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ABSTRACT

Abstract

Even in times of renewable energy revolution fossil fuels will play a major role in
energy supply, transportation, and chemical industry. Therefore, increasing demand
for crude oil will still have to be met in the next decades by developing new oil re-
serves. To cope with this challenge, companies and researchers are constantly seeking
for new methods to increase the recovery factor of oil fields.

For that reason, many enhanced oil recovery (EOR) methods have been developed
and applied in the field. EOR methods alter the physico-chemical conditions inside the
reservoir. One possibility to achieve this is to inject an aqueous solution containing
special chemicals into the oil-bearing zone. Polymers, for example, increase the viscosi-
ty of the injected water and hence improve the displacement of the oil to the produc-
tion well. The injection of surfactant solutions results in reduced capillary forces, which
retain the oil in the pores of the reservoir.

Some surfactants form viscoelastic solutions under certain conditions. The possibil-
ity to apply those solutions for enhanced oil recovery has been investigated by some
authors in the last years in low salinity brines. Reservoir brines, however, often contain
high salt concentrations, which have detrimental effects on the properties of many
chemical solutions applied for EOR operations. The Triphenoxymethane derivatives,
which were the subject of study in this thesis, form viscoelastic solutions even in highly
saline brines. The aim of this thesis was to investigate the efficiency and the mode-of-
action of this new class of chemical EOR molecules with respect to oil mobilization in

porous media.
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ASP
ASTM
ccp
CF
cMmc
cum oil
dyn.
EOR
FC
HLB
HPAM
HT/HP
IFT
LPG
mc
Mw
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ooIP
PAM
Pv

RF
RRF

SFT

alkaline — surfactant (flooding)

alkaline — surfactant — polymer (flooding)
American Society for Testing and Materials
Clean Power Plan

core flood
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cumulative oil production
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Symbols
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L
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relative permeability of aqueous phase

relative permeability of aqueous phase at residual
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tion of water saturation

phase permeability of aqueous phase
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surfactant
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mobility ratio

porosity

first normal stress difference
inverse Bond number
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pressure
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pore radius
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API gravity

time

starting time (of experiment)
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volume
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Greek

Symbol

0|
1,
Nw

Description

(shear) deformation amplitude
shear rate

dynamic viscosity

complex viscosity

dynamic viscosity of the oil phase
dynamic viscosity of the aqueous phase
contact angle

temperature

Corey exponent for oil phase
Corey exponent for aqueous phase
wavelength

density

interfacial tension

shear stress

normal stress in the direction of flow
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flow
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INTRODUCTION

1. Introduction

We are living in times of a renewable energy revolution, and experts expect the
consumption of non-fossil fuels to grow faster than the consumption of fossil fuels.
However, fossil fuels are predicted to still account for around 75 — 78 % of energy use
in 2040 by both the International Energy Agency and U.S. Energy Information Admin-
istration. Liquid fuels, which are often petroleum based, will remain the largest source
in the energy mix (Figure 1-1). Especially the emerging economies and rising popula-
tions in Asia, the Middle East, and Africa will increase the demand for petroleum based
fuels. Ongoing globalization also contributes to an increasing need for liquid fuel for

worldwide transportation services in the next years. [1-3]

History 2012 Projections
250
= 200 Liquid fuels Coal
=
= B 150 Coal with CPP
£ 3 Renewables
2 - with CPP.
S
>3 100
Eiﬂ Natural gas
w
- Nuclear
0 r T T T 1
1990 2000 2012 2020 2030 2040

Figure 1-1: Total world energy consumption by energy source, 1990-2040,
(CPP = Clean Power Plan) (after [1])

To meet these demands, new oil reserves have to be developed, either by the
discovery of new oil fields or by increasing the recovery factor of mature fields. Since
2000 the latter reason primarily leads to the growth of proven reserves [1]. This re-
quires technological advancement and innovation of so-called enhanced oil recovery
(EOR) methods, which are characterized by altering the physico-chemical conditions in

the reservoir.



INTRODUCTION

During chemical EOR operations an aqueous solution containing special chemicals is
injected into the oil-bearing zone. Polymers, for example, increase the viscosity of the
injected water and hence improve the displacement of the oil to the production well.
The injection of surfactant solutions results in reduced capillary forces, which retain
the oil in the pores of the reservoir.

Some surfactants form viscoelastic solutions under certain conditions. This phe-
nomenon has already been reported in 1976 [4]. In 1983 the Dow Chemical Company
introduced this new class of thickeners in consumer products such as bleach, liquid
dishwashing detergents and cosmetics [5]. These chemicals showed favorable rheolog-
ical and lubrication properties. They effectively increased the viscosity of the aqueous
solution and demonstrated shear thinning behavior without being sensitive to me-
chanical degradation. Due to their surface activity, the interfacial tension between
phases was also reduced, and they could be used as emulsifiers. Viscoelastic surfac-
tants have been broadly used in home and personal care products, as well as for indus-
trial applications, for example as drag reducing agents in district heating and cooling
fluid in Japan [6].

Since the late 1990s viscoelastic surfactant solutions have been successfully applied
in oil field applications, such as selective matrix diversion, filter cake removal, and
coiled tubing clean out. Because of their high particle transport capacity they are used
as fracturing and gravel packing fluids. It is of particular interest for hydraulic stimula-
tion operations that gelling of the viscoelastic surfactant solution is in some way con-
trollable. For some systems, viscosity buildup can be initiated by adding special salt
ions [7]. Then again the viscosity breaks down when the viscoelastic surfactant solution
comes in contact with oil, which facilitates production from the reservoir [8].

Many of the mentioned characteristics of viscoelastic surfactant solutions are desir-
able for enhanced oil recovery chemicals. They seem to combine the advantages of
polymers and surfactants. Researchers and companies are constantly seeking for new
molecules and chemical structures to increase oil production. For these developments
a thorough understanding of physical and chemical processes contributing to oil dis-

placement and production under reservoir conditions is mandatory.



INTRODUCTION

1.1 Objectives of the Thesis

In 2006 BASF started an R&D project to find new amphiphilic structures and patent-
ed the synthesis and usage of Triphenoxymethanes in 2011. In 2010 a joint research
project was launched to understand the effects of this new class of viscoelastic surfac-
tant structures in aqueous saline solution on oil displacement mechanisms in porous
media. The Triphenoxymethanes have been tested for their applicability in enhanced
oil recovery applications by a multidisciplinary team with expertise in synthesis, rheol-
ogy, analytics, computational chemistry, and reservoir engineering [9]. During the
project, other Triphenoxymethane derivatives with small variations in the chemical
structure were steadily developed to improve the chemical properties with respect to
oil mobilization, as well as to probe potential modes-of-action.

The objectives of this thesis were to investigate the behavior of some of the synthe-
sized Triphenoxymethane analogs in porous media. This study should contribute to the
assessment of the capability of Triphenoxymethanes to enhance oil recovery and to
provide insight into the mode-of-action.

For this purpose, a comprehensive laboratory program was set up and implement-
ed. The aims of the experiments were to understand the behavior of the Triphe-
noxymethanes in saline solutions and their interaction with the individual components
of the oil reservoir (sandstone and oil) at first. Therefore, the critical micelle concentra-
tions (CMC) were determined, static adsorption tests on sand were conducted, and
interactions with reservoir oil were examined. Only after the interactions of the tested
surfactant solutions with the reservoir components were separately analyzed and un-
derstood, experiments in porous media were carried out. Core flooding experiments
were conducted under reservoir conditions to probe the injectivity of different Triphe-
noxymethane solutions, as well as to assess their potential regarding oil mobilization.
Imbibition tests were also performed, as a quick and simple alternative to dynamic oil

displacement in core floods, to better grade the results regarding oil recovery.
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2. Enhanced Oil Recovery

In this chapter, the production phases of an oil field and factors influencing the effi-
ciency of oil production are introduced. Furthermore, technological methods which are

applied to increase the oil recovery are described.

2.1 Phases of Oil Production and Displacement Efficiency

Three production phases are usually distinguished during the development of an oil
field. The primary production phase is often referred to as eruptive phase. After a well
was drilled into an oil bearing formation, the higher energy (pressure) inside the reser-
voir forces the oil to surge to the surface.

When the natural energy within the reservoir decreases and becomes insufficient
for oil production, the secondary production phase starts. It is characterized by means
of pressure maintenance, such as gas injection into the gas cap of the reservoir or wa-
ter flooding operations. The physico-chemical properties of the reservoir rock, oil and
formation water are virtually unchanged. [10]

After the first and second production phase, only 20 — 40 % of the original oil in the
reservoir are recovered on average [11]. The reason is that the oil is retained in the
porous medium by several geological (e.g., reservoir heterogeneities) and physico-
chemical reasons [12]. The remaining amount of oil is the target for enhanced oil re-
covery methods, which can be applied in the tertiary production phase. These pro-
cesses are characterized by altering the interactions between reservoir rock, formation
water, and the hydrocarbons to be produced. In most projects enhanced oil recovery
methods are already applied before constant oil saturation was reached by secondary
production.

Many EOR applications rely on the principle of water flooding. A fluid is injected into
the reservoir to displace the hydrocarbons toward the production well. The displace-
ment process is not piston-like, but oil and water flow simultaneously through the
same pores [13]. Every phase is attributed with an own phase permeability; the oil

phase permeability (k,) or the water phase permeability (k,,). Usually, the relative
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permeability, the ratio of phase permeability to absolute permeability (k), is used in

reservoir engineering.

k., = E Eq. 2-1
k
kro - relative permeability of oil phase
k, - phase permeability of oil phase in m?
k - absolute permeability of reservoir in m?
k
Ky = TW Eq. 2-2
Kpw - relative permeability of aqueous phase
k., - phase permeability of aqueous phase in m?
k - absolute permeability of reservoir in m?

Relative permeabilities are highly dependent on reservoir saturation as shown in

Figure 2-1.

0.9
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Water saturation of reservoir §,,, (fraction)

Figure 2-1: Relative permeability curves for water (k,.,,) and oil (k,.,) as a function of the water satura-
tion of the reservoir (S,,) [14]
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The relative permeabilities of oil and water increase with increasing saturation of
the reservoir with the respective fluid, which means that oil becomes less and less
producible with the progress of water flooding. The intersections of the relative per-
meability curves with the x-axis specify the irreducible water saturation (S,,;), which is
also known as connate water, and the residual oil saturation (S,,).

The aim of every enhanced oil recovery method is to maximize the recovery factor
(F) of the reservoir. The recovery factor is defined by the ratio of cumulative produced
oil (N,) and the entirety of oil in the reservoir at the beginning of production (OOIP —
original oil in place). The cumulative produced oil during a flooding operation is the
difference between actual average water saturation of the reservoir (S,,) and the irre-
ducible water saturation (S,,;). The macroscopic (volumetric) sweep efficiency (E,;)

and microscopic displacement efficiency (Ep) contribute to the recovery factor.

F = Ny =SW_SWi= E Eq. 2-3
00IP ~ 1-S5,,; - 7P
F - recovery factor
N, - cumulative produced oil
00IP - original oil in place
Sw - average water saturation of the reservoir
Swi -~ irreducible water saturation
E,or. - macroscopic (volumetric) sweep efficiency
Ep - microscopic displacement efficiency

The macroscopic sweep efficiency is a measure to state, how many parts of the res-

ervoir have been penetrated by the displacing aqueous solution (Figure 2-2).
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production

*

/ non swept zone

injection
+ swept zone

|

Figure 2-2: Schematic representation of macroscopic (volumetric) sweep efficiency (adapted from [15])

The mobility ratio (M) is the determining factor of the macroscopic sweep efficien-
cy. It is specified by the relative permeabilities and the viscosities of aqueous and oil

phase (Eqg. 2-4). A low mobility ratio (M < 1) contributes to high oil recovery.

y = Frw 1o Eq. 2-4
Kro " Nw
M - mobility ratio
kKrw — relative permeability of aqueous phase
Mo - viscosity of oil phase in Pa-s
kro — relative permeability of oil phase
Nw - viscosity of aqueous phase in Pa-s

A common method to decrease the mobility ratio is to increase the viscosity of the
aqueous phase by adding viscosifiers (e.g., polymers) or to reduce the viscosity of the
oil, for example by heating. Macroscopic sweep efficiency is also improved by selective
plugging of high permeable parts of the reservoir. The displacing fluid is then forced to
penetrate lower permeable areas with oil that has not been affected by the flooding
operation up to that point.

The microscopic displacement efficiency characterizes the displacement of oil on
pore level (from the pore walls, dead-end pores, etc.) in the swept zones of the reser-
voir. In this case the residual oil saturation (S,,-), which can be reached by water flood-

ing, is affected and might be reduced. The key parameters are the capillary pressure

7
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and the capillary number. The capillary pressure (p.) is defined as the pressure differ-

ence of the wetting and the non-wetting phase within a tube/pore with a defined radi-

us.

Pc

p‘I’LW

2-0-cosb
Pc =Pnw —Pw=""_ " Eq. 2-5

T

capillary pressure in Pa

pressure in the nonwetting phase in Pa

pressure in the wetting phase in Pa

interfacial tension wetting and nonwetting phase in N/m

contact angle (measured in wetting phase) in °

pore radius in m

The capillary number (N,) is the ratio of viscous and capillary forces (Eq. 2-5).

V- Nw
N.=—" Eq. 2-6
¢ 6-cosB a

capillary number

flow velocity of displacing fluid (agueous phase) in m/s
viscosity of displacing fluid in Pa-s

interfacial tension between aqueous and oil phase in N/m

contact angle in ®

As a rule of thumb, the residual oil saturation in the reservoir can be reduced signif-

icantly if the capillary number for water flooding is increased by factor 1000 or more.

The interfacial tension (IFT) between water and oil can be reduced, for example, by

surfactants. Another aspect affecting the microscopic displacement efficiency is the

wettability of the reservoir. In oil-wet rocks, capillary forces, which retain oil, are high-

er than in water-wet reservoirs. Therefore water-wet conditions are more favorable

for oil displacement. There are reservoirs of a wide variety of wettability, but greatest
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part can be considered water- or intermediate-wet. Sandstone reservoirs remain wa-
ter-wet over geologic time in most cases because of connate water [16].

Enhanced oil recovery methods are purposed to decrease the mobility ratio and/or
to increase the capillary number. In the next chapter the different methods, as well as

their modes-of-action will be described.

2.2 EOR Methods

At first, it has to be noted, that every enhanced oil recovery operation starts with an
intensive screening phase. Sound knowledge of the reservoir conditions (pressure,
temperature, depths, formation type, the composition of reservoir brine and crude oil,
porosity, and permeability) is necessary because not every EOR method works in every
reservoir.

Enhanced oil recovery methods can be categorized into miscible, microbial, ther-
mal, chemical and other processes as shown in Figure 2-3. The description of the indi-
vidual methods (except chemical) will be held very short in this thesis. For further

information, the references [15, 17] can be recommended.

EOR

e
| | | | | I
miscible microbial thermal chemical ‘ other
+ CO, * Bacteria * Hot water * Polymers * Acoustic
* LPG * Nutrition * Steam * Surfactants ¢ Electro-
* Natural gas * In-situ * Alkaline magnetic

¢ (CHy N combustion

Figure 2-3: Categories of enhanced oil recovery methods

Oil recovery with miscible substances relies on displacement processes where the
interfacial tension between the displacing fluid and the oil is almost decreased to zero.
This leads to a very low capillary pressure between oil phase and displacing fluid in the

reservoir pores, which has to be overcome during oil displacement.
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Carbon dioxide is often used for miscible flooding because it affects the reservoir oil
in multiple ways. Besides lowering the interfacial tension to the displacing fluid when
dissolving into the oil, carbon dioxide also lowers the viscosity of the oil phase and
causes the oil to swell. All the three effects contribute to improved oil displacement.

For successful miscible flooding operations, the knowledge of the phase behavior of
the multicomponent system (injected fluid and reservoir oil) is essential. A critical pa-
rameter is the minimal miscible pressure, which can be determined by experimental
measurements, empirical correlations or equation-of-state calculations. Hence, the
consideration of the reservoir conditions (pressure, temperature, fluid properties) is
highly relevant for planning a miscible flooding operation. A great challenge for these
operations is to avoid gravity segregation and viscous fingering. Therefore, the applica-
tion of miscible methods is recommended for oils with low density and viscosity in fair-
ly homogeneous reservoirs. [18]

The intention of microbial enhanced oil recovery is to use the metabolic products
of microorganisms in the reservoir. Therefore, a fluid containing either microbes or
nutrition for microorganisms existing in-situ is injected into the reservoir. The metabol-
ic products can be gases, biosurfactants, biopolymers or just biomass (dead microbes).
By propagating with the fluid through the reservoir, the metabolic products can posi-
tively affect the viscous and capillary forces during oil displacement. The production of
biomass might be used for selective plugging processes. Since there is such a great
variety of microorganisms, which could be present in a reservoir and the fact that the
microbes are very sensitive to any variation of their environmental conditions (pres-
sure, temperature, salinity), these projects are very challenging and need intensive
pre-screening.

Thermal enhanced oil recovery methods are the most applied and successful EOR
methods by now. In those projects, parts of the reservoir are heated up by injection of
steam or hot water, or by burning a small portion of the crude oil (in-situ combustion).
Due to temperature increase, the viscosity of the oil is reduced, and it flows more easi-
ly through the pores. In cases of hot water or steam injection, the less viscous oil is
produced by displacement by a water front using an injection and production well or
by gravity drainage. The most limiting factor for hot water or steam injection projects

is the depths of the reservoir because a high amount of thermal energy is lost in the
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injection well. In in-situ combustion projects, an oxidant (i.e., air or oxygen) is injected
into the oil reservoir and the hydrocarbons are ignited, generating a burning front. This
burning front should be very small. It can be controlled by the injection rate of the oxi-
dant. A considerable amount of heat is generated, which vaporizes connate water and
light portions of the crude, as well as decreases the viscosity of the heavier oil portions
in front of the burning front. By further injection of oxidant, the burning front propa-
gates through the reservoir pushing the steam zone and the oil to the production well.
Thereby, effects of steam-drive and miscible displacement are used to mobilize the oil
[17]. Thermal methods are most effective for heavy crude oils with specific gravities of
around 10 — 40 °API [10].

Electromagnetic and acoustic methods are widely used for wellbore stimulation.
Their application as enhanced oil recovery methods is still subject of research [19].
Enhanced oil recovery by electromagnetic methods is based on thermal processes. The
energy of electromagnetic waves heats up the reservoir. Hence, the oil viscosity is
decreased, and a steam front is created by vaporizing the connate water. However, the
heating radius is limited to a few meters [20]. This method is used in heavy oil reser-
voirs to remove precipitations of, for example, asphaltenes in the near-wellbore area
of the producer. An interesting approach to increase the heating radius is the injection
of ferric nanoparticles into the reservoir. By doing so, electromagnetic stimulation
could possibly be developed to an EOR method [21]. Acoustic stimulation was certified
as a new EOR process by the Texas Railroad Commission in 2007 [22]. However, the
mechanisms, which promote oil production from a reservoir, are not entirely under-
stood by now [23]. The acoustic waves emitted into the reservoir are assumed to
change relative permeabilities, promote coalescence of oil droplets or emulsification if
surfactants are present. Capillary forces might also be affected in a way contributing to
oil mobilization [24].

Chemical enhanced oil recovery methods will be discussed in more detail in the
next chapter since these are the baseline for the investigations that have been done in

the scope of this thesis.
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2.2.1 Chemical Enhanced Oil Recovery Methods

Chemical enhanced oil recovery is considered to provide the most promising tech-
nologies for tertiary oil production [25]. The efficiency of different chemical solutions
for oil mobilization under various reservoir conditions can easily be investigated in la-
boratory studies to establish a good understanding of the interactions between chemi-
cals, reservoir rock and fluids. This is the basis for successful field projects. In chemical
enhanced oil recovery applications polymers, surfactants and/or alkaline are usually
added to the injection water to decrease the mobility ratio and capillary forces.

Polymers build entangled networks in the aqueous phase resulting in high viscosi-
ties, when there is no stress applied. When the shear stress increases, the entangle-
ments break up, and the molecules orientate in the flow direction. Hence, the viscosity
of the solution decreases. This shear thinning behavior is very favorable for injection.
At high flow velocities, e.g., near the injection well, a smaller pressure gradient is
needed to pump the polymer solution into the reservoir. However, if the flow veloci-
ties and shear stresses become too high, the polymer molecules can be mechanically
degraded. This degradation is not reversible and affects the rheological properties of
the solution, often in a detrimental way. Within the reservoir the flow velocities be-
come lower, causing the viscosity of the injected solution to increase. This contributes
to a more uniform displacement front and the macroscopic sweep efficiency is in-

creased as shown in Figure 2-4.

Production well Production well

Waterflooding
with Qil
unfavorable
_mobility ratio

Injection well Injection well

Figure 2-4: Water flooding with unfavorable mobility ratio, M < 1 (left) and polymer flooding with in-
creased mobility ratio (right) [26]
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Polymers can also be used for selective plugging of high permeable parts of the res-
ervoir. The shear stress is very low in these locations. Hence, the fluid’s viscosity in-
creases and blocks the pore channels. Thereby, other lower permeable parts of the
reservoir can be swept by the water front. For a long time, it was supposed, that poly-
mer flooding can only enhance the mobility ratio but has no effect on residual oil satu-
ration. Within the last years, the mechanism of polymer flooding was reconsidered,
which will be referred to in chapter 4.1.

Surfactants are known to decrease the interfacial tension between polar and non-
polar fluids. Hence, the capillary pressure between an aqueous phase and oil in the
pores is reduced (see: Eq. 2-5), which contributes to oil production. In many surfactant
flooding operations the aim is even to produce oil-in-water micro emulsions with low
viscosities. The injection of surfactants is often followed by a polymer slug to enhance
the sweep efficiency (SP-flooding). Some surfactants alter the wettability of the reser-
voir rock by adsorbing on it. A wettability change from oil- to water-wet conditions is
favored. By using surfactants to generate foam in the reservoir, synergistic effects of
chemical and miscible enhanced oil recovery can be used and, for example, gravity
segregation can be retarded during carbon dioxide flooding.

Alkaline solutions are often injected in front of surfactants (AS-flooding). Due to
their high pH-value, they promote water-wet conditions. Moreover, alkaline react with
acidic components of the crude oil generating natural soaps, which can reduce the
adsorption value of the following surfactant solution [27]. Alkaline and surfactants in-
crease the microscopic displacement efficiency. A polymer slug that follows the AS-
flooding assures a more uniform displacement front and forces the low viscous alkaline
and surfactant solutions to propagate into more parts of the reservoir. Hence an ASP-
flooding operation takes advantage of the synergistic effects of alkaline, surfactants,
and polymers.

In recent research, some attention has been paid on the elastic properties of viscoe-
lastic fluids for oil displacement. The literature on this topic is summarized in chapter
4. Another focus is on the viscoelastic properties of the liquid-liquid interface. The
higher the elasticity of the interface between water and oil, the more snap-off of oil
droplets is prevented. This leads to a more uniform water front and thus to better oil

production [28, 29].
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Most chemical enhanced oil recovery projects have been conducted in sandstone
reservoirs because this formation has often moderate to high permeabilities, which is
favorable for chemical flooding and even crucial for polymer injection (mechanical
degradation). Furthermore, the adsorption of polymers and surfactants is moderate on
sandstone compared to other formations (e.g., carbonates) [14]. Adsorption and me-
chanical trapping contribute to retention. Polymer retention in the field ranges from
4 10 75 YUgpolymer/Brock With an average at around 20 pgpolymer/8rock [17]. For surfactants,
the retention is higher because they more likely adsorb on pore walls. Adsorption val-
ues are often given in Mgsurfactant/8rock- ANother challenge of mixtures of different mole-
cules is chromatographic separation inside the reservoir. Therefore, a single compo-

nent solution would be beneficial for chemical flooding.

Effect of temperature, pressure, and salinity on EOR chemicals

Enhanced oil recovery chemicals are expected to meet several demands. They must
be stable at reservoir conditions, i.e., high temperatures (up to 100 °C and more) and
pressures, as well as high salinity and hardness of the reservoir brines.

The temperature has a significant effect on the phase behavior of surfactant solu-
tions in the reservoir. Therefore, it also affects interfacial tension and micellization.
Temperature increase causes a higher solubility for most anionic surfactants, whereas
the solubility of nonionic surfactants is decreased. High temperatures can cause
breakdown of hydrogen-oxygen bonds leading to decreased solubility or even precipi-
tation of surfactants containing those functional groups. The temperature, at which
the surfactants precipitate and phase separation occurs causing the solution to be-
come cloudy, is referred to as the cloud point. With respect to polymers, increasing
temperatures first cause the viscosity of polymer solutions to decrease, but if it is too
hot in the reservoir polymers can undergo hydrolysis (thermal degradation). Therefore,
most biopolymers are only applied in reservoirs with temperatures below 60 °C [30].

The variation of reservoir pressure can also have an impact on the phase behavior
of chemically treated injection water. The effect on the properties of the crude oil
might be even more significant since the amount of gas dissolved in the reservoir oil

depends on pressure.
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Reservoir brines contain different salts; mostly sodium chloride, but often also sig-
nificant amounts of calcium and magnesium salts, as well as small quantities of bro-
mides and sulfates. Calcium and magnesium ions contribute to the hardness of the
solution. If the salt concentration of the reservoir brine exceeds 200 g/l, the conditions
are designated to be highly saline [31]. The salinity of the reservoir brine affects the
properties of polymers and surfactants, especially if their functional groups are
charged. Because of charged functional groups, which repulse each other, a polymer
molecule has a relatively high hydrodynamic volume. By adding salt, the charges are
neutralized, causing the molecule to curl. Hence, the hydrodynamic volume of a single
molecule is reduced, and the viscosity of the solution decreases. The effect is higher
for divalent cations (Ca®*, Mg®") than for monovalent ions, such as Na* [30]. Salinity
also has a great effect on the interfacial behavior and micellization, as well as on emul-
sification, especially of ionic surfactant solutions. At low brine salinity, an ionic surfac-
tant solubilizes in water very well, and there are some micelles containing oil in the
water phase. Hence, an oil-in-water emulsion is formed. By increasing the salt concen-
tration, the solubility of the surfactants in water is decreased until the solubility of the
molecules in oil is greater than in water. The conditions are reversed, and water-in-oil
emulsions are formed, which show higher viscosities, which is unfavorable for produc-
tion. Nonionic surfactants are less sensitive to salinity. Alkaline solutions react with
calcium and magnesium ions in the reservoir brine, which results in precipitation of
calcium and magnesium hydroxides. The removal of these ions from the brine is bene-
ficial for the chemicals following the alkaline front. However, this process could be det-
rimental for further injection because of permeability reduction. [17]

Other factors, which affect the efficiency of chemicals, are oxidative and biological
degradation. Especially polysaccharides are susceptible to bacterial attack and will lose
their desired properties. To avoid oxidative and biological degradation antioxidants

and bactericides are added to the injected water.

Since chemicals can — in principle — be synthesized and designed to match special
requirements, there is great potential for chemical enhanced oil recovery. However,
the challenge to find chemical formulations, which meet all demands, is still a great

one. Extensive laboratory and simulation work is needed for every chemical enhanced
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oil recovery project. Reliable data gained from laboratory experiments are the basis for
numerical simulation and can be a decisive factor for or against the application of a
chemical product in the field. Properly planned and accurately conducted laboratory
investigations are therefore critical to a successful chemical EOR project, which results

in increased oil production and financial gain.
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3. Viscoelastic Surfactant Solutions

In this chapter, the principles of surfactant structures and micellization in aqueous
solutions and the essential concepts of the rheology of viscoelastic fluids are ad-
dressed. It is not intended to be comprehensive. The intention is rather to establish a
fundamental understanding of the processes, which lead to structural arrangements of
surfactant molecules in solution and their effect on the rheological behavior. Further-
more, possible interactions of viscoelastic surfactant solutions with crude oil and dif-
ferent salts, which are present in reservoir brines, are discussed.

The whole chapter 3 refers to surfactants, which consist of a relatively small hydro-

III

philic “head” and a long hydrophobic “tail” group since these systems are most widely
used and reported in the literature. The Triphenoxymethane molecules, which are the
research subjects of this thesis, have a different structure. Therefore, their behavior in
solution is slightly different, which will be explained in detail in chapter 5. Neverthe-
less, many principles of micellization, viscoelastic behavior, and interaction with salts
and oil apply to the Triphenoxymethane molecules, as well as to conventional surfac-

tants. For that reason and for comparability purposes the next pages are included into

the thesis.

3.1 Surfactant Structures in Aqueous Solution

Surfactant molecules consist of a hydrophilic and a hydrophobic part. In very dilute
solutions (Figure 3-1, A) these molecules exist as single molecules or are oriented at
the surface with the hydrophilic head towards the aqueous bulk phase. The hydropho-
bic group is removed from contact with water [32]. By increasing the surfactant con-
centration, more and more molecules will accumulate at the surface (Figure 3-1, B).
When the surface is fully covered, the hydrophobic parts of the surfactants will attract
each other in aqueous solution and assemble to micelles. This concentration is
referred to as critical micelle concentration. Above CMC the surfactant molecules exist

in equilibrium of single monomers and micellar associations (Figure 3-1, C).
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Figure 3-1: Critical micelle concentration (schematic) [33, 34]

The shape of the micelles depends on the geometrical structure of the surfactant
molecules, as well as on the acting forces between single amphiphilic molecules and
between the surfactants and the solvent.

The Tanford free energy model is an energetic approach to micellization. Its theory
of the free energy change during micellization is discussed qualitatively here. There are
basically three kinds of opposing forces (Figure 3-2) causing the single surfactant mole-

cules to aggregate in solution in a specific way.

free hydrophobic parts residual repulsive forces
[energy = |are removed from | + | water contact of |+ between ]
change water contact hydrophobic parts hydrophilic groups
( to be ) ( negative ) ( positive ) ( positive )
minimized contribution contribution contribution

Figure 3-2: Energetic contributions of different phenomena during micellization in a surfactant solution

The hydrophobic groups assemble in the core of the micelle, which is surrounded by
the hydrophilic parts of the amphiphilic molecules. Hence, the hydrophobic core is
removed from water contact, which results in a reduction of free energy of the system.
The repulsive forces between the hydrophilic groups and the fact that the hydrophobic

tails cannot be fully shielded from the aqueous solution and there is still residual water
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contact contribute to an increase of free energy. To achieve a stable micellar solution
(thermodynamic equilibrium) the free energy of a system should be minimal. [35]

The Tanford free energy model explains the formation and finite growth of the mi-
celles. The strive to remove the hydrophobic parts of the surfactants from water con-
tact gives a negative contribution to the free energy change of the system and there-
fore, is the driving force for aggregation. The effect of residual water contact increases
the free energy, but the magnitude decreases with decreasing curvature of the surfac-
tant layer, which is associated with micellar growth. The repulsive forces between the
hydrophilic groups, however, positively contribute to the free energy of the system
and the effect increases with the number of molecules forming a micelle. This is the
limiting factor for micellar growth. [36]

The packing parameter (P) considers the effect of the geometrical form of the mol-
ecules on the shape of the built up micelles. It is defined by the proportions of the hy-

drophilic and hydrophobic groups of the surfactant [37].

P = v Eq. 3-1
_Lc'ao q

- packing parameter

%4 - volume of “tail” group in m?
L, - maximum effective length of “tail” group in m
a - cross-sectional area of “head” group in m?

N

d) —
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r'
Y

Figure 3-3: Parameters in Packing Factor [14]
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Surfactant molecules with a packing parameter lower than % will form spherical mi-
celles. If the packing parameter is between % and 7, rod-like micelles will be found in
solution. Under certain conditions, the micelles exhibit an enormous growth in one
direction and form worm-like micelles. The packing parameter for this type of associa-
tion is around % [6]. For one specific surfactant, the packing parameter can be changed
by variation of salinity or temperature [32]. Micellar growth, especially with ionic sur-
factants, is susceptible to the nature and amount of added salts [38]. For example, the
one-dimensional micellar growth can be promoted in ionic surfactant solutions by add-
ing counter ions, which results in reduced repulsive forces between the hydrophobic
groups [39].

Worm-like micelles are characterized as long, cylindrically shaped associations of
surfactants with relatively high flexibility. They can be considered to consist of many
rigid sections with a persistence length ([,,). The persistence length depends on surfac-
tant geometry, temperature and salinity [40]. It often ranges between 10 and 20 nm
for micelles formed by nonionic surfactants and between 30 and 60 nm for systems of
ionic surfactants [32]. Persistence lengths above 100 nm are very seldom. The cross
section diameter of worm-like micelles (D) is approximately 5 — 20 nm. The contour
length of the whole worm-like micelle (L) can reach a few micrometers [6]. Figure 3-4

shows schematically the dimensions of a worm-like micelle.

Figure 3-4: Schematic representation of contour length (L), persistence length (,) and cross section
diameter (D) of a worm-like micelle [41]
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The relations between diameter, contour and persistence length of the micelle de-
termine the grade of flexibility. Granted that the diameter of the micelle is small com-

pared to persistence and contour length, the following relations apply [32].

o lp > L :stiff and rod-like micelle
o L = lp: semi flexible micelle

o L > lp: flexible and worm-like micelle

If ambient conditions promote the growth of flexible worm-like micelles and the
surfactant concentration is further increased, the micelles will eventually become larg-
er than the intermicellar distance. At this point, which is referred to as overlap or
crossover concentration, the micelles start to interpenetrate each other. A viscoelastic
network is formed. From that point on, the viscosity of the solution increases sharply
with surfactant concentration. The interpenetration is responsible for the buildup of
elasticity [32, 37].

Formation of viscoelastic structures by worm-like micelles is reversible. On a
microscopic scale, the micellar aggregates are always in equilibrium with single mon-
omers [42]. The micelles break and reassemble all the time due to diffusion [37]. This
process of steadily breaking and reformation differentiates micellar from polymeric
systems. Therefore, these associations are often referred to as “living polymers” [6].

If viscoelastic surfactants are applied in chemical flooding, their efficiency will be
closely related to their flow behavior in the reservoir. In order to establish a basic un-
derstanding, the next chapter will introduce the most important concepts of the rheo-

logy of viscoelastic fluids.

3.2 Some Rheological Aspects of Viscoelasticity

A viscoelastic system behaves partly like an elastic material and partly like a viscous
fluid. A simple method to describe viscoelasticity is to combine the material laws for
purely viscous and purely elastic behavior.

Purely viscous systems can be characterized by the properties of Newtonian fluids.
The shear stress (), which is the tangential stress in the fluid opposed to its flow direc-
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tion, is directly proportional to the shear rate (y), which correlates to the flow velocity.
The factor of proportionality is the viscosity (1) of the respective fluid. Viscous flow is

characterized by irreversible deformation.

T=n"Yy Eq. 3-2
T - shear stress in Pa
n - dynamic viscosity in Pa-s
y - shear rate in 1/s

Purely elastic behavior can be characterized by Hooke’s law, which states that the
tensile stress (t) developing in an elastic material is proportional to its deformation (y).
In this case the factor of proportionality is the shear modulus (G). The deformation of

an elastic material is fully reversible.

T=G"y Eqg. 3-3
T - shear stress in Pa
G - shear modulus in Pa
14 - (shear) deformation

In theoretical models, viscous and elastic behaviors are often illustrated by a (hy-
draulic) damper and a spring, respectively.

Viscoelastic fluids, including viscoelastic surfactant solutions [38], are typically de-
scribed by connecting the “elements” of viscosity and elasticity in series (Maxwell

model), as shown in Figure 3-5.
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damper: spring:
purely viscous purely elastic
behavior behavior

Figure 3-5: Viscoelastic deformation of a Maxwell fluid

The upper picture (1) in Figure 3-5 shows a linear damper/spring model in its initial
equilibrium state. When the system is suddenly deformed (2), the spring immediately
elongates and is subjected to tensile tension. This tension is transferred to the damper,
causing the piston to move towards the spring. The spring recoils and the tension
becomes smaller until an equilibrium state different from the initial one is reached (3).
The velocity of the piston, and therefore, the time needed for the transition into
equilibrium, depends on the viscosity of the damper fluid.

Viscoelasticity implies that one system behaves like a fluid and a solid simultaneous-
ly. In fact, this is depending on the time scales of observation. When a distinct amount
of stress is slowly applied to a viscoelastic system over an extended period of time, the
system will flow like a fluid, molecular rearrangements occur, and energy is dissipated.
On the other hand, if the same amount of stress is applied all of a sudden (fast, a short
period of time) a viscoelastic system will give a more elastic response, like a solid. [42]

A critical parameter to describe time-dependent rheological processes is the stress
relaxation time (t,). It is defined as the time a deformed system needs to relax into
equilibrium. For linear viscoelastic fluids the relaxation time is described as the ratio of

viscous and elastic behavior [43, 44].
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Ui
T G q
t, - relaxation time in s
n - dynamic viscosity in Pa-s

- shear modulus in Pa

When a viscoelastic fluid flows through a porous medium, it steadily experiences
different shear stresses due to the changing diameter of the pores. The fluid is acce-
lerated and deaccelerated all the time, causing the molecules or worm-like micelles to
stretch and recoil [45]. The induced normal stresses are, in contrast to Newtonian
fluids, anisotropic. Figure 3-6 shows the stresses (7,y, T,y ) acting on a Newtonian and a

linear viscoelastic fluid under shear.

Tyy
Tyy
Txx < > Txx
Newtonian fluid Viscoelastic fluid
Txx = Tyy Under shear: Tyy # Tyy

Figure 3-6: Normal stresses on a Newtonian and a viscoelastic fluid under shear [14]

The first normal stress difference is an important parameter for the description of

viscoelasticity and is defined as follows.

Ni = Tyx — Tyy Eqg. 3-5
N, - first normal stress difference in Pa
Ty  — normal stress in direction of flow in Pa
Tyy — normal stress perpendicular to the direction of flow in Pa
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Under shear, the first normal stress difference is positive, which can be explained by
elongation of macromolecules or worm-like micelles in the direction of the streamline.
In Figure 3-7 experimental data of first normal stress differences of polymer solutions
as a function of shear rate and the molecular weight of hydrolyzed polyacrylamide
(HPAM) are shown. The higher the molecular weight of these solutions, the more pro-
nounced is their elasticity. The higher the shear rate (and therefore the shear stress)

and the elasticity of the viscoelastic fluid, the higher the first normal stress difference.
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Figure 3-7: First normal stress differences of different HPAM solutions as a function of shear rate (1:
MW = 21 * 108, highest elasticity; 2: MW = 12 = 10°; 3: MW = 7.5 = 10°, lowest elasticity) [14]

By analysing such rheological measurements the relaxation time in viscoelastic flow
can be defined. A common method is to combine the first normal stress difference and

the shear rate [45].

t, = L Eqg. 3-6
2-n-y?
t, - relaxation time in s
N; - first normal stress difference in Pa
n - dynamic viscosity in Pa-s
y - shear rate in 1/s

The relaxation time of viscoelastic surfactant systems can also be assessed from a

frequency sweep as shown in Figure 3-8. It corresponds to the crossover of the storage
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modulus (G'), which represents elasticity and the loss modulus (G'') representing

viscous behavior. [46, 47]

~ 1/Relaxation time

Frequency

Figure 3-8: Principle using a frequency sweep to determine the relaxation time of a Maxwell Fluid [48]

To compare viscoelastic systems, dimensionless parameters are often used, like the
dissipation factor, the Weissenberg number, and the Deborah number.
The ratio between the loss and the storage modulus is referred to as dissipation

factor (tané).

G" Eq. 3-7
tand = ? g

A dissipation factor lower than 1 is typical for viscous (liquid-like) systems (G'' > G').
If the dissipation factor is higher than 1, the elastic (solid-like) behavior is more
pronounced (G' > G'"'). Ideal viscoelastic behavior is characterized by a tand = 1,
where the loss and the storage moduli are equal.

The Weissenberg number (We) is defined as the ratio of first normal stress

difference to the applied shear stress.
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N. Eqg. 3-
We = — a.3-8
T
We - Weissenberg number
N, - first normal stress difference in Pa
T - shear stress in Pa

The higher the Weissenberg number, the more pronounced is the elasticity of a
fluid in flowing processes [49, 50].

The Deborah number (De) is another common dimensionless parameter to
characterize the viscoelasticity of a fluid. It is defined as the ratio of relaxation time of

the fluid and the time scale of observation (t., characteristic time). [51]

Ly
De = — Eq. 3-9
te
De - Deborah number
t, - relaxation time in s
t, - characteristic time in's

When the Deborah number is much smaller than 1, the system exhibits a
pronounced viscous behavior. In cases where the Deborah number is much higher than

1, pronounced elastic behavior can be observed.

The flow behavior of viscoelastic surfactant solutions under reservoir conditions has
been a subject of studies for the last ten years. [7, 52]

In dilute solutions, the surfactant molecules are present as single molecules or form
spherical micelles. Such fluids often show Newtonian flow behavior and the viscosity is
only slightly higher than that of pure water.

After the transition from spherical to worm-like micelles, the viscosity of the solu-
tion increases sharply with surfactant concentration [41]. By entanglement and inter-
penetration of micelles, elastic properties develop [53].
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Viscoelastic surfactant solutions exhibit strong shear thinning behavior, similar to
that of polymer solutions [54], which is very beneficial for the injection into porous
media [12]. The significant advantage of viscoelastic surfactant solutions is their capa-
bility to withstand high shear stress, at which polymers underlie shear degradation.
Due to the reassembly of the surfactant molecules into micelles, viscosity and elasticity
are recovered in viscoelastic surfactant solutions after high shear stresses are removed
[40]. The viscoelastic networks can be broken down to the very small structures of sin-
gle surfactant molecules. This enables viscoelastic surfactant solutions to flow through
tight pore necks into low permeable parts of the reservoir, which are inaccessible for

high molecular weight polymer solutions.

3.3 Interaction of Viscoelastic Surfactants with Reservoir Fluids

The pores of oil reservoirs are filled with the hydrocarbons themselves and brines,
which are often highly saline and contain polyvalent ions. The compatibility of the
chemicals applied for enhanced oil recovery with the reservoir fluids even under harsh
conditions (high pressure and temperature) is crucial for the success of a chemical EOR
operation. In this chapter, possible interactions of viscoelastic surfactants with salt and

oil are described.

3.3.1 Viscoelastic Surfactants and Saline Solutions

In chapter 2.2.1 the influence of salinity on surfactants as single molecules in the
reservoir has already been discussed. This chapter intends to explain the effects of salt
ions on the macrostructures in viscoelastic surfactant solutions.

The effect of different ions depends on their valence and their capability to pro-
mote either the hydrophobic or the hydrophilic properties of a macromolecule or giant
micelle in aqueous solution. Intensified hydrophilic properties lead to better solubiliza-
tion of a macromolecule, whereas intensified hydrophobicity results in aggregation,
structure buildup and in extreme cases precipitation. These phenomena were first

observed by F. Hofmeister in 1888 [55]. He investigated the influence of different salts
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on precipitation of globulin from chicken egg white and established a sequence of salt

ions in order of their protein denaturing potential, which is shown in Figure 3-9.

Cations: NH,* < K* < Na* < Li* < Mg?* < Ca?*

Anions: SO,* < HPO,? < CH;CO00 < ClI' < Br < NO5 < I"< ClO, < SCN-

& 5
< >

* Intensifying hydrophobic effects * Intensifying hydrophilic effects
* Salting-out (aggregation) * Salting-in (solubilization)
* Structure stabilization

Figure 3-9: Hofmeister series of cat- and anions and effects in aqueous solution [53, 56]

The effects are more pronounced for anions than for cations. The exact physical and
chemical mechanisms behind the Hofmeister series are not entirely understood vyet.
However, other researchers have studied the influence of salts on different phenome-
na and found that the Hofmeister series applies in many cases, e.g., silk proteins, sur-
face and interfacial tensions of saline solutions to nonpolar fluids, microemulsion mi-
crostructure, and colloid stability [56-58]. Reservoir formation water contains such
inorganic anions, sometimes in concentrations up to saturation limit.

Worme-like micelles can be formed by ionic and nonionic surfactants. Most widely
studied are the effects of different anions on the growth of micelles composed of long-
chain cationic surfactants. There are contrasting views on the validity of Hofmeister
series for viscoelastic solutions of cationic surfactants. Some researchers observed,
that the transition from spherical to elongated micelles and micellar flexibility is
influenced by non-aromatic counterions in a way that applies to the Hofmeister series
[59, 60]. Others found only poor conformity or even contradiction of their experi-
mental results to the ionic sequence [61, 62]. In general inorganic ions only have little
effect on the micellar structure of cationic surfactant solutions. Aromatic counterions,
such as salicylate or tosylate, are much more efficient in stimulating micellar growth
[54, 63, 64]. Furthermore, the blending of cationic viscoelastic surfactant solutions
with anionic viscoelastic surfactants was found to effectively stimulate the growth of

worm-like micelles.
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For nonionic surfactants, it was found, that anions decrease (salting-out) or increase
(salting-in) the cloud point in accordance with the Hofmeister series [57]. A viscosifying
effect of sodium sulfate on a nonionic viscoelastic solution was also reported [65, 66].

In solutions of anionic surfactants, one-dimensional micellar growth was observed
in the presence of mono-, bi- and trivalent counterions, but viscoelasticity could only
be observed with bi- and trivalent ions [37]. The effect of cations on micelle formation
and structure buildup in anionic viscoelastic solutions due to their valence is much
higher than due to their salting-in/out potential. Until now there have been no publi-
cations regarding effects of different anions on anionic viscoelastic surfactant solu-

tions.

3.3.2 Viscoelastic Surfactants and Oil

The addition of oil to aqueous micellar surfactant solutions results in changes of the
shape of the micelles. Nonpolar hydrocarbons solubilize inside the core of the micelles.
Hence the mean curvature tends to increase. In the end, the elongated micelles trans-
form to spheres, which causes a sharp decrease in the viscosity of the solution and loss
of elastic properties. [5, 37, 67]

The interfacial tension between an aqueous solution and oil is lowered by viscoelas-
tic surfactants since there are always single surfactant molecules, which are not
integrated into a micelle and can orientate to the oil/water interface.

An effect on the viscosity of the oil/water interface has also been observed and re-
ported. The interfacial viscosity is increased in the presence of viscoelastic surfactants.
Thereby, the formation of a stable micro emulsion is impeded [12]. On the one hand,
this might be a negative effect because the creation of micro emulsions is a desired
process in chemical flooding. On the other hand, such a highly viscous oil/water inter-
face could probably contribute to a better mobility ratio while propagating through the

reservoir pores during a flooding process.
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4. Viscoelastic Flooding in Chemical Enhanced Oil Recovery

In this chapter, the literature dealing with oil displacement by viscoelastic solutions
is summarized. The influence of elastic effects on oil mobilization was predominantly
investigated by application of viscoelastic polymer solutions in oil displacement tests.
These results are presented in the first part of this chapter. The second part deals with
the reported results regarding the effect of viscoelastic surfactant solutions on oil pro-

duction.

4.1 Viscoelastic Polymers

For a long time, the consensus about polymer flooding was that the macroscopic
sweep efficiency could be improved, but residual oil saturation is not affected. In 2000
Wang et al. reported an additional oil production of more than 12 % of OOIP during
injection of highly concentrated polyacrylamide solutions in the Daqing oil field. The
authors concluded that this significant amount of incremental oil recovery must be
accompanied by a reduction of the residual oil saturation [68]. Based on these obser-
vations viscoelastic polymer flooding was intensively studied by several research
groups by analysis of lab and field results, as well as mathematical simulation.

Several researchers conducted comparative core flooding experiments with poly-
mer solutions, which exhibited similar viscosity and interfacial tension to oil, but
showed different elastic behavior. The higher the elasticity of the driving fluid, the
lower was the residual oil saturation. This could be observed under water-wet, oil-wet
and mixed-wet conditions in secondary (no previous brine flooding) and tertiary (after
brine flooding) mode [69, 70]. A delayed water breakthrough (WBT) was also observed
for viscoelastic flooding [71].

In tertiary mode, the residual oil starts to mobilize at lower capillary numbers when
the displacing fluid has viscoelastic properties. The elastic properties of a driving fluid
could increase oil recovery without increasing the pressure gradient over the core. The
application of viscoelastic fluids was found to be as efficient as ultra-low interfacial

tension chemical flooding [69].
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Residual oil can occur as oil films on the pore walls, trapped oil in dead end pores or
as column or droplet type retained by capillary forces. According to the authors visco-
elastic flooding could mobilize every type of residual oil [72]. The authors surmised
that due to the entanglement of large and long molecules in viscoelastic flow, not only
the fluid front was pushed, but also other (entangled) structures beside or behind it
were dragged with it. This resulted in pulling and stripping effects, which also affected
hydrocarbon molecules [14]. Furthermore, the velocity at pore walls increased with

more pronounced elastic behavior, represented by increasing Deborah number in

Figure 4-1.
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Figure 4-1: Velocity profiles in tube flow for varying Deborah numbers [73]

The changes in the velocity profile resulted in forces on oil droplets different from
that caused by water or other Newtonian driving fluids. According to the authors, the
higher velocity led to higher mass flow rate and therefore, higher kinetic energy near

the pore wall. This resulted in better displacement of the residual oil film [70].
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Figure 4-2: Velocity profile of different fluids and on residual oil film on oil wet pore wall [70]

Wang et al. [70] presented a series of photos of an oil film displacement process in
a visualization core (Figure 4-3) over time. Photo 1 shows the initial state of the

experiment.
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Figure 4-3: Mobilization of oil film [70]

While purely viscous fluids would just flush over the residual oil films in laminar
flow, the viscoelastic fluid caused the oil to accumulate at the end of the film forming
an elevation (picture 1 — 4 in Figure 4-3). Due to further pushing by the viscoelastic
fluid a necking occurred in the film (picture 5). Eventually a single oil drop was formed
(picture 7), which could be carried away by the driving fluid. This process repeated
itself until the whole oil film was mobilized.

In high concentrated viscoelastic solutions the polymers orientate to the flow lines

in small diameter pore necks and recoil in large diameter pores [71]. For that reason,
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the fluids intrude deeper into recesses causing additional oil production out of dead-

end pores, which was observed by Wang et al. (Figure 4-4).

After water flooding After glycerin flooding After polyacrylamide flooding

Figure 4-4: Recovery of residual oil from dead-end pores by water, viscous glycerin and viscoelastic poly-
acrylamide [74]

Mathematical simulations confirmed the experimental observations and showed
that the flow lines of a viscoelastic driving fluid differ from purely viscous fluids [50].
Moreover, it was found, that the effect of elasticity on oil recovery is much more pro-
nounced than that of viscosity increase [75].

In the Daqing oil field, viscoelastic polymer flooding was successfully applied. The
incremental oil recovery valued 20 — 21 %o0ip, Which is twice as high as incremental oil
recovery reached with conventional polymer flooding, and the same like ASP flooding

[75].

4.2 Viscoelastic Surfactants

In the literature, there are many reports on viscoelastic surfactant based fluids ap-
plied in hydraulic or acid stimulation of wells taking advantage of the favorable rheo-
logical properties for proppant transport and better acid distribution in the well [76—
79]. However, the applicability of viscoelastic surfactant solutions for oil mobilization
has been studied by only some researchers within the last ten years. Noteworthy pa-

pers are discussed in this paragraph.
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Lakatos et al. [12] compared a conventional mixture of surfactants (alkyl-aryl-
sulfonate and nonionic co-surfactant) to a viscoelastic surfactant solution with respect
to their IFT reducing potential, bulk and interfacial rheology, and oil mobilization effi-
ciency. As the solvent, synthetic reservoir brine with total dissolved solids (TDS) of
around 5 g/l and a concentration of calcium chloride of only 0.05 g/l was used. The
critical micelle concentration of the viscoelastic surfactant in the synthetic reservoir
brine was found to be at only 0.005 g/I at 25 °C. This was an astonishing low value for
the authors and indicates, that the formation of micelles was energetically very favor-
able for this type of surfactant. The CMC of the conventional surfactant mixture
amounted around 1 g/I. The interfacial tension of the viscoelastic surfactant solution to
crude oil was ca. 0.2 mN/m and thus, not sufficiently lowered to mobilize oil by the
mechanism of IFT reduction alone. The IFT of the other surfactant mixture showed
values less than 0.1 mN/m at and slightly above CMC. Neither of the surfactants in-
duced spontaneous emulsification with crude oil. However, by adding alkaline to the
conventional surfactant solution, strong emulsification of oil in water was observed.
The viscoelastic surfactant increased the viscosity of the solution remarkably at
concentrations higher than 1 g/l. The interfacial viscosity was also significantly in-
creased from ca. 2 mPa-s (cygs = 0) to nearly 150 mPa-s at low shear rates. Both the
bulk and the interfacial viscosity decreased sharply at higher shear rates. The viscoelas-
tic surfactant solution was not stable in the presence of higher concentrations of mul-
tivalent ions. The worm-like micelles were deteriorated, which resulted in the break-
down of any rheological effects. The efficiency of the different surfactant solutions
with respect to mobilizing residual oil after brine flooding was tested by dynamic dis-
placement tests in sandstone cores. The additional oil recoveries are summarized in

Table 4-1.

Table 4-1: additional oil production in core floods conducted by Lakatos et al. [12]

chemicals used additional oil recovery in %
conventional surfactant solution 4%
conventional surfactant solution + alkaline 12 %
viscoelastic surfactant solution 10 %
conventional surfactant solution + alkaline fol-
. . 15-17%
lowed by viscoelastic surfactant
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According to the authors, the higher oil production of the viscoelastic surfactant so-
lution compared to the conventional one was due to its higher viscosity and therefore,
the better mobility ratio. In the case of the conventional system with added alkaline,
the authors assumed that emulsification processes led to better oil production than in
the core flood with the conventional surfactant alone. In the last oil displacement test,
the viscoelastic solution acted again as mobility control agent. Therefore, it increased
the volumetric sweep efficiency, while the conventional system improved microscopic

oil displacement.

In 2009 Morvan et al. [80] reported the results of rheological measurements and oil
displacement tests with a viscoelastic surfactant system. By conducting micro-
rheological measurements it was found, that viscoelastic properties of the surfactant
solution start to develop at concentrations higher than 0.5 wt. % in deionized water. At
a surfactant concentration of 1 wt. % the solution showed ideal viscoelastic behavior
(G' = G"). Three different brines were used to investigate the effect of salinity on the
rheological properties of the solution. Brine 1 contained 20 g/l sodium chloride and
was buffered to pH = 12. Brine 2 was synthetic sea water with TDS of 39 g/I. Brine 3
corresponded to double concentrated sea water. The amount of magnesium and calci-
um salts in brine 2 and brine 3 was 13.4 g/l and 26.8 g/|, respectively. The viscosity of
the surfactant solution increased with surfactant concentration in all brines as a result
of micellar growth and more entanglements. However, the viscosity increase in brine 3
was not as high as in the lower concentrated brines indicating that the surfactant sys-
tem might be susceptible to high-salinity conditions. The researchers conducted an oil
displacement test in a sandstone core at residual oil concentration at 80 °C. Surfactant
solutions with a concentration of 0.1, 0.2, and 0.3 % in brine 1 were prepared and in-
jected one after another into the core according to an elaborate procedure starting
with the lowest concentration. The surfactant adsorption in the oily core was stated to
amount to 50 pg/g, which is an acceptable level for an EOR surfactant according to the
authors. During injection of the 0.1 % surfactant solution, the mobility was reduced by
factor 1.5 (0.2 % surfactant solution — factor 18; 0.3 % surfactant solution — factor 25).

The permeability reduction was negligible. In the end, the surfactant solutions could
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mobilize 29 % of incremental oil. The authors assumed that this is a result of combined

viscoelastic effects and IFT reduction.

In 2011 Degré et al. [25] published a paper on laboratory investigations on a visco-
elastic surfactant solution followed by a field simulation study. In the laboratory, vis-
cosity measurements, thermal stability tests, and core floods were conducted. The
viscosities of two different surfactant systems (A and B) in four different brines (TDS: 0
— 194 g/l) were determined at four different temperatures and at a shear rate of 4 1/s.
According to the authors both surfactant systems benefit from increasing salinity, since
the viscosities increase up to salt concentrations of 97 g/I. Thermal stability tests have
been conducted under anaerobic conditions with both surfactant systems in different
brines (TDS: 6 — 97 g/l). The experiments were performed at 51 °C and 90 °C and lasted
more than three months. No significant viscosity decrease could be observed after
aging. Therefore, the surfactants were considered to be stable at these temperatures.
The surfactant adsorption was determined by analyzing the breakthrough delay of the
surfactant molecules in a single phase core flood and amounted to 2.4 — 2.9 mg/g on
sandstone. The oil displacement experiments were conducted at 51 °C using a sand-
stone core at residual oil saturation after brine flooding. The brine had a salinity of
6.3 g/l TDS. By injecting the surfactant solution (cgf=0.3 wt. %) an incremental oil

recovery of 12 — 15 % could be achieved.

In 2012 two other papers were published on the application of viscoelastic surfac-
tants for chemical EOR by Morvan et al. [49, 81]. The authors analyzed rheological
properties and oil displacement efficiency. The bulk flow behavior of a highly concen-
trated viscoelastic surfactant solution (1 wt. %) was investigated in comparison to a
hydrolyzed polyacrylamide (polymer) solution (0.3 wt. %) in deionized water. Meas-
urements on viscosity and first normal stress difference were conducted at a range of
shear rates corresponding to typical flow velocities in the reservoir using a stress con-
trolled rheometer. Both solutions showed shear thinning behavior. The shear depend-
ent viscosity of the viscoelastic surfactant solution was always lower than that of the
polymer solution, even though the surfactant solution was much higher concentrated.

The first normal stress differences of the solutions are very similar in the tested range
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of shear rates. Due to its lower viscosity, the shear stress on the viscoelastic surfactant
solution is lower at the tested shear rates. According to Eq. 3-8, this results in a higher
Weissenberg number for the surfactant solution compared to the polymer solution
and therefore, more pronounced elastic properties. The adsorption was investigated
by performing an injection test similar to that of Degré et al. [25]. As a result, an ad-
sorption value of 350 ug/g on sandstone was determined. The oil displacement test
was performed in a sandstone core, again at residual oil saturation after a brine flood.
The salinity of the used reservoir brine amounted to 6.3 g/l TDS, which had no signifi-
cant influence on the bulk viscosity of the polymer and surfactant solution. At first, the
polymer solution with a concentration of 0.1 % was injected at residual oil saturation,
which led to an additional oil production of 26.6 % of the oil originally existing in the
core. After that, the surfactant/polymer blend was injected, and again residual oil was
mobilized. The cumulative oil production was increased by 13.2 %o0p, Which was proof

to the authors for the efficiency of the surfactant.

Zhu et al. [82] tested a zwitterionic betaine surfactant with long carbon chains for
its applicability in a chemical flooding operation in a sandstone reservoir with high wa-
ter cut. The synthetic reservoir brine used had a salinity of 5.1 g/I TDS, and the concen-
tration of divalent cations was 0.4 g/I. The viscosifying properties of the betaine surfac-
tant in synthetic reservoir brine were investigated in a rotational viscometer. The vis-
cosity of the solution increased with betaine concentration from 12 mPa-s at 0.1 wt. %
to 99 mPa-s at 0.5 wt. % at 35 °C. At different concentrations and temperatures, the
viscoelastic surfactant solutions showed shear thinning behavior. In oscillatory rheo-
logical tests (frequency sweeps) the storage and loss moduli of the betaine solutions
followed similar trends, indicating a high grade of viscoelasticity over a concentration
range of 0.3 — 0.5 wt. % and temperatures between 35 °C and 65 °C. The results of in-
terfacial tension measurements between reservoir oil and viscoelastic surfactant solu-
tions were also reported and showed promising values. For example, the interfacial
tension between 0.1 wt. % betaine solution and oil amounted to 6.2:10° mN/m at
35 °C and could be further decreased by one order of magnitude by addition of co-
surfactants and alkali. Oil displacement tests were conducted in sandstone cores.

When the water cut of brine flooding in the oil displacement test reached 98 %, a
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chemical slug with a surfactant concentration of 0.3 wt. % was injected. All of the test-
ed chemical slugs contained co-surfactants and/or 0.8 wt. % alkali. The injection of the
(alkali-) surfactant solutions resulted in an additional oil recovery of 13 —17 % of the

original oil in place. Chemical slugs containing alkali were most effective.

Summary

All the papers mentioned above contain promising aspects for chemical flooding
with viscoelastic surfactant solutions. Viscosifying properties, shear thinning behavior,
thermal stability and the potential to reduce the interfacial tension to oil were
reported, and the efficiency of the used surfactants to mobilize additional oil after
brine flooding was confirmed in every publication. The incremental oil production
amounted to 12 — 17 %oop [25, 49, 81, 82]. The reported adsorption values varied be-
tween 0.35 and 2.9 mg/g on sandstone and 50 pg/g in the presence of oil in a sand-
stone core. Measurements, which are used to identify viscoelastic behavior, and the
obtained data are only included into the publications of Morvan et al. and Zhu et al..

All the reported tests were conducted with low saline brines. In the tests of Lakatos
et al. [12] no worm-like micelles are formed in the presence of polyvalent cations, and
Morvan et al. [80] reported a sharp decrease in viscosity at a salinity of 78 g/l TDS.
However, Degré et al. [25] showed that salinity could also have a beneficial effect on
the structure and the rheological properties of a viscoelastic solution to a certain
extent.

The interpretation of the published core flooding data is quite complicated for an
external party. The reason for that is that the conditions (temperature, salinity, the
concentration of surfactants) of the core flooding tests were not comparable to the
conditions, where the bulk properties were determined in some papers [49, 81]. In the
other publications the chemical solutions contained co-surfactant and alkali in addition
to the surfactant, which was supposed to form a viscoelastic network [12, 80, 82].
Therefore, the potential of the viscoelastic surfactants alone regarding oil mobilization
could not be rated. If there were any viscoelastic effects contributing to oil production
is not clear, either. Lakatos et al. concluded that mobility control is the primary mech-

anism for oil recovery of viscoelastic solutions.
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In chapter 3.3.2 the influence of oil on the shape of the micelles and hence, on the
rheological properties of the viscoelastic surfactant solutions is discussed. The micelles
transform from worme-like to spherical in the presence of hydrocarbons. Therefore,
such solutions lose their viscoelastic properties. This effect was not considered in any

of the publications presented in this paragraph.
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5. The Triphenoxymethane Derivatives

Triphenoxymethanes are known and have been synthesized since 1973 [83]. They
have broadly been used as complexing agents for ions of tin and alkali metals [84, 85].
About ten years ago BASF Se was looking for new amphiphilic structures and patented
the synthesis of Triphenoxymethane derivatives and the usage thereof, especially as
surfactants and thickeners, in 2011 [9].

The generic structure of a Triphenoxymethane is given in Figure 5-1.

OR
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Figure 5-1: Generic chemical structure of a Triphenoxymethane [86]

R represents a long chain hydrophilic group, whereas R' and R" symbolize compact
hydrophobic groups. Triphenoxymethanes are amphiphilic molecules with surfactant
properties. The structure is different from conventional viscoelastic surfactant mole-
cules, which typically consist of a compact hydrophilic head and a long hydrophobic tail
group. As a result, the formation of micelles with novel morphology was expected,
characterizing a new class of viscoelastic surfactant solutions. Indeed it could be shown
by molecular modeling, that, when associating to micelles, the hydrophobic heads as-
semble towards each other, forming a compact core. The long hydrophilic tails pro-
trude into the water phase and enable interactions between different micelles, form-
ing a network [86]. Viscoelastic solutions of conventional surfactants with long hydro-
phobic chains lose their viscosity and elastic properties in contact with oil since the
micelles become spherical [52, 87]. By designing the hydrophobic core of Triphenoxy-

methane micelles as compact as possible, it was thought that the accumulation of oil
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inside a micelle could be prevented. Known viscoelastic surfactants are often cationic,
exhibit high levels of adsorption and are environmentally hazardous. The
Triphenoxymethane derivatives, which were synthesized for possible application in
enhanced oil recovery, are anionic and their non-toxicity in seawater was verified [88,
89].

In the following sections the three Triphenoxymethane derivatives, which were
investigated in the scope of this thesis are described in more detail. Henceforward,

Triphenoxymethane will be abbreviated with TriX.

5.1 TriX-MB

TriX-MB was the primary subject of the study. The main characteristic of this mole-
cule is the formation of viscoelastic solutions in highly saline brines at moderate tem-
peratures. TriX-MB forms very stiff, rod-like micelles with very high persistence lengths
of several hundreds of nanometers in synthetic reservoir brine (NDlla, TDS = 186 g/I,
composition described in chapter 6.1.1) and in a sodium chloride solution with the
same ionic strength as NDlla. Henceforth, these are referred to as secondary aggre-
gates. The micellization occurs at very low concentrations (= 50 ppm) [90]. The for-
mation of rod-like micelles is energetically very favorable for the TriX-MB molecules,
and takes place even before the surface of the solution is fully covered (cf. chapter
3.1). Therefore, the CMC cannot be determined by surface tension measurements. The
aggregation to rod-like micelles is thermodynamically stable to the extent that these
aggregates can be considered to be more robust to break-up than other worm-like
micelles [90].

At low shear, the secondary aggregates interact with one another and form a visco-
elastic network (tertiary aggregation). The network mesh size can be greater than
1 um. In this network, the rod-like micelles are linked by salt bridges. The viscoelastic
properties become more pronounced with increasing salinity and are not negatively
affected by the presence of divalent cations. The cross-linking is even more stable with
divalent than with monovalent cations. This results in a stronger and more rigid net-
work and therefore, higher viscosity in NDlla brine compared to NaCl solution. It was
found that calcium cations have a particularly beneficial effect on the interactions be-
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tween TriX-MB molecules, which is unique for EOR chemicals. In deionized water, TriX-
MB induces no viscosity increase and no development of viscoelasticity. A detailed
rheological characterization of the complex structures formed by TriX-MB molecules
was compiled by experienced and skilled scientists of BASF and was not part of the
thesis. The rheological measurements were extensively carried out in NDIla at 55 °C,
which corresponds to the reservoir temperature of a possible field test and is the test
temperature of most experiments conducted in the scope of this thesis. Figure 5-2
shows a frequency sweep of TriX-MB in NDIla at a constant deformation amplitude of

y =100 % and a test temperature of J =55 °C [86, 88].
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Figure 5-2: Results of a frequency sweep of TriX-MB in NDIlla at 55 °C with
constant deformation of 100 % [86]

At low frequencies, the viscous behavior is slightly more dominant than the elastic
behavior. This turns at higher frequencies. The crossover (G' = G'') is at around
4 rad/s. Within the whole range of frequencies the storage and the loss modulus are
very close to each other, which means that the dissipation factor (tand) is close to 1.
The solution is highly viscoelastic. In sodium chloride solution TriX-MB also develops

good viscoelastic behavior with a dissipation factor close to 1. However, the magnitude
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of the storage and loss modulus, as well as the viscosity, are lower. TriX-MB obtains
shear thinning behavior in saline solution.

The cloud point of TriX-MB in NDIla is at around 90 °C and over 100 °C in diluted
NDIla with TDS = 10 %. The molecular weight of TriX-MB is around 2250 g/mol. The
HLB (hydrophilic-lipophilic-balance) value is ca. 16. The HLB concept is described in
Appendix Al.

Preliminary porous media tests have been reported [86]. The injection of 0.25 wt. %
TriX-MB in synthetic reservoir brine (NDIla) into a sandstone core with a permeability
of ca. 2 D was quite difficult at 55 °C. It resulted in a pressure increase by a factor of
around 200 compared to brine. In oil displacement tests TriX-MB solutions mobilized
significantly more oil than brine alone.

The great advantages of TriX-MB over other reported viscoelastic surfactants are
that it shows viscoelastic behavior in saline solutions at surfactant concentrations be-

low 0.5 wt. %.

5.2 TriX-TA

TriX-TA is closely related to TriX-MB, with a chemical variation in the “head” of the
molecule. TriX-TA forms spherical micelles as secondary aggregates under the same
conditions like TriX-MB. The aggregation to micelles is energetically also very
favorable, and the CMC is not predictable by surface tension measurements. The mi-
celles are 9 — 15 nm in size [91] and do not cross-link to a network (tertiary aggrega-
tion). TriX-TA was shown not to develop any viscoelasticity in solution in experiments
at BASF [91]. Therefore, it was intended as a control for the mechanistic probing of the
mode-of-action of TriX contributing to oil mobilization.

The molecular weight is around 2340 g/mol, and the HLB value is 16.

5.3 TriX-M

TriX-M is much smaller in size (molecular weight = 750 g/mol) than TriX-MB and

TriX-TA and has the structure of a typical anionic surfactant, apart from the fact that

III

the “head” group is hydrophobic and the “tail” hydrophilic. TriX-M does not associate
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to any aggregations or networks. It has the simplest chemical structure of the Triphe-
noxymethane derivatives. Therefore, it should give an even deeper insight into the
mechanisms of the molecular structure (“inverted surfactant”) contributing to oil pro-

duction. The HLB value is very similar to the other derivatives (HLB = 16).
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6. Experimental Procedure and Data Analysis

The objectives of this thesis were to assess the applicability of the TriX derivatives,
which were presented in the last chapter, in chemical enhanced oil recovery opera-
tions and to investigate which mode-of-action contributes to oil mobilization. The fo-
cus of the laboratory investigations was on TriX behavior in porous media.

An experimental procedure was conceived in order to examine the bulk properties
and the interaction of the TriX solutions with single components of an oil reservoir
(rock, brine, oil) at first. Initially, the surface tensions of differently concentrated TriX
solutions and the CMC of TriX-M in reservoir brine were determined. Furthermore,
static adsorption on sand, the interaction with crude oil, and the properties of TriX
solutions containing different salt ions were investigated. These tests were necessary
for the interpretation of the behavior of TriX in porous media. Single phase core flood-
ing experiments were carried out to probe the injectivity of various TriX solutions into
reservoir rock.

Only when the behavior of the TriX molecules in contact with sand, oil and different
saline solutions was understood, and the injectivity into reservoir rock was proven, oil
displacement tests were conducted. Static imbibition tests should give a first impres-
sion about the effectivity of TriX derivatives with respect to oil mobilization. Extensive
oil displacement experiments in a core flooding unit were the main part of the analysis.

In this chapter, the materials used are introduced at first. After that, the experi-

mental procedures and approaches to analyze the results are explained.

6.1 Materials Used

The aqueous solutions used in the experiments first passed quality assurance by de-
termining density and viscosity at 20 °C and 55 °C.

Density was measured with a density meter (DMA 4500, Anton Paar). The viscosi-
ties, with the exception of TriX-MB solutions, were determined with a rolling ball vis-
cometer (Lovis 2000 ME, Anton Paar).

Viscosity measurements of TriX-MB solutions were done with the Modular Compact

Rheometer (MCR 302, Anton Paar) with concentric cylinder geometry at 55 °C. The
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viscosity was measured in oscillation at an angular frequency of w = 10 rad/s and de-
formation of y = 100 %. The density and viscosity values of the solutions used are given

in Appendix A2.

6.1.1 Synthetic Reservoir Brine and Saline Solutions

As a basis for all aqueous solutions, either the synthetic reservoir brine NDlla with
18.6 wt. % TDS, or saline solutions of different chlorides, all with the same ionic
strength as NDlla, were prepared. The composition of NDlla is given in Table 6-1.

Table 6-1: Composition of NDlla

molecular for-  salt concentration

el mula in g/l
Sodium chloride NaCl 132
Calcium chloride dihydrate CaCl, - 2 H,0 56.429
Magnesium chloride hexahydrate MgCl, - 6 H,0 22.42
Sodium sulfate Na,SO, 0.27
Sodium (meta) borate tetrahydrate  NaBO, - 4 H,0 0.38

The ionic strength of NDIla is 3.75. In Table 6-2 the names and compositions of the

other saline solutions used, having the same ionic strength as NDIla, are given.

Table 6-2: Designation and compositions of saline solutions

molecular salt concentration

designation salt formula in g/|
NaCl 219.13
Sodium chloride NaCl

0.5 NacCl 109.57

Na,S0, 177.53
Sodium Sulfate Na,SO4

0.5 Nast4 88.77

NaSCN ; ; . 303.98
Sodium thiocya NaSCN

0.5 NaSCN nate 151.55

For simplification and better legibility of the chapters dealing with experimental
investigations, the saline solutions will be mentioned by their designation. Salt concen-

tration will not be described again.
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The pH value of all brines was adjusted to 5.5 — 6.0 with hydrochloric acid.

6.1.2 Surfactant Solutions

TriX-MB Solutions
The stock solution was provided by BASF and contained 17.4 wt. % TriX-MB in de-
ionized water. This was diluted to concentrations of 0.1 wt. % or 0.25 wt. % in the dif-
ferent brines.
The preparation of 0.1 wt. % TriX-MB solution in NDIla, NaCl or 0.5 NaCl brines was

conducted in the following steps:

Solution of 5.747 g of TriX-MB stock solution in 1000 g brine
Stirring for at least 24 hours at room temperature

Heating to 70 °C for at least 2 hours

P wo N

Storage of the solution at 55 °C until use (maximum 14 days)

Preconditioning of TriX-MB solutions was necessary to ensure uniform rheological
properties. The formation of the secondary aggregates takes a long time at ambient
conditions but is accelerated by heating to 70 °C. After heating the sample overnight,
the very long and thermodynamically stable rod-like micelles were formed. These
secondary aggregates are the basis for the association to form the viscoelastic network
(tertiary aggregation), which exhibits the desired rheological properties. Hence proper
and defined formation is essential [92].

To prepare 0.25 wt. % TriX-MB solution, the mass of TriX-MB stock solution, which
was dissolved in the different brines, was adjusted accordingly (14.37 g/1000 g), oth-
erwise steps 2 — 4 are identical.

TriX-MB solutions in sodium sulfate and sodium thiocyanate were prepared just as
the solutions in NDlla and NaCl brines, except the temperature in step 3 was different.
Solutions in Na,SO4 and 0.5 Na,SO,4 had to be heated to 55 °C; solutions in NaSCN and

0.5 NaSCN were heated up to 105 °C.
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TriX-TA Solutions
The stock solution was provided by BASF and contained 18.3 wt. % TriX-TA in deion-
ized water. 0.1 wt. % and 0.25 wt. % TriX-TA in NDlla solutions were prepared by dis-
solving 5.464 g and 13.66 g stock solution in NDlla brine, respectively. Further precon-
ditioning of the solutions was carried out as described for TriX-MB solutions to accel-

erate the formation of secondary aggregates.

TriX-M Solutions
The stock solution was provided by BASF and contained 88 % pure TriX-M (+ ca. 9%
NaCl and 3 % other components). To prepare TriX-M solutions, the surfactant was

dissolved in NDlla brine to the target concentrations.

Triton-X-100 Solutions

Triton-X-100 is a nonionic surfactant commonly used in oilfield applications [93] and
structurally very similar to TriX-M. Because of that, comparative studies were done on
these two molecules. Since there are several publications about this surfactant, it was
also the subject of choice for comparative investigations with TriX-MB and TriX-TA. The
molecular weight of Triton-X-100 is 625 g/mol, and the HLB value amounts to 13.5
[94].

The surfactant was dissolved in NDIla to the target concentrations of 0.1 wt. % and

0.25 wt. %.

Crude Oil
Bockstedt oil, provided by Wintershall Holding GmbH, was used as the oil phase.
Water had already been separated by centrifugation. The densities and viscosities at

room temperature and 55 °C are given in Table 6-3.
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Table 6-3: Density and Viscosity of Bockstedt oil

p ing/cm? 1 in mPa-s
9=25°C 0.90 200
Y =55°C 0.88 32.1

Only in one core flooding experiment (CF #8), a charge of Bockstedt oil with a vis-

cosity of 280 mPa-s at 25 °C and 56.5 mPa's at 55 °C was used.

6.1.3 Sand and Core Material

In static adsorption tests, burned out natural sand with grain sizes between 400 and
500 um was used. The specific surface area was determined by taking an adsorption
isotherm with nitrogen and BET analysis. It was found to be 0.962 m?/g.

Two types of sandstone (Bentheimer and Michigan) were used for the imbibition
and core flooding experiments. Thin sections of sandstone probes were produced and
analyzed [95]. The pore size distribution and the specific surface area of the core
material were determined by mercury porosimetry. The pore size distributions of both
sandstones are given in the Appendix A3.

The Bentheimer sandstone was a well-sorted rock material consisting of 94 %
quartz, around 4 % feldspar and around 2 % other phases. It could be considered to be
almost free of clay (< 2 %). The median pore diameter of the Bentheimer sandstone
was at 42.1 um, and the specific surface area amounted to 0.234 m?/g. More than
90 % of the pore volume is characterized by pore diameters between 10 and 100 um.
Less than 1 % of the pore volume is occupied by pore with less than 30 nm in diameter.

The Michigan sandstone showed a moderately sorted texture and contained 93 %
quartz, ca. 4 % feldspar, less than 1 % muscovite and 2 % other phases. Thus, the clay
content was also very low (< 3 %). The Michigan sandstone had a median pore diame-
ter of 24.3 um and a specific surface area of 0.69 m?/g. The pore size distribution of
the Michigan sandstone is wider than for Bentheimer. More than 80 % of the pore vol-
ume belongs to pores with a diameter between 1 and 100 um. Again less than 1 % is

characterized by a pore diameter below 30 nm.
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6.2 Critical Micelle Concentration of TriX-M and Triton-X-100 in Syn-

thetic Reservoir Brine

The critical micelle concentration was determined since this is a crucial parameter
to adjust the target concentrations of testing solutions for other experiments (e.g.,
static adsorption and imbibition tests). The surface tensions (SFT) of differently con-
centrated surfactant solutions were used to determine the CMC. Since the critical mi-
celle concentration of a surfactant depends on experimental conditions (temperature,
type of solvent, salinity, the surface area of the solution), it is not a characteristic value
of the system of surfactant and solvent or even a material characteristic of the surfac-
tant.

The TriX derivatives and Triton-X-100 were subjects of investigation. TriX-MB and
TriX-TA do not have a classical CMC (cf. chapters 5.1 and 5.2). However, they were
included in this study for reasons of comparability and the sake of completeness.
Comparative studies of TriX-M and Triton-X-100 were of particular interest since these
molecules are classical surfactants and structurally very similar.

Dilution series of TriX-M, Triton-X-100, TriX-TA, and TriX-MB in NDIlla brine were
prepared for surface tension measurements. Every solution was stirred for at least 24
hours at room temperature. TriX-M and Triton-X-100 solutions were then stored at
20 °C until usage. For preconditioning, TriX-TA and TriX-MB solutions were stored at
70 °C in a compartment dryer overnight and at 55 °C for at least one more day. Before
usage TriX-TA and TriX-MB solutions were tempered to 20 °C.

Surface tension measurements were carried out with a ring tensiometer (K11,
Kruess) using the Du Noly ring method. By using the same vessel and adjusting the
same filling height for every measurement, the outer surface area of the solutions was

held almost constant.
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6.3 Static Adsorption of TriX Derivatives and Triton-X-100 on Sand

To investigate the static adsorption of TriX-MB, TriX-TA, TriX-M, and Triton-X-100,
solutions of all surfactants in NDIla brine were prepared and mixed with sand. Since
most of the core flooding experiments were carried out with NaCl as brine, solutions of
TriX-MB in NaCl were also prepared and included in the studies.

Before usage in adsorption tests the sand was washed over a 315 um sieve, to avoid
the supernatant surfactant solution becoming turbid because of fine suspended parti-
cles. The washed sand was then dried at 180 °C for at least 16 hours. After that, the
sand cooled down to room temperature in a desiccator.

The surfactant solutions were used at a concentration of 0.1 wt. %, which exceeds
the CMC of the classical surfactants TriX-M and Triton-X-100 by a factor of more than
20 at room temperature (see chapter 7.1). In Table 6-4 the concentration of the surfac-

tant solutions is given in mmol/Kgsolution.

Table 6-4: Concentration of used surfactants

Surfactant TriX-MB TriX-TA TriX-M Triton-X-100

cin

0.44 0.43 1.33 1.55
mmo'/kgsolution

The surfactant solutions were mixed with sand in equal weight quantities in closed
glass flasks. The samples were stored in a compartment dryer at 55 °C for 14 days,
which corresponds to the duration of the static oil displacement tests. During this time
the samples were shaken at least every three days.

Adsorption was evaluated by determining the loss of surfactant molecules out of
bulk solution after storage with sand for 14 days at 55 °C. Therefore, the concentra-
tions of the solutions were determined before and after storage.

As a measure of the concentration of the surfactant solutions the extinction of the
clear fluids was measured with a UV spectrophotometer (DR 6000, Hach). In a wave-
length scan a suitable peak, which correlates with the concentration of the corre-
sponding surfactant solution, was characterized. For the TriX derivatives, the strongest
peak should be around 190 —200 nm. Since this is at the end of the measuring
spectrum of the device and could, therefore, be imprecise, it was decided to analyze

the n-rt*-transition peak at ca. 270 — 280 nm (detection of aromatics) [96].
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The wavelengths (1) used for the extinction measurements of the four surfactants

are given in Table 6-5.

Table 6-5: Wavelength for extinction measurements

Surfactant TriX-MB TriX-TA TriX-M Triton-X-100

A innm 272 272 274 278

A calibration curve of the extinction as a function of concentration was taken for
every TriX derivative and Triton-X-100, and later used to determine the unknown
concentration of a surfactant solution.

The exact concentrations of the surfactant solutions at the beginning of the experi-
ments were identified and used as the baseline for the static adsorption tests. After 14
days in contact with sand, samples for extinction measurements were taken from the

supernatant solutions.

6.4 Interfacial Tension and Interaction of Solutions of TriX Derivatives

and Triton-X-100 with Crude Oil

Knowing how TriX derivatives and oil interact with each other is essential for plan-
ning and assessment of enhanced oil recovery processes.

There are different modes of interaction between a surfactant and oil:

a) adsorption onto the interphase between aqueous solution and oil

b) dispersion and dissolution of surfactant molecules from the aqueous into the
oil phase

c) dispersion and dissolution of oil components in the aqueous phase by means of
a surfactant

d) reactions of surfactant molecules with oil components, changing their structure

and surfactant efficiency

All these processes may modify the properties of the water and oil bulk phases as

well as the contact area (interface) between them.
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6.4.1 Interfacial Tension Measurements

The reduction of interfacial tension and therefore capillary forces, which retain oil in
the pores of the reservoir, is an important mechanism to mobilize more oil.

Interfacial tension measurements were conducted on all surfactant solutions that
were used to determine CMC of the TriX derivatives, as well as Triton-X-100 in NDlla
brine. Bockstedt oil was used as the oil phase.

The measurements were carried out with the ring tensiometer (K11, Kruess) at
20 °C with lamella tear-off method (ASTM D971-99a). Again the same vessel was used

for every measurement, and the filling height was held constant.

6.4.2 Changes in surfactant concentrations in aqueous solutions after oil con-

tact

These tests were intended to investigate if dispersion and solution of surfactant
molecules from the aqueous into the oil phase (or vice versa) take place. Emulsification
could also be rated by visual examination.

0.1 wt. % surfactant solutions were mixed with Bockstedt oil in glass vessels in equal
weight quantities. For every surfactant two samples were prepared in NDIla, and for
TriX-MB two additional samples were prepared in NaCl. The samples were stored for
14 days at 55 °C and shaken every three days. Following storage, the samples were
cooled down to room temperature, and probes from the clear aqueous phases were
taken to determine the surfactant concentrations by UV extinction measurements as

described in chapter 6.3.

6.5 Spontaneous Imbibition Tests

The ability of TriX-MB, TriX-TA, and TriX-M in NDlla to improve spontaneous imbibi-
tion into oil saturated sandstone was studied and compared to Triton-X-100. Imbibi-
tion tests with TriX-MB were also conducted in NaCl since this combination of surfac-

tant and brine was used in core flooding experiments.
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Displacement of a fluid from a porous medium by another fluid phase is always an
interplay of gravity, capillary, and viscous forces. To determine which of these mecha-
nisms is dominant the inverse Bond number can be used. The inverse Bond number

Nj; 1 is defined as ratio of capillary to gravity forces [97].

G
o N Eq. 6-1
Ng =¢c—————
Ap-g-l

Nzt - inverse Bond number
c - constant (c = 0.4)
o - interfacial tension in N/m
n - porosity

- absolute permeability in m?

Ap - density difference of aqueous phase and oil in kg/m3
g - gravitational acceleration in m/s?
l - length of the core in m

An inverse Bond number less than 1 is an indicator for gravitational dominated im-
bibition process, while higher than 1 means that the imbibition is mainly caused by
capillary forces. Imbibition processes also depend on initial water saturation. The high-
er the initial water saturation in sandstone cores, the more uniform is the spreading of
the waterfront from all open faces of the core (less fingering) [98].

Imbibition Tests were carried out with Bentheimer sandstone cores, with the fol-
lowing characteristics:

o length:ca.6cm
o diameter: ca. 3.8 cm
o pore volume (PV): ca. 15 cm?

o brine permeability: ca. 1500 mD

As aqueous phases different brines (NDlla and NaCl) and solutions of TriX deriva-
tives and Triton-X-100 at concentrations of 0.1 wt. % and 0.25 wt. % were tested. The
surfactant solutions were conditioned as described in chapter 6.1.2. As oil phase

Bockstedt oil was used.
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Bentheimer sandstone cores were first saturated with brine; afterward, ca. 7 pore
volumes of Bockstedt oil were injected to set original oil in place. The cores were then
aged in Bockstedt oil for two weeks. After that, the cores were put into an Amott cell
(Figure 6-1) and surrounded by the aqueous solution to be tested. Aging of the cores

and imbibition tests were conducted at 55 °C.

upper part of
the Amottcell
with scale

aqueous
solution

connection of
Amott cell parts
and sealing

>

/
/

® lower part of
—— the Amottcell
with scale
oil saturated
core sample

Figure 6-1: Amott cell

The aqueous solutions imbibed into the pores of the sandstone, while oil was mobi-
lized and produced from the core, accumulating in the throat on top of the Amott cell.
The produced oil volume could be measured by reading the scale, providing a straight-

forward comparison of the effectiveness of the different additives.

6.6 Investigations on Salt Effects on TriX-MB Solutions

In saline solutions, TriX-MB forms very stiff rod-like structures. The network struc-
ture of TriX-MB in aqueous solutions was found to be depending on the valence of
cations that are present in the brine. With monovalent ions (Na*) the cross-linking be-
tween the rods in the network is much weaker than with divalent ions (especially ca?).

The experiments intended to investigate if different anions also influence the bulk

properties and performance of TriX-MB solutions in porous media and if these effects

56



EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

correlate with the Hofmeister series, which has been introduced in chapter 3.3.1. The
Hofmeister series arranges anions by their capability to promote either the hydropho-
bic or the hydrophilic properties of a macromolecule in agqueous solution.

For the investigations, TriX-MB was diluted in sodium sulfate (intensifying hydro-
phobic effects), sodium chloride (neutral) and sodium thiocyanate (intensifying hydro-
philic effects) solutions. The salinity of the brines corresponded to 100 % and to 50 %
of the ionic strength of NDlla. Pure brine, as well as solutions with TriX-MB concentra-
tions of 0.1 wt. % and 0.25 wt. % were investigated concerning bulk viscosity and inter-
facial tension to Bockstedt oil.

Viscosity measurements were conducted with the Modular Compact Rheometer
(MCR 302, Anton Paar) in oscillatory mode at constant deformation amplitudes of
100 % and angular frequencies of 10 rad/s.

Measurements of interfacial tension were carried out with the ring tensiometer
(K11, Kruess), using the lamella tear-off method (ASTM D-971-99a) at 55 °C.

Moreover, spontaneous imbibition tests were conducted to investigate the influ-
ence of the different ions (sulfate and thiocyanate) on the oil displacement perfor-
mance of TriX-MB. Core preparation and experimental procedure of the imbibition

tests have been described in chapter 6.5.

6.7 Core Flooding Experiments

In the core flooding experiments, visually homogeneous cores were used. The focus
of the investigation was on the capability of TriX to alter the physico-chemical proper-

ties of fluids and rock, as well as their interaction, to maximize oil recovery.

6.7.1 Experimental Setup

Figure 6-2 shows the scheme, and Figure 6-3 a photo of the core flooding unit. A
dosing pump (double piston pump) delivers water as a driving fluid for the piston ac-
cumulator. Using the dosing pump and a piston accumulator, the test fluid (brine with
or without additives, oil) can be injected into the cores, which are installed in two Core

Holders (Hassler cells). The cores can be flooded in series or independently. Pressure
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sensors are installed at the inlet and outlet of both cores. The piston accumulator, the
core holders with pressure sensors and all the pipes are in a heating chamber
(experimental temperature: 55 °C). The main material of all parts of the core flooding

unit is stainless steel.

™

Core holder2 @ Core holder 1 — co,

I Main core I I Filtration core I

Triaxial

U

C U
Sampling } Sampling

Confining
>

Dosing pump

Piston accumulator
ca. 500 ml

Heating Chamber

o,

Figure 6-2: Scheme of the core flooding unit

Figure 6-3: Photo of the core flooding unit
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For core flooding experiments the following aqueous solutions were applied.

NDlla brine

NaCl brine

0.1 wt. % TriX-MB in NDlla brine
0.1 wt. % TriX-MB in NaCl brine
0.1 wt. % TriX-TA in NDlla brine
0.1 wt. % TriX-M in NDlla brine

o O O O O O

Bockstedt oil was used as the oil phase.

The core flooding experiments were carried out with two different types of sand-
stone. Injection of TriX-MB in NDIla solution and the first injection tests with TriX-MB
in NaCl were conducted using Bentheimer sandstone. For the other tests, lower
permeable Michigan sandstone was applied.

Every core flooding test (except CF #8) was conducted using a filtration core (FC)
(ca. 6 cm in length) and a main core (MC). For the first tests the main core also had a
length of ca. 6 cm, but for most experiments, a core of ca. 30 cm in length was used.
The filtration core should simulate the near-wellbore area, where filtration of very rigid

and large TriX structures is expected. The main core represented the reservoir.

6.7.2 Core Preparation

For the experiments the cores were prepared as follows:

Cutting to desired dimensions

Drying in an oven for ca. 16 hours at 120 °C
Installation into core holders (Hassler cells)
Setting confining pressure

1% evacuation of the core sample
Saturating the core with CO,

2" evacuation of the core

O N O Uk wWwh Rk

Saturating the core with brine

-> steps 5 to 8 were conducted on both cores separately

9. Tempering the core flooding unit to 55 °C

10. Determining brine permeability of each core
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Brine permeability was generally determined at ten different flow rates, unless noted

otherwise. The ramp of flow rates was run from high to low to high rates.

6.7.3 Injection Tests

An injection test was composed of two parts: 1** — Injection of TriX solution; and 2"
— Brine injection to flush TriX solution out of the core.

After core preparation as described in the previous section, the appropriate TriX so-
lution was injected into the cores at a flow rate of 0.24 ml/min, which corresponded to
a Darcy velocity of v, =1 ft/d. During injection the cores were connected, hence the
solution first passed the filtration core and after that the main core. The increase of
the pressure drop over the cores was recorded and evaluated. When the pressure
drop reached a constant level, or after injection of a sufficient volume of solution (in
case there was no steady state achieved), the cores were separated again to deter-
mine the resistance factor (RF). Therefore, the same ramp of flow rates as during the
determination of brine permeability was run. The pressure drops over the cores at
each flow rate during determining brine permeability were compared to the pressure

drops occurring while TriX injection.

Ao
RF = Prrix Eq. 6-2
dpbrine before TriX
RF - resistance factor
dprrix - pressure loss during TriX injection in Pa
ADprine before Trix pressure loss during brine injection before

TriX was in contact with the core in Pa

The resistance factor yields information about the injectivity of the TriX solution. A
resistance factor of 10 means that a pressure gradient ten times higher than for brine
injection is needed to reach the same injection rate with TriX solution. It contains in-
creasing pressure drop due to the higher viscosity of TriX solution and permeability
reduction due to adsorption or plugging. In the literature several authors report RF

values up to ten [14, 99], occasionally resistance factors up to 30 can be found [100]. A
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low resistance factor between 1 and 10 would be a favorable result in an injection test
with TriX. However, it had to be expected, that the RF value, especially for TriX-MB in
the filtration core, would be much higher since the formation of a rigid network would
lead to a high degree of filtration.

In the second step of an injection test, only brine was injected to flush out any re-
maining mobile TriX. When the pressure drop across the core reached a constant val-
ue, the ramp of different flow rates was rerun. The pressure drops at the single flow
rates were also compared to the pressure drops, which were observed during the
determination of brine permeability. Hence, the residual resistance factor (RRF) could

be calculated.

RRF = dpbrine after TriX Eq. 6-3
dpbrine before TriX
RRF - residual resistance factor
APbrine after Trix - pressure loss during brine injection after
TriX injection in Pa
ADprine beforeTrix pressure loss during brine injection before

TriX was in contact with the core in Pa

The residual resistance factor gives information about any permeability alteration
caused by injection of TriX solution; hence it is often determined for the main core
only. Filtration effects in the near wellbore area were not considered and further
evaluated by RRF studies. The value should be lower than the RF value (between 1 and
approx. 5), since the effect of higher viscosity is not present anymore. Furthermore,
some loosely bound TriX molecules, which had been stuck on the pore walls and con-
tributed to permeability reduction, might be flushed out [14, 100].

During some injection tests, the concentration of the injected TriX solution was
determined by UV extinction measurements, as well as the concentration of TriX in the

effluent of the cores. Thereby, retention of TriX in the cores could be investigated.
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6.7.4 Oil Displacement Tests

Investigation of the capability of TriX to mobilize oil was a main part of the project.
For the experiments, a filtration and a main core were used, though only the main core
was saturated with oil. It might be possible that the TriX solution is altered on its way
through the core material. Therefore, it was decided to use a filtration core to assess
the oil recovery potential of the altered TriX solution and to approach reservoir condi-
tions. The filtration core should simulate the near wellbore area of the injector, which
is considered to be almost oil depleted.

For the tests, Michigan sandstone cores (kp;,ine = 0.5 D) were used and prepared as
described in chapter 6.7.2. To set original oil saturation in the main core, several pore
volumes of Bockstedt oil were injected into the core at a flow rate corresponding to a
Darcy velocity of v, =1 ft/d. Then the core was shut in at 55 °C for one week to give
some time for possible wettability alterations.

Oil displacement tests were conducted in secondary and tertiary mode, i.e., without
and with an initial water flood.

In secondary mode core flooding experiments, the TriX solution was injected direct-
ly at original oil saturation. This procedure corresponds to field projects, where the
typical secondary production phase is skipped. The focus of these experiments was on
the residual oil saturation, which could be reached by injection of the TriX solution
SorTrix, compared to after brine injection S, prine. FOr secondary oil displacement
tests, relative permeability and fractional flow curves were also analyzed. The basis for
these investigations were the Buckley-Leverett model and the Corey relative permea-
bility functions, which are described in detail in Appendix A4.

In tertiary mode core flooding experiments, the oil saturated core was first flooded
with brine until no more oil was produced. This was followed by TriX solution. This ap-
proach simulates the tertiary production phase (EOR phase) of a field operation. Of
particular interest was the capability of the TriX solution to decrease the remaining or
residual oil saturation (Syr prine OF Sor brine)» Which was achieved by the previous brine
injection.

By comparison and analysis of this and other experimental data, such as water

breakthrough, pressure drops over the cores and fractional flow during oil displace-
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ment, the efficiencies of different flooding modes (secondary and tertiary) and TriX

solutions to mobilize oil were evaluated.
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7. Results and Discussion

7.1 Critical Micelle Concentration of TriX-M and Triton-X-100 in Syn-

thetic Reservoir Brine

The measurement values of the surface tension of the differently concentrated sur-
factant solutions (in NDIlla) at 20 °C are presented in Table 7-1, as well as in the Figures
7-1 and 7-2. For better assessment of the CMC, the intersection of the regression lines

of the almost linear dependent regions below and above CMC was used.

Table 7-1: Surface tension measurements of TriX derivatives and Triton-X-100 dilution series

c | ppm | 50 | 7.0 | 100 | 15.0 | 20.0 | 24.9 |49.9 | 99.9 |999.7
E in | ymol/l | 7.6 | 106 | 15.1 | 22.6 | 30.1 | 37.6 | 75.2 | 150.6 | 1506
~ | SFT

. mN/m | 457 | 43.4 | 41.7 | 39.4 | 37.8 | 36.7 |33.6| 333 | 32.8

, c | ppm | 50 | 70 | 99 | 150 | 20.0 | 25.0 |50.0 | 100.0 | 1000

X ,

8| M umol/l| 88 | 123 | 17.3 | 263 | 35.0 | 43.8 | 87.6 | 175.2 | 1752

= [ |

= S:‘T mN/m | 37.6 | 36.3 | 33.5 | 31.6 | 30.8 | 30.6 |30.7| 29.8 | 30.7

c | ppm | 20.0 | 50.0 | 99.9 | 149.5 | 199.8 | 499.9 999.1
< .
'; N |umol/l | 9.7 | 24.1 | 482 | 72.2 | 96.5 | 241.4 482.5
= SI';T mN/m | 60.4 | 58.2 | 56.1 | 54.6 | 52.4 | 45.8 46.7
o | ¢ | Ppm | 100.1|200.1 | 300.2 | 400.2 | 500.2 1001
>§.< in | umol/l | 50.2 | 100.5 | 150.8 | 201.0 | 251.2 502.5
= SI':‘T mN/m | 50.6 | 43.9 | 40.1 | 39.9 | 37.8 37.8
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SFT as a function of surfactant concentration in ppm
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Figure 7-1: Surface tensions of TriX derivatives and Triton-X-100, concentration in ppm

SFT as a function of surfactant concentration in pmol/l
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Figure 7-2: Surface tensions of TriX derivatives and Triton-X-100, concentration in mmol/|

Triton-X-100 and TriX-M had the lowest surface tension, especially at low concen-
trations, which has been expected because of their typically surfactant-like structure.

It was already mentioned in chapter 5.1 and 5.2 that it is more favorable for TriX-
MB and TriX-TA to form micelles than to orientate on the surface of the solution.
Therefore, it is not sensible to interpret surface tension measurements with respect to
critical micelle concentration for these molecules. However, the saturation of the sur-

face by TriX-MB and TriX-TA molecules could be deduced from the measurements. At a
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concentration of around 290 ppm (146 umol/I) the surface became saturated by TriX-
MB at 20 °C. For TriX-TA this happened in a range 200 — 500 ppm (96 — 241 umol/I).
Taking a closer look at TriX-M and Triton-X-100 (Figure 7-3), the CMC of TriX-M was
at around 20 ppm (30 umol/l) and the CMC of Triton-X-100 at around 15 ppm
(26 umol/l). The values are quite similar, which is due to the structural similarity of
both molecules and comparable molecular weight. These factors indicate comparable
molecular size. The constant outer surface area of the solutions could be covered by a

distinct number of similarly sized molecules.

SFT of TriX-M and Triton-X-100 as a function of surfactant
concentration in ppm
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Figure 7-3: Surface tensions of TriX-M and Triton-X-100 as a function of concentration in ppm

For Triton-X-100, the values obtained were in line with the literature. The product
data sheet and Ruiz, et al. report a CMC of Triton-X-100 in deionized water of around
144 ppm [94, 101]. Alam et al. have shown that the CMC of Triton-X-100 is decreasing
with increasing salt concentration [102]. According to their publication, a concentra-
tion of sodium chloride of cyuc; =5.8 g/l led to a CMC of Triton-X-100 of around
62 ppm. Since the salt concentration in NDlla brine was much higher, the CMC was
likely to be significantly lower than the reported 62 ppm.

The following experiments were conducted at surfactant concentrations of
1000 ppm or higher. This was far above CMC or the concentration, at which the sur-
face became saturated, for all molecules used. This was important to ensure, that

there is a sufficient amount of molecules in solution to interact with sand and oil.
66



RESULTS AND DISCUSSION

7.2  Static Adsorption of TriX Derivatives and Triton-X-100 on Sand

In Table 7-2 and Figure 7-4 the concentrations of the surfactant solutions at the

beginning of the experiment (t,) and of the supernatant solution after 14 days in con-

tact with sand are presented.

Table 7-2: Changes in surfactant concentration after sand contact

solvent (brine) NDlla NaCl
surfactant TriX-MB ~ TriX-TA  TriX-M  Triton-X-100 | TriX-MB
Csurf (to) inwt. % 0.1025 0.1006 0.1000 0.0993 0.1015
Std. deviation 0.0008 0.0005 0.0000 1.7E-17 0.0000
csurf(14 d)inwt. % 0.1002 0.0989 0.0532 0.0210 0.1006
Std. deviation 0.0022 0.0027 0.0010 0.0043 0.0010
M c surfactant (t0) in wt.% c surfactant (14d) in wt.%
0.12
0.1 I -
% 0.08 —
Z 0.06 —
<" 0.04 -
0.02 L -
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Figure 7-4: Changes in surfactant concentration after sand contact

Based on the assumption, that all the molecules, which were not dispersed in the
surfactant solution, were adsorbed on the sand grains, the adsorption of the TriX
derivatives and Triton-X-100 could be calculated in mgsurt/gsana and UMOlsyri/gsang. The

results are presented in Table 7-3, as well as in Figure 7-5 and Figure 7-6.
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Table 7-3: Static adsorption of surfactants on sand

solvent (brine) NDlla NacCl

surfactant TriX-MB  TriX-TA  TriX-M  Triton-X-100 | TriX-MB

adsorption in

0.026 0017  0.469 0.783 0.009
mgsurf/ gsand
Std. deviation ~ 0.024  0.024  0.010 0.042 0.010
adsorptionin — ,\, (007 0625 1.214 0.004
Ilm°|surf/gsand
Std. deviation  0.011  0.010 0.014 0.066 0.005

Adsorption in mg_./g..4

0 — T x
TriX-MB TriX-TA TriX-M Triton X 100 TriX-MB
(NDlla) (NDlla) (NDlla) (NDlla) (Nacl)

Figure 7-5: Static adsorption of surfactants on sand in Mget/8eang

TriX-MB (in both brines) and TriX-TA showed low adsorption values compared to
TriX-M and Triton-X-100, which might be explained by the higher molecular weight of
TriX-MB and TriX-TA compared to TriX-M and Triton-X-100 (adsorption decreases with
increasing molecular weight [103]). Regarding the amount of substance in moles, the
difference in adsorption becomes even more drastic. (Figure 7-6; note: logarithmic
scale).

The loss of TriX-M molecules in solution was significantly lower than of Triton-X-

100, which was a promising result for further work with TriX-M.
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Figure 7-6: Static adsorption of TriX derivatives and Triton-X-100 on sand in umol,/8sand

TriX-MB in NDlla brine exhibited higher adsorption values than TriX-MB in NaCl. The
tertiary network with divalent ions was more rigid and stronger than in NaCl solution.
If one part of the network built up with Ca** and Mg2+ was adsorbed on the rock, more
adjacent TriX-MB molecules were likely to be fixed by that network, compared to the
weaker cross-links in NaCl solution. Sheng published various adsorption data for HPAM
and biopolymers and stated, that 70% of the data for HPAM are below
0.03 Mgpolymer/8rock- Adsorption values for biopolymers would be slightly higher [14].
The adsorption values of the viscoelastic surfactants reported by other researchers (cf.
chapter 4.2) were between 0.35 and 2.9 mg/g on sandstone. Compared to these
values, TriX-MB and TriX-TA showed good results in static adsorption tests. The ad-
sorption of Triton-X-100 on sand seemed to be nearly twice as high as the adsorption
of TriX-M when expressed in pmol/g. This could be explained by Triton-X-100 being a
nonionic surfactant in contrast to anionic TriX-M. The adsorption of nonionics is higher
than of anionics [27, 104]. The amount of Triton-X-100 adsorbed on sand (0.8 mg/g)
exactly corresponded to static adsorption value published in another publication by
Ramirez et al. [105].

Adsorption is related to surface. In order to compare adsorption values gained from
static experiments with results from dynamic tests (core flooding experiments), it was

necessary to specify the values related to surface area, rather than mass. The following
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amounts of adsorbed material per unit of surface area of sand could be calculated

(Table 7-4, Figure 7-7 and Figure 7-8).

Table 7-4: Static adsorption related to surface area

solvent (brine) NDlla NacCl

surfactant TriX-MB  TriX-TA  TriX-M  Triton-X-100 | TriX-MB

adsorption in

) 0027 0018  0.487 0.814 0.010
mgsurf/ M sand
Std. deviation 0.025 0.025 0.011 0.044 0.011
adsorptionin )1y 5008 0.650 1.262 0.004
um°|surf/m sand
Std. deviation 0.011 0.011 0.014 0.068 0.005

Adsorption in mg, /m?_ 4
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Figure 7-7: Adsorption of TriX derivatives and Triton-X-100 in mgg,¢/mM2ng
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Figure 7-8: Adsorption of TriX derivatives and Triton-X-100 in pmolg,¢/m%ng

7.3 Interfacial Tension and Interaction of Solutions of TriX Derivatives

and Triton-X-100 with Crude Oil

7.3.1 Interfacial Tension to Bockstedt Oil

Table 7-5 and the following Figures 7-9 and 7-10 show the interfacial tension (o)
values for the dilution series of the different TriX derivatives and Triton-X-100 in syn-

thetic reservoir brine (NDlla).
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Table 7-5: Interfacial tension measurements of TriX derivatives and Triton-X-100 dilution series to Bock-

stedt oil
c | ppm | 50 | 7.0 | 100 | 150 | 20.0 | 249 | 49.9 | 99.9 |999.7
E in | ymol/l| 76 | 106 | 151 | 22.6 | 30.1 | 37.6 | 75.2 | 150.6 | 1506
=
= i‘; mN/m | 134 | 121 | 111 | 94 | 83 | 73 | 44 | 33 | 3.0
Q| ¢ | PPM | 50 | 70 | 99 | 150 | 200 | 250 | 50.0 | 100.0 | 1000
;' in | ymol/l | 88 | 123 | 173 | 26.3 | 35.0 | 43.8 | 87.6 | 175.2 | 1752
3=
£ mN/m | 196 | 19.0 | 17.2 | 154 | 141 | 13.4 | 11.0 | 101 | 1.7
[ =
c | ppm | 20.0 | 50.0 | 99.9 | 149.5 | 199.8 | 499.9 999.1
li‘, in | umol/l | 97 | 241 | 482 | 722 | 96.5 | 241.4 482.5
x
= i‘:‘ mN/m | 204 | 178 | 126 | 7.1 | 64 | 5.7 5.0
¢ | ppm | 100.1 | 200.1 | 300.2 | 400.2 | 500.2 1001
@ | .
= | in | umol/l | 50.2 | 100.5 | 150.8 | 201.0 | 251.2 502.5
x
= i‘; mN/m | 187 | 128 | 86 | 7.5 | 6.22 5.4
IFT as a function of concentration in ppm
@ TriX-M Triton X100 @ TriX-TA @ TriX-MB
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Figure 7-9: Interfacial tensions of TriX derivatives and Triton-X-100 to Bockstedst oil (c in ppm)
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Figure 7-10: Interfacial tensions of TriX derivatives and Triton-X-100 to Bockstedt oil (¢ in umol/I)

All tested surfactants reduced the interfacial tension to Bockstedt oil. Expressed in
molar units, the IFT to Bockstedt oil of all TriX derivatives was lower than that of Tri-
ton-X-100 at concentrations around 200 umol/I. The interfacial tension of TriX-M to
Bockstedt oil was lower than that of Triton-X-100 at all concentrations.

The values of interfacial tension at high concentrations (2 1000 ppm) did not differ
very much between the four molecules.

The reduction of interfacial tension was not sufficient to increase the capillary num-
ber significantly. The tested molecules would not be able to mobilize additional residu-
al oil by that mechanism alone; however, lowering the interfacial tension between

water and oil is a positive effect in any case.

7.3.2 Changes in surfactant concentrations in aqueous solutions after oil con-

tact

The surfactant concentrations before and after being in contact with oil for 14 days
are given in Table 7-6, as well as in the Figures 7-11 and 7-12. In the glass vessels con-
taining TriX-MB in NDlla and Bockstedt oil, a turbid solution was forming after shaking
by hand. The macro emulsion was stable until the end of the experiment, and also

when the samples were cooled down from 55 °C to room temperature. The emulsion

73



RESULTS AND DISCUSSION

could be separated into a clear aqueous phase and oil phase by filtration (2.5 um sy-

ringe filter). In the other samples, no emulsification could be seen.

Table 7-6: Apparent changes of concentration in bulk solutions of TriX derivatives and Triton-X-100 after

oil contact
solvent NDlla NacCl
surfactant TriX-MB  TriX-TA  TriX-M  Triton-X-100 | TriX-MB
Csurs (to) in wt. % 0.1013 0.1002 0.1000 0.0993 0.1008
Std. deviation 0.0000  0.0000 0.0000 0.0000 0.0000
Csury (14 d) in wt. % 0.1082 0.1362 0.1063 0.0032 0.1107
Std. deviation 0.0005 0.0018 0.0033 0.0001 0.0008
Csurs (to) in mmol/kg 0.4504 0.4280 1.3333 1.5390 0.4482
Std. deviation 0.0000  0.0000 0.0000 0.0000 0.0000
Csurf (14 d) in mmol/kg 0.4810 0.5820 1.4178 0.0503 0.4920
Std. deviation 0.0020 0.0076 0.0435 0.0013 0.0036
M c surfactant (t0) in wt.% c surfactant (14d) in wt.%
0.16
0.14 T
0.12
X o1 ; L -
z 0.08 I 3 I
J 006 —
0.04 I
0.02 —
0 T T T = T )
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Figure 7-11: Apparent changes in concentration in wt. % of bulk solutions after oil contact
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Figure 7-12: Apparent changes in concentration in mmol/| of bulk solutions after oil contact

For all three TriX derivatives, the concentration in aqueous solution appeared to
increase after oil contact. The concentration of Triton-X-100 decreased drastically un-
der the same conditions. Ca. 97 % of the initial Triton-X-100 was lost from the aqueous
phase.

The apparent increases in the concentrations of all three TriX derivatives indicated
an interaction with oil. Because of an HLB value of the TriX molecules of around 16, an
oil-in-water-emulsion was promoted. It could be surmised that among others, aro-
matic parts of the crude oil were dissolved in the water phase by TriX, giving an extra
signal in extinction measurements. Since the solution of TriX molecules in model oil
was excluded by preliminary testing [106], it could be assumed that no TriX diffused
into the oil phase. Mixing of NaCl brine with oil led to no signal in extinction measure-
ments. Hence, dissolving of components of Bockstedt oil in the aqueous phase was
only possible in the presence of surfactants.

The HLB value of Triton-X-100 is 13.5, which also indicates that oil-in-water-
emulsions are formed. However, the results of UV extinction measurements have
shown that there were only very little aromatics in aqueous solution after contact of
0.1 wt. % Triton-X-100 in NDlla solution with Bockstedt oil. Therefore, the Triton-X-100
molecules, lacking in the aqueous bulk phase, had to be located at the interface be-
tween surfactant solution and oil, as well as dispersed in the oil phase (excluding

chemical reactions, which altered Triton-X-100, so that it could not be detected in ex-
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tinction measurements anymore). Those molecules would be fixed and could not af-
fect other parts of the reservoir in practical field applications. Taking into account that
Triton-X-100 also strongly adsorbs on sand, the effective concentration in the water
front for oil mobilization processes would sharply decrease.

A significant problem for EOR with viscoelastic surfactants is that the solutions lose
their viscoelastic properties in contact with oil, because of the transformation from
worme-like to spherical micelles. As already explained in chapter 5, the TriX molecules
were expected to form a very compact micelle core by design. This should have pre-
vented the dissolution of oil inside the worm-like TriX micelles, causing the aggregates
to become spherical. However, dynamic light scattering tests at BASF showed that
TriX-MB micelles change their shape in the presence of oil, just like the micelles of oth-
er surfactants [106]. Therefore, TriX-MB solutions also lose their viscoelasticity in con-

tact with oil.

7.4 Spontaneous Imbibition Tests

In Table 7-7 the inverse Bond numbers for the imbibition tests are given.

Table 7-7: Inverse Bond numbers of imbibition tests

brine additive Nzt
no additive 42.9

0.1 wt. % TriX-MB 3.9

0.25 wt. % TriX-MB 4.5

0.1 wt. % TriX-TA 3.1

NDlla 0.25 wt. % TriX-TA 4.1
0.1 wt. % TriX-M 2.1

0.25 wt. % TriX-M 25

0.1 wt. % Triton-X-100 1.6

0.25 wt. % Triton-X-100 1.7

no additive 31.6

NacCl 0.1 wt. % TriX-MB 3.9
0.25 wt. % TriX-MB 3.4
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The initial water saturation was at around 0.19, indicating water wet pore surfaces.
This fact and inverse Bond numbers higher than one are typical for counter-current

imbibition with dominant capillary drive [97, 98].

7.4.1 TriX Derivatives and Triton-X-100 in NDlla brine

In Figure 7-13 the imbibition curves for solutions of all TriX derivatives and Triton-X-
100 in NDIlla brine at concentrations of 0.1 wt. % and 0.25 wt. % are shown. After 14

days no additional oil was displaced in any of the experiments

Imbibition of TriX derivatives and Triton X 100 in NDlla

== NDlla (0.1 wt. % TriX-MB (.25 wt. % TriX-MB
0.1 wt. % TriX-TA e (0.25 wt. % TriX-TA 0.1 wt. % TriX-M

— (.25 wt. % TriX-M 0.1 wt. % Triton X 100 e==0.25 wt. % Triton X 100
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Figure 7-13: Imbibition curves of TriX derivates and Triton-X-100 in NDIla brine

The blue line in Figure 7-13 represents spontaneous imbibition of NDIla solution
without any additives. Significant oil mobilization by imbibition of the brine started
between 0.01 and 0.1 days (between 15 minutes and 2.5 hours), and the ultimate re-
covery was ca. 61 %ooip.

The red lines are the imbibition curves for TriX-MB in NDlla brine (0.1 wt. %: light,

0.25 wt. %: dark). Oil mobilization with 0.1 wt. % TriX-MB solution started later and
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resulted in a slightly lower ultimate oil recovery than NDIla brine only. 0.25 wt. % TriX-
MB in NDlIla brine resulted in an even lower ultimate recovery of around 50 %qop.

The light and dark green curves show oil recovery by imbibition of TriX-TA at con-
centrations of 0.1 wt. % and 0.25 wt. % in NDIla solution, respectively. Both solutions
showed high imbibition rates at the beginning of spontaneous imbibition. Ca. 10 %gor
were already produced during the first 15 minutes of the test. 0.1 wt. % TriX-TA in
NDlla solution led to an ultimate oil recovery of 68 %o, Which was 7 %qoip higher
than with NDIla brine only. By applying 0.25 wt. % TriX-TA solution the ultimate oil
recovery even increased further to 71 %oop.

TriX-M is represented by the dark (0.25 wt. %) and light (0.1 wt. %) violet curves. In
the first minutes, these solutions exhibited the highest imbibition rate in this series of
experiments. However, after 1 hour the efficiency of TriX-M was overcome by
0.25 wt. % Triton-X-100 and both TriX-TA solutions. The ultimate recovery of 0.1 wt. %
TriX-M in NDlla brine was only 1.3 %gop higher than that of brine only. In the case of
0.25 wt. % TriX-M the imbibition rate stayed high. The maximum oil recovery was
almost reached after only 6 hours. Ultimate oil recovery also exceeded the recovery of
all the other tested surfactants.

The imbibition curves of Triton-X-100 solutions are represented by the yellow
(0.1 wt. %) and orange (0.25 wt. %) lines. 0.1 wt. % Triton-X-100 showed a high imbibi-
tion rate at the beginning; within the first 15 minutes, already 10 % of the original oil in
the core were produced. However, after 14 days no more oil than with pure NDlla so-
lution had been recovered. A particularly high imbibition rate could be observed for
0.25 wt. % Triton-X-100 in NDIlla between 40 and 90 minutes after starting the experi-
ment. It took only 1.5 hours to produce more than 50 % of the original oil in the core.

The ultimate recovery after 14 days was around 64 %oojp.

7.4.2 TriX-MB in NaCl brine

To compare oil displacement by spontaneous imbibition with forced displacement
studied in core flooding experiments, imbibition tests with NaCl as brine were

conducted.
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In Figure 7-14, the solid blue line represents the oil recovery as a function of time
for NaCl brine without additives. It was conspicuous that oil displacement with NaCl
started much later than with NDlla brine (dashed blue line). However, ultimate oil re-
covery after 14 days was around 66 %oop, Which was higher than with NDIla brine.

Spontaneous imbibition with 0.1 wt. % TriX-MB in NaCl is represented by the light
red line in Figure 7-14. The imbibition rate was very high at the beginning of the exper-
iment; 50 %oop Were already produced after 1.5 hours. With 0.25 wt. % TriX-MB in
NaCl, production of 50 %oop took more than 2 hours. Ultimate recovery was slightly
higher than with 0.1 wt. % TriX-MB in NaCl (70.5 %o0ip compared to 67.0 %ooip). Imbibi-
tion rate of TriX-MB in NaCl solutions exceeded the rates of TriX-MB in NDlla brine, as

well as ultimate oil recoveries.

Imbibition of TriX-MB in NaCl and NDIla

NaCl = == NDlla

0.25 wt. % TriX-MB in NaCl
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Figure 7-14: Imbibition curves of TriX-MB and Triton-X-100 in NaCl
7.4.3 Summary: Spontaneous Imbibition Tests

In Figure 7-15 the ultimate oil recoveries of the different combinations of brines and

surfactants are presented.
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Ultimate Oil Recovery by Spontaneous Imbibition
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Figure 7-15: Ultimate recoveries of imbibition tests

Without any additives, NaCl led to a higher oil recovery than NDIlla brine.

Adding TriX-MB to NDIla resulted in less recovery than with brine only. With 0.1 wt. %
TriX-MB in NDlla solution the imbibition rate is decreased, as well. The reason might be
the stiff and large tertiary aggregates of TriX-MB in NDIla brine. This rigid network re-
sulted in an increase of viscosity and hindered the aqueous solution to be soaked into
the pores by capillary forces before it even came into contact with oil. It is also possible
that the solution could not penetrate through narrow pores, and therefore, did not
reach every part of the core, because of high viscosity and filtration of parts of the
network. Oil displacement from lower permeable parts of the cores would be impe-
ded. This effect on ultimate recovery was greater at higher concentration (0.25 wt. %).
TriX-MB in NDlla solutions could reach only poor sweep efficiency during static oil dis-
placement tests.

0.1 wt. % TriX-MB in NaCl did not lead to a higher oil recovery than NaCl only. By
adding higher concentrations (0.25 wt. %) of TriX-MB to NaCl, oil recovery could be
increased by 4 %oop. The recovery rate of 0.25 wt. % TriX-MB in NaCl was not as high
like the lower concentrated solution in NaCl at the beginning, which is a result of the
higher viscosity. Recoveries of TriX-MB in NaCl were greater than in NDIla brine. The
solutions in NaCl could penetrate better into the core, due to the weaker and less rigid

network built up with monovalent ions only.
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TriX-TA showed good results in the imbibition tests. It led to a high recovery rate at
the beginning of the experiments and to high ultimate oil recovery. The effect in-
creased by increasing concentration. TriX-TA forms only small spherical micelles, which
could easily penetrate into the pores. Due to low adsorption on sandstone, the effec-
tive concentration of TriX-TA was high in every part of the core, which was contacted
by an aqueous solution.

By adding TriX-M to NDlla, the highest imbibition rate at the beginning was
obtained with both tested concentrations. However, with 0.1 wt. % TriX-M the recov-
ery rate quickly decreased because of a high level of adsorption of TriX-M molecules
onto the pore walls. Thereby, the concentration of the TriX-M solution was steadily
decreased on the way to the inner parts of the core. The imbibition rate of the higher
concentrated TriX-M solution stayed high and maximum ultimate recovery of all imbi-
bition tests was reached. The effective concentration seemed to be sufficient in all
parts of the core to contribute to oil mobilization, despite adsorption.

Adding TriX-TA or TriX-M to NDIlla did not result in a viscosity increase. Therefore,
viscous effects were not responsible for higher oil recovery by these molecules. The
reduction of interfacial tension was not sufficient enough to contribute to additional
oil production, either. However, the increase in oil recovery was remarkable, especially
for TriX-TA. It might be possible that the TriX structures promoted water-wet condi-
tions, which contributed to enhanced oil mobilization.

Triton-X-100 was only effective at concentrations higher than 0.1 wt. %. This was
because this molecule to a great extent adsorbed on sandstone and dissolved in crude
oil. Therefore, the effective concentration in aqueous solution decreased sharply. The
ultimate recovery of the 0.25 wt. % Triton-X-100 solution was only 3 %gor higher than

the recovery with brine.
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7.5 Investigations on Salt Effects on TriX-MB Solutions

In Figure 7-16 the complex viscosities of TriX-MB solutions in different brines are

given as a function of TriX-MB concentration.

Viscosity of TriX-MB solutions
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Figure 7-16: Viscosity of TriX-MB solutions in different brines

There was no significant viscosity buildup when using TriX-MB in brines with only
half ionic strength of NDIla brine. This proved that the tertiary structures of TriX_MB
are build and strengthened by salt ions. The effect of the different anions on the
viscosity of the TriX-MB solution showed a good correlation to the Hofmeister series.
The highest viscosity (strongest aggregation) was observed with Na,SO, (salting-out).
By adding sulfate, the rod-like micelles became more rigid and therefore reinforced
the strength of the network. In NaSCN (salting-in) there was no significant viscosity
buildup even at high TriX-MB concentrations at 55 °C. Intensification of the hydrophilic
effects led to an increased interaction of the long hydrophilic chains with each other
and with the solvent. This resulted in higher flexibility of the micelles. It could be
stated, that the Hofmeister effects apply for the aggregates formed by TriX-MB in
aqueous solution.

The interfacial tensions between the TriX-MB solutions and Bockstedt oil were not
significantly reduced by increasing TriX-MB concentrations from 0.1 wt.% to

0.25 wt. %, as can be seen in Figure 7-17.
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IFT to BO of different TriX-MB conc. in different brines
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Figure 7-17: Interfacial tension to Bockstedt oil of TriX-MB solutions in different brines

The reason is that both concentrations were above the concentration, at which the
surface was saturated with TriX-MB. The interfacial tension measurements of pure salt
solution (without TriX) contributed to the theory of Hofmeister series, which predicts
lower surface and interfacial tensions for ions, which intensify hydrophilic effects
(SCN), than for ions, which intensify hydrophobic effects (S0,%) [107, 108]. A signifi-
cant effect of different anions on TriX-MB in contact with oil could not be observed in
this study.

The imbibition curves for the different brines without TriX-MB are presented in Fig-
ure 7-18. They show the impact of the salt ions alone on imbibition behavior and are
considered to be a baseline for the imbibition tests with TriX-MB in the different
brines. Thus, the effect of the various anions on the capability of TriX-MB to mobilize

oil in porous media should be probed.
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Imbibition of different brines
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Figure 7-18: Imbibition curves of different brines

The trend was that brines with lower salinity show a higher recovery rate at the be-
ginning. The ultimate recovery was always higher for higher concentrated solutions.
Thiocyanate led to highest ultimate recoveries. The thiocyanate ion promoted hydro-
philic conditions in the core. This might have resulted in changing the system to more
water-wet conditions and additionally decreased the interfacial tension between water
and oil phase. Both effects contribute to higher oil recovery. NaCl and 0.5 Na,SO,
showed a very low recovery rate at the beginning of the experiments, which is hard to
explain. There were no conspicuous features in the raw data. The recoveries after 14
days are very similar for sulfate and chloride solutions.

In the Figures 7-19 and 7-20, the imbibition curves for the brines with 0.1 wt. % and
0.25 wt. % TriX are presented to show, how different types of salt ions might have an

impact on the imbibition efficiency of TriX-MB.
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Imbibition of 0.1 wt. % TriX-MB in different brines
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Figure 7-19: Imbibition curves of 0.1 wt. % TriX-MB in different brines
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Figure 7-20: Imbibition curves of 0.25 wt. % TriX-MB in different brines

Imbibition with sodium thiocyanate tended to start first, but the difference to sodi-
um chloride was insignificant. The imbibition rate of sodium sulfate solutions was the

lowest in every case. This observation correlated with the viscosity of the TriX-MB so-
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lutions. However, the fact that 5 of 6 of the sulfate solution imbibition curves showed
a very low imbibition rate compared to the other salts, might also be an indication of a
detrimental effect on imbibition rate of sodium sulfate alone.

A significant effect of adding TriX-MB to the brines on imbibition rate could not be
observed in these experiments. In Figure 7-21 the ultimate recoveries (including the
standard deviations) of the imbibition tests with different combinations of brines and

TriX-MB are summarized.
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Figure 7-21: Ultimate recoveries of imbibition tests with TriX-MB in different brines

Adding 0.1 wt. % TriX-MB to sodium sulfate solutions led to an increase in oil recov-
ery, probably due to decreasing interfacial tension. At higher concentrations, the oil
recovery decreased, because of the high viscosity, which impeded the flow of the TriX
solution. In sodium chloride solutions adding TriX-MB leads to a slight increase in oil
recovery. This effect grew at higher concentrations. Adding TriX-MB to sodium thiocy-

anate solutions resulted in lower ultimate oil recoveries.

Summary

The results of the viscosity measurements on TriX-MB in different saline solutions
confirm that the Hofmeister effects apply for the aggregates of TriX-MB. Pure saline
solutions also follow the Hofmeister series with respect to IFT reduction. The imbibi-

tion process is very complex and affected by a variety of parameters. The results ob-
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tained by the experiments, which have been discussed in this chapter, are too tenuous
to make any final statement about how the Hofmeister effects influence oil mobiliza-
tion by TriX-MB solutions. To better understand the interactions between macromo-
lecular structures of TriX-MB and crude oil in the presence of salts, which intensify ei-
ther hydrophilic or hydrophobic effects, there are more investigations needed. | can
even imagine that such investigations must include intensive molecular modeling to
understand the mechanisms on the molecular level. NaSCN turned out to have a bene-

ficial effect on oil mobilization, which could be a starting point for new research.

7.6 Injection Tests

7.6.1 Injectivity of 0.1 wt. % TriX-MB in NDIlla solution in high permeable cores

(Bentheimer sandstone, kp;ine = 1.5 D)

The injectivity of 0.1 wt. % TriX-MB in NDlla brine was studied by conducting core
flooding experiments with Bentheimer sandstone cores. The characteristics of the

cores and fluids used are given in Table 7-8.

Table 7-8: Characteristics of cores and fluids of injection tests with NDlla brine

#1 #2 #3
Cores FC MC FC MC FC MC
Type Bentheimer sandstone
lincm 6.03 6.78 4.11 7.11 6.01 29.6
n 0.28 0.26 0.22 0.23 0.25 0.23
PVinml 19.35 20.3 | 10.32 18.42 [16.87 77.46
knpira inD 1.84 1.52 1.60 1.01 1.13 1.34
Fluids (55°C)
NNDIIq iN MPa's 0.775 0.776 0.786
|('(7:r=‘X1‘0Mr‘; dl /'s" ;:':al)s 10.4 22 8.7

In experiments #1 and #2 short cores were used for both the filtration and main

core. Experiment #3 was conducted with a long main core. Conditioning of TriX-MB in
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NDlla brine was quite difficult because of the complex structure buildup. Prescribed

instructions for the proceeding of conditioning were strictly followed, but there still

was a great difference in the viscosities of TriX-MB solutions.

The Figures 7-22 and 7-23 show the pressure curves of TriX injection in CF #3 (red

points: individual measurements).

TriX-MB injection FC #3
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Figure 7-22: Pressure drop over filtration core #3 during injection of 0.1 wt. % TriX-MB in NDlla brine
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Figure 7-23: Pressure drop over main core #3 during injection of 0.1 wt. % TriX-MB in NDlla brine
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In Table 7-9, the characteristic values of the injection tests #1 to #3 are summarized.

Table 7-9: Characteristic values of injection tests with NDIla brine

#1 #2 #3
Cores FC MC FC MC FC MC
VOIT::‘):en/T; ii':‘jic\;ed 2071 2712 | 7869 4293 | 30092 65.25
Steady state? no no no no no yes
RF (vp =1 ft/d) >700 >400 >700 >100 | >1000 > 1000
RRF (vp =1 ft/d) 370 > 100 > 100

Very high pressure increases could be observed during injection of 0.1 wt. % TriX-
MB in NDIla brine in both the filtration and main cores, which also resulted in high re-
sistance factors. The increase in pressure drops was always greater in the filtration
than in the main cores. In the filtration core, no steady differential pressure was
reached at all, even after the injection of more than 300 pore volumes of TriX-MB solu-
tion. In the main core steady state was reached after injection of ca. 65 pore volumes.
The RF and RRF values were much too high for EOR applications, even in the high per-
meable sandstone used. These coefficients indicated a kind of blockage inside the
cores or at their front faces, caused by the very rigid tertiary network, which TriX-MB
was building in the presence of polyvalent ions. After removing the cores from the
Hassler cells, gelled material was observed at the inlet and even the outlet of the filtra-

tion core (Figure 7-24).

Figure 7-24: Gelled material at front and back face of filtration core #3
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The gel-like material was analyzed by BASF. An increased concentration of chrome
and iron ions was noticed [109]. Therefore, the gel seemed to be a product of TriX-MB
and Cr** and/or Fe* ions from high-grade steel parts of the core flood unit. Trivalent
ions even intensified the rigidity of the tertiary network of TriX-MB. This should be
considered since trivalent ions are also present in the wellbore and possible reservoirs.
Complexing of viscoelastic surfactants with iron has already been reported in the lite-
rature [110].

After determination of the RRF value in experiment #3, it was attempted to remove
any material, which was responsible for reversible plugging at the front face and inside
the main core by injecting NDlla brine in the reverse direction. Then the ramp of flow
rates was run again. The RRF value decreased somewhat but was still very high be-

tween 100 and 400 (see: Figure 7-25).

RRF before (blue) and after (red) reverse brine injection
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Figure 7-25: RRF before and after reverse brine injection (plugging removal)

In a last step of the experiment fresh water was injected into the main core. Since
salt ions are needed to build secondary and tertiary structures, the TriX-MB network
broke down, and injectivity improved remarkably. This indicated that the plugging ef-
fects were to a large extent a result of the strong tertiary network.

Since the injection tests with TriX-MB in NDlla solution led to results, which did not
contribute to an understanding of the TriX mode-of-action, it was decided to replace
NDlla as brine by NaCl solution with the same ionic strength. In the presence of mono-

valent ions only, TriX-MB forms similar secondary aggregates in solution, but the ter-
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tiary network is less rigid. This was expected to result in lower pressure drops over the
cores and less plugging. The experiments with TriX-MB in NaCl should give information

about the injectivity and retention of the secondary TriX-MB aggregates.

7.6.2 Injectivity of 0.1 wt. % TriX-MB in NaCl solution in high permeable cores

(Bentheimer Sandstone, kj,jn. = 1.5 D)

The injection tests of 0.1 wt. % TriX-MB in NaCl brine were conducted using a short
filtration and a long main core. In experiments #4 and #5, Bentheimer sandstone was

used. The characteristics of the cores and fluids used are presented in Table 7-10.

Table 7-10: Characteristics of cores and fluids of injection tests with NaCl

#4 #5
Cores FC MC FC MC
Type Bentheimer Sandstone
lincm 4.08 29.8 6.50 29.8
n 0.27 0.24 0.26 0.29
PV in ml 12.3 80.5 19.0 91.8
KyaciinD 1.10 1.24 2.47 1.16
Fluids (55°C)
NNact in MPa-s 0.820 0.795
ey 10

Again, the conditioning of TriX-MB in NaCl was performed strictly following the pre-
conditioning instructions. The viscosities of the different TriX solutions used in the ex-
periment #4 to #7 were quite uniform.

In the Figures 7-26 and 7-27 the pressure drops over filtration and main core in ex-
periment #4 are given as exemplary presentation for 0.1 wt. % TriX-MB in NaCl brine

injection into Bentheimer sandstone.
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TriX-MB injection FC #4

0.35

0.3 |

0.25

0.2

dp in bar

0.15

0.1

0.05 |

0 50 100 150 200 250 300
PV

Figure 7-26: Pressure drop over filtration core #4 during injection of 0.1 wt. % TriX-MB in NaCl
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Figure 7-27: Pressure drop over main core #4 during injection of 0.1 wt. % TriX-MB in NaCl

The pressure over the filtration core increased steadily within the first 170 PV in-
jected. After that, it was very unstable. At points of rapid pressure decrease, the injec-
tion was interrupted to refill the piston accumulator. After restarting the experiment,
the pressure increased again. This could again be caused by rigid tertiary aggregates,
which were formed by TriX-MB in combination with trivalent ions. Since the experi-
mental setup was not changed, the presence of Fe** and Cr* had to be taken into ac-

count. The sharp pressure declines might be indicators for an elastic response of this
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network at the front face and inside the core. The pressure drop over the main core
steadily increased until, after injection of ca. 30 PV, steady state was reached.
The characteristic values of the injection tests using TriX-MB in NaCl brine are

presented in Table 7-11.

Table 7-11: Characteristic values of injection tests with TriX-MB in NaCl (high permeable cores)

#4 #5
Cores FC MC FC MC
Volume of injected
TriX-MB in PV 247 37.4 69 14
no yes no yes
Steady state?
Y (30) (4)
RF (vp =1 ft/d) 160 28.3 78.8 8.6
RRF (vp =1 ft/d) 26.3 7.5

In the two injection tests using TriX-MB in NaCl brine into Bentheimer sandstone
steady pressure conditions could be reached in the main cores. Due to filtration
effects, no steady state was achieved in the filtration cores. The RF and RRF values
were much lower than with NDIla brine (see: Table 7-9). Especially the RF value of the
main core in experiment #5 was at a desirable level. The RF and RRF values of experi-
ment #5 were lower than the values of experiment #4 by a factor 3, which was still a
high variation. This might be due to the larger volumes of injected TriX-MB solution
and its higher bulk viscosity in experiment #4.

In both experiments, the RRF value was at the same level as the RF value, which was
quite surprising, since it has not been reported in the literature by now. The pressure
drop over the core was expected to decrease during injection of brine after TriX-MB

solution, because of the lower viscosity of the brine.

7.6.3 Injectivity of 0.1 wt. % TriX-MB in NaCl solution in lower permeable cores

(Michigan sandstone, kj,.in. = 0.6 D)

Since oil displacement experiments should be conducted in lower permeable

sandstone cores, injectivity of TriX-MB under these conditions had to be studied. For
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that purpose, Michigan sandstone cores were used in the next injection tests. The

characteristics of the cores and fluids used are presented in Table 7-12.

Table 7-12: Characteristics of the cores and fluids of core floods #6 and #7

#6 #7
Cores FC MC FC MC
Type Michigan Sandstone
lincm 5.95 30.0 5.96 30.0
n 0.26 0.22 0.26 0.26
PV in ml 17.6 74.6 17.3 88.9
Kyact in D 0.32 0.55 0.22 0.66
Fluids (55°C)
NNact in MPas 0.799 0.815
o

Figure 7-28 and Figure 7-29 show the pressure drops during TriX injection into the

filtration and main core of experiment #6.

TriX-MB injection FC #6
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Figure 7-28: Pressure drop over filtration core #6 during injection of 0.1 wt. % TriX-MB in NaCl
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TriX-MB injection MC #6
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Figure 7-29: Pressure drop over main core #6 during injection of 0.1 wt. % TriX-MB in NaCl

In the filtration cores of the experiments #6 and #7, no steady state was reached,
even after the injection of more than 100 PV of the TriX-MB solution. When the filtra-
tion cores were removed after completion of the core floods, a thin gel-like layer at the
front side of the cores could be observed. Again interaction with trivalent ions took
place and the built up network was filtered at the front side of the filtration core. Fur-
thermore, large aggregates of TriX-MB accumulated inside the filtration core.

In the main cores of the experiments #6 and #7 the pressure drop increased very
slowly and reached steady state conditions after injection of ca. 16 PV at a compara-
tively low level of around 0.2 bar. There was no indication for plugging effects in the
main cores. The filtrated TriX-MB solution showed good injectivity.

As can be seen in Table 7-13, the RF value of the filtration core of core flood #6 was
ca. 39, which was a reasonable value for further investigations, considering that the
filtration core was simulating the near wellbore area and affected by filtration effects.
RF and RRF of the main cores of the experiments #6 and #7 were on the same level as
the values of the core floods #4 and #5. Again both, RF and RRF values were very simi-

lar.
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Table 7-13: Characteristic values of injection tests with TriX-MB in NaCl (lower permeable cores)

#6 #7
Cores FC MC FC MC
Volume of injected
TriX-MB in PV 117 27.3 131 30.6
no yes no yes
?
Steady state? (16) (15)
RF (vp = 1 ft/d) 38.8 9.4 N/A 17.6
RRF (vp =1 1ft/d) 5.8 18

In core flood #6 the concentrations of the effluents of both, main and filtration core

during TriX-MB injection were determined to assess TriX-MB retention.

7.6.4 Injectivity of 0.1 wt. % TriX-TA in NDIla solution

The core flooding experiments with TriX-TA were conducted using the synthetic
reservoir brine NDIla. The structure of the TriX-TA molecule is very close to that of
TriX-MB. However, it does not form rod-like secondary aggregates, but much smaller
spherical micelles and no viscoelastic structure under any conditions. These experi-
ments intended to study the injectivity and retention of this TriX derivative. Further-
more, by using NDIla, the experimental setup was closer to field conditions.

Injectivity of 0.1 wt. % TriX-TA in NDIlla solution was studied on the filtration cores

#14 and #15. The data of the cores are shown in Table 7-14.
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Table 7-14: Characteristics of cores and fluids of injection tests with TriX-TA in NDlla brine

#14 #15
Cores FC FC

Type Michigan Sandstone
lincm 5.95 5.21
n 0.23 0.24
PVinml 15.4 13.9
knpirainD 0.56 0.65

Fluids (55°C)

Nnpira In MPas 0.80 0.83
Nrrix-ra in MPa's 0.80 0.82

The preconditioning of 0.1 wt. % TriX-TA in NDlla solution was conducted following the
same proceedings like with TriX-MB solutions.

The TriX-TA concentration in the effluent was determined by UV extinction
measurements during the injection test. Figure 7-30 shows the pressure drop over the

filtration core #15 and the concentration of the effluent during TriX-TA injection.

TriX-TA injection FC #15

— dp in bar B c(TriX-TA) in wt. %

0.14

0.12
0.1

0.08
0.06

Crrip-1a IN Wt. %

0.04
0.02

Figure 7-30: Pressure curve and concentration of effluent during TriX-TA in NDlla brine injection
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After injection of ca. 26 PV the piston accumulator had to be refilled.
The pressure increase during injection was low compared to TriX-MB injection. Steady
pressure conditions were reached instantly, at the latest after injection of around
10 PV. In core flood #14, steady pressure drop over the filtration core was reached a
bit later, after around 25 PV, but the total pressure increase was also low, which leads
to very favorable RF values of less than 2 in both experiments. The RRF values in both
experiments were very similar (around 3), too. This time RRF even slightly exceeded
the RF values, which indicated that there is less resistance to the flow of a TriX-TA solu-
tion than to the flow of brine alone. The reason might be some kind of a slipping effect
between the molecules, which were attracted to the pore walls and the similar mole-
cules in solution. Such effects have already been reported for the flow of several solu-
tions containing macromolecules [111]. Molecular modeling, which has been done by
BASF, also indicated that sliding of TriX molecules alongside each other could be possi-
ble [112].

The characteristic values of the injection test using TriX-TA in NDIlla brine are

presented in Table 7-15. The experiments showed good reproducibility.

Table 7-15: Characteristic values of injection tests with TriX-TA in NDlla brine

#14 #15
Cores FC FC
Volume of injected
TriX-MB in PV 1539 97.8
yes yes
?
Steady state? (25) (10)
RF (vp =1 ft/d) 1.96 1.52
RRF (vp =1ft/d) 3.03 2.82
7.6.5 Injectivity of 0.1 wt. % TriX-M in NDIla solution

A core flooding experiment with TriX-M was conducted with NDIlla as brine for the
same reasons as mentioned above for TriX-TA.

Injectivity of 0.1 wt. % TriX-M into Michigan sandstone was studied on the filtration
core of core flood #16. The characteristic values of the core and the used fluids are

given in Table 7-16.
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Table 7-16: Characteristics of cores and fluids of injection tests with TriX-M in NDlla brine

#16
Cores FC
Type Michigan Sandstone

lincm 7.33

n 0.26

PVin ml 21.6

kypria inD 0.74
Fluids (55°C)

NNDIIq in MPas 0.83

N1rix—m in mPa-s 0.82

During injection, the TriX-M concentration in the effluent was determined by means
of UV extinction measurements. Figure 7-31 shows the pressure drop over filtration

core #16 and the TriX-M concentration in the effluent during injection.

TriX-M injection FC #16
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Figure 7-31: Pressure curve and concentration of effluent during TriX-M in NDIla brine injection

The pressure drop over filtration core #16 increased steadily up to a volume of
20 PV injected. The progression of the pressure curve correlated with the TriX-M con-

centration in the effluent. After injection of around 20 PV, the flow path in the core

99



RESULTS AND DISCUSSION

could be considered to be saturated with TriX-M. The pressure increase due to injec-
tion of TriX-M was higher compared to TriX-TA, but lower compared to TriX-MB.

Subsequent to the injection test with filtration core #16, an oil displacement test in
main core #16 was conducted. In this case additional 63 PV of 0.1 wt. % TriX-M in NDIla
solution passed the filtration core. The RF value was determined after total injection of
97.7 PV. RF and RRF values were slightly higher than for TriX-TA injection but signifi-
cantly lower than with TriX-MB. Again, the RRF slightly exceeded the RF value, as can
be seen in Table 7-17.

Table 7-17: Characteristic values of injection tests with TriX-M in NDlla brine

#16
Core FC
VquTne of |.njected 97.7
TriX-MB in PV
Steady state? é?)
RF (vp =1 ft/d) 3.40
RRF (vp =1ft/d) 4.95
7.6.6 Retention of TriX derivatives in Michigan Sandstone

To investigate retention of TriX in Michigan Sandstone, a mass balance of TriX mole-
cules injected into a core and TriX molecules in the effluent was conducted during core
flooding experiments.

For TriX-MB the main core of experiment #6 and the filtration cores of the experi-
ments #6, #9 and #11, for TriX-TA the filtration cores #14 and #15 and for TriX-M filtra-
tion core #16 were chosen as subjects to study.

The mass of injected TriX into the filtration cores could easily be determined from
the volume of the 0.1 wt. % solution injected. Several samples of the effluent were
taken during the core flood (TriX injection and subsequent brine injection). The TriX
concentrations of the effluent samples were determined by UV extinction measure-
ments; hence, the mass of TriX in the effluent could be calculated.

The concentration of TriX-MB solution injected into main core #6 was assumed to

be the concentration of effluent from the filtration core #6.
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Knowing the average molecular weight of the TriX derivatives, the amount of TriX in
mmol could be calculated.

Table 7-18 and Figure 7-32 summarize the relevant core data, and the quantities of
TriX injected and detected in the effluents, as well as the calculated retention of TriX

derivatives in Michigan Sandstone in various units.

Table 7-18: Retention of TriX derivatives during core flooding tests in Michigan sandstone

TriX-MB TriX-TA TriX-M
(Nacl) (NDIIa) (NDIIa)
MC#6 | FC#6 FCH#9 FC#11 | FC#14 FC#15  FC#16
Mgry g 696.0 | 136.9 1339 1380 | 137.5 1202 | 1379
A, m? 480.24 | 94.46 9239 9522 | 94.89 8291 | 95.18
mg 1859.3 | 2333.7 1301.1 3458.0 | 1111.0 2292.2 | 2339.1
' mmol 0.826 | 1.037 0578 1537 | 0.475 0.980 | 3.119
mg 1432.4 | 1980.7 997.2 3168.1 | 927.8 2209.6 | 2051.0
TriXout
mmol 0.637 | 0.880 0.443 1408 | 0.396 0.944 | 2.735
Mgrrix/8rock  0.613 | 2579 2270 2.101 | 1.333  0.687 | 2.088
[
-§ mgrix/M%ock  0.900 | 3.737 3.289 3.045 | 1.931 0.996 | 3.026
§ umMolrix/8rock  0.273 | 1.146  1.009 0.934 | 0.570 0.294 | 2.784
umolrix/m%oeq  0.395 | 1.661  1.462 1.353 | 0.825 0.426 | 4.035
Retention of TriX derivatives in Michigan Sandstone
TriX-MB (MC) M TriX-MB (FC) MTriX-TA(FC) M TriX-M (FC)
4.5
4
3.5 I
3
2.5 T
2 -
1.5 +
1 -
0.5
0
in mg/g in mg/m? in umol/g in umol/m?

Figure 7-32: Retention of TriX derivatives in Michigan Sandstone in different units
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The retention of TriX-MB in the filtration cores was by a factor 3.8 higher than in the

main core. This is another proof for the filtration effects, which resulted in the high

pressure drops over the filtration cores during TriX-MB injection.

To distinguish adsorption and filtration effects during a core flood and make state-

ments about their proportions, the retention and static adsorption were compared.

The values are given in Table 7-19 and the Figures 7-33 and 7-34 (note: logarithmic

scale).
Table 7-19: Retention and Adsorption of TriX derivatives
TriX-MB TriX-TA  TriX-M
(Nacl) (NDlIa) (NDlla)
MC FC FC FC
MErrix/M?rock 0.900 3.357 1.464 3.026
Retention
UmMoltrix/m?ock 0.395 1.492 0.626 4.035
Mgrix/M%sand 0.010 0.010 0.018 0.487
Adsorption
UMOlrrix/MZsand 0.004 0.004 0.008 0.650
Adsorption/Retention 1.1% 0.3% 0.9% 16.1 %
Adsorption and Retention of TriX derivatives in
Mgryix/ M
fH Retention main core (dyn.) M Retention filtration core (dyn.) Adsorption (stat.)
10
1
E
<
Z 01 |
o0
€
0.01 —
0.001
TriX-MB (NaCl) TriX-TA (NDIla) TriX-M (NDlla)

Figure 7-33: Retention and Adsorption of TriX derivatives in mg/m?

102



RESULTS AND DISCUSSION

Adsorption and Retention of TriX derivatives in
2
Umoly/m
H Retention main core (dyn.)  H Retention filtration core (dyn.) Adsorption (stat.)
10
n 1
£
S~
X
—o" 0.1 —
£
=
0.01 ——
0.001
TriX-MB (NaCl) TriX-TA (NDIla) TriX-M (NDIla)

Figure 7-34: Retention and Adsorption of TriX derivatives in umol/m?

The retention of TriX-MB is much higher in the filtration core compared to the main
core. After filtration the TriX-MB solution shows the lowest retention level of all three
derivatives in the main core. For the TriX derivatives with high molecular weight ad-

sorption contributes to retention with only 1 %. Regarding TriX-M the adsorption ac-

counts for around 16 % of total retention.

7.6.7 Summary: Injection tests and Retention of TriX derivatives

In Table 7-20 the results of the injection tests conducted with the different TriX de-

rivatives are summarized.

Table 7-20: Summary of the injection tests

TriX solution h

type (core) inD FC MC FC MC
TriX-MB (NDIla) Bentheimer 1.4 > 700 > 100 > 100

Bentheimer 1.5 79-160 9-28 8-26
TriX-MB (NaCl)

Michigan 0.4 39 9-18 6—-18

TriX-TA (NDIla) Michigan 0.6 1.7 2.9
TriX-M (NDlla)  Michigan 0.7 3.4 5.0
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In the presence of divalent ions, TriX-MB micelles formed a rigid network with a
mesh size of 1 um and more. Due to the long duration of the injection tests with 0.1 %
TriX-MB in NDIla brine, Cr** and Fe*" were set free from stainless steel parts of the
core flooding unit. The cross-linking between the micelles was reinforced by these tri-
valent ions, resulting in an even more rigid network. More than 90 % of the pore vol-
ume of the cores (Bentheimer sandstone) contained pores with a diameter between
10 and 100 um. These pore sizes could have easily been passed by single micelles or
small tertiary aggregations. However, when injecting the TriX-MB solution into the
sandstone cores, the cross-links did not break down due to shear stress and the net-
work associations remained too big. Therefore, parts of this network were filtrated in
front of the pores, which could even visually be observed by the formation of a gel-like
layer on the front face of the filtration core. It is very likely that those filtration effects
also occurred inside the cores to a certain extent. Following associations of TriX-MB
micelles were caught in the partially plugged pores which led to a steadily increasing
pressure drop over the core. The highly viscoelastic solution of TriX-MB in reservoir
brine was found to have poor injectivity.

Injectivity of 0.1 wt. % TriX-MB in NaCl in high permeable Bentheimer sandstone
(kprine = 1.5 D) was much more favorable than in NDIlla brine, because the tertiary net-
work structures built up with monovalent ions were not as strong and rigid as with
divalent ions. The cross-links could be broken down by the present shear stresses,
which resulted in smaller aggregates and the TriX solution could be injected into the
core with moderate pressure buildup. However, the retention of TriX-MB in the filtra-
tion core was more than three times higher as in the main core, indicating that TriX-
MB structures formed with trivalent cations were filtered out. This led to steady pres-
sure increase and instabilities in the pressure curves of the filtration core. In the main
core the differential pressure stabilized after injection of around 30 PV. RF and RRF
values in the main core were on the same level and a little too high for a commercial
EOR product.

The injection tests with 0.1 wt. % TriX-MB in NaCl into lower permeable Michigan
sandstone led to results comparable to those of the injection into Bentheimer sand-
stone. During the injection tests with the concentration of the effluent was analyzed.

More than 90 % of injected TriX-MB molecules were found after injection of around
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45 PV. The RF and RRF values are nearly the same in low and high permeable cores.
The tertiary network of TriX-MB could again be broken down into smaller networks
and secondary rod-like micelles. The smaller pore diameters of the Michigan sandstone
had no influence on injection behavior into porous media of secondary aggregates of
TriX-MB.

During injection of 0.1 wt. % TriX-TA in NDIla into the filtration core (kjine = 0.6 D)
steady state was reached instantly. This is a good result in contrast to TriX-MB, where
a steady state, if ever, could be reached after more than 60 PV in the filtration core.
The RF value was at a very low level of ca. 2, even though over 150 pore volumes of
TriX-TA solution were injected. The RRF value was also on a low and favorable level of
around 3. TriX-TA showed very good injectivity and low reservoir formation damage,
which is due to the smaller size of the spherical secondary aggregates (9 — 15 nm) and
the fact, that no tertiary structures are formed. TriX-TA showed even lower pressure
increase, RF and RRF values than TriX-M, because of the low level of adsorption and
retention.

Injection of 0.1 wt. % TriX-M in NDIlla resulted in higher pressure increase, RF and
RRF values than TriX-TA, because of higher grade of adsorption inside the core
(Kprine = 0.6 D). The pressure curve corresponded to the saturation of the core with
TriX-M. Injectivity was much more favorable than with TriX-MB, which was expected
because no secondary and tertiary aggregates were formed.

The similarity between RF and RRF values was observed with all three TriX deriva-
tives. With TriX-TA and TriX-M RRF was even slightly higher than the RF value in each
of the experiments. This is only possible when the mobility of TriX solution in the core
is higher than the mobility of brine. An explanation could be a slipping effect between
the TriX solution, which was flowing through the pores, and adsorbed TriX molecules
on the pore walls. Another conclusion from the fact that RRF was similar to RF (or even
higher) was that permeability reduction due to TriX, though not significant, was irre-
versible.

The retention of the TriX derivatives was much greater than static adsorption.
Granted that retention in the core was the sum of adsorption on pore walls, filtration
effects and lost material in dead-end pores, nearly all of retained TriX-MB and TriX-TA

was lost because of filtration effects or stuck in dead-end pores. Adsorption was negli-
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gible in flooding processes. Retention of TriX-MB in the filtration core was a factor 4
higher than in the main core, indicating the filtration of the tertiary network. For TriX-
M adsorption contributed more to loss of material in the core flood, which was
expected due to its typical surfactant-like structure. Around 16 % of lost TriX-M mole-

cules were adsorbed on pore walls.

7.7 Oil Displacement Tests

7.7.1 Secondary oil recovery experiments using 0.1 wt. % TriX-MB in NaCl

To investigate the potential of the pre-filtrated solution of 0.1 wt. % TriX-MB in NaCl
solution with respect to oil mobilization in secondary mode, TriX solution was injected
through the filtration core into the oil-saturated main core. The injection into the main
core was sometimes interrupted in experiments #10 and #11 to take samples of the
effluent of the filtration core. These samples were included in the retention studies.

The properties of the used cores and fluids for secondary oil displacement tests us-

ing TriX-MB in NaCl are presented in Table 7-21.

Table 7-21: Characteristics of cores and fluids of secondary oil displacement tests with TriX-MB

#10 #11 #12
Cores FC MC FC MC FC MC
Type Michigan Sandstone
lincm 6.11 29.5 5.99 30 5.92 30.0
n 0.28 0.22 0.23 0.23 0.24 0.23
PVin ml 19.5 73.3 15.2 77.4 15.7 76.7
Knaciin D 026 041 | 043 089 | 081 0.86
Fluids (55°C
Noir in mPa-s 36.8 36.8 36.8
NNac i MPass 0.703 0.771 0.760
|('(7jr=‘x1‘o’"r‘: dl /'s" ;‘:""1;‘ 6.2 10.2 7.2
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Core Flooding Experiment #10

4.1 pore volumes of Bockstedt oil were injected into the main core. The oil break-
through (OBT) could be observed after 0.57 pore volumes. By measuring the amount
of water, which was displaced from the main core, an original oil saturation of 59 %py
was determined.

After aging time of one week, injection of 0.1 wt. % TriX-MB in NaCl solution
through the filtration into the main core was started. The TriX-MB concentration of the
input solution of the main core and the oil production during experiment #10 are
shown by the red graphs in Figure 7-35. The concentration of TriX-MB solution enter-
ing the main core at the beginning of oil displacement was 0.045 wt. %. After injection
of 0.05 pore volumes into the main core, the TriX-MB concentration already increased
to 0.066 wt. % and after 0.17 pore volumes to 0.079 wt. %. Water breakthrough oc-
curred after injection of 0.17 pore volumes, and 12.6 ml of oil (equivalent to
29.3 %o0ip) Were produced up to that point. The remaining oil saturation amounted to
40.0 %py at water breakthrough. After injection of around two more pore volumes of
the TriX-MB solution with a concentration between 0.08 and 0.095 wt. %, additional
8.4 ml of oil were displaced. Overall 51.6 % of original oil in place was produced by
then. Further injection of ca. 1.5 pore volumes led to an additional oil production of
less than 1 %ooip. Final remaining oil saturation amounted to 28.4 %py. As the last step
of TriX-MB injection, the flow rate was increased stepwise up to Darcy velocity of
vp = 10 ft/d, but no more oil could be mobilized. Subsequently, 8 pore volumes of NaCl

brine were injected. Also in this phase of the core flood no oil was produced anymore.

Core Flooding Experiment #11

After injection of 4.4 pore volumes of Bockstedt oil, the main core had an original
oil saturation of 65 %py. Qil breakthrough was observed after injection of 0.61 pore
volumes.

After aging, TriX-MB injection started through the filtration into the main core. Qil
production and TriX-MB concentration of the input solution of the main core are

presented by the orange graphs in Figure 7-35. To fill the connection pipe between the

107



RESULTS AND DISCUSSION

cores, 6 ml of 0.1 wt. % TriX-MB in NaCl solution were flooded initially through the
filtration core. After that, a sample of the effluent of the filtration core was taken to
determine its TriX-MB concentration. At the beginning of oil displacement in the main
core, the input solution had a concentration of 0.035 wt. %. Water breakthrough
occurred after injection of 0.3 pore volumes. 23.1 ml of oil (equivalent to 46.2 %ooip)
were produced up to then. The remaining oil saturation at water breakthrough amoun-
ted to 32.2 %py. After an overall injection of 0.37 pore volumes of the TriX-MB solution
with a concentration between 0.035 and 0.048 wt. %, the oil production amounted to
50.5 %ooip. After that, less than 1 %o could be mobilized. In total 4.8 pore volumes of
TriX-MB solution were injected, and 51.3 % of original oil in place were recovered. The
remaining oil saturation after TriX-MB injection at Darcy velocity vy =1 ft/d was
31.4 %py. As a last step of TriX-MB injection the injection rates were increased stepwise
up to Darcy velocity of v = 10 ft/d. At injection rates higher than vy = 3 ft/d (flow rate
steps: vp = 3.3, 6.9 and 10.0 ft/d) a total volume of 1 ml additional oil could be mobi-
lized. The residual oil saturation amounted to 30.2 %py. Subsequent to TriX-MB injec-
tion, 4.2 pore volumes of brine (NaCl solution) were injected, which did not lead to

additional oil production.

Secondary oil displacement by TriX-MB MC #10 & MC #11
—+—cumoil #10 —— cumoil #11 - - - TriX-MB input #10 - -® - TriX-MB input #11
0.6
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Figure 7-35: Secondary oil recoveries and TriX-MB input concentrations of MC #10 and #11
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Secondary oil displacement with 0.1 wt. % TriX-MB in NaCl showed good reproduci-
bility. In Figure 7-37 on page 117, the oil production during brine injection is shown. In
experiment #10 and #11 more than 50 %qo,p Were mobilized by the TriX-MB solution.
The cumulative oil production after NaCl injection only amounted to 23.3 —26.3 %goip.
Pre-filtrated TriX-MB in NaCl efficiently increased oil recovery in secondary displace-

ment.

Core Flooding Experiment #12

The aim of experiment #12 was to investigate if TriX-MB mobilizes oil from porous
media by adsorption processes, which need more time than given in a typical oil dis-
placement test. The idea was that some oil might cover the pore walls in a reservoir
and could not be produced since there are no elastic effects of the TriX-MB solution in
the zone of oil contact and the flow velocity near the walls is very low (assuming lami-
nar flow). If TriX-MB molecules would be more likely adsorbed to the pore walls than
oil (because of hydrophilic polar tail groups), droplets of oil could have been set free
from the pore walls and pushed to an area, where the flow velocity is higher. Thereby,
additional oil might be produced. These processes would take some time depending
on the adsorption kinetics of the system and the time, which TriX-MB molecules need
to diffuse to the pore walls.

After injection of 3.8 pore volumes of Bockstedt oil, an original oil saturation of
65 %py Was reached in the main core. Oil breakthrough occurred after 0.64 pore vol-
umes injected.

After aging the main core for one week, 0.1 wt. % TriX-MB in NaCl solution was in-
jected through the filtration into the main core at a flow rate corresponding to a Darcy
velocity of vy = 1 ft/d. Water breakthrough was observed, after injection of 0.31 pore
volumes into the main core. Up to that point 24 ml of oil (equivalent to 48 %ooip) Were
produced. The remaining oil saturation was 33.9 %py at water breakthrough. The main
production of oil was observed during injection of the first 2.5 pore volumes of TriX-
MB solution. After that, less than 1 %gop of additional oil was mobilized. During this
first TriX-MB injection a total of 4.3 pore volumes were injected, resulting in an oil re-

covery of 63 %ooip and a residual oil saturation of 24 %py.
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After the TriX-MB flooding phase of this experiment, the main core was shut in for
two weeks, to give time for possible adsorption processes to work. After that time,
0.1 wt. % TriX-MB solution was again injected at a Darcy velocity of v = 1 ft/d. During
second TriX-MB injection 4.8 pore volumes were injected, but no additional oil could
be produced. Oil mobilization by time-intensive adsorption mechanisms could not be
proved. It might also be possible, that all the adsorption took place during the first
flooding phase.

The characteristic values of the secondary oil displacement tests using TriX-MB in

NaCl brine are summarized in Table 7-22.

Table 7-22: Characteristic values of secondary oil displacement tests with TriX-MB

Main cores #10 #11 #12
S Volume of injected oil in PV 4.1 4.4 3.8
= OBT
()
£ (after ... PV) 0.57 0.61 0.64
© OOIP in %py 58.7 64.6 65.2
Volume of |r.ljec'ted TriX-MB 39 48 4.3+4.8
solution in PV
WBT
c
S (after ... PV) 0.17 0.30 0.31
(8]
-::—’. Sor at WBT in %py 40.0 32.2 33.9
e F at WBT in %ooip 29.3 46.2 48.0
[ =
Sor (TriX-MB) in %py 284 30.2 24.0
F (TriX-MB) in %oo|p 51.6 533 63.2
7.7.2 Secondary oil recovery experiments using 0.1 wt. % TriX-TA in NDlla

Oil recovery experiments with TriX-TA should probe if there are other mechanisms
than viscosity increase, which contribute to oil mobilization by the TriX chemical struc-
ture. Two secondary oil displacement experiments with TriX-TA were conducted. Core
flood #14 was a repro-experiment of #13 to confirm reproducibility of the results. The

properties of the cores and fluids used are presented in Table 7-23.
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Table 7-23: Characteristics of cores and fluids of secondary oil displacement tests with TriX-TA

#13 #14
Cores FC MC FC MC
Type Michigan Sandstone
lincm 6.04 30 5.95 30
n 0.22 0.22 0.23 0.23
PVin mi 15.1 74.3 15.4 78.3
Knpira in D 0.13 0.75 0.56 0.74
Fluids (55°C
Noir in MPas 36.8 36.8
NNDIIa iN MPa's 0.783 0.800
Nrrix—1a in MPa's 0.8 0.8

After injection of 6.1 pore volumes of Bockstedt oil in experiment #13 and 6.9 pore
volumes in experiment #14, the cores were shut in for one week. In experiment #14
0.1 wt. % TriX-TA in NDIla solution was injected into the filtration cores during the
aging time to determine retention and resistance factor (see: chapter 7.6.4). Original
oil in place amounted to 69.6 %py in main core #13 and 61.9 %py in Main core #14.

After aging time, TriX-TA was injected through the filtration into the main cores at a
flow rate corresponding to a Darcy velocity of v, =1 ft/d. The concentrations of the
effluents of the filtration cores were about 0.1 wt. %; hence, this was the concentra-
tion of the solution injected into the main cores. Water breakthrough occurred after
0.15 pore volumes of injected TriX-TA in experiment #13 and after 0.37 pore volumes
in experiment #14. Since the permeability of the cores and the mobility ratio between
oil and aqueous solution were the same in both core floods, there is no clear explana-
tion for the difference in water breakthrough time. Even the pressure drops over the

cores were similar, as can be seen in Figure 7-36.
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Secondary oil displacement by TriX-TA MC #13 and #14
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Figure 7-36: Secondary oil recoveries and pressure drops during TriX-TA injection into MC #13 and #14

In experiment #13, 11 ml of oil (equivalent to 21.3 %poir) Was produced at water
breakthrough, resulting in a remaining oil saturation of 54.8 %py. The main recovery of
oil could be observed during the first three pore volumes of injected solution. After
that, the recovery became less than 1 %oopr. In the next step, the flow rates were in-
creased up to a Darcy velocity of v, = 10 ft/d. Thereby, additional 0.3 ml of oil could be
mobilized. The residual oil saturation in experiment #13 amounted to 22.7 %py.

In core flood #14, 29 ml of oil were produced up to water breakthrough, which
equals to 59.8 %ooip and resulted in a remaining oil saturation of 24.9 %py. The main
recovery took place during injection of the first 4 pore volumes. Then, less than 1 %oop
could be mobilized. At the end of TriX-TA injection, the residual oil saturation amount-
ed to 22.6 %py. It could not be decreased by increasing flow rates. The characteristic
values of the secondary oil displacement tests with TriX-TA in NDlla are given in Table

7-24.
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Table 7-24: Characteristic values of secondary oil displacement tests with TriX-TA

Main Cores #13 #14
= Volume of injected oil in PV 6.1 6.9
B OBT
()
5 (after ... PV) 0.71 0.62
3 OOIP in %py 69.6 61.9
Volume of |!11ec.ted TriX-TA 101 17
solution in PV
WBT
= 0.15 0.37
-% (after ... PV)
-::—’. Sor at WBT in %py 54.8 24.9
= F at WBT in %o0ip 21.3 59.8
=
Sor (TriX-TA) in %py 22.7 22.6
F (TriX-TA) in %oo|p 67.4 63.5
7.7.3 Tertiary oil recovery experiments using 0.1 wt. % TriX-MB in NaCl

The ability of TriX-MB in NaCl solution to mobilize remaining oil in a reservoir after
water flooding was investigated by performing tertiary oil recovery experiments. For
the tests, Michigan sandstone cores (Kkpyine = 0.5 D) were used and prepared as de-
scribed in chapter 6.7.2. The main core was then saturated with oil by injecting ca.
4 PV of Bockstedt oil at a flow rate corresponding vj, = 1 ft/d. Subsequently, the main
core was shut in for 1 week to give time for possible wettability alterations. In Table 7-

25 the properties of the cores and fluids used are summarized.
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Table 7-25: Characteristics of cores and fluids of tertiary oil displacement tests with TriX-MB

#8 #9
Cores MC FC MC
Type Michigan Sandstone
lincm 29.9 5.76 30
n 0.24 0.24 0.23
PVin ml 81.0 15.8 77.6
kyaciinD 0.63 0.63 0.65
Fluids (55°C
Noir in mPa's 56.5 32.1
Nnact in MPa's 0.831 0.798
ootomasyen

In experiment #8 a different charge of Bockstedt oil was used. Therefore, the viscos-

ity is different from the other experiments.

Core Flooding Experiment #8

To determine the full potential of TriX-MB in NaCl solution, experiment #8 was con-
ducted using only a main core. TriX-MB has been shown to form spherical oil-in-water-
micelles rather than the stiff rod-like micelles after contact with oil (cf. chapter 7.3.2).
Therefore, there should be fewer filtration effects in an oil saturated core. After injec-
tion of 3.5 PV of Bockstedst oil, the original oil in place amounted to ca. 64 % of the to-
tal pore volume.

After aging time NaCl solution was injected at a flow rate corresponding to a Darcy
velocity of v, =1 ft/d. Qil recovery in the brine flooding phase of the experiment is
shown by the dark red squares in Figure 7-37. There was early water breakthrough
after only 0.1 pore volumes injected. At that time ca. 15 % of the original oil volume in
the core was produced. Around 4.1 pore volumes of brine were further injected. Ca.
3.1 ml (equivalent to = 7.5 % of original oil volume in the core) additional oil was mobi-
lized during brine injection after water breakthrough. Overall 12 ml of oil (23.3 %o0p)
could be produced by injection of 4.2 pore volumes of NaCl solution. Most of the oil

recovery occurred within the first 1.2 pore volumes of brine injection. After that, the
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cumulative oil production could be increased by only 1 % of the original oil volume in
the core. The remaining oil saturation after brine flooding was ca. 49 % of the total
pore volume. It is quite common to go with higher flow rates at the end of a brine in-
jection phase during a core flooding experiment in the laboratory to approach residual
oil saturation. In this experiment it was decided to inject brine at only one flow rate,
because it is quite implausible that higher flow rates (by factor 3 or even 10) occur dur-
ing a real production operation.

Directly after brine flooding 0.1 wt. % TriX-MB in NaCl solution was injected at the
same flow rate. After injection of ca. 0.3 pore volumes of TriX-MB an additional oil re-
covery of ca. 1 %ooip Was observed. The major reason for producing this part of the oil
might be the pressure pulse when starting TriX injection. After this initial pulse, the oil
recovery significantly increased (see: Figure 7-37, red squares) because of TriX-MB in-
jection. By injecting additional 2.3 pore volumes of TriX-MB solution 2.8 ml (equivalent
to = 5.4 %ooip) additional oil was produced. After that 1.7 more pore volumes of TriX-
MB were injected, but no additional oil was recovered anymore. Overall 3.3 ml of oil
could be mobilized by injection of 4.2 pore volumes of 0.1 wt. % TriX-MB in NaCl solu-
tion. This equals an additional oil production of 6.3 %goir. The remaining oil saturation
after TriX-MB injection amounted to 44.7 %py and could not be lowered by injection at
(up to a factor 3) higher flow rates.

The pressure drop over the main core steadily decreased during brine injection in
experiment #8, as shown by the dark red graph in Figure 7-37. During TriX-MB injection

the pressure drop was only slightly higher.

Core Flooding Experiment #9

In experiment #9 a filtration core was used again. During aging of the main core,
TriX-MB solution was injected into the filtration core, and the TriX-MB concentration of
the effluent was measured. Hence, the core could be used to study the dynamic ad-
sorption of TriX-MB on sandstone. When oil displacement started, the flow path of the
TriX-MB solution in the filtration core was considered to be saturated, since a series of
UV measurements of the effluent showed an effective concentration of TriX-MB of
0.09 wt. %. The question was if the potential of TriX-MB to mobilize oil in the reservoir

is affected by prior filtration of the solution in the reservoir. This should be probed by
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comparison of the results of experiment #8 (without filtration core) and experiment #9
(with filtration core).

After injection of 7.5 pore volumes of Bockstedt oil, the original oil in place
amounted to ca. 60 %. Oil breakthrough occurred after 0.57 pore volumes of injected
oil. Original oil in place and the oil breakthrough were comparable to the values of ex-
periment #8 (cf. Table 7-26).

After aging time NaCl brine was injected into the main core at a flow rate
corresponding to a Darcy velocity of v, =1 ft/d. Qil recovery started at a higher level
than in experiment #8 and reached its maximum faster, which is shown by the yellow
graph in Figure 7-37. This was because of the better mobility ratio of brine to oil in ex-
periment #9, since the oil had lower viscosity than in experiment #8. The water break-
through was observed after injection of 0.12 pore volumes of brine. Up to then, 20.3 %
of the original oil in place had already been produced. The remaining oil saturation at
water breakthrough amounted to 47.5 %py. By injecting ca. 0.7 more pore volumes
26.3 %ooip Were mobilized. After that no more oil was produced by brine flooding.
Overall 5 pore volumes of NaCl solution were injected, resulting in a remaining oil sat-
uration of 44 %py. As in the previous experiment, no higher flow rates were applied.

Subsequently, 0.1 wt. % TriX-MB in NaCl solution was injected through the filtration
into the main core. The effective concentration of the solution reaching the main core
for oil displacement was around 0.09 wt. %. During TriX-MB injection the pressure
drop over the main core increased within the first pore volume injected due to the
initially higher viscosity of the TriX-MB solution and then decreased due to oil produc-
tion until a steady level was reached after injection of ca. 5 pore volumes. After that,
no additional oil was mobilized (see: orange squares in Figure 7-37). During injection of
the first 0.3 pore volumes, no oil was produced, and only brine was displaced from the
core. After that, the effect of TriX could be observed. Within the next 2.6 pore volumes
injected the oil production increased steadily and overall 2.9 ml of oil (equivalent
to = 6.3 %ooip) Were recovered. Subsequently, further 3.2 pore volumes of TriX-MB
solution were injected, but less than 1 %o Was produced. Overall 3.2 ml, equivalent
to 6.9 %ooip, additional oil was produced by injecting 5.9 pore volumes of TriX-MB in

NaCl solution. The remaining oil saturation after TriX-MB injection amounted to

116



RESULTS AND DISCUSSION

39.8 %py. Subsequently, 4 pore volumes of NaCl solution were injected again, but no oil

could be mobilized anymore.

Tertiary oil displacement with TriX-MB MC #8 & MC #9

——cum oil #8, NaCl —=— cum oil #8, TriX-MB cum oil #9, Nacl —#— cum oil #9, TriX-MB
——dp #8, NaCl ——dp #8, TriX-MB dp #9, NaCl ——dp #9, TriX-MB
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Figure 7-37: Tertiary oil recoveries and pressure drops during TriX-MB injection into MC #8 and #9

The pressure drop over the filtration core of experiment #9 was constant during
TriX-MB injection through the filtration into the main core. At the end of TriX injection,
a final sample of the effluent of the filtration core was taken. The concentration of
TriX-MB was equal to the concentration, determined before starting TriX-MB injection
into the main core (0.09 wt. %). The difference of 0.01 wt. % of TriX-MB in concentra-
tion measurements between the inlet and the outlet of the filtration core indicates
that the TriX-MB solution undergoes alteration to a certain extent on its way through
the core. Despite this alteration and the lower effective concentration of TriX-MB in oil
displacement test #9, both experiments (#8 and #9) showed very similar results with
respect to oil displacement by TriX-MB. The additional oil productions amounted
6.3 %ooip (#8) and 6.9 %ooip (#9). A detrimental effect on TriX-MB solutions by filtration
could not be attested. The higher pressure, during TriX-MB injection in the main cores
compared to brine injection was proof for the higher viscosity of the TriX-MB solution
and thus, an improved mobility ratio. The viscoelastic network of the TriX-MB solution

might not fully break down during oil displacement.
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A summary of the characteristic values of the tertiary mode oil displacement tests

using TriX-MB in NaCl brine is given in Table 7-26.

Table 7-26: Characteristic values of tertiary oil displacement tests with TriX-MB

Main Cores #8 #9
= Volume of injected oil in PV 35 7.5
B OBT
()
< (after ... PV) 0.60 0.57
S OOIP in %py 63.6 59.6
Volume of injected brine in 4.9 50
PV
WBT
=
2 (after ... PV) 0.10 0.12
(8]
qc_". SoR at WBT in %pv 54.1 47.5
'GE" F at WBT in %oo|p 15.0 20.3
= .
S,r after brine injection in 48.7 44.0
Yopv
F (brine) in %00 23.3 26.3
c - =
S Volume of |r'|jectced TriX-MB 49 4.8
5 solution in PV
(]
< S,r (TriX-MB) in %py 44.7 39.8
x
E F (TriX-MB) in %oo|p 29.6 33.2
7.7.4 Tertiary oil recovery experiment using 0.1 wt. % TriX-TA in NDIla

Core Flooding Experiment #15

In secondary oil displacement tests, TriX-TA showed the ability to mobilize more oil
than brine or even TriX-MB. Since TriX-TA has a similar viscosity as brine, better oil re-
covery is not caused by increasing water viscosity. Therefore, the efficiency of TriX-TA
to mobilize oil was tested in tertiary mode to get more information about the mode-
of-action of oil displacement.

The characteristics of the cores and fluids used in this experiment are shown in Ta-

ble 7-27.
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Table 7-27: Characteristics of cores and fluids of tertiary oil displacement test with TriX-TA

#15
Cores FC MC
Type
lincm 5.21 29.95
n 0.24 0.22
PVinml 13.9 75.9
knpirain D 0.65 1.01
Fluids (55°C
Mot in mPa's 32.1
Nnpira in MPas 0.825
Nrrix-T4in mPa-s 0.8

After core preparation, 6.4 PV Bockstedt oil were injected into the main core at a
flow rate corresponding to a Darcy velocity vy = 1 ft/d. Oil breakthrough occurred af-
ter 0.61 PV. After that, no water was displaced from the core anymore, i.e., original oil
in place amounted to 60.6 %py.

The main core was shut in for one week after oil injection. Then 6.8 PV NDlla were
injected into the main core at v, =1 ft/d. The pressure and oil recovery curves are
given in Figure 7-38. Water breakthrough of NDIla occurred after 0.1 PV (7.7 ml). At
this point the oil saturation amounted to 50.5 %py. After injection of 0.6 PV NDlla no oil
was produced anymore, even by application of higher flow velocities up to
vp =10 ft/d. At the end of brine flooding, the residual oil saturation was 49.2 %p. Sub-
sequently, injection of 0.1 wt. % TriX-TA in NDIlla solution was started. 5.7 PV were
injected at a flow rate resulting in v, = 1 ft/d. After injection of 0.5 PV oil production
increased significantly. Oil mobilization also led to a slight pressure decrease over the
core. At the end of TriX-TA flooding the oil saturation amounted to 39.4 %py, meaning
that additional 16.2 %o0p Were produced. Again application of higher flow rates did

not lead to further oil mobilization.
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Figure 7-38: Tertiary oil recovery and pressure drop during TriX-TA injection into MC #15

The characteristic values for oil recovery in core flood #15 are given in Table 7-28.

Table 7-28: Characteristic values of tertiary oil displacement test with TriX-TA

Main Core #15

= Volume of injected oil in PV 6.4
=]

;i—’- (aft:rB.:l.- PV) 0.61

3 OOIP in %py 60.6

Volume of injected brine

in PV 68

-g (aftrf.TPV) 0.10

a S,z at WBT in %py 50.5

£ F at WBT in %o 16.7

= S after brine injection in %py 49.2

F (brine) in %oop 18.9

Volume of injected TriX-TA

s solution in PV >.7
X8
s u S, (TriX-TA) in %py 39.4
B F (TriX-TA) in %oop 35.1
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7.7.5 Tertiary oil recovery experiment using 0.1 wt. % TriX-M in NDlla

Core Flooding Experiment #16

The core flood with 0.1 wt. % TriX-M in NDIla solution was conducted in tertiary
mode since TriX-M has the structure of a conventional surfactant. It has been shown
that IFT reduction to oil by TriX-M is not sufficient to mobilize oil. However, there are
other factors, e.g., wettability change, which might contribute to an increase in the
capillary number and therefore, to additional oil production. This should be probed by
this experiment.

The properties of the used cores and fluids are given in Table 7-29.

Table 7-29: Characteristics of cores and fluids of tertiary oil displacement test with TriX-M

#16
Cores FC MC
Type
lincm 7.33 29.95
n 0.26 0.23
PVin ml 21.6 78.8
Knpira in D 0.74 0.71
Fluids (55°C)
Noir in mPa's 321
Nnpira in MPas 0.825
Nrrix—m in mPa-s 0.82

6.5 pore volumes of Bockstedt oil were injected into the main core at a flow rate
corresponding to Darcy velocity of v = 1 ft/d. After that the main core was shut in for
one week. The original oil in place amounted to 60 % of the pore volume.

During the aging time, an injection test was conducted with the filtration core. This
is described in the chapters 6.7.3 and 7.6.5.

After aging time ca. 7.2 pore volumes of NDIlla were injected into the main core at
vp = 1ft/d. The pressure drop over the main core during that phase of the experiment
is shown by the light violet; the oil recovery by squares in the same color in Figure 7-

39. Water breakthrough occurred after 0.1 pore volumes. Up to that point, 17.4 % of
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original oil in place was produced. The remaining oil saturation at water breakthrough
amounted to 49.3 %py. After injection of 0.8 pore volumes, no more oil was produced
anymore. Increasing the flow rates up to v, = 10 ft/d did not lead to oil production,
either. The residual oil saturation after injection of NDIla amounted to 47.3 %py.
Subsequently, 0.1 wt. % TriX-M in NDIla solution was injected through the filtration
into the main core. The pressure drop over the filtration core was constant at around
0.25 bar during injection. The pressure drop over the main core is shown by the dark
violet line in Figure 7-39. After injection of around 0.3 pore volumes of TriX-M solution
oil recovery increased significantly, as can be seen from the dark violet squares in the
Figure below. The main recovery occurred within injection of 5 pore volumes. Qil
recovery was almost doubled by TriX-M. The residual oil saturation could be lowered

from 47.3 %py to 35.0 %py. The recovery factor was increased by 20.6 %oop by the TriX-

M solution.
Tertiary oil displacement with TriX-M MC #16
cumoil, NDlla  —#— cum oil, TriX-M dp, NDlla ——dp, TriX-M
A5 0.4
%40 ) — o i l 035
B‘? 35 ’ - 0.3
£ 30 - 025 &
£
2 25 02 £
g 20 —— T T el 7 i ;-
g 15 %%%mﬂm' 015 =
g 10 - 0.1
T 5 - 0.05
0 0
0 5 10 15 20 25
PV

Figure 7-39: Tertiary oil recovery and pressure drop during TriX-MB injection into MC #16

In Table 7-30 the characteristic values of core flood #16 are given.
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Table 7-30: Characteristic values of tertiary oil displacement test with TriX-M

Main Core #16
5 Volume of injected oil in PV 6.5
% 5 OBT (after ... PV) 0.58
S OOIP in %py 59.7
Volume of injected brine in PV 7.2
= WBT (after ... PV) 0.10
E Sor at WBT in %py 49.3
; F at WBT in %001 17.4
E Sor after brine injection in %py 47.3
F (brine) in %o0ip 21.0
c Volume of injected TriX solution in PV 17.4
X
- .°=_-’. Sor (TriX-M) in %py 35.0
. F (TriX-M) in %o 41.6
7.7.6 Summary: Oil Displacement Tests

Secondary oil displacement

In Table 7-31 the oil saturations at different times during secondary oil displace-

ments with TriX-MB and TriX-TA solutions are summarized.
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Table 7-31: Remaining oil saturation in secondary oil displacement experiments

0.1 wt. % TriX-

0.1 wt. % TriX-

VEE NDlla MB in NaCl TA in NDIla
#8 | H9 | #15 | #16 | #10 | #11 | #12 | #13 | #14
.O?'P 63.6 | 59.6 | 60.6 | 59.7 | 58.7 | 64.6 | 65.2 | 69.6 | 61.9
in A)pv
i:ls\T/ 0.10 | 0.12|0.10 {010 | 0.17 | 0.3 1 031| 0.15 | 037
S"’?(‘%WBT 54.1 | 47.5 | 50.5 | 49.3 | 40.0 | 32.2 | 339 | 548 | 24.9
c in A)pv
O
£ F@WBT . c01203|167 174|293 462 480 213 | 40.2
9 in %o01p
£ §, g after inj. of
Tl 496 | 44.0 | 492 1473|307 13141282 | 257 | 241
= 1 PV in %py
\ . .
g Fafterinj.of1 ' 311891210477 513|568 | 67.4 | 611
'_g PV in %o0ip
Sor 48.7 1 44.0 | 492 | 473 | 28.4 13021240 | 227 | 22.6
in A)pv
_F 233 1263|189 121.0|51.6533163.2| 674 | 635
in %o0ip

Both TriX-MB and TriX-TA showed higher oil recovery than brine only. The water

breakthrough was delayed by application of both molecules.

In Table 7-32 the average values of secondary oil displacements with NDIla and TriX-

MB from another laboratory are given.

Table 7-32: Core flooding results for cores (kp,ine= 2 D) at S,,; at 55 °C and a flow rate of 9 ml/h (corre-
sponding Darcy’s velocity of 1 ft/d) in the Wintershall laboratory [88]

TriX-MB
)AL in NDlla
WBT
< 0.35 0.59
.g in PV
(8)
L Sor 2 53.6 33.6
= in A)pv
g S, after inj
= oR . 38.7 25.0
? of 1 PVin %pv
£ $
= oR
o) in %oy 29.1 18.4

The experiments conducted in the scope of this thesis showed earlier water

breakthroughs and higher remaining oil saturations compared to the core floods of the

other laboratory. This could be due to the shorter cores (7 —8 cm) in the Wintershall

laboratory. The effect of viscous fingering is more pronounced the higher the distance
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between injector and producer, i.e., the longer the core. Therefore, the volumetric
sweep efficiency should be lower in the core floods conducted in the scope of this the-
sis compared to the tests in Table 7-32. In the Wintershall laboratory the oil saturation
at the end of TriX-MB in NDIla injection was reduced by 10.2 % compared to brine
flooding.

0.1 wt. % TriX-MB in NaCl reduced S, by around 19 %, compared to NaCl flooding,
which might be due to fewer filtration effects, since the tertiary network is not as large
and stiff in NaCl compared to NDIla. Therefore, more parts of the oil saturated core
could be penetrated by TriX-MB in NaCl solution to mobilize oil.

Figure 7-40 shows the fractional flow of the aqueous phases during the oil dis-

placement tests as a function of water saturation in the core.

Fractional flow of TriX-MB and TriX-TA in
secondary oil displacement tests
1.2
NaCl #8
1 - .
i - — = NaCl#9
I [ d :
0.8 | / B NDIla #15
I
0.6 f A — — NDIla#16
o / 1y
04 : E-f TriX-MB #10
. / £ ] - — TriX-MB #11
0.2 1 "
! - ) TriX-MB #12
0 . Z
0, 0.2 0.4 0.6 0.8 1 TriX-TA#13
h S, - = TriXTA#14

Figure 7-40: Fractional flow of secondary oil displacement tests

By application of the Buckley-Leverett model, the water breakthrough point of the
displacement tests was fitted by modifying the Corey parameters for the relative per-
meability functions. The resulting relative permeability curves are given in the Figures

7-41 and 7-42.
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Relative permeabilities during oil displacements with
NacCl and TriX-MB in Nacl
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Figure 7-41: Relative permeabilities during oil displacements with NaCl and 0.1 wt. % TriX-MB in NaCl

Relative permeabilities during oil displacements with
NDIla and TriX-TA in NDIla
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Figure 7-42: Relative permeabilities during oil displacements with NDIla and 0.1 wt. % TriX-TA in NDlla

Injection of 0.1 wt.% TriX-MB in NaCl was more efficient in reducing the oil
saturation compared to brine injection. Main oil production occurred within the first
injected pore volume. A delayed water breakthrough in the oil displacement tests and
the shift of the fractional flow curves in Figure 7-40 to higher water saturations indi-
cated a more uniform displacement front as a typical result of an an improved mobility
ratio for TriX-MB solutions compared to brine. The crossover of oil and water relative

permeability curves was shifted to higher water saturation by using TriX-MB solution
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for oil displacement. This suggested that TriX-MB made the rock more water-wet dur-
ing oil displacement. Residual oil saturation was significantly decreased compared to
brine flooding.

The results of secondary oil displacement tests with 0.1 wt. % TriX-TA in NDIlla ex-
ceeded the results obtained with TriX-MB. Main oil recovery occurred within the first
4 PV, which is a little more compared to TriX-MB injection. The water breakthrough in
experiment #13 was only a little later compared to water breakthrough during brine
injection. In core flood #14 water breakthrough was delayed. Since TriX-TA does not
increase the viscosity of the displacement fluid, a delayed water breakthrough might
be caused by a highly viscoelastic interface between water and oil at the displacement
front. This would also explain that TriX-TA shows best mobility ratio compared to TriX-
MB solutions and pure brines, based on the graphs in Figure 7-40. Unfortunately, inter-
facial rheology was not investigated within the project. TriX-TA showed an even great-
er effect on residual oil saturation and the crossover of the relative permeability curves
than observed with TriX-MB. Secondary aggregates of TriX-TA are smaller than the rod-
like micelles built up by TriX-MB. Therefore, TriX-TA molecules could penetrate lower
permeable parts of the core and contribute to oil displacement, even better than TriX-
MB in NaCl. Low adsorption of TriX-TA on the pore walls led to sufficient concentration
of TriX-TA throughout the core. Plugging effects can be excluded.

Regarding oil mobilization by brine injection, NaCl was slightly more effective than

NDlla, which correlates with the results of the imbibition tests.

Tertiary oil displacement

In Table 7-33 the characteristic values of the tertiary oil displacement tests are
summarized. Figure 7-43 shows the pressure curves and oil recovery for all tertiary oil

displacement tests.
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Table 7-33: Remaining oil saturation in tertiary oil displacement experiments

TriX-MB TriX-TA | TriX-M
in NaCl in NDlla | in NDlla
#8 #9 #15 #16
IP
.O? 63.6 59.6 60.6 59.7
n A)pv
WBT
by 0.10 0.12 0.10 0.10
Sor @: WET 54.1 47.5 50.5 49.3
in %py
F @ WBT
5 . 15.0 20.3 16.7 17.4
'§ S in ‘;ﬁoou? :
9 or after inj.
49. 44, 49.2 47.
= of 1PVin %py 26 0 2 3
£ F after inj.
S r1 PV In %o 21.7 26.3 18.9 21.0
S.‘"‘f,’”'""’ 48.7 44.0 49.2 47.3
In A)pv
Forine 23.3 26.3 18.9 21.0
in %o01p
Sor after inj.
47. 42. 44, 43.1
- of 1 PVin %pv 3 > > 3
.0 F after inj.
g T 27.7 28.8 26.6 27.8
c
£ S .
> R 44.7 39.8 39.4 35.0
E in %py
: Fo""x 29.6 33.2 35.1 41.3
in %o0ip
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Summary: Tertiary oil displacements with TriX derivatives
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Figure 7-43: Summary of tertiary oil displacement tests with TriX-MB, TriX-TA, and TriX-M

All TriX derivatives led to additional oil production. Significant production of

additional oil after brine flooding (especially when higher flow rates have been ap-

plied) was an indication that residual oil has been mobilized.

In the laboratory of a project partner, a tertiary oil displacement test was conducted

with 0.23 wt. % TriX-MB in NDlla. The pressure and oil production curves were report-

ed in 2014 and are shown in Figure 7-44 [88].
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Figure 7-44: Mobilization of residual oil by TriX-MB in a 2 D Gildehaus Sandstone core [88]

In the core flooding test with TriX-MB in NDlla the remaining oil saturation could al-
so be reduced by 6 %. The pressure increase at the beginning of the injection of TriX-
MB is around 0.6 bar. The higher pressure increase in a core with even higher permea-
bility, which occurs when starting TriX-MB injection in NDlla (Figure 7-44) compared to
TriX-MB in NaCl (Figure 7-73), is very likely a result of the stronger network TriX-MB
forms in NDlla. TriX-MB in NaCl could mobilize a moderate the same amount of residu-
al oil at lower concentrations and shows better injectivity than in NDlla.

0.1 wt. % TriX-MB in NaCl led to a S,z reduction after brine flooding of 8 % in ex-

periment #8 and 9.5 % in core flood #9. TriX-MB mobilized 6 % o0 MOre oil after NaCl

injection in both experiments. This is a moderate amount compared to the other pub-
lished data regarding oil recovery with viscoelastic surfactant solutions (12 — 17 %ooip;
cf. chapter 4.2). However, the oil viscosity in the experiments conducted in the scope
of this thesis was higher compared to that formerly reported by other research groups
and TriX-MB works at high salinity. Injection of TriX-MB led to an increase in differen-
tial pressure at first, which is an indicator, that the TriX-MB solution had a higher vis-
cosity than brine only. Later, pressure decreases due to oil production. Mobility en-

hancement was contributing to oil mobilization by TriX-MB.
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0.1 wt. % TriX-TA in NDlla and 0.1 wt. % TriX-M in NDIlla had the same viscosity as
NDlla. Therefore, the pressure decreased steadily due to oil production. Both TriX de-
rivatives were more efficient in mobilizing additional oil than TriX-MB. TriX-TA mobi-

lized 16 % o0 additional oil (S,, reduction: 20 %py). TriX-M showed highest additional

oil production of 21 % (S, reduction: 26 %py). Around 5 pore volumes had to be

oQlIp

injected for main oil recovery. TriX-TA and TriX-M produced a substantial amount of
additional oil after brine flooding. These molecules efficiently mobilized residual oil.
The reduction of the interfacial tension was shown not to be sufficient enough to con-

tribute to oil recovery.
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8. Summary

The aims of this study were to investigate the behavior of TriX-MB, TriX-TA, and
TriX-M in porous media. The experimental procedure, which was conceived to first
understand the interaction of TriX molecules with the single components of an oil res-
ervoir and include the obtained results into the analysis of oil displacement tests,
proved to be reasonable. By pursuing this strategy, a comprehensive investigation on
the mode-of-action of the TriX molecules with respect to oil mobilization was carried

out in the scope of this thesis.

8.1 Bulk Studies on TriX Derivatives and Triton-X-100

TriX-MB forms stiff, rod-like micelles in saline solutions with high persistence
lengths at very low concentrations. These micelles are linked by salt bridges forming a
viscoelastic network. The strength of the cross-linking increases with the valence of the
cations, which are present in solution. TriX-MB builds a very rigid viscoelastic network
with di- and trivalent ions. The TriX molecules consist of a compact hydrophobic group
and a large hydrophilic part. By designing the hydrophobic core of Triphenoxymethane
micelles as compact as possible, it was thought that the accumulation of oil inside a
micelle could be prevented, which would cause the loss of viscoelasticity of the TriX-
MB solution. TriX-TA forms spherical micelles at low concentrations in solution and
develops no viscoelastic behavior. TriX-M has a surfactant-like structure, but with a
compact hydrophobic “head” and a long hydrophilic “tail”.

The adsorption of TriX derivatives on sand resulted in adsorption values of 10 —
30 UgTrix/8sand for TriX-MB and TriX-TA in highly saline brines. These values are much
lower than the values, which were reported for viscoelastic surfactants in other publi-
cations in brines with low salt concentrations (cf. chapter 4.2). High salinity is a critical
parameter for many EOR chemicals. Therefore, the adsorption level TriX-MB and TriX-
TA is of even higher quality. TriX-MB exhibited slightly higher adsorption values in
NDIla than in NaCl, which can be explained by the fact, that the tertiary network with
divalent ions is more rigid and stronger than in NaCl solution. TriX-M, as a surfactant,

exhibited static adsorption values of around 470 pgtix/8sand, Which is a moderate value
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for surfactant adsorption. Compared to the adsorption of Triton-X-100 (780 pgrix/8sand)
this is a promising result. Both molecules are structurally very similar, but TriX-M is an
anionic and Triton-X-100 a nonionic surfactant. This difference is probably the reason
for the advantage of TriX-M.

Different anions in aqueous solution affected the micellar network of TriX-MB solu-
tions in a way that contributes to the Hofmeister series. An effect of different salt ani-
ons on TriX-MB in contact with oil could not be observed in this study.

The reduction of interfacial tension to Bockstedt oil was not sufficient to increase
the capillary number significantly for TriX-MB, TriX-TA and TriX-M. The TriX derivatives
did not dissolve into the oil phase, but promoted oil-in-water emulsions. In contact
with oil, TriX-MB micelles became spherical and the viscoelastic properties of the solu-
tion are lost.

In contrast to TriX-M, Triton-X-100 is lost from the aqueous phase after oil contact.
In comparison to Triton-X-100, TriX-M exhibited similar IFT reduction in highly saline
brine and remarkably better adsorption values on sand (Triton-X-100 seemed to
adsorb twice as much as TriX-M). Furthermore, Triton-X-100 showed great interactions
in contact with oil and even vanished from aqueous solution. A decrease in TriX-M
concentration in brine after oil contact was not observed. TriX-M is an interesting and
promising alternative for Triton-X-100 in EOR applications and should be further stu-

died.

8.2 Imbibition Tests

TriX-MB in NDlla did not lead to additional oil recovery in spontaneous imbibition
tests. The tertiary network might be too strong for the aqueous solution to be soaked
into the core by capillary forces. In NaCl, TriX-MB increased imbibition rate and ulti-
mate recovery. The decisive factor is the weaker cross-linking between secondary ag-
gregates. The network can be broken down into structures, which are smaller than the
pore necks of the sandstone.

TriX-TA exhibited the best results in imbibition tests. Due to the small size of the

spherical micelles (9 — 15 nm), TriX-TA in NDIlla solution penetrated the core well. The
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lowest level of adsorption of all tested molecules resulted in highest effective concen-
tration inside the core.

Highest imbibition rate at the beginning of spontaneous imbibition tests exhibited
TriX-M. Due to higher adsorption, TriX-M increased ultimate recovery significantly only
at higher concentrations (0.25 wt. %, instead of 0.1 wt. %).

Triton-X-100 had no significant effect on ultimate oil recovery due to high adsorp-

tion on sand and the fact that it got attracted to the oil phase.

8.3 Injectivity and Retention

The critical property of the behavior of TriX in porous media is the type of
association of TriX molecules.

TriX-MB forms a strong and rigid network with divalent ions, which are present in
NDIla. The network size can be greater than 1 um. During injection tests, it led to poor
injectivity of TriX-MB in NDlla. Even in high permeable cores (kj,ine = 1.5 D) plugging
was observed. In the presence of only monovalent ions the network of TriX-MB is
smaller, and cross-linking between secondary aggregates is weaker, which contributed
to lower pressure drops during injection. TriX-MB shows shear thinning behavior. The
injectivity of TriX-MB in NaCl was not affected by reduced permeability of the core
samples. The main part of the pores of the sandstones used had diameters, which
could be passed by small parts of the tertiary network of TriX-MB. Some of the exper-
iments were affected by trivalent ions from the stainless steel parts of the core flood-
ing unit. The cross-linking between the rod-like micelles was reinforced and TriX-MB
formed a gel-like material. This effect should be considered for further tests on this
molecule.

TriX-TA does not form rod-like tertiary aggregates, but only spherical micelles 9 —
15 nm in size. Adsorption is on a low level. Therefore, low pressure gradients were
observed for TriX-TA injection.

Injectivity of TriX-M was not affected by the formation of aggregates, but by ad-
sorption of TriX-M molecules on the pore walls.

During all injection tests, the resistance factor and the residual resistance factor

were on the same level. This was explained by a slipping effect between TriX solution,
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which is flowing through the pores, and on the pore walls adsorbed TriX molecules. It
is also an indication for irreversible permeability reduction by TriX.

The retention of TriX molecules inside the core was much higher than adsorption.
Ca. 99 % of retained TriX-MB and TriX-TA was lost because of filtration effects or stuck
in dead-end pores. Adsorption was negligible for these molecules. For TriX-M the ad-
sorption had a higher effect on retention (16 %), which was expected, due to its surfac-

tant-like structure.

8.4 Oil displacement

All TriX derivatives mobilized additional oil in secondary and tertiary mode, even af-
ter flowing through a filtration core.

TriX-M led to highest additional oil recovery, followed by TriX-TA and TriX-MB.
These results correlate with the observations from the imbibition tests.

TriX derivatives lead to an IFT reduction by only a factor 4 to 10, which is not
enough to increase the capillary number sufficiently. Lowering the interfacial tension
between water and oil is a positive effect in any case, but the tested molecules are not
able to mobilize additional oil by that mechanism alone. Oil mobilization due to ad-
sorption could not be found during this study.

In secondary oil recovery tests, TriX-MB in NaCl resulted in an increased oil produc-
tion of around 31 %go0p, compared to brine flooding. In tertiary oil recovery tests TriX-
MB in NaCl showed better results than TriX-MB in NDIla and mobilized 6 %o addi-
tional oil. The strong network of TriX-MB formed with divalent ions might have a det-
rimental effect on the propagation of the solution in the reservoir. It seems that the
volumetric sweep efficiency is affected by plugging mechanisms. Hence, this molecule
could be applied in reservoirs with low content of divalent ions and maybe at lower
TriX-MB concentrations. During injection of TriX-MB in NaCl a higher pressure drop
over the core and a delayed water breakthrough were observed compared to brine
injection. This indicated that there was an effective improvement of the mobility ratio.
TriX-MB also showed a beneficial effect on relative permeabilities. Even though the

rod-like micelles transformed to spherical ones in contact with oil, and the viscoelastic
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properties of the solution got lost to a great extent, there still might be a viscoelastic
phase behind the zone of water-oil contact, contributing to mobility control.

After injection of TriX-TA in secondary mode the recovery factor was around
45 %oop higher compared to brine injection. TriX-TA also produced a considerable
amount of additional oil (16 %ooip) after brine flooding in tertiary oil displacement ex-
periments. This molecule efficiently mobilized residual oil. The advantageous effect on
relative permeabilities was greater for TriX-TA than for TriX-MB, which correlates with
higher oil production. TriX-TA did not develop any viscoelasticity. The effect on relative
permeabilities could be a result of wettability changes to more water-wet conditions
during the core flood. Another possibility might be that the rheological properties of
the oil-water interface are influenced in a beneficial way. The higher the elasticity of
the interface between water and oil, the more snap-off of oil droplets is prevented.
This could have resulted in a more uniform water front and thus to better oil produc-
tion.

For TriX-M it can be stated, that there is no viscosity increase in bulk phase and IFT
reduction is not significant enough to reduce residual oil. Since there was only one
tertiary displacement experiment conducted for TriX-M, no statements about relative
permeability changes with respect to this derivative can be made. However, this mole-
cule showed the best results in tertiary oil displacement. The additional oil production
amounted to 21 %gop. This might be an indication for an even more pronounced effect
on relative permeabilities than with TriX-TA, maybe by alteration of interfacial viscosity
or wettability.

All in all the positive effect of the basic chemical structure of Triphenoxymethanes
on oil displacement was proved by the investigations in the scope of this thesis. The
main mode-of-action was most likely wettability alteration to strong water-wet sys-
tems. Triphenoxymethanes are very promising chemicals for enhanced oil recovery in

highly saline reservoir brine.
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9. Outlook

The TriX derivatives, which were studied in the scope of this thesis, efficiently mobi-
lized additional oil in secondary and tertiary mode. Their great advantage over all so
far reported viscoelastic surfactant solutions for EOR application is, that they are effec-
tive in high saline (up to 20 % TDS) and hard brine at low surfactant concentrations of
0.1 wt. %. Therefore, further investigations on these new class of (viscoelastic) surfac-
tant solutions could lead to a commercial EOR product for many mature oil reservoirs.

To get an even better understanding of the mode-of-action of the TriX derivatives,
investigations on their influence on the wettability of the reservoir and oil-water-
interfacial rheology are recommended. The theory of mobility enhancement by in-
creased interfacial viscosity has not been reported in the literature so far, and would
need extensive laboratory investigations concerning interfacial viscosity, emulsification
properties, and oil displacement to be probed.

The effect of alkaline or co-surfactants on TriX solutions and their interaction with
oil was not studies in the context of this thesis. However, such formulations can have
very beneficial properties foe chemical EOR. The screening of suitable alkalines or co-
surfactants in combination with TriX should be considered for future research projects.

Investigations on the applicability of TriX-MB as a foaming agent could also be taken
into account, since the formation of stable foam because of the great size of the
formed micelles is imaginable.

A very interesting result of the investigations, which have been conducted in the
framework of this thesis, was the very favorable effect of a chaotropic salt (NaSCN) on
oil recovery in imbibition tests. Taking advantage of salts, which intensify hydrophilici-

ty, on oil recovery might be an interesting new approach for research.
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APPENDIX

Al The hydrophilic-lipophilic balance (HLB)

The HLB value is a measure to quantify the hydrophilic and lipophilic character of a
surfactant molecule. This concept is often used to describe emulsification processes. A
high HLB value is characteristic for surfactants with a pronounced hydrophilic charac-
ter, which propagate the formation of oil-in-water emulsions. In presence of surfac-
tants with low HLB values, water-in-oil emulsions are more likely formed.

A wide-spread mean to rate the hydrophilic or lipophilic effect of a surfactant by its
HLB value is the Griffin scale, as shown in Table A1-1. It facilitates the screening of dif-

ferent surfactants for practical applications.

Table A1-1: Griffin scale of HLB values

HLB range Use
4-6 w/o emulsifiers
7-9 wetting agents
8-18 o/w emulsifiers
13-15 detergents
15-18 solubilizer
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APPENDIX

A2 Densities and viscosities of the used aqueous solutions

Table A2-1: Densities and viscosities of the used aqueous solutions

20 °C 55 °C room temp.

Density dyn. Viscosity Density dyn. Viscosity pH-value

ing/cm? in mPa-s ing/cm? in mPa-s
saline solutions

NDlla 1.1266 +0.0029 1.481 +0.024 | 1.1094 +0.0029 @ 0.7977 =+0.0385 57 $0.2
NaCl 1.1406 +0.0056 1.486 +0.156 | 1.1223 +0.0055 @ 0.8073 +0.0204 56 +04
0.5 Nacl 1.0694 +0.0039 1.009 +0.473 | 1.0530 +0.0047 0.6642 +0.0442 5.8 0.2
Na;SO, 1.1450 +0.0007 1.825 +0.115 | 1.1277 +0.0004 @ 0.8977 +0.0583 59 $0.1
0.5 Na;SO, 1.0724 +0.0043 1.301 +0.026 | 1.0558 +0.0042 @ 0.6685 =+0.0191 58 +0.2
NaSCN 1.1451 +0.0018 1.483 +0.008 | 1.1207 +0.0010 @ 0.7935 +0.0169 57 $0.1
0.5 NaSCN 1.0644 +0.0141 1.132 +0.035 | 1.0457 +0.0130 @ 0.6025 +0.0021 56 $0.2
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APPENDIX

Table A2-1: Densities and viscosities of the used aqueous solutions (continued)

20 °C 55 °C room temp.

Density dyn. Viscosity Density complex Viscosity pH-value

g/cm? mPa:s g/cm? mPa:s
TriX-MB in different saline solutions

0.1 wt. % TriX-MB in NDIla 1.1225 +0.0111 N/A 1.1100 +0.0031 123 +3.9 6.0 0.3
0.1 wt. % TriX-MB in NaCl 1.1405 +0.0062 N/A 1.1222 +0.0060 85 +1.8 5.9 $0.6
0.25 wt. % TriX-MB in NaCl 1.1393 +0.0001 N/A 1.1218 +0.0008 20.7 04 5.8 +0.0
0.1 wt. % TriX-MB in 0.5 NaCl 1.0693 +0.0000 N/A 1.0526 +0.0064 5.6 +0.0 59 $04
0.25 wt. % TriX-MB in 0.5 NaCl 1.0721 +0.0009 N/A 1.0567 +0.0006 5.6 +0.9 6.1 +0.1
0.1 wt. % TriX-MB in Na;SO, 1.1438 +0.0002 N/A 1.1265 +0.0006 9.7 0.1 57 %03
0.25 wt. % TriX-MB in Na,SO, 1.1440 +0.0003 N/A 1.1263 +0.0008 30.6 *0.5 58 *0.5
0.1 wt. % TriX-MB in 0.5 Na,SO, 1.0762 +0.0030 N/A 1.0589 + 0.0005 8.1 *0.0 51 %01
0.25 wt. % TriX-MB in 0.5 Na,SO, 1.0763 +0.0030 N/A 1.0589 + 0.0004 7.0 *0.2 54 *0.2
0.1 wt. % TriX-MB in NaSCN 1.1492 +0.0010 N/A 1.1227 +0.0030 7.3 *0.2 6.0 0.3
0.25 wt. % TriX-MB in NaSCN 1.1435 +0.0009 N/A 1.1191 +0.0003 7.3 0.6 59 03
0.1 wt. % TriX-MB in 0.5 NaSCN 1.0748 +0.0007 N/A 1.0549 +0.0015 6.6 +0.1 57 0.1
0.25 wt. % TriX-MB in 0.5 NaSCN 1.0730 +0.0006 N/A 1.0533 +0.0013 6.3 0.1 59 0.1
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Table A2-1: Densities and viscosities of the used aqueous solutions (continued)

20 °C 55 °C room temp.

Density dyn. Viscosity Density dyn. Viscosity pH-value

g/cm? mPa:s g/cm? mPa:s
TriX-TA, TriX-M, and Triton-X-100 in NDlla

0.1 wt. % TriX-TA in NDlla 1.1266 +0.0009 1.486 +0.000 1.1096 + 0.0009 0.805 *0.012 59 04
0.25 wt. % TriX-TA in NDlla 1.1275 +0.0011 1.508 +0.003 | 1.1108 +0.0013 0.863 +0.006 5.8 $0.1
0.1 wt. % TriX-M in NDlla 1.1282 +0.0012 N/A 1.1110 +0.0009 0.785 +0.003 5.6 $0.1
0.25 wt. % TriX-M in NDIlla 1.1275 +0.0006 N/A 1.1111 +0.0013  0.842 +0.083 5.8 +0.0
0.1 wt. % Triton X 100 in NDlla 1.1308 +0.0029 1.439 +0.022 | 1.1155 +0.0072 @ 0.720 £0.015 59 $0.1
0.25 wt. % Triton X 100 in NDlla 1.1264 +0.0000 1.542 +0.000 1.1095 +0.0000 0.927 +0.000 55 0.0
0.1 wt. % Triton X 100 in NacCl 1.1383 +0.0047 1.452 +0.032 1.1204 +0.0046 0.811 +0.002 56 *0.1
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A3

Pore size distributions of Bentheimer and Michigan sandstone

Bentheimer sandstone
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Figure A3-1: Pore size distribution of Bentheimer sandstone
Michigan sandstone
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Figure A3-2: Pore size distribution of Michigan sandstone
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APPENDIX

A4  The Buckley-Leverett model and Corey relative permeability func-

tions

The Buckley-Leverett model is a simple analytical tool to analyze oil displacement in
a porous medium. Under the assumptions displaced (oil) and displacing (water) fluids
are immiscible, incompressible and gravity effects and capillary forces are neglectable,
the fractional flow of the water (f,,) is described as a function of saturation of the po-

rous medium [13, 113].

1
fiv = O Eq. A4-1
Mo krw(Sw)
fw - fractional flow of water
ko (Sw) - relative permeability for oil
Mo — dynamic viscosity of oil in Pa-s
Nw - dynamic viscosity of water in Pa-s
K (Sw) - relative permeability for water

Typical relative permeability curves with corresponding fractional flow diagram are

given in Figure A4-1.

Typical oil-water relative permeabilities Typical fractional flow curve for water

1 ' 1
s fw
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3 «2
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.ﬁ kro 3
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krw
0
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0 0.5 1 0 05 1
water saturation S, water saturation S,,,

Figure A4-1: Typical relative permeability curves (left) and corresponding fractional flow (right) [113]
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The fractional flow depends on the mobility ratio between water and oil. Hence,
statements about the mobility ratio in each experiment could be made on the basis of
the observed fractional flow of water and oil phase. Figure A4-2 shows fractional flow
curves as a function of water saturation in the core at different mobility ratios M. The

lower the mobility ratio, the more efficient is the oil displacement.

1.0

e
o0
T

o
)
I

<
s
T

fractional flow of water f,,

o
o
1

water saturation S,

Figure A4-2: Fractional flow (f,,) as a function of water saturation (S,,) and mobility ratio(M) [15]

A. T. Corey conducted a large number of experiments on relative permeabilities [115,
116]. He specified the relation between relative permeabilities and saturations with
respect to capillary effects by the introduction of an exponent (x), which influences
the shape of the relative permeability curves. Relative permeabilities can be calculated

as follows.

S = Swi  \'
Krw (Sw) = (ﬁ) Ky (Sor) Eq. Ad-2
wi or
1—5, = Sor\
Ko (S) = (52 * koS Eq. Ad-3
wi or
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Kk (Sy) - relative permeability for water

Sw - water saturation

Swi - irreducible water saturation

Sor - residual oil saturation

Ky - Corey exponent for water

kv (Sor) - relative permeability for water at residual oil
saturation

k,.,(Sy) - relative permeability for oil

K, - Corey exponent for oil

kro(Swi) - relative permeability for oil at irreducible water
saturation

The Corey factors typically range between 2 and 8, depending on the wettability of

the porous medium (Table A4-1).

Table A4-1: Corey factors for water and oil for different wettability conditions [117]

KO KW
oil wet 6-8 2-3
slightly oil wet 2-6 2-4
slightly water wet 2-6 4-6
water wet 2-4 6-8

Relative permeability curves for water wet and oil wet conditions are shown in Fig-

ure A4-3.
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Figure A4-3: Typical relative permeability curves for strongly water-wet (left) and strongly oil-wet (right)
conditions [114]

Table A4-2 shows critical values to define wettability from relative permeability curves

(rules of thumb) [118].

Table A4-2: Values to define wettability from relative permeability curves [118]

water-wet  oil-wet

Swe >0.2 <0.15

Sor <0.3 >0.3

Sw (kryw = ki) >0.5 <0.5
ki (Sor) <0.3 >0.5
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