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Abstract

Foam is a fascinating twghase phenomenon with a wide range of different industrial applications;
contaminatedaquifer remediation, separationf wastewaters, enhanced oil recovery, gas leakage
preventionand matrixacidizing treatments to name a few. The success of these applications relies
heavily on the choice of the foastabilizing agent (e.g., surfactant). The surfactant should provide a
set of specific and desirable foam properties under the intended conditiSitecemany variables
affect surfactants and foam, it is important to understand how and under what conditions various

factors contribute to foam properties.

The aim of this studisto evaluate salt effects on bulk foam properties with commercial surfactants.
Salt tolerance to surfactants antie effect of salinity on foam properties are important fitsand
knowledge in all surfactant selection processes. Such knowledge willuslirainate many surfactant

candidates for different saline environments.

In this thesis, effect of salt type, concentratiaand ionic strengthare evaluated in a standard bulk

mixer test at ambient conditions with respect to foamability and foam éitgbiFoamability refers to

GKS aloAfAGeéd 2F GKS &adaNFIFOGlFyd G2 3ISYSNXraGsS T2
understood as a parameter describing changes in the foam with time, immediately after the foam is
generated. Two commercial aniaréurfactants (i.e., AOS and SDS) and one cationic surfactant (MTAB)

are used. Salt effects on bulk foam propertiage also evaluated with different complexon-polar

phases present (i.e., crude oils from different oil fields)

Based on the results obtadd, cationic MTAB surfactant shewignificantly higher salt tolerances
comparedto anionic AOS and SDS surfactants. The anionic surfactagsnsitive to relatively low
concentrations of CagINevertheless, interestingly high tolerances to M@g€POmol/L) are observed

with all surfactants.

Tests with NaCl and MgGhlt solutions adjusted to the same ionic strengdhew thatfoamability

with AOS surfactansmore dependent on ionic strength than salt ty@de gposite trendisobserved

with MTABsurfactant, showing reduction in foamability with increasing salt concentration and ionic
strength. Foamabilityis in general better with anionic surfactants (AOS and SDS) compared with

cationic surfactant (MTAB).

In the presence of oil, foamabilityiis general reduced in the presence of oil compared to without oil.
Increasing surfactant concentration increases foamability for the two surfactants, nonetheless. We
O2dzZ Ry Qi 20 aS NEBuSgedin idhic Srenyth andidailysiluti@nBthe foanability when

crude oil is added. In additiorhe results indicate that there might be a different influence of salinity

and ionic strength on bulk foam stability with and without oil present
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Chapter 1

1.Introduction

Foam is amixture of gas, liquid and foamer (Figure 1) The gas becomes the discontinues phase
(dispersedpnd liquid is the continuous phase (the dispersion mediunfulk foam gas bubblesre
separated by thin liquid films called lamella.recent decadeghe fundamentalfoam systers and
their nature and behavior in differentonditions werestudied wédl and wide In addition, many
laboratory experiments have begrerformedin various areas of foam applicatio(@chramm, 1994
Schramm, 2006HIRASAKI, 198Rubio et al., 2002

Foaming properties of solutions of various surfactants are generally describtsinis of their
foamabilityand foam stability The termfoamabilityrefers tothe ability of the surfactant solution to
form foam unekr given conditions. The terfioam stabilityis variation/duration of the foam bubbles

(mostly as changes of height or woie)with the time immediately after the foam is generated.

Foam is by definition thermodynamicallyunstable system and cannot ligeated as a newphase.
Several parameters can influence the properties of foam, such as the surfactant type and
concentrdion, gas composition, brine composition and salinity, interactions with oil, media, and
temperature and pressure conditions and so on. A change in one or several of these parameters may
affect the performance of foam and, consequently, the success peatefdr the intended foam
application.A good understanding of the properties/tolerances/limits/performance to various foam
stabilizing agents is therefore importanikt is also important to understand foam on a broad
experimental scale.

In thisthesis,the fundamentas of foam are presented, studied and discussed well. To understand
more about the behavior of foam in differeapnditionsandto improve knowledge and devel@gnew
understanding of different stabilizing agents to foamanyexperimentsare performed includingthe

effect ofsalinityand concentration, the type afurfactant andoil-foam interaction by using different

crude oils.
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1 Gas
Phase
. ' '+ ' ]
I;;qwd Foamer Water Gas
hase {Surfactant)

Figurel: Foamstructureand foam componentf/ikingstad et al., 2005

1.1 Thesis Objectives

The successte of all foam applications relies heavily on the choice of the fstahilizing agent (e.g.,

surfactant). The surfactant should provide a set of specific and desirable foam propettiestha

intended conditionsSincemany variables affect surfactants and foam, it is important to understand

how and under what conditions various factors contribute to foam properties.

The following questionare addressed in this thesis:

1
1
1
1

What is the diference between anionic and cationic surfactambulk foam propertie®
Is there an optimum satype or ionic strengthwhich provides thebestfoam properties?
Is there an optimum surfactant concentratiarhich provides théestfoam properties?
Can chages insalinityor surfactant concentratioimprove bam propertiesin the presence

of oil?

A ®riesof experimentsare done tostudy:

1.

Properties of surfactanstabilized systemgqsurfactant solubility, salt tolerance, surface
tension and CMC).

Bulk foam propertiegfoamability and stability)

- Effect ofsalt type concentratiorand ionic strength

- Effect of surfactant typécationic and anionic) ancbncentration

- Effect ofoil (low concentration, five different crude oils)

Study the different theoriesmbout foam stability in the presence and absence of oil. (i.e.,
determination and evaluations of Spreading and Entering coefficient, Lamella number and

Bridging coefficient
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2.Fundamentals

This section pertains with the fundamentalsof surfactant method ofthemical oil recovery, which

includesfoam, surfactantand salinity effect

2.1 Foam
One of the objectives of thisectionis to present the fundamentalsf foamsused in enhaned oil

recovery We also briefly discuss some basic scientific concepts tHshplthe readers to understand

more about foam generation under different conditions

2.1.1 Definition of foam

Foan is defined as gas dispersed in a continuous liquid p{&daamm, 2006 Foams can stabilize by
usingsurfactants. The illustration of a foam system casbéenin Fgure2. Lamella and Plateau border
details are spefied within the enlarged areaThe lamella is the thin film, between two plateau
borders, where three lamellae meet at anglespo€ Ydue to a polyhedral arrangement of bubbles in
foam (Schramm, 2006 The width of this region (plateau border) is dependent on the capillary
pressure. If the capillary pressure increases the lamdliickness decrease untikéactesthe critical
thicknessQ , which will make the lamellae collap§ossen, 1996Generation of foam can take place
by disturbing an aqueous solution with surfactant while in contact with(§agng, 2018The thin
liquid films are stabilized by adsorption of surfactant molecules on botls sifléhe film(Farajzadeh

et al., 201). Theproperties of thin liquid films are important in the discussion of foam stability.

Plateau Gas
Border
Lamella
Foam
Bulk
Liquid

Interface
Liquid Thin Region
Film Region

Figure2: A schematic illustration of a foam system. Lamella and Plateau details in the bulk foamaaged on the left
hand side. A container with bulk foameisillustrationon the righthand sidgSchramm, 2006
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2.1.2 Foam application

The oil industry has several applications with foam including enhanced oil recovery, well stimulation
and drilling. There are also numerous other applications of foam, ranging from a var@tgrgtiay

uses (e.g., personal care/house products suchshaving cream, shampoo, bubble bath, and
firefighting) to many chemical and industrial processes (e.g., food/beer industry, environmental
remediation and mineral flotation). In the food industry,afas play an important parin both
appearance and taste like bread. Froth flotation is a process for separating minerals from nonvaluable
rock and dirt by using foanfurthermore, foam can be applied for environmental purposes, like
wastewater treatment sgtems. They use foam to remove fine solids from the water stream by
absorbing the solids onto the foa(Rubio et al., 2002

2.1.3 Enhanced Oil Revery

More than half of oil discovered around the world remains unrecovered after using conventional
production techniqus, namely, primary and secondargcovery Enhanced oil recovergalso called
tertiary recoveryisa class of methods that aim to ie@ase the recovery factor of a reservoir beyond
the levels typically achievable with primary and secondary [Sheng, 265§ thermal, chemical or
other methods The major shortcomings of these EOR methods are their poor volumetric sweep
efficiency, espeially gas injection due to poor gas contact with(Kilehne et al., 199(Rossen and

Van Duijn, 2004 In other words, the injected fluids are only able to contact and displace a rather small
portion of the oil in tke reservoir. Consequently, large volumes of oil remain uncontacted and unswept
in parts of the reservoir. Under such conditiottse application of foam can be a technically feasible

way to overcome this problerfRossen, 1996chramm, 199&Kovscek and Radke, 1994

The main target for EORpplicationsis to improve both the volumetric and the microscopic
displacement efficiency. Improving the volumetric displacement efficiency can be achieved with
mobility control. By either increasing or decreasing the viscosity of one of the fluids, ideal mobility
ratios can beobtained. Increasing the microscopic displacement efficiency targets the capillary
trapped oil. By reducing the interfacial tension between the displacing and displaced fluid, the capillary
trapped oil can be producedcOR methods can be classified irtgarfclasses, according fagure 3.

Foan, as studied in this thesiss partly classified as ghased EOR methods and partly as chemical

(surfactant}based EOfRnethods.
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Figure3: Smplified view of EOR methofdandal, 2019.

Based on the material balandee recovery factofQ , can be defined a$karestad and Skauge, 2009
(0] — 0 & O & & @)

Where( is the produced reserves, N is the total resen@sh'O ,’O and'O are the microscopic

volumetric, vertical and areal displacement efficiency, respectively. These concepts are illustrated in

Fgure4.
0 0il
B Gas
Water
Producer
Injector

Figure4: Recovery efficiency from gas injections may be low due to (a) poor microscopic sweep eflici€hfypoor
volumetric (areal/vertical) sweej) ; (c) viscous fingering problems; (d) gas override; or (ellgasnding through highly
permeale intervas ( thiefZones)nodified from(Solbakken, 20105
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The microscopic displacement efficien€y,, and the volumeti displacement efficiency® , can

further be defined as:

O 2)

(¢) 3)

The aim of increasing the microscopic displacement efficié@cys a production of oil that remains
in the part of the reservoir already swept by the displacing fluid (decreasing residual oil satfivadion

e.g. reducing capillary force by injection of surfactant.

The ainfor increasinghe volumetric displacemendfficiencyO is to produce oil that remains in the
reservoir not swept by the displacing fluid, e.g. trapping mechanism and increasing the displacing fluid

viscosity using polymers.
2.1.4 Foamfor enhanced oil recovery

In EORmethods, foam has primarily é&en used to regulate the mobility ratio during gas injection
(Figire5-a), or it has been used to shoff unwanted gasnflow in production well treatmentsKigure

5-b). In fact, the combination of water, gas and surfactant to genei@efin a reseroir canmitigate

the problems associated with gas injections and improve gas sweep efficiency to recover mitre oil

presence of a foaming agent in porous rocks can rethieenobility of gas and water simultaneously,

stabilize the gas injection fronhd prevent unwanted production of gas and water from the reservoir.

These uniqueffectsOlF y  834A 4G GKS NBASNI2ANI SYIAYSSNI gA 0K |

that can improve the ultimate recovery amgonomics in mature oil fields

One of he major challenges to the success of foam in EOR is the adverse influence of oil on foam
stability and characterization of the complex interaction between the foam aifBavdjzadeh et al.,

2012 Nikolov et al., 1986 Results from bulk foam experiments in the literature show an apparent
contradiction of the effect of oil on foam stability. Some authors have argued that the presence of oil,
especially lighter hydrocarbons, destroy or prevent the generation of f(dimssieux, 1974Denkov,

2004). Others, on the other hand, have shown that stable foanmshmgenerated in the presence of

oil if an appropriate foaming agent is seleci@tkolov et al., 198Mannhardt et al., 1998
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Prod.

Foam improves gas sweep efficiency
- gas recovers oil.

(b)

Figure5: Field applications of foam for EOR: (a) Injection well treatments; support gas injections with mobility control to

combat viscous fingering problems, gas overrides, or excessiveofigas through highJS N S 6t S GG KAST 1T 2y ¢
reservoir (i.e., conformance control, selective blocking, gas diversion, gas sweep improvements). (b) Production well
treatments; prevent unwanted fluids from coniradpanneing into the wells (i.e., Ga®ilRatio/WaterOilRatio control). The

figure modified from(Solbaklen, 2015.

2.1.5 Foam in Porous Media

Foam confined inside the pore network of a reservoir rock has a fundamentally different morphology
from the structure ofthe bulk foam. The confined foam is made up of individual bubble of gas
separatedby liquid sheath®r lamellaeas in Figures. Interaction between lamellae and pore walls

dominates flow behavior

Lamellae

Figure6: Typical morphology of foam in a porous medi(@kauge, 2012
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It is commonly accepted that lamelkcreated by following three mechanisms inside a realistic media
(Ransohoff and Radke, 1938

1. Snap offis a mechanical process, liquid accumesdh the pore-throat and creates a new
lamella.lt is ontrolled by liquid saturation, pore geometry of the porous media and rock
wettability. This kind of mechanism generatstable and scalled strong foamgHaugen et
al., 20126 K24S o0dzoofS aAl S Aa 2F GKS 2NRSNI 2F (K

mechanism puts some gas into discontinuous form.

A) —— (B)

S

Gas—»

AW
=

Figure7. Schematic of snapff mechanism showing (A) gas pene&sito a constriction and a new bubble is formed (B)
(Ransohoff and Radke, 1988

Gas
bubble

2. Lamellae division denotes the event when two or more lamella is created from one. The
lamella approachea branch point ad branches into two lamellad.amella division primarily
occurs when generated gas bubbles exceed thie gize(Skarestad and Skauge, 200bhis
mechanism leads to increasing the number of lamellae of the fanchthus bubblesin the

porous medium. Snapff and lamella division mechanisms are in effect at high flow velocities.

Figure8: Schematic athe lamelladivision mechanism showing a lamella is approaching the branch point from (A) and
divided gas bubbles formed (@®ansohoff and Radke, 1988
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3. Leave behindis considered a local fingering of gas in adjacent pores initially filled with liquid.
Leavebehind does not generate separate gas bubblesdstablistesa continuousgas flow
path. likewise, it happens when gas flowing from two different direcsiconverges to the
same pore, trapping liquid in a pore throat between the two fronts, thus creating a lamella.

This mechanism is important at low velocities and genexedatively weak forms.

Figure9: Schematic of leavieehind mechanism showing gas invasion (A) and forming leifR€B%ohoff and Radke, 1988

2.2 Surfactant

Surfactants areneededto create foam. It is possible to stabilize foam using surfact@ohramm,
1994). Surfactants are chemical compounds that haggeater influence on the surface and interface
properties. Thesurfactantmolecules are composed of two pargspolar head (ioni@anionicor cationic

¢ or polar group) as shown iAgure 10 and a hydrophobidail. The hydrophobic part is typically a
hydrocarbon chain of varying lengtivhich does not show affinityotwater. Surfactants have an alkyl
chain with 822 carbons. Adsorption of surfactant moleculeyasliquid interfaces results in stabilizing
foam film and reducing the interfacial tensiofhereductionof tension in the water and oil interface

is the man driving force that enables the use of chemical EGRRgel et al., 2008

Surfactants havelenty of industrial and domestiapplications; they are present in detergents for
cleaning of both soft and hard surface, as emulsifiers, foaming agents or stabfimecolloidal
dispersionsin various apfications in biotechnology, e.g. separation of proteins in reversed micelles,

and catalysis and as components in many complegymts, e.g. paints and coatings.
Depending on their polar moieties, surfactants can be classified into four gnailps:

1 Anionic: These surfactants are the most used in oil recovery since they are soluble in the

aqueous phase; efficiently reduce IFT, relatively resistant to retention, stable and not

10
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expensive.flan anionicsurfactant isdissolved in an agueous phase, the surfattstarts to
dissociate into a cationi(®) and a monomer.
9 Cationic: have little use due to the high adsorption by the anionic surface of interstitial clays.
1 Nonrlonics: are mainly used as-sarfactants.

1 Zwitterion: have not been used in oil recovery.

hydrophil hydrophob

T g i SN e S o Y nonionic
— /\/\/\/\/\ anionic

+ o S N cationic
P e
- -+ i - - e zwitterionic

FigurelO: Schematic representation of small amphiphilic surfactant mole¢Rlelsind.chem, 2006

When surfactants are added to an aqueous phaseme molecules enter the solution but most of
them stick on the wateair surface which reduces thesurface tension. When the entire surfate
saturatedwith surfactant monomersthe surfactants will fin@lternativeways to minimize the energy

of the system by creating semispherical liquidike aggregates, called micelles (Figiig. Micelles

are of enormous importance in surface science. Micellizatiandgher mechanismto the adsorption
F2NJ YAYAYAT Ay 3 Thks aggrégatém® vreated véhghSwd Badelreached a certain
concentration of surfactants that is called thatical micelle concentration (CMCJhe CMC is the
concentration ofsurfactantsabove which micelles form and all additional surfactants added to the
system go to micellesAny further addition of surfactantafter reaching CM@iill just increase the
number of micellesConsequentlybefore reaching the CMC, the surface tension decreases sharply
with the concentration of the surfactanHowever, &er reaching the CMC, the surface tensiiays
approximatelyconstant Micellization occus over a narrow cocentration rangeor a given system
This concentration is small abopitrt to p 1t mol/Lfor surfactantsypicallyused in EOR. Therefore,

CMC ioftenin the range of a few ppm to tens of ppm.

Thedesiredpropertiesof a surfactant such adeanirg and stabilizing capabilities depend on btk
surfactant characteristics like CMC, the Krafft point and its chemistry and osothton properties

(temperature, time, presence of salts andsarfactants)

11
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Figurell: Surfatant monomer concentration curve and illustration of a typical surfactamaonter. modified fron{Lake,

1984

2.2.1 Surfactants used

In this study, four different surfaictants are used: Alpha sulfonate surfactant(AOS),
Myristyltrimethylammomium bromide surfactant (MTAB), sodium dodecyl Sulfate (SDS), sodium 1
decansulfonate (SDSsHowever,we have furthedooked deeper intanly two types ofsurfactants

whichare:

TheAOSs acommercially available surfactanacceptdle with respect to health and environmental
concerns, and can be produced in large volumes at a relatively low phieemost common formula

from the AOSamily of surfactantds the one with 1416 carbons and it is commonly known as sodium
C1416 olefinsulfonateor AOSMembers of theAOSsurfactant family arestable over the wide range

of pH, and even in hard water. In numerous research work conducted to date, this surfactant has been
used as an alternative foaming agent in reservoirs to achieve gasdrwbility and increase oil
recovery. AOS has been used in several successful field applid#tans et al., 1997Aarra et al.,

2002 Skauge et al., 2002

12
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Figurel2: Molecular structure of an Alph@lefin Sulfonat¢ AO$ (Negin et al., 2017

We used a cationic surfactant as welltms study, which is Myristyltrimethylammomium bromide
(MTAB) to compare between anionic and cationic surfactants on surface tension, CMC and Bulk foam

properties.Molecular structure of the surfactant (MTAB) is shown in FidGre

CHg Br
CHg(CHz)12CHa~N*~CHg
CHs

Figurel3: Molecular structure oM TAB(Sigma

2.2.2 Effects of electrolytes on the solubility and aggregation of surfactéme liquid.

Surfactanseltassembly is driven by many interactions, such as van der Waals, byevogding, and

electrostatic interactions, and they play important roles in determining how micellization occurs.

To understand deeply thehysicalmechanisms, which control seifsembly processesequires
detailed, microscopic level molecular inforn@t. Extracting this informatiorexperimentallyis very
challenging due to the characteristic length (20 nm) and timei(scales associated with surfactant
micelles Due to the hydrogen bonding between the polar groups of surfactants and water molecules
most surfactans have a good solubility in wateHowever, the solubility of surfactant is influenced by
temperatureand water salinitfRiceRico et al., 2009CMC can also be influenced by the presence of
electrolytes (Wennerstrom et al., 1991 The effect of the electrolytes on the solubility and

aggregation behavior vary with the type of surfactant.

The existence of divalent catigmaainlyCa2andMg*? are not desirableThey can significanthgduce
the solubility of ionic surfactants (anionic andioaic) in solutionsconsidering theycan bind to the
surfactant ions through electrostatic attractigivu et al., 2012 These cations have the potential of
causing surfactant precipitation, which cegsult in blocking the poresothey should be kept at low
levels.Researchers/ho studied AOShowed that this family of surfactant performs particularly well

in the presence of divalent ior{slegin et al., 201)7
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Drawing on previous studies and calculatig@sosh et al., 20Qlyan et al., 201Qthe energy barrier
between the head group anblg™?is the straxgest, which means that it is the most difficult fdig*
to enter into the first water shell of head group to form pair, while forNa' it is the easiest. We can
conclude thalCa?andMgcanenterthe hydration shell of the head group. Moreovergthcan affect

the orientation of water molecular surrounding the head group.

When the divalent ions are present, water molecules either can bind to the head group oxygen atoms
directly or bridged by the ions; meanwhile, the cations, includiiay may formion bridges between

two head groug(Yan et al., 2010

2.2.3 Krafft Point
Most physicochemicaproperties of ionic surfactastin aqueous solutions show a very complex
dependence on the composition, ionic strength of the medium, and/or intensive variables. Another

interesting property is the unusual temperatudependence of surfactant solubility.

As for most solutes in water, increasing temperature produces an increaggattantsolubility.lonic
surfactans are initially insoluble however, there is often a temperature at which the solubility
suddenly increases very dramatically. This is knawthe Krafft point or Krafft temperatuigY) as
shown inFgure 14 (Tsujii and Mino, 1978nd is defied as the intersection of the solubility and the
CMC curvedn aher words,the solubility of the monomeric surfactant is equivalent to its CMC at the
same temperature at théemperature. The solubility of ionic surfactarnhcreases very rapidly after

the Krafft point. Knowledge of the Krafft point temperature is crucial in many applications since below
it, the surfactant will clearly not perform efficientiencetypical characteristics such as maximum
surface tensiomeductionand micelle formation aanot be achieved. This temperature is important in

industrial preparations, especially where concentrated surfactant solutions are required.

The Krafft temperature increases witimincreasing number of carbon atoms in the hydrophobic part.
Extensive ressrch work has been dedicated to the effect of chain length, head group size, and
different additives on théY and the CMC of ionic surfactai@hu and Feng, 201Davey et al., 1998
These studies have revealed that the CMC decreadile the “Y increases with increasin
concentration of electrolytesHowever, the Krafft point is typically much highertle presence of

divalent counter ions than monovalent counter ions.

14
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Figurel4: A schematic phase diagram of a surfactant close td<taét point (Abbotf).

2.2.4 Surface/Interfacial tension and ©MDetermination

2.2.4.1 Surface and interfacial tension

Surface tension ia measure of the force acting at a boundary between two phases. If this boundary
is between a liquisbr a solidand a gagWeaire and Hutzlgrthe attractive forces are referred to as
surface tension, but the attractive forces between two immiscible liquiite oil and water or
between a liquid and a solidre referred to as interfacial tensionfThe common unites for

Surfaceinterfacial tension are dynes/cm onN/m.

There are many ways to meaas surface tensionsuch asWilhelmy plate technique, capilkarise
technique, maximurbubblepressure method, dropveight method and ring methodThe surface
tension of surfactant solutions depends on the number of surfactant molecules per unit area at the
surface.For a given surfactanthe surface tension deeases with increasing surfa@@ncentration
(Rosen and Tracy, 1998In other words,the greater concentration of surfactant molecules at the

surface result in the lower surface tension.

At constantpressure and temperature, the surface tension can be defined as the cha(@eGibbs

free energy per surface arg¢a), as seen in the equation bela):
[ — & )

One of the most famous equations when it comes to Interfacial tenssdhe Laplace equation, which
was derived in 1805. Any gendyecurved surface at any point can be identified in terms of two local

radii of curvature Y and'Y ) orthogonal to each other at that point.
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m o or8— — (5)
2.2.4.2 Surface tension measurementRing Method

The Du NOuy method utilizes a platinum r{ig et al., 201)) whichis placed on a measurement hook
connected toa hightsensitivitybalance. Thelatinumring isthen submerged below the interface by
moving the platform on which the liquid container is plac®¥dhen the ring is pulled to the liquid
interface, there is a force that prevents the ring from leaving the liguelto the intermolecular forces
of the liquid This force can be correlated to the surface tension. In other wamlculating surface

tensionis based on the measurement of the maximum force and the perimeter of the ring.

(6)

"O : Maximum force measured
"O: Force of liquid volume 88Q

L: Wetted length athe ring (circumference ahe outer part of the ring+ circumference dfe inner

part ofthe ring)

: Contact angle between liquid and ring (Usually z&rayhen a platinum ring is used)

Time

Figurel5: From force vs. time curves different stages of the expetinvbodified from Kjem319UIB, 201%
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Fgure 15 canbe explaired as follows:

At the beginning1), the ring has no contact with interface, and hence the force is zero. )ahe

ring slightly touches the interface and due to adhesive force betwee ring and surfacehere isa

small positive force. After that (3), the ring is forced through the interface leading to a small negative
force. When the ring breaks through the interface and is fully submerged (4), a small positive force is
measured de to the wires of the ring. As the ring is liftdulough the interface (5 and 6), the measured

force increases until it peaks (7), and then it reduces slightly until the lamella breaks (8).

2.2.4.3 The critical micelle concentration, CMC

CMC is a key thermodynaenquantity of surfactantvater mixtures. Knowledge of this quantity is
crucial for both scientific and practical understanding of how surfactants behave. The CMC is the
concentration at which surfactants in solution change their initial molecular solvattdte. To
determine CMC, therare many wayssuch adight scattering and viscosity. Surface tension is one of
the most common methods used to measure the CMC, because the method is eaggrtate,and

the equipment can be relatively inexpensive. Theiddetermined to be the point at which a change

in slope occurs in a plot of surface tension versus surfactant concentration. We will go in more details

about CMC determination the next sections.

The CMC is influenced byhnumber of factors that areependent on the nature of the surfactant and

the aqueous environment. One of these factors is the ionic strefdgteCMCin an aqueous solution

is influenced by the degree of binding of the counter ions to the micelle. For aqueous systems, the
increasedbinding of the counter ions to the surfactant cassedecrease in th€MCand an increase

in the aggregation numbdMukerjee, 1967. The extent of binding of the counter ion increases with

an increase in the polarizability anélen@ of counter ions and decreasevith an ncrease in its
hydrated radius. There are many researches showhegeffect of monovalent and divalent ions on

the micelle
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Ma+
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Figurel6: Effectof counter ions on molecular packing of AOS at the air/ water interface. Area per molgguie (A>0

This picture modified frorfPandey et al.2003

The phase behavior of anionic surfactant systems is much more sensitive to a change in divalent ions
(Cd?%and Mg compared to monovalent iong) (), especially at low surfactant concentrations
(Nelson, 198}

Sammalkorpi and Karttundrave studied the effect of divalent ions on the surfactant aggregates. They
foundthat the aggregate structures were markedly different in the casa¢adiand CaCl. Egecially,

the aggregates appear much more compact in the casea@fl They observed also that the micelles

in the presence of exceddaClundergo rapid fluctuations in size and shapgaClreduces the

magnitudes of fluctuations in both quantiti€Sammalkorpi et al., 2009

2.3 Importance of Salinity

At an interfaceof an aqueous solution containirgnionic surfactant there will be some repulsion
between the surfactant head group as it carries the same charge. This in turn, makes thigeeffect
headgroup area large due to itSlectric Double LayeEDI. Addition of electrolyts, however, will
weaken the repulsive forces between the head groups #ng allows a higher concentration of
surfactant at the interface/surface. An increase in aathnt/area ratio will decrease IFT/ST
(Tichelkampet al., 2013. Surfactant solution phase behavior is strongly affected by the salinity of the

brine/salts.

The effect of increasing salinity not orilgson pertains to adsorption of molecules at the interface
but it also alters the agqueous phaseluwility. Asthe concentration of salt increasethe solubility of

surfactant in the agueous phase decreases.
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2.3.1 TheElectrical Double Lay&EDL)

A conceptual description of this topic will be helpful in understanding foams and other chemical
enhanced oitecoverymethods. A schematic description of an electric double layer is shown in Figure
17. When a chargegarticleis present in a solution containing an excess of ions, the ions will locate
themselves around the particl® neutralize the surface chge. This accumulation of ionrsnamed

the electrical doubldayer EDL) The double layer refers to two parallel layers of charge surrounding
the particlesurface. The first layer calléke Stern layewhichisformed by ions of opposite charge to

the paticle surface. Thesens are named counteons andare adsorbed onto the particle surface.
The countefions dominate close to the interface due to attractions with the surfate secondayer

is a diffuse layer consisting of free ions that mawneerthe influence of electrostatic attraction to the
surface charge, ancbnsistsof both counter ions and c@ns- ions ofthe samechargeas the surface
(Berg, 2010Hunter, 2013Kontogeorgis and Kiil, 20116

Particle surface

Stern plane
Surface of shear

: ® O

Diffuse layer
Stern layer

Figurel7: Schematic oén electric double layeModified from (Kontogeorgis and Kiil, 201L6

The thickness fothe electrical double layer is called the Deldgagth, 0 [nm]. The Debydength
depends on salt concentration and valgmd ionsand can be expressed by the following equation for

electrolyte solutions at; v C(Berg, 2010Hunter, 2013.
0 — (7)
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Where | is the ionic strength of theolution, whichis a measure of the tal concentrationof ions in

solution, given by:
O -Ba o 8)

Where z is the iomaleng, and C is the molarities of the ions in the solut{Berg, 2010Hunter, 2013.

From this equationthe Debye length must decrease with increasing concentration and /or valance of
ions in the solution, and vice versa. This is consistent with the intuitive idea that a highentration

of ions neutralizes the surface charge within a shorter range, daeariore effective screening of the

particle surface.

When two surfactant monomers with the same charge of the head gevapresent at an interface,

their EDL will interact anekpel each otherHowever, when salt is introdudénto the system, positive

and negative ions will interact with the double layer, decreasing the size of the EDL, and hence
decreasinghe repulsion between the two monome(Brown et al., 2016 Thisis the reason why CMC,

aswellas STIFT decrease in a surfaatiéccontainingsystem when salt is introduced to the system.

3.Foam Stability

Foam are thermodynamically unstable systems, which eventually will col(§bsag, 2018 They
evolve irreversibly over time becae the interfacial area in the lamella diminishes in order to minimize

the interfacial free energy of the systefil{ornev et al., 1999

Foam stability is thebility of foam to resist bubble collapse @moalescenc§RomereZeron and
Kantzas, 2007and it isone of the mostimportant aspectsin foam characterizationHowever,foam
stability is relatively difficl to control, since it aaffectedby many parameters, such as the amount

and type of foarmgagentandthe method of foam preparatiofGhorbani et al., 20)9Foam stability

can be quantified by measuring its htifé (Sheng, 2013which can be monitored by the evolution of
liquid content of foam as a function of time. There are three different mechanisms governing the half
life of foam: foam drainage (liquid drains out of the foam nhaithrough Plateau Borders and nodes
under gravity), coarsening (enlargement of large bubbles by gas diffusion from smaller adjacent
bubbles induced by the capillary differences) and bubble coalescence (merging of neighboring bubbles

due to the rupture othe liquid films between then{Cantat et al., 2013

For foam in porous media, the principal mechanisms are the capillary suction coalesttencapillary
pressure, the interfacial elasticity, and the disjoining presstine. attribute that distinguishes foam in
porous media fromhe ordinarygasliquid flow is the stability of the lamell@hestability of the lamella

is also verglepender on the chemical properties of the surfactants. The foam films (lamella) are thin
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free staying layers of aqueous solution surrounded by gas from both ¢kigsre B). Usually
surfactant molecules adsorb on both film sides and stabilize the film. Aibkness of the films is
usuallyonly a few micrometers but could be even only a feanometers while their area could be

extended to a few square metefg/eaire and Hutzler, 2001

Hydrophilic polar "head" #@_. Hydrophobic non polar "tails"

L000000000004000000000000¢

A

Figurel8: lllustration of a thin film stabilized by surfactant molecy@slbakken, 2015

Surfactants stabilize lamellae by reducing IFT, improving lamella elasticity, and increasing disjoining

pressure (Farajzadehteal., 2012 Bureiko et al., 2016

3.1 Gravity drainage

The most obvious force acting on foam is the gravitational force, causing drainage of the liquid
between the air bubbles. The drainage canif@roved by increasing the viscosity of the bulk liquid.

As a definition, the hinage is the irreversible flow of liquildrough a foanfilm membraneviaplateau
borders under the influence of both gravity and capillary forces. As water begins to drain undgr,gra
the top of the foamquickly becomes dry, with <1Bguid, whilst the bottom remains wet. The shape

of the bubblegransformsunder the influence ofirainage going from a somewhat sphericgthapeto
polyhedral shapes.This drainage mechanism leads foam gas bubbles becoming less stable, and

increasingly susceptible to burstifigeuser et al., 2008

Bubble size is also importanh foam with smalbubbles the viscous dissipation is largand drainage

will therefore be slowerFoam bubbles usually have diameters>‘1@G and may be larger than
1000 & Even though dam stability is not necessarily a function of drop size, there may be an
optimum size for an individual foam type. Some foams that have a bubble size distribution that is

heavily weighted toward the snflar sizes will represent the most stable fog8cthramm, 1994
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3.2 Surfaceelasticity

Surfaceelasticity sometimesreferred to as thed &3 K8 F £ A y 3 ¢ a ErdcHF Bri3éndencd &f
surfactant a@sorption at the interfaceThe mechanism behind this phenomenortadled theGibbs
Marangoni effect and is illustrated in Figur® Foam films should have some elasticity in order to be
ableto withstand small deformations without rupturinghe GibbdMarangoni effec{Schramm, 1994

is responsible for this elasticityhe Marangoni effect is the fluid mass transfer alay an interface
between two regions due to surface tension gradidnta foam system, whem surfactant stabilized

liquid film undergoes an expansipthe local surfactant concentration is lowered owing to the
increased surface area, and the film becomes thinfibe lower surfactant concentration results in a
locally hidper surface tension, which causes a contraction of the expanded surface to maintain low
energy. This effect provides resistance against film thinning, which could eventually lead to film
rupture. In other words, the Marangoni effect due to surface tengioadient helpgo stabilize a foam

system.

This condition of a surface elasticity must be valid in the time during which the lamellae is stretched
and restored. Thust is a prerequisite for foaming that the diffusion of the surfaotive component

from the bulk solution to the newly created surface is sufficiently slow. If this is not the case, the
adsorption at the surface will decrease the surface tension and the temporary stretch of the foam
lamella will be made permanent with a weakening of the ldaghs the resultA film having high
elasticity has more stabilitgXu et al., 2008 The film elasticity decreases with increasing surfactant

concentration(Rao et al., 1982 which leads to the rapid collapse of the foam.

Stretching Surface tension gradient
Surfactant solution > flo

AN

Figurel9: A sketch demonstrating the Gibbarangoni effect. the locallpwered surfactant concentration causes

contraction of the surface modified frof8chramm, 199¢
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3.3LaplaceCapillary pressure

The pressure in th@lateauborders is lower than in the film$®ue to the difference irthe curvature
of the liquid surfacethe liquid willflow from the films to the plateaworders, whichcauses thinning
of the films.The drivingorce that leadsto liquid flow toward the borderssreferredto as the capillary

pressue suction. This thinning of the films can lead to rupture and foam collapse.

The Yongd.aplace equation describes how the pressure difference between the gas and liquid phase

varies with the adius(R) of the curved surface.
Yoo 6 0 @ — 9)

Where0 isgas pressurgd the liquid pressure anfl the surfacetension.The quantityd 0 is
alsoknownas the capillarpressured . Theradius of curvature at the surface of titateauborder,

R2is smaller than the radius of curvature of the thin liquid fibut the gas pressuré in the bubble

isequal
W Pe
7,
R1
Plateau border p o Flow — Ps
B “— PF ow LN
Liquid film

R2

Figure20: lllustraion of a foam film between two Platesaorders.Modified from(Bent, 2014

3.4 Disjoining pressure

Disjoining pessurecan bedefined ashe total pressuredifference betweerthe liquid phas and the
gas phase within a foam film and it is particularly dependent on the film thickiAeesson et al.,

1994).
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The thin liquid film formed between bubbles initiallyrib under the infience of the capillary pressure
When the film thickness reduced to 3@00 nm, film drainage owing to the capillary pressure is slowed
down and interactions between the film surfaces called the disjoining pressure start affectinpthe fi
drainage(Yamingy et al., 2010

This is only stoppe@vhen the surfactant molecules at the outer surfaces of the lamedgin to
interact with each otherThere are three different components that contribute to the disjoining

pressure(b): van der Waals forcg® ), electrostatic force¢b ) and steric force¢b ).
5) 5) 5} 5) ©)]

The attracive van derWaalsforces hae a negative contribution to the disjoining pressurghe
electrostatic forces stabilize the foam film. When equally charged interfaces approach each other and
their electric double layer overlap, repulsive forces will be creéatehichis a positive contribution is

to disjoining pressureThe steric forces arigeom the fact that each atom within a mole@ibccupies

a certain amount of Spacthey are repulsive and only observed a very short length scale. Molecule
size can bemportant for steric interaction(Sedev and Exerowa, 1999he disjoining pressure is
thought only for thin films (i.e., < 100 nm). For thicker films, the disjoining pressure is not expected to

be important(Schramm, 1994

+ .
Attractive forces
=== Repulsive farces
me==_ Resulting metastable film
LCH | R Common black film
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"~ Newton black film - Film thickness
E ﬂ'l"'-""-‘---.-
a'éf,
» H
' u
R4
! L]
14 >

4 :
Jlamella : Stable
-] / collapse : lamella

Figure21: Schematic repientation of the disjoining pressure cufvesultant from the attractive and repulsive forces)

Modifiedfrom (Kornev et al., 1999
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The magnitude and the sign of the total disjoining pressure vary with the film thickhiegs€21).
When the film thickness is decreasing, a laoalximumin disjoining pressurés encountered. The
repulsive overlapf the electrostaticdouble layer is overpowering the van dafaalsattraction. Films
on this branch are called common black films. If the film thickness decreases further, VAfadksr
forces become more dominant.&tility is reached again when steric forces becaigmificant;these

films are calledNewtonblack films.

3.5 Foams stabilized by ions

The addition of other chemicals (additives) to surfactant solution has been considered to enhance
foam surface propertiesyhich ultimatelycan strengthen the lamella&pecific types of additive may
produce the synergetic effect with the surfactant to increase foam stability by several ways, such as
improving the elasticity of lamellae, decreasing the drainagthefiquid phase, and increasing the
surface viscosity. There are several categories of additives that can be used to stabilize foam, such as

polymers, particles and electrolytes.

Salts are either naturally present or added in many applications of foams.inBaknces the
adsorption of surfactant molecules at the-amater interface and consequently alters the charge at the
interface (Kralchevsky et al., 1999Therefore the adsorption and the stabilitgf foam are strongly
affected by the presence of salt. The ionsddferent valeng affect the adsorption of surfaant to
different extents due to their vaed effect on the screenmn of electrostatic charge. The binding of
counter ions can drastically reduce tfugces at the aiwater interface(Kralchevsky et al., 199%ven
salts having the same ions can leacignificant difference in surfactaatisorption Thision-specific
effect has been attributed to the difference in thgdrated radius of the count@ns (which leads to
the difference in the area occupied by the ions in the Stern layer) and the effect of the countenions

the structure of water(Kunz, 201§

The properties of thin liquid films are important in the discussion of foam stabilitg.thickness of
film deperdson arfactant corcentration in the solution. Théim thickness decreases smoothly with
increasing salt awentration.To verify this(Farajzadeh et al., 20Dp8ad investigatedwo surfactant
concentration (01 wt.% and B wt.%), and he found that the filmof 0.01 wt.% surfactant
concentrationwasthickerthan the film whichwaspreparedwith 0.3 wt.% surfactant This is because
surfactant is a electrolyte itself and at low sattoncentrationsijts concentration determines the ionic

strength of the solution.
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Figure22: Disjoinirg pressure as a function of lamella thickn@®sssen, 996)

In the presence of ionic surfactants, the electrostatic dodhaler repulsion between the two opposing
surfactant films also has a stabilizing effect. In that case, the presence of céaméeran modify the

foam stability by at least two mechanis:

1. <creening of the electrostatic repulsion between the two charged film surfatlesyingto thinner
films, andthus possiblyreducing the foam stabilitgPugh, 199% This effect is dependemin the

ion chargeandits size(Sett et al., 201p large ionpenetratesa more deeply irthe surfactant film

which leads tadecreasing more effectively the electrostatic repulsion between the two opposing

films seg(Figure23)

Figure23: Effect of counteion size on the electrostatic repulsion between two negatiefedyged surfactant films, modified

from(Schelero and von Klitzing, 201Bhe dotted lines m@esent the hydration shell of the inorganic ions
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2. By screening of the repulsion between the charged surfactant head groups in the surfactant film.
This leads to an increase in the amount of adsorbed surfactant at thveadeér interface, therefore
reducirg the surface tension of the bubbles and increasing the film stability. This phenomenon is
also dependent on the size as deeper penetration of the couioteiin the surfactant film allows
a more effective screening of the charged surfactagad group(Pandey et al., 20Q0%ett et al.,

2015 Schelero and von Klitzing015.

The two previous mechanisms act in opposite directions: the former tend to destabilize the foam while
the latter tends to stabilize itAlthough the countefions appear to increase the lifetime of foams
stabilized by ionic surfactan{Sett et al., 201phave shown that a rapid destabilization of the

surfactant film occurs when a dgal concentration of counteions is exceeded.

3.6 Surfactant concentration

Several studies show in their resutts influence of surfactant concentration on foam generation,
stability and bubble coalescence in presence and absence of salts are also depadhte literature
(Farzaneh and Sohrabi, 2QXFojas et al., 20Q5imjoo et al., 201,3Vang and Chen, 2013®me of
them reportedthat foam stability increases with increasing surfactant concentration while others
reported increasing foam stability with the incag surfactant concentration until aertain
concentrationis attained.Confirmed later thafoam stability either decreases or remains the same
from this surfatant concentration andbeyond.Thechanges in surfactant concentration\rea great
influenceon foam generation abty. In EOR foam applicatipsurfactant concentrationare typically

applied n the range of A-1 wt.%(for economic reasongMannhardt and Svorstal, 2001
3.7 Effect of oil on foam stability

Foam performance in the presence of oil plays an important role in foam applicatidBOR It is
known that the addition of small traces of gihydrophobic particlesor a mixture of both strongly
influences the foam stabilitySincethe foam is a closed systerthe oil reaches only the outer surface

of the foam. The defoaming activity of oil is usuallglaied in terms of the effects resulting from the
surface activity of the oil or dewetting of the oil by the aqueous solution. This is turn depends on

several physicochemical parameters.

There are many studies and laboratory experiments on the effeat ohdhe stability of foan{Simjoo
et al., 2012 Schramm and Novosad, 199@me researcherseport that foam stability de@asesin
the presence of oilothers showthat the composition of the oil phase has a great effect on the foam

stability such that the existence of light component is detrimémdafoam stability(Schramm et al.,
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1993 Kuhlman, 199D However the parameters that determine foamoil interactiors the mostare

Entering(E) Sreading(S)and Bridging(B)coefficiens and Lamella number (L)

To rupture a foam film, an adroplet or ahydrophobic particle mudirstly emerge from the aqueous

phas into the gasvater interface during a process called entering. The entry coefficient is used to

determine if it is thermodynamically favorable for the oil droplet to enter the solution gas surface
o ” ” (10)

Where, is surface tension between gas and water, is interfacial tensiofetween oil and water,
and, is surface tension between oil and gas. The ability of oil drop to enter thevgi®s interface

is a necessary condition to rupture foam lamellae. A pos#ivering coefficienimeans the surface
tension of the antibam liquid { ) is lower than the sum of the surface tension of the foaming liquid

(» ) and the interfacial tension (IFT) between the antifoam and the foaming liguid.(

If E is negative the oil droplet cannot enter the foam inteegfiaand the surfactant solution completely
wets the oil drop [Figure 2). After this entering, some oil from the droplet can spread on the soldtion
gas interface in a second steyWhen an oil drop spreads over the gaater surface, a new gasl

surface ad wateroil interface are created, and the change is measured by a siigedefficient, S:
Yo, . (11)

Spreading oils have a negative effect on foam stability. A positive value of the spreading coefficient
indicates oil that will spread alongith the gas solution interface. A high spreading rate will have a

negative effect on foam stability. A negative spreading coefficient indicates that the oil not spread.

Gas
Gas Gas Gas
0
Lamella Lamella
E <0 E>0 E<0 E>0
<0 $<0 $>0 $>0

Figure24: Illustration of the different entering and spreading sameos of an oil phase in contact with a lamella

(Solbakken, 2015
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When an oil drop fully breaks through the thin ligdildh an oil bridge is formed igure 25).

B=0 B=0

Figure25: A schematic representation of the meaning of ibnielging coefficient(Bent, 2014

If B is negative, a stable bridge can be fornfeasitive values of B corresponds to unstalelges,
whichin turn leads to rupture the foam filnThe bridge coefficient care determined by the following

eguation:
6 , ; 12

Schramm and Novosd8chramm and Novosad, 19%oposed another mechanism for foam stability
in termsof oil emulsification and imbibition in the foam structure. The main stefhi¥mechanisiris

to form small oildroplets by emulsification, which allows oiroplets to move inside the foam
structure. A dimensionless parameter, called Lamallenber (), is proposed to describe foam
stability. Itisdefined as a ratio of capillapressure at Plateau borders to the pressure difference across

the oilwater interface:
0 ™MLV — (13

Where Q15 denotes theratio between the radius of an oil droplet engulfed by water and the radius of

the Plateau border contacting the oil sace.

They defined three types of foam depending on the value of the lamella number (L): type (A) foam
whenL< 1, type B foarmhen 1< L <7, and type C foamwhenL> 7. The lamella numbetheory is
summarized in tabld, while Figure26 illustrates ifand how oil is imbibed in the lamella in flowing

foam.
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Tablel: Foam stability prediction by the lamella number theor
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Type of foam Foam stability to oil E S
A stable negative negative
B Moderately stable positive negative
C unsteble positive positive

Figure26: lllustration of type AB and C foams, modified from (Schramm and Novosad, 1990)

There are two other criteria used to predict the stability of foam with and withoutTdie following

criterionisused to rank surfactants in the mixer method, modified fr(@®olb&ken, 2015%. The listed

criteria weredefinedin this thesis based on earlier experiences and other surfactant screening studies

usingsimilarmethods(Solbakke, 2015 Vikingstad et al., 200%\arra et al., 199/Aarra et al., 2002
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