more contami-
nated with water and solids than is the primary froth, and typically
contains 15% bitumen, 20% solids and 65% water. Secondary froth is
“cleaned” in stirred thickeners to remove some of the water and solids,
then deaerated. Due to its higher quality, primary froth does not need the
difficult cleaning and is more highly valued than secondary froth. Thus
much emphasis is directed at optimizing the primary froth yield in the
process (e.g., [48]). The primary and secondary froths, once deaerated,
are combined into a single feed for a froth treatment process. ThlS
deaerated froth contains about 60% oil, 30% water and 10% solids,
which is essentially the same as primary froth because secondary froth
accounts for only about 5% of the total bitumen production. A review of
froth structure and properties is given in reference [55].
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A froth treatment process is used to remove water and fine solids from
the combined froth [3, 10, 31, 44, 46]. The froth is first diluted with
heated naphtha in about 1:1 volume ratio and then centrifuged in scroll
centrifuges (at about 350 g) to remove coarse solids (greater than 44 pm).
The diluted froth is then filtered and pumped to disc-nozzle centrifuges
where higher g-forces (about 2500 g) are used to remove essentially all of
the remaining solids and most of the water. After stripping off the naphtha
the bitumen is upgraded into synthetic crude oil.

Froth Treatment. As shown earlier, the primary and secondary
froths comprise bitumen, air, water and solids. The two most often cited
properties of concern with regard to processing behaviour are their high
air content (compressable) and high viscosity [131, 132]. To make them
easier to pump the froths are deaerated. Despite the presence of
appreciable amounts of water and solids, the deaeration process brings
the viscosity of the froths to very nearly that of bitumen itself [40]. The
deaerated froth contains about 65% oil, 25% water and 10% solids. It also
contains emulsions [128]. Emulsions of water-in-bitumen and of bitu-
men-in-water, both thought to be stabilized by asphaltenes and fine bi-
wetted solids, have been found in interface layer emulsions in enhanced
gravity separators [133].

The froth treatment process is used to remove water and fine solids
from the deaerated froth. The froth is first diluted with heated naphtha in
about 1:1 volume ratio. The diluted froth is then centrifuged in scroll
centrifuges (at about 350 g) to remove coarse solids greater than 44 pm.
The product from the scroll centrifuges is subsequently filtered and
pumped to disc-nozzle centrifuges wherein higher g-forces (about 2500 g)
are used to remove essentially all of the remaining solids and most of the
water. In some cases lamella settlers are used rather than centrifuges
[134].

The froth model described earlier, and shown in Figure 30, produces
collapsed globules comprising a water (and solids) droplet surrounded by
a membranous layer made up of asphaltenes and bi-wetted solids. When
such froth is contacted with naphtha the time required to penetrate the
bitumen-membrane coating is on the order of 30 minutes, whereas in a
commercial process the elapsed time between naphtha addition and
introduction into a settling vessel is less than one minute. Thus, the
diluted froth process stream can contain these globules, probably in flocs,
which have a bulk density intermediate between diluted bitumen and
water. Such flocs then tend to accumulate in the separation vessel and
form an interface layer (sometimes called rag-layer) emulsion, and could
potentially form an effective barrier to gravity separation [134].

In both centrifuge and lamella settler operations highly emulsified
samples which impair the separation processes have frequently been
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encountered. Such emulsions are apparently composed of the water-in-oil
globules, dispersed in water, that is, an emulsion of water-in-oil-in-water
(W/O/W). These emulsions appear gel-like and exhibit extremely high
viscosities at very low shear rates (as high as 200,000 mPa-s at 80 °C).
Under moderate shear however, the emulsions invert so that their
viscosities are dramatically reduced (to about 10 to 20 mPa-s at 80 °C).
Reference [55] contains an illustration of the effects of shear, including
the shear-induced inversion from water-continuous (W/O/W) to oil-
continuous (W/O) emulsion. Depending upon how a separation device is
operated, such emulsions could accumulate into an emulsified layer
thereby forming an effective barrier to gravity separation.

It has been shown that the emulsion structure-related problems
encountered in the treatment of diluted froths have their origin in elements
of the original froth structure, at least one component of which is made up
of the natural surfactants released during the conditioning step. Another
kind of surfactant chemistry comes into play in commercial froth treatment
operations because a demulsifier is normally added to the diluted froth in
order to improve centrifuge/settler performance. Commercial petroleum
industry demulsifiers are formulated products, frequently based on poly-
glycols, polyglycol esters, ethoxylated alcohols, and ethoxylated resins in a
heavy aromatic naphtha [135]. Dosage levels for emulsions of water-in-
diluted froth are likely to be in the tens of parts per million.

Impacts of Natural Surfactants from Oil Sands on Water
Quality Issues

Surfactants in Tailings. The tailings from the primary, second-
ary, and tertiary flotation processes are combined and hydraulically
transported to a settling basin, as are the aqueous tailings from the froth
treatment process. The coarse sand fraction settles out to form beaches
and dykes, while the fines fraction (fine sand, silts, clays and unrecovered
hydrocarbons) not retained within the sand, run off to a containment
pond. Water is released during the subsequent settling and densification
of the fines slurry to form mature fine tails (MFT) [136]. Over the first
several years, the initial slurry of tailings fines (6-10% by wt) densifies to
over 30% fines content, and the released water is recycled to the
extraction plant. This represents over 70% of the water demand in the
present processes. The full dissipation of the excess pore pressures of the
fine tails to a fully consolidated clay (>70% solids by wt) by natural self-
weight consolidation will be a very long process [136]. The tailings
properties and characteristics have been reviewed by Mikula et al. [137].
Much effort has been expended over many years in looking for efficient
and cost effective methods for managing the tailings (e.g., [6, 138]).
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The sand deposits, fine tails zones and release water zones act as sinks
for the extraction tailings and process waters associated with the bitumen
recovery. In commercial-scale plants, operating with “zero discharge” of
process-affected waters, water management of both present and future
inventories is a complex issue, as can be seen in Figure 31(a) [139]. In the
Syncrude operation, for example, there is, at present, an inventory of
process waters in these various sinks of more than 700 Mm?>, F igure 31(b).
It is projected that under present mine plans this stored volume will
almost triple over the next 25 years of operation.

Over the projected life of a commercial-scale oil sands operation, such
as Syncrude, the volumes of process-affected waters will be large. The
quality and quantity of this water may affect water usage in the plant, as
well as both onsite and offsite reclamation approaches [136]. As can be
seen in Figure 31(a), much of the plant water requirements are drawn
from the water released from the various sinks. To ensure optimized use
of this water, factors that would adversely affect extraction efficiency or
plant performance (scaling, corrosion) must be minimized.

The properties of the tailings waters are affected by the extraction
process (Figure 32). The dissolved components, including the inorganic
salts and dissolved organics associated with the water phase, are the
most mobile, either through direct discharge or through long term
seepage or release into the reclaimed landscape. The solids fraction in
the extraction tailings includes sand, silts, clays and low levels of
unrecovered hydrocarbons and can be expected to develop into traffic-
able deposits. Such tailings deposits are suitable to terrestrial recla-
mation strategies [136]. Fluid tailings will be incorporated into these
deposits or will be placed in secure storage areas where they will retain
their fluid character for a long time. The latter case is described as a
“wet” reclamation option, and entails the formation of water-capped fine
tails lakes or wetlands in which viable self-sustaining aquatic habitats will
develop [140-142].

The properties of the water are important factors in the success of
both “dry” and “wet” reclamation options, as is shown in Figure 33. The
acute and chronic impacts of the process-affected waters on aquatic biota,
wildlife, plants and humans exposed to them are being investigated. The
common feature in these end-of-lease landscape units is the water. The
inorganic salts or dissolved organic matter leached from the oil sand or
added by process chemicals will have the potential to affect the plants
used in terrestrial habitats, as well as the abundance and diversity of
aquatic biota [136]. Issues such as survival, growth, fecundity and
diversity of the reclaimed ecosystem are being addressed, and most of
the short term detrimental biological effects of the process-affected
waters to aquatic organisms have been shown to be associated with the
organic acids in the dissolved organic fraction [142].
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Figure 32. Source of naphthenic acids in oil sand processing and
examples of the types of structures and the range of compounds included
in the naphthenic acid group.

While unrecovered bitumen accounts for the largest fraction of
organics in the tailings materials, most of the dissolved organic matter is
found as the polar components of the acid fraction. The major component
of this has been identified as a mixture of carboxylic acids known as



10. ScuramM etal. Athabasca Oil Sands Processing 411

"WET" LANDSCAPE "DRY" LANDSCAPE
RECLAMATION RECLAMATION

| PRECIP f
RECHARGE EVAP f
RUNOFF l EVAP

ailings Solids

~Fine Tails Mixes
~Dewatered Fine
Tails

~-Composite Tails

GROUNDWATER

3 FINE TAILS}
§ ZONE

NON TRAFFICABLE

(FLUID) DEPOSIT
11S0d3a 318VOIddviL

WATER RELEASED
t FROM RECLAIMED
{ AREAS
WATER INPUT

TO CONSTRUCTED
WETLANDS

CONSTRUCTED WETLANDS
AVERAGE RESIDENCE -SHALLOW
TIME: 1-2 years -HIGHLY
PRODUCTIVE

OFFSITE
DISCHARGE

Figure 33.  Components of fine tailings reclamation.

naphthenic acids, some of which are surface active. Although, as dis-
cussed in earlier sections, the surface active sodium naphthenates are
beneficial to bitumen recovery, the full range of extractable naphthenates
presents both operational (corrosion) and environmental (toxicity) con-
cerns [140, 143, 144]. This group of acids is represented by the general
formula , RCOOH, where R is a naphthene. They are referred to as
“petroleum acids” and include the carboxylic acids in crude oils [143].
Crude oils from various sources have been reported to contain between 0
and 3% organic acids. Generally, they are monobasic alkyl-substituted
acyclic and cycloaliphatic carboxylic acids with little evidence of unsatura-
tion and acid numbers in the 175-300 mg KOH/g range [143]. The
commercial forms of the naphthenic acids are generally a complex
mixture obtained by the caustic extraction of petroleum distillates from
naphtha and kerosene fractions (200-370°C). At temperatures above
500 °C, decomposition occurs. The manufacturing process produces a
product that will be contaminated with other acidic components from the
crude oils (phenolic and sulphur compounds). The use of commercially
available naphthenic acids as standards is further complicated by differ-
ences in source and production [145]. Since the term, naphthenic acids,
refers to a group of similar compounds, it is difficult to choose good
representative “primary” standards for both process and environmental
studies.
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In the oil sands, the levels of organic acids in the bitumen have been
reported to be in the 1-2 wt% range [146]. However, the concentrations
of naphthenic acids measured in the extraction waters only represent a
small fraction of the organic acids in the original bitumen. Based on the
naphthenic acid concentrations determined in the extraction tailings, and
expressing this relative to the original bitumen content of the oil sand, the
calculated acid content is only about 0.1-0.2%, or about 10% of the total
organic acid content expected in the bitumen [146, 147]. This may reflect
the different analytical approaches and their selectivity.

Work undertaken to determine the structure and composition of
naphthenic acids, using FABMS, has shown a similarity between the
material present in conventional crude oils [93] and bitumen from the
Athabasca oil sands deposits [94]. The naphthenic acid grouping is a
mixture of a large number of saturated aliphatic and alicyclic carboxylic
acids, represented by the general formula, C,Hg,, + :O9, where n indicates
the carbon number, and z indicates the number of hydrogens lost for each
saturated ring structure in the molecule. For each ring in the structure,
two hydrogens are removed, so by using the z-number, various series are
indicated: straight chain (z=0), one-ring (z= —2), two-ring (z= —4),
three-ring (<z = —6) structures, etc. With a range of carbon numbers
from about 10 to 30, and of z numbers from 0 to —6, as well as various
possible isomers, the number of compounds within the naphthenic acid
grouping can be quite large (Figure 32). At present, there is no evidence
of significant unsaturation or aromatic character evident in the naphthe-
nic acid groupings [94, 95]. A review of the sources, properties and
environmental fates in the oil sands has recently been completed [147].
Questions about the characterization and pathways of this group of
compounds still need to be examined.

As shown in Figure 32, the naphthenic acids will be released during
processing of the oil sand. As shown earlier, the log K,.’s of the
naphthenic acids at the ambient pH of the Athabasca surface waters (pH
7.5-8) will be in the 0-1 range (Figure 13). This means that the
bioaccumulation potential should be relatively low. In addition, the
naphthenates have been shown to be relatively quickly degraded by
microbes (naphthenate-degraders) under optimum processing conditions
[136, 140, 142, 148, 149]. Under natural conditions, the rate of degrada-
tion of the naphthenic acids is slower, but does proceed quickly enough
that within one year of isolation from fresh input of tailings waters, the
acute toxicity of the water is removed [136]. Natural bioremediation of the
toxicity associated with this group of compounds is the basis for many of
the reclamation options that are now being pursued (Figure 33). The
surfactant character of a fraction of the naphthenates will ensure that
some attenuation of the naphthenic acids can be expected if process-
affected waters intrude into the slightly alkaline conditions (pH 7-8.5)
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seen in most of the groundwater in the surface aquifers of the area. In
Figure 34, the sorption distribution coefficients (Ky) for naphthenic acids
on several possible substrates are shown. At equilibrium, K is given by

(Naphthenic acids sorbed per g of solids)
d =

(Naphthenic acids per g of water)

In sand, the low Ky values (<0.5) would suggest little attenuation, while
greater adsorption onto clay substrates takes place, since the Kq's were in
the 1-3 range.

Even the contact between natural waters and exposed oil sands with
erosion through the McMurray Formation will result in the release of low
background levels into the waters of the area. In Figure 35(a), the results
for water samples taken from the main stem Athabasca River (upstream,
within and below the main oil sands deposit around Fort McMurray, in
northeastern Alberta) and several tributaries in the deposit area, show low
but measurable levels of naphthenic acids being observed. When com-
pared to the levels of naphthenates found in the process waters and those
influenced by them, the levels present in the process-affected waters are
much higher. As one proceeds from the extraction tailings, to the tailings

Sorption Coefficient (Kd)

Quartz . Tailings
Sand Hlite Sand

Kaolinite Montmoritlonite Fines

Extraction

Figure 34. Change in the sorption distribution coefficient (Kq) of
naphthenic acids with various substrates: sands (quartz, tailings coarse
fraction) and clays (kaolinite, illite, montmorillonite, and oil sands fines).
Naphthenic acids were determined using the FTIR method, and using a
procedure based on ASTM Method E1195-87.
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Figure 35. Naphthenic acid concentrations and toxicity (Microtox
IC20) for (a) waters collected along the Athabasca River (from about
100 km upstream of Fort McMurray to the delta of Lake Athabasca), and
(b) various waters at Syncrude’s Mildred Lake Site. With time, the
original toxicity and naphthenic acid levels in the fresh process waters
(PW, SP) show a steady decrease when removed from fresh input of
tailings (SS, 1, 3, and 5 years). Levels in the Athabasca River represent
natural surface waters.
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waters, to seepage waters, to influenced surface runoff and groundwaters
on active site, there is almost a 2 orders of magnitude range (from >130
to less than 1 mg/L), Figure 35(b).

Processing of oil sand using hot water digestion is more effective than
the natural erosion seen in the Athabasca River drainage area, and, as
expected, greater amounts of the naphthenic acids are released. In Figure
36, the naphthenic acid contents in tailings waters produced from the
processing of six oil sand samples using the batch extraction unit (which
uses a water:ore ratio of about 2, versus about 0.7 in commercial-scale
operation) at various NaOH dosages (0-0.06 wt% of the oil sand) and
waters (deionized and river water). Even with no NaOH addition (de-
ionized and river waters), the pH’s of the oil sand slurry were alkaline and
concentrations of naphthenic acid were in the 30-50 mg/L range. With
NaOH process aid addition, the pH values in the tailings waters were
elevated, as were the naphthenic acid concentrations (60-125 mg/L).
The addition of NaOH enhances the naphthenic acid release, but
processing without caustic would also add substantial amounts of
naphthenic acids to process-affected waters.

In the extraction process, the elevated pH’s and abundance of sodium
ion leads to greater solubilization of this group of compounds. In the
produced waters, the acids will be in their carboxylate form, which in the
oil sands extraction waters will be as sodium naphthenates (Figure 32).
The extracted “petroleum acids” can be grouped into families based on
the “¢” and “z” numbers described earlier. However, there is no specific
analytical method that has been shown to provide both qualitative and
quantitative information on the individual compounds in the naphthenic
acid group. As a result, most of the aquatic analyses have been carried out
using the FTIR method described previously. This method is quite
sensitive and suitable for the ranges seen in the process waters, but
because of its lack of selectivity, interferences will be contributed by other
organic acids that may be in the sample.

The levels of naphthenic acids in extraction waters are acutely toxic to
many aquatic biota [136, 147]. Application of molecular toxicity methods,
in which stress-inducible genes from E. coli are exposed to oil sands
derived naphthenic acids, indicated that the main toxic response was
indicative of cytotoxicity with osmotic stress and membrane disruption
[150]. The results are consistent with toxic effects of surfactants. The
application of the toxicity identification evaluation (TIE) protocol of the
U.S. EPA (1991) to oil sands tailings waters was valuable in determining
the fraction of the tailings water responsible for the reported acute toxicity
[151]. The general physical and chemical fractionation scheme is shown in
Figure 37(a), with the approximate percentages of the acute toxic
response for each of the fractions. As shown in Figure 37(b), the acute
toxic responses for several trophic levels (bacteria, invertebrates, and fish)
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Figure 36. Relationship between acute toxicity (IC50 and IC20) and
naphthenic acid concentrations (mg/L) in extraction waters from the
batch extraction unit (BEU), with varying levels of NaOH added during

processing.

show the same effect. Most of the acute toxicity was accounted for by the
fraction precipitated out under acidic conditions or that removed by a
reverse-phase solid absorbent (C) at all pH'’s. These observations on the
loss of toxicity are consistent with organic acids with surfactant properties,
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such as the naphthenic acids. The TIE was conducted using the bacterial
bioassay (Microtox), but the same general response was observed with
other species, although the sensitivities were species dependent [150].
This indicates that the fresh tailings water had different relative toxicity,
with the fish (rainbow trout, Oncorhynchus mykiss) being much more
sensitive than the invertebrates Daphnia magna and slightly more
sensitive than the bacteria (Vibrio fischen), Figure 37(b).

The naphthenic acids in fresh tailings water show a direct dose
response as shown in the Microtox bioassay results in Figure 37(c),
where fresh surface zone water from the Syncrude’s Mildred Lake
Settling Basin was diluted with deionized water. The initial tailings
water, with a naphthenic acid concentration of 128 mg/L, was quite toxic
(IC50 = 21% by vol.), and not until it had been diluted to about 10% was
the IC50 greater than 100%.

However, with ageing, the toxic response per unit of naphthenic acid
decreases. From Figure 38, the reduction in naphthenic acid content and
of acute toxicity with time for tailings waters, stored under aerobic
conditions, is evident for an array of biota. Natural bioremediation
processes are proceeding in the oil sands extraction waters, once they are
removed from fresh input of process waters and maintained under aerobic
conditions. This biodegradation process is the basis on which the both the
“wet” and “dry” landscape reclamation options operate. With time, waters
will be slowly released from the various sinks (sand deposits, fine tails) in
the end-lease landscape. If the rate of their release is less than the rate of
the bioremediation processes, then the resulting waters should have the
toxic components of the naphthenic acid group reduced to levels that will
ensure the waters are neither acutely nor chronically toxic [136, 142].

The potential for the naphthenic acids to cause long term impacts is
lessened by the properties of these compounds. It has been found that
there are naturally occurring naphthenate-degrading bacteria present in
most of the active water bodies at the Syncrude site, for example, with the
highest concentrations (107 to 10° cells per g dry weight) being found at
the sediment and fine tailings interfaces [152]. Naturally occurring
populations of bacteria have been shown to degrade the naphthenates
[148, 149]. With the use of surrogates of naphthenic acids that included a
range of molecular weights, ring structures and positioning of substitu-
tions, varying degrees of mineralization were reported [148]. When e
labelled surrogates were used, rates of mineralization were also com-
pound dependent and could be enhanced by nutrient addition [153].
Selective rates of removal of compounds within the naphthenic acid
envelope can be expected. Differences in relative toxicity of the various
compounds have also been indicated, so the application of specific
concentration limits for environmental criteria of water quality will be
difficult to establish.
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Figure 37. (a) Contribution to acute toxicity of Syncrude’s fresh tailings pond water from MLSB based on the
fm( tionation scheme and manipulations in the 1991 US EPA toxicity l(l(’)ltlflt(lfl()ll evaluation (TIE) method as reported
in Verbeek et al. [151]. Toxicity was determined using the Microtoc /i{lll(’i’l(ll bioassay. (b) Change in acute toxicity of
Syncrude’s tailings water determined with bioassays using bacteria (Microtox"), rainbow trout, and Daphma magna, be ore
and after the l()nml,al()fthe acid fraction from the water. (() Change in naphthenic acid content and acute toxicity (Microtox
IC50) in tailings pond water from Syncrude’s MLSB as it is diluted with deionized water.
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water extraction process that was allowed to age naturally (isolated from fresh tailings input for 7 years). Initial LC50 to
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The levels of naphthenic acids in oil sands water will be relatively high
in the fresh tailings, but over time the aerobic degradation of this material
will limit its build up even in active process waters and eventually lead to
its reduction. In an active oil sands settling pond, where tailings are added
and released water is recycled back to extraction, the results of a four year
period show little change in either the naphthenic acid content or the
reported acute toxicity. Even though the MLSB water has been effec-
tively recycled over eight times, no obvious change in the water quality
with respect to toxicity and organic acids was measured, while during the
same time an increase in about 25-40% of the ionic content was seen. The
role of natural processes in limiting the toxic character of reclaimed sites
is very important. Ongoing research projects are underway to assess the
short and long term potential of bioremediation processes to treat
process-affected waters and meet acceptable water quality criteria for
preventing detrimental biological influences [136, 139, 141].

Surfactants and Corrosion. Finally, in addition to the recla-
mation issues surrounding the levels and composition of the naphthenic
acid group in oil sands waters, there is concern regarding the potential for
corrosion. Naphthenic acids are a source of corrosion problems in the
upgrading and refining stages of petroleum processing [93, 143, 156, 157].
They have been reported to initiate corrosion in the 200-400 °C range,
when in the liquid phase. The corrosion rates associated with naphthenic
acids are accelerated by velocity and turbulence, and can be mitigated by
the presence of sulphur compounds and correct metallurgy [154].

Naphthenic acids have been identified as causing high-temperature,
non-aqueous corrosion in refineries [155, 156, 157]. The exact mechanism
is not well understood, but it seems to involve the formation of the metal
naphthenates at the affected surface, and the mobilization of the
naphthenate in the hydrocarbon phase because of its solubility. The
naphthenic acids are only corrosive at temperatures above about 230 °C.
The rate of naphthenic acid corrosion will increase with temperature
since the process involves the mobilization of the metals rather than
forming a scale or protective layer, as occurs with hydrogen sulphide
based corrosion [155, 157]. When acting concurrently, the presence of
naphthenic acids may increase the sulphidic corrosion. Because the
vaporization point of the naphthenic acids is in the 250-350 °C range,
the processing units that will be most at risk from the naphthenic acid
corrosion will be those where distillation point oil products are handled or
processed. In most refineries and in the upgrading facilities used in the oil
sands industry, this will occur primarily in the atmospheric and vacuum
towers, where the light and heavy gas oils are handled or treated [156].

In Figure 39, the results of the measurement of the naphthenic acids
in various streams of Syncrude’s commercial upgrading facility are
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Figure 39. Naphthenic acid content (mg/kg of bitumen or carbon) in
various hydrocarbon streams in Syncrude Canada’s upgrading facility.
Concentrations are based on leached naphthenates from a three-times
extraction with IN NaOH.

summarized. The reported values are based on the potential leachable
naphthenic acids from the hydrocarbon streams, as determined in a three-
time 1:1 extraction with IN NaOH. With the log K, of the naphthenic
acids being in the 0 range for such an aqueous separation (Figure 13), the
extraction should remove most of the soluble naphthenic acids, but a
more exhaustive extraction may be required. The results can be consid-
ered a relative gauge of where the naphthenic acids from the original oil
sand bitumen are distributed in the upgrading process. It appears that the
light (LVGO: 340-380°C) and heavy (HVGO: 380-500°C) gas oil
fractions are enriched in the extractable naphthenic acids, while the
coker bottoms (vacuum bottoms: > 500 °C) are depleted in this group of
organic acids. At the higher temperatures, decomposition of the non-
distilled naphthenic acids can be expected [157]. As a result, in an
industry such as oil sands processing, the protection against corrosion
associated with the naphthenic acids should focus on susceptible zones in
the further refining and handling of the LVGO and HVGO cuts.

From an operational perspective, naphthenic acids are both beneficial
and potentially a concern. As has been discussed earlier, the surface active
properties play an important role in the efficiency of the bitumen
separation methods from oil sands. These same surface active properties
result in toxic responses to an array of biota that may affect the water
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management and reclamation options available to the oil sands industry.
In addition, the corrosion resulting from the naphthenic acids poses an
upgrading concern that must be controlled. At the same time, the
research efforts are hampered by a lack of specific and sensitive analytical
tools to better understand the role and pathway of impact of individual
compounds within the naphthenic acid group of compounds. There is still
considerable work required in the oil sands industry, to explain and
predict the impact of this group of compounds. From the reclamation
viewpoint, the relative ease and speed with which natural bioremediation,
through microbial activity, proceeds appears to minimize or eliminate
detrimental biological effects of the naphthenic acids and increases the
confidence in end-of-lease reclamation options.

Summary

We have shown that in order to apply the hot water flotation process to
Athabasca oil sands, one must deal with a number of phenomena
originating from the discipline of colloid and interface science, particu-
larly surfactant reactions and surface and interfacial surface activity
leading to phase dispersions including suspensions, emulsions, and
foams of various kinds. The initial oil sands slurry contains rocks and
particles from which bitumen must be separated. Next, the bitumen must
become aerated, preferably by encapsulating gas bubbles, and then
floated, after which the floated bitumen globules coalesce to form a
special kind of non-aqueous foam known as bituminous froth. The actions
of natural surfactants originating in the bitumen form the physical
chemical basis for several of these sub-processes. Surfactants from the
process, particularly those in the naphthenate class, persist into the
process tailings settling basin, giving rise to a number of concerns,
including bioaccumulation, toxicity, and corrosion.
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List of Symbols and Abbreviations

A Attachment coefficient
BEU Lab-scale batch extraction unit for hot water conditioning and
flotation processes
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B/W/S Bitumen, water and solids concentrations

CCS

{es

0
CCS

0
CCS

EEC

Aqueous concentration of carboxylate functional surfactant
(flooded stage)

Aqueous concentration of carboxylate functional surfactant
(slurry stage)

Critical aqueous concentration of carboxylate functional sur-
factant (flooded stage)

Critical aqueous concentration of carboxylate functional sur-
factant (slurry stage)

Experimental extraction circuit, a 2.5 tonne per hour contin-
uous hot water processing pilot plant operated by Syncrude
Canada Ltd.

ESIMS Electrospray ionization mass spectrometry
FABMS Fast atom bombardment (negative ion-mode) mass spectro-

met
FI-MS  Fluoride ion (chemical ionization) mass spectrometry
FTIR Fourier transform infrared spectroscopy
K4 Sorption distribution coefficient

KOW
PSV

S

Octanol/water partition coefficient

Primary separation (flotation) vessel in a continuous hot water
processing plant

Spreading coefficient

VBivAq Aqueous solution/bitumen interfacial tension

VBit
(e}
yAq

Bitumen surface tension
Aqueous solution surface tension
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