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ABSTRACT

Surfactants are of interest in several enhanced oil recovery (EOR)
processes. They can be used for low tension flooding, mbbility control
in gas flooding, and blocking and diverting. Adsorption at the
solid/liquid interface is a mechanism of surfactant 1loss and is
therefore detrimental to these processes. This thesis deals with
several aspects of the adsorption of foam-forming surfactants used in

EOR applications.

The starting point for the material presented is the surface
excess model for surfactant transport through porous media developed by
Huang and Novosad (1986). It is shown that two of the adjustable
parameters in the model, the monolayer coverages of surfactant and
water, can be determined through independent measurements, thus
reducing the number of parameters in the model by two. Experimental
data indicate that the selectivity of adsorption, assumed constant in
the previous surface excess model, is a decreasing function of
concentration. Two functional forms of selectivity, one from
thermodynamic principles and the other semi-empirical, are incorporated
into the surface excess model and tested with experimental core flood
data. It is shown next that surface heterogeneities can affect the
adsorption process very strongly. A simple form of surface

heterogeneity is incorporated into the model, allowing history matching
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of effluent concentrations from core floods run at different injected
concentrations with a single adsorption isotherm. By contrast, the
previous models required separate isotherms to match different core
floods. In the final chapter a model for flow of surfactant mixtures is
developed. This model incorporates monomer-micelle equilibrium and the
surface excess concept for multicomponent mixtures. The model is shown
to represent experimental core flood data well, and it is wused to
explain the counter—iﬁtuitive behavior of a surfactant mixture in a
core flood. A model study is carried out to demonstrate some features
of the chromatographic movement of surfactant mixtures through porous
media and the potential for applying the properties of such mixtures to

the formulation of surfactant systems.
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CHAPTER 1

INTRODUCTION

The unique properties of surfactants have led to Pheir application
in such diverse fields as detergency, mineral processing (flotation),
agriculture, emulsion polymerization, printing, pharmaceuticals,
corrosion 1inhibition, and enhanced o0il recovery. The desirable
characteristics of surfactants that are exploited in all these
applications arise from the structure of a surfactant molecule, which
consists of a polar (hydrophilic) and a non-polar (hydrophobic)
structural group. A consequence of the "amphipathic" nature of the
molecule is the formation of aggregates, called micelles, in solution
and the tendency of the surfactant molecules to become concentrated at
interfaces, either gas/liquid or solid/liquid. This work deals with
surfactants used in enhanced oil recovery (EOR), and more specifically
with adsorption of foam—forming surfactants at the solid/liquid
interface, which in this particular application is a mechanism of

surfactant loss and should therefore be minimized.

Several enhanced o0il recovery processes make use of surfactants,
the best known probably being conventional surfactant flooding. This
process relies on a significant lowering of oil/water interfacial
tensions by the surfactant,which results in a decrease of the capillary

forces that trap the oil in the porous medium. Trapped oil droplets may



thus be released by injection of a surfactant solution into the
reservoir. While it is well established that surfactant flooding can
recover additional oil, if a sufficient quantiiy of the surfactant is
injected (Gogarty, 1977; Novosad, 1882), careful evaluation of the
economics of such a process is required, since the chemicals injected
into the reservoir are more expensive than the crude oil to be
recovered. It is therefore desirable to inject the lowest quantity of
surfactant that still maintains effectiveness in recovering additional
oil. Factors determining the economic feasibility of conventional
surfactant flooding have been summarized by Gogarty (1877).
Uncertainties accompanying the economics of this process include the
time required to recover tertiary oil, long-term projection of oil
prices, and lack of experience with full-scale application of

surfactants in the field.

A second EOR process that makes use of surfactants relies on the
foaming capability of a surfactant solution that is co-injected with a
gas into the reservoir to form a mobility control foam. In contrast to
conventional surfactant flooding, which enhances the microscopic
displacement efficiency, this process improves the sweep efficiency of
a displacing gas phase. Steam flooding and hydrocarbon gas miscible
flooding, the two most frequently applied EOR processes in Canada,
both suffer from poor sweep efficiency caused by gravity override and
viscous fingering of the low density, low viscosity displacing fluid.
There has thus been much interest in recent years in the application of

mobility control foams to improve the efficiency of these processes.



Simultaneous injection of gas and surfactant solution will generate a
foam in the porous medium, thereby reducing the mobility of the
injected gas phase. Preferential flow of the surfactant into the swept
zones of the reservoir will divert injected gas to the unswept zones,
improving oil recovery from these zones. Promising results have been
obtained in several pilot tests with steam foams (Doscher and Kuuskraa,

1982; Dilgren et. al., 1982; Brigham et. al., 1984; Castanier, 1987).

A novel EOR method that uses surfactants to improve sweep
efficiency by blocking the more permeable regions of a reservoir has
been described recently by Harwell and Scamehorn (1987). This method
utilizes precipitation of two different surfactant types when mixed in
solution. A dilute solution of surfactant 1 is injected into the
reservoir, followed by a brine spacer, and then by surfactant 2. The
surfactants are chosen in such a way that the chromatographic velocity
of surfactant 1 is lower than that of surfactant 2. Surfactant 2 will
therefore overtake surfactant 1 at a distance from the injection well
that depends on the velocities of each component and on the gize of the
brine spacer. Once the two surfactants mix, precipitation of surfactant

and blockage of parts of the reservoir will take place.

One of the most important factors affecting the performance of the
processes described (or any EOR process that involves the injection of
chemicals into a petroleum reservoir) is the rate of propagation of the
chemical, which in turn is strongly affected by surfactant losses in

the reservoir. Mechanisms of surfactant loss include partitioning into



an immobile fluid phase, precipitation due to changes in ionic strength
and/or surfactant composition, chemical degradation of the surfactant,
and adsorption at the solid/liquid interface (Novosad, 1982). While
complete solubility and long term chemical stability of the surfactant
at conditions 1likely to be encountered in the reservoir should be
ensured before injection of the surfactant, entrapment in a residual
oil phase, adsorption losses, and changes in surfactant composition by
selective adsorption and/or partitioning of some of its components are
more difficult to evaluate. Many foam-forming surfactants, particularly
those suitable for high salinity and hardness environments {(Novosad and
Ionescu, 1987), do not partition into an oil phase to any significant
extent. For such systems, adsorption at the solid/liquid interface

constitutes the most important mechanism of surfactant loss.

In this work the author hopes to elucidate some aspects of
surfactant adsorption. Even though the principles involved apply to
surfactants in general, the experimental data were collected using
foam-forming surfactants. Surfactant partitioning into an oil phase is
not considered at this stage, all experiments being performed in

oil-free systenms.

The importance of developing a good understanding of surfactant
loss at the solid/liquid interface has been emphasized repeatedly (Gale
and Sandvik, 1973; Bae and Petrick, 1976; Hurd, 1976; Malmberg and
Smith, 1877; Lawson and Dilgren, 1978; Novosad, 1982). Adsorption is

usually determined by either of two methods: the change in



concentration of a surfactant solution equilibrated with a solid, or
the amount of surfactant retained in a core after flooding with =a
surfactant solution. The first method requires extremely sensitive
analytical methods, if small changes in concentration are to be
determined accurately (Novosad and Baxter, 1979). Since adsorption
levels on reservoir rocks are relatively low compared to materials used
in the chemical industry, the usefulness of this method is limited by

the sensitivity of the analytical methods used.

The second method allows considerably more accurate determination
of adsorption, since the solid/liquid ratio can exceed that in the
static test by an order of magnitude. Several authors have used
material balance calculations to determine adsorption levels from
dynamic tests (Gale and Sandvik, 1973; Bae and Petrick, 1976; Malmberg
and Smith, 1977). The information obtained in this way 1is rather
limited in that it yields a single value of adsorption at the injected
concentration under consideration, rather than a complete adsorption
isotherm. A more detailed evaluation of adsorption is possible by
modelling surfactant transport in flow through porous media. Adsorption
is often incorporated into the transport equation using the Langmuir
rate or equilibrium equations (Trogus et. al.,1977; Satter et. al.,
1980; Ziegler and Handy, 1981; Novosad et. al., 1986), or the Langmuir
rate equation together with a mass transfer-rate mechanism from the
bulk to the surface (Ramirez et. al., 1980). This procedure may be used
to obtain the complete adsorption isotherm (the Langmuir isotherm) from

a single core flood (Novosad et. al., 1986).



The derivation of the Langmuir equation is straightforward and
elegant, but involves severe simplifying assumptions. Its ability to
describe many adsorption data, both at the gas/solid and solid/liquid
interface, results from the fact that it adequately describes the
general shape of many adsorption isotherms. Even though the Langmuir
equation is adequate for some systems, a thermodynamically consistent
approach to describing adsorption involves the use of surface excess
functions (Sircar et. al., 1872). The surface excess has been
incorporated into a transport equation for flow through porous media by
Huang (1985). The applicability of this model to surfactant adsorption,
and its superiority over the Langmuir model have been demonstrated by
Huang (1985) and by Mannhardt and Novosad (1987a). Much of the work
presented in this thesis is based on the surface excess model, and this
model will therefore be reviewed in the next chapter. Refinements and
extensions to the model will then be described in the following

chapters.

Most of the surfactant adsorption studies appearing in the
petroleum literature take a fairly simplé approach to the description
of adsorption, such as, for example, the Langmuir adsorption isothern.
Data for the specific systems under consideration are measured, but no
unifying theory on the underlying principles is presented. There is,
however, a very large amount of 1literature on the behavior of
surfactants in solution and on the fundamental aspects of surfactant

adsorption. Some of this work will be reviewed briefly in chapter 6.



Reviews on surfactant adsorption have been written by Clunie and Ingram

(1983) and Hough and Rendall (1983).

The rock/surfactant systems encountered in petroleum reservoir
applications are usually extremely complex. Not only are both the rock
and the surfactant multicomponent systems, but the composition of both
is often unknown. In contrast, the systems studied in the more
fundamental work on surfactant adsorption are usually well-defined,
either pure surfactants or well-defined mixtures being used. The solids
are wusually strongly adsorbing, clean materials such as silica,
alumina, and kaolinite, which greatly facilitate measuring adsorption
from changes in surfactant concentration. Description of adsorption :
mechanisms includes factors such as the electrical double layer at the
solid surface (Somasundaran et. al., 1964; Somasundaran and Fuerstenau,
1966; Wakamatsu and Fuerstenau, 1968; Dick et. al., 1971; Fuerstenau
and Wakamatsu, 1975), monomer-micelle equilibrium in surfactant
solutions (Trogus et. al., 19739a, Harwell et. al., 1982, 1985b),
lateral interactions between adsorbed surfactant molecules and
two—dimensionai phase transitions at the interface (Scamehorn et. al.,
1982a, 1982b), and detailed electrostatic interactions in the adsorbed
layer (Harwell et. al., 1985a). The detailed molecular-level
description of the interfacial layer models the distinctive features of
surfactant adsorption isotherms adequately in well-defined systenms
(Scamehorn et. al., 1982a, 1982b; Harwell et. al., 1985a), and allows
probing into the mechanisms involved, but would be much more difficult

to apply to the complex solids and surfactant mixtures encountered in



enhanced o0il recovery. However, the fundamental principles of the
behavior of surfactants in solution and at the solid/liquid interface
have occasionally been used to explain some of the observations made in

core floods (Trogus et. al., 1879b; Harwell et. al., 1982, 1985b).

In chapter 6 of this work some of these principles will be
incorporated into the surface excess model in an attempt to model the
chromatographic separation of surfactant mixtures in flow through
porous media. Such separation of the components of a commercial
surfactant mixture by differential adsorption on the solid surface will
continously change the composition of a surfactant flowing through a
porous medium, with possibly detrimental effects on enhanced oil
recovery. Some of the properties of surfactants may also allow
tailoring of surfactant solutions for specific applications. The goal
of modelling adsorption of surfactant mixtures, as described in chapter
6, 1is the detailed evaluation of adsorption of mixtures using
relatively straightforward experimental and numerical techniques. The
end result should be an easy-to-use and fairly general model that
incorporates some of the fundamental work described in the literature.
Such a model should be useful both in evaluating and in designing

surfactant systems.



CHAPTER 2

THE SURFACE EXCESS CONCEPT IN MODELLING ADSORPTION IN FLOW
THROUGH POROUS MEDIA

This chapter will review the surface excess concept and the
dispersion equation for flow of an adsorbing chemical through porous
media. Both have been used previously by Huang (1985) in modelling
surfactant adsorption. Since Huang’s model‘is used as a starting point
for much of the material in the following chapters, it will be

summarized briefly here.

1. The Surface Excess

The thermodynamic system considered consists of a solid, a bulk
liquid, and an adsorbed 1liquid phase. The adsorbed phase is
characterized in terms of the surface excess, which has often been
described as the only thermodynamically consistent variable that should
be used in describing adsorption (Sircar and Myers, 1971; Sircar et.
al., 1972; Everett, 1973; Sircar, 1985a). The surface excess is defined
as the difference in solute concentration before and after adsorption
at the solid surface, or

n? = no(x§ - Xi) (1)

e . . - .
where ni is the surface excess of component i in mmoles per unit mass
o . . e . (o)
of adsorbent, n~ is the amount of liquid per unit mass of adsorbent, Xi

is the overall mole fraction of component i, and xi is the mole
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fraction of component i in the bulk liquid after adsorption. The
quantities on the right hand side of this equation are all
experimentally measureable, and the surface excess can therefore be
determined directly without having to make any assumptions about the
structure of the adsorbed phase or about the position of the dividing
surface between the bulk and adsorbed phases. In addition to being of
immediate practical value, equation (1) can be developed fronm
thermodynamic principles using the Gibbs adsorption equation (Chattoraj

and Birdi, 1884).

The material balance equations

n° =n+n (2)
o _ »
n, = n, + n (3)

together with equation (1) can be used to derive an alternate equation

for the surface excess:

- xi) (4)

or, equivalently:
= € 4
n; =n; +n’x, (5)

In these equations, primed variables refer to the adsorbed phase,
unprimed ones to the bulk phase, and the superscript "o" to overall
values. n represents amounts of liquid, n, amounts of component i, and
X, mole fractions of component i, all either in the bulk (unprimed) or
adsorbed (primed) phase. Equation (4) clearly demonstrates the relative

nature of the surface excess: It is the excess of component i in the
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adsorbed phase over the amount that would be present if the
concentrations in the bulk and adsorbed phases were equal, i.e. if the

solid had no preference for either component in the liquid.

The thermodyhamics of excess functions have been described in
detail for adsorption from binary liquid mixtures (Sircar and Myers,
1970, 1971; Sircar et. al., 1972; Larionov and Myers, 1971) and for
single and multi-component gas adsorption (Sircar, 1985a). Reviews on
the subject have been presented by Schay (1969a), Everett (1973), and
Chattoraj and Birdi (1984). From these works it is clear that the
thermodynamics of adsorption can be described completely using an
experimental quantity, the surface excess, eliminating the need for
using a derived quantity such as the amount adsorbed. The amount
adsorbed is of uncertain theoretical significance, since it requires

assumptions about the structure and size of the adsorbed phase.

In much of the adsorption literature it is the surface excess that
is determined from concentration differences in batch adsorption tests,
but the meésured quantity 1s inaccurately denoted as the amount
adsorbed. Equation (5) clearly shows that the amount adsorbed (ni) is
not equal to the surface excess (n?), the difference being made up by
the term n’xi. In dilute solution, however, the bulk phase

concentration of component i (Xi) will be small, and surface excess and

amount adsorbed will be nearly equal.

The development that follows 1is for a binary system, with
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component 1 taken to be the surfactant and component 2 the solvent.

The quantity of practical interest in surfactant adsorption is
usually the amount adsorbed rather than the surface excess. To define
the amount adsorbed, a model defining the dividing surface between the
bulk and adsorbed phases has to be specified. The frequently wused
monolayer model of adsorption leads to the definition of the amount

adsorbed in the monolayer of a binary system as

-
Nv

(8)

= B
|
le
=

+
Nslx

where m1 and m2 are the amounts of surfactant and water, respectively,
required for monolayer coverage of the solid surface. Equation (8) is
frequently referred to as a "monolayer assumption”, but it has been
pointed out by Larionov and Myers (1871) that multilayered adsorption
could be modelled equally well using this equation, with my and m,, then
representing the amounts of components 1 and 2 required to fully
saturate the adsorptive capacity of the solid. It is important to
realize that, even though the surface excess is independent of any
definition of the adsorbed phase, the use of equation (B) results in a

specific model of adsorption through the introduction of the monolayer

assumption.

When the bulk phase concentration of component 1 (xl) is zero, the
adsorbed phase concentration (xi) also has to be zero. Similarly, when
x1=1, xi=1 also. Using equation (4), ni is therefore zero at x1=0 and

at x1=1, going through a maximum (or minimum) between these
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concentrations. Since this can make extrapolation of experimental data
unreliable, the selectivity has often been used as a measure of the
relative compositions of the bulk and adsorbed phases. The selectivity,

sometimes also referred to as the separation factor, is defined as

X3 /X!

xl/x2

For positive adsorption of component 1, (n?>0), S>1; for negative
adsorption (ni<0), S<1; and for a neutral surface that has no effect on

either component in the liquid (ni=0), S=1.

Combining equations (4), (6), and (i) leads to an expression for
the surface excess of a  monolayer adsorption model:

e _ mlxlxz(s-l)
1 le + (ml/mz)x2

(8)

Equations (4) and (8) to (8) can be combined to give the amount of

component 1 adsorbed:

mx,S
n’ = 171 (9)
1 le + (ml/mz)x2
For known values of m s and S, equations (8) and (8) allow

1°
calculatioﬂ of adsorption isotherms of component 1. Typical examples
for two completely miscible components are shown in Figure 1. For a
brine/surfactant system, concentrations would be restricted to the low
end of the concentration scale by the limited solubility of the

surfactant.
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FIGURE 1. Typical adsorption isotherms for completely miscible liquids,
as calculated from equations (8) and (8) with S=10, m1=0.0033 mmole/g,

m2=0. 013 mmole/g.
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2. Modelling Adsorption in Flow through Porous Media

As has been mentioned in the introduction, adsorption can be
determined through batch experiments by measuring the change in
concentration of a solution after equilibration with a solid. The
surface excess can then be calculated directly from equation (1). Since
adsorption levels for the systems studied in this work are very low,
batch experiments would yield very small differences between xi and Xy
requiring extremely sensitive analytical methods (Novosad and Baxter,
1979). In flow experiments, on the other hand, the solid/liquid ratio

can be much higher, allowing more accurate measurement of adsorption

from the delayed arrival of a chemical at the core outlet.

Using a mass balance on a differential volume element, the
one-dimensional dispersion model for flow through a homogeneous,
non-adsorbing porous medium of constant cross-sectional area can be

derived as:

D 5~V = (10)

where y is distance, t is time, D is the dispersion coefficient, and v
is frontal velocity. This equation is of the same form as the
convective diffusion equation (Bird et. al., 1980), with the diffusion
coefficient replaced by a dispersion coefficient. Equation (10) has
been used very commonly for flow through porous beds. Various aspects

of this equation have been discussed by Coats and Smith (1964) and
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Nunge and Gill (1970). Assumptions implicit in equation (10) are
constant flow rate, dispersion in the longitudinal direction only, a
fluid density and dispersion coefficient that are independent of
concentration, and no chemical reaction. If molecular diffusion is
assumed to be negligible compared to dispersion, the dispersion
coefficient D can be assumed to be proportional to the frontal velocity

v (Perkins and Johnston, 1963; Coats and Smith, 1964):
D = av (11)

where A is a dispersion parameter,

Adsorption at the solid/liquid interface can be taken into account
by adding an adsorption term to the mass balance equation (equation
(10)). Different adsorption terms have been used by different authors,
and these include Langmuir rate-controlled and equilibrium adsorption
(Gupta, 1972; Trogus et. al., 1977; Ramirez et. al., 1980; Satter et.
al., 1980; Ziegler and Handy, 1981; Novosad et. al., 1986), Freundlich
equilibrium adsorption (Gupta, 1972), linear equilibrium and linearr
finite rate adsorption (Lapidus and Amundson, 1952; Gupta and
Greenkorn, 1973) , and bilinear adsorption (Gupta and Greenkorn, 1973).
As has ©been stated previously, the surface excess is the
thermodynamically correct, and therefore most appropriate, variable to
describe adsorption. The surface excess has been incorporated into
equation (10) to model flow of an adsorbing chemical through a porous

medium by Huang (Huang, 1985; Huang and Novosad, 1986):
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82x1 6x1 6x1 1-¢ P ania
D—=-v = + — (12)
3y 8y at ¢ p 48t

where n?a is the actual (as opposed to equilibrium) surface excess, pr

is the rock density, and p is the liquid molar density.

The proper boundary conditions to be used with equations (10) and
(12) have been discussed quite extensively in the literature. It has
been pointed out by Danckwerts (1983) that the following initial and
boundary conditions are appropriate for slug injection of a chemical

into a system of finite length:

xl(y,O) =0 0O0=sy=L
6x1
vxl(O,t) = VX * D 5;- 0<t = t1
8%, (13)
vxl(O,t) =D 5;- t > tl
ax1
5'3,—(L,t)=0 t>0

where x10 is the mole fraction of surfactant in the injected solution,

tl is the duration of chemical injection, and L is the core length.
These boundary conditions have been confirmed and used by Kramers and
Alberda (1953), Aris and Amundson (1957), Brenner (1962), and Satter
et. al. (1980). Coats and Smith (1964) have presented a summary and

discussion of the various boundary conditions for finite and infinite

systems.

The second term on the right hand side of equation (12) can be
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expressed in terms of simple first order kinetics:

ea
6n1 ;e ea
7t = klm(nl - ng ) (14)
m = 1, adsorption
m = 2, desorption

where k1m is the kinetics constant for component 1, n® is the

1
equilibrium surface excess as given by equation (8), and nia is the
actual surface excess. When ni>nia, adsorption is assumed to take
place, and k, =k,.,. When n®<n? desorption takes place, and k, =k

im 711 171 Im 712°

The kinetics in equation (14) have been used by Sircar (1985b) for
adsorption of gases in adsorption columns, and by Sorbie et. al. (1987)
for adsorption of partially hydrolyzed polyacrylamide on sandstone.
Huang (1985) and Huang and Novosad (1988) have used equation (14) in
the context of surfactant adsorption, and have found it to give

satisfactory results.

The"complete flow model is then given by equations (8) and (12) to
(14). These equations are solved for the concentration at any point in
the core at any time step by the finite difference scheme of Barakat
and Clark (1966), which uses multi-level finite difference expressions
for the partial derivatives in equations (12) and (13). Barakat and
Clark have used this finite difference scheme to solve the unsteady

heat or diffusion equation of the form

Satter et. al. (1980) have used the Barakat and Clark method to solve a

dispersion equation of the form of equation (12) with boundary
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conditions (13).

There are several advantages to the Barakat and Clark finite
difference scheme over the conventional implicit and explicit finite
difference methods. It is completely explicit and therefore easier to
program and less computationally intensive than the implicit method;
. yet, unlike the conventional explicit method, it is unconditionally
stable without the rigid restrictions on space and time increments. The
method has been shown to be accurate and to converge to the solution of
the partial differential equation with proper choices of time and space
increments (Barakat and Clark, 1966). The accuracy of the numerical
scheme when used to solve equations of the form of equation (12) was
demonstrated by Satter et. al. (1980). In the absence of adsorption,
equation (12) reverts to equation (10), for which analytical solutions
have been reported by Brenner (1962) and by Coats and Smith (1964).
Results of the numerical solution to equation (12) with zero adsorption
have been compared to the analytical solution to equation (10) by
Mannhardt and Novosad (1987b), and good agréement was obtained. Details
of the numerical solution to the flow model (equations (8) and (12) to

(14)) can be found in the Appendix.

3. Applications of the Surface Excess Model

The flow model with surface excess adsorption can be used for
detailed evaluation of surfactant adsorption from core floods as

follows. A core of porous rock is fully saturated with brine. A slug of
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surfactant solution is then injected, followed by brine until the
surfactant concentration at the core outlet drops to near-zero. A
non-adsorbing tracer is usually injected together with the surfactant
to serve as a check on the pore volume, volume of chemical solution
injected, and 1line volumes. In addition, the delay of surfactant
breakthrough as compared to tracer breakthrough is a direct measure of
adsorption. Effluent samples are collected at the core outlet and
analyzed for surfactant and tracer concentrations. When concentrations
are plotted against throughput, this results in effluent profiles
characteristic of the surfactant, brine, rock, and temperature used in

the core flood.

The flow model is then used to match the calculated effluent
profiles to the experimental ones by adjusting the six parameters in
the model: selectivity, S, monolayer coverage parameters for surfactant
and water, m, and m,, kinetics constants of adsorption and desorption,
k11 and k12’ and the dispersion parameter, A. The effect of each
parameter on the shape of the effluent profile has been described
elsewhere (Huang, 1985; Mannhardt and Novosad, 1987b). An example of a
history match is shown in Figure 2. Once a match has been obtained, the
set of parameters used to obtain the match can be used together with
equations (8) and (9) to calculate the complete adsorption isotherm for
the system and conditions under consideration. An example is shown in
Figure 3, obtained from the effluent profile in Figure 2. A single core
flood can thus be used to evaluate the complete surfactant adsorption

isotherm.
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FIGURE 2. Example of a history match obtained with the surface excess
model. (Taken from Mannhardt and Novosad, 1987b).
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FIGURE 3. Adsorption isotherm calculated using the model parameters
from the match in Figure 2 with equation (8). Surface excess and amount
adsorbed are practically identical over this concentration range.
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This method of analysis has been applied to experimental data from
ten core floods by Huang (1985) to evaluate the temperature dependence
of adsorption of three foam-forming surfactants that are potential
candidates for mobility control in steam flooding. The same model has
then been used by Mannhardt and Novosad (1987a, 1987b) to match data
from more than thirty core floods with chemically very different
surfactants that were being evaluated for their applicability to high
salinity and hardness reservoirs (Novosad and Ionescu, 1987). These
data yielded information on the dependence of adsorption of these
surfactants on temperature and salinity. Even though very differently
shaped effluent profiles were obtained for different systems, the model

was capable of matching all experimental data satisfactorily.

It should be noted that the adsorption isotherms that can be
calculated from equations (8) and (9) once S, m, and m, have been
obtained from a history match represent the equilibrium situation and

do not contain any information on the kinetics of adsorption. This

information can, however, be obtained from equation (14). Using the

initial condition nia=(nia)0 at t=t0, equation (14) can be solved to
give the actual surface excess , n?a, as a function of time, given the
equilibrium surface excess, n?:
-k, . (t-t )
ea _ _e ea, _ e 11 0
n~ =ng + [(n1 )O nl] e (15)

ni is determined from equation (8) at any concentration of interest

using S, my and m2 from the history match. The actual surface excess
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can then be determined as a function of time from equation (15) using
kli’ again obtained from the history match. This then allows complete

evaluation of equilibrium and time dependent adsorption.

4. Extensions to the Surface Excess Model

In this section some shortcomings of the surface excess model will
be outlined. Attempts at overcoming these will then be described in
chapters 3 and 4. Also, two extensions to the model will be introduced,
details of these appearing in chapters 5 and B. The surface excess
model described in the previous section will therefore serve as a
starting point for the material outlined below and presented in more

detail in the following chapters.

4.1 Independent Evaluation of m1 and m2

Three of the adjustable parameters used in the surface excess

model are S, m1 and mz. The effect of S and m1 on the shape of the

effluent profiles is shown in Figures 4 and 5. These curves were
generated by simulating injection of 2 pore volumes of a 1% w/w (0.028
M) surfactant solution into a core similar to the cores described in
later chapters. The profile for zero adsorption is also shown as a

reference point. This curve can be generated by setting S=1 (or m,=0,

1

or k1=0). Clearly, both S and m, change the effluent profiles in

1

similar ways, which may be indistinguishable when matching somewhat

scattered experimental data. Increasing the selectivity of the surface
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for the surfactant (S), or increasing the adsorptive capacity éf the
rock (ml) both delay arrival of the surfactant at the core outlet. This
means that similar matches of the same set of experimental data can be
obtained with different combinations of the parameters S and m . It
also means that it is not possible to determine a value of the
adsorptive capacity of the rock (ml) from a history match. For the
effluent profile to be ‘determined uniquely by a single set of
parameters, an independent method of determining either S or m., should

1

therefore be used. A method for estimating values of m and m,
independently is described in chapter 3. This will then reduce the

number of adjustable parameters in the model from six to four.

4.2 Dependence of Selectivity on Concentration

In the model described above, S has been assumed constént.
However, S is unlikely to remain constant as concentrations change.
Core floods that were run at the same conditions, but at different
injected surfactant concentrations showed that a low coﬁcentration
flood required a higher selectivity than a higher concentration flood
to obtain a match with experimental data. This indicates that, for such
a system, selectivity should be a decreasing function of concentration.
Functional forms of the selectivity will be investigated in chapter 4

and incorporated into the surface excess model.

4.3 Heterogeneous Surfaces

Reservoir rocks invariably consist of different mineral components
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and are therefore highly heterogeneous in terms of the adsorptive
energy of the solid surface toward the surfactant molecules. Even
clean, single-component substances 1like silica gel, alumina, and
activated carbon have been shown to exhibit surface heterogeneity with
respect to adsorption of various chemicals. This aspect of adsorption
will be discussed in chapter 5, and surface heterogeneities will be
incorporated into the flow model, again using the surface excess to
model adsorption. Modelling heterogeneous surfaces may eventually lead
to the prediction of adsorption from a knowledge of the mineral

components of a rock.

4.4 Adsorption of Surfactant Mixtures

Surfactants used in enhanced oil recovery are complex mixtures.

The different components in the mixture may have different functions

in the recovery of oil. Petroleum sulfonates, for example, are made by
sulfonation of petroleum feedstocks that contain a large variety of
chemicals in terms of both molecular weight and chemical structure. In
such a mixture the lower molecular weight components may help to
solubilize the higher molecular weight components, while the
interfacial activity required to mobilize oil is provided by the high
molecular weight species (Gale and Sandvik, 1973). If the components of
such a mixture separate chromatographically by differential adsorption
of the components during flow through the porous medium, then the
composition of the surfactant solution will change continually, and as

a result surfactant performance is likely to change. The same problem



27

may occur in surfactants that have been blended to optimize performance
parameters such as solubility, salt tolerance, interfacial activity,

and foaming capability.

A second aspect of the behavior of surfactant mixtures is the
possibility of lowering adsorption by mixing of different surfactant
types. This aspect of the adsorption of surfactant mixtures is
intimately connected to monomer-micelle equilibria in surfactant
solutions. Again, when surfactants are mixed to lower adsorption, the
problem of chromatographic separation will have to be taken into

account.

These topics will be described in chapter 6, and a model for flow
of surfactant mixtures through porous media will be developed. This
model should allow both the evaluation of adsorption of surfactant
mixtures and the design of surfactant systems with low adsorption

levels or reduced chromatographic separation of components.



CHAPTER 3

DETERMINATION OF THE MONOLAYER COVERAGES OF SURFACTANT
AND WATER

m, and m, are the moles of surfactant and water, respectively,
required for full monolayer coverage of the surface in a unit mass of
solid. Independent determination of these quantities reduces the number
of parameters in the surface excess model from six to four, and allows
determination of a single set of parameters from the effluent profile
from a core flood. Estimation of these parameters requires a knowledge
of two quantities:

(i) the specific surface area of the rock, and

(ii) the surface area that a surfactant or water molecule

occupy at the surface.

This chapter will describe methods of estimating these quantities.

1. The Specific Surface Area of a Solid

Knowledge of specific surface areas of solids is of importance in
many industrial applications. A wide range of methods for their
determination is available, and an immense amount of literature on the
subject exists (Young and Crowell, 1962). Despite the variety of
methods, the one that appears to be used most commonly and seems to be
the standard against which other methods are coﬁpared, is still the

Brunauer-Emmett-Teller (BET) gas adsorption method, now 50 years old
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(Brunauer et. al., 1938, 1967). This method is based on the
determination of the volume of a gas adsorbed on a solid close to the
condensation temperature of the gas. The most commonly used gas for
this purpose is nitrogen, although many other inorganic and organic
éases have also been applied (Brunauer et. al., 1938; Young and

Crowell, 1962; ; Gregg and Sing, 1967).

The BET method is based on the determination of the volume of gas
adsorbed (V) at different partial pressures (P) of the adsorption gas,

P0 being the vapor pressure of the gas. The BET equation is as follows:

"UI"U

V(Pl;-P) = v;c ¥ S;cl: o (16)

where Vm is the volume adsorbed at monolayer coverage, and C is a
parameter related to the energy of adsorption. When the left hand side
is plotted against P/PO, a straight line usually results over a range
of P/PO from 0.05 to 0.35. The slope and intercept of this straight
line allow determination of Vm and C. From a knowledge of Vm and the
molecular area of the gas the specific surface area can be calculated.
Different experimental techniques for the BET method have been
summarized by Gregg and Sing (1967) and Kantro et. al. (1967), and a
few of the more important modifications and expansions of the BET
method have been outlined by Young and Crowell (1962) and Brunauer et.
al. (1967). The practical value of the BET method 1lies in its
simplicity, but this also gives rise to some of its shortcomings (Young

and Crowell, 1962; Brunauer et. al., 1967; Gregg and Sing, 1967). Some

of the latter arise from the assumptions of a uniform surface, no
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lateral interactions between adsorbed molecules, the constancy of the
parameter C, and equivalence of the evaporation-condensation
properties in all but the first adsorbed layer. Nevertheless, the BET
method is still considered a standard technique for specific surface

area determination by gas adsorption.

Various methods employing adsorption from solution are also
available, and although these are simpler than gas adsorption methods
from an experimental point of view, they are more complex to deal with
theoretically. Difficulties associated with these methods have been
summarized by Gregg and Sing (1967) and Everett (1973). They derive in
part from the uncertainties in the molecular area of the (often rather
large and complicated) molecules used and their orientation at the
surfaée. Secondly, the quantity measured experimentally is the change
of concentration in solution, or the surface excess, but this is often
erroneously equated to the amount adsorbed. In systems of 1limited
solubility, a flat portion in the adsorption isotherm is therefore
(inaccurately) interpreted as the saturation adsorption capacity of the
solid, while it may Just indicate the maximum in the surface excess.
This maximum may not be equal to saturation adsorption, as can be seen

in Figure 1.

Methods for determining specific surface areas from surface excess
adsorption isotherms of completely miscible liquids have been described
by Schay (Schay and Nagy, 1966, 1972; Schay, 1969a) and Everett (1964).

Most of these methods depend on a portion of the isotherm, or
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transformations thereof, being linear or nearly linear, the adsorptive
capacity being determined from these sections. Schay’s method requires
extreme care in the interpretation of the isotherms, and has been

criticised quite widely (Everett, 1973; Sircar, 1983, 1985c).

Some other methods for the measurement of specific surface areas
include heat of immersion methods (Harkins and Jura, 1844a, 1944b) and
mercury porosimetry (Rootare and Prenzlow, 1967; Baiker and Richarz,
1977). The latter method is used quite extensively in studies of
various properties of petroleum reservoir rocks, and may therefore be

of some value in determining the surface areas of these materials.

Even though an extensive amount of literature exists on specific
surface areas of various catalysts and adsorbents used for separation
processes, there is almost none that deals with the surface area of
porous reservoir rocks. Some work in this area has been done by Tignor
et. al. (1952), Brooks and Purcell (1952), and Donaldson et. al.
(1975). In the latter two papers, the specific surface areas of a
number of consolidated and unconsolidated rocks and of glass bead packs
is determined by the BET method and also by using measurements of
permeability together with the Kozeny equation. This equation relates
the specific surface area to the permeability, porosity and tortuosity
of the rock. Since the permeability is a quantity of general interest
in reservoir studies, the Kozeny equation seems to be a logical choice
for determining surface areas of reservoir materials. However, it was

shown by the above authors that this equation yields reliable results
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only with porous materials exhibiting uniform pore sizes (glass beads),
and the BET values of surface area were therefore considered more
reliable. Values for various sandstones ranged from 0.6 to 8 mz/g,

while those for limestones were somewhat lower at 0.06 to 0.5 mz/g.

The surface area of Berea sandstone measured by Donaldson et. al.
(1975) ranges from 0.8 to 1.1 mz/g, comparing well with measurements
carried out by the Petroleum Recovery Institute (unpublished results).
Berea sandstone was the material used for the adsorption studies in
this work. Since the literature values for the surface area of this
rock were determined by the "standard" BET method, and because of the
considerable difficulties associated with adapting any of the other
techniques to our systems, an average value of 1 mz/g was assumed for
the specific surface area of Berea sandstone in the determination of m

1

and mz.

2. Molecular Area

Once the surface area of the rock is known, the other quantities
required for calculating m, and m, are the molecular area of water and
that of the surfactant molecule. The considerable uncertainty in
determining any molecular area can be appreciated from the articles by
Livingston (1849) and McClellan and Harnsberger (1967), who discuss
this subject in some detail. McClellan and Harnsberger have tabulated a
large number of molecular areas for 85 organic and inorganic molecules.

For each molecule, a range of values collected from different sources
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is listed. From this listing it is obvious that, even for monatomic
gases such as argon, the areas may show a wide distribution of values.
The larger the molecule, especially for organic molecules, the wider
the spread becomes. Values for nitrogen, the standard wused most
commonly with the BET method, range from 12.9 to 17.2 Az, 16.2 Az being
used most frequently. For comparison, areas for benzene, which is also
used quite commonly in specific surface area determinations, range from
22 to 69 Az. The rather wide range in the molecular area of benzene
shows that care has to be taken in assigning a molecular area,
particularly for large molecules that may orient themselves in

different ways at the surface.

Most of the molecular areas listed by McClellan and Harnsberger
have been derived from adsorption studies. This method requires the use
of a solid of known specific surface area. However, most methods of
determining specific surface areas require a knowledge of the
adsorbate’s.molecular cross—section, and therefore this seems to be a
problem with no solution. Moreover, the area that a molecule occupies
on one solid may not be the same as on another solid, and, to make
matters worse, the solvent may also play an important role in
adsorption from solution. The following example illustrates the extent
of these difficulties: Allen and Patel (1971) have used
microcalorimetry to determine cross-sectional areas of a homologous
series of fatty acids, while Maron et. al. (1954) have used a soap
titration method for the same fatty acids. Not only do the results

differ substantially, but the areas determined by each author show
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opposing trends as the homologous series is ascended. For molecules
such as fatty acids, the orientation of the molecule at the interface

obviously becomes an important factor.

Other methods of determining molecular areas, particularly for
gases, include their estimation from the liquid density, from the
constant b in the van der Waals equation of state, and from molecular
models (Young and Crowell, 1962; Gregg and Sing, 1967; McClellan and
Harnsberger, 1967). The method using the liquid density is based on the
assumption that a molecule occupies similar volumes in the liquid and
adsorbed states. A certain type of packing (for example hexagonal close
packing) in the adsorbed layer is also assumed. This method has been
elucidated and criticised by Karnaukhov (1985). McClellan and
Harnsberger (1967) have shown some correlations of areas derived from

different methods.

The molecular area of the simpler of the two molecules of interest
in this work, water, has been taken from McClellan and Harnsberger’s
paper. Figure 6 shows the distribution of values listed by these
authors. An average value of 12.5 Az was used for the determination of
m,, .

Estimates for the molecular area of a surfactant molecule have
often been obtained from surface tension measurement and application of
the Gibbs adsorption equation. A large number of molecular areas of

surfactants determined in this way have been listed by Rosen (1978).
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FIGURE 6. Distribution of values for the molecular area of water as
listed by McClellan and Harnsberger (1967). The cross-hatched areas
were derived from adsorption experiments. The clear areas are from
molecular models (Mod), liquid density (1d), and the van der Waals
constant b (VdW). :

Total number of adsorption values: 46

Average of adsorption values: 12.5 sq. A (excludes values > 21)
Standard deviation: 3.3 sq. A

Temperature range of the measurements: 12 to 50 °c
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This technique will be described in the next section and applied to two
foam-forming surfactants. A different method, based on Maron’s soap
titration technique (Maron, 1954), has been used by Orr and Breitman

(1960).

3. Determination of the Molecular Area of a Surfactant Molecule

from the Gibbs Adsorption Equation

One of the effects of dissolving a surfactant in water is the
substantial lowering of the surface tension of the aqueous phase, which
results from the accumulation of surfactant molecules at the gas/liquid
interface. As the surfactant concentration in the bulk solution is
increased, the surface tension decreases, until the bulk solution
reaches the critical micelle concentration (cmc). At this point a
closely packed layer of surfactant molecules exists at the gas/liquid
interface. Since no more surfactant will fit into the interfacial
1aye1f, the surface tension remains constant on further addition of
surfactant to the solution. A sharp break in a plot of surface tension
versus surfactant concentration therefore allows determination of the

cmc. More importantly in the context of determining m such a plot

1°
also allows determination of the interfacial surfactant concentration,
in moles per unit area, and therefore the cross-sectional area of a
molecule at the gas/liquid interface. If the assumption is made that
the surfactant molecules are arranged similarly in monolayers at the

gas/liquid and solid/liquid interfaces, then this method provides a

means of determining the area that the surfactant molecule occupies at
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the solid/liquid interface.

To state the purpose of this section more clearly then, surface
tension data are to be used to determine interfacial surfactant
concentrations, and, from these, cross-sectional areas of surfactant

molecules in a monolayer.

A number of descriptions of the use of a simplified form of the
Gibbs adsorption equation to determine interfacial surfactant
concentrations from surface tension data appear in the literature

(Cockbain, 1954; Pethica, 1954; Bujake and Goddard, 1965; Weil, 1966):

-do* = mRTl"R d ln(cR) (17)

In this equation, ¢ is the surface tension, CR the bulk surfactant

concentration, R the gas constant, T the absolute temperature, FR the
surface excess of surfactant per unit surface area, and m is a
constant. From this equation it can be seen that the slope of a plot of
surface tension against the logarithm of concentration gives the
surface excess at any particular concentration. It has often been noted
that, for ionic surfactants, m takes the value of 1 in the presence of
excess salt, but is equal to 2 in a salt-free surfactant solution. A
theoretical basis for this observation is described in a series of
papers by Chattoraj (Chattoraj, 1966a, 1966b, 1968a, 1968b, 1969;

Chattoraj and Pal, 1972a, 1972b; Chattoraj and Birdi, 1984). A summary

of this theory is presented in this section.
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The isothermal Gibbs adsorption equation in its most general form

is shown in equation (18) below:
~-do = Zi ry dui (18)

where By is the chemical potential and l"i the surface excess of
component i. Some comments regarding 1"i are in order at this point,
since the surface excess I"i used here differs in definition from the
surface excess n;: described in chapter 2. The surface excess can be
defined in different ways; the differences and relationships between
these definitions have been very clearly pointed out by Guggenheim and
Adam (1933) and by Adamson (1978). l"i is the surface excess as
originally used by Gibbs. According to Gibbs’ definition, a species i
in solution has the surface excess I‘i, if a portion of the 1liquid
containing unit area of surface contains l"i moles of species i more
than a portion in the interior which contains exactly the same amount
of a reference species j. The reference species is often taken as the
solvent. Fj is therefore taken to be zero in this definition. The
quantity 1"? is often referred to as the apparent surface excess. It is
used more commonly than I"i, since it is more easily visualized and is
more symmetrical with respect to the components. A portion of liquid
with unit surface area has the surface excess 1"?', if it contains I"?'
moles of species i more than a portion in the interior containing
exactly the same total number of moles of all species. n?, as used in
chapter 2, is equivalent to I‘?, but is expressed on a unit mass of
adsorbent basis rather than a unit surface area basis. The Gibbs

adsorption equation, which forms the foundation of this section, uses
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the Gibbs surface excess Fi.

For a solution containing an anionic surfactant RNaz and sodium

chloride, equation (18) can be written

~do = Tpdup + Ty dpy, + Tey ey (19)
The chemical potential of each solute i can be expressed by
= .,°
My By + RT ln(fici) (20)
which may be differentiated to give
du; = RT {d ln(fi) +d ln(ci)] (21)

where fi’ Ci’ and u? are the activity coefficient, molar concentration,
and standard chemical potential of component i. Substituting equation

(21) into equation (19) and rearranging yields

~do' = mRITy, d In(cp) (22)
where
n= e [1 . Tya Sna @ 1nloy,) . Tey &gy 4 Inlegy) ] (23)
R e gR a 1n(cR) I'e €R d ln(cR)
and
d ln(fi)
& =1+3 In(c, ) (24)

If the value of m can be estimated from experimental data, the value of

FR can be determined from the slope do/d ln(cR) using equation (22).
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Since we will be dealing with constant salt concentration, the

term in d 1n(cC ) in equation (23) can be set equal to =zero.

1

Electroneutrality of the bulk and surface phases requires that

ZCp *+ €y = Oy (25)

and

zFR + rCl = FNa (26)

By rearranging equation (26) it can be shown that

FNa z
= (27)
FR 1 I‘Cl/l"Na
while differention of equation (25) at constant ey gives
d ln(cNa) cg cha zep
d In(c,) ¢, dc.  zc, + c (28)
R Na "R R Cl

Inspection of equations (23), (24), (27), and (28) then shows that
determination of m (at constant cCl) requires evaluation of iR, gNa’

and rCl/FNa' The former can be obtained from an activity coefficient
model, while the latter can be determined using electrical double layer

theory.

Chattoraj and Birdi (1984) have used the Debye-Hiickel theory to
determine the values of §R and ENa from equation (24). They found that,
at low surfactant and high salt concentrations, §R and ENa both
approach 1. For the systems studied here, surfactant concentrations are
very low (10_4 M or less), and relatively high salt concentrations that
are representative of reservoir brines are present (2.1 to 15.7% TDS,

or, if equivalent NaCl is assumed, 0.36 to 2.7 M). Since the surfactant
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is dilute, the assumption that ERél, is probably quite reasonable.
Looking at the salt concentration, however, the Debye-Hiickel theory
should not be applied, since its 1limit of wvalidity is a salt
concentration of 0.1 M at the most (Harned and Owen, 1958; Bockris and
Reddy, 1970). Chattoraj and Birdi have, however, summarized
experimental evidence that shows that, at surfactant concentrations as
low as those used here, the value of m is very close to 1 even at salt
concentrations as low as 0.01 M. The higher the salt concentration, the
closer m becomes to 1. From the evidence provided by these authors, the
assumption that €Na=1 also would seem very reasonable.

The value of T a/I" (equation (27)) can be estimated by

N

considering the electrical double layer of charged surfactant molecules

R

and their counterions at the interface.

The Helmholtz double layer model considers the adsorbed phase to
consist of a negatively charged layer of surfactant molecules, with an
equal number of positively charged counterions a distance of the order
of a molecular thickness away from the surface. This arrangement
resembles the plates of a condenser. The assumption made in this model

is FCl=0, and therefore

zFR = rNa (29)

Substituting equations (28) and (29) into (23) yields an expression for

m:
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£ 2
=g, [1 + Eﬁé ;f;] (30)

where x = 001/CR, or the salt to surfactant ratio. Setting §i=1, m can
be seen to approach 1 at high salt concentrations (large x), while
m=1+z in the absence of salt, or m=2 for a univalent surfactant in the

absence of salt.

A more realistic double layer model is provided by the
Gouy-Chapman double layer theory. Here the double layer again consists
of the (negatively charged) adsorbed surfactant, but the counterions
are now distributed non-uniformly in the diffuse part of the double
layer. The concentration of positive ions is high near the surface and
decreases toward the bulk concentration with distance from the surface.
Conversely, the concentration of negatively charged inorganié ions is
low near the surface and increases to the bulk phase concentration away
from the surface. It has been shown by Bijsterbosch and van den Hul
(1967) that in this model the ratio I"Cl/I"Na can be expressed by the

equation

=1
2
s
(¢]
Q
[y
<
o
N
N
A,
=]

- === e (31)

=]
0

where £ is the electronic charge, wo is the potential at the solid
surface, and k is Boltzmann’s constant. Substituting equations (28) and

(31) into (23) results in

gNa z2

m = ER [1 + gR

eyl /2KT ]] (32)

Z + X [ 1+e
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Again, with €i=1, at high salt concentrations and/or high wo (Y, being

0
a negative number) m will approach 1, while m=1+z in the absence of
salt. In the limit as w0-9 -0, m Wwill be the same as in the Helmholtz

double layer model.

A third double layer model is the Stern model. This model combines
the features of the previous two models in that it assumes that some
fraction of the Na+ counterions remain physically bound to the adsorbed
organic anions (as in the Helmholtz model), while the remaining
counterions exist in the diffuse part of the double layer. Values of m
from this model will always fall in between those from the other two
models, since the Stern model reverts to the Helmholtz model or
Gouy-Chapman model in the limit when the number of bound counterions

approaches a very large value or zero, respectively.

Chattoraj and Pal (1972b) have pointed out that m is only weakly
dependent on the value of the surface potential x/;o, even for values of
x as low as 2. In our systems, x exceeds 2000. From equation (30) or
(32) it can be seen that m can therefore be taken as equal to 1 in
equation (22). It has also been shown that, if a mixture of salts is
present, x can be taken as the ratio of total salt cation to surfactant
concentration (Chattoraj and Pal, 1972b). When the surfactant is a
mixture of surface active components, the surfactant concentration cR

will simply be the overall concentration of all components (Chattoraj

and Pal, 1872b).
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For cationic surfactants the treatment of the Gibbs adsorption
equation is equivalent to that given above for anionics, and for
nonionic surfactants m will obviously be equal to 1, since these do not
dissociate. Okumura et. al. (1974) and Nakamura et. al. (1975) have
studied amphoteric surfactants in conjunction with the Gibbs adsorption
equation. These surfactants contain a positive (eg. quaternary
ammonium) and a ﬁegative (eg. carboxyl or sulfonate) group within the
same molecule. In the context of this thesis this surfactant type is of
interest in foam flood applications in high salinity environments. It
was found that equation (22) applies to these surfactants with m=1 in

the absence and presence of salt.

Ample experimental evidence for the applicability of equation
(22), either in its "1" or "2" form, exists in the literature. Some
earlier work has been mentioned above in conjunction with equation
(17). Somewhat more recent measurements have been described by Japanese

workers, who have compared values of I', obtained from surface tension

R
measurements and equation (22) with values from direct measurement of
FR using radiotracer methods (Tajima et. al., 1970, 1971; Tajima, 1970,
1971; Okumura, 1874; Nakamura, 1975). Excellent agreement between the

different methods was obtained.

4. Experimental: Surface Tension Measurement of
Foam-Forming Surfactants

Adsorption studies on several foam-forming surfactants have been
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carried out by Mannhardt and Novosad (1987a) using the surface excess
model described in chapter 2. In that work, the value of m, was
estimated and kept constant for all surfactant types. In order to be
able to use m, as an independently measured parameter, the molecular

area of two foam—-forming surfactants will be established in this

section using the Gibbs adsorption equation.

The surfactants were commercial samples of a
diphenylethersulfonate/alpha olefin sulfonate blend (DPES) and a
betaine (Figure 7). The DPES was supplied by Dow Chemical, Fort
Saskatchewan, Alberta, under the trade name Dow XS84321.05. The betaine
is an amphoteric surfactant supplied by Albright and Wilson,
Whitehaven, UK, under the trade name Empigen BT. Both surfactants have
been shown to be suitable for mobility control in high salinity and

hardness reservoirs (Novosad and Ionescu, 1987).

The surfactants were dissolved in simulated reservoir brines
containing NaCl, CaClz, MgClz, and Nazso4 at weight ratios of
187:35.2:4.78:1. The total solids content of the brines was adjusted to
2.1 and 14.7% by weight, keeping the ratio of components constant. The -
surface tension of the two surfactants in the two brines was determined
as a function of surfactant concentration using the du Nouy ring

method. A Fisher Model 20 surface tensiometer was employed in the

measurements.
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FIGURE 7. Chemical structures of two foam-forming surfactants.
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5. Results of Surface Tension Measurements: The Molecular

Area of Surfactant Molecules

The surface tensions of the DPES in 2.1 and 14.7% brines are shown
as a function of the logarithm of surfactant concentration in Figures 8
and 9. An abrupt change in the surface tension can be seen to occur
over a relatively narrow concentration range. The intersection of two
nearly linear parts of the curve in this region gives the cmc. For the
purpose of measuring the areas covered by molecules at the gas/liquid
interface it is assumed that, at the cmc, a closely packed monolayer
of surfactant molecules exists. The surface excess FR at monolayer
coverage can therefore be calculated from the slope of the curve just
below the cmc. The plots of ¢ versus log(cR) are linear over a fairly
wide concentration range below the cmc, which greatly simplifies

measurement of the slope. This linear concentration range has been

observed by many other workers.

Once the slope has been determined, FR (in mmole/cmz) is

calculated from equation (22) with m=1, or

1 do

lR=-2303RT 4 log(cpy) (33)

where R=8.314 x 104 dyne cm/mmole K, T=288 K, ¢ is in dyne/cm, and Y

is in g/1 (or any other unit of concentration). The molecular area Am

in Az/molecule is then given by
A =— (34)

where N is Avogadro’s number (8.023 x 1023). Results of the surface
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tension measurements for the DPES are summarized in Table 1.

Surface tensions for the betaine are shown in Figures 10 and 11.
For this surfactant the change to constant surface tension above the
cmc seems to occur over a wider concentration range than for the DPES.
Molecular areas calculated from the slope just below the cmc are listed

in Table 1.

TABLE 1. Results of the determination of the molecular area of two
surfactants at monolayer coverage from surface tension measurement.

DPES DPES Betaine Betaine
2.1% brine{14.7% brine|2.1% brine|14.7% brine

cme
. . . .0
(g/1) 0.044 0.023 0.015 0.012
Surface excess -7 -7 -7 -7
2 3.41x10 3.35x10 5.80x10 5.66x10
(mmole/cm™)

Molec. area

(sq. Angstrom) 49 S0 29 29

The data in Table 1 indicate a molecular area of about 50 Az for
the DPES and 30 Az for the betaine. Since both brines contain high salt
concentrations, no change of FR with salt concentration is observed.
Presumably much lower salt concentrations would have to be used to
observe the dependence of FR on salinity, as has been described in the
literature (Cockbain, 1954; Tajima, 1971; Okumura et. al., 1974). The

molecular areas determined here compare well with the values listed for

a number of surfactants by Rosen (1978) and by Brandrup and Immergut



51

(1975), and also with the values cited in the other references

appearing in this section.

6. Chapter Summary

The purpose of this chapter was to show how the parameters m; and
m, were estimated from measurements at the gas/liquid interface. This
required the determination of the specific surface area of the rock and

the molecular area of water and surfactant. Once these quantities are

known, mi can be calculated from the equation

m, = (35)

where m, is in mmole/g, A is the rock’s specific surface area in cmz/g,
Am is the molecular area in Az, and N is Avogadro’s number. For the

systems considered here, the results can be summarized as follows:

Berea sandstone specific surface area: 1 mz/g
Molecular area of water: 12.5 A2
Molecular area of surfactant: 50 A? (DPES)

30 Az (betaine)

=2
I

0.0033 mmole/g (DPES)

=]
I

0.0055 mmole/g (betaine)

=]
]

0.013 mmole/g (water)

m /m2 0.25 (DPES)

=]

~

=
|

= 0,42 (betaine)



CHAPTER 4

THE DEPENDENCE OF SELECTIVITY ON SURFACTANT CONCENTRATION

In the surface excess model described in chapter 2, the
selectivity has been assumed constant. However, the selectivity is
defined as a ratio of concentrations in the adsorbed and bulk phases
(equation (7)), and is 1likely to change as the bulk concentration
changes. Experimental measurements of the selectivity appearing in the
literature indicate that selectivity decreases with increasing
concentration of the more strongly adsorbed component in a binary
mixture (Schay, 1969a; Li and Gu, 1979). To test the validity of the
assumption of constant selectivity, core floods were run at two
different injected concentrations, and the surface excess model was

used to match simulated concentration profiles with experimental ones.

1. Experimental: Core Floods

Materials

Berea core: Consolidated sandstone supplied by Cleveland Quarries.
Brine: Synthetic reservoir brine containing NaCl, CaClz, Mgc12, and
NaZSO4 at weight ratios of 187:32.5:4.78:1. The total salt
concentration was adjusted to 10.5 and 21.0% by weight.

Surfactant: Dow XS84321.05, a 42% active diphenylethersulfonate/alpha

olefin sulfonate blend, supplied by Dow Chemical, Fort Saskatchewan,

Alberta. Assumed average molecular weight: 500.
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Procedure
The Berea cores were of dimensions 2.5x2.5x15 cm, and had a pore
volume of about 20 ml. They were coated with epoxy, and then completely

saturated with brine by evacuating them, filling them with CO and

29
then flowing large volumes of brine through them against a backpressure
of about 30 psi. The pore volume was determined from the difference in

dry and brine saturated weights.

A slug of surfactant solution, at a concentration of either 1 g/1
or 10 g/l1, was then injected into the core, followed by brine until the
surfactant concentfation dropped to a negligible level. Tritiated water
was injected as a non-adsorbing tracer together with the surfactant.
Effluent samples were collected at the core outlet at regular time
intervals and analyzed for surfactant and tracer concentrations.
Surfactant concentrations were determined by two-phase titration (Reid
et. al.,1967), and a scintillation counter was used to analyze for the
radioactive tracer. The core floods were run at temperatures from 23 to
750C, and using brines of 10.5 and 21.0% w/w total dissolved solids

(TDS) concentrations.

Core properties for the eight cores used are listed in Table 2.
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TABLE 2. Properties of Berea cores used for surfactant adsorption
floods.

Core # T3 Ti1 T1 - Ti13 T6 TS T7 T10
Length 14.95| 15.15| 14.95| 15.00} 14.65| 15.15| 14.85] 14.83
{cm)

Cross—sect.

2 6.38 6.81 6.38 6.50 6.12 6.85 6.25 6.90
Area (cm™)

Porosity 0.235| 0.210| 0.248]| 0.225| 0.213] 0.211| 0.215| 0.207
(fraction)

Abs. Perm.
to Brine 255 234 376 4857 176 238 197 196
(md)

Rock
Density 2.92 2.56 2.97 2.73 2.73 2.53 2.66 2.54
(g/ml)

Brine Dens.
(mg/ml) 1052 1052 1074 1074 1149 1149 1134 1134

Brine Molar
Density 53.9 53.9 55.1 855.1 54.2 54.2 53.4 53.4
{mmole/ml)

2. Results: History Matching of Core Floods Using

Constant Selectivity

The effluent concentrations of surfactant and tracer were
normalized with respect to the injected concentrations and plotted
against the number of pore volumes injected. The constant selectivity
surface excess model was then used to match the experimental data. The

best match parameters, together with the experimental conditions, are



55

listed in Table 3, and the experimental and simulated effluent profiles

are shown in Figures 12 to 19,

The history matching was carried out by changing the parameters
and observing the effect of each on the shape and position of the
concentration profile. The best fit was chosen by visually comparing
calculated and experimental data. The Qalues of m, and ml/m2 used in
performing the matching are those determined in the previous chapter. A
value of k1 equal to 1.0 seemed to be adequate for all floods. Rather
large changes in this parameter (by a factor of 2 or more) are required
to change the effluent profile significantly with respect to the
somewhat scattered experimental data. Effluent concentrations are,
however, more sensitive to the value of S. Changing S by 10% or more

will shift the profile significantly. k, affects the shape of the

2
trailing edge of an effluent profile, and increasing A causes the
profile to become more dispersed. The effects of changing the

parameters have been described in more detail by Mannhardt and Novosad

(1987).

The data in Table 3 show that the core floods were run in pairs,
with the members of each pair at the same conditions, but using
different injected surfactant concentrations. Figures 12 to 19 show
that satisfactory matches were obtained for all floods, but from Table
3 it is obvious that the low concentration floods require considerably
higher selectivities than the floods run at higher surfactant

concentrations in order to match simulated and experimental data. This
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TABLE 3. Experimental conditions and matching parameters for constant
selectivity model.

Core # T3 T11 T1 T13 T6 T9 T7 T10
Surfactant 1.00 { 9.97 1.00 ; 9.97 1.01 10.0 1.01 10.0
Conc. (g/1)

Surfactant

Mole Frac. 0.372; 3.73 | 0.363} 3.65 | 0.374! 3.73 | 0.379! 3.78
x104

Brine Conc. | 10.5 10.5 10.5 10.5 | 21.0 { 21.0 | 21.0 | 21.0
(% TDS)

Temp. 75 75 23 23 50 50 75 75
(deg. C)

Slug Vol. 1.04 { 0.73 1.01 ; 0.78 | 2.12 | 0.86 | 2.04 1.14
(PV)

S 900 100 1000 200 840 200 950 160
n 0.00330.0033|0.0033}0.0033|0.0033!0.0033{0.0033!0. 0033
(mmole/g)

ml/m2 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25 | 0.25

kl 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
(1/hr)

kz 0.005! 0.002( 0.005; 0.005( 0.003! 0.003| 0.002! 0.002
(1/hr)

Dispersion | 0.75 { 0.15 0.5 { 0.15 0.6 i 0.18 0.6 i 0.15
Par. (cm)
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means that, if adsorption isotherms are calculated using S, m,, and
ml/m2 with equation (8), two different isotherms are obtained at each
set of conditions, one using the higher value of S from the 1low
concentration flood, and the other using the lower value of S from the
higher concentration flood (Figures 20 to 23). This seems to indicate
that an adsorption isotherm generated from history matching parameters
is valid only if the injected concentration is close to that wused in
obtaining the match, or that the isotherm should not be extrapolated
beyond the injected concentration. Clearly, it would be much more
desirable to generate a single adsorption isotherm from core floods run
at any injected concentration at fixed conditions of temperature and

salinity.

The data in Table 3 indicate that the assumption of constant S may
be too restrictive, and that S should be a decreasing function of
concentration. In an attempt to make the model more general by removing
the simplifying assumption of constant selectivity, functional forms of
the selectivity are investigated and incorporated into the surface

excess model.

If the selectivities are taken as a measure of adsorption, the
data in Table 3 also show that adsorption of this surfactant increases
with decreasing temperature and increasing salinity. This trend has

been noted previously by Mannhardt and Novosad (1987a).
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3. The Functional Form of Selectivity

Larionov and Myers (1971) have derived a general expression for

the selectivity in a binary mixture:

£, £ A 1 1 A o2 °
S = 12exp|:o—[————]+—[(L2'——1]] (36)
fzfl RT m1 m2 RT m2 m1

where o is the solid/solution interfacial tension, O‘i and crg are the
solid/pure component interfacial tensions, A is the specific surface
area of the adsorbent, and f.l and f‘;‘ are the activity coefficients of
component 1 in the bulk and adsorbed phases, respectively. All other
quantities are as previously defined. This equation was derived by

equating the fugacities in the bulk and adsorbed phases. The same

equation has been developed by Nagy and Schay (1963) and by Schay

(19692a).

All quantities on the right hand side of equation (38) are
constants, except the ratio of the activity coefficients and the
solid/solution interfacial tension o. Both of these may change with
concentration, and thus the selectivity may also depend on
concentration. Only if the ratio of the activity coefficients is
constant and the molecules of species 1 and 2 are equal in size

(m1=m2), does S reduce to a constant, since under these conditions

Ao o
s=°cC exp[ﬁ [:'; - ;1"]] (37)

where C is a constant.

The second criterion, equal-sized molecules, is certainly not
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satisfied for a surfactant solution, since the surfactant and water
molecules differ widely in their sizes, as was shown in the previous
chapter. Neither the interfacial tension at the solid/liquid interface,
o, nor the activity coefficients in the adsorbed phase, f;, are
amenable to direct experimental measurement.The quantities (o_og) and
fi can, however be determined indirectly by integrating a measured
adsorption isotherm, as has frequently been done with miscible liquids
(Schay, 1969a; Sircar and Myers, 1970, 1971; Larionov and Myers, 1971;
Li and Gu, 1979; Chattoraj and Birdi, 1984). Since the adsorption
isotherms for the systems under investigation in this work are not
available, the whole purpose of the history matching being to determine
these isotherms, this method of determining (0“0?) and f; cannot be

applied here.

An expression for S as a function of X, can be derived from
equation (36) following Sircar’s (1984b) treatment. In much of Sircar’s
work, the adsorbed phase has been considered ideal, since the activity
coefficients in the adsorbed phase are extremely difficult to deal with
(Sircar and Myers, 1970; Sircar, 1983, 1984a, 1984b). For example, it
has been pointed out by Sircar (1983) that the effects of adsorbed
phase non-idealities and surface heterogeneities on the adsorption
isotherm are impossible to separate from each other, neither being
accessible to direct experimental measurement. Moreover, ideal or
non-ideal behavior in the bulk phase cannot be correlated with ideal or

non-ideal behavior in the adsorbed phase (Nagy and Schay, 1963; Schay,

1968a, 1968b; Li and Gu, 1879). The adsorbed phase activity
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coefficients are therefore assumed constant in this work, and, since
surfactant concentrations and concentration ranges are small, bulk

phase activity coefficients are also taken to be constant.

If the Gibbs surface excess of a reference species, taken to be
species 2 (water), is set equal to zero according to Gibbs’ definition
of the surface excess, the Gibbs adsorption equation for a surfactant

(species 1) in water (species 2) can be written (equation (18))
~do = T, du, (38)

(The surfactant solution is considered to be a pseudobinary
mixture of a single surfactant in brine.) The relationship between the
Gibbs surface excess, Fl, and the apparent surface excess, F?, both on
a mole per unit area basis, is given by

r, = Iy/x, (39)
(Guggenheim and Adam, 1933; Schay, 1969a; Chattoraj and Birdi, 1984).
Multiplying by the specific surface area, A, allows conversion from r

1

e . . .
to the surface excess n,, ona mole per unit mass of solid bagis:

_ e
AI"1 = nl/x2 (40)

The chemical potential of species 1 can be expressed as
_ 0
By = M, +RT ln(al) (41)

where 2y is the activity of the surfactant and ui is the chenical
potential of pure component 1. Substituting equations (40) and (41)

into (38) gives
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RTne

-Ado = " d ln(al)
2

e

RTn1

21%9

d(a1) (42)

Taking logarithms of equation (38) and differentiating with respect to
ays taking into account that the activity coefficients are considered

constant, gives

1
s T TS T — (43)
da1 A 1-B da1
where
B = ml/m2 (44)
Solving equation (42) for n? and substituting for do/dal from equation
(43),
e _ m,a, x, d 1n(S) (15)
1 1-8 . da

1
Equating equations (45) and (8) then gives, after some rearrangement

and again taking fl to be constant,

ds _ _ s(s-1)(1-B)

dx1 B (S—B)x1 + B

(48)

When the inverse of equation (46) is taken, the following first order

linear differential equation is obtained:

dx1 (S—B)X1 B
as ' s(s-1(1-B) - ~ S(s-1)(1-8) (47)

Equation (47) can easily be solved to give

= 1 -B/(1-B) _
X| = 51 {cs 1] (48)
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where C is a constant of integration. Using the condition that m»og and

S—)S0 when xf%O, where
£ £ A cg - ai
S0 = 1lim(8) = F P exp[af _—E—___] (49)
xf+0 271 1

the constant C can be evaluated and substituted into equation (48) to

give, after some rearrangement, the following equation:
= (B-1)/B
S = S0 (le + xz) (50)

Equation (50) then is the required dependence of selectivity on
surfactant concentration, S0 and 8 being the selectivity in the limit
of zero surfactant concentration and the ratio of surfactant to water
o)

monolayer coverages, respectively. Awl

adsorption of the pure components, and these are negative quantities.

and Aog are free energies of

Since the surfactant is adsorbed preferentially over water, o is

1
larger than ag in absolute value, and S, will therefore likely be

0

greater than 1 (if o0 is large and/or the ratio of the activity

1
coefficients is close to 1). Also, B will be less than 1, since the
surfactant molecule occupies a larger area than the water molecule and
therefore m1<m2. For a surfactant in solution it is then likely that
SO>1 and B<1, and under these conditions S will be a decreasing
function of concentration. Some functional forms of S (with SO>1 and
B<1) and the effect of S0 and 3 on the shape of this function are shown
in Figure 24. Note that equation (50) cannot be solved for S
explicitly. Newton’s method has been used to calculate the curves in

Figure 24. The effect of S0 and B8 on the adsorption isotherm is shown

in Figure 25. These isotherms were calculated by combining equations
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(8) and (50).

Many theories of adsorption assume that there is an "adsorbed
phase", since this allows application of well-known thermodynamic
relations to adsorption studies without the need of a detailed
knowledge of the intermolecular forces in the adsorbed layer. It has
frequently been realized, however, that the "adsorbed phase" is of
microscopic dimensions and under the influence of forces emanating from
the solid (Schay, 1969b, Larionov and Myers, 1971; Everett, 1973). The
treatment of adsorption equilibrium by thermodynamic methods that were
developed for equilibria between autonomous phases may therefore be
questionable. On these grounds Schay (19690b) has used
kinetical-statistical considerations to derive a functional relation
between selectivity and concentration in a binary system. Schay’s
relation is based on dynamic and energetic considerations of the

adsorption-desorption equilibrium, and is of the following form:

1n(S) = ax, + b (51)

where a and b are constants. Schay has tested equation (51) against
several binary liquid mixtures. Only 4 of the 14 systems tested follow
the linear relationship between 1n(S) and Xy and the theory is
therefore very tentative, in its author’s own words. The equation is
included here, because its origin is based on completely different
principles than equation (50). It has been incorporated into the
surface excess model to test its effect on surfactant effluent

profiles, but, because of its semi-empirical nature, only limited

testing has been performed.
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The function in equation (51) is either monotonically increasing
or monotonically decreasing, depending on the values of a and b. The
value of S at x1=0 is determined by b, while a determines the slope of
the ézur've. It should be noted that S can cross the line S=1 at some
concentration. This means that the surface excess can switch from
preferential adsorption of one component to preferential adsorption of
e

the other component. The point at which S=1, and therefore n,

known as an adsorption azeotrope. With equation (50), on the other

0, is

hand, the selectivity will never cross 1, except when SO=1, in which
case S=1 at all concentrations. With equation (50), S will always be
either greater than 1 or less than 1 over the whole concentration

range, depending on the values of S. and B.

0]

The effect of a and b on selectivity, as calculated from equation
(51), 1is shown in Figure 26, with the corresponding adsorption
isotherms in Figure 27. Only cases for decreasing selectivities are

shown, since these are of more interest in the present application.

Equations (50) and (51) can easily be incorporated into the flow
model as follows. For each concentration in each grid block in the core
the selectivity is calculated using either of these two equations. The
equilibrium surface excess 1is then calculated using equation (8)
together with the calculated selectivity. It should be noted that,
using equation (50), no parameters are added to the model, the

parameter S simply being replaced by the parameter S while B is

0,
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determined independently as described in chapter 3. With equation (51),
however, the parameter S is replaced by the parameters a and b, thus

increasing the number of parameters by one.

Details of the numerical solution to the flow model can be found

in the Appendix.

4, Results: History Matching of Core Floods Using

Variable Selectivity

The same core floods that were described in conjunction with the
constant selectivity model in sections 1 and 2 of this chapter were
re-matched using the variable selectivity model with equation (50). The
best match parameters obtained with this model are listed in Table 4,
and the effluent profiles are shown in Figures 28 to 35. The history
matches in these figures are quite similar to those in Figures 12 to
19. From Table 4 it is obvious that two different values of S0 are
still required to match the high and low concentration floods. In fact,
the values of S0 in Table 4 are equal to or only slightly higher than

the values of S in Table 3.

The reason for the inability of the variable selectivity model to
match high and low concentration floods with a single value of S0
becomes clear when the adsorption isotherms are calculated, as shown in

Figures 36 to 39 for both the constant and variable selectivity models.

Clearly, calculating the selectivity from equation (50) does not change
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TABLE 4. Experimental conditions and matching parameters for variable
selectivity model with equation (50).
Core # T3 T11 T1 T13 T6 T9 T7 T10
Surfactant 1.00 { 9.97 1.00 { 9.97 1.01 10.0 1.01 10.0
Conc. (g/1)
Surfactant
Mole Frac. 0.372} 3.73 | 0.363} 3.685 | 0.374! 3.73 | 0.379! 3.78
x104 .
Brine Conc.| 10.5 10.5 10.5 10.5 | 21.0 { 21.0 | 21.0 {.21.0
(% TDS)
Temp. 75 75 23 23 50 50 75 75
(deg. C)
Slug Vol. 1.04 ; 0.73 1.01 0.78 | 2.12 ;{ 0.86 | 2.04 1.14
(PV)
S0 800 100 1070 200 980 220 1020 180
My 0.00330.0033|0.0033}0.0033|0.0033!0.0033{0.0033!0.0033
(mmole/g)
ml/m2 0.25 | 0.26 | 0.25 { 0.28 | 0.25 | 0.25 | 0.25 0.25
kl 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
(1/hr)
kz 0.005: 0.002| 0.005! 0.005| 0.003! 0.003| 0.002! 0.002
(1/hr)
Dispersion | 0.75 { 0.15 0.5 { 0.15 0.6 | 0.15 0.6 0.15
Par. (cm)
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the magnitude or shape of the isotherms greatly, and two different
isotherms are still generated from the high and low concentration

floods at the same conditions.

To obtain an estimate on what values of S0 and 8 would be required
to match both floods, the values of S and the injected surfactant mole
fractions from Table 3 for cores T3 and T11l were substituted into

equation (50). This gives two equations in the two unknowns S. and B,

0]
which, upon solution, should give the functional form of selectivity
that passes through the points (xl,S) for each of the two floods. The
value of S0 obtained in this way is 1012, while the value of B converts
to a molecular area of 8100 Az for the surfactant molecule. Both of

these values are unrealistically high.

The surface excess model with equation (51) was also used with the
experimental data of cores T3 and T11l. History matches are shown in
Figures 40 and 41, and matching parameters in Table 5. While the
simulated effluent profiles do not match the experimental ones quite as
well as was the case with equation (50), both the high and the low
concentration floods can be matched with the same values of the
parameters a and b. The reason for this may be the introduction of an
additional adjustable parameter into the model.

R

The adsorption isotherm obtained from the parameters in Table 5

and equations (51) and (8) is shown in Figure 42. Both the surface

excess and the amount adsorbed go through a maximum. The surface excess



TABLE 5. Experimental conditions and matching parameters for
variable selectivity model with equation (51).

Core i T3 T11
Surfactant 1.00 9.97
Conc. (g/1)
Surfactant
Mole Frac. 0.372 3.73
x104
Brine Conc. 10.5 10.5
(% TDS)
Temp. 75 75
(deg. C)
Slug Vol. 1.04 0.73
(PV)
a ~7500 -7500
b 8.858 6.85
m
1 0.0033 0.0033
(mmole/g)
ml/m2 0.25 0.25
kl 1.0 1.0
(1/hr)
k
2 0.005 0.002
(1/hr)
Dispersion 1.2 0.3
Par. (cm)
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4 (0.048 M or 2.4%

becomes negative at a mole fraction of about 9x10
w/w), and the amount adsorbed approaches zero. A point of zero surface
excess is called an adsorption azeotrope. At this point the composition
of the bulk and adsorbed phases is equal, and there is a reversal from
preferential adsorption of one component to preferential adsorption of
the other. While adsorption azeotropes have been observed for many
miscible 1liquids, it seems wunlikely that water would adsorb
preferentially over the surfactant at surfactant concentrations as low
as 2.5% w/w. Equation (B51) therefore generates an isotherm that may

become physically unrealistic at surfactant mole fractions within the

range used in EOR applications.

In summary, then, equation (50) can be derived from the
thermodynamics of adsorption, with certain simplifying assumptions.
While this equation, when incorporated into the surface excess model,
can match high and low concentration floods separately, it cannot match
both floods with the same set of parameters. This means that two
different adsorption isotherms are still generated at one set of
conditions. Using the semi-empirical equation (51) in the flow model
does allow history matching of both floods with the same set of
parameters, but unrealistic adsorption isotherms are generated. The
isotherm calculated wusing this equation does yield some useful
information, however: It indicates that, in order to match both high
and low concentration floods, an isotherm that rises steeply at very

low concentrations and then becomes almost level is required.
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Expressing the selectivity as a function of concentration makes
the surface excess model more sound theoretically. Figures 36 to 39
indicate that equation 50 shifts the adsorption isotherms in the right
direction, but that this effect is not strong enough to match both
floods with one isotherm. This would suggest that equation (50) is too
simple a function, or that there are other factors that the model does
not yet take into account. It may also indicate that the effluent
profile obtained at a given injection concentration is not very
sensitive to the shape of the adsorption isotherm at concentrations

much lower than the injected concentration.

In an attempt to improve this imperfection in the model, another

simplifying assumption is removed from the model in the next chapter.



CHAPTER 5

THE EFFECT OF SURFACE HETEROGENEITY ON ADSORPTION

In this chapter an additional aspect of adsorption at the
solid/liquid interface is introduced into the surface excess model: the
effect of surface  heterogeneities. In this context surface
heterogeneity refers to the adsorbent-adsorbate interaction energy,
which can vary at different adsorption sites on the solid surface. It
is well known that surface heterogencities can have a very strong
effect on adsorption isotherms of gases and liquids (Young and Crowell?
1862; Adamson, 1976; Jaroniec et. al., 1981). In fact, it has been
stated by Harwell et. al. (1985a) that "a satisfactory theory for
surfactant adsorption must necessarily incorporate ... surface
heterogeneities". The solids of interest in this work, naturally
occuring rocks, are certainly highly heterogeneous with respect to
their mineral components. A rock surface is therefore likely to exhibit
a range of free energies of adsorption towards a solution in contact

with it.

1. The Mathematical Treatment of Surface Heterogeneity:

A Literature Review

One of the earliest attempts at dealing with heterogeneous

surfaces is attributed to the work of Langmuir in 1918 (Young and
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Crowell, 1962). Although the importance of surface heterogeneity to
adsorption of gases and liquids at the solid surface has long been
recognized, the problems associated with the measurement and
quantitative mathematical description of surface heterogeneities are
far from being solved (Everett, 19685; Rudzinski and Jaroniec, 18974).
From a review by Jaroniec et. al. (1981) it is evident that a great
deal of effort has been devoted to adsorption on heterogeneous
surfaces, and also that this is a problem of great complexity. While
the literature dealing with gas adsorption on such surfaces is
extensive, less has been written on adsorption of binary liquid
mixtures on heterogeneous surfaces, and much less still on adsorption

of multi-component liquids.

Heterogeneities on a solid surface arise from its complex
crystallographic and geometric structure, and from its chenical
composition. The variety of crystal faces and/or functional groups
exposed to the adsorbate, imperfections or defects in the crystal
structure, and tightly bound impurities may render the surface
heterogeneous in an energetic sense. A multi-component solid, such as a
petroleum reservoir rock, will obviously be highly hetefogeneous in
terms of Iits adsorption potential towards different components in
solution. Another source of heterogeneity, encountered in microporous
solids, is associated with their complex pore structure, which consists
of micropores with a range of dimensions and shapes. In real adsorption
systems, heterogeneous solids are much more common than homogeneous

ones, a fact that is often overlooked in the description of adsorption
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at the solid surface.

Surface heterogeneities cannot easily be measured directly, but
they can be inferred from their effect on an adsorption isotherm.
Direct experimental evidence of the effect of the degree of surface
heterogeneity on adsorption is rather scant. Narang and Ramakrishna
(1970a, 1970b) have shown that samples of chromium(III)oxide that were
obtained by decomposition of ammonium dichromate at different
temperatures exhibit different adsorption behavior towards
benzene/cyclohexane mixtures. The effect of modifying the heterogeneity
of carbon black samples by different heat treatments on adsorpt?on
isotherms of methanol/benzene and n-butanol/benzene mixtures has been
demonstrated by Coltharp and Hackerman (1973a, 1973b). Increasing the
heterogeneity of the surface has a rather drastic effect on the
methanol/benzene isotherms, changing them from U-shaped to S-shaped
(Figure 43). A U-shaped isotherm exhibits preferential adsorption of
the same component throughout the concentration range, whereas an
S-shaped isotherm changes from preferential adsorption of one component
to the other at the adsorption azeotrope. The same effect, a change
from U-shaped to S-shaped 1isotherms with increasing surface
heterogeneity, has been shown in model studies by Dabrowski et. al.
(1979) and Sircar (1983, 1884a, 1984b). Theoretical and experimental

studies are thus consistent in this respect.

Halsey and Taylor (1947) were the first to attempt a rigorous

treatment of adsorption on heterogeneous surfaces by introducing their



90

g U-shaped isotherm
e .
»
o
8 S—shaped isotherm
(4]
4
-~
@
0.0
Adsorption azeotrope/
0.0 1.0

Mole fraction

FIGURE 43. Examples of a U-shaped and an S-shaped adsorption isotherm.
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now famous "integral equation". Even though this equation is more than
40 years old, it still forms the basis for a quantitative description
of surface heterogeneities. The integral equation aséumes the surface
to consist of sites with a range of values of some energy parameter E.
The probability of there being an adsorption energy between E and E+dE
is described by a distribution function A(E). The overall adsorption
isotherm can then be obtained by integration of the contributions of

each site as follows:

N(x) = f N, (x,E) A(E) dE (52)
A

N(x) is the overall adsorption, which is a function of pressure in gas
adsorption or concentration in adsorption of liquids. The dependent
variable (pressure or concentration) is denoted by x. Nl(x,E) is the
local adsorption isotherm on a site of adsorption energy E, A(E)dE is
the fraction of total sites having energies between E and E+dE, and A

is the range of possible values of E. Normalization requires that

J A(E) dE = 1 (53)
A

The application of probability to the description of surface
heterogeneity is a convenient mathematical tool, but is not meant to
suggest that site energies are random variables. The statistical
approach is thus a macroscopic, approximate way of applying solution
thermodynamics to surface phenomena. Another approach would involve the
molecular description of the surface, but because of the difficulties

associated with this approach it has not been used.
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Equation (52) has been applied to both gas and liquid adsorption.

In the case of gases, N and N, are usually taken to be the overall and

1
local surface coverages, respectively, and E is the adsorbent-adsorbate
interaction energy. For 1liquids, N and N1 have been taken as surface
excess, amount adsorbed, or mole fraction in the adsorbed phase, again
overall or local, by different authors, and E may be the difference in
adsorption energies of the components of a liquid, an equilibrium
constant of the bulk phase/adsorbed phase exchange reaction, or the

selectivity. The choice of variables is usually made in such a way as

to facilitate the solution of equation (52).

Equation (52) contains three functions, N(x), Nl(x,E) and A(E).
Only one of these, the overall adsorption isotherm N(x), can be
measured experimentally. Two approaches have therefore been taken in
describing heterogeneous surfaces. In the first one, a simple
functional form, such as the Langmuir equation, is assumed for the
local isothernm Nl(x,E), and A(E) is determined from experimental N(x)
idata by inversion of the integral in equation (52). The second approach
assumes functional forms for Nl(x,E) and A(E) such that equation (52)
can be integrated to give the function N(x). This function can then be

matched to experimental data through a number of adjustable parameters.

The much quoted work of Sips (1948, 1950) is one of the earliest
attempts at inverting equation (52) to determine A(E). The Langmuir

equation is assumed to represent the local adsorption isotherm, and a
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generalized Freundlich equation describes the overall isothern.
Stieltjes transform techniques are used to determine A(E), which in
this case turns out to be exponential in form. Many of the analytical
solutions to the integral equation make use of Stieltjes transforms
(Misra, 1970; Rudzinski et. al., 1973; Waksmundzki et. al., 1975; Oscik
et. al., 1878, 1977; Sircar, 1983, 1984c). This technique allows both
the inversion of the integral equation to determine A(E) when the
functional forms of Nl(x,E) and N(x) are assumed, and direct
integration of equation (52) when the functional forms of Nl(x,E) and
A(E) are assumed. Most authors have taken the first approach, while
Sircar, in a series of papers on gas and liquid adsorption, has chosen
the direct integration route, using Stieltjes transform or Laplace
transform techniques, or straightforward integration (Sircar, 1983,
1984a, 1984b, 1984c, 1984d). Sircar’s work yields equations directly
applicable to modelling of adsorptive separation processes of gaseous
and liquid systems. An important point to be taken from Sircar’s papers
is that different 1local isotherms (Langmuir and Jovanovic), or
different distribution functions (gamma and uniform) may yield overall
isotherms that are equally acceptable in representing experimental
data. A similar conclusion was reached in a theoretical study by Misra
(1970, 1973), also by using the Langmuir and Jovanovic local isotherms.
From this it may be concluded that the integral equation does not
provide an absolute measure of surface heterogeneities, but should
rather be used as a tool for comparative purposes. Independent
experimental methods would have to be found for the determination of

absolute heterogeneities.
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If the functions in equation (52) are chosen so as to allow
analytical solution, the kinds of functional dependencies are severely
limited, and the system is forced into a mold dictated by the solution
procedure. In order to avoid this restriction, a number of numerical
solution techniques have been described. The best known of these is
probably Adamson and Ling’s (1961) method of successive approximation,
in which the overall adsorption isotherm is in the form of experimental
points, and the distribution function is calculated graphically using
an iterative approach. No restriction is placed on the local isotherm;
it can be the Langmuir equation (Adamson and Ling, 1961), the BET
equation for multilayer adsorption (Dormant and Adamson, 1972), or any
other form. It has been pointed out, however, that this method may
suffer from convergence problems (Van Dongen, 1973; Adamson, 1976).
Other numerical methods have been described by Van Dongen (1973),
Rudzinski and Jaroniec (1974), House (1978), and House and Jaycock
(1978). All these methods involve the determination of A(E) using
numerical techniques for minimizing deviations between calculated and
experimental data. A method based on orthonormal functions has been

described by Jaroniec and Rudzinski (1975).

A large variety of local isotherms has been used in equation (52).
In many cases, using a well known equation for the local isotherm and
some distribution function results in another well known equation for
the overall isotherm. Thus a local Langmuir isotherm and an exponential

distribution result in an overall Freundlich isotherm (Kindl et. al
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1973; Adamson, 1976). Similarly, using the Langmuir isotherm with other
distribution functions gives overall generalized Freundlich (Sips,
1950), Temkin (Kindl et. al., 1973), or Dubinin-Radushkevich isotherms
(Oscik et. al., 1976). In this way the energy distribution functions
for many pairs of local and overall adsorption isotherms have been
found. By far the most commonly used local isotherm in gas adsorption
is the Langmuir equation (Sips, 1948, 1950; Adamson and Ling, 1981,
Misra, 1970; D’Arcy and Watt, 1970; Kindl et. al., 1973; Jaroniec and
Rudzinski 1975; Sircar, 1984c). Other local isotherms used with the
integral equation include the Jovanovic isotherm (Misra, 1873;
Rudzinski and Jaroniec, 1974; Sircar, 1984d), the condensation
approximation (a step function) or modifications thereof (Hobson,
1965a, 19658b; Cerofelini, 1971; Dabrowski et. al., 1979), the BET or
modified BET equation (Dormant and Adamson, 1972; Oscik et. al., 1977),
and an extended Hill-de-Boer equation (Van Dongen, 1973). D’Arcy and
Watt (1970) have split the overall isotherm into three contributing
terms representing strong adsorbent-adsorbate interactions, weak
adsorbent-adsorbate interactions, and multilayer adsorption. In the
case of liquid mixtures, the surface excess is usually used with
equation (52) (Rudzinski et. al., 1973; Waksmundzki et. al., 1975;
Oscik et. al., 19786, 1977; Dabrowski et. al., 1979; Sircar, 1983,
1984a, 1984b).Sircar has substituted equation (8) for the local
adsorption isotherm into equation (52), and this approach will be taken

later in this chapter.

The distribution functions that have been used with or determined
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from equation (52) are just as diverse as the local isotherm equations.
They include various exponential forms (Sips, 1948; Misra, 1970, 1973;
Waksmundzki et. al., 1975), exponential polynomials (Van Dongen, 1973),
the Maxwell-Boltzmann distribution (Kindl et. al., 1973), the gamma
distribution (Sircar, 1983, 1984c, 1984d), the uniform distribution
(Sircar, 1984a, 1984b), and Gaussian-like distributions (Rudzinski and
Partyka, 1981; Rudzinski et. al., 1982). Myers (19868) has used the
concept of specificity of adsorption of binary liquid mixtures, in
which the solid consists of sites allowing adsorption of either one of
the components only, and sites allowing competitive adsorption of both
components. In microporous solids, the shape of the adsorption isotherm
is affected by structural heterogeneities of the micropores. For these
materials, the distribution of a structural parameter, such as the pore
radius, is used in an equation similar to (52). Adsorption on
microporous solids has been addressed by Jaroniec (1986, 1987), Sircar

(1986), and McEnaney et. al. (1987).

Two 1important conclusions can be drawn from the literature on
surface heterogeneity. The first concerns the form of the distribution
function A(E). It has been noted by several authors that the form of
A(E) depends on the choice of the local isotherm, and that different
distributions lead to equally good representations of experimental data
(Adamson, 1976; Sircar, 1983, 1984a). Treating the surface as
homogeneous, on the other hand, gives a less satisfactory fit between
theory and experiment, indicating that the surface should be treated as

heterogeneous even though the overall adsorption isotherm may not be
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very sensitive to the functional form of A(E). Rudzinski and Jaroniec
(1974), Jaroniec and Rudzinski (1975), and Adamson (1976) have compared
distribution functions obtained by different solution methods of
equation (52) using the same experimental data. Even though these
distributions often show the same trends in their mean and spread, they
are generally far from being equal, throwing some doubt on the physical
significance of the distribution function. Until surface
heterogeneities can be measured independently, the criterion for an
acceptable distribution function will remain the degree of success in

fitting the integral equation to experimental adsorption isotherms.

The second important point is that adsorbed phase non-idealities
and surface heterogeneities cannot be separated from each other
(Everett, 1965; Gregg and Sing, 1967; Sircar, 1983; Myers, 1986). The
combined effect of both can only be determined indirectly from a
measured adsorption isotherm. A change in shape in an adsorption
isotherm may thus be attributed to either of these two contributing
factors, or both. S-shaped isotherms have frequently been explained by
considering non-idealities in the bulk and adsorbed phases (Sircar and
Myers, 1970; Li and Gu, 1979). However, it has been shown in model
studies by Sircar (1983, 1984a, 1984b) and Dabrowski et. al. (1979)
that a change from U-shaped to S-shaped isotherms can equally well be
caused by surface heterogeneities, an observation confirmed by the
experimental work of Coltharp and Hackerman (1973a, 1973b). In fact,
studies by Dabrowski et. al. (1979) and O’Brien and Myers (1986)

indicate that the effect of surface heterogeneities completely
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dominates the effect of adsorbed phase non-idealities and may thus be

the more important of the two factors.

2. Surface Heterogeneity with Uniform Distribution

Most treatments of liquid adsorption on heterogeneous solids make
the simplifying assumption of equal-sized molecules (Rudzinski et. al.,
1973; Waksmundzki et. al., 1975; Oscik et. al., 1976, 1977; Dabrowski
et. al., 1979; O’Brien and Myers, 1986). Sircar (1983, 1984a, 1984b)
has addressed the cases of both equal-sized and unequal-sized
molecules, using the surface excess (equation (8)) as the local
adsorption isotherm and integrating equation (52) with an assumed form
of the distribution function. The energy parameter is taken to be the
selectivity. For equal-sized moiecules (B=m1/m2=1) Sircar uses the
gamma, distribution or the uniform distribution. For unequal-sized
molecules, the integral equation cannot be solved analytically with the
gamma distribution, and the uniform distribution is wused. Since
Sircar’s approach 1is directly applicable to the description of
adsorption used in this work, it will be tested for our systems in this

section.

Using the surface excess, equation (52) becomes

n

OH
(n‘j)

=]

1 A(SO) dSo‘ (54)

n

OL

where (ni)1 is the local surface excess of a patch of surface, n? is
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the overall surface excess, S0 is the selectivity in the limit of zero

concentration (equation (49)), and S and S0 are lower and upper

OL H

limits of SO’ respectively. The local surface excess is given by

equation (8), repeated below,

e. mlxlxz(s—l)

(n;)., = (8)
171 le + sz

and A(SO) is taken to be the uniform distribution,
A(SO) =C (55)

where C is a constant. The normalization requirement

SOH

J A(S,) dS, = 1 (58)

SOL

upon integration, leads to

1
A(S,) = o———=— (57)
0" Som ~ SoL
Equation (50), repeated below,
= (B-1)/B8
S = SO(le + xz) (50)
can be differentiated to give
le + sz
das, = - ds (58)
0 B(Sx, + x )(B 1)/B + 1
1 2
Equations (8), (57) and (58) are substituted into (54) to give
S
I b g 2 ds (59)
1 B(SOH - SOL) (Sx. + x )(B-l)/B + 1
SL 1 2

Since the independent variable has been changed from SO to S, the
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limits of integration are changed from S and S0 to S, and S where

oL H L H’
_ (B-1)/B

s = SOL(sLx1 + xz) (60)
= (B-1)/B

SH = sOH(st1 + xz) (61)

Integration of equation (58) leads to

1 Sog ~ Sop ¥y Son SoL
S S
1 [ OH oL ]}
+ - (62)
B-1 | sy S,

Equation (62) is the adsorption isotherm for a heterogeneous surface

with uniform distribution of SO. It contains the parameters SOL and

SOH’ m, and B being determined independently as described in chapter 3,
and SL and SH being given by equations (60) and (61) at any

concentration.

The mean, u, and the variance, 02, of the uniform distribution are

given by
S..., +S
p= OL_OL (63)
2
2 - Zon ~ Sor (84)
12

The mean value of S0 is a measure of the overall affinity between the

solid and the surfactant, while the variance gives the spread in S A

0"
large variance therefore means a high degree of heterogeneity, while a

variance of zero represents a homogeneous surface.
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The effect of heterogeneity on adsorption with the uniform
distribution was determined by calculating adsorption isotherms from
equation (62). The values of m, and B were kept constant at 0.0033
mmole/g and 0.25, respectively, as determined in chapter 3. Figure 44
shows three isotherms with the same value of p (1.2), but increasing
degrees of heterogeneity, as indicated by the values of 02. The
homogeneous case (02=0) results in a U-shaped isotherm, aé expected.
Increasing the heterogeneity changes the shape of the isotherm
significantly and forces it towards an S-shape. These isotherms were
generated at the rather low value of u=1.2. From Téble 4 in the
previous chapter it 1is evident that the selectivities of the
surfactant/rock system under investigation in this work are in the
range of 100 to 1000. The effect of heterogeneity on the adsorption
isotherm at an average selectivity of p=100 is shown in Figure 45.
Clearly, increasing the heterogeneity has a much smaller effect at high
values of u, even with values of 02 as high as 3270. Note that, at any
value of ¢, the maximum variance is determined by the restriction S £

OL

0. The maximum variance for u=100 is therefore 02=3330 at SOL=O‘

The full concentration range from x =1 has been plotted in

1 1

Figure 45. Two of the isotherms have been re-plotted in Figure 46 using

=0 to x

an expanded scale more representative of the systems of this work.
Isotherms at p=1000, both homogeneous (02=0) and highly heterogeneous
(02=3.33x105) have also been included in the figure to cover the range
of selectivities used in matching the core floods of the previous

chapter. From the figure it is quite obvious that even a high degree of
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heterogeneity does not change the isotherm to any great extent, either
in magnitude or in shape. In fact, isotherms very nearly the same as
the heterogeneous ones in Figure 46 can be generated using the
homogeneous model with slightly 1lower selectivities than those
indicated for the homogeneous isotherms in the figure (SO=800 and SO=95

instead of SO=1OOO and S_.=100).

0

Since the uniform distribution function does not affect the
adsorption isotherms very strongly at the selectivities and
concentrations of interest, this function would not be adequate in
matching high and low concentration core floods with a single isotherm.
Referring to Figures 36 to 39, if an isotherm is to represent both high
and low concentration floods, it should represent the isotherm for the
low concentration flood in the low concentration range, and that of the
higher concentration flood at the higher concentrations representative
of this flood. As has been noted at the end of the previous chapter,
this would require an isotherm that rises steeply at very low
concentrations and then approaches a slope of zero. Clearly the uniform
distribution does not fulfill this requirement, since it results in
isotherms of the same shape as those previously obtained in Figures 38

to 39.

3. Two-Component Heterogeneous Solid

With the uniform distribution, the probabilities of finding any

value of S0 between the limits SOL and SOH are equal. An approach that
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may be considered the other extreme is taken in this section. The
distribution of selectivities is described by two delta functions,
implying that the solid consists of two components (A and B), each with

its own value of S0 (SOA and SOB)’ and each contributing a fraction z,

or zB (with zA+zB—1) to the total surface area of the solid. In this

treatment the integral equation (52) is, in effect, converted from a
continuous distribution to a discrete distribution, in this case to a
sum of two terms. The overall surface excess is then given by

e _ e e
n1 = ZA(nl)A + zB(nl)B (65)

or, substituting equation (8) for (n?)A and (n?)B

(S_-1)
e 2 B

=z + z (66)
1 A A + sz B SBX1 + sz

m, xz(SA—l) m, X, X

where SA and SB are the selectivities of each solid component. These
selectivities are taken as concentration dependent, and are given by

equation (50) as

(B-1)/8B
SA OA(SAx1 + %, ) (87)
S (Sgx, * X, y (B-1)/8 (68)
B~ OB B"1
where SOA and SOB are the values of S0 for solids A and B,
respectively. The parameters of equation (66) are thus Zys SOA’ and
SOB'

To calculate the amount of surfactant adsorbed (ni), equation (9)

was used in chapters 2 and 4. This equation cannot be used here, since
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there is no single value of selectivity. The amount of component 1
adsorbed can, however, be calculated as follows without using the
selectivity. The total amount adsorbed of both components is given by
equation (B8) as

m,m

12
n’ = ; > (69)
my¥Xy T M¥p
Substituting this equation into equation (4) and solving for xi gives
Bne + m,X
s 1 171
X, = (70)
! m, - ne(l—B)
1 1
with
X, = 1—x1 (71)

Equations (70) and (71) allow calculation of xi and Xé from the surface
excess, which can be obtained from equation (66). The adsorbed phase
mole fractions are substituted into equation (689) to obtain n’, and ni

is then given by

— e ’
n, = n, + n Xy (72)

Equations (70) and (71), together with the bulk phase mole fractions,
also allow the determination of an "effective" selectivity from the
defining equation of selectivity (equation (7)). Substituting this
effective selectivity into equation (8) results in the same value of n’

1

as equation (72).

The average selectivity of the two-component solid is given by

B=2,8, * Z58.p (73)

and the variance by
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2 _ _ 2
o = zAzB(SOA SOB) (74)

As before, the variance is a measure of the degree of heterogeneity,
which, according to equation (74), is determined by the difference of
selectivities and the relative surface area that each solid
contributes. The maximum contribution from the relative surface areas

to surface heterogeneity occurs at zA=z =0.5. Therefore, the greater

B
the difference between SOA and SOB’ and the closer to 0.5 the values of
z, and Zp, the more heterogeneous the surface becomes. For z, or Zg
equal to 1, or for SOA=SOB’ the isotherm equation (66) reverts to the

homogeneous case.

To determine the effect of heterogeneity on adsorption, isotherms
were calculated using equation (B6) in a manner analogous to that used
with the uniform distribution. Figure 47 shows four isotherms of
increasing degree of heterogeneity, but with a low average selectivity
it. As with the uniform distribution, increasing the heterogeneity of
the surface results in a change from a U-shaped to an S-shaped
isotherm. Figure 48 shows the effect of heterogeneity at a higher value
of pu. In these figures the heterogeneity is changed first by increasing

) and then by increasing z

(SOA—S Inversion to an S-shape does not

OB A

take place at p=100, but, wunlike with the wuniform distribution,

heterogeneity can affect the isotherm significantly even at high‘u.

Figure 49 shows the same isotherms over a lower concentration range.

The effect of the parameters Zy SOA and SOB on the adsorption

isotherm is shown in Figures 50 to 52. As expected, increasing any of
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FIGURE 47. The effect of surface heterogeneity (two-component solid) on
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FIGURE 48. The effect of surface heterogeneity (two-component solid) on
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these parameters increases adsorption, since increasing z, increases

the amount of surface with the higher selectivity, and increasing SOA

or SOB increases the average selectivity of the solid. An interesting

effect that will be important in matching core effluent profiles is

observed in Figure 51. Increasing SOA causes the isotherm to rise more

steeply near x1=0 and then to become almost constant. This shape is
desirable for matching high and low concentration core floods with a

single set of parameters, as has been noted at the end of chapter 4.

4. History Matching Core Floods with Heterogeneous Solid

Surface heterogeneities can be incorporated into the flow model,
described in chapter 2, quite simply by using equation 66 instead of
equation 8 to calculate the equilibrium surface excess. Note that the
selectivities of each solid component, SA and SB, are taken to be
concentration dependent (equations (67) and (68)), as was discussed in

the previous chapter. Details of the solution to the flow model appear

in the Appendix.

The two-component heterogeneous solid was used to match simulated
and experimental surfactant effluent profiles for the same core floods
that were described previously. The results, shown in Figures 53 to B0
and Table 86, indicate that satisfactory matches were obtained for all
floods. The ability to match the experimental data is not unique to
this model, but now for the first time low and high concentration

floods can be matched with the same set of parameters. The parameters
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in Table 6 were then used, together with equation (66), to calculate
one adsorption isotherm for each pair of core floods. These are shown
in Figures 61 to 64. For comparison, the adsorption isotherms obtained
by modelling a homogeneous surface with equation (50) are also shown.
The important point here is that the heterogeneous model generates a
single adsorption isotherm for each pair of core floods, while separate
isotherms are generated for the members of a pair by the homogeneous
model. The heterogeneous model is thus superior in that it generates a
single isotherm at each set of conditions. Even though it may be argued
that the increased flexibility of the heterogeneous model is due to a
larger number of parameters, this is compensated by the fact that it

matches two core floods with the same set of parameters.

The effective selectivity for cores T3 and T11l was calculated as
described in section 3 above and is shown in Figure 65, together with
selectivities calculated for the same cores using the homogeneous model
with equation (50). Again, a single curve is obtained with the
heterogeneous model, while two different curves are required by the
homogeneous model. The figure illustrates the required functional form
of the selectivity. Equation (50) by itself, although a decreasing
function of concentration, does not generate the required shape of the
selectivity, while introducing surface heterogeneity in the form of a

two~component solid does.

The data in Table B indicate that zA is constant for all floods.

This is quite reasonable, since the solid was Berea sandstone in all
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TABLE 6. Experimental conditions and matching parameters obtained from
the surface excess model with a two-component heterogeneous solid.

Core # T3 T11 T1 T13 T6 T9 T7 T10
Surfactant }
Conc. (g/l})| 1.00 9.97 1.00 9.97 1.01 10.0 1.01 10.0
Surfactant
Mole Frac. 0.372! 3.73 0.363! 3.65 0.374! 3.73 0.379! 3.78
x104
Brine Conc.
(% TDS) 10.5 10.5 10.5 10.5 21.0 21.0 21.0 21.0
Temp.
{deg. C) 75 75 23 23 50 50 75 75
Slug Vol.
(PV) 1.04 0.73 1.01 0.78 2.12 0.86 2.04 1.14
z, 0.17 0.17 0.17 0.17 0.18 0.18 0.17 0.17
SOA 10,000j10,000}12,00012,000}20,000 20,000 |20,000;20, 000
SOB 10 10 75 75 100 100 70 70
m1 0.003310.0033|0.0033!0.0033{0.0033!0.0033(0.0033!0.0033
(mmole/g)
ml/m2 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.28
k
1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
(1/hr)
k2 0.005! 0.002| 0.005! 0.005{ 0.003! 0.003} 0.002! 0.002
(1/hr)
Dispersion
Par. (cm) 1.0 0.15 1.0 0.15 1.5 0.4 2.0 0.5
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cases, Temperature seems to affect S more strongly than S S

0A’ OB

increasing with decreasing temperature, while increasing the brine

OB

salinity increases S and S0

OA B’

It has been noted in much of the literature on adsorption on
heterogeneous surfaces that the adsorption isotherm is quite
insensitive to the choice 'of distribution function, or, stated
differently, that different distribution functions may represent the
same experimental isotherm equally well. Appar‘ently this is not true
for the two distributions and the surfactant/rock system used in this
work. The two-component solid allows matching of core floods run at
different concentrations, while the uniform distribution does not. The
two-component solid is capable of generating a certain shape of

isotherm, but the uniform distribution is not.

In conclusion it may be said that the adsorption isotherms
generated using the two-component solid are likely to be more realistic
and more useful for interpolation of adsorption data, simply because
they represent two core floods rather than Jjust one, and therefore
greatly reduce the risk of extrapolating to concentrations other than
the injected concentration. From Figures B1 to 64 and Table 4 it is
obvious that history matches obtained with the model wutilizing a
homogeneous surface yield higher selectivities in floods with lower
surfactant concentrations. The extrapolation of data beyond surfactant
concentrations used in the flood should therefore be done with extreme

caution. The figures also indicate that the effluent profile of the
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higher concentration flood is not sensitive to the shape of the
adsorption isotherm at concentrations much lower than the injected
concentration. By contrast, the isotherms obtained with the
heterogeneous model are representative of the whole concentration range

from the low to the high injected concentration.

While there is no direct experimental evidence for the correctness
of the two-component surface, its success in matching the experimental
effluent profiles suggests that it has some physical significance. This
view is supported by the fact that any rock sample is likely to be
highly heterogeneous because it consists of an array of different
minerals, and because different crystal faces of the same mineral may
exhibit different adsorbent-adsorbate interactions. Support to the
heterogeneous model 1is also given by the statement made by other
authors that heterogeneous surfaces are probably much more common than
homogeneous ones, and that heterogeneities play a dominant role in the

adsorption process.

In order to attach more meaning to the parameters of the model,
independent measurement of the mineral components of the rock and their
adsorption behavior would be required. Once such measurements are
available and the model is shown to correlate with them, adsorption on
a rock may be predicted on the basis of a knowledge of its components.
The two-component heterogeneous model can easily be extended to
multicomponent surfaces. However, this will increase the number of

parameters by two for each component added. Some independent
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measurement of the parameters is therefore necessary for these to
retain any physical meaning, rather than Jjust being adjustable

parameters.



CHAPTER 6

ADSORPTION OF SURFACTANT MIXTURES

1. Introduction

Surfactants used in practical applications are almost always
complex multicomponent mixtures of surface active compounds. The reason
for this can be two-fold: Many surfactants are synthesized fronm
starting materials that are mixtures, since this is more economical and
more feasible from a technical point of view than working with
isomerically pure materials. Secondly, different surfactants may be
mixed to design surfactant systems that are optimized in terms of
performance parameters such as solubility, salt tolerance, interfacial
tension, foaming capacity, adsorption on solids, detergency, or
solublization. In many applications, surfactant mixtures exhibit
synergistic properties superior to those of each individual component,
and it may therefore not even be desirable to work with pure

surfactants.

Surfactants used in enhanced o0il recovery are mixtures for the
same reasons Jjust stated for surfactants in general. Even though these
mixtures may be more effective in recovering oil than pure components,
a problem that is a direct consequence of blending surfactants is the
chromatographic separation of the components during flow through the
porous medium by differential,adsorptibn on the solid or differential

partitioning into an o0il phase. Such separation of the components
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changes the composition of the mixture continuously, thereby changing
its properties and most likely its ability to recover oil. It is
therefore important to understand the chromatographic movement of a
surfactant mixture through the reservoir and its implications on oil

recovery.

Petroleum sulfonates are commonly used in surfactant flooding.
These surfactants are manufactured by sulfonation of refinery streams
and therefore contain a huge variety of compounds. Gale and Sandvik
(1973) have shown that a range of equivalent weights of the components
of petroleum sulfonates is desirable in that the high equivalent weight
fraction provides the interfacial activity required for oil recovery,
the low equivalent weight fraction enhances the solubility of the
mixture, and the intermediate equivalent weights act as sacrificial
adsorbates. These authors have also shown that the high equivalent
weight components adsorb preferentially at the solid/liquid interface,
and that this strongly affects oil recovery. The work of Bae and
Petrick (1976) also indicates chromatographic separation of petroleum

sulfonates, while Lawson and Dilgren (1978) have found no such effect.

Much work has recently been carried out on tailoring surfactant
systems by mixing different surfactant types. Mixtures of
carboxymethylated ethoxylates and dialkyl benzene sulfonates have been
shown to be effective in high salinity brines, and to be invariant in
terms of phase behavior to changes in temperature and salinity (Balzer,

1987). The mixture can be customized for a particular reservoir by
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changing the proportion or structure of the components. In mixtures of
alkylphenyl ethoxy alcohols and alkylphenyl ethoxy sulfonates, the
nonionic component enhances the solubility of the anionic component,
while the anionic component prevents phase separation of the nonionic
one (Austad et. al., 1987). Westerkamp and Menz (1987) have shown that
mixtures of alkylphenyl ethoxylates or propoxylates and commercial
sulfonates can be adapted to a wide variety of reservoir conditions.
Mixtures of ethoxylates and alkyl sulfonates have been studied by Pusch
et. al. (1987). All these authors realize the importance of developing
a good understanding of the differential adsorption of such mixtures

and its effect on surfactant performance.

Research into all aspects of the behavioé of surfactant mixtures
has increased rapidly over the last ten years. It has led to a better
understanding of many interesting phenomena in mixed surfactant systems
and to new applications of such mixtures. An overview of some aspects
of the behavior of surfactant mixtures has been presented by Scamehorn
(19862, 1986b). This chapter will review some of the literature on the
fundamental aspects of the adsorption of surfactants and surfactant
mixtures, with the goal of applying these principles to modelling of
the chromatographic movement of the components of a foam-forming
surfactant. Monomer-micelle equilibria play an important role in
surfactant adsorption and will therefore be described in the next
section. The surface excess will again be used to model adsorption,
requiring extension of the surface excess model from binary to

multicomponent mixtures. A model for transport of a ternary surfactant



127

mixture through porous media will be developed. Experimental data
collected from a core flood using two purified components of =a
commercial foam-forming surfactant will be presented and modelled using

the surface excess model for ternary mixtures.

2. Monomer-Micelle Equilibrium

A unique property of surfactants that arises from the amphipathic
nature of a surfactant molecule is the tendency to form aggregates,
either in solution (micelles), or at the gas/liquid interface
(monolayers), or at the solid/liquid interface (admicelles or
hemimicelles). Below a certain concentration, known as the critical
micelle concentration (cmc), surfactant molecules exist as single,
dispersed molecules in solution. When the surfactant concentration is
increased to the cmc, the molecules begin to form micelles, whereby the
hydrophobic portion of the molecule is removed from the aqueous
environment and is in contact with other hydrophobic groups inside the
micelle. The interior of a micelle is believed to have a structure
resembling that of liquid paraffin (Shinoda, 1963). The hydrophilic
portion of the molecule is exposed to the aqueous phase on the outside
of the micelle. At any concentration above the cmc, surfactant
molecules in the micelles are in equilibrium with those existing as

monomers.

A good understanding of monomer-micelle equilibrium is essential

to any process involving surfactants, since the process may depend
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either on micelle properties or on monomer concentration and
composition. For example, solubilization of compounds into micelles
depends on micelle composition, while adsorption at the solid/liquid
interface and surface or interfacial tension lowering depend on the
monomer concentration. In this work, interest is focused on adsorption

at the solid/liquid interface.

It is generally believed that surfactant monomers adsorb at the
solid surface, but micelles do not. The monomer concentration
determines the chemical potential of individual species in solution,
and it is this chemical potential that provides the driving force for
adsorption. A mathematical description of monomer-micelle equilibrium
is therefore essential to an adsorption model that takes into account

the dependence of adsorption on monomer concentation.

From the above discussion it should be obvious that the cmc is an
important parameter in surfactant systems, since this is the
concentration at which monomer-micelle equilibrium first sets in. In
general, the more hydrophobic a surfactant molecule, the lower is its
cmc, i.e. the molecules tend to aggregate at lower concentrations.
Equivalently, higher salt concentrations make the agueous solution more
polar and lower the cmc of a surfactant. The factors influencing the
cmc have been reviewed extensively by Shinoda (1983). These include the
hydrocarbon chain length in the hydrophobic part of the surfactant
molecule, the number and type of hydrophobic groups, the number, type

and position of polar groups, and the concentration and type of added
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electrolyte or other additives. Many physical properties of surfactant
solutions change abruptly at the cmec, allowing the cmc to be determined
fairly easily by measuring such a property as a function of
concentration. Some of the more commonly used methods of determining
the cmc employ the measurement of electrical conductance, surface
tension, dye solubilization, or light scattering (Shinoda, 1983; Rosen,

1978).

The behavior of surfactant solutions is commonly described using
the pseudophase-separation model (Shinoda, 1963; Scamehorn, 1988a,
1986b), which considers the micelles to be a separate thermodynamic
phase in equilibrium with the monomer phase. This is analogous to
vapor-liquid equilibrium, where a dilute phase is in equilibrium with a
condensed phase. The cmc in monomer-micelle equilibrium is then similar
to the dew point in vapor-liquid equilibrium. Even though some of the
assumptions made in the pseudophase-separation model have not been
verified experimentally (Scamehorn, 1986b), it has proven to be a
valuable tool 1in the description of many phenomena observed in

surfactant solutions.

In a surfactant solution below the cmc, the monomer concentration
is equal to the overall surfactant concentration, since no micelles
have yet been formed. When the concentration of a solution containing a
single pure surfactant 1is raised above the cmc, the monomer
concentration remains constant at the value of the cmc, since any

surfactant added will now be incorporated into the micellar phase. In a
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single surfactant system, determining the monomer concentration is
therefore simply a matter of measuring the cmc. The same is not true in
a mixed surfactant system. Consider, for example, a binary surfactant
mixture in water. Such a mixture will have its cmc at some overall
concentration at which mixed micelles containing both surfactant
components will form. However, one component may be more hydrophobic
than the other and will therefore be incorporated into the micelles
more readily. The proportion of this component will then be higher in
the micellar phase than in the overall solution. The monomer phase, on
the other hand, will become enriched in the other component, and,
unlike in a single surfactant system, the monomer concentration will
continue to change above the cmc. The composition of both the monomer
and the micellar phases will also change with increasing concentration,
and it is the concentration and composition of the monomer phase that
determines how much of each component will be adsorbed. A model that
describes monomer-micelle equilibrium in mixed surfactant systems must
be capable of predicting the cmc of the mixture, the monomer

concentration, and the composition of monomer and micellar phases.

Several such models have been put forward, ranging from very
simple to very complex. The earliest, and also the simplest, of these
is the ideal mixed micelle model, several versions of which have been
described by Lange (1953), Lange and Beck (1973), Shinoda (1954),
Mysels and Otter (1961), and Clint (1975). Nishikido et. al. (1975)
have extended the ©binary mixture models of these authors to

multicomponent mixtures. Different versions of the ideal mixed micelle
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model appear in the literature, and some confusion as to which version
applies to a specific system (nonionic versus ionic surfactant, water
versus salt solution) has been resolved by Funasaki (1878). The basic
assumption of the ideal mixed micelle model is, obviously, ideal mixing
of surfactants in the micellar phase. This implies that interactions
between unlike components in the micelle are very similar to
interactions between like components, or that activity coefficients in
the micellar phase are unity. This model predicts that the cmc of any
mixture will fall between the cmc’s of the pure components. It applies
to surfactants that are members of a homologous series, i.e. have the

same polar group, but hydrocarbon chains of different lengths.

Dissimilar surfactants generally do not follow ideal mixed micelle
theory, as indicated by the fact that their mixture cmc may be lower
than the cmc of either pure component. This behavior is observed in
mixtures of unlike ionic surfactants or ionic and nonionic surfactants.
Hydrocarbon surfactants usually exhibit negative deviations from
ideality, meaning that the mixture cmc falls below that predicted by
the ideal theory. This indicates that micelles are formed more easily
in the mixture than with the pure components, or that mixing of
surfactants makes the fofmation of micelles energetically more
favorable. Interestingly, mixtures of hydrocarbon and fluorocarbon
surfactants often exhibit positive deviations from ideality, indicating
weaker interactions between the hydrocarbon and fluorocarbon chains in
the micelle. Cmc’s of nonideal mixed micelles can be predicted

accurately using regular solution theory to model activity coefficients
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in the micellar phase. Rubingh (1978) has described the regular
solution model for binary éur'factant mixtures, and Holland and Rubingh

(1983) have extended this model to multicomponent mixtures.

A criterion for the applicability of the models just described has
usually been agreement between theoretical and experimental cme’s,
since the cmc is an easily measured quantity. A much more severe test
would be agreement between measured and calculated monomer
concentrations. Direct experimental measurement of monomer
concentrations is, however, orders of magnitude more difficult than
measuring cmc’s. Although attempts at measuring monomer concentration
by various techniques have been made, no generally applicable method is
known as yet (Scamehorn, 1986a), and, as has been pointed out by
Scamehorn (1986b), there is a great need for such a method. Osborne-Lee
et. al. (1983) have described an ultrafiltration method that shows

considerable promise.

Osborne-Lee et. al. (1985) have used their ultrafiltration method
to show that the regular solution theory of mixed micellization
predicts cmc’s accurately, but, for many systems, is less accurate in
predicting monomer concentrations. This deviation from the regular
solution model is caused by significant contributions of the excess
entropy of mixing to the excess free energy of mixing. The excess
entropy of mixing is, by definition, neglected in regular solution
theory. Osborne-Lee et. al. (1985) and Osbor'né—Lee and Schechter (1986)

have developed a model of mixed micelle formation that takes into
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account the excess entropy of mixing and predicts monomer
concentrations quite accurately. Kamrath and Franses (1988) have used
the mass action model to describe nonideal mixed micelles. This model
is applicable to micelles of low aggregation number, where treatment of

small micelles as a separate phase may not be realistic.

The most interesting aspect of mixed surfactant systems in the
context of this work is probably the depression of the cmc below the
cmc’s of the pure components. A lower cmc is equivalent to a lower

monomer concentration, which in turn may lead to lower adsorption.

3. Ideal Mixed Micelle Theory

Later in this chapter, the ideal mixed micelle theory will be
applied to the members of a homologous series of surfactants, and will
be incorporated into the surface excess model to describe the
chromatographic transport of mixtures of such surfactants through
porous media. The equations pertinent to the theory will therefore be
summarized in this section. The derivation follows the treatment by
Clint (1975). Even though Clint has applied his equations to nonionic
surfactants, Lange and Beck (1973) and Funasaki (1978) have shown that

the same equations apply to ionic surfactants in salt solutions.

Consider a mixture of two surfactants of total concentration c.
The mole fraction of surfactant 1, on a surfactant only basis, is «,

that of surfactant 2 thus being 1-a. Below the cmc of the mixture,
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c, = oc (758)

c’é‘ = (1-a)c (76)

where CT and cg are the monomer concentrations of surfactants 1 and 2,
respectively. Above the cmc, the concentration of surfactant 1 in the
micelles is uc—cT, and its mole fraction, on a surfactant only basis,
is

m
ac-c,y

@ = ——— (77)

e Y
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The chemical potential of component 1 in the ideal mixed micelles is

Myg = Moy * BT ln(am) ‘ (78)

where ”MOl is the chemical potential in a pure component 1 micelle. The
monomer phase is dilute, and is considered to be an ideal solution. The

chemical potential of component 1 in the monomer phase is then

iy = Bg, * RT ln(cT) (79)

where Hoq is the standard chemical potential of non-micellar component

1. At the cmc of pure component i,

Myo1 = Moq * RT ln(cmcl) (80)

where cmc1 is the cmc of pure component 1. At equilibrium, “M1=”1’ and

therefore, from equations (78), (79), and (80),
™ =« emc (81)
™

Similarly for component 2,

m-— -
c, = (1 am) cme

2 (82)

2

Eliminating « from equations (81) and (82) gives
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m C1
c, = [1 - omc, ] enc,, (83)

and substituting equation (77) into (81) leads to

n ac—c

¢y = [ ;:;E:;E ]cmc1 (84)
1 72 ’

Eliminating cg from equations (83) and (84) gives a quadratic equation

in cm-
1
m,2 m°2 m
(01) [§m°1 - 1] + ey {c—cmcz+cmcl] ~ac cme, = 0 (85)
which can be solved for c?:
-(c-A) * [(c—A)2 + 4A&c]1/2
m
c, = (86)
1 cmc2
2[ cme, 1]
1
with
A= cme,, = cme, (87)

At the mixture cmc, combination of equations (75) and (81), and

(76) and (82) gives the two equations

ac = o cme (88)
M

1

(1-a)c (1—am) cme (89)

2
which, on elimination of o result in an expression for the cmc of the

mixture:

= + (80)
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To calculate the cmc and the monomer concentrations in the
mixture, one needs to know the pure component cmec’s, the total
surfactant concentration, and the value of «. The cmc 1is then
calculated from equation (90). Below the cmc, the monomer
concentrations are given by equations (75) and (76). Above the cmc, the
monomer concentration of surfactant 1 can be calculated using the
positive root of equation (86). The surfactant 2 monomer concentration
is then obtained from equation (83), and the relative amounts of each

component in the micelles from equation (77).

To illustrate the use of these equations, monomer concentrations
have been calculated for two surfactants with cmcl=10—5M and
cmcz=5x10_4M. Monomer concentrations for each single surfactant system
are shown in Figure 66. As expected, they increase linearly with
surfactant concentration below the cmec, but remain constant at the
value of the cmc at overall concentrations higher than the cmc. When
the two surfactants are mixed, with «=0.1, the monomer concentrations
in Figure 67 result. Below the mixture cmc (8.5x10—5M), the monomer
concentrations again increase in proportion to the overall surfactant
concentration. Above the cmc, however, surfactant 1, which has the
lower cmc, 1is preferentially incorporated into micelles, and its
concentration in the monomer phase therefore decreases. Surfactant 2,
on the other hand, becomes enriched in the monomer phase, and its
monomer concentration increases above the cmc. Figure B8 shows the

change in o > the fraction of component 1 in the micellar phase, with

total surfactant concentration. Initially o is much higher than the



137

< E ,.Pure component 2 = |
2 3 S
o -. N I',
.g 10—‘2 ’1','
w® 3
5 3
a ] ”
Q 4 "4
Q . 4
g S/
8 107 7 Pure component 1}
£ 3
Q 3
2 ;
e ]
g ]
2 - (:l!l(:1 cmcz
10—6 ML RA M MEEE]] M I‘I‘l‘l'llH[ ¥ I'I'I'l'llll[ LS AR MR AR LM R RERIM R ES] -
107® 107° 107 107° 10” 107!
Surfactant concentration, mole/1
FIGURE B66. Monomer concentrations of two surfactant solutions, each
containing a single pure surfactant.
1075
< E cmg = 1x10-5 M
q) 4
= 1 cmc, = 5x104 M
g 107 :é
3 a = o.t
g -
e R e
g 103
+’ t2
g 3 Total /./_—Componen
Q ] e
-5 P
8 105 rd
© E
& E 4
g o Component 1
(=] 10 'E
g
< 3 Mixture cmc
10—"“ MR R R EEAE L) l'l'l'l'lllll 4 l'l'l'l'llll',_' l'l'l'l'llll[_' LA R A A KB AL -
107° 107° 10” 107° 107° 107
Total surfactant concentration, mole/l1
FIGURE B7. Monomer concentrations of a mixed surfactant system

containing two surfactants.



138

1
cmg = I1x10°5 M
— cmc, = 5x10~4 M
. 084 1=
o} = 0.1
g
Q .
ey 0.7 4
O
(3]
Il
fut
“ o5
L
[
=
[+}]
= 03
=
Mixture cmc
0'1 -5' T "‘l’l'l'lll‘|_4‘ 11 'l'l'lrleTl_a' T 'I'O'I'Illl]-z' LML A M EER]
10 10 10 107"

Total surfactant concentration, mole/l

FIGURE 88. The fraction of component 1 in the micellar phase in
a mixed surfactant system. :

cmc

Region IV

|

?
|1y
)
B
B

Adsorption

=-Region I-/

s

Surfactant concentration

FIGURE 68. A typiecal surfactant adsorption isotherm.



139

overall fraction of surfactant 1 in the mixture («=0.1), demonstrating
enrichment of this surfactant in the micelles. At high surfactant
concentrations, the value of o approaches the overall value of 0.1,
since most of the total surfactant is now in the micelles, the monomer

phase being comparatively dilute.

4., Literature on the Fundamental Aspects of Surfactant Adsorption

In parallel to the surfactant adsorption studies appearing in the
petroleum literature, a large amount of more fundamental work on the
mechanisms of surfactant adsorption has been carried out over the last
30 years. The latter usually employs relatively clean, single-component
solids, such as alumina, quartz, or kaolinite, and single pure
surfactants or well-defined mixtures of pure surfactants. Since most of
the solids used are highly adsorptive because of their large specific
surface area and a surface charge opposite to the charge of the
surfactant 1ion, adsorption can conveniently be measured through

concentration changes in batch experiments.

A common theme that runs through much of the literature on
surfactant adsorption from the early to the very recent studies is the
shape of surfactant adsorption isotherms on polar solids such as
oxides. Much of the ealier work on this subject has come from
Fuerstenau and his coworkers. A schematic of an adsorption isotherm of
an ionic surfactant on a solid of opposite charge is shown in Figure

69. This isotherm can be divided into four regions. In region I (the
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Henry’s Law region), the slope of the log-log plot is usually close to
unity. At these low adsorption densities, individual ions are scattered
across the surface, and adsorption is believed to take place mainly by
counterion binding or ion exchange at the surface. At a certain
well-defined concentration, called the hemi-micelle or critical
admicelle concentration (cac), the slope of the isotherm increases
sharply. The increased rate of adsorption in region II is caused by the
surfactant forming aggregates (hemi-micelles or admicelles) at the
surface through van der Waals interactions between the surfactant
hydrocarbon chains. The attractive forces between surfactant molecules
are much the same as those in micelle formation in solution, but the
cac is usually one or two orders of magnitude lower than the cmc. At
this stage the surfactant molecules in the adsorbed layer are believed
to be packed vertically with the polar groups at the solid surface.
Through the strong attractive forces between surfactant molecules,
adsorption continues beyond neutralization of the surface charge,
causing a reversal of the sign of this charge. In region III the rate
of adsorption decreases because the surfactant molecules now have to
approach the surface against electrostatic repulsion. Region IV is
characterized by plateau adsorption, which wusually commences at a
concentration equal to the cmc. The beginning of plateau adsorption at
the cmc provides strong experimental evidence for the theory that
adsorption takes place from the monomer phase only. The fact that both
monomer concentration and adsorption reach a constant value at the cmc
seems to suggest a direct correlation between the two. It should be

realized, however, that the adsorption sites on the solid may be filled
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before the cmc 1is reached, in which case plateau adsorption is
determined by the adsorptive capacity of the solid rather than by the

monomer concentration.

Overwhelming evidence for the mechanism of surfactant adsorption
described above has ©been obtained from electrokinetic studies
(Fuerstenau, 1956; Somasundaran et. al., 1964; Somasundaran and
Fuerstenau, 1966; Wakamatsu and Fuerstenau, 1968), heat of immersion
measurements (Roy and Fuerstenau, 1968), and from some rather
interesting experiments using fluorescence probes to elucidate the
structure of the adsorbed layer (Chandar et. al., 1987). Much effort
has been dedicated to the determination of factors that influence
adsorption levels and the transition points between the adsorption
regions illustrated in Figure 69. These factors include surfactant type
(Rosen and Nakamura, 1977; Scamehorn, 1982b; Somasundaran and Gryte,
1985), the hydrocarbon chain length of the surfactant molecule
(Fuerstenau, 1956; Somasundaran et. al., 1964; Wakamatsu and
Fuerstenau, 1968), the structure of the hydrocarbon chain (Dick et.
al., 1871), salt type and concentration (Fuerstenau, 1956; Somasundaran
and Hanna, 1879; Somasundaran and Gryte, 1985; Somasundaran, 1987),
mineralogy of the adsorbent (Somasundaran and Gryte, 1985), and
solution pH (Fuerstenau, 1956; Somasundaran and Fuerstenau, 1966;
Fuerstenau and Wakamatsu, 1975). The surface of an oxide usually
carries a charge that is very strongly dependent on the pH of the
solution in contact with it. In general, a surfactant adsorbs strongly,

if the pH is such that the solid surface and the surfactant molecule
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are oppositely charged. Adsorption does, however, also take place with
surfactants on solids of equal charge, or with nonionic surfactants on
charged solids. All the experimental data collected using homologous
series of surfactants indicate that adsorption increases with
increasing size of the hydrophobe, or that the higher molecular weight
species adsorb more strongly. This point will be of some importance in

the experimental work to be described in a later section.

There has been much discussion on the number of layers of
surfactant molecules adsorbed at the solid/liquid interface (Hough and
Rendall, 1883; Clunie and Ingram, 1983). Surface coverage
determinations are wusually carried out by estimating the solid’s
specific surface area and the size of the surfactant molecule. Some of
the experimental data reported indicate that adsorption approximates a
monolayer, others indicate bilayer or even multilayer adsorption
(Somasundaran and Fuerstenau, 1966; Roy and Fuerstenau, 1988; Wakamatsu
and Fuerstenau, 1968;‘Zimmels et. al., 1975; Rosen and Nakamura, 1877;
Scamehorn et. al., 1982a, 1982b; Brode, 1988). Harwell et. al. (1985a)
have stated that a bilayer forms on the high energy patches of surface,
while low energy patches are covered with sparsely adsorbed single
molecules that may form a bilayer at progressively higher solution
concentrations. This then re-introduces the concept of heterogeneous
surfaces. It has been stated by both Scamehorn et. al. (1982a) and
Harwell et. al. (1985a) that it is essential to include surface
heterogeneities into any model of adsorption, if it is to represent

experimental data accurately. Evidence for bilayer coverage has been
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obtained from wettability and contact angle measurements (0’Connor and
Sanders, 1956; Brode, 1988). The first layer of surfactant molecules is
thought to adsorb with the polar group at the solid surface and the
hydrophobe extended into the solution, rendering the surface
hydrophobic. At higher surfactant concentrations, a second layer
adsorbs by association of its hydrocarbon chains with those in the
first layer. The polar groups of the second layer are thus exposed to
the bulk solution, with a resultant change of the wettability of the
surface to hydrophilic. From data in all the literature cited above, it
is probably fair to say that a structure somewhere between a monolayer

and a bilayer exists at the solid surface.

Surfactant adsorption isotherms of single surfactants and mixtures
have been modelled by Trogus et. al. (1979a), Scamehorn et. al. (1982a,
1982b, 1982c) and Harwell et. al. (1985a). All these models include
monomer-micelle equilibrium in the description of adsorption, usually
in the form of ideal mixed micelle theory. Many of the unique features
of surfactant adsorption, particularly in surfactant mixtures, are
controlled by monomer-micelle equilibrium, the reason being the
competition of both the micellar and the adsorbed phases for molecules
from the monomer phase. Figure 70 illustrates the equilibrium between
the three phases. An important point to note from this figure is the
exchange of molecules between the monomer and micellar phases, and
between the monomer and adsorbed phases. Since micelles are believed
not to adsorb, there is no direct exchange between the micellar and

adsorbed phases.
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FIGURE 70. Monomer-micelle equilibrium in a surfactant solution in
contact with a solid. Note that there is no direct exchange between the
micellar and adsorbed phases.
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In a surfactant mixture all three phases will be mixed, that is
they will contain all surfactant components, but the composition of the
phases will be different from each other and from the overall
composition of the solution. Consider, for example, a mixture
containing two surfactants. If the component that adsorbs more strongly
is also the one that micellizes preferentially, then the micellar phase
may incorporate this component to a greater extent than the other
component and may thus protect it from being adsorbed. Conversely, the
adsorption of a less strongly adsorbing component may increase by
mixing it with a more strongly adsorbing component, since the latter
may incorporate the former into mixed admicelles at concentrations
lower than those at which the former would form admicelles by itself.
Above the cmc of a surfactant mixture, the monomer phase continually
changes its concentration and composition with increasing overall
concentration. An overall increase in monomer concentration tends to
increase adsorption. On the other hand, a decrease in monomer
concentration of the higher molecular weight component, which is also
the more strongly adsorbing component, by preferential micellization
tends to decrease adsorption. There is therefore a delicate balance of
effects in a surfactant mixture, with adsorption being determined by

the concentration and composition of the phases in equilibrium.

Model studies by Trogus et. al. (1979a) have shown that adsorption
isotherms of a surfactant mixture may exhibit maxima and minima before

reaching plateau adsorption, and that a mixture of surfactants may
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exhibit lower plateau adsorption than either pure component.
Experimental data on the adsorption of surfactant mixtures have been
presented by Scamehorn et. al. (1982b, 1982c) and Somasundaran (1987).
Scamehorn et. al. (1983) have used a reduced adsorption isotherm to
predict adsorption of mixtures from pure component adsorption, and
Scamehorn et. al. (1883) and Roberts et. al. (1988) have attempted to
describe admicelle formation by analogy with micelle formation using

ideal solution theory.

The discussion above has dealt with work carried out by measuring
adsorption in the static mode. The concepts described have been used by
Trogus et. al. (1979b) and Harwell et. al. (1982, 1985b) to model flow
of surfactant mixtures through porous media. Harwell et. al. (1985b)
have presented experimental data from core floods to confirm the
applicability of their model. Both authors use ideal mixed micelle
theory in conjunction with a model of adsorption at the solid/liquid

interface.

Some of the more interesting observations made by these authors
are as follows. In a low concentration (<cmc) flood, the less strongly
adsorbing component of a binary surfactant mixture is produced at the
core outlet first, as expected. However, if the injected concentration
is above the cmc, and if the component with the higher tendency to
adsorb also has the lower cmc, ‘then this component may be shielded from
adsorption in the micellar phase. Contrary to expectation, the more

strongly adsorbing component may then be produced first. Presumably
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there is an intermediate concentration at which the components do not
separate at all during flow through the porous medium. It should be
noted that reversal of the elution order may not take place, if the
affinity between the more strongly adsorbing component and the surface
is high enough to dominate its lower monomer concentration, or if the
component with the higher tendency to adsorb is also the one with the

higher cmc.

Trogus et. al. (1979b) have found in their model studies that a
surfactant mixture can be formulated in such a way as to minimize
adsorption. Similarly, fractionation during flow through the porous
medium can be minimized or even eliminated by taking advantage of the
phenomena described above (Harwell et. al., 1982, 1985b). Balzer (1987)
has measured adsorption of mixtures of caboxymethylated ethoxylates and
dialkyl benzene sulfonates on quartz, and has found adsorption of the
mixture to be significantly lower than that of either pure component.
It has also been observed that fractionation of components is severe at
low injected concentrations, but can be reduced greatly by using higher
injection concentrations. An interesting prediction from the model
studies is the elution of surfactant from a core at concentrations
higher than the injected concentration. That this is, indeed, possible
has been confirmed experimentally by Bae and Petrick (1978), Ziegler
and Handy (1981), Trogus et. al. (1979b), and Harwell et. al. (1985b).

The unexpected overshoot in concentration can again be explained using
monomer-micelle equilibrium. For example, the monomer céncentration of

one component in a binary surfactant mixture may decrease with
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increasing overall concentration, as shown in Figure 87. This may cause
this component to desorb, resulting in an increase in its bulk
concentration, possibly to a value exceeding the injected

concentration.

From the above discussion it is obvious that the
pseudophase-separation model is a powerful tool that is capable of
explaining many unexpected phenomena in mixed surfactant systems. In
the following section, the surface excess concept will be extended to
nmulticomponent mixtures. Together with the ideal mixed micelle theory
of section 3, it will then be incorporated into a flow model for
transport of surfactant mixtures through porous media. The resulting
model will be thermodynamically more sound than the Trogus model, since
it uses the surface excess concept rather than the idealized
description of adsorption (Henry’s Law) used by Trogus et. al. (1979Db).
Trogus uses his model with hypothetical systems to éhow the kind of
behavior that may be seen in surfactant mixtures. No experimental data
are presented. Also, the model presented here will be considerably
simpler than the rather complex model of Harwell et. al. (1985b).
Harwell. combines a complicated description of adsorption based on
electrostatic interactions between molecules in the adsorbed layer with
a theory for the movement of concentration waves through the porous
medium. The surface excess concept that is used in this work provides a
straightforward, yet perfectly general, description of adsorption.
Different degrees of complexity can be incorporated into the surface

excess model by considering functional forms of the selectivity or
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surface heterogeneities.

5. The Surface Excess Concept for Multicomponent Mixtures

The surface excess concept has been discussed in chapter 2, where
it was applied to the description of adsorption of a binary mixture
(surfactant in water). Minka and Myers (1973) have developed the

corresponding equations for multicomponent mixtures.

As has been shown in chapter 2, the surface excess of component i

in a mixture can be expressed as

e _ ’
n, =n (xi Xi) (91)

The amount adsorbed in a monolayer in equilibrium with a multicomponent

liquid is given by
1 *
I (92)
Jd J

This equation is equivalent to equation (6), and the same remarks made
in connection with that equation apply. By equating fugacities in the
bulk and adsorbed phases, Minka and Myers (1973) have derived the

following equation, relating mole fractions in both phases:

A%
fixi = fixi exp[ - RT m ] (93)

where the variables are as defined previously. Minka and Myers (1973)

def'ine X, . as
1J
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£1F oA 1 A ‘1’ ﬂ
Kig =Pt eXp[ RT [HT - I] Y RT E— ", ]] (94)
Ji J i i g

Inserting n’ from equation (82) and x; from equation (93) into (81),
nmultiplying by

: 4 A o-0° f! A o-0°
=+ exp| - = —* /| = expl| - = L =1 (95)
£, Pl T RT m, £, RT m,
i i i i

and taking into account the expression for Kij (equation (94)) leads to

£ A o-0°

x. |1 - =+ exp| - == —
i f. RT m,
i i

nf = (96)
Kijxj/mj
J
The second term in the numerator can be multiplied by
f.x. A o-0°
Z. Xy = 1= ' —#?J exp[ RT —;TJ ] (97)
J J J J
Using the definition of Kij from equation (94) then gives
X, - z x.xX K. .
e i ; 1
n, = : (88)
Kijxj/mj
J :
Multiplying the first term in the numerator by
Y xi=1 (99)
3 J

finally leads to the following expression for the surface excess in a

multicomponent mixture:

Z x.x,.(1-K. ,)
e i i%J ij
n, =~ (100)
z x XK. ./m,
s J1J J
J
The selectivity Sij is defined as
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xi/xi
==l (101)
iJ X./%X.
1 J
and is given by equation (36) as
£.£% oA 1 1 A ﬁ of
51 T F 8 eXP[RT[E'm_.]‘“Ef[m."IH (102)
Ji i J i
From equations (94) and (102),
S.. = 1/K, . (103)
ij ij

The following properties of the quantity Sij can easily be verified

from equation (101) or (102):

Sij =1 (i =9
S.. = 1/5., (104)
ij Ji
S..=8S.8S .
1J ip pJ
As has been discussed before, Sij is, in general, a function of

concentration, since the activity coefficients and the solid/liquid

interfacial tension o depend on concentration.

In a ternary mixture containing two surfactants (components 1 and
2) in brine (component 3) equation (100), together with relations (103)
and (104), becomes, after rearrangement

x1x2813( -1) + X1x3812( —1)

n (108)
1 S12813X1/m + Slsxz/m2 + 812X3/m3
e _ x1x2823(1 S ) + X2X3(323 1) (108)
2 512323X1/m + stxz/m2 + X /m:3

The surface excess of component 3 can be calculated from the relation

e e e _
ng +n, +n = 0 (107)
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Note that only two selectivities need to be specified for the ternary

system, for example 813 and S The third selectivity in equations

23°
(105) and (108), 812’ is dependent on these two selectivities through
the relations (104). In the model to be described in the following
section, 813 and 823 are used as input, since these are a measure of
the affinity of each surfactant for the surface, as compared to the

affinity of the solvent for the surface.

Equation (93) can be written for component j and solved for x&.
Using equations (85), (97), and (94) in the same manner as above leads
to an expression for the mole fractions in the adsorbed phase:

X'Ki'
= — Lol (108)

ZG X Ky 5

Using selectivities instead of Kij’ and taking into account relations

x’,
J

(104), the mole fractions in the adsorbed phase in a ternary mixture

can be written as follows:

o = 513%1
1 Sl3x1 + Szgx2 + x3
S, X
23%2
x. = (109)
2 Sig¥y * Sy3%y, * X5
Xn = 3
3 Sl3X1 + Sz3x2 + x3

At any bulk phase concentration, these equations allow calculation of
the adsorbed phase mole fractions, which can then be substituted into
equation (82) to determine n’ for given monolayer coverages mj. The

amount adsorbed of each component is then given by a rearranged form of
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equation (91):
? e 2
n; =n, + n'x, (110)
i i i

where n? is determined from equations (105), (108) or (107).

The equations presented above allow the determination of the
surface excess and the amount adsorbed for a multicomponent mixture.
Minka and Myers (1973) have applied these equations to miscible liquids
to predict adsorption from a ternary mixture using only binary mixture

data.

It has been stated previously that Sij depends on concentration. A
concentration dependence of selectivity in a binary mixture has been
derived in chapter 4. For a ternary nmixture, a similar derivation
becomes much more difficult; in fact, it may not be possible to
explicitly derive equations equivalent to equation (50). As a first
approximation, the selectivities Sij have been taken as constants in

the model to follow.

6. Modelling Adsorption of Surfactant Mixtures in

Flow through Porous Media

A model for transport of multicomponent mixtures through porous
media follows directly from the model for binary mixtures presented in
chapter 2. Although the model described in this chapter is restricted
to ternary mixtures (two surfactants in brine), extension to more

components is straightforward. The same assumptions that have been
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discussed in connection with the binary model in chapter 2 apply here.
The major difference between the two models, other than the expansion
from binary to ternary mixtures, is the incorporation of
monomer-micelle equilibrium into the new model. This is done by
calculating adsorption levels on the basis of monomer concentrations
rather than total surfactant concentrations. While the model discussed
in chapter 2 describes flow of any adsorbing chemical through porous
media, the model presented here applies specifically to surfactants

because of the incorporation of monomer-micelle equilibrium.

Mass balance equations for each surfactant can be written as

followus:
azx1 6x1 8x1 1~-¢ P ania
D—~-v = + - (111)
dy 8y 8t ¢ p a8t
2 ea
a X, axz axz 1-¢ P 6n2
D 5 "V = + — (112)
ay 8y at ¢ p ot

where x1 and x2 are the mole fractions of surfactants 1 and 2, brine

being component 3, and n?a and nga are the actual surface excess of

surfactants 1 and 2. All other variables have been previously defined.

Boundary and initial conditions are

xl(y,0)=0 O=ys=L
6x1 -
vx,(0,t) =vx,. + D — 0<t=t
! 10 % ! (113)
ax1
Vxl(O,t) =D 5;‘ t > t1
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ax1
5;-(L,t) =0 t>0

for component 1, and

xz(y,O) =0 O0=y=1L
axz
vx,(0,t) = vx,. + D —= 0<t=t
2 20 Jy 1 (114)
axz

vxz(O,t) =D 5;- t > tl

axz

5;-(L,t) = 0 t >0

for component 2. X0 and X500 denote injected surfactant mole fractions.

First order kinetics are again:used in the adsorption term:

ea

3n1 e ea

Pr klm(n1 - n; ) (115)
anea ‘e ea

Frae k2m(n2 - n, ) (118)

m = 1, adsorption
m = 2, desorption

As before, adsorption takes place if n§>n?a, and desorption if n§<n?a.
Equations (115) and (116) imply that the rate of adsorption of each
component depends only on that same component’s surface excess, or that
the rate of adsorption of one component is not affected by another

component already adsorbed at the surface. These kinetic equations are

a first approximation and may have to be refined.

Equations (115) and (116) require a knowledge of the equilibrium

e .
surface excesses ni. Since these surface excesses are to be based on
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monomer rather than overall concentrations, monomer concentrations need
to be determined first using the appropriate equations from section 3.
These are repeated below, with molar concentrations replaced by mole

fractions for consistency in units.

From the overall mole fractions of each component, the value of «

is calculated:

o = Xl/xs (117)

where X is the overall surfactant mole fraction. The cmc of the
mixture is then determined from the pure component cmec’s:

1 o 1-«

= + (118)
cme cme cme

where the cmc’s are expressed on a mole fraction basis. If xS<cmc, then

de = (XXS
Xoq = (1—oc)xS (119)
¥39 = 1 7 X4 ™ %pq

where xid are mole fractions in the monomer (dispersed) phase. If

xszcmc, then

5 172
-(x_-A) + [(x -A)" + 4aAx ]
x, . = —5 S = (120)
id cmc2
2[ cme, 1]
1
X
_ 1d
Xoq = [1 ome; ]cmc2 (121)
X =1 -x - X (122)

3d 1d 2d

If each component is adsorbed on the rock to a different extent, the
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value of « changes continually as the surfactant mixture flows through
the porous medium. o and the mixture cmc therefore have to be

recalculated at each point in the core at each time step.

Once the monomer concentrations are known, the equilibrium surface
excesses n? can be determined from equations (105) and (108), with

overall mole fractions replaced by monomer mole fractions:

e F1a%2d51381271) * X14¥534515(5,5371)

1 812813X1d/m1 + 813x2d/m2 + 812X3d/m3 (123)

=]
|

e _ 1d%2d%231751p) * ¥p4¥3q(Sp51) (120)
2 S1pSy3%1q/M + SygRog/My + X /My

where 813 and 823 are input parameters and 812 = 813/823. This
completes the description of the surface excess model for ternary

mixtures.

The equations above are solved by the Barakat and Clark finite
difference scheme, which has been discussed in chapter 2. Details of
the solution procedure can be found in the Appendix. The transport
equations for the two components are coupled through the mole fractions
and the selectivities in equations (123) and (124). The selectivities
essentially express the competitive nature of the adsorption of the
three components in solution. S,., and S 3 represent the affinity of the

13 2

surface for each surfactant as compared to water, while 812 is a

measure of the relative attraction between each surfactant and the

surface.
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The model contains a set of four parameters for each component:

selectivities 813 and 823, monolayer coverages m, and m,, kinetic
constants of adsorption k11 and k21, and kinetic constants of
desorption k12 and k22. Additional parameters are the monolayer

coverage of water m, and the dispersion parameter A, defined in

3
equation (11). The monolayer coverages can again be estimated from
determinations of the specific surface area of the solid and the
molecular area of the molecules involved. A has been taken equal for

both surfactants; this restriction can, however, easily be removed, if

necessary.

7. Experimental Procedure

The surfactant employed in the experimental part of the study of
surfactant mixtures was a commercial surfactant with the trade name
Varion CAS supplied by the Sherex Chemical Company, Dublin, Ohio. This
surfactant has been found to be a good foamer for gas mobility control
in high salinity and hardness reservoirs (Novosad and Ionescu, 1987).
It is a sulfobetaine with the structure shown in Figure 71. The
commercial mixture contains four major components differing in the

length of their hydrophobes as shown in the figure.

Quantitative analysis of Varion CAS was performed using a Waters
high performance liquid chromatography (HPLC) system with a
differential refractive index detector. The column was a Novapak

alkylphenyl reverse phase column (3.9 mm x 15 cm). Separation of
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FIGURE 71. Structure and composition of Varion CAS, an amphoteric
foam-forming surfactant.
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components was achieved using isocratic elution with an

isopropanol/water mixture (volume ratio 36:84).

Quantities of the order of several grams of each of the components
of Varion CAS were obtained by separating the commercial mixture into
its components using a Waters preparative chromatography system with a

Waters PrepPak 500 C reverse phase column (5.7 cm x 30 cm) and a

18
differential refractometer. The mobile phase was a mixture of
isopropanol and water, with ratios depending on the component to be
isolated. Several passes through the column were required before the
pure components were recovered. The purity of the surface active
components was assessed by reinjection into the analytical HPLC, and
was estimated to be at least 98%. The C12 component contained about 19%
w/w NaCl, since the NaCl that is present in the commercial mixture was
not retained by the chromatography column, and was therefore
concentrated in the first eluted fraction (C12)'The amount of NaCl in
the C12 fraction was determined by titration with silver nitrate
(Greenberg et. al., 1980). The NaCl did not interfere with subsequent

measurements, since these were carried out in NaCl brine.

Further experimental work was carried out with the purified C12

and C18 components of Varion CAS, and with mixtures of these. The cmc’s

of the pure components and of mixtures containing C C at molar

12° 718
ratios of 88:12 and 45:55 were determined by measuring surface tension
as a function of concentration. The cmec is given by the concentration

at which the plot of surface tension versus logarithm of concentration
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abruptly changes its slope to a value of approximately zero. Surface
tensions were measured by'the du Nouy ring method using a Fisher Model
20 surface tensiometer. All measurements were carried out in 2% w/w
NaCl brine at 40°C. The slightly elevated temperature was required to

provide sufficient solubility of the C1 component.

8

A core flood was performed using the same general procedure that
has been outlined in chapter 4. A Berea sandstone core (2.58 cm x 2.58
cm x 15.0 cm, pore volume 20.5 ml, absolute permeability to air 870 md)
was saturated with 2% w/w NaCl brine at 40°C. A surfactant slug
containing a mixture of the C12 and C18 components of Varion CAS in 2%

NaCl was injected at a constant flow rate of 2.1 ml/hr at 40°C. Total

surfactant concentration was 9.60x10—3M (4.18 g/1) with C at a

12°C18
molar ratio of 84:16. The maximum concentration of C18 that could be
used was limited by 1its rather 1low solubility. A radioactive
non-adsorbing tracer (tritiated water) was injected with the surfactant
to serve as a check on the pore volume, line volumes, and volume of
solution injected. The volume of surfactant solution injected was 81.8
ml. This was followed by brine uptil the surfactant and tracer
concentration dropped to a low level. Effluent samples were collected
at the core outlet at regular time intervals. These were analyzed for
C and C concentrations using the analytical HPLC, and for the

12 18

tracer with a scintillation counter.
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8. Results and Discussion

The results of the surface tension measurements of the pure
components and mixtures are shown in Figure 72. Problems with the du
Nouy ring method resulted in rather low accuracy in the surface

tensions, particularly for the C The errors in the values shown in

18’

Figure 72 are estimated to be about 10%.

Table 7. Critical micelle concentrations of C12 and C18 components of
Varion CAS. 2% w/w NaCl, 40°C.

Critical micelle concentration
Mole % C12 (mole/1) (mole frac.) (g/1)
-4 -5
100.0 5.6x10 1.0x10 0.24
87.9 9.3x107° 1.7x10°° 0.040
44.8 1.9x107° 3.4x10" 7 0.0089
0.0 1.7x107° | 3.2x1077 0.0086

Cmc’s for the pure components and mixtures were determined from
Figure 72 and are listed in Table 7. Using the pure component cmc’s and
equation (90), the theoretical cmc’s for mixtures of these components
were calculated. Measured and calculated cmc’s are compared in Figure
73. Agreement is good, with the measured cme’s falling slightly below
the theoretical ones. Part of the reason for this is most likely the
accuracy of the measurement. It is also possible that the C and C

12 18

components are sufficiently different to cause slight deviations from
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FIGURE 72. Surface tension of the C12 and C18 components of Varion CAS.

Ratios are on a molar basis.
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ideal mixing in the micelles. It may be said, however, that ideal mixed

micelle theory is a good approximation for these two surfactants.

Normalized effluent concentrations from the core flood are shown
in Figure 74 for the non-adsorbing tracer and for each surfactant.
Effluent concentrations have been normalized with respect to each
component’s or the overall injected concentration. Three interesting
observations can be made from Figure 74. Firstly, the higher molecular
weight component is produced from the core first, indicating that it is
being adsorbed less. This seems to contradict the observation made in
many batch adsorption studies in the 1literature which indicate that
adsorption increases as a homologous series of surfactants is ascended.
The same trend has been observed in batch tests with the components of
Varion CAS: The higher molecular weight components adsorb more strongly
(Petroleum Recovery Institute, unpublished data). The rather unexpected
results of +the core flood can be explained on the basis of

monomer-micelle equilibrium, as will be discussed below.

A second interesting observation can be made with regard to the

trailing edges of the curves in Figure 74. The C component is being

12

eluted from the core at a normalized concentration of about 0.1 long

after surfactant injection has stopped. The C concentration, however,

18
drops to zero fairly rapidly after starting chase brine injection.
Apparently the C12 component is slowly desorbing from the rock, while
the C18 is bound tightly enough that no measurable desorption takes

place. Another factor contributing to the C remaining adsorbed on the

18
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rock may be its low solubility, which may prevent it from going into
the bulk phase more readily. The trailing edges of the effluent
profiles then indicate that the affinity of the surface for the C18 is

higher than for the C Nevertheless, C is retained less, as

12’ 18

indicated by its earlier breakthrough at the core outlet.

The third point to be noted from Figure 74 is that the peak of the
C18 curve occurs at a normalized concentration greater than 1. As has
been previously noted, similar observations have been made by other
workers. While there is only one data point at a concentration greater
than 1 in Figure 74, it is quite possible that this effect is real.

Again, the explanation lies in the monomer-micelle equilibrium, as will

be discussed below.

The surface excess model for ternary mixtures was used to match
the data in Figure 74. The results are shown in Figures 75 and 76, and
the parameters used to obtain the match are listed in Table 8. C18 has
been taken as component 1, C12 as component 2, and brine as component
3. The figures show an excellent match for the tracer, and good
agreement between experimental and simulated surfactant concentrations.

The trailing edge of C is poorly represented by the model. This part

12
of the curve seems to be indifferent to further increases in the
kinetic constant of desorption. This is caused by incorporation of
monomer-micelle equilibrium into the adsorption model, since, in the

absence of monomer-micelle equilibrium, increasing the desorption rate

constant has a strong effect on the trailing edge. Apparently the
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Table 8. Matching parameters for the core flood with C and C

12 18
components of Varion CAS obtained from the surface excess model for
ternary mixtures. Component 1: C component 2: C component 3:

18’ 12’
brine. Monolayer coverages are based on an average molecular area of 30

Az/molecule, obtained from surface tension measurements. The monolayer
coverage of water is as described in chapter 3.

813 120, 000

823 24,000

m, 0.0055 mmole/g
m, 0.0055 mmole/g
my 0.013 mmole/g
Ky, 1.0 hr}

K, 1.0 hrt

ko 0.0005 hr !
Ky 0.05 hr
Dispersion par. 2.0 cm

desorption of the C12 in this region is controlled by the equilibrium
surface excess ((ng—nga) in equation (116)) rather than the kinetics
constant (k22 in the same equation). At this stagé in the flood the

bulk solution contains only desorbed C at a concentration that is

12
still above the cmc. Since the C12 monomer concentration is therefore
constant, the exchange of C12 molecules with the surface is near

equilibrium, and the rate of desorption is slow even when the rate

constant of desorption is large. The peak effluent concentration of C18
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is also not modelled accurately. This region of the C18 profile could

be improved somewhat by increasing the kinetics of desorption of C18'

This would, however, result in a poorer fit of the trailing edge at the
same time. The matching parameters in Table 8 were therefore chosen to

give a good fit for the maximum number of experimental points.

The simulated effluent profiles reproduce the observed order of

elution of the components. Even though the selectivity of C18 is much

12 (Table 8), C18 is produced at the core outlet

first. The selectivities indicate that the affinity of the surface for

higher than that of C

Cc is higher than for C1 a conclusion that was reached before from

18 2’
observation of the experimental points at the trailing end of the
concentration profiles. To explain the earlier elution of the C18 that
takes place in spite of its higher selectivity, it is necessary to look

at the adsorption isotherms.

Adsorption isotherms can be calculated using the parameters in
Table 8 together with equations (123) and (124). Calculation of the
monomer concentrations from equations (119) or (120) to (122) for
substitution into equations (123) and (124) is also necessary. The
resulting adsorption isotherms are shown in Figure 77. Note that these
isotherms were plotted for the constant value of «=0.160, which is the
fraction of C18 in the injected solution. In the flow situation, «
would not be constant, since the relative concentrations of the

components change by differential adsorption during flow through the

core. Adsorption isotherms for any value of « can, however, easily be
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calculated to give a family of curves with « as a parameter. An example

will be given in the following section.

Below the cmc of the mixture, as indicated in Figure 77, C18
adsorbs more strongly because of its higher selectivity. Above the cmc,
however, C18 prefers the micellar phase, as indicated by its lower cmc
(Table 7). Its monomer concentration therefore decreases with
increasing concentration (Figure 78), and its adsorption consequently
also decreases (Figure 77). The cmc of 012 is more than an order of

magnitude higher than that of C and it therefore has a much higher

18°
concentration in the monomer phase, causing its higher adsorption level
above the cmc. There are thus two competing mechanisms in the
adsorption of this surfactant mixture: the affinity between the
surfactant and the solid (selectivity) and the monomer concentrations.
Below the cmc the selectivity dominates, while the monomer
concentration takes over at concentrations above the cmc. Since the
injected concentration in this particular core flood was well above the
cmc, the effect of monomer concentration dominates. C is therefore

18

adsorbed less and is produced from the core first.

The adsorption isotherms in Figure 77 can also serve to explain
effluent concentrations exceeding the injected concentration of the
component with the lower cmc. Since the surface excess of this
component decreases with increasing concentration, it may begin to
desorb even when the overall surfactant concentration is still

increasing at that particular point in the core. The bulk concentration



172

of C18 may therefore increase sufficiently for it to reach levels
higher than its injected concentration. This effect will be stronger
for higher values of the rate constant of desorption, while it may not
be noticeable for very low rates of desorption. Raising the value of
k., from 0.0005 to 0.01 hr~-1 will cause the peak effluent concentration

12
of the C to exceed 1.

18

The discussion presented in this chapter immediately raises the
question how the neglect of monomer-micelle equilibrium in the models
presented in the previous chapters affects the adsorption isotherms
generated from history matching with these models. The data presented
in the previous chapters were obtained with commercial surfactant
mixtures. Modelling monomer-micelle equilibria of such mixtures is not
straightforward, because they may contain not only components that are
members of a homologous series of surfactants, but also several
different surfactant types. Mixing in the micelles 1is therefore
unlikely to be 1ideal. While non~ideal mixed micelle theories are
available, the application of these requires a fairly detailed
knowledge of the composition of the surfactant mixture and the
properties of the individual components. Oftentimes the composition of
commercial mixtures is, however, unknown. While these problems may be
difficult to solve, they will have to be addressed in order to make the
binary mixture models presented in previous chapters more generally

applicable.

The flow model for surfactant mixtures can be used for binaries by
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setting one of the injected concentrations to zero. This will result in
a model equivalent to the constant selectivity model presented before,
with the difference that monomer-micelle equilibrium is taken into
account. The model can therefore be used as an approximation with the
pseudobinary mixtures described in the previous chapters. However, the
surfactant solution will then be treated as a true binary, and not as
the pseudobinary that it actually represents. This means that the
monomer-micelle equilibrium will assume a single component in solution,
and will therefore not be capable of modelling the changes in monomer
concentrations that occur in surfactant mixtures above the cme.
Nevertheless, the adsorption isotherms obtained may be a closer
representation of the real situation than those obtained by completely
ignoring monomer-micelle equilibrium. This is another point that needs
further investigation. Preliminary results with cores T1 and T13 of the
previous chapters have shown promising results. Matching these floods
with the model of this chapter, using the same parameters for the high
and low concentration floods, results in better matches than with the
previous constant selectivity model, but not as good a match as with
the heterogeneous model. Since the surfactant used in these floods is a
mixture of different surfactant types, ideal mixed micelle theory can

at best be expected to be a crude approximation to its behavior.

9. Model Study

A model study was carried out to test the features and

capabilities of the surface excess model for ternary mixtures.
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The effect of the model parameters on the effluent profiles has
been tested first. The model contains four parameters for each surface

active component: Si m., k., and ki (i=1,2), in addition to m, and

il 3

A. As has been discussed in chapter 3, the values of mi can be measured

3’ 2

independently, and can therefore be removed from the list of adjustable
parameters. The effect of m, on the effluent profiles was still tested
in order to determine to what extent inaccuracies in the measurement of
m, affect calculated effluent profiles. The results of the parametric

study can be summarized as follows.

In general, adjustments in selectivity, monolayer coverage or
kinetics of one component also affect the other component. This is to
be expected, since adsorption of one component is not independent from
the other component (equations (123) and (124)). The effect on the
component in question is, however, substantially larger. For example,
changing 813 will affect component 1 much more strongly than component

2.

In the following discussion, component 1 represents the component

with the lower cmc and the higher selectivity. Increasing S delays

13
breakthrough of component 1, but has the opposite effect on component
2. Increasing 823 delays component 2 strongly and component 1 slightly.
Similar trends are observed when the kinetic constants of adsorption,

k11 are increased. The kinetics of adsorption also affect the shape of

the leading edge of the concentration profile, faster Kkinetics
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producing sharper peaks.

The kinetics of desorption seem to affect predominantly the
component under consideration. For component 2, the value of k22
changes the trailing edge of the effluent profile, while, with
component 1, the peak concentration is also affected by adjustments in
k12° The maximum effluent concentration of the latter component, which
is the component with the 1lower cmc, may exceed its injected
concentration at high rates of desorption. This is caused by the
preferential incorporation of this component into micelles with a
resulting decrease in its monomer concentration and therefore its
equilibrium adsorption level. The effluent concentration of the
component with the larger cmc will never exceed the injected

concentration, even at high rates of desorption, since its monomer

concentration increases monotonically with increasing concentration.

The effect of the monolayer coverages, m,, can easily be predicted
from equations (123) and (124). Increasing any value of m, will
increase adsorption, the effect being, however, relatively small even
when m, is changed by a factor of 2. Finally, the effect of the
dispersion parameter A is straightforward: An increase in dispersion

leads to a larger spread in effluent concentrations.

In order to study some of the phenomena that may be observed when
surfactant mixtures flow through porous media, the surface excess model

was used to model flow of a surfactant mixture through a hypothetical
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core. The properties and model parameters of the hypothetical system
are listed in Table 9 for five simulated core floods to be described
below. Component 1 is again taken to be the component with the lower
cmc and the higher selectivity. It should be noted that this is a
reasonable combination, since a lower cmc implies a higher molecular
weight (a larger hydrophobe), which in turn usually means a higher

affinity for the solid/liquid interface.

Adsorption isotherms for the hypothetical surfactants have been
plotted in Figures 79 to 81 for each component and for the total
surfactant, with a as a parameter. o« is the fraction of total
surfactant that constitutes component 1. Figures 79 and 80 show that
adsorption levels of each component are reduced by addition of a second
component. The overall adsorption (Figure 81) falls between’those of
the pure components. Below the cmc, adding component 1 (increasing o)
increases overall adsorption, since addition of the component with the
higher selectivity increases the average selectivity of the mixture.
Above the cmc, adding component 1 reduces overall adsorption, since
component 1 now adsorbs less than 2 because of its lower monomer

concentration.

Adsorption isotherms for «=0.5 have been re-plotted in Figure 82.
Note "that the isotherms for components 1 and 2 intersect. When a
hypothetical core flood is run using a=0.5 with injected concentrations
well above the cmc (Table 9, run 1), the effluent concentrations in

Figure 83 are produced, with component 1 eluting ahead of component 2.
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Table 9. System variables used in five hypothetical core floods.

(a) Core and displacement properties (all runs):

Length 15.0 cm

Cross-section 6.25 cm

Porosity 0.2

Rock density 2.7 g/ml

Liquid density 1000 mg/ml
55 mmole/ml

Flow rate 2.0 ml/hr

(b) Model parameters (all runs):

m 0.004 mmole/g K, 1.0 hrt
m, 0.004 mmole/g kK, 1.0 hrt
m, 0.013 mmole/g Ky, 0.001 hr I
Dispersion par. | 0.15 cm Ky 0.001 hr -
(c) Variable system parameters
RUN 1 RUN 2 RUN 3 RUN 4 RUN 5
X 3.5x10"%| 0.8x107°| 2.0x10™2| 3.5x107% 0.0
10 -4 -5 -5 -4 -4
X500 3.5x10 0.8x10 2.0x10 3.5x10 3.5x10
ome, 1.0x1072| 1.0x1072| 1.0x10°2| 1.0x10"2| 1.0x10~3
cme,, 5.0x10 2| 5.0x10™°| 5.0x10™2| 1.5%107°| 5.0x10°°
S5 10, 000 10, 000 10, 000 10, 000 10, 000
Soq 5, 000 5, 000 5, 000 8, 500 5, 000
Slug vol. 1.0 15.0 10.0 1.0 1.0
(PV)
(xiO and cmci in terms of mole fractions)
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15.0
cmey = 1x10~3(mole frac.)
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FIGURE 79. Adsorption of surfactant 1 from a mixture.
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cme; = 1x10~5(mole frac.)
cmc, = 5x10~3 (mole frac.)
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FIGURE 80. Adsorption of surfactant 2 from a mixture.
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250
cmc; = 1x10-3(mole frac.)
1 eme; = 52105 (mole frac.)
543= 10,000
2004 5,3= 5,000 a
m, = 0.004 mmole/g 0.0
= 0.004 mmole/,
e = 0.013 mmol /! 0.25
o 3= ol
0.50
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Surfactant mole fraction
Overall adsorption from a surfactant mixture.
20.0
cmey = 1x10~5(mole frac.)
1 emey = 5x10~7 (mole frac.)
S44= 10,000
13 '
1604 5,.= 5,000
23~
my = 0.004 mmole/g T_?_tf_l..___.._
B o —"
= 0.004 mmole/g /./
1204 my= 0.013 mmole/g e
| a =05 / Component 2 |
8-0 “ /'/ f"’
4.0 ~ Component 1
. Mixture cmc
0.0 ~ ""l-,"'-;-_-.-..-—.,.,.,.y[”'_ LN SOt I Ak I B B R Bt Bl Bt A ¢
1077 107 107° 107 107

Total surfactant mole fraction

Adsorption from a surfactant mixture at a=0.85.,



180

As has been discussed before, the earlier breakthrough of the higher
selectivity component is caused by its preferential micellization and
resulting lower monomer concentration. Component 1 thus adsorbs less at
this injected concentration in spite of its higher selectivity. When
the injected concentration is slightly below the cmc (Table 9, run 2),
the order of elution is reversed (Figure 84), since at such low
concentrations no micelles are present and the higher selectivity of
component 1 coﬁtrols its adsorption. Note that separation of components
is much more severe at such low concentrations, an observation that has
led other workers to conclude that injection of small
high-concentration slugs is preferable over large low-concentration
slugs (Trogus et. al., 1979b; Harwell et. al., 1982). If the injected
concentration is at the intersection of the adsorption isotherms in
Figure 82 (Table 9, run 3), separation of components can be eliminated

completely, as shown in Figure 85.

It should be noted that the adsorption isotherms of the two
components may not intersect. For example, if the selectivity 823 is
lowered from 5000 to 500 in the system described above, the difference
in the selectivities of the components becomes large enough for
component 1 to adsorb more strongly at all concentrations. Component 1
will now elute from a core last at any injected concentration. Also,
one may not be able to predict the order of elution by looking at the
adsorption isotherms that were calculated at the constant value of « of

the injected solution. In the flow situation « changes continually, and

this may obscure the elution order that might be expected from the
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adsorption isotherms. The only way of predicting the elution is then by

simulating the flow situation.

It is desirable in most EOR applications to prevent
chromatographic separation of components. The concentration at the
intersection of the 1isotherms may be too 1low for practical
applications, since the surfactant may not propagate at such Ilow
concentrations. Note from Figure 85 that approximately 7 pore volumes
of surfactant solution are injected before any surfactant is produced
from the core outlet. There are, however, other ways of preventing
separation of components. For example, component 2 may be chosen as a
higher molecular weight surfactant than in the previous runs. This
means that its cmc will be lowered and that its selectivity will most
likely be higher. These two variables may be adjusted such that no
separation of components is observed (Table 89, run 4, Figure 88). If
cmc’s of a number of surfactants of interest and selectivities with
respect to any particular solid are available, surfactants may be mixed
in such a way that differential adsorption is minimized. It can also be
shown with the surface excess model that adjusting the ratio of the

components may reduce separation of components.

The effect that addition of a second surfactant has on adsorption
of the first is shown in Figures 87 and 83. In the flood in Figure 87,
surfactant 2 is injected by itself at a mole fraction of 3.5x10_4

(Table 9, run 5). Almost no surfactant is produced from the core.

Adding an equal concentration of surfactant 1 to the injected solution
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FIGURE 87. Effluent profile for run 5. Injection of surfac{:ant 2 alone.
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results in the effluent concentrations shown in Figure 83 (Table 9, run
1). Substantially less component 2 is now adsorbed, resulting in
production of significant amounts of this surfactant from the core.
This example demonstrates the possibility of adding sacrificial
adsorbates to a surfactant solution in order to protect the more

valuable component from being adsorbed.

The examples in this chapter have shown that the flow model for
surfactant mixtures allows the prediction and explanation of the
behavior of surfactant mixtures in flow through porous media. It may
also aid in formulating surfactant systems that exhibit desirable

properties,.

10. Chapter Summary

This chapter has reviewed some of the fundamental aspects of
adsorption of surfactants and surfactant mixtures and their
implications on surfactant applications in EOR. The importance of
monomer-micelle equilibrium to adsorption of surfactant mixtures has
been discussed, and the surface excess concept has been extended to

multicomponent mixtures.

A model has been developed that incorporates monomer-micelle
equilibrium (in the form of ideal mixed micelle theory) and the surface
excess concept for ternary mixtures into a transport equation for flow

through porous media. The model is shown to describe adsorption of the
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components of a commercial foam-forming surfactant satisfactorily. A
model study with a hypothetical system has demonstrated some features

of the behavior of surfactant mixtures in flow through porous media.



CHAPTER 7

SUMMARY AND CONCLUSIONS

This thesis has dealt with four major topics, all related to
adsorption at the solid/liquid interface, and more specifically
adsorption of surfactants used in EOR applications. All four areas use
as a starting point the adsorption model for flow of surfactants
through porous media developed by Huang and Novosad (1988), and this

model is therefore reviewed in chapter 2.

Chapter 3 deals with a method that allows independent estimation
of two of the model’s parameters: the monolayer coverages of surfactant
and water on a solid. By measuring these parameters independently, the
number of adjustable parameters is reduced by two, and the set of
parameters that ©provides a match with experimental effluent

concentrations from core floods becomes unique.

In chapter 4 it is shown that different adsorption isotherms may
be obtained from history matching two core floods performed in the same
system at different injected surfactant concentrations. It is pointed
out that this may be caused by the assumption of constant selectivity.
Therefore two dependencies of selectivity on surfactant concentration
are introduced into the model, one being developed from the
thermodynamics of adsorption of unequal-sized molecules, and the other

semi-empirical. The first approach renders the model more sound



188

theoretically, but the resulting decrease in selectivity at higher
concentrations does not modify the adsorption isotherms sufficiently.
Therefore there are other factors that the adsorption model does not

yet take into account.

One such factor may be surface heterogeneities, discussed in
chapter 5. It is shown that a very simple distribution function for the
selectivity, equivalent to a two-component solid, is capable of
matching core floods performed at different surfactant concentrations
with one adsorption isotherm. Since Berea sandstone, the solid used in
the experimental work, contains two major components (quartz and
kaolinite), the two-component solid seems to be a reasonable

assumption.

Finally, chapter 6 deals with the adsorption of surfactant
mixtures. It is shown that monomer-micelle equilibrium is an important
phenomenon that may dominate the adsorption process at concentrations
above the cmc, and may explain the counter-intuitive behavior of some
surfactant mixtures. A model for flow of surfactant mixtures through
porous media is developed. This model makes use of ideal mixed micelle
theory and the surface excess concept for multicomponent mixtures. Its
validity is demonstrated by history matching effluent concentrations of
a core flood performed with the C12 and 018 components of an amphoteric
foam-forming surfactant. A model study is carried out to show the

unique behavior that may be observed with surfactant mixtures in flow

through porous media. It is shown how the properties of surfactant
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mixtures can be used to advantage in formulating surfactant systems

with desirable adsorption properties.

Some suggestions for further work on the topics touched in this
thesis are as follows. Future work in the area of surfactant adsorption
on highly heterogeneous solids, such as petroleum reservoir rocks,
should involve the measurement of adsorption on rock samples of known
mineralogical composition. It may then be possible to assign
selectivities to specific combinations of surfactant and solid, which
may lead to the possibility of predicting adsorption on a rock from a
knowledge of its composition. The effect of surface heterogeneities may
be even more important in surfactant mixtures than in single surfactant
solutions, since different patches of surface may attract different

components of a mixture to different extents.

First order kinetics have been used in all the flow models. These
may have to be refined, particularly in the model for surfactant
mixtures. Also, attractive interactions between surfactant molecules in
the adsorbed phase are known to exist. Taking into account such
interactions through activity coefficients in the adsorbed phase may

lead to a bhetter description of the adsorption process.

The flow model for surfactant mixtures developed in this work
describes a relatively simple system: A mixture of two surface active
components that follow ideal mixing in the micelles. In order to model

flow of more complex surfactant mixtures the model will have to be
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expanded to multicomponent mixtures that do not follow ideal mixed
micelle theory. Simplifying assumptions regarding these mixtures will
most likely have to be made, since their exact composition is often
unknown. Monomer-micelle equilibrium should, in the future, be
included even in the model that treats the surfactant solution as a

pseudobinary mixture.

Our understanding of the behavior of surfactant mixtures and their
application in tailor-made surfactant systems is far from complete. The
design of surfactant mixtures will have to take into account more than
one effect of the mixing process. For example, the goal of mixing
surfactants may be to minimize adsorption or reduce chromatographic
separation in EOR applications. At the same time, care has to be taken
that other desirable properties of the surfactant solution, such as
foaming capability, interfacial tension lowering, or phase behavior,
are not adversely affected. As far as adsorption is concerned, a
mixture that is likely to show reduced adsorption is one that exhibits
large negative deviations from ideality in the mixed micelles. Such
behavior leads to incorporation of surfactant molecules into micelles
at concentrations lower than the pure component cmc’s, resulting in a
lowered monomer concentration.. On the other hand, preferred
micellization in the bulk may also indicate preferred hemimicellization
at the surface. Experiment will have to determine which is the stronger

effect.

Surfactant mixtures are thus interesting both from a theoretical
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and from a practical point of view. Great potential exists in the
application of custom tailored surfactant mixtures in many areas of
industry, but much experimentation is still required to more fully
understand these mixtures. The model presented in this work will
provide a starting point for further investigations in the area of

surfactant mixtures for EOR applications.
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APPENDIX

FINITE DIFFERENCE SOLUTIONS TO THE FLOW MODELS

1. General Solution

The finite difference solutions that are general to all the flow
models presented in this thesis will be developed in this section. The
features specific to each particular model will then be outlined in the

remaining sections.
The Barakat and Clark finite difference scheme employs both
forward and backward formulas wusing the following difference

expressions:

Forward sweep:

2 n n n+1 n+1
8% _ Ve = 055 = )5 =+ kg (A1)
ayz (Ay)2

n+1 n+l n n

2 } (Xi)j - (Xi)j—l + (Xi).i+1 - (xi)j (h2)
dy 2(Ay)
ox,  (x )™ - (x)P

A i’ (A-3)

at At



Backward sweep:

2 n+1 n+1 n n
0% ¥dgen — %05 () g * (%5049 (A1)
2 2 : 3
ay (Ay)
1 n+1
ax, (x)% - (x5 .+ (x )T - (%)
1 - 1] i’ gj-1 i’ j+1 1 (A-5)
ay 2(Ay)
ox, (xi)r;” - (x)7
= : : (A-B)
at At

In these expressions, xi is the mole fraction of surfactant i,
subscripts (Jj) indicate grid blocks, and superscripts (n) represent
time levels. Ay and At are space and time increments, respectively. The
average value of X; from forward and backward formulas is taken as the

concentration in a particular grid block at any particular time level.

Using the expressions

_a
V—A¢
and
D=av=2a-2

Ag
the transport equation (equation (12) or (111) and (112)) can be

written as:

AQp azx. qp ax, ax, 1-¢ 6n?a
i i i i
M oz TPt (A=T)
dy A¢ 8y at ¢ at

The forward difference expression for equation (A-7) is obtained by
substituting equations (A-1) to (A-3) and equation (14), (118), or

(118) into (A-7):



n n n+1 n
AP (%3) guq = (g5 = O6) 5 7+ ()59
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where kim is the kinetic constant of adsorption (m=1) or desorption

(m=2) of surfactant i. Adsorption takes place when n?znia, and
desorption when n§<n?a. Grid blocks are numbered from j=1 to j=J. If we
let
P
c, = —
! At
AQp
C, =——
2 aplay)?
qe
C3 = —
2A¢(Ay)

then, on rearrangement of equation (A-8), an explicit expression for

(x, )1

il in terms of known concentrations is obtained:

n+l _ n+l _ n _ n
(Xi)j = {(C2+C3) (xi)j—l * (C;=C,+Cy) (xi)j + (C,=Cy) (Xi)j+1

1-¢
e,n _ . ea,n s ~ _
- p P kim [(ni)j (ni )j ]} / (C1+C2+03) i J=2,J-1 (A-9)

The initial condition sets concentrations in all grid blocks to

zero initially. The boundary conditions can be discretized as follows:
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or, on rearrangement,
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Once again, on rearrangement,
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i’J - 3 i’J-1 i’J-2

Backward difference expressions can be obtained in a similar way

by substituting equations (A-4) to (A-B6) and equation (14), (118), or

(118) into (A-7):

n+l _ _ n+l o n n
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Note that the term including the surface excess in equations (A-9)
and (A-13) is modelled expicitly. Once X, has been calculated from
these equations, the new equilibrium surface excess (n§)§+1 can be
calculated from equation (8), (66), or (123) and (124), depending on
which model is being used. The actual surface excess at the new time
level is then calculated from the difference expression corresponding

to the rate of adsorption equation (equation (14) or (115) and (118)):

()2 - (%2

i i _ e,n+l _  ea,n+l | | s o _
" -k, [(ni)j (05" ] . 5=2, J-1
or
1 i
(nS2)0+1 o [ — 0% 4 k. (@S ] / [ — vk | (A=17)
1 J At 1 J im 1 J At 1im
jJ=2, J-1

The value of kim is taken as the kinetic constant of adsorption when
the actual surface excess is less than or equal to the equilibrium

surface excess, otherwise kim is the kinetic constant of desorption.



Equations (A-9) to (A-17), together with the appropriate equations
for the equilibrium surface excess, provide the complete solution to

the flow model.

2. Flow Model with Constant Selectivity

This model 1is applied to a single surfactant in solution in

chapters 2 and 4. X;» n? and n?a in the equations of the previous

section can therefore be replaced by Xy n? and n?a, respectively. k.11

becomes kll(adsorption) or k (desorption), and the equilibrium

12
surface excess is given by equation (8). Equations (A-9) to (A-17),

together with (8), provide the complete solution to this flow model.

3. Flow Model with Non-Constant Selectivity

The same comments made for the constant selectivity model in the
previous section apply. The only difference is in the usage of equation
(8). Instead of using a constant value of selectivity, the selectivity
is calculated from equation (50) or (51) using the surfactant mole
fraction calculated for that grid block. Solution of equation -(50) for

S is by Newton’s method.



4. Flow Model with Heterogeneous Solid

Again, the only difference between this model and the model of
section 2 lies in the calculation of the equilibrium surface excess,
which is now determined from equation (68). The selectivities, SA and

SB, are functions of concentration, and are calculated from equations

(67) and (68) using Newton’s method.

5. Flow Model for Surfactant Mixtures

This model describes transport of two surfactants rather than just
one. There will therefore be two sets of equations (A-8) to (A-17), one
with i=1, and one with i=2. The two sets are coupled through the
expressions for the equilibrium surface excesses ni and nZ (equations
(123) and (124)). In order to use these equations the monomer mole
fractions first have to be calculated using equations (119) or (120) to

(122). The calculation procedure for this model can be summarized as

follows.

The surfactant mole fraction of each component is calculated in
any grid block at any time level using equations (A-9) and (A-13). Note
that the concentration in the grid block is taken to be the average
from forward and backward difference schemes in all models. Once the
surfactant mole fractions are known, « is determined in that particular
grid block from equation (117}, and the cmc of the solution in that
grid block is obtained from equation (118). Monomer mole fractions can

then be found from equations (119) or (120) to (122), which are



A-8

substituted into (123) and (124) to determine the equilibrium surface
excesses, n? and ng. The actual surface excesses, nia and nga, can now
be calculated from equation (A~17). These calculations are carried out

for each grid block, and then proceed to the following time level.

6. Fortran Programs

Fortran programs have been written for all the flow models described
in this thesis. The following programs are available from the author on

request:

FLOWMOD1: Constant selectivity flow model.

FLOWMODZ: Variable selectivity flow model. The selectivity is given by
equation (50).

FLOWMOD3: Variable selectivity flow model. The selectivity is given by
equation (51).

FLOWMOD4: Variable selectivity flow model for a two-component
heterogeneous solid. The selectivity is given by equations (B7) and
(68).

SELECTIVITY: Program that calculates selectivity or, in the case of

heterogeneous solids, effective selectivity, as a function of
concentration using

(a) equation (50),

(b) equation (51),

(c) a heterogeneous surface with uniform distribution of SO’

(d) a two-component heterogeneous surface.



ISOTHERM: Program that calculates adsorption isotherms for the
following cases:
(a) constant selectivity,
(b) variable selectivity with equation (50),
(c) variable selectivity with equation (51),
(d) a heterogeneous surface with uniform distribution of S0 and
variable selectivities given by equations (60) and (B1),

(e) a two-component heterogeneous surface with variable

selectivities given by equations (87) and (68).

The above models are for pseudobinary mixtures. They do not incorporate

monomer-micelle equilibrium.

FLOWIMIX: Flow model for ternary mixtures. Includes monomer-micelle
equilibrium.
ISOTMIX: Program that calculates adsorption isotherms for a ternary

mixture. Includes monomer-micelle equilibrium.



