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Chapter 1: Introduction

Oil recovery from reservoirs typically occurs in three stages. The first stage, known as
primary recovery, is driven by natural causes such as gas expansion in the oil reservoir,
natural water displacing the oil, or drainage due to gravity and will typically account for
only a small percentage of the total oil reservoir. The second stage, known as
secondary recovery, occurs after the natural drives have ceased and requires an artificial
drive to continue the oil recovery process. And lastly the third stage, known as tertiary
recovery or enhanced oil recovery, alters the mobility of the oil in order to increase the
amount that can be extracted. Enhanced oil recovery can be categorized into three main
methods: gas injection, thermal injection, and chemical injection. This study focuses on
the chemical injection method of enhance oil recovery, specifically surfactant injection,
and attempts to describe adsorption of a surfactant onto the mineral surfaces of a
reservoir in order to predict wettability alteration. Wettability alteration of the
permeable rock is an important aspect in enhanced oil recovery as a more water-wet
surface will allow oil to flow more easily than an oil-wet surface. Factors such as oil
composition, natural charge of the mineral surface, and the curvature of the surfactant at
an interface are examined with respect to the adsorption of the surfactant onto the
mineral surface in the oil phase. Temperature effects would also be an important
component of this model but are not included in the scope of this study. This study was
performed on one surfactant with two additives (applied at different weight percentages
to change their effect on how the surfactant adsorbed), six different minerals (three
granites and three limestones), and three different oil phases that were artificially

created based on the range of compositions of heavy petroleum oils that were provided.



Adsorptions of the surfactant onto the minerals is studied in the presences of the oil
phase to examine the various effects that each component of the system has on the
adsorption phenomena and by extension the wettability alteration of the oil reservoir.
This study is fairly limited in its scope and would be improved by expanding the ranges
of the crucial parameters of the model as well as the addition of a temperature variable.
Objective
The objective of this work is to develop and refine a mathematical model based on the
fundamentals of the hydrophilic-lipophilic deviation equation in order to describe and
predict surfactant adsorption onto reservoir rocks in the presences of heavy petroleum

oils.



Chapter Il. Literature Review

Surfactant Overview
Surface active agents or surfactants are amphiphilic molecules which have two distinct
components, namely a hydrophilic head group and a hydrophobic tail group.[1]
Surfactants are known by a variety of other functional names such as wetting agents,
emulsifiers, dispersants, detergents, etc. based on their intended uses. While a wide
assortment of surfactants exist, they can be classified into four main subgroups based on
the behavior of their head groups: anionic, cationic, nonionic, and amphoteric

(sometimes referred to as ampholytic).
hydrophil hydrophob
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Figure 1: General surfactant structure of a nonionic, anionic, cationic, and
amphoteric surfactants

Anionic surfactants have a negatively charged head group and are used for a variety of
applications such as detergents, enhanced oil recovery, wetting agents, cosmetics, and
many others. Since most naturally occurring surfaces are negatively charged, anionic
surfactants do not adsorb well on these surfaces which makes them effective cleaning
agents. Anionic surfactants may also adsorb onto positively charged surfaces and make

them hydrophobic. Cationic surfactants have a positively charged head group and,
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therefore, adsorb strongly on many surfaces. They exhibit poor compatibility with
anionic surfactants and are in general more expensive than their anionic counterparts.
Cationic surfactants are used as fabric softeners, corrosion inhibitors, asphalt
emulsifiers, and in many other ways. Nonionic surfactants typically have good
compatibility when mixed with other surfactants and are generally tolerant to significant
electrolyte concentrations. Since nonionic surfactants do not dissociate, they are
soluble in both organic and aqueous phases and are used in agriculture, detergents, as
wetting agents, as well as in other applications. Ampholytic surfactants, as their name
suggests, have a variable head group which can change between cationic, anionic, and
nonionic depending on pH. Ampholytic surfactants can be used in conjunction with
other surfactants well and are typically used in detergents, as foam boosters, and as
wetting agents.

The hydrophabic tail group can consist of a straight chain of alkyl groups both
unsaturated and saturated, branched chains of alkyl groups, propylene oxide groups,
aromatic groups, or even polymer-like lignin derivatives. The composition of the tail
group will affect how the surfactant interacts with the surrounding media. For example
a longer chain will decrease the surfactants solubility in water while increasing
solubility in the organic phase. A longer chain will also increase the Krafft temperature
of ionic surfactants, which is the temperature below which surfactants precipitate
instead of forming micelles. A longer chain will decrease the cloud point of nonionic
surfactants, which is the temperature above which surfactants will no longer be fully
soluble in an aqueous phase. Branching of the tail group (at a constant total number of

carbons) tends to have the opposite effect as having a longer chain length i.e. the Krafft



temperature of ionic surfactants will be decreased and the cloud point of nonionic
surfactants will be decreased.

Surfactant Adsorption
Surfactants are utilized to achieve low interfacial tension and high solubilization.[2]
Low interfacial tension is achieved because the surfactant molecules in aqueous
solution tend to adsorb at the interface such as at the air-water interface with the
hydrophilic head group remaining in the aqueous solution and the hydrophobic tail
groups sticking out of the aqueous solution. These hydrophobic tail groups create an
oil-like “film” at the air-water interface thereby lowering the surface tension of the
solution. Adsorption at the air-water interface occurs due to a release of entropy into
the system as there exists a cage-like structure of water molecules around the
hydrophobic surfactant tail groups when the surfactant molecules are in solution. This
cage-like structure is thereby released when the surfactant monomers adsorb at the air-

water interface thereby returning these water molecules to the bulk solution.[3]
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Figure 2: Graphic of surfactant existing as monomers in solution, adsorbing at the
air-water interface, and micelle formation



Adsorption of surfactants on a solid interface results from more energetically favorable
interactions between the surfactants and the chemical species in the interfacial region
than between the surfactants in the bulk solution.[4] Adsorption of surfactants onto a
surface interface from a bulk solution occurs primarily by way of electrostatic
attraction, covalent bonding, hydrogen bonding, hydrophobic bonding, or lateral
interaction between the adsorbed species.[4] [5] [6] Surfactant orientation at the solid
interface will determine how the surface will be altered i.e. the surface may become
positively or negatively charged or more oil-wet or water-wet.[7] [8] [9] [10] [11]
Surfactant orientation at the solid interface is determined primarily by the chemical
nature of the surfactant molecule itself, surface properties of the rock and temperature.
Solvent identity and solvent conditions (especially if water is the solvent) also play a
role.[11]

Surfactant adsorption typically occurs in four regions on a mineral surface from water.
In region | the surfactant molecules adsorb mainly via electrostatic attractions between
the surfactant head group and charged sites on the mineral surface.[5] [11] [12] [13]
Adsorption in this region obeys Henry’s Law and only unassociated first layer
molecules are present.[12] [13] Region Il is marked by an increase in surfactant
adsorption due to lateral interaction between the hydrophobic chains of the adsorbed
surfactants.[5] [11] The adsorbed surfactants begin to form aggregates on the surface
and hemimicelles are present.[5] [14] [12] [13] In region Il adsorption begins to slow
in relation to concentration.[5] [11] Finally in region IV surfactant adsorption reaches a
plateu at concentrations above the CMC.[5] [11] The surface is largely covered with

hemicmicelles with sizeable second layer adsorption.[12] [13] The plateau of surfactant



adsorption does not necessarily mean that all active sites are filled as it is with gas
adsorption.[12] [13] Above the critical micelle concentration, monomer concentration
remains constant regardless of total surfactant concentration, and micelles do not adsorb
significantly.[12] Steric hindrance between the surfactant monomers on the surface
may also prohibit additional adsorption. Qualitatively this picture is found for

adsorption from oils as well.

Figure 3: Adsorption schematic of surfactant adsorbing at the solid-liquid
interface

Surfactant Solubilization
Surfactant monomers, when above a certain concentration, will no longer continue to
adsorb at the interface but will self-assemble into structures known as micelles (or
reverse micelle in oil). The concentration at which this phenomena occurs is known as
the critical micelle concentration (CMC) and is unique to each surfactant. These
micelles allow for increased solubilization of two previously immiscible liquids such as
oil and water, which is referred to as an emulsion. A normal micelle consists of an oil
droplet surrounded by surfactant monomers with the hydrophobic tail groups oriented
inward toward the oil drop and with the hydrophilic head groups oriented outward into
the continuous aqueous phase. A reverse micelle consists of a water droplet surrounded

7



by surfactant monomers with the hydrophilic head groups oriented inward toward the
water drop and with the hydrophobic tail groups oriented outward into the continuous
organic phase. Not only can surfactants form these spherical micelles, but also they can
form more complex shapes such as rod-like micelles, hexagonal micelles, cubic phase

micelles or lamellar micelles.
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Figure 4: (a) schematic of a normal micelle and (b) schematic of reverse micelle

Modeling Surfactant Systems
Determining the formulation for solubilizing an oil in water with surfactant depends on
the oil needed to be solubilized as well as restrictions for the temperature, electrolyte
type and concentration, and the allowed surfactant concentration based on the
application.[15] Even though describing the phase behavior of a given system of
surfactant, oil, and water is of great importance, there exists limited means to accurately
do so0.[15] Such descriptors like the critical micelle concentration (CMC), hydrophilic-
lipophilic balance (HLB), Krafft temperature, cloud point, and critical packing factor
exist to help in the selection of surfactants for a given system.[15] The CMC of a
surfactant can be used to predict the point at which micelles begin to form instead of

surfactant monomers simply existing in solution. The Krafft temperature and cloud



point address the solubility of the surfactant, either ionic or nonionic respectively, in the
aqueous media. The critical packing factor describes what type of micelles will form.
The commonly used HLB value is used to predict solubilization; in general, the best
(i.e. the most oil solubilized for the least amount of surfactant) solubilization occurs
when the HLB of the surfactant equals the HLB of the oil to be solubilized. However,
the HLB value has been found lacking for some classes of surfactant and more
importantly fails to account for system variables such as surfactant concentration,
temperature, salinity, and the presence of alcohols or other co-surfactants.[2]
Phenomenological models exist that attempt to incorporate the natural curvature at the
oil-water interface produced by the surfactant and the Helfrich free energy balance, but
once again fail to address the system variables that also affect surfactant behavior.[15]
Empirical correlations such as the Windsor R-ratio and the net average curvature (NAC)
model are complex equations which require the determination of many parameters and
as such are not practical to use.[2] [16] [17] The NAC model in particular measures the
distance of the surfactant, oil, and water system from a point of net zero curvature at the
interface where the same volume of oil and water is solubilized.[18] The NAC model
accomplishes this by examining the free energy cost of such a change in curvature.[15]
Salager et al. proposed the hydrophilic-lipophilic difference (HLD) equation to
approximate the value of the NAC model by expressing the free energy change as a
change in the chemical potential of the surfactant.[15] Similar to the Windsor R-ratio
as well, the HLD value measures the departure of the system from the optimum point

(i.e. net zero curvature) by means of easily quantifiable parameters of the system.[2]



The Hydrophilic-Lipophilic Difference

The hydrophilic-lipophilic difference or HLD equation is a semi-empirical equation
used to calculate the chemical potential difference for the transfer of a surfactant from
the oil phase into the aqueous phase as a function of formulation variables such as
electrolyte concentration, surfactant type, oil, and temperature.[19] [20] [21] [17] In
other word the HLD equation predicts at what point a system of oil, water, and
surfactant will have the lowest interfacial tension and the greatest solubilization
capacity. This point of optimal surfactancy for a given oil and water microemulsion
occurs when the HLD value is 0.[21] When HLD is negative, the system forms oil in
water microemulsions or Windsor type I; and when HLD is positive, the system forms
water in oil microemulsions or Windsor type 11.[22] The HLD equation for ionic
surfactants is given below

HLD = InS§S — K (EACN) — f(A) + ¢ — a;(AT)
where S is the salinity in grams of NaCl per 100mL of water, K is an empirically
determined constant, EACN is the equivalent alkane carbon number, f(A) is a function
of the cosolvent present which is typically an alcohol, ¢ is the characteristic curvature
which reflects the hydrophilic or lipophilic nature of the surfactant, a(T) is the
temperature coefficient, and AT is the change in temperature from 25°C.[2] Similarly
there exists an HLD variant for non-ionic surfactants where the HLD value no longer
varies logarithmically with salinity,

HLD =b=S5 — K (EACN) — f(A) + ¢ — ¢ (AT)
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where b is an empirically determined coefficient.[23] HLD can even be correlated with
a net average curvature component that can predict the morphology of
microemulsions.[18] [16]
The HLD can be manipulated a number of ways to determine particular parameters such
as characteristic curvature for an unknown surfactant or equivalent alkane carbon
number for an unknown oil if linear mixing is assumed.[15] [21]

Determining Characteristic Curvature
The characteristic curvature (Cc) of a surfactant as defined by Acosta et al. describes
how the surfactant molecule will behave in a system with negative Cc values indicating
a hydrophilic surfactant with a proclivity to forming normal micelles and with positive
Cc values indicating a hydrophobic surfactant tending to form reverse micelles.[15]
Salager’s method for determining the ¢ parameter of an ionic surfactant involved
measuring the interfacial tension of microemulsions containing 1g of NaCl per 100mL
of water, thereby negating the natural logarithm of salinity term by having it equal zero,
at different reference oils with known alkane carbon number values.[15] These values
are then extrapolated to the alkane carbon number that would produce the lowest
interfacial tension i.e. the HLD value is 0.[15] Acosta proposed another method for
determining the characteristic curvature of the surfactant because of the difficulty in
measuring interfacial tension, the error associated with the extrapolation process, and in
some cases the insoluble phases produced by the surfactants when conducting this
scan.[15] Acosta’s method involves the use of a well-studied reference surfactant with
well-defined HLD parameters and increasing concentrations of the test surfactant.[15]

Increasing the concentration of the test surfactant will also change the salinity at which
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Windsor type 11l microemulsions are formed thereby allowing the HLD parameters of
the test surfactant to be calculated. This method assumes linear mixing of the two
surfactant system, that all of the surfactant is present at the interface, and that the K
coefficients that affect the alkane carbon number parameter of the system are equal for
both surfactants.[15] Both methods are performed in an alcohol free system.[15]
Determining Equivalent Alkane Carbon Number
The equivalent alkane carbon number (EACN) is an essential parameter in the
hydrophilic-lipophilic difference (HLD) model and describes the hydrophobicity of an
oil. Because heavy petroleum oil consists of many different carbon species, it is helpful
to determine the EACN of a heavy petroleum oil in order to adjust the emulsifier
additive. Heavy petroleum oils consist of hydrocarbons with aromatic and acyclic rings
with multiple varying side chains and heteroatomic species like oxygen, nitrogen,
and/or sulfur which may also be included in ring structures, links between molecules, or
as functional groups. Since EACN describes how hydrophobic a specific mixture of
hydrocarbon species is, higher EACNs indicate a more hydrophobic system of
hydrocarbons. Alkanes like hexane, octane, and decane have EACNSs corresponding to
the number of aliphatic carbons in the chain i.e. 6, 8, and 10. Species like benzene and
toluene, which exist in aromatic rings, have EACNSs of 0 and 1 respectively despite have
6 and 7 carbons each. EACN can be negative for species that contain Cl atoms. EACN
is determined via a titration method which utilizes a surfactant with known HLD
parameters and a reference oil with a known EACN.[24] Increasing amounts of the
heavy crude oil with an unknown EACN value are mixed with the reference oil and the

change in optimal salinity in forming a Windsor type I1l microemulsion is determined.
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By manipulation of the HLD equation, similar to the method of determining
characteristic curvature, a linear relationship can be seen between salinity and
EACN.[24] Increasing the electrolyte concentration will cause the ionic surfactant
molecules to become more hydrophobic thereby causing the surfactant to distribute
more towards the oil-water interface eventually reaching an optimum point of lowest
interfacial tension, where equal parts of oil and water are solubilized in the middle
phase of a Windsor type 111 microemulsion.[24]

Enhanced Oil Recovery
Enhanced oil recovery (EOR) is an important process for the production of crude oil.
Despite being a limited resource, the demand for crude oil worldwide has increased
requiring crude oil to be produced by means other than the conventional techniques.
Recently enhanced oil recovery methods have attracted attention and increased research
due to the diminishing effectiveness of the conventional methods for the production of
0il.[25] Crude oil from a reservoir is acquired generally by depletion first and then
using water flooding techniques. Most reservoir fields are currently under water
flooding conditions leaving some residual oil trapped in the crevices of the rock.[26]
Many mature fields, despite have between 50 and 75% of their crude oil left in the
reservoir, have decreasing production even under water flooding.[11] [8] Chemical
recovery processes for EOR attempt to alter the wettability of the reservoir rocks,
reduce the interfacial tension in the reservoir, and control the mobility so that the
residual oil may flow more easily out of previously inaccessible areas by injecting
alkali, surfactants, and/or polymers.[26] [27] [25] The low interfacial tension

conditions and altered wettability of the reservoir rocks are achieved by surfactant or
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polymer flooding.[26] The lowered interfacial tension allows the oil droplets to flow
more easily through pores they previously would not have been able to flow through
due to capillary trapping.[26] The surfactants allow the oil to be solubilized more easily
in the water as well increasing crude oil production from the wells.[26] The reservoir
rocks are also affected by adsorption of the surfactant or polymer onto them making
them more water wet which also allows oil recovery to be increased.[26]

Many factors may affect the efficiency of the surfactant flooding process but most
critically are the surfactant chemistry and its concentration, electrolyte concentration,
composition of the crude oil, and reservoir conditions such as temperature and
pressure.[11] [26] Oil viscosity and formation permeability also have an effect on the
efficiency but are less important.[26] Surfactant flooding, while considered by some to
be the most promising EOR technique, can be rendered uneconomical due to surfactant
loss by adsorption onto the porous media of the reservoir and precipitation.[11] [28]
[27] [25] [12] Surfactant molecules can adsorb significantly even at low
concentrations.[11] This adsorbed surfactant layer on the porous media adds an
additional resistance to the flow as well as contributing to surfactant loss.[27] One way
to inhibit such adsorption of the surfactant onto the porous media is to introduce
chemical species, known as sacrificial agents, which compete with the surfactants for
the adsorption sites on the reservoir rocks.

Anionic surfactants have high adsorption in carbonite formations and cationic
surfactants are not only expensive but also exhibit high adsorption on calcite

formations.[26] [9] Cationic surfactants are able to alter the wettability of these calcite
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formations by forming ion pairs with the acidic components of the crude oil which have
adsorbed onto the calcite formation surface.

Hydrophilic-Lipophilic Difference Modification
When the HLD equation is at the optimal point of 0, it suggests that in effect there is
maximum surfactant coverage at the oil/water interface where interfacial tension is
minimized. For enhanced oil recovery, maximum surface coverage of the surfactant on
the minerals is desired in order change the wettability of the rock to allow oil to flow
more easily. Therefore, it is proposed that the HLD equation be modified in order to
predict surface coverage. This will be achieved by replacing the salinity term with the
zeta potential of the rock, a characteristic unique to each mineral. Like the salinity
term, zeta potential accounts for the charge present in the system. Zeta potential is a
measure of the difference in potential between the bulk fluid, in this case DI water, and
the fluid layer surrounding the fine particle. The modified HLD adsorption equation is
given below

HLD =b'*ZP —K'* (EACN) — f(A) +] * o — ar(AT)

adsorption
with a maximum now at 1 i.e. an HLD adsorption value of 1 indicates the highest
surface coverage has been achieved. A coefficient J is introduced so that (b" = ZP),
(K'= (EACN)), and (J = @) are all effectively the same order of magnitude. Since there
is no alcohol present in the system and the experiments will be performed at 25°C, the
modified HLD adsorption equation reduces to

HLD =b' +«ZP—K'* (EACN)+]*0

adsorption

The modified HLD adsorption equation indicates that surface coverage of the surfactant

at the interface of the hydrophilic rock and the hydrophobic liquid is affected by surface
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charge of the mineral, oil characteristics, and the hydrophobic or hydrophilic nature of
the surfactant. Therefore, it is necessary to develop a data set of adsorption values for
many combinations of minerals, alkanes, and surfactants and fit the corresponding

parameters to the modified HLD adsorption equation.
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Chapter I11. Experimental

In order to develop the necessary data set that is to be fitted to the modified HLD
adsorption equation and used to determine the equation coefficients the various
parameters must be measured; specifically zeta potentials for each individual mineral
type, equivalent alkane carbon numbers for the heavy petroleum oils originating from
many different refineries, characteristic curvatures for the surfactant along with the
various fatty acid additives that can be used along with it, and adsorption isotherms for
the many combinations of heavy petroleum oils, surfactant, and minerals. These data
points will be fitted to the modified HLD adsorption equation. In addition to these
parameters, the critical micelle concentrations of the surfactant and the fatty acid
additives are determined to explore the effects that these additives have on the behavior
of the surfactant as well as to calculate the effective area per head-group for each
surfactant system.

Materials
Surfactants are supplied by Ingevity and are designated as Surfactant 1 and Surfactant 2,
the same company supplied Additives 5 and 6. Toluene, octane, decane, hexadecane,
heptadecane, and icosane were used to simulate the heavy petroleum oils for use in
determining the adsorption isotherms. Sodium dihexyl sulfosuccinate and
benzethonium chloride from Sigma Aldrich were used as the reference surfactants for
determining the characteristic curvatures of Surfactant 1 and the various concentrations
of Additive 5 and Additive 6 fatty acid additives, and the sodium dihexyl sulfosuccinate
was also used in determining the EACNSs of the heavy crude oils. Six minerals were

provided by Ingevity on which to conduct the adsorption studies. Sodium chloride from
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Sigma Aldrich was used for the salinity scans for determination of the characteristic
curvatures and EACNs
Zeta Potential
Electrophoretic mobility of the mineral fines was measured using a Zeta Meter 3.0 from
Zeta-Meter Inc. by suspending a sample of the mineral fines in DI water and observing
particle movement via microscope as a voltage is applied to either end of the zeta meter
cell. Three different voltages are applied to the cell containing the mineral fine, 40V,
50V, and 75V. Five electrophoretic mobility measurements are taken at each voltage
for a total of fifteen measurements. Then using the Smoluchowski equation, the zeta
potentials of the mineral fines are calculated along with standard deviations
ZP = 113000 p/D; X EM
where EM is the electrophoretic mobility, . is the viscosity of the suspending liquid in
poises, Dt is the dielectric constant of the suspending liquid, and ZP is the zeta potential
in millivolts.
Equvalent Alkane Carbon Number Salinity Scans
EACN of an unknown heavy petroleum oil is determined by using a reference oil and a
well characterized surfactant. The reference oil used in the EACN determinations is
toluene, which has an EACN of 1, and the surfactant used is sodium dihexyl
sulfosuccinate (AMA), which is an anionic surfactant with well described HLD
parameters. If it is assumed that there is no alcohol present in the system, that all
measurements are done at 25°C, and that the optimum HLD occurs at 0, then the HLD

equation reduces to

InS* = K (EACN) — Cc
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Since the parameters K and Cc are well defined for AMA, the EACN of an unknown
heavy petroleum oil can be determined as there exists a linear relationship between the
natural logarithm of optimal salinity and EACN. An indirect titration method is utilized
for EACN determination where the heavy petroleum oil with unknown EACN is mixed
with toluene at varying weight percentages from 1 wt% to 9 wt%.

A salinity scan is performed on the different weight percentages of heavy petroleum oil
in toluene: different amounts of sodium chloride are added to the microemulsions in
order to locate the optimal salinity of the heavy petroleum oil (HPO) mixture and
observe by how much the optimal salinity shifts from a microemulsion using pure
toluene. The optimal salinity is the point at which a Windsor Type 111 microemulsion
exists with equal parts oil and water solubilized in the middle phase indicating the
lowest interfacial tension i.e. HLD is 0. Assuming linear mixing of the hydrocarbons,
the HLD equation for the mixture reduces to

HLD In(S%,.) — K * EACNy,,.,.. + Cc]

mix xl"o!uana[ mix

0= ln(‘s:-lix] + Cc— K(.’I I'o!uanaEACNl"o:uana + xHPG EHCNHP‘G:]

HLDToEuana =In (5 $] —K=* EACNT&!&EHE +Cc

0= 1ﬂ(5§1§x:] —In(5%) - K[(l - x!:]EHCNToluanﬂ + xHPGEACNHPG) +K
= EACNTE::JE?!E

Once the optimal salinities are measured, the natural logarithm of the optimal salinity of
the AMA and toluene system divided by the optimal salinity of the mixture is then
graphed against the mass fraction of the heavy petroleum oil dissolved in toluene. This

is done for each weight percent of heavy petroleum oil in toluene, and the slope of the
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resulting line subtracted from the reference oil EACN is the EACN of the unknown
heavy petroleum oil.

hl(séﬁx)

= x,(EACN
K

— EACN;p5)

Tolusns

Where S* is the optimal salinity for a microemulsion of AMA, toluene, and water and
S*mix is the optimal salinity for the mixture of toluene and unknown heavy petroleum
oil, AMA, and water. The salinity scans were performed in 16mL round bottomed glass
test tubes with 5mL of aqueous phase and 5mL of oil phase. See Appendix A for a full
procedure and example.
Characteristic Curvature Salinity Scans

Cc is determined by performing a scan of the optimal salinities of differing mole
fractions of surfactants; a reference surfactant, in this case AMA (sodium dihexyl
sulfosuccinate), with a known Cc and the target surfactant with an unknown Cc denoted
as TS. The optimal salinity of the system will change depending on the relative mole
fractions of each surfactant in the microemulsion. In order to determine the Cc of the
target surfactant, it will be assumed no alcohol and 25°C so the HLD equation reduces
to;

HLD = In(5)— K * EACN + Cc
Assuming linear mixing occurs between the two surfactants;

HLD,; = XamaHLDgyq + Xp5HLD g

HLD, ;. = %00 [In(5,;.) — Kypgq * EACN + Cgpy]

Assume the K constants are equal and the optimum point occurs at HLDmix = 0;

0= (xA_MA + xrs] ln(smix] — K= EACN(:IAMA + xrsj T XapaCCapa T Xrslps
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Xgma TXrs=1

0 =In(S,,;,) — K * EACN + x,,.Ccapa + x75CCr5

Subtracting the optimum HLD for AMA (i.e. 0 = In(5,4y,,) — K * EACN + Ccyp,)
gives;

5 Lx - -
1%;; = Xypog * (CCapya — Ceyc) TOr ionic surfactants

The natural logarithm of the optimal salinity of the mixture divided by the optimal
salinity of the reference surfactant will then be graphed against the mole fraction of the
target surfactant. The linear slope of the data points is equal to the Cc of the target
surfactant subtracted from the Cc of the reference surfactant.
Characteristic curvatures were determined for Surfactant 1, Surfactant 1 and three
differing weight percentages of the fatty acid Additive 5, Surfactant 1 and three
differing weight percentages of the fatty acid Additive 6, and Surfactant 2. The salinity
scans were performed in 16mL round bottomed glass test tubes with 5mL of aqueous
phase and 5mL of oil phase. See Appendix B for a full procedure and example.
Critical Micelle Concentration
Also, while not a parameter in the modified HLD adsorption equation, the CMCs and
surfactant head group areas are measured to learn more about the effects of the fatty
acid additives and for potential use in the modified equation. The area per surfactant
head group is determined by taking the inverse of the surface excess energy multiplied
by the inverse of Avogadro’s number (Na). The surface excess energy is determined by
the Gibbs adsorption formulas where the differential term is found by taking the slope
of the linear portion of graphs of surface tension with respect to the log scale of

surfactant concentration just below the CMC.[29]
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The CMC occurs where the linear decrease in surface tension with respect to the log
scale of surfactant concentration changes to a constant surface tension with respect to
the log scale of concentration. For reference, the surface tension of deionized water is
72.4 dynes/cm. See Appendix C for a full procedure and example.

Adsorption Studies
Adsorption of the Surfactant 1 surfactant and the various additives onto the six different
mineral surfaces in representative EACNs was measured using the Agilent 1100 HPLC.
Samples were prepared by filling vials with the mineral and adding various
concentrations of surfactant dissolved in a mixture of toluene and some alkane ranging
from 0.2 wt% to 1.0 wt%. After vigorous shaking and allowing enough time for
adsorption to reach equilibrium, the vials were centrifuged and an aliquot of the
supernatant was removed in order to be analyzed by the HPLC in order to determine
surfactant concentration change in the bulk solution. Isocratic flow of 82 vol%
methanol and 18 vol% water with an ultraviolet detector set at 235nm wavelength was
the method used to elute and detect the surfactant. While this method was successful
for detecting surfactant in EACNs of 7.1, 9.0, and 9.7, it showed limited success for the
higher EACNSs. In an effort to delay the elution of the surfactant for the higher EACNSs
and achieve better separation, the methanol volume was reduced to 79 vol% and then 65
vol%, but these methods have shown little improvement. Once an adsorption isotherm
is made for a particular pairing of mineral, surfactant, and EACN, the plateau is

identified and a maximum adsorption is determined. Maximum adsorptions are found
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for every different combination of the seven surfactants, three EACNS, and six rock

minerals.
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Chapter IV. Result and Conclusions

Zeta Potentials of Minerals
The movement of the mineral fines was tracked using the Zeta Meter 3.0 which
calculated the electrophoretic mobility. These electrophoretic mobilities were then used
to calculate the zeta potentials based on the dielectric constant of deionized water in
which the mineral fines were suspended and the voltage applied to the electric cell. Part
of the apparatus can be seen below in Figure 5 which was used to track the mineral

fines as they moved across the electric cell.

@ HITACHI

Figure 5: Image through the Zeta Meter 3.0 microscope looking at the electric cell

The zeta potentials of the mineral fines that are used in the model fitting for the
modified HLD adsorption equation are summarized below in Table 1. As will be
discussed in a later section the washed screened granite (Granite WS) shows a low zeta
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potential as compared to the other granites closer to that of the limestones. It seems that
the washed screening process cleans the mineral of the more negative zeta potential
components such as clays which in turn causes the zeta potential of the mineral to
become less negative.[30] The zeta potential measurements were performed at natural
pH in deionized water.

Table 1: Zeta potentials of mineral fines

Mineral Zeta potential in DI water (mw)
Granite RS -41
Granite WS -23
Granite -41
Ft. Payne Limestone -20
Warsaw -16
Limestone A -20

Equivalent Alkane Carbon Numbers of Heavy Petroleum Oils
EACNSs were determined for a number of heavy petroleum oils. A sample scan of
sodium dihexyl sulfosuccinate (AMA), toluene, sodium chloride, and deionized water is
provided below in Figure 6. As reported in the literature, the optimal salinity of AMA
in a toluene-water system can be seen at 3.2 g NaCl/100 mL H20. This value will be
used in the determination of the EACNSs of the heavy petroleum oils based on the
amount by which the optimal salinity shifts when the heavy petroleum oils are dissolved

in the toluene.
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Figure 6: Sample Scan for 0.1M AMA, toluene for salinities 2.8, 2.9, 3.0, 3.1, 3.2 g
NaCl/100mL H20

The determination of four heavy petroleum oils are shown below in Figures 7, 9, 11,
and 13 with accompanying sample scans to demonstrate the range of EACNs
demonstrated by the heavy petroleum oils.

Figure 7 shows that the linear slope of the salinity scan of a heavy petroleum oil from
Refinery 13 was determined to be -16.5. Since toluene has an EACN of 1, it was
determined that the EACN of the heavy petroleum oil from Refinery 13 is 17.5 =
(1+16.5). A sample salinity scan for the heavy petroleum oil from Refinery 13 is shown

in Figure 8. This value is relatively high, indicating that this material is hydrophobic.
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Salinity Scan for EACN determination
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Figure 7: Optimal Salinity vs. Weight Fraction AMA, toluene, and the Refinery 13
heavy petroleum oil

Figure 8: Sample Scan for 0.1M AMA, toluene, and 3 wt% Refinery 13 heavy
petroleum oil for salinities 3.0, 3.4, 3.5, 3.6, 4.0, and 5.0 g NaCl/100mL H20

Figure 9 shows that the linear slope of the salinity scan of Oil #15169 was determined
to be -20.5. Since toluene has an EACN of 1, it was determined that the EACN of the

Oil #15169 is 21.5 = (1+20.5). A sample salinity scan for Oil #15169 is shown in
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Figure 10. This value is extremely high, indicating that this material is extremely

hydrophobic.
Salinity Scan for EACN determination
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Figure 9: Optimal Salinity vs. Weight Fraction AMA, toluene, and Oil #15169
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Figure 10: Sample Scan for 0.1M AMA, toluene, and 1 wt% Oil #15169 for
salinities 2.5, 3.0, 3.3, 3.4, 3.5, 3.6, 3.7, 4.0, and 4.5 g NaCl/100mL H20

Figure 11 shows that the linear slope of the salinity scan of a heavy petroleum oil from
Refinery 4 was determined to be -12.5. Since toluene has an EACN of 1, it was

determined that the EACN of the heavy petroleum oil from Refinery 4 is 13.5 =
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(1+12.5). A sample salinity scan for the heavy petroleum oil from Refinery 4 is shown
in Figure 12. This value is relatively high, indicating that this material is comparable in

hydrophobicity to tetradecane.

Salinity Scan for EACN determination
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Mass fract. heavy petroleum oil

Figure 11: Optimal Salinity vs. Weight Fraction AMA, toluene, and Refinery 4
heavy petroleum oil
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Figure 12: Sample Scan for 0.1M AMA, toluene, and 1 wt% Refinery 4 heavy
petroleum oil for salinities 2.5, 3.0, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, and 4.0 g NaCl/100mL
H20
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Figure 13 shows that the linear slope of the salinity scan of a heavy petroleum oil from
Refinery 12 was determined to be -8.7. Since toluene has an EACN of 1, it was
determined that the EACN of the heavy petroleum oil from Refinery 12 is 9.7 = (1+8.7).
A sample salinity scan for the heavy petroleum oil from Refinery 12 is shown in Figure

14. This value is comparable in hydrophobicity of decane.

Salinity Scan for EACN determination
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Figure 13: Optimal Salinity vs. Weight Fraction AMA, toluene, and Refinery 12
heavy petroleum oil

Figure 14: Sample Scan for 0.1M AMA, toluene, and 1 wt% Refinery 12 heavy
petroleum oil for salinities 2.5, 3.0, 3.3, 3.4, 3.5, 3.6, 3.7, 3.8, and 3.9 g NaCl/100mL
H20
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Below in Table 2 is the complete list of the EACNS for all of the heavy petroleum oils
provided. The range of EACNSs for these crude oils is very large, between 7.1 and 21.5.
Since these crude oils come from many different wells from across the country, a range
of EACNs was to be expected, but such a wide range indicates very different
compositions in these wells which must be accounted for.

Table 2: Equivalent Alkane Number Summary

Heavy Petroleum Qil EACN
Refinery 1 17.4
Refinery 2 11.8
Refinery 3 13.5
Refinery 4 135
Refinery 5 19.0
Refinery 6 18.0
Refinery 7 20.7
Refinery 8 9.7
Refinery 9 11.8
Refinery 10 10.8
Refinery 11 7.1
Refinery 12 9.7
Refinery 13 17.5
Oil #15169 21.5
Oil #15369 20.7

The alkanes were used to mimic the heavy petroleum oils since the crude oils
themselves could not be put through the HPLC when adsorption is being measured
because they would foul the column. A mixture of straight chain alkanes and toluene
were used in the preparation for these artificial EACNs. The toluene serves to allow the
EACN number to be tailored to a specific value and to solubilize the surfactant. The
EACNSs chosen to represent the range of EACNSs measured from the crude oils are 7.1,

9.0,9.7,13.1, 16.1, and 18.7. These EACNSs are prepared by mixing toluene and
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alkanes together at specific weight percentages to make the desired EACN and these
mixtures are specified in Table 3.

Table 3: Toluene and Alkane mixtures

EACN Alkane Vol. of toluene (mL) | Vol. of alkanes (mL)
7.1 octane 1 8.36
9 decane 1 9.5
9.7 undecane 1 7.84
13.1 hexadecane 1 4.7
16.1 heptadecane 1 18.89
18.7 icosane 1 15.33

Characteristic Curvatures of Surfactants
The addition of the fatty acid additives, Additive 5 and Additive 6, changes the
characteristic curvature of the surfactant system to being less negative. The
characteristic curvatures of Surfactant 1, Surfactant 1 with 1, 3, and 5 wt% Additive 5,
and Surfactant 1 with 3, 5, and 10 wt% Additive 6 were determined via the Acosta
method of salinity scans.
A sample salinity scan for Surfactant 1 and 5 wt% Additive 5 is displayed below in
Figure 15 and the characteristic curvature determination is shown in Figure 16 which
shows the linear slope is 0.75. Since AMA has a characteristic curvature of -0.93, the

characteristic curvature of Surfactant 1 with 5 wt% Additive 5 is -1.68 = -(0.75+0.93).
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Figure 15: Sample salinity scan for 0.0474M AMA, 0.003M Surfactant 1 with 5
wt% Additive 5, and toluene for salinities 3.0, 3.6, 3.8, 4.0, 4.2, and 4.4 g NaCl/100
mL H20
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Figure 16: Characteristic curvature determination graph for Surfactant 1 with
5wt% Additive 5

A sample salinity scan for Surfactant 1 and 10 wt% Additive 6 is displayed below in

Figure 17 and the characteristic curvature determination is shown in Figure 18 which
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shows the linear slope is 1.10. Since AMA has a characteristic curvature of -0.93, the

characteristic curvature of Surfactant 1 with 10 wt% Additive 6 is -2.03 = -(1.10+0.93).

Figure 17: Sample salinity scan for 0.0474M AMA, 0.003M Surfactant 1 with 10
wt% Additive 6, and toluene for salinities 3.0, 3.3, 3.5, 3.7, 3.9, and 4.1 g NaCl/100
mL H20
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Figure 18: Characteristic curvature determination graph for Surfactant 1 with 10
wt% Additive 6

Below is a summary table of the characteristic curvatures of Surfactant 1 with the

differing weight percentages of the fatty acid additives.
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Table 4: Summary of the characteristic curvatures for Surfactant 1 and additives

Surfactant Cc
Surfactant 1 -3.07
Surfactant 1 with 1 wt% Additive 5 -2.79
Surfactant 1 with 3 wt% Additive 5 -2.24
Surfactant 1 with 5 wt% Additive 5 -1.68
Surfactant 1 with 3 wt% Additive 6 -2.76
Surfactant 1 with 5 wt% Additive 6 -2.55
Surfactant 1 with 10 wt% Additive 6 -2.03
Surfactant 2 -2.61
AMA -0.93

Since AMA is an anionic surfactant and Surfactant 1 is a cationic surfactant, there could
be a large systematic error associated with these characteristic curvature values due to
nonlinear mixing. Attempts were made to use benzethonium chloride as a reference
surfactant, however, it was discovered that the salinity range at which benzethonium
chloride forms a Windsor type Il microemulsion in a toluene-water system is too large
to provide an accurate optimal salinity as seen in Figure 19. Attempts were also made
for benzethonium chloride in a hexane-water system and a decane-water system,
however, a gel formed in the hexane-water system and a precipitate formed in the

decane-water system as seen in Figures 20 and 21.

Figure 19: Sample salinity scan for 0.054M BCI and toluene for salinities 4.0, 4.6,
4.7,4.8,4.9,5.0,5.1,5.2,5.3,5.4, and 6.0 g NaCl/100 mL H20
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Figure 20: Sample salinity scan for 0.01M BCI and hexane for salinities 10.5, 11.3,
11.4,115,11.6,11.7,11.8,11.9,12.0, 12.1, and 13.0 g NaCl/100 mL H20

Figure 21: Sample salinity scan for 0.01M BCI and decane for salinities 21.5, 22.7,
22.8,22.9, 23.0, 23.1, 23.2, 23.3, 23.4, and 23.5 g NaCl/100 mL H20

Critical Micelle Concentrations of Surfactants
Below are the individual surface tension vs. concentration determination for each
surfactant and various concentrations of additives. For reference, the surface tension of

deionized water is 72.4 dynes/cm.
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Figure 22: Surface Tension vs. Concentration for Surfactant 2
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Figure 23: Surface Tension vs. Concentration for Surfactant 1
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Figure 24: Surface Tension vs. Concentration for Surfactant 1 + 1wt% Additive 5
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Figure 25: Surface Tension vs. Concentration for Surfactant 1 + 3wt% Additive 5
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Figure 26: Surface Tension vs. Concentration for Surfactant 1 + 5wt% Additive 5
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Figure 27: Surface Tension vs. Concentration for Surfactant 1 + 3wt% Additive 6
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Figure 28: Surface Tension vs. Concentration for Surfactant 1 + 5wt% Additive 6
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Figure 29: Surface Tension vs. Concentration for Surfactant 1 + 10wt% Additive 6

Below is a summary table of the critical micelle concentrations and area per head
groups of Surfactant 1 and the differing weight percentages of fatty acid additives.

Table 5: CMC and Area per head group for Surfactant 1 and additives

SA/headgroup Surface Tension at
Surfactant cMC (M) (A%/molecule) CMC (mN/m)
Surfactant 2 1.76E-4 100.4 37.1
Surfactant 1 1.77E-4 84.4 34.9
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Adsorption Isotherms
The adsorption isotherms are displayed below in Figures 30 to 50. These adsorption
isotherms provide the maximum surfactant adsorbed once they have reached the plateau
region of the isotherm. These maximum adsorptions are used to fit the model
parameters. If no plateau was reached by 1 wt% of surfactant added, those particular

maximum adsorptions were omitted from the model fitting.
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Figure 30: Adsorption isotherm for Surfactant 1 and 1wt% Additive 5 in EACN
7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 31: Adsorption isotherm for Surfactant 1 and 1wt% Additive 5 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 32: Adsorption isotherm for Surfactant 1 and 1wt% Additive 5 in EACN
9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 33: Adsorption isotherm for Surfactant 1 and 3wt% Additive 5 in EACN

7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 34: Adsorption isotherm for Surfactant 1 and 3wt% Additive 5 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 35: Adsorption isotherm for Surfactant 1 and 3wt% Additive 5 in EACN
9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 36: Adsorption isotherm for Surfactant 1 and 5wt% Additive 5 in EACN
7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 37: Adsorption isotherm for Surfactant 1 and 5wt% Additive 5 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 38: Adsorption isotherm for Surfactant 1 and 5wt% Additive 5 in EACN

9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 39: Adsorption isotherm for Surfactant 1 and 3wt% Additive 6 in EACN
7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 40: Adsorption isotherm for Surfactant 1 and 3wt% Additive 6 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 41: Adsorption isotherm for Surfactant 1 and 3wt% Additive 6 in EACN
9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 42: Adsorption isotherm for Surfactant 1 and 5wt% Additive 6 in EACN
7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 43: Adsorption isotherm for Surfactant 1 and 5wt% Additive 6 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 44: Adsorption isotherm for Surfactant 1 and 5wt% Additive 6 in EACN
9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 45: Adsorption isotherm for Surfactant 1 and 10wt% Additive 6 in EACN
7.1 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 46: Adsorption isotherm for Surfactant 1 and 10wt% Additive 6 in EACN
9.0 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 47: Adsorption isotherm for Surfactant 1 and 10wt% Additive 6 in EACN
9.7 on Granite RS, Warsaw, Ft. Payne Limestone, Limestone A, Granite, and
Granite WS mineral fines
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Figure 48: Adsorption isotherm for Surfactant 1 in EACN 7.1 on Granite RS,
Warsaw, Ft. Payne Limestone, Limestone A, Granite, and Granite WS mineral
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Figure 49: Adsorption isotherm for Surfactant 1 in EACN 9.0 on Granite RS,
Warsaw, Ft. Payne Limestone, Limestone A, Granite, and Granite WS mineral

fines
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Figure 50: Adsorption isotherm for Surfactant 1 in EACN 9.7 on Granite RS,
Warsaw, Ft. Payne Limestone, Limestone A, Granite, and Granite WS mineral

fines

Below are the summary tables of the maximum adsorptions determined from the above

adsorption isotherms divided by mineral fine.

Table 6: Maximum Adsoprtion (g/m2) for Granite RS

EACN [ M1 1wt% 3wt% 5wt% 3wt% 5wt% 10wt%
Additive 5 | Additive5 | Additive5 | Additive6 | Additive6 | Additive 6
7.1 0.00257 | 0.00485 N/A 0.00426 0.00274 0.00201 0.0015
9 0.0023 | 0.00447 N/A 0.00329 0.00147 0.00203 0.00225
9.7 0.00199 | 0.00456 0.00372 0.00291 0.00329 N/A 0.00284
Table 7: Maximum Adsoprtion (g/m2) for Granite WS
EACN [ M1 1wt% 3wt% 5wt% 3wt% 5wt% 10wt%
Additive 5 | Additive5 | Additive5 | Additive6 | Additive 6 | Additive 6
7.1 0.00257 | N/A 0.00432 0.00608 0.00222 0.00137 0.00152
9 0.00182 | 0.00482 0.00477 0.00336 0.00203 0.00167 N/A
9.7 0.00144 | 0.00636 N/A 0.00327 0.00378 N/A N/A
Table 8: Maximum Adsoprtion (g/m2) for Granite
EACN [ M1 1Wt% 3wi% 5wt% 3Wt% 5wt% 10wt%
Additive5 | Additive5 | Additive5 | Additive6 | Additive 6 | Additive 6
7.1 0.00137 | 0.0023 0.00207 0.00245 0.00139 0.00113 0.00089
9 0.0014 | 0.00225 0.00215 0.00156 0.00129 0.00115 0.00144
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‘ 9.7 | 0.00126 ‘ 0.00229 ‘ 0.00205 | 0.00187 ‘ 0.00161 0.00118 0.00167

Table 9: Maximum Adsoprtion (g/m2) for Ft. Payne Limestone

EACN M1 1wt% 3wt% 5wt% 3wt% 5wt% 10wt%
Additive 5 Additive 5 Additive 5 Additive 6 Additive 6 Additive 6

7.1 0.00137 0.00287 0.00244 0.00236 0.00145 0.00112 0.00131

9 0.00101 N/A 0.00289 0.00159 0.00125 0.00125 0.00128

9.7 0.00087 0.00318 0.00227 0.00167 0.00182 0.0013 0.00139

Table 10: Maximum Adsoprtion (g/m2) for Warsaw

EACN M1 1wt% 3wt% 5wt% 3wit% 5wt% 10wt%
Additive 5 Additive 5 Additive 5 Additive 6 Additive 6 Additive 6

7.1 0.00153 0.00335 0.00271 0.00293 0.00154 0.00121 0.00122

9 0.00127 N/A 0.00332 0.00136 0.0014 0.00128 0.0015

9.7 0.00106 0.00359 0.0021 0.00198 0.00184 0.00118 N/A

Table 11: Maximum Adsoprtion (g/m2) for Limestone A

EACN M1 1wt% 3wt% 5wt% 3wit% 5wt% 10wt%
Additive 5 Additive 5 Additive 5 Additive 6 | Additive 6 Additive 6

7.1 0.00077 | 0.00184 0.00162 0.00186 0.00061 0.00079 0.00074

9 0.00068 | 0.00173 0.0017 0.00098 0.00102 0.00061 0.00097

9.7 N/A 0.00194 0.0013 0.00138 0.00173 0.00064 0.00118

The addition of both additives increases the amount of Surfactant 1 adsorbed onto the
mineral fines. In general the samples where Additive 5 was added along with the
Surfactant 1 exhibit the highest adsorption. Also, the granites tend to show the greatest
tendency for adsorption to occur. The highest adsorption occurs on Granite WS in an
EACN of 9.7 with Surfactant 1 and 1 wt% of the Additive 5.

Model Fitting
Every combination of mineral fine (ZP), surfactant (Cc), and heavy petroleum oil
(EACN) produces a distinct adsorption HLD. Six minerals, seven surfactants, and three
oil phases have been used to measure 126 adsorption isotherms. Maximum adsorptions
taken from these adsorption isotherms are used to determine the error associated with
the calculated HLD adsorption values. The maximum adsorptions taken from the

adsorption isotherms will be referred to as measured maximum adsorptions, while the
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maximum adsorptions calculated using the modified HLD adsorption equation will be
referred to as the calculated maximum adsorptions. Since the modified HLD adsorption
equation has its optimum at 1 i.e. the maximum adsorption occurs there, a scaler is
applied to the measured maximum adsorptions so that the highest value is now 1, while
the measured maximum adsorptions retain their trends relative to each other.
Preliminary values are assumed for b’, K, and J so that calculated maximum adsorptions
can be predicted. The mean squared error between each calculated maximum
adsorptions and its corresponding measured maximum adsorption is found, and all of
the errors are then added together. This total error is then minimized using non-linear
least squares regression by iteratively changing the three coefficients in the modified
HLD adsorption equation.

It was determined that granite washed screened is an outlier, since it experienced some
of the highest adsorptions despite having a zeta potential comparable to that of the
limestones which experienced significantly lower adsorptions. All the modified HLD
adsorption equation optimizations performed were then re-optimized excluding granite
washed screened from the data set. This omission showed improvement in the model fit
across the board, but ultimately failed to provide enough of a reduction in error for the
models to be considered successful.

Several different variations of the modified HLD adsorption equation have been
optimized. These different variations have involved using different sets of coefficients
for different parts of the data set. First, the entirety of the data set was examined

simultaneously and a single equation and set of coefficients was used. Next, a different
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b’ coefficient was optimized for each individual mineral while utilizing a single K and J

coefficient for all of the minerals.
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Figure 51: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS
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Figure 52: HLD adsorption values calculated using b’INDIV, allowing K to vary,
allowing J to vary, and excluding Granite WS
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Next, one of the parameters of the modified HLD adsorption equation was held constant
and the rest of the equation was optimized. First, distinct coefficients (b’, K, and J)
were optimized for all minerals and all EACNS in three groups of surfactant data:

Surfactant 1, Surfactant 1 with the Additive 5, and Surfactant 1 with the Additive 6.
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Figure 53: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1
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Additive 5 values
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Figure 54: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and the
Additive 5
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Figure 55: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and the
Additive 6
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Next, distinct coefficients (b’, K, and J) were optimized for all minerals and all EACNSs
in seven groups of surfactant data: Surfactant 1, Surfactant 1 with 1 wt% Additive 5,
Surfactant 1 with 3 wt% Additive 5, Surfactant 1 with 5 wt% Additive 5, Surfactant 1
with 3 wt% Additive 6, Surfactant 1 with 5 wt% Additive 6, and Surfactant 1 with 10

wt% Additive 6.
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Figure 56: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 1 wt%
Additive 5
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3 wt% Additive 5 values
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Figure 57: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 3 wt%
Additive 5
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Figure 58: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 5 wt%
Additive 5
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3 wt% Additive 6 values
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Figure 59: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 3 wt%
Additive 6
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Figure 60: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 5 wt%
Additive 6
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10 wt% Additive 6 values
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Figure 61: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
allowing J to vary, and excluding Granite WS for only Surfactant 1 and 10 wt%o
Additive 6

Then, distinct coefficients (b’, K, and J) were optimized for all minerals and all
surfactants in three groups of EACN data: EACN of 7.1, EACN of 9.0, and EACN of

9.7.
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EACN 7.1
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Figure 62: HLD adsorption values calculated using b>TOTAL, allowing K to vary,
and allowing J to vary for EACN 7.1
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Figure 63: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
and allowing J to vary for EACN 9.0
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EACN 9.7
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Figure 64: HLD adsorption values calculated using b>’TOTAL, allowing K to vary,
and allowing J to vary for EACN 9.7

Finally, distinct coefficients (b’, K, and J) were optimized for all EACNs and all
surfactants in six groups of mineral data: granite regular screened, granite washed

screened, granite, Ft. Payne limestone, Warsaw limestone, and Limestone A.

62



Granite RS

[y

<
o

y =-0.0014x+0.398

Q
oo

=
3

Q
o

=
t

Granite RS

<o
=

e et
[ T

Calculated Maximum Adsorption from HLD
(g/m?)
(=]

0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

=]

Measured Maximum Adsorption (g/m?2)

Figure 65: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Granite RS
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Figure 66: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Granite WS
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Figure 67: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Granite
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Figure 68: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Ft. Payne Limestone
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Figure 69: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Warsaw
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Figure 70: HLD adsorption values calculated using b’INDIV, allowing K to vary,
and allowing J to vary for Limestone A
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Conclusions and Discussion
An adequate correlation between the measured values of maximum adsorption and the
predictive values from the modified HLD model was never achieved. A wider range of
EACNSs for the adsorption isotherms would have allowed for a greater understanding
the effect the alkanes have on the system. The EACNSs studied were essentially
heptane, nonane, and decane which are relatively close together compared to the range
of EACN s for the heavy petroleum oils characterized. The model, while incomplete,
allows for insight to be gained on the factors that govern the adsorption of the surfactant
on to the minerals in the presence of heavy petroleum oils.
Surfactant 1, being a cationic surfactant, adsorbed more strongly on the granites, which
exhibited a more negative zeta potential than the limestones. This suggests that the
surface chemistry of the mineral has a large effect on the performance of the adsorption.
The addition of the fatty acid additives noticeably increased the adsorption of the
surfactant onto the mineral. Also the Surfactant 1 when used in conjunction with the
Additive 5 exhibited higher adsorption than the Surfactant 1 by itself or the Surfactant 1
used in conjunction with the Additive 6. Additive 6 is a maleated form of Additive 5
which suggests that the maleation process alters the species on the fatty acid that aids in
promoting the adsorption of the surfactant exhibited by the Additive 5.
The models optimized for each individual surfactant, each individual mineral, and each
individual EACN provide insight on the important forces that govern the adsorption
system. These models essentially hold one term of the modified HLD equation constant

and allow the other two parameters to be examined in relation to one another.
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The models optimized for each individual surfactant allow the EACNs of the artificial
heavy petroleum oils and the zeta potentials of the minerals to be examined together.
While not a perfect correlation, there exists some correlation between the amounts of
surfactant adsorbed based upon the effects of the oil EACN and the surface
characteristics of the rock indicating that the relationship between these two parameters
is crucial for describing the adsorption phenomena that is occurring.

The models optimized for the individual minerals allow the EACNs of the artificial
heavy petroleum oils and the surfactant characteristics to be examined. These models
have slopes of almost 0 indicating the relationship between the surfactant and the oil is
not as important as the chemistry of the mineral which is supported by the
literature.[31]

Finally the models optimized for the individual EACNs allow the relationship between
the surfactant characteristics and the mineral chemistry to be examined. These exhibit a
slight correlation indicating that, while not the primary driving force of the adsorption,
the relationship between the surfactant characteristics and the mineral chemistry is of
some importance.

It is interesting to note with the initial addition of Additives 5 and 6, the surface area of
the surfactant head group decreases as compared to the surface area of Surfactant 1 by
itself due to the initial attraction between the fatty acid and the cationic surfactant. With
this decreased surface area per head group, adsorption of Surfactant 1 increases. As
greater weight percentages of the additives are added, the surface area per head group

increases and adsorption also generally decreases.
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Ultimately, although the modified HLD model failed to accurately predict the
adsorption of the surfactant onto a mineral surface in the presence of a heavy petroleum
oil, some of the driving forces behind such adsorption were examined and compared to

one another to determine how their interactions affected this adsorption.
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Appendix A: Sample Equivalent Alkane Carbon Number

Determination

Materials Needed
Heavy petroleum oil (HPO) with unknown equivalent alkane carbon number
(EACN)
Organic Solvent (assumed to be toluene here). The organic solvent must
solubilize the oil with unknown EACN
Surfactant with a known optimal salinity and characteristic curvature (e.g.
AMA,; sodium dihexylsulfosuccinate)
Small vials with caps
DI water
Pipettes that measure in microliters

Procedure

. Stock solutions:

a. Prepare a surfactant stock solution to be used in the salinity scans and
record the molarity. For AMA, 0.2 mol/liter is the appropriate stock
solution to use. A reasonable amount is 1 liter. Record actual amount
(grams) of AMA added.

b. Prepare approximately a 20g of NaCl per 200mL water solution and
record the actual amount. A reasonable amount is 1 liter, i.e. ~200 g of
salt and fill to 1 L with water. Record actual amount (grams) of salt

added. Be sure the salt fully dissolves.
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c. Dissolve the unknown heavy petroleum oil in toluene at the desired
weight percentages to make the unknown heavy petroleum oil stock
solutions. It is recommended approximately 1 wt%, 3 wt%, 5 wt%, 7
wt% and 9 wt% be made. Record the actual weight percentages for all
the solutions.

2. Using the previously recorded concentrations of surfactant and salt stock
solutions, determine the amount of each solution and additional water needed to
make the mixture contain 0.1M AMA, the desired concentration of salt, and
ensure the mixture adds up to 5SmL of water total and add this to a vial. As a
starting point, it is recommended a total of 5 vials ranging in salt concentration
from 2 to 4 g of NaCl per 100mL at 0.5 intervals for each heavy petroleum oil
weight percent be made.

3. Mark the bottom of the meniscus of the water solution on the vial with a

permanent marker.

Figure 71: Example Meniscus Markings
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4. Add 5mL of the toluene/heavy petroleum oil mixture to each vial and shake
each vial vigorously until well mixed.

5. Allow the vials to sit for about a day to let the emulsions settle.

6. Look for where the drawn line from step 5 is in the middle of the type 11
emulsion. This will indicate the optimal salinity is around this salt concentration
and a new scan can be performed around this salt concentration with smaller 0.1
g of NaCl per 100mL salt intervals

7. Repeat steps 2-7 until the optimal salinity can be determined.

8. Once the optimal salinity has been determined, record it along with the weight
percent of heavy petroleum oil used in the experiments.

9. Repeat steps 2-8 with different weight percentages of heavy petroleum oil in
toluene.

Table 12: Salinity Graph Data

wt% | wtfrac | S* | S*mix | In(S*/S*mix)/K
0.01 3.2 |32 0

0.03 3.2 |36 -0.692841386
0.05 3.2 |38 -1.010883864
0.07 32 |4 -1.312609125
0.09 3.2 |43 -1.738024782

O IN|OT|W |-

HLD, . = x,HLD,+ x,HLD,

Assuming no alcohol, 25°C, and HLD is 0 for optimum salinity:

HLD = In(S) — K #* EACN + Cc

HLD,_ .. =x4[In(5:. )— K*EACN, + Cc] + x,[In(5}..) — K * EACN, + Cc]

mix mix
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0= (x;+x,)In(5;,,) + (x; +x,)Cc— K(x,EACN, + x,EACN,)

mix
1= (2, +x;)

0=In(5;,.) + Cc— K(x,EACN, + x,EACN,)

mix

For toluene, species 1:

HLD, =In(5%) — K = EACN, + Cc

Subtracting the toluene HLD equation from the HLD equation of the mixture

0=In(S}:) —In(5*)— K((1 — x,) EACN, + x,EACN,) + K = EACN,

mix

]

55,
0= ln(%] + K = x,(EACN; — EACN,)

n (sfiu':r)

P = x,(BACN, — EACN,)

10. Graph the natural logarithm of the optimal salinity of the surfactant chosen over
the determined salinity of the mixture against the weight percent of the heavy

petroleum oil in the toluene.
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Salinity Scan for EACN determination
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Figure 72: Salinity Scan Graph Example

11. The slope of the line from the graph in step 13 should be the EACN of the heavy
petroleum oil subtracted from the EACN of the toluene. So in this case, the

slope of the line is -19.4 which means that the EACN of the unknown heavy

petroleum oil is 20.4.
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Appendix B: Sample Characteristic Curvature Determination

Materials Needed
Surfactant to be tested
Reference Surfactant with a known characteristic curvature (e.g. AMA)
Sodium Chloride
Reference organic oil with a known EACN (e.g. toluene, decane)
DI water
Small vials with caps
Microliter pipette
Various glassware

Procedure

Stock solution preparation:

a. Prepare a surfactant stock solution that will be used for the salinity scans
and record the molarity. Ensure that the stock solution is reasonably
above the desired concentrations to be tested so as to allow enough room
for the other surfactant and the salt in the aqueous phase. A liter in total
volume is a reasonable amount.

b. Prepare a reference surfactant stock solution that will be used in the
salinity scans and record the molarity. A liter is a reasonable amount.

c. Prepare approximately a 20g — 25g NaCl per 100mL of water solution
and record the actual concentration. A liter is again a reasonable amount

(i.e. 200g — 2509 of NaCl in a liter of water).
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2. Using the previously recorded concentrations of surfactant and salt stock

solutions, determine the amount of each solution and additional DI water that is

needed to make the mixture contain the desired concentrations of surfactant,

reference surfactant, and NaCl and add them to the vial so that the total volume

is 5mL. These will consist of the aqueous phase.

a. As astarting point, it is recommended a total of 5 vials are used ranging

C.

in salt concentrations of 0.5 g of NaCl per 100mL intervals around the
optimal salinity of the reference surfactant in the designated oil phase.

It is recommended the mole fraction of the target surfactant should not
exceed 0.5, since this will defeat the purpose of using a reference
surfactant as it may cause the system to behave differently than when the
reference surfactant is present in a larger fraction.

An appropriate amount of total surfactant added is 0.1M, but this may be
adjusted if the surfactant is not soluble enough to produce such
concentrations (e.g. 0.01M of target surfactant and 0.09M of reference
surfactant, 0.02M of target surfactant and 0.08M of reference surfactant
etc.)

Add the DI water first, reference surfactant next, then target surfactant,
and lastly add the salt. Ensure the salt solution is added last to avoid salt

shock to the system.

3. Mark the bottom of the meniscus of the aqueous phase on the vial with a

permanent marker.
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4. Add 5mL of the organic oil with known EACN to each vial and shake
vigorously until well mixed.

5. Allow the vials to equilibrate for about a day to allow the emulsions to settle.
6. Observe where the line drawn in step 3 is located with respect to the type of
emulsion that exists in the vial. If the line is in the middle of the type 111
emulsion then this indicates the optimal salinity has been found. A new scan

can then be performed in smaller salt concentration intervals.

7. Repeat steps 2-7 until the optimal salinity can be determined.

8. Once optimal salinity has been determined, record it along with the mole
fraction of target surfactant used in the experiments.

9. Repeat steps 2-8 with different mole fractions of the target surfactant.

10. Graph either the natural logarithm of the optimal salinity of the surfactant
mixture over the optimal salinity of the reference surfactant for ionic surfactants
or the “b” coefficient (typically ~ 0.13) multiplied by the difference of the
optimal salinity of the mixture and the optimal salinity of the reference
surfactant for nonionic surfactants against the mole fraction of the target
surfactant.

11. The linear slope of the line between these points and the origin is the Cc of the
target surfactant subtracted from the Cc of the reference surfactant.

Example
As described in the procedure for salinity scans, a spreadsheet was setup in excel to
determine the appropriate amounts of each stock solution used. In this example

Surfactant 3 was used. Stock solutions were first made and recorded.

79



Table 13: Stock solutions

AMA stock 0.197 M
Surfactant 3 stock | 0.00818 | M
NaCl stock 33.6 gNaCl/100mLH-.O

It was then decided which mole fractions would be used in the experiments.

Table 14: Mole Fraction of Surfactant 3

AMA (M) | Surfactant 3 (M) | x Surfactant 3 (mole frac.)
0.015 0 0

0.014 0.001 0.067

0.013 0.002 0.13

0.012 0.003 0.20

0.01 0.005 0.33

For a desired mole fraction of Surfactant 3 of 0.067, concentrations of 0.014M AMA
and 0.001M Surfactant 3 are required. To determine around which salinity the scan
should begin, the optimal salinity of AMA in decane can be found using the HLD
equation for ionic surfactants.
HLD = In(5)— K * EACN + Cc — ay* AT
Since the optimal salinity will occur at and HLD of 0, K is approximately 0.173, the
change in temperature from 25°C is 0, the EACN of decane is 10, and the Cc of AMA is
-0.93, the optimal salinity of AMA in decane can be solved for.
0=1In(5)—0.173*10—0.93 -0

In(S) = 2.66

Saya= 143
So the scan will begin at 14g NaCl per 100mL of H>O and will increase in increments

of 0.5.
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The cells on the left are the desired concentrations that are to be in the vial, and those
cells titled volume in microliters are the necessary volumes of stock solution that needs
to be added to the vial to achieve the desired concentrations in a total of 5mL of
aqueous phase.

Table 15: Vial Preparation

AMA | Surf. 3 | NaCl Surf. 3 AMA NaCl Vol | Vol H20 | total vol
(M) (M) (9/mL) | Vol (uL) | Vol (uL) | (uL) (uL) (uL)
0.014 |0.001 |14 611 355 2083 1950 5000
0.014 |0.001 |145 611 355 2158 1876 5000
0.014 |0.001 |15 611 355 2232 1801 5000
0.014 |0.001 |155 611 355 2307 1727 5000
0.014 |0.001 |16 611 355 2381 1652 5000

After all the aqueous phase volumes have been added to the vial and before the decane
has been added, a line is drawn in permanent marker where the meniscus of the aqueous

phase is as seen is Figure 73.

Figure 73: Aqueous phase meniscus lines

Once the line has been drawn, 5mL of decane is added to the vials and they are shaken
vigorously until well mixed and then left to equilibrate. Once the emulsions have

settled, it can be determined where the line is in the middle of the type 111 emulsion.
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After the first scan, it was determined the optimal solubility was around 15.5g NaCl per

100mL, so another scan was performed for 15.2, 15.4, 15.7, and 15.9.

Figure 74: Completed Scan for 14mM AMA and 1.0mM Surfactant 3

The optimal salinity for a mole fraction of Surfactant 3 of 0.067 was determined to be
15.4g of NaCl per 100mL of H>O. The same procedure was performed for three more
mole fractions and their optimal salinities were found as well and recorded.

Table 16: Optimal Salinities for mole fractions of Surfactant 3

AMA (M) | Surfactant 3 (M) | x Surfactant 3 | S*mixture
0.015 0 0 14.3
0.013 0.002 0.13 17.25
0.014 0.001 0.067 15.4
0.012 0.003 0.20 19.5

0.01 0.005 0.33 22.6

In order to determine the Cc of the target surfactant, it will be assumed no alcohol and
25°C.
HLD = In(S)— K * EACN + Cc — a; * AT

HLD = In(5) — K = EACN + Cc
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Assuming linear mixing occurs between the two surfactants;
HLD,; = XapqaHLDgpg + Xgypps HLDgy 053

HLD, ;. = X4 [In(5,5.) — Kppga * EACN + Cypy]
+ xj‘urfﬂ[ln(‘sj — Kgypps * EACN + ch'urfﬂ]

Assume the K constants are equal and the optimum point occurs at HLDmix = 0;

0= [:xAM‘A + x.‘-‘urfﬂ) In(S,,,) —K = EACN[xA.'d'A + x.‘-‘urfﬂ) t XpaCCapma
T Xgurr3 Clourss

Xama T Xgyrps = 1
0 =In(S,;,) — K * EACN + 24,14 CCp + X5urp3CCs0rp3
Subtracting the optimum HLD for AMA (i.e. 0 = In(5,,,,) — K * EACN + Ccap,)

gives;

5‘ L - -
In _r,':“,: = Xgurrz * (CCana — CCsyrpa) for ionic surfactants

Note: following the same procedure for nonionic surfactants gives;

b * (S — Sama) = Xsurpz * (CCama — Cxprp)
So to determine the Cc of Surfactant 3, ln;;‘:‘—; will be graphed against the mole fraction
of Surfactant 3 in the mixture and the linear slope between the data points and the origin

will be the Cc of Surfactant 3 subtracted from the Cc of AMA.

Table 17: Mole fraction and corresponding natural logarithm of salinities

x Surfactant 3 | In(S*mix/S*AMA)
0 0

0.067 0.072

0.13 0.19

0.20 0.31

0.33 0.46
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Figure 75: Optimal Salinity vs. Mole Fraction for Surfactant 3

The linear slope of this plot is 1.41 meaning that the Cc of Surfactant 3 is -2.34.
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Appendix C: Sample Critical Micelle Concentration Determination

Materials Needed

Surfactant to be tested

e Surface Tension Analyzer (Wilhelmy Plate, Maximum Bubble Pressure, or
some other way to measure surface tension)
e Pipettes that measure in microliters
e DI water
e Various glassware
Procedure
Critical Micelle Concentration
1. Prepare a stock solution of the surfactant to be tested and record the molarity
(weight of surfactant divided by molecular weight of surfactant multiplied by
the volume of water and surfactant (in liters)). (i.e. 10 mM of surfactant) This
stock solution will be used to prepare the dilutions for which the surface tension
will be measured.
2. Since surface tension will be plotted against the log scale of concentration,
prepare dilutions that are separated by a factor of 10 each time. (i.e. dilutions of
1 mM, 0.1 mM, 0.01 mM etc.)
a. To ensure enough data has been collected to accurately determine the
CMC, also prepare dilutions from other concentrations like 5 mM (i.e. 5
mM, 0.5 mM, 0.05 mM etc.)

3. Measure the surface tension of the dilutions prepared in Step 2.
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a. The measurements shown below were completed using a Cahn DCA322
system which utilizes the Wilhelmy plate method (in this case a glass
slide).

b. Other ways exist to determine surface tension such as tensiometers that
utilize a pendant drop technique.

4. Construct a graphs of these surface tensions plotted against the log scale of
concentration.

a. ldeally there should be a certain point at which the surface tension no
longer changes with concentration (or changes very slowly with
concentration), which is due to the surface being saturated with
surfactant molecules. If this phenomena is not represented in the data,
the following steps may fix this problem.

b. If the surface tension has not leveled off with increasing concentration,
then the CMC has not been reached and more concentrated solutions
must be measured.

c. If the surface tension is not decreasing with increasing concentration,
then the solutions being tested are still above the CMC and more dilute
solutions must be measured.

d. Itis quite possible that a surfactant (e.g. lignin amine) does not have a
CMC. However, the linear slope of the surface tension plotted against
the log scale of concentration is needed for the Gibbs isotherm equation,

not the actual CMC itself.
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Area Per Surfactant Head Group

1. Using the Gibbs isotherm equation to determine the Gibbs surface excess for the

surfactant.

a. Ensure the units are correct.

b. Note that a factor of 2 is present in the Gibbs isotherm equation for ionic

surfactants without added salt. If the molar concentration of added salt is

at least 10x the CMC then use the same equation for ionic surfactants

and nonionic surfactants. The factor of 2 in the Gibbs isotherm equation

comes from the change in chemical potential of the counterion of the

surfactants ion.

2. Multiply the surface excess energy by Avogadro’s number (6.022*10%%) and

taking the inverse of that result yields the area per surfactant head group.

a. Ensure the units are correct.

Example

As described in the procedure for CMC determination, surface tensions are measured

for different surfactant concentrations as shown below in Table 18. In this example

Surfactant 570S was used.

Table 18: Surfactant concentration and corresponding surface tensions

Concentration (mmol/L) | log(conc.) | Weight Percent | Surface Tension (mN/m)
1.81 -2.74 0.0566 33.57
1.0 -3.0 0.031 33.62
0.75 -3.1 0.023 33.94
0.50 -3.3 0.016 34.24
0.25 -3.6 0.0078 36.72
0.10 -4.0 0.0031 41.97
0.075 -4.1 0.0023 43.76
0.050 -4.3 0.0016 46.99
0.025 -4.6 0.0008 50.58
0.01 -5.0 0.0003 54.18
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Now graph the surface tension against the log scale of concentration (or weight percent)

as seen in Figure 76.
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Figure 76: Surface Tension vs. Concentration for Surfactant 570S

The CMC occurs where the surface tension ceases to decrease linearly with the log
scale of concentration and remains constant. This point is demonstrated in Figure 77
below. Assume the four data points to the right of the arrow are above the CMC and

the six data points to the left of the arrow are below the CMC.
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Figure 77: CMC approximation

Using a tool such as Excel, calculate the best “linear line fit” for the linear points below
the CMC (the two lowest concentrations were excluded since they no longer trend
linearly) and the best “linear line fit” with a slope of 0 for the points above the CMC. It
is important to note that since the x-axis is in a logarithmic scale, the best “linear line
fit” is actually a logarithmic fit. The line fit above the CMC has a slope of 0 because
surface tension should ideally remain constant for concentrations above the CMC.
v =-—1442=%log(x) — 15.42
v =0=log(x)+ 33.84
And calculate the intersection of these two best fit lines to find the CMC. (Graphically
shown in Figure 78)
—14.42 = log(x) — 15.42 = 33.84
log(x) = —3.42

x =383+ 107*M = 383mM = CMC
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Figure 78: CMC Determination

Once the CMC has been determined, the area per surfactant head group may be

calculated using the Gibbs isotherm equation and the linear slope calculated for the

points below the CMC (—2—).

dilogc)
_i dr - _ 1 dy . . f . . .
21 = R7 20m0) 2303 AT aiagc) NONIONICS O fonics with swamping electrolyte
1 ér _ _ 1 dy . _ . .
21 = 27 2mc) 2303277 2lagcy 'ONICS without added electrolyte

The Gibbs isotherm equation allows the surface excess energy to be found, which is

then in turn used in the area calculation along with Avogadro’s number (6.022%10%3).

1

Area =
2,1NA

Applying unit conversions cause the final area per head group calculation to become:

T+8.314+2.303 ..
Area = ——g———— nonionics

dllogC) =

_ TsB314:2.308:2 . .
Area = ———a _____ lonics

dllogC) =
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So for Surfactant 570S, which is an ionic surfactant, the area per surfactant head group

is as follows:

298 #3314 2,303 =2 i
Area = — =131 A? Jmolecule
(—14.42) = 6.022
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