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Abstract IX

Resumen

Una practica comun en la industria petrolera es inyectar agua u otros liquidos en la
formacion subterranea para extraer el hidrocarburo contenido en los poros pequefios,
mediante métodos de mejoramiento/recuperacion (IOR/EOR) de petréleo. Uno de los
factores importantes en el aumento de recobro, es el concepto de humectabilidad, el cual
se define como la afinidad de un fluido a estar en contacto con un sélido, en presencia de
otros fluidos inmiscibles. El efecto de la humectabilidad es importante debido a que afecta
variables importantes en la explotacién de yacimientos, como lo son la presién capilar, la
permeabilidad relativa, la saturacién de agua inicial o de petréleo residual y la recuperacion
de crudo.

En el presente trabajo se desarrollé una metodologia para describir y evaluar el fenémeno
de la alteracion de la humectabilidad, generado por la reaccion o adsorcion de surfactantes
sobre una superficie determinada. La metodologia desarrollada mediante dinamica
molecular consiste en la implementacion de cuatro procedimientos: i) la sintonizacion del
parametro energético del potencial de la superficie para una descripcion apropiada del
estado de humectacion inicial, i) la simulacion de la reaccion o adsorcion de un surfactante
sobre una superficie determinada, iii) la evaluaciéon del grado de cubrimiento de la
superficie con el surfactante y iv) la medicion del angulo de contacto de gotas de liquidos
sobre la superficie recubierta, con lo cual se determina la alteraciéon de humectabilidad

producida por el surfactante.

La metodologia se valido para surfactantes con diferentes tipos de estructura molecular:
estructuras fluorocarbonadas, surfactantes no-idbnicos con cadenas de 6xidos de etileno
(EO) y se evaluo el efecto de la estructura de la cadena (longitud y ramificaciones). Para
ello se evaluaron cuatro casos de estudio, obteniendo en todos ellos excelentes
aproximaciones entre los &ngulos de contacto medidos experimentalmente y los obtenidos

con simulacién molecular. Los resultados obtenidos permiten dilucidar el efecto de una
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determinada estructura molecular de un surfactante en el desempefio para promover un
estado de humectacion de la superficie especifico.

Palabras clave: Alteracibn de la humectabilidad, surfactante, angulo de contacto,
dinamica molecular.



Abstract Xl

Abstract

A common practice in the petroleum industry is the waterflooding or another liquids into the
formation, to extract the hydrocarbon contained in small pores, through of
enhanced/recovery methods (IOR/EOR). In processes of enhanced recovery and
condensate banking removal, the main goal is to enable the mobility of production fluids
through porous media. For which the concept of wettability is essential since it defines to a
great extent how fluids distribution takes place in porous media. In addition, wettability has
a huge impact on the variables of field exploitation such as capillary pressure, relative

permeability, initial water or residual oil saturation and crude recovery.

In this work a methodology to evaluate and represent the wettability alteration phenomena
was developed, promoted by the surfactants reaction or adsorption on a surface. The
methodology developed through molecular dynamics consist in four procedures: i) tunning
the energetic parameter of the interaction potential to achieve a proper description of the
initial wettability state, ii) the representation of the adsorption/reaction of the surfactant
molecules on the surface, iii) the evaluation of the surface coverage degree, and iv) the
contact angle measurements of the liquids on the surfactant-covered surface, in which the

wettability alteration promoted by the surfactant was determine.

The methodology was validated for surfactants with different types of molecular structure:
fluorocarbonated structures, non-ionic surfactants with chain of ethylene oxides (EO). This
validation included an analysis of the effect of the chain structure i.e. length and
ramifications. To do this, four case studies were evaluated, obtaining excellent agreement
between the contact angles measured experimentally and those ones obtained by
molecular simulation. The results obtained allow to dilucide the effect of a particular

surfactant molecular structure on the performance to promote a specific wetting state.

Keywords: Wettability alteration, surfactant, contact angle, molecular dynamics.
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1. Introduction

1.1 Motivation

Waterflooding is one of the most popular methods of enhanced oil recovery (EOR) and until
a few years ago it was considered the process that had contributed the most to increasing
oil recovery.! However, the performance of this method decreases in applications where
the porous medium exhibits high horizontal and vertical heterogeneity. After a waterflooding
process is conducted, more than 50% of the original oil can be left in situ. This is why
alternative processes, such as the injection of different types of surfactants and polymers,

have been proposed.?

The addition of surfactants has been applied successfully in mature oil fields. The main
goal of this treatment is to recover the residual oil in the field after the primary or secondary
processes have been performed and to change the wettability of the reservoir rock.3# It is
worth mentioning that the applicability of the chemical enhanced oil recovery depends on
different aspects of the reservoir (mainly brine and oil compositions, temperature, pressure,
guantity of water production, rock mineralogy and degree of rock fracture, among
others).>®*® For instance, carbonate reservoirs are often strongly oil-wet whereas
sandstones are normally neutral or even water-wet.®’ Despite this, as the sandstone ages
or the reservoir has formation damage by asphaltenes deposition (altering the wettability of
the rock), the sandstones can become oil-wet. The latter phenomenon is common in
reservoirs of light and intermediate crude oil, wherein surfactant flooding is more commonly
used.

The elimination of condensate banks in gas reservoirs is another application where
surfactants have been widely used to improve oil recovery. Formation damage due to

condensates is one of the most dramatic factors contributing to the production loss of a gas
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reservoir. The obstruction of the pore networks available for gaseous hydrocarbon
extraction greatly increases the capillary forces, sometimes causing changes in the natural
rock wettability and originating a stronger restriction on the mobility of production fluids. In
some cases, this phenomenon can also lead to an increase in the irreducible water
saturation, which decreases gas permeability.8° There is a substantial amount of literature
reports, both based on field and laboratory work, that quantify the formation damage
associated with condensate banks. Productivity losses vary between 20 and 80% for field
data.l>*> These cases suggest that viscous forces alone are not able to improve gas
production due to the magnitude of capillary forces generated by the formation of
condensate banks.

Among the many methods proposed to restore gas production rates after the formation of
condensate banks, the chemical alteration of the wettability of the formation around the
wellbore appears to be a promising alternative. In general, polymers or surfactant agents
can be added to fulfill this task.'®* Numerous studies have focused on surfactants such as
polyacrylates and fluorinated polymers with high molecular weight, reaching the conclusion
that fluorinated compounds are ideal for wettability alteration projects because of their low
interfacial tension, high thermal stability and amphiphilic molecular structure.'®-2!
Organosilane surfactants are considered excellent candidates as treatments for the
alteration of the natural wettability of silica surfaces. These structures have the advantage
of being able to form bonds with the silica atoms available at the surface, which has a strong

impact when considering the durability of the proposed treatment.?223

Experimental evaluations have been widely used with the purpose of defining the optimal
conditions for surfactant injection in EOR applications.®>?%?” These evaluations generally
consist of selecting a promising surfactant and determining the concentration at which it
produces the greatest change in the wettability state of the rock (by measuring the contact
angle of oil and water droplets and imbibition tests) and determining the recovery
incremental factor through core-flooding tests.?8-2° Most studies of wettability alteration are
carried out by measuring the contact angle of water or hydrocarbon droplets (usually on
test cores made from outcrop sandstone rocks), as a way of determining the effectiveness
of the treatment. Typically, the hydrocarbon is represented using linear alkanes, such as n-
heptane? or n-decane,*! because condensate banks are associated with light hydrocarbon

compounds.?32 Experimental results show that an increase in the droplet contact angle, of
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both water and hydrocarbons, can be generated, whereby the wettability of the surface

becomes preferable to the gas phase, not the liquid phase.?231:33-35

In processes of enhanced recovery and condensate banking removal, the main goal is to
enable the mobility of production fluids through porous media. The concept of wettability is
therefore essential since it defines to a great extent how fluids distribution takes place in
porous media.®® In addition, wettability has a huge impact on field exploitation variables
such as capillary pressure, relative permeability, initial water or residual oil saturation and
crude recovery.*-# According to Wang et al.,?* wettability is defined as the tendency of a
fluid to spread on or stick to a solid surface in presence of other immiscible fluids. The
factors that affect the wetting states are multi-varied. Wu et al.*? present brine composition,

pH, porous media mineralogy and crude oil compaosition as sensitive factors.

Surfactants play a fundamental role in the processes of chemically enhanced recovery
since they are responsible for wettability alteration in the porous media.®>4344 Such process
is possible through the thermodynamic alteration of interfacial energies in the
heterogeneous system (solid-liquid, solid-gas, and liquid—gas interfacial tensions).25:2%45
Therefore, the molecular characteristics of the surfactant are key in its capability to increase

the recovery factor in EOR processes.546-49

In applications where it is required that the surfactant adsorbs onto the solid surface, the
most common approach is to take advantage of the strong electrostatic interaction that can
be established between the polar heads of the surfactants and the net surface charge on
the solid.*”*° Anionic surfactants are typically used for the treatment of carbonate
formations?51-52 and cationic surfactants for the treatment of sandstones.®*°¢ Non-ionic
surfactants have the advantage of being more stable than ionic surfactants under high
salinity conditions since they do not present inhibition by solvation.*’:°":8¢ Among the non-
ionic surfactants typically used in processes of alteration of wettability, fluorocarbon
structures®®°! are widely known for their ability to remove condensate banks, and
surfactants based on ethylene oxides (EO)®®2%° appear as promising alternative for

restoring the initial water-wet state of surfaces.*”48.66
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Due to the key role played by the surfactant in the wettability alteration, many research
studies, both theoretical and experimental, have sought to evaluate the relation between
the molecular structure of the surfactant and the degree of alteration of wettability induced.
Studies have been published evaluating the effect, on the wettability, of the fluorocarbon
chain length,®”%8 the differences between fluorocarbon and hydrocarbon chains®-"2 and the
effect of the branching degree of the surfactant molecular structure’>” and the non-

fluorocarbon chain length.%874

Understanding the fundamentals of the wettability alteration process is important to propose
treatments with the potential to increase the mobility of production fluids. In general,
experimental works only evidence the possibility of generating this alteration of wettability,
without providing details of the mechanisms involved in the process.®>?*7 Therefore, in
recent years, several studies have been developed using molecular simulation tools that

complement the experimental evaluations.’®

In this sense, recent work has focused on theoretical studies using Monte Carlo”’~8° and
molecular dynamics (MD)®"81-92 simulations. These types of studies allow evaluating, from
a molecular point of view, relevant aspects of the phenomena, such as the adsorption
configurations at the equilibrium state and the quantification of the different energetic
contributions (van der Waals interactions, electrostatic forces, dipoles, etc.).”® This
knowledge is crucial when identifying the most important features in the performance of a
wettability alteration treatment in a porous media and also enables different scenarios for

reservoir condition testing, which is often a very expensive and difficult task.®

In the case of EO surfactants, for example, molecular simulations have allowed the study
of the adsorption of these surfactants in silica-water interfaces,® and the study of micelle
behavior of polysorbate 80 in water.5* Even DFT and DPD approximations have been used
to understand the effect of EO chains on the properties of a series of nonylphenol ethoxylate
surfactants,®® obtaining that the solvation energy shows a linear trend with the number of
EO units. This kind of theoretical approaches allows to evaluate improvement of existing
anonionic surfactants. For example, tolerance to the presence of salts containing Ca?* could
be increased by introducing EO groups in the molecular structure of anionic surfactants.®
A great number of the wettability alteration studies using molecular simulation techniques

aim at evaluating the contact angle between a drop of fluid and the surface of interest.
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Those studies conducted on a silica surface®:88909294.95 gre particularly relevant to the oil
industry, as these surfaces can properly represent the sandstone formations86:89.94.9 that
commonly occur in condensate gas reservoirs.>?* However, the reported results for contact
angles measured experimentally and calculated using molecular simulation techniques are
significantly different. Experimentally determined contact angle values for water drops on
quartz surfaces are between 0 and 90°.%” This dispersion of the results seems to be
associated with the cleaning protocols of the surface. When rigorous cleaning procedures
are enforced, the contact angle varies between 0 and 30°.°” Theoretical studies using
molecular simulation technigues place this value above 60° on the same surface.?°2% This
discrepancy between theoretical and experimental results can be explained by multiple
reasons. Among them, the difference in the scale of the measurement is a strong one, as
the line tension and contact radius are used to explain the difference in results.®®-1% The
difference can also be attributed to the difficulty of properly representing, in a molecular
simulation, all the morphological features of a real surface (rugosity, surface substituents,

crystalline defects, fractures, etc.).

Through the review of the literature, it was established that the selection of a treatment to
alter the wettability, under some specific field conditions, is mainly made in an experimental
way. In most of the cases, the surfactant is selected without basic knowledge of the
phenomena. Despite the research advances that study the interfacial phenomena, and
which employ tools to obtain atomistic information on the phenomena (molecular
simulation) there is not a theoretically based methodology aimed at evaluating and selecting
a surfactant that promotes wetting alteration of a surface yet. Additionally, the contact
angles obtained through molecular simulation and the experimentally measured angles,

show considerable deviations.

1.2 Thesis scope

The main objective sought with this thesis was to design a molecular dynamics
methodology for the evaluation of surfactants that allow alteration of wettability in
sandstones. The objective was supported by the following hypothesis: There is a close
relation between the surfactant molecular structure and the contact angle modified by the

wettability alteration process.
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This work evidences that through the methodology and the reported models in this
document, it is possible to relate a specific wetting state to certain molecular characteristics
of the surfactant. The developed methodology allows the prediction of the contact angle of
liquids droplets on coated or uncoated surfaces, with close approximations to the
experimental measurements. Therefore, this work can be considered as the theoretical
basis to develop treatments to alter wettability in EOR processes, or to improve the existing

ones.

1.3 Thesis outline

Figure 1.1 shows a diagram of the content of this work. The first chapter contains a
contextualization of the research problem developed in the doctoral thesis. In addition, the
motivation and the scientific advances recently achieved in this field of research are

included.

simulations

Chapter 5
(Conclusions)

v" General conclusions
v" Future work
v" List of Publications

v" Fluoro- vs
hydrocarbon
surfactants

v" Restoring of
water-wet state

of sandstone

v Alteration of the
hydrophilic state
of gold surfaces

Chapter 1 Chapter 2 Chapter 3 Chapter 4
(Introduction) (Methodology) (Case studies) (Remarks)
v Motivation v Evaluation of v Comparison of v' Simulations
v' Thesis scope the chemical linear and with atomistic
v" Thesis alteration of branched surfaces vs
outline wettability molecular wall potential
using MD structures

Figure 1.1. Thesis outline.

Chapter 2 presents the methodology in detail and the proposed methods to study the

wettability alteration of sandstones using molecular dynamics. It also includes the
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evaluation of the methodology through the representation of the contact angles of water
and n-heptane on a silica surface. Both coated and uncoated surfaces were considered

during such evaluation, using a fluorocarbon organosilane surfactant as wettability modifier.

Chapter 3 shows four case studies in which the molecular characteristics of the surfactants
and their capacity to alter wettability are related. The first case study (section 3.1) refers to
the comparison between linear and ramified fluorocarbon organosilicon surfactant chains,
considering the contact angles of water and n-decane drops as evaluation parameter. The
second case study (section 3.2) describes the results obtained from the evaluation of
surfactants with fluorocarbon and hydrocarbon chains that promote hydrophobic conditions.
The third case study (section 3.3) evaluates the capacity of a nonionic commercial
surfactant to restore water wettability on a restored sandstone surface (oil-wet). The fourth
case study (section 3.4) evaluates the capacity of the developed methodology to represent
the wettability alteration in another type of application (hydrophilic state of gold alteration in

froth flotation processes).

Chapter 4 evaluates the capacity of the methodology to reproduce contact angles of
different liquids on three types of surfaces. Unlike the case studies evaluated in chapter 3,
this section does not include an atomistic representation of the surface or of the coating

with the surfactant either.

Finally, chapter 5 shows the general conclusions, future work and the scientific

contributions generated from this doctoral thesis.






2. Evaluation of the chemical alteration of
wettability with solid-surfactant bond
formation

In this chapter, a methodology based on MD simulations for evaluating the alteration of
wettability caused by the implementation of organosilane structures on organic or inorganic
surfaces (such as minerals, fillers, metals, and cellulose) is presented, where the interaction
between the surface and surfactant can be described by bond formation or hydrogen
bonding. This methodology is based on four major actions: first, the energetic parameter of
the interaction potential of the surface must be tuned to achieve a proper description of the
initial wettability state. This is performed by evaluating the contact angle of a drop of water
on the surface in the absence of surfactant molecules. Second was the representation of
the adsorption/reaction of the surfactant molecules on the surface. Third, the contact angle
measurements of the water drop on the surfactant-covered surface were made. Finally, the

alteration of the wettability of the surface is predicted, using n-heptane as the fluid phase.

The methodology described here can be applied, in general, to study the alteration of
wettability as a result of a large number of species that integrate members of the
organosilane structure family, applied on surfaces on which they can adsorb or form bonds.
As an illustration of this methodology, in this chapter, the study of the alteration of the
wettability of glass surfaces by implementing the partially fluorinated organosilane agent

1H, 1H, 2H, 2H-perfluorodecyl triethoxysilane, CgF17CH>.CH,Si-[O-CH>CHs]s (in short,

perfluorodecyl),® is presented here.

Parts of the content of this chapter were published in a journal article and as presentations

at congresses.
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Article:

Moncayo-Riascos, |.; de Ledn, J.; Hoyos, B. A. Molecular Dynamics Methodology for the
Evaluation of the Chemical Alteration of Wettability with Organosilanes. Energy & Fuels
2016, 30 (5), 3605-3614.

Congress:

Jennifer De Leon, Ivan Moncayo-Riascos, and Bibian A. Hoyos. Evaluation of the Chemical
Alteration of Wettability by Molecular Simulation. The Sixteenth International Conference
on Petroleum Phase Behavior and Fouling. PetroPhase 2015 International Conference.
Riviera Maya, México, 2015.

Moncayo, |. y Hoyos, B. Evaluaciobn Molecular del Efecto de las Cargas del Sodio
Dodecilsulfanato (SDS) en la Alteracién de Humectabilidad. 11° Congreso Interamericano

de Computaciéon Aplicada a la Industria de Procesos. CAIP 2013. Lima, Perd, 2013.

2.1 Model

The model used to describe the interaction between the glass surface and the liquid
molecules is the well-known 10-4-3 potential.1°1%2 This potential is only dependent on the
perpendicular distance, z, between the atoms of the liquid molecules and the surface. The
10-4-3 potential (eq. 2.1) has two parameters, es and ds;, which represent the non-bond

energy and size interactions of the atoms of the solid with the fluid phase, respectively.1%

N

<\ 10 <t V2
E(%) _(%) o (z 061\
(o +25) |

U(‘rij) = 27T65f (2.1)

This parameters are calculated using the Lorentz-Berthelot mixing rules.

1
Osf = > (as + af) (2.2)
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1
esr = (&5¢r)? (2.3)

where os and € are the Lennard-Jones length and energy parameters for the solid,

respectively.

The 10-4-3 potential results from a 3D representation of the solid interacting with the fluid
through a LJ potential. The expression is obtained by integration of energy contributions of
the atoms at the plane of the surface, considered infinitely extended, on an infinitely thick
slab of solid. The atoms at the plane of the solid in direct contact with the fluid contributes
the terms proportional to z™'° and z™* and the term proportional to z™® is from the bulk solid.
This potential precalculates the energy of interaction that infinite layers of solid exerted on
the fluid. Because the potential 10-4-3 does not consider the corrugation potential (has no
dependence on horizontal position) and does not consider fractures and surface defects,
was required to tune the energetic parameter to reproduce the initial wettability state.

The Extended Single Point Charge (SPC-E)'% potential was used to represent the water
molecules (eq. 2.4). This potential has three interaction points and considers the water
molecule to be arigid structure, with a Lennar-Jones sphere representing the oxygen atoms
plus a Coulombic term for the electrostatic interactions as a result of the localized charges
in the two hydrogen atoms and the oxygen atom. The SPC-E potential is widely used in

these types of studies.8¢92:94

000\'? (%00 1 o ag;
U(Too"h‘j) = 4€00 ((r_) B (r ) > 4rte ZZ T : (2.4)
(0]0) (0]0) [0) l]

i=1j=1

To represent the n-heptane molecule, which was used to represent the liquid hydrocarbon
phase, the TraPPE-UA potential was used, as it is widely used to model linear and
branched alkanes, alcohols, and aldehydes (eq. 2.5). This potential considers hydrogen
atoms implicitly, and thus, the n-heptane molecular structure is represented using CHs; and

CH; groups. According to this model, n-heptane has no partial charge distribution, so the
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intermolecular interactions are only of a van der Waals nature. For the intramolecular

interactions, the bonds, angles and dihedral contributions are considered.

osan =2 3 ((2) -(Z) )+ T o+ Y Lo,

dihedrals angles
k
£y 2= Lg)?

bonds

(2.5)

To represent the perfluorodecyl surfactant, the consistent valence force field (CVFF)
potential was used, as it has shown good results for fluorocarbonated structures.'®® This
potential is a function of the van der Waals and coulombic intermolecular interactions, as

well as of the bonds, angles and dihedral intramolecular interactions (eq. 2.6).
charges

q.q. O'.. 12 O'.. 6

=3, e E F (2 (2

(Tij'qij'e'l) e 47T€Orij + gU rij rl'j
)

+ Z Ugin (1) + Z — (60— 6?eq)z‘|' Z (l_leq)z

dihedrals angles bonds

(2.6)

The equivalent charge method (Qeq)!°’ was used to assign partial charges to each atom in
the surfactant structure (Figure 2.1). The partial charges for the atoms are modified at the
end of the simulation of the adsorption/reaction of the surfactant on the surface, as will be
explained later on.
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Figure 2.1. Molecular structure of perfluorodecyl.

2.2 Methodology

As was previously mentioned, the methodology here proposed is based on four steps. First,
for the solid-liquid interactions, the parameter “es” representing de depth of the well in the
LJ potential is tuned to reproduce a target water contact angle. To achieve this, the contact
angle made by a drop of water on the surface was evaluated, using values varying from
0.01 to 1.5 kcal/mol for that parameter. A simulation box was then constructed with
dimensions of 240 x 240 x 240 A, and 5832 water molecules were placed inside, occupying

an initial cubic volume of 55.8 A in vacuum (Figure 2.2).
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L.

X

Figure 2.2. Initial configuration of the simulation to quantify the contact angle in the absence of
surfactant (top: front view; bottom: view from above).

In this study, the air atmosphere was neglected, as it has been previously established that
there is no significant difference for the calculation of the contact angle of water drops on
silica surfaces in vacuum and in an air atmosphere, even for pressures up to 150 bar.%*
Periodic boundary conditions were used in the x and y directions. The wall potential 10-4-
3 was placed at the bottom edge of the z direction, and at the upper edge, a reflective wall
was placed to maintain a constant number of molecules. A total of 10 ns of simulation time
was calculated, using a time step of 1.0 fs in a canonical ensemble (NVT) at 298 K.

To evaluate the contact angle of the drops, a procedure previously reported by Fan and
Cagin'® was used. This procedure was developed for non-symmetrical drops and

guantifies the contact angle from the geometry of the drop (equations 2.7 to 2.9):

h
=1—-— 2.7
cosf =1 B (2.7)
S = mr? (2.8)
h S
e T 2.9
R 2 + 21h (9)
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where 6 is the contact angle between the drop and the surface, and h and r are the drop

height and radius, respectively.

To obtain more accurate results, the drop geometry was measured at three different
simulation times during the last two nanoseconds (8, 9 and 10 ns). At each time point, four
planes were taken to determine the height and diameter of the drop (Figure 2.3).The
average values were then calculated for the geometric dimensions of the drop and the

contact angle with the surface.

Figure 2.3. Measurement of the geometry of the water drop (top: upper view indicating the planes
for the drop diameter measurement; bottom: front view indicating the measurement of the drop
height).

Using an interpolation of the results for the contact angle at different values of €, the
experimental value of the water drop contact angle is used to determine the proper value
of the adjusted energetic parameter €. Finally, to verify the effect of the size of the system
on the value of the contact angle of water drops, additional simulations using 19683 and

125000 water molecules were conducted, using the adjusted parameter €.
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Once the energetic parameter is properly tuned, the second step is to simulate the
adsorption/reaction of the surfactant molecule on the surface. The equilibrium amount of a
surfactant adsorbed on the silica surface depends on its structure and on the nature of its
head groups.?4® Experimental works have shown that a monolayer of coating is optimal
for wettability alteration treatments.*61°9110 |n this study, we did not represent the adsorption
process; instead we modeled a monolayer of coating directly, by calculating the area
occupied by perfluorodecyl molecules on the silica surface. To do this, a simulation cell was
constructed with a single molecule of the surfactant, and that cell was replicated 14 x 13
times in the x and y directions, respectively (for a total of 182 molecules of perfluorodecyl).
This arrangement was initially located at a distance of 4 A above a surface of at least 180
x 180 A representing the glass surface. The simulation was carried out using an NPT
ensemble at 298 K and 1 atm, using periodic boundary conditions in the x and y directions.
The relaxation of the coating was made over 5 ns with a time step of 1 fs. At the end of this
simulation, the area occupied by the 182 molecules of perfluorodecyl on the surface was

obtained, forming a monolayer of coating.

From the previous configuration and to simulate the reaction of the perfluorodecyl surfactant
on the surface, a value of 140 kcal/mol was assigned to the energetic interaction parameter
between the wall potential (surface) and the oxygen atoms (similar to the energy of a Si-O
bond). Finally, the CH.-CHj3 chains still attached to the oxygen atoms were removed, and
the partial charges of the remaining atoms in the adsorbed molecule were recalculated.
From this point on, the oxygen atoms were considered fixed, while the rest of the atoms in
the perfluorodecyl molecule were considered mobile. In this manner, the restriction of
movement imposed by the formation of the Si-O bond was included in the simulations.
Figure 2.4 shows a schematic of the process of the coverage of the external layer of a silica
surface by the perfluorodecyl surfactant. Figure 2.4 (a) illustrates the strong interaction
between the oxygen atoms in the perfluorodecyl structure and the silica atoms on the outer
layer of the surface. The reaction proceeds by the loss of the organic substituents attached
to the oxygen atoms and the formation of the Si-O bond. Figure 2.4 (b) shows a schematic
of the final configuration of a perfluorodecyl molecule on the surface, as well as the

recalculated partial charge distribution.
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Figure 2.4. Schematic of the reaction of the perfluorodecyl on silica surfaces. (a) Interaction
between oxygen atoms in the surfactant and silica atoms on the surface. (b) Final configuration
and partial charge distribution of the perfluorodecyl after reacting with the surface, generating the
Si-O bond.

With 182 molecules of perfluorodecyl on the simulated surface, a coverage degree of 0.76
umol/m? is achieved. This value is within the experimental values of the coverage degree
for different functional groups (phenyl, trimethyl and octadecyl) on silica surfaces (0.56-1.83

pumol/m?).’

To evaluate the wettability alteration (third step), 5832 water molecules were added to the
adsorbed surfactant system, and the contact angle of the water drop was calculated from
the geometry of the drop following the same procedure as used in the first step. Finally,
taking advantage of the predictive power of molecular dynamics techniques, the ability of
the perfluorodecyl surfactant to generate lipophobic surfaces was evaluated. Using the
obtained adjusted parameter €5  the contact angle was evaluated for n-heptane drops on
the surface (fourth step). In this case, 5832 n-heptane molecules were placed in a

simulation box of dimensions 480 x 313 x 172 A.
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In all simulations, the SHAKE!!! algorithm was used to maintain the structural features of
the water, perfluorodecyl and n-heptane molecules. To evaluate the long-range
electrostatic interactions, the pppm (particle-particle-particle-mesh)'? method was used.
The Lorentz-Berthelot mixing rules were used to obtain the molecular interaction
parameters for atoms of different species. A Nose-Hoover thermostat and barostat were
used to control the temperature and pressure, respectively. Simulations were conducted
using a parallelized code of the LAMMPS!!® package. The images used to determine the
drop geometry were generated using VMD*!* visualization software.

2.3 Results and discussion

The results obtained from molecular simulation studies using the proposed methodology
are presented in this section. Contact angle values for water drops in the absence and
presence of perfluorodecyl surfactant are compared with the experimental measurements
made for these systems, using ionized water and meticulously washed and dried glass

surfaces.?

For the tuning of the energetic parameter of the surface €s, the drop geometry was
evaluated (height and radius) and the contact angle for the system was calculated using
values from 0.01 to 1.5 kcal/mol for €s with 5832 water molecules. Figure 2.5 shows the
results of the contact angle of the water drop over the entire range of €s. As expected, the
water molecules are more drawn to the surface as the energetic parameter €s increases.
On the one hand, taking s = 0.01 kcal/mol, a contact angle of 168° is obtained, indicating
that the water molecules do not wet the surface. On the other hand, taking € = 1.5 kcal/mol
results in a water monolayer (complete wetting of the surface) and a contact angle of 2.3°.
Taking an intermediate value of the energetic parameter, €s = 0.75 kcal/mol, a contact angle
of 67° is obtained, which is near to a neutral wettability state. These results were adjusted
to a third-degree polynomial function (dotted line). Using the experimental value of the water
contact angle on the glass surface of 23.8°%? and interpolating with the polynomial-adjusted
function, it is found that a value of ;" = 1.02 kcal/mol is adequate to describe the initial

wettability state. The relatively high value of €5 resulting from this tuning is the product of
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the hydrophilic character of the surface, and is the required to represent the affinity of the

water molecules to the untreated surface.
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Figure 2.5. Glass-water contact angle as a function of €s. Marks correspond to the simulation
results, and the dotted line is the polynomial-adjusted function.

Figure 2.6 shows the geometrical configuration of the water drop after 10 ns of simulation
time, using the adjusted interaction parameter of the glass surface €s. The geometric
dimensions of the water drop were h = 20.2 A + 1.6 and r = 92.2 A + 2.3. This gives a
contact angle of 24.7° + 1.7, which shows that this tuning procedure presented here
effectively allows finding the energetic parameter that properly describes the initial
wettability state. This procedure can be easily applied to the wettability study of other

surfaces.
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Figure 2.6. Water drop configuration (5832 molecules), after 10 ns of simulation time, using es" =
1.02 kcal/mol. Top: upper view with the planes used to measure the radius of the drop. Bottom:
front view of the water drop and contact angle.

With the energetic parameter €5 suitably tuned, the adsorption of a single water molecule
on the surface was also evaluated, and the adsorption energy was determined to be 44.93
kJ/mol. This result is in excellent agreement with the adsorption energy of a single water
molecule on an amorphous silica surface (45 kJ/mol)®* and is in reasonable agreement with
the results published by Du et al.,**® which vary between 48 kJ/mol and 98 kJ/mol for a

water molecule on H-terminated and pure silica clusters.

To verify the effect of the size of the system on the contact angle results, additional
simulations were conducted using 19683 and 125000 water molecules and the adjusted
parameter € found in the previous step. The procedure was similar to that used in the case
of 5832 molecules, except that the box dimensions were recalculated to properly host the
larger water drops. The contact angle for the system with 19683 water molecules was found
to be 22.6° + 1.8, while for the system with 125000 water molecules, it was found to be
21.3° £ 1.6 (Figure 2.7). These results allow establishing that the contact angle variations
are within the statistical uncertainty for the three system sizes evaluated and that simulation
results using 5832 water molecules are an acceptable compromise between the

computational cost of the simulation and the accuracy of the results. This finding is
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consistent with the results obtained in similar molecular simulation works on water drop
formation on flat graphite surfaces!!®1® and PTFE (for which a contact angle variation of
less than 5° for simulations using from 8000 up to 20000 water molecules was reported).1?°
Additionally, the contact angle calculated for water drops on amorphous or crystalline
polymeric surfaces has negligible variations for drops with a radius greater than 33 A2 (all
radii measured in this study were larger than 38 A). In the case of hydrophobic surfaces,
the contact angle of water droplets in function of droplet size could vary, and in addition the
contact angles simulated and experimental could have a significant differences. This
behavior is due to the effect of tension line, thus a line tension correction would be needed

for accurate results.?8122.123
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Figure 2.7.Front view of the water drops after 10 ns of simulation time, with es* = 1.02 kcal/mol,
using (a) 125000, (b) 19683 and (c) 5832 water molecules.

It is expected that representing the surface as a structureless solid (eq. 2.1), have a rather
small effect on the results obtained: the fluid density profiles?* and the amount of fluid
adsorbed at the surface'? are practically not affected when a wall potential is used. On the
other hand, the results of adsorption energy of water on the surface and the small variation
of contact angles calculated for different sizes of the system, provide evidence that, once
the potential energy parameter is tuned, the 10-4-3 potential is a good representation of

interaction energy and space irregularities that may arise on the surface.

Figure 2.8 illustrates the configuration of the water drop after 10 ns of simulation time, using
182 perfluorodecyl molecules (0.76 pmol/m?). The geometric measurements of the water
drop were h = 43.9 A+ 1.5 and r = 40.9 A + 0.8 (these measurement were taken after the
system reached the equilibrium, as seen in Figure 2.9), which give a total contact angle of
94° + 1.96. This value is in excellent agreement with the experimental findings (93°).?? For

the simulations with the surfactant, the water molecules are at greater distance from the
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surface, which causes the simplification of considering a non-atomistic wall potential have

even minor effect on their spatial configuration.

Figure 2.8. Water drop configuration (5832 molecules) on 182 perfluorodecyl molecules adsorbed
on the surface (0.76 pmol/m?) after 10 ns of simulation time using es* = 1.02 kcal/mol. Top: upper
view. Bottom: front view.
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Figure 2.9. Time evolution of total energy and temperature of the systems (a) surface-
perfluorodecyl-water and (b) surface-perfluorodecyl-n-heptane system, for the simulations of the
drop formation, using NVT ensemble. Average total energy was -1.288 + 0.007 and -0.421 + 0.025
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kcal/mol for water and n-heptane drops, respectively. Average dynamic temperature was 298.178
+ 1.797 and 298.975 + 0.840 K for water and n-heptane drops, respectively.

To evaluate the effect of the surfactant on the spatial distribution of the water molecules,
the radial distribution function (RDF) and the density profile in the z direction (the direction
perpendicular to the surface plane) were calculated. The RDF results for the water
molecules in the absence and presence of the perfluorodecyl surfactant layer are reported
in Figure 2.10. For both cases, the peak associated with the nearest neighbors is at roughly
the same distance (= 2.7 A). However, in the case of the system with perfluorodecyl, a
higher density of neighbors around each water molecule is registered, which indicates that
the presence of the surfactant molecules generates a more compact distribution of the

molecules in the water drop.

— With perfluorodecyl
----Without perfluorodecyl

Distance r [A]

Figure 2.10. RDF for the water molecules in the absence and presence of perfluorodecyl
surfactant.

Figure 2.11 shows the density profile of water molecules in the direction perpendicular to
the surface (z direction). As seen from the figure, the system in the absence of
perfluorodecyl exhibits two well-defined adsorption layers of water molecules in the region
near the surface and less definite layers at a greater distance. This is evidence of the high
affinity of the water molecules to the surface. In the case of the system with perfluorodecyl,
the two adsorption layers are also observable, but they are less definite than in the case
without surfactant. This behavior is due to a reduction of the affinity of the water molecules
to the treated surface. Additionally, it is noticeable that the water molecules are at greater
distances than in the previous case, which is explained by an increase in the height of the

water drop in the presence of the perfluorodecyl surfactant.
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Figure 2.11. Density profile for water molecules in the absence and presence of perfluorodecyl.

The results of the contact angle, density profile and RDF for the water systems are
consistent and show that the presence of the surfactant reduces the affinity of the water
molecules to the treated surface. This reduced affinity and the wettability alteration
produced can be explained by the difference in the energy of interaction of water molecules
with each surface: the interaction energy of water with the untreated surface is high
(characterized by €s" = 1.02 kcal/mol), compared with the interaction between the water
molecules themselves (0.16 kcal/mol), which explains why the water molecules are
preferentially locate on the solid surface rather than in the droplet bulk, and the small
contact angles. On the other hand, with the treated surface, water interacts mainly with
fluorine, carbon and hydrogen atoms of perfluorodecyl, with which the interaction energy is
much lower (between 0.04 and 0.07 kcal/mol). This reduced interaction energy with the
treated surface generates a more favorable energy configuration for the water molecules
to be located within the drop, thus causing a higher density of neighbors around each

molecule (increase in the compactness and a greater height of the water drop).

Seizing the predictive power of molecular simulation techniques, the results obtained for
the energetic parameter of the surface (represented by a wall potential using the €5 and the
surface concentration of the covering, were then used to evaluate the contact angle for n-
heptane drops on the same surface treated with perfluorodecyl (fourth step). The aim of
these simulations was to verify if the results obtained here are sufficiently transferable to

study wettability alteration with other fluid phases.
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For this purpose, 5832 n-heptane molecules were placed in a simulation box of dimensions
480x313x172 A. Because the simulation box is larger than in the case of the water
molecules, 1260 perfluorodecyl molecules were requeried to achieve the same surface

concentration of 0.76 ymol/m?.

An illustration of the contact angle for n-heptane molecules in the presence of
perfluorodecyl is shown in Figure 2.12. The drop dimensions in this case were h = 62 A *
1.8 and r = 105.7 A + 3.1, which gives a contact angle of 60.7° + 2.1 (these measurements
were taken after the system reached the equilibrium, as seen in Figure 2.9). This result is
in excellent agreement with the experimental results of 62/59°, obtained with dynamic
studies of the contact angle of n-heptane on quartz surfaces covered with a surfactant with
the same structure as perfluorodecyl (CsF17CH2CH,Si-[Cl]3).3

Figure 2.12. n-Heptane drop configuration (5832 molecules) on 1260 perfluorodecyl molecules
adsorbed on the surface (0.76 pmol/m?) after 10 ns of simulation time with es" =1.02 kcal/mol. Top:
upper view. Bottom: front view.

Figure 2.13 shows the density profile of n-heptane in the direction perpendicular to the
surface. In this case, the behavior of the n-heptane system is very similar to that in the
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water case, as the surface without treatment exhibits an adsorbed layer of hydrocarbon
molecules that is displaced when the treatment with perfluorodecyl is applied. Additionally,
after treatment, the presence of n-heptane molecules is found at greater distances, which
is consistent with the increase in the height of the drop.

2.5 A
2 »"'n —— With perfluorodecyl
14
"
— n
E 15 - E: --=-Without perfluorodecyl
< 77
20 "
— 191
) H
Q ] ll
05 41
IS
] Seo
[ ——
0 Zommeeoen = : |
0 20 40 60 80

Distance Z [A]

Figure 2.13. Density profile of n-heptane in the absence and presence of perfluorodecyl.

Similar to the case of water, the system with n-heptane exhibits a clear alteration of the
spatial distribution of n-heptane molecules on the surface due to the presence of the
surfactant. This new distribution is associated with the compactness of the drop and the

reduction of the affinity of the hydrocarbon molecules to the surface.

In Figure 2.14 the deviations between model and experimental contact angle values are
compared. For the case of systems with water on the untreated surface (diamonds), it can
be seen that for all three sizes of the system (5832, 19683 and 125000 water molecules),
the values of the contact angle obtained are statistically the same. Also the height/radius
ratio of the drops generated in the three systems has a very small variation (0.22, 0.27 and
0.26, respectively), which allows to establish that the structure of the three drops are
equivalent. These results show that it is not necessary to represent all chemical and
structural characteristics of the surface to obtain an adequate representation of the contact
angle of liquid droplets and that by simply tuning the energetic parameter of the surface
potential it can be found an effective parameter representing all the details of roughness,
electrical charge and atomic structure of the surface, making it possible to obtain excellent

representations of macroscopic contact angles at a lower computational cost.
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Figure 2.14. Model and experimental contact angles for the system with water on the untreated
surface (diamonds), water in the presence of perfluorodecyl (square) and n-heptane in the
presence of perfluorodecyl (triangle).

For the two systems in the presence of perfluorodecyl (water and n-heptane), the contact
angle values are in excellent agreement with experimental measurements. This means that
the representation of the reaction of the perfluorodecyl with the surface (i.e. the formation
of the Si-O bond) and the model for surfactant-liquid interaction, allow for a correct
description of the effects of coating on the surface wettability (which was validated with
degrees of coverage and the contact angles measured experimentally). In summary, the
alteration of wettability caused by the perfluorodecyl is explained by the reduction of the
liquid-surface interaction energy: the fluorinated part of the surfactant molecule is in contact
with the liquid phase (water or n-heptane) strongly reducing the interaction with the solid.
This reduction in the interaction of the liquid with the surface is due to the chemical

properties of perfluorodecyl, as explained above.

The accuracy of the contact angle results calculated in the simulations here presented, are
evidence that the methodology proposed in this work is adequate for implementation as a
prediction tool in wettability alteration studies with different substances than those

employed in this study for tuning the energetic parameter of the surface.
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2.4 Chapter conclusions

In this chapter, a methodology for the evaluation of the alteration of wettability by the action
of organosilanes on surfaces was presented, using as an example the implementation of
the surfactant CgF17CH2CH2Si-[O-CH2CHs]z on glass surfaces. The results show that the
proposed methodology is adequate, as it permits a proper representation of the real system,
which consists of a complex surface (with heterogeneities, rugosity, crystalline defects,
fractures, etc.) on which liquid drops are deposited. This methodology is based on the
determination of the effective interaction parameter of the surface, the representation of the
adsorption/reaction of the surfactant on the surface, and the estimation of the coverage

degree of the surface with the surfactant molecules.

The tuning procedure for the energetic interaction parameter allows calculating the
adsorption energy of the individual water molecules on the surface (44.93 kJ/mol) and
representing the initial wettability state by calculating the contact angle for water molecules
(24.7°), with high agreement with experimental results. Additionally, it was found that the
measure of the contact angle of the water drops does not vary drastically when the number
of molecules is increased and that with sizes near 6000 molecules, the desired values of

contact angles can be reproduced.

The representation of the adsorption/reaction of the surfactant on the surface and the
determination of the coverage degree are adequate to represent the alteration of wettability
and to study the redistribution of the liquid molecules caused by the action of the surfactant.
In the case study here presented, it was found that for a surface concentration of the
surfactant of 0.76 umol/m?, the experimental value of the contact angle for the covered
surface is closely reproduced (94°). These procedures were sufficient to determine that the
presence of surfactant reduces the affinity between the water molecules and the glass
surface, leading to compactness and an increase in the height of the water drop. This
behavior explains the alteration of the natural wettability state of the surface. This insight
into the phenomena is vital to the process of proposing alternative treatment options for

wettability alteration or improvement of the performance of existing ones.
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It was possible to verify that this methodology is sufficiently robust to use the results
obtained for the energetic parameter of the surface and the coverage degree, in the study
of the contact angle of n-heptane drops on the surface. It was found that the surface without
the treatment exhibits a layer of adsorbed n-heptane molecules, which is later displaced by
the action of the surfactant. This leads to an evident increase in the height of the drop. The
results here obtained by molecular simulations of n-heptane on the glass surface (60.7°)
are in excellent agreement with experimental measurements. These results also indicate
that organosilane surfactants have the ability to produce both hydrophobic and lipophobic

surfaces.

Finally, from the good approximation of the results here obtained, it can be said that the
methodology here proposed can be applied as a prediction tool for the oil industry, for
instance, in the evaluation of contact angles and interfacial tension under reservoir
conditions. These predictions are possible due to the selected features of molecular

simulation studies.






3. Case studies

Based on the methodology reported in chapter 2, four case studies were analyzed. The first
case study (section 3.1) refers to the comparison between linear and ramified fluorocarbon
organosilicon surfactant chains, considering the contact angles of water and n-decane
drops as evaluation parameter. The second case study (section 3.2) describes the results
obtained from the evaluation of surfactants with fluorocarbon and hydrocarbon chains that
promote hydrophobic conditions. The third case study (section 3.3) evaluates the capacity
of a nonionic commercial surfactant to restore water wettability on a restored sandstone
surface (oil-wet). The fourth case study (section 3.4) evaluates the capacity of the
developed methodology to represent the wettability alteration in another type of application
(hydrophilic state of gold alteration in froth flotation processes).

Parts of the content of this chapter were published in journal papers and as presentations

at congresses.

Articles:
e Moncayo-Riascos, |.; Hoyos, B. A. Effect of Collector Molecular Structure on the
Wettability of Gold for Froth Flotation. Appl. Surf. Sci. 2017, 420, 691-699.

e Moncayo-Riascos, |.; Cortés, F. B.; Hoyos, B. A. Chemical Alteration of Wettability
of Sandstones with Polysorbate 80. Experimental and Molecular Dynamics Study.
Energy & Fuels 2017, 31 (11), 11918-11924.

e Moncayo-Riascos, I.; Hoyos, B. A. Comparison of Linear and Branched Molecular
Structures of two Fluorocarbon Organosilane Surfactants for the Alteration of

Sandstone Wettability. Energy & Fuels (on evaluation).
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Congress:
- Ivan Moncayo-Riascos, and Bibian A. Hoyos. Comparison of linear and branched
molecular structure of fluorocarbonated organosilane surfactants on the wettability
alteration of sandstones. The 18th International Conference on Petroleum Phase

Behavior and Fouling. PetroPhase 2017, Le Havre (France), 2017.

- Ilvan Moncayo-Riascos, F. B. Cortes and Bibian A. Hoyos. Theoretical and
experimental study of the chemical alteration of wettability of sandstones with
polysorbate 80. 7th International Colloids Conference. Sitges, Barcelona, Espaiia,
2017.

- Moncayo-Riascos, |., Lopez, S., Ocafia-Reina, C. y Hoyos B. A. Estudio Molecular
del Proceso de Flotacion Espumante en la Recuperacion de Oro Nativo. XXVII
Congreso Interamericano y Colombiano de Ingenieria Quimica. Cartagena,
Colombia, 2014.

3.1 Comparison of linear and branched molecular
structures of two fluorocarbon organosilane
surfactants for the alteration of sandstone wettability

In this section, we present a molecular dynamics model developed to evaluate the
performance of two partially fluorocarbonated organosilane surfactants in the process of
altering the wettability of sandstones. As an evaluation criterion, the contact angles of n-
decane and water droplets were used to estimate the effectiveness of the treatment. The
organosilanic structures evaluated were 1H,1H,2H,2H-perfluorodecyltriethoxysilane,
CsF17CH,CH,Si-[O-CH.CHsls  (in  short, perfluorodecyl), which consists of a linear
fluorocarbon chain, and 1,3-bis ((1,1,2,2,3,3,4,4,4-nonafluoro-N-methylbutyl)sulfonamide)
propan-2-yl (3-(triethoxysilyl) propyl) carbamate,
[C4F9S02N(CH3)CH2].,CHOC(O)NH(CH>)3Si(OCH2CHgs)s (in short, fluorocarbamate), which

has a branched structure with two fluorocarbon chains.
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The organosilane surfactants selected for this study correspond to promising treatments for
application at the field of production, as their ability to promote gas-wettable surfaces (both
lipophobic and hydrophobic) has been experimentally determined.?>3! In addition, core
flooding tests show an improvement in the mobility of production fluids due to the removal
of the condensate banks generated by the alteration of the wettability of the porous

medium.2231

With the aim of obtaining new insights regarding the particular mechanisms of the wettability
alteration generated by these two surfactants, this work focuses on the theoretical
evaluation of their efficiency to promote gas-wet surfaces on the basis of the molecular
characteristics of each one. To achieve this, we calculated the adsorption configuration of
the wettability modifiers on the surface and the contact angles of the droplets obtained in
each case. In addition, as molecular dynamics simulations allow for calculations of the
energy interactions with specific parts of the molecule, we calculated the interaction
energies between the droplets and sections of each molecular structure selected to study
their specific contribution to the wettability alteration. The results obtained are compared

with experimental measurements reported in the literature.

Figure 3.1 shows the molecular structure of the fluorocarbonated surfactants evaluated in
this work. Both surfactants have the same organosilanic portion (Si-[O-CH>CHjs]s) and eight
carbon atoms in the fluorocarbonated part. The most relevant differences between them
are associated with the type of structure in the chain (linear for the perfluorodecyl and
branched for the fluorocarbamate), and the functional groups that they contain: the
perfluorodecyl has an ethyl group that connects the organosilanic and fluorocarbonated
parts of the molecule, while the fluorocarbamate has a secondary amino group and an ester
group attached to two symmetrical branches ending with four carbon atoms in the

fluorocarbonated part.
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Figure 3.1. Fluorocarbonated organosilanic surfactants and the sections of each molecular
structure selected: Tail, CF and NonCF.

Additionally, Figure 3.1 shows the three sections of each molecular structure, selected in
order to study their specific contribution to the wettability alteration. The section labeled Tail
corresponds to the group of atoms of each molecule that is not a part of the silane group
and is the section responsible, in principle, for the global alteration of wettability. The other
two groups of atoms correspond to a subdivision of the Tail group: the CF group, which

contains the fluorocarbonated part of each structure, and the NonCF group, which contains
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the atoms that are not in the fluorocarbonated chain. These groups were selected to
determine the specific energetic effect of the fluorocarbonated chain in the wettability

alteration and the effect of the presence of heteroatoms in the non-fluorocarbonated chain.

The comparison of the effect of the structural differences of the surfactants on the wettability
alteration of the surface was made by three evaluations: i) the adsorption configuration of
each surfactant on the surface; ii) the evaluation of the contact angles of water and n-
decane droplets on the coating of each surfactant placed on the solid surface and iii) the
guantification of the interaction energies between the liquid and each group of atoms
presented in Figure 3.1.

3.1.1 Results and discussion

The experimental evaluation of the wettability alteration consisted of three procedures: i)
clean the surface, ii) add the organosilanic surfactant to the surface to allow its adsorption
and iii) add water and n-decane droplets to measure the contact angle. For the evaluation
with perfluorodecyl, a 1 x 3 cm glass surface was cleaned using sequentially ethyl alcohol
and deionized water, then the surface was dried in an oven at 75 ° C for 12 hours. The
surface was then suspended in the impregnation solution (2% w/w perfluorodecyl and 1%
w/w triethylamine in toluene), at 112 °C for 6 hours.?? The evaluation with the
fluorocarbamate was performed on Berea sandstone, using an impregnation solution
composed of surfactant (25% wi/w), water (5% w/w), acetic acid (5% w/ w) and ethanol
(65% wiw). The impregnation solution was applied at 140° C using a protocol similar to that

reported for perfluorodecyl.3!

The representation of the experimental procedure using molecular dynamics was
performed by constructing a heterogeneous system consisting of one solid phase and
several liquid phases (water, hydrocarbon and surfactants). The solid phase is associated
with sandstone formation, represented by a silica surface. The aqueous phase was
represented using water molecules (without any dissolved ions), and the hydrocarbon
phase by n-decane. The air phase was not considered, since previous studies show little
variation in the results with respect to simulations with an explicit atomistic representation

of air.%*
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The most significant difference in the experimental evaluations is the concentration used
for each surfactant in the impregnation solution with which the samples were soaked. In the
case of perfluorodecyl, the concentration used was 2% w/w,?? which is 12.5 times lower
than the concentration at which the fluorocarbamate was employed, 25% w/w.%! Therefore,
for the simulations conducted in this section, the coating with perfluorodecyl was assumed
to be formed by a monolayer, and in the case of fluorocarbamate, it was considered to form
a multilayer coating. In this study, five layers of fluorocarbamate were built, adding four
layers to the monolayer initially adsorbed on the surface.

To simulate a monolayer of perfluorodecyl, the methodhology described in chapter 2 was
used, with 1052 surfactant molecules. For the fluorocarbamate, the monolayer initially
adsorbed on the surface was constructed using a similar procedure as that for the
perfluorodecyl. The upper layers were added using an NVT ensemble (298 K) with a total

of 4615 surfactant molecules.

Figure 3.2 shows the final configuration of the n-decane and water droplets in equilibrium
after 10 ns of simulation time. The calculated contact angle for the n-decane droplet on
perfluorodecyl was 59.5°, with a difference of just 1° with respect to the reported
experimental value (60.5°).22 For the fluorocarbamate coating, the obtained contact angle

was 52.5°, with a difference of 2.5° with respect to the reported experimental value of 50°.3!



Case studies 37

Perfluorodecyl Fluorocarbamate
0 =59.5° 0=525°

0 =94°

Figure 3.2. Contact angle of the n-decane (top) and water droplets (bottom) on the perfluorodecyl
and fluorocarbamate coatings

In the case of the water droplet, the contact angle values were 94 and 109.8°, on the
perfluorodecyl and fluorocarbamate coatings, respectively. In this system, a fairly good
result was obtained with respect to the experimental value for a water droplet on a
perfluorodecyl coating (93°),? while in the case of the fluorocarbamate coating, a deviation
of 50.2° with respect to the experimental value was encountered (160°).3! In the case of
fluorocarbamate-water system, a line tension correction could be need in order to obtain a
better aproximation between the experimental measuarement and the simulated.!19122.126
However, as far as we know, no a contact angle greater than 130° has been reported for
the same system (silica surface coated with a fluorocarbon surfactant).34355168.127 Thjg
deviation is likely associated with the uncertainty of this particular experimental

measurement.

Figure 3.3 illustrates the top view of the coatings obtained with a monolayer of each
surfactant and the multilayer configuration of the fluorocarbamate. These results show that,
for both surfactants, the monolayers exhibit uncovered areas of the surface. This is
associated with the lateral interactions between the chains of the surfactant, which do not
allow for a higher packing degree of the coating. These configurations will be analyzed in
detail with the density profiles and the interaction energy results for each surfactant. For

the multilayer coating of the fluorocarbamate surfactant, Figure 3.3 shows that the



38 Molecular dynamics methodology for the evaluation of the chemical alteration

of wettability of sandstones

unoccupied spaces on the surface are hidden by the upper layers in the multilayer

configuration.

Perfluorodecyl

D

Figure 3.3. Top view of the monolayer coating for each surfactant and the multilayer coating for the
fluorocarbamate (cyan: fluorine, white: hydrogen, red: oxygen).

The surface densities obtained for the monolayer coatings were 1.94 and 1.71 ymol/m? for
the perfluorodecyl and fluorocarbamate, respectively. Figure 3.4 shows the results for the
coordination number (which is the number of molecules that a central atom holds as its
nearest neighbors), obtained by integrating the radial distribution function between the silica
atoms in the silane group of each molecule. The profiles show that the coating with the
perfluorodecyl exhibits a higher degree of packing than the coating with a monolayer of
fluorocarbamate, which is in agreement with the surface density results obtained for each
monolayer. The higher density results for the perfluorodecyl coating are associated with
this molecule having lower steric hindrance than the branched structure of the
fluorocarbamate. The fluorocarbamate molecular structure increases the lateral repulsion
interactions, as corroborated later with the energy results.
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Figure 3.4. Coordination number of the silica atoms for a monolayer of coating with perfluorodecyl
and fluorocarbamate.

The spatial configuration of each surfactant on the surface was determined by calculating
the density profiles in the direction perpendicular to the surface for the whole molecule and
for the subgroups of atoms presented in Figure 3.1. In the case of perfluorodecyl, the
NonCF and CF parts of the molecule were taken as subgroups. For the fluorocarbamate,
the CF chains were selected in order to establish the location of the ramifications of the
molecule and the atoms in the acyl group (C=0) were also analyzed in order to determine

the distance between the surface and the point where the ramification begins.

Figure 3.5 shows the density profiles of the perfluorodecyl monolayer. The thickness of the
coating obtained with this surfactant was 12.5 A, which is consistent with ellipsometry and
X-ray photoelectron spectroscopy (XPS) measurements of 13 A for the thickness of self-
assembled monolayers of fluorocarbonated substances on gold.®® In this case, both the
density profiles of the CF and NonCF exhibit a single peak located at ~5.5 A. The results
show that the fluorocarbon chains are mostly oriented toward the outside of the coating with
only a few molecules with the fluorocarbonated chains adsorbed directly on the surface (at
distances less than 5 A). The latter are precisely the ones that have lateral interactions,
which prevent further packing. The density profile of the ethyl group (NonCF), which binds
the silane group and the fluorocarbonated chain, exhibits a more localized peak since this
group has fewer degrees of freedom for the spatial orientation by being attached to the

silane group adsorbed on the surface.
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Figure 3.5. Density profile of a perfluorodecyl monolayer on the surface.

Figure 3.6 shows the density profiles of the coatings with a monolayer and with multiple
layers of the fluorocarbamate on the surface. The monolayer simulation was conducted to
evaluate the distribution of surfactant on the surface and the multilayer profile was made to
determine the equilibrium configuration of the outer layers of surfactant that are in contact
with the fluid phase (n-decane and water).
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Figure 3.6. Density profile of the fluorocarbamate coating: monolayer (top) and multilayer

The thickness obtained for a monolayer of coating with the fluorocarbamate surfactant was

~13.5 A, in excellent agreement with the experimental measurements of thickness for a
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monolayer of fluorocarbonated surfactants in similar systems.® For the monolayer coating
(Figure 3.6, top), the density profile of the CF chain exhibits two distinct peaks, located at
5.5 and 9.5 A from the surface, and a valley located at 7.5 A, which coincides with the peak
observed in the density profile of the C=0 group, which in turn is the point where the
ramification begins. These results indicate that in a monolayer of the fluorocarbamate
coating, the branches of the molecular structure of the surfactant are distributed almost
equally between being adsorbed on the surface (at distances of ~5.5 A) and oriented
towards the fluid phase.

For the multilayer coating with the fluorocarbamate, the density profile of the CF chain
(Figure 3.6, bottom), shows two well-defined peaks located at 5.5 and 17.5 A from the
surface, corresponding to the adsorbed layers that are closer to the surface. Less defined
peaks are also observed at distances above 25 A from the surface, associated with the
outer layers of the coating. As expected, these outer layers exhibit a lesser organization
degree, since at this distance, the effect of the surface is almost completely imperceptible
and the interaction is almost exclusively between surfactant molecules. The region of the
first valley in the density profile of the CF group (at a distance of 13.5 A from the surface),
which corresponds to the limit between the first two layers of adsorbed surfactant on the

surface, is in agreement with the thickness obtained for the monolayer coating.

The effect of the coating of each surfactant on the configuration of the n-decane droplet
was determined by evaluating the density profile of the droplet in the direction perpendicular
to the surface. Figure 3.7 shows the density profile for the n-decane droplet on the surface
covered with a perfluorodecyl monolayer (bottom horizontal axis), and on a multilayer of
fluorocarbamate (top horizontal axis). The results show a marked difference in the

configuration of the droplet for each treatment.
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Figure 3.7. Density profile of the n-decane droplet on the perfluorodecyl monolayer coating (bottom
horizontal axis) and on the fluorocarbamate multilayer coating (top horizontal axis).

The density profile of the n-decane droplet on the perfluorodecyl coating exhibits a small
peak (located at ~3.5 A from the surface) that is associated with a small amount of n-decane
molecules that are able to permeate the coating and become in direct contact with the
surface at places where there are no surfactant (as described in Figure 3.3). In the bulk of
the droplet, three distinct adsorbed layers are observed (located at distances between 12
and 18 A from the surface). This stratification of the droplet is clear evidence of the effect

of the surface at these distances.

Unlike the density profile of the n-decane droplet on the perfluorodecyl coating, the
configuration of the n-decane droplet on the fluorocarbamate coating does not exhibit any
stratification. Instead, the density profile exhibits a dome-like shape, since the multiple
layers of the coating prevents the liquid from being energetically affected by the surface
and the n-decane molecules only interact with the outer layers of the coating. Thus, the
density profile obtained in this case resembles that of a fluid-fluid interface, with no definite

peaks of densification.8”:89

Figure 3.8 depicts the configurations of the water droplet on the coatings with both
surfactants. In this case, a similar behavior to the n-decane droplet was obtained. On the
perfluorodecyl coating, the density profile shows a considerable amount of water molecules
that are able to permeate the coating (at distances less than 10 A), since the water
molecules are smaller in size compared to the n-decane molecules. At a distance of ~4.5

A from the surface, the density profile shows a first adsorption layer on the surfactant
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coating and the second layer is observed at a distance of ~8.5 A, which is consistent with

results reported in the literature.*®
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Figure 3.8. Density profile for the water droplet on the perfluorodecyl monolayer coating (bottom
horizontal axis) and the fluorocarbamate multilayer coating (top horizontal axis).

The density profile of the water droplet on the fluorocarbamate coating has a dome-like
shape, similar to that obtained for the n-decane droplet. There is no clear effect of the solid
surface on the configuration of the droplet. Therefore, for both liquids on this coating, the
density profile corresponds to a liquid-liquid interface. Additionally, the results are evidence
that this treatment has the ability to generate both lipophobic and hydrophobic surfaces, in

agreement with experimental results.?231:33.71

The interaction energies between each surfactant and the liquid phases (n-decane and
water) were evaluated from the equilibrium configuration for each droplet after 10 ns of
simulation time. The results are presented in Table 3.1 for all systems. Positive energies
are an indication of repulsive interactions, while negative energies are associated with
attractive interactions. The interaction energies between the chains of each surfactant (T-

T) obtained from the simulations of the coatings are also reported.

The interaction energies between the surfactant chains (T-T) are repulsive in both cases,
and are higher for the fluorocarbamate compared to the perfluorodecyl. These higher
repulsive energies generate the empty surface areas, uncovered with the surfactant, when
a monolayer is applied. However, the global interaction energies (considering the whole
molecule of surfactant) are attractive as a result of the contribution of all components of the

molecule, and are higher for the perfluorodecyl (-52.4 kcal/mol) than for the
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fluorocarbamate (-48.3 kcal/mol). These energy results explain the higher packing degree
for the perfluorodecyl molecules on the surface compared to the fluorocarbamate

surfactant.

Table 3.1. Interaction energies between sections of each surfactant and the liquid phase. Tail (T),
fluorocarbonated chain (CF), non-fluorocarbonated chain (NonCF), n-decane (d) and water (w).

Interacting '”‘e“'["lfctg’lfmeo’}]ergy
groups Perfluorodecyl Fluorocarbamate

T-T 15.085 36.040
d-d -2.878 -6.476
T-d -0.610 -0.762
CF-d -0.531 -0.583
NonCF-d -0.079 -0.179
W-W -10.055 -8.744
T-w -0.125 -0.104
CF-w -0.083 -0.044
NonCF-w -0.021 -0.081

Due to the non-polar nature of the n-decane molecule, the wettability alteration for this liquid
is mainly governed by the van der Waals interactions. The results presented in Table 3.1
show that, for both surfactants, the CF and NonCF have attractive interactions with the n-
decane molecules, with the CF-d energy higher than the NonCF-d energy in both cases.
However, since the attraction forces between the liquid molecules in the bulk of the droplet
(d-d energy) are significantly higher than the interaction energy with the chain in each
surfactant, it is more favorable for the liquid molecules to remain in the bulk of the droplet,

giving contact angles between 50 and 60°.

In the case of the perfluorodecyl coating, the fluorocarbonated chain is responsible for 87%
of the total interaction energy with the n-decane (T-d), while in the fluorocarbamate it is only
76%. This indicates that the heteroatom content in the fluorocarbamate molecular structure
generates an additional contribution to the attraction energy with the n-decane molecules,
which is why the contact angle of n-decane droplets obtained on this surfactant is 7° smaller

than the one obtained on the perfluorodecyl.

The contact angle of the droplets obtained on this coatings indicate that intermediate-
wetting (i.e., lack of a strong wetting preference) was obtained with the perfluorodecyl

coating and an oil-wet system was generated with the fluorocarbamate.?* These wettability
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states generated are due to the attraction forces in the bulk of the water droplet (w-w), which
is substantially higher than the surfactant-liquid attraction energy (T-w). For the
perfluorodecyl, the higher value of the surfactant-liquid attractive energy generates a

smaller contact angle on this coating.

The presence of the sulfur, nitrogen and oxygen atoms in the fluorocarbamate molecular
structure means that the charge distribution of this surfactant is significantly different than
the charge distribution in the perfluorodecyl. This causes differences in the electrostatic
contributions to the interaction energy with the water molecules. This also explains the
differences obtained between the interaction energy of the liquid phase and the
fluorocarbonated chains for each surfactant.

3.1.2 Section conclusions

In this section, the wettability alteration of sandstones generated by partially
fluorocarbonated organosilanic surfactants with linear (perfluorodecyl) and branched
chains (fluorocarbamate) was evaluated by measuring the change in the contact angles of

water and n-decane droplets.

In the coating with a monolayer of perfluorodecyl, the fluorocarbonated chains were mostly
oriented toward the outside of the coating with only a few molecules with the
fluorocarbonated chains adsorbed directly on the surface. In a monolayer of the
fluorocarbamate coating, the branches of the molecular structure of the surfactant are
distributed almost equally between being adsorbed on the surface and oriented towards
the fluid phase. The surface density for the perfluorodecyl monolayer is higher than that
obtained for the fluorocarbamate monolayer, since the linear chain in the perfluorodecyl
generates lower lateral repulsive interactions. In the multilayer coating of the
fluorocarbamate, the outer layers exhibit less of an organization degree, since the surface

effect in this region is almost imperceptible.

On the perfluorodecyl coating, the droplets of n-decane and water have an appreciable

amount of liquid molecules that are able to penetrate the coating and in the bulk of these
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droplets well-defined adsorption layers were encountered due to the effect of the

interactions with the solid surface.

The configuration of the liquid droplets on the fluorocarbamate coating does not show any
stratification. The thickness of the multiple layers of the coating prevents the liquid from
being energetically affected by the solid surface and the n-decane and water molecules
interact only with the outer, less organized layers of this surfactant. As a result, the density
profile for both liquids on this coating resembles that of a fluid-fluid interface.

Both surfactants evaluated exhibit attractive interactions with the n-decane and water
molecules. However, the liquid molecules favor remaining in the bulk of the droplets since
the liquid-liquid attractive forces overcome the surfactant-liquid interactions. The higher
value of the perfluorodecyl-water attractive energy generates a smaller contact angle for

the water droplet on this coating.

The perfluorodecyl surfactant produces intermediate-wetting coatings, while the
fluorocarbamate alters, more efficiently, the wettability of the surface to water. The
presence of sulfur, nitrogen and oxygen atoms in the molecular structure of the
fluorocarbamate results in the charge distribution of this surfactant being significantly
different than the charge distribution in the perfluorodecyl. This causes differences in the
electrostatic interactions with the water molecules. Also, the heteroatom content in the
fluorocarbamate molecule generates an additional attractive energy on the n-decane

molecules, giving a smaller contact angle for this fluid than on the perfluorodecyl coating.

The contact angle results obtained with molecular dynamics simulations present, in most
cases, deviations of less than 3° with respect to reported experimental measurements. With
this, it can be established that the models and methodologies used in the present study are
adequate to represent the wettability alteration phenomenon. In the case of

fluorocarbamate-water system, the line tension correction could be included.
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3.2 Fluoro-vs hydrocarbon surfactants for the alteration
of sandstone wettability

In this section, the performance of fluorocarbon and hydrocarbon structures, with different
chain lengths is evaluated in relation to their capacity to promote silica hydrophobic surfaces.
This evaluation was based on the surfactants included in the patent Fuller et al., 22 which
reports an organosilane structure with fluorocarbon chains (CF) and two structures with
hydrocarbon chains (CH). With the purpose of evaluating the specific effect of the CF and CH
chains on the alteration of wettability, three additional structures were generated by replacing
the fluorocarbon chains with the hydrocarbon chains. As a result, a group of six surfactants
was obtained in total, three of them with CF chains and the other three with CH chains.
Besides, each structure type differs in chain length, with 1, 10 and 18 carbon atoms.

Figure 3.9 shows the molecular structure of each surfactant evaluated in this section. The
structures on the left correspond to the surfactants with CF chains, and the structures on the
right, to the surfactants with CH chains. The surfactants with shorter chains (1 carbon atom)
are trimethoxy (trifluoromethyl) silane and trimethoxy (methyl) silane; the structures with
intermediate chain length (10 carbon atoms) are 1H, 1H, 2H, 2H — perfluorodecyl and
decyltriethoxysilane; and finally, the structures with longer chain length (18 carbon atoms)

correspond to trimethoxy (perfluoro octadecyl) silane and trimethoxy (octadecyl) silane.

With the purpose of simplifying the nomenclature in each one of the evaluated surfactants,
the following notation was employed: the first letter corresponds to the surfactant chain length,
M stands for methyl, D for decyl and O for octadecyl; the second letter denotes the type of
chain structure, F for fluorocarbon and H for hydrocarbon. It is worth highlighting that all the
surfactants evaluated have the same polar head (SiO;) since the bond between the oxygen
of the silane group and the organic part (CH, or CH,CH,) is broken to enable the formation of

the link with the silica surface, as it is described in chapter 2.
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Figure 3.9. Molecular structures of the surfactants evaluated.

In addition to the evaluation of the wettability alteration, the effect of the structure and chain
length on the configuration of adsorption was determined for each surfactant. Finally, the
interaction energies between water molecules and each surfactant chain, as well as among
the molecules themselves, were calculated to determine the main differences between the
CF and CH chains which promote the hydrophobicity of silica surfaces. The results of the
molecular simulations were compared with the experimental measurements, obtaining

closely approximate values.

3.2.1 Results and discussion

The evaluation proposed in this section was conducted following the methodology presented
in chapter 2, using the energetic parameter of the wall potential that describes correctly the
initial wettability of a silica surface (es" = 1.02 kcal/mol).*® The following results were obtained
from the analysis of each surfactant monolayer (surface density, coordination number, and
density profile), the evaluation of the wettability alteration (contact angle of water droplets)
and of the interaction energies between water molecules and each surfactant chain, as well

as among the molecules themselves.
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Table 3.2 contains the results of the coating simulation on the silica surface: the number of
molecules in the monolayer coating with each surfactant; the average area occupied by
each molecule on the surface; and the surface density obtained for each surfactant. In
accordance with the results, the average surface area that each carbon atom of the
surfactant chain occupies is 103.3 and 65.5 A2, for the CF and CH chains respectively.
These values have a deviation of 12 and 21% in relation to the reported data in the literature
(92 and 54 A?).7%128 The reason for these deviations is that the area occupied by each
molecule considers the empty spaces reported below (Figure 3.10).

Table 3.2. Coating density and number of molecules to a ML coating with the MF, MH, DF, DH, OF

and OH surfactants

Number Surface area Surface

Surfactant of 2 density

[nm?/molec.] 2

molecules [umol/m?]
MF 2643 0.34 4.88
MH 3038 0.30 5.60
DF 1118 0.81 2.06
DH 1236 0.73 2.28
OF 799 1.13 1.47
OH 801 1.12 1.48

The results show that the surface densities of the surfactants with CF chains (MF, DF and
OF) are lower than those of the surfactants with CH chains (MH, DH, and OH). Because of
this, the number of surfactant molecules with CH chains necessary to cover the same area

on the surface was higher in comparison with the surfactants with CF chains.

Figure 3.10 shows the top view of the coated surface with each surfactant. In all cases, the
coatings obtained had empty spaces, generated by side interactions between the surfactant
chains that keep the packing degree from being higher.
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Figure 3.10. Upper view of the surfactant coatings. (Oxygen red, hydrogen white and fluorine

cyan).

The coordination number calculated for each coating, obtained through the integration of
the radial distribution function between the silica atoms in the silane group of each
surfactant, was employed to make an estimate of the packing degree. Figure 3.11 contains
the coordination numbers obtained, showing a higher packing degree of the coating with
MH surfactant, followed by the coatings with MF, DH, and DF, in that order. In the case of
the coating with the surfactant OF and OH, there is no significant variation between their
packing degrees, due to longer chains having a higher freedom degree, which minimizes
the effect of the chain structure (CF or CH). Therefore, similar surface densities were
obtained (Table 3.2).
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Figure 3.11. Coordination numbers of Si atoms for each surfactant evaluated.

The factors that influence the packing degree of the coating with each surfactant were
determined through the calculation of the interaction energies between CF and CH chains
in the coating simulation on the surface. The average interaction energies between the
surfactant chains resulted attractive in both cases, being higher for the surfactants with CH
chains (-0.7 kcal/mol) than for the surfactants with CF chains (-0.4 kcal/mol). These
dissimilarities arise from substantially different intermolecular interactions between CF and
CH structures. Regarding van der Waals interactions, the energy interaction parameter for
flour (0.068 kcal/mol) is 1.79 times higher than the parameter for hydrogen (0.038 kcal/mol).
Meanwhile, in the case of electrostatic interactions, the partial charge of the flour atom (-
0.275) is 2.75 times higher than the partial hydrogen charge (0.1). Therefore, the repulsive
electrostatic energies between flour atoms in CF chains, are the main cause that hinders

the achievement of a higher packing degree of surfactants with CF chains.

The adsorption configuration of the surfactant on the silica surface was determined through
calculation of the density profile. Figure 3.12 shows the distribution of each surfactant

chains in the direction perpendicular to the surface.
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Figure 3.12. Density profiles of the surfactants coatings.

The density profile of the surfactants with shorter chains (MF and MH) shows only one peak
(at 3.5 A from the surface), which evidences a unique adsorption configuration, with the
silane group (SiO3) directed to the surface, and the chains (CH and CF) pointing to the free
surface (air and water). For the surfactants with intermediate chain length, the density
profile of the coating has three inflection points located at 3.5, 5.5 and 7.5 A for DF and less
pronounced peaks for the coating with DH (at 3.5, 4.5 and 6.5 A). In this case, the
adsorption of the treatment does not have a unique distribution on the surface since the
longer chains can be located in shrunken, leaning and perpendicular ways with respect to
the silica surface, resulting in many points of inflection obtained. This behavior was also
evident in the surfactants with longer chains, where three points of inflection were obtained
in the density profile, located at 3.5, 6.5 and 8.5 for the OF coating and at 3.5, 4.5 and 6.5
A for the OH coating. In all cases, the density profiles peaks were higher in structures with
CF chains (MF, DF and OF) when compared to the profiles of the surfactants with CH
chains (MH, DH, and OH), due to the differences in mass between flour and hydrogen

atoms.

The estimates of the coating thickness in each surfactant were based on the density profiles
(Figure 3.12). Lower thicknesses were obtained for coatings with MF and MH (around 4.5
A) followed by DH (8.5 A), DF (12.5 A) and OH (10.5 A), and finally, OF (16.5 A). Such
results match the experimental observations reported in literature,” since the CF chains
are more rigid than the CH chains, and therefore higher coating thicknesses are obtained

for surfactants DF and OF.
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According to the obtained coating thicknesses, it can be concluded that, for the same chain
length, the CF chains are mostly oriented towards the external part of the surface (with
different tilt angles), while the CH chains have a greater degree of orientation in the direction
parallel to the surface ("stretching"). Although the orientation towards the outside of the
surface of the CF chains would allow in principle a greater degree of packing of the coating,
these chains are more rigid, the attractive interaction energy between them is lower than
between the CH chains and the electrostatic interactions of repulsion F- F are greater than
the corresponding H-H interactions. All these contributions generate greater empty spaces
with the CF coatings and therefore lower surface density (as shown in the Table 3.2 and in
Figure 3.11).

In conclusion, the results show that surfactants with shorter chains occupy a smaller area
over the surface. In addition, shorter chains generate fewer lateral interactions, allowing a
higher packing degree of the treatment on the surface. Finally, it can be concluded that in
comparison to surfactants with CH chains, surfactants with CF chains tend to generate
loosely packed coatings due to the interaction energies between the surfactants chains are

0.3 kcal/mol less attractive for CF structures, and they are more rigid than the CH chains.

To evaluate the wettability alteration generated by each surfactant, 5832 water molecules
were added to the surface coated with each surfactant. The water droplets reported in
Figure 3.13, the contact angles were calculated following the methodology proposed in

chapter 2 for asymmetric drops obtained through molecular simulation.>%108
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Figure 3.13. Water droplets on surface coated with each surfactant.

The results reveal that the surfaces coated with each treatment correspond to hydrophobic
surfaces with contact angles between 87 and 99° for water droplets. Furthermore, in relation
to the experimental measures (89.8° for MH, 93° for DF and 91.1° for OH), the deviation
obtained was 2% lower.??2 Hence, the models and methodologies reported in chapter 2
represent accurately the water droplets formation on surfaces coated with organosilane

surfactants with CF and CH chains.

Based on the contact angles obtained through molecular simulation, it could be established
that the variations of the contact angles with CF and CH chain structures reached a 10%
maximum, while the difference for surfactants with longer chains (OF and OH) was wider.
In relation to the effect of the chain length, the contact angles of water droplets vary less
than 10° in surfactants with a chain length between 1 and 18 carbon atoms for both chains
with CF structures and CH chains.
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The contact angle variations obtained do not turn out significant, as shown
experimentally.’®1? This is mainly due to the fact that in experimental evaluations, the
contact angle is evaluated employing the same surfactant concentration in the impregnating
solution and the same conditioning time of the surface.'?®1%° |n contrast, the evaluation
presented in this work considers the formation of a surfactant monolayer on a definite
surface area, which represents a completely different approach to the experimental one.
The results obtained show that the surfactants with longer chains (OF and OH) occupy a
larger surface area than the surfactants with intermediate or shorter chains (DF, DH, MF,
and MH). Consequently, by employing the same impregnating solution concentration and
surface conditioning time, it could be expected that the surfactants with longer chains
display a higher coating degree on the surface in comparison to others. Finally, on a surface
with a higher coating degree, the contact angle of water droplets could be promoted to be
wider than that of surfactants with smaller chains, which would match the experimental

evaluations.”0129

An energetic evaluation of the system was conducted in order to gain a better
understanding of the effect of CF and CH structures in the alteration of wettability. Figure
3.14 contains a report of the interaction energies between the water molecules and the
chains of each surfactant, as well as among themselves (in the bulk of the droplet); it also
shows the contact angle obtained for water (WAC). With the purpose of improving the
presentation of results, the reports present the water-water interaction energy multiplied by

-1 and the chain-water interaction energy multiplied by -100.
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Figure 3.14. Interaction energies chain-water (x10-2) and water-water and water angle contact

(WACQC), for the coating with each surfactant.
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In all cases, the interaction energies obtained were attractive (negative values), being the
interaction energies between water molecules in the bulk of the droplet is nearly 2 orders
of magnitude higher than the interaction energies between water molecules and the
surfactant chains. The results show that the interaction energies between water molecules
in the bulk of the droplet do not vary significantly, in relation to the values obtained for CF
and CH structures. Therefore, coating the surface with the surfactant does not alter
significantly the energetic interaction water-water relating to the effects of the structure type
(CF and CH) and the chain length are overlooked.

Regarding the chain-water interaction energy, there were differences between the coatings
with different types of structure (CF and CH) and chain lengths. In all cases, the attractive
interaction energies between the water molecules and the CF chains (MF, DF, and OF)
were smaller than the interaction energies with the CH chains (MH, DH, and OH). This is
coherent with the contact angles obtained (Figure 3.13), which were wider in coatings with
CF surfactants. Therefore, CF structures favor water molecules energetically so that these
remain in the bulk of the droplet. Considering chain length, there was a clear tendency to
reduce the chain-water attractive interaction energy as the chain gets longer, in both CF
chains and CH chains. This is due to longer chains generating a higher separation between

water molecules and the surface, reducing the solid-liquid interaction energy.

Finally, the results evidence that the alteration of wettability is a consequence exclusive to
the modification of the water—surface interaction energy by the surfactant. The initial state
is hydrophilic with a contact angle of 24°,??ruled by a highly energetic surface parameter
(1.02 kcal/mol),?? and then reaches a hydrophobic state, with contact angles between 87
and 99°, with an average interaction parameter of 0.07 and 0.08 kcal/mol with the chains
of the surfactant, in CF and CH structures, respectively.
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3.2.2 Section conclusions

The simulations of surfaces coated with each surfactant showed that surfactants with
shorter chains occupy a smaller area on the surface. In addition, shorter chains generate
fewer side interactions, allowing a higher packing degree of the treatment on the surface.
Finally, it can be concluded that surfactants with CF chains generate loosely packed
coatings in comparison to the surfactants with CH chains since the attractive interaction

energy of CH structures is 1.75 times higher than that of the CF structures.

The resulting contact angles of water droplets (87-99°) display the capacity to obtain
hydrophobic surfaces using surfactants with CF and CH chains when the differences
between the obtained angles with surfactants CF and CH chains are below 10°. Besides,
the angles obtained through molecular simulations and the ones experimentally measured
(reported for MH, DF, and OH) resulted in a deviation of just 2%. Therefore, the reported
models and methodologies in chapter 2 represent accurately the formation of water droplets
on surfaces coated with CF and CH organosilane surfactants.

During the evaluation of water-water and chain-water interaction energies, attractive
energies were obtained in all cases, showing that the water molecules remain in the bulk
of the droplet, since the interaction among the water molecules inside the droplet is almost
two orders of magnitude higher in comparison to the interaction energies between water
molecules and the surfactant chains. It was also found that chain-water interaction energies
for surfactants were lower with CF chains than with CH chain structures. This is coherent
with the contact angles obtained, which were higher for coatings with CF surfactants.
Finally, in relation to chain length, it was found that the attractive interaction energy

decreases as the chain becomes longer, in both CF and CH chains.
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3.3 Chemical alteration of wettability of damaged
sandstone formations. Experimental and molecular
dynamics study with polysorbate 80

In this section we conducted a theoretical and experimental evaluations of the alteration of
wettability of sandstone surfaces by polysorbate 80 (in short P80). The experimental
evaluation started from a virgin sandstone core (water-wet); damage was then induced to
modify the wettability of the rock from water-wet to oil-wet, with the purpose of evaluating
the surfactant’s ability to restore the water-wet state of the solid phase. The contact angles
of water and n-decane droplets were used to quantify the wettability alteration of the
surface. The phenomenological aspects of the process of wettability alteration were
evaluated from an atomistic representation, using molecular dynamics.#’#854 This
theoretical evaluation was made with the aim of building a phenomenological model to
establish which particularities of the molecular structure of the surfactant agent hold the key
for the wettability alteration, to determine the configuration of surfactant adsorption on the

surface, and to calculate its interaction energy with the fluids.

The theoretical-experimental approach presented in this work contributes to gaining a
better physical understanding of the process of wettability alteration. In this sense, we
obtained some insights that clarified the relation between the surfactant’'s molecular
structure, the configuration of adsorption on the solid and its impact on the wettability.
Finally this work illustrates a methodology that allows the quantification and prediction of

the contact angle of liquid droplets on surfaces.

3.3.1 Experimental procedures

Sodium chloride (99%, PanReac, Spain) and deionized water were used to prepare brine
for preparing the surfactant solutions. The surfactant P80, ethanol (99.9%) and n-decane
(99%) were purchased from Sigma-Aldrich (USA). An extra-heavy crude oil of 7.2° API and
18 wt % of asphaltenes from a Colombian reservoir was used for aging and to produce the

restored samples.
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Test cores were made, from an outcrop sandstone rocks (amorphous silica), with a
diameter of 3.8 cm and length of 4.83 cm. All samples were cleaned with toluene, followed
by methanol in order to remove any impurities and then dried at 60 °C for 48 h. These
samples were named virgin samples, which were water-wet. For the process of restoration
to the original wettability of the core samples (oil-wet state), the virgin samples were washed
using steam and then the cores were aged using crude oil for at least 200 h at 65 °C,
following the method proposed by McGhee et al.,'! these samples were named restored
samples. For application of the surfactant treatment, the restored samples were soaked in
a series of surfactant solutions to alter the wettability under static conditions. Both high
concentrations (>20000 ppm) and low concentrations (<10000 ppm) of P80 were employed
in the impregnation solution. Each sample immersed in the impregnation solution was
heated at 40 °C for 48 h and finally each treated sample was removed from the
corresponding solution and dried at 40 °C for 24 h.

Virgin, restored, and treated samples were used in the measurement of contact angles of
water and n-decane droplets. To do this, droplets of each liquid were placed in three
different positions on the surface of the dried cores using a 5 yl syringe, after 5 minutes of

the liquid droplet was spreading on the surface.

3.3.2 Molecular dynamics methods

The surfactant P80 is composed of fatty acid esters of sorbitol-derived cyclic ethers, but its
chemical structure is not defined in a unique way, since the distribution and the length of
the ethylene oxide (EO) chains may vary between different batches of production. Following
the analysis presented by Amani et al.,%* EO chains of equal length were considered for
this study. The specific structure of the modeled P80, which has an oxacyclopentane (OCP)
attached to three branches, is shown in Figure 3.15. Two of the three branches have the
same structure of EO terminating with a hydroxyl group (OH), while the third branch has a
subdivision, with an EO chain equal to the two previously described branches and another

longer chain containing the ester group (ester chain).
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Figure 3.15. Molecular structure of surfactant P80.

Molecules of P80 and n-decane were represented using the all-atom consistent valence
force field (CVFF) potential.*? As described in chapter 2, this potential is a function of the
van der Waals and coulombic intermolecular interactions as well as the bonds, angles, and
dihedral intramolecular interactions (the last three were represented using harmonic
models). The extended simple point charge (SPC-E) potential'® was used to model the
water molecules and the solid phase (silica surface) was represented by a wall potential
10_4_3.101,102

The simulations of wettability alteration were performed using three procedures: The first
corresponds to the calculation of the contact angles of water and n-decane droplets on the
restored rock (oil-wet); the second procedure, which represents the equilibrium
configuration of the surfactant on the surface, corresponds to the simulation of the P80
adsorption on the restored surface; finally, in the third procedure, simulations of the
formation of water and n-decane droplets on the surface coated with the P80 were

conducted and the new contact angles were evaluated.

The procedure to describe the formation of droplets on the restored surface consists of
evaluating the contact angle of a water droplet on the surface by varying the energetic
parameter of the solid through a tuning process, in order to find the value of the energetic
parameter of the surface that allows reproduction of the experimentally determined contact
angle. The energetic parameter of the solid, determined after the tuning procedure with
water, is that which characterizes the surface, and is used to calculate its interactions with

all fluids, as showed in chapter 2.

The equilibrium amount of a surfactant adsorbed on the silica surface depends on its

structure and on the nature of its head groups.?84® Experimental works have shown that a
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monolayer of coating is optimal for wettability alteration treatments.*619%119 |n this work, we
modeled a monolayer of coating directly, by calculating the area occupied by P80 molecules
on the silica surface (oil-wet). To do this, the area occupied by the 672 molecules of P80
on the surface was obtained using the procedure reported in chapter 2. The results of this
simulation also allowed determination of the adsorption configuration of the P80 on the
restored surface, by analyzing the density profile and the spatial distribution of the functional
groups of the surfactant.

To simulate the formation of water and n-decane droplets on the surface covered with the
P80 treatment, 5832 water and n-decane molecules were added (in separate simulations)
onto the P80 coating obtained in the previous step. The molecules of each liquid were
initially placed forming a cube of 18x18x18 molecules, with sides of 55.8 A in the case of
water, and 116.8 A for n-decane. These cubes were located 4 A above the surface coated
with the P80, and the droplet was allowed to equilibrate in an NVT ensemble, over 10 ns
with a time step of 1 fs. Contact angles (on restored rock as well as on the surface coated
with P80) were calculated from the geometric measurements of the droplet (height and
radius), using a procedure developed for asymmetrical droplets.®®1% The geometric

measurements were taken during the last 2 ns of the simulation.

3.3.3 Results and discussion

Figure 3.16 shows the results of the average contact angle of water and n-decane droplets
obtained experimentally on the virgin and restored samples. In the test of water on the virgin
rock, the liquid became completely embedded in the porous medium and a measurement
of contact angle could not be measured (highly hydrophilic state). The results show the
effect of the induced damage (by the restoring process) that produced a highly hydrophobic
surface (with an average contact angle of 105.6 + 4.6° for water droplets on the restored
surface). The average contact angle of the n-decane droplets on virgin rock was 37 + 3.2°,
while on the restored rock it was 50.3+ 2.7°. The contact angles obtained showed a
significant variation of the hydrophilic state of the virgin rock, while the variation of lipophilic
state of the virgin rock had a variation of only 13.3°. Despite the contact angle of n-decane

on the restored rock being larger than that one on the virgin rock, the results show that the
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damage induced by the restoration process generated a hydrophobic surface that could be

classified as oil-wet.?
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Figure 3.16. Contact angles of water and n-decane droplets on the virgin and restored sandstone.

Figure 3.17 depicts the experimental results of the average contact angle measurements
of water and n-decane droplets on the samples treated with the impregnation solutions of
low (<10000 ppm) and high (>20000 ppm) concentrations of P80. The results obtained
show that, for equal conditioning times of the samples, the P80 concentration in the
impregnation solution had a variable impact on the contact angles measured, since the
contact angle presented fluctuations, similar to the behavior reported in previous published

experimental works, and associated with coatings thicker than a monolayer, 109133134
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Figure 3.17. Contact angles of water and n-decane droplets on the treated samples. Above: low
P80 concentrations (<10000 ppm). Below: high P80 concentrations (>20000 ppm).

The proper concentration of P80 in the impregnation solution must be selected considering
that the treatment must generate at the same time, and to the greatest extent possible, the
smallest contact angle of water droplets and the largest contact angle of n-decane droplets
with the lowest concentration of P80. The contact angle criteria correspond to technical
aspects that guarantee an increase in the mobility of production fluids (hydrocarbons), while
using a low concentration of P80 corresponds to a reduction of operating costs. In this case,
the optimal concentration for the impregnation solution would correspond to a monolayer

of coating on the solid surface.46:1%°

For the samples treated with solutions of low concentration of P80 surfactant, the smallest
contact angles of the water droplets were obtained on the surfaces treated with
concentrations of 1000 and 10000 ppm of P80 (with average contact angles of 34.5° and
35.5°, respectively). For these concentration range the largest contact angles of n-decane
droplets were obtained for the samples treated with solutions of 100 and 5000 ppm of P80

(with average contact angles of 113° and 110°, respectively).
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In samples treated with solutions of high concentrations of P80, the contact angles of water
droplets (between 42° and 56°), were in general greater than the contact angles on the
samples treated with solutions of low concentrations. With this series of treatments the
contact angle of n-decane droplets exhibited little variation, with an average value of 42.2°,
which is significantly smaller than the contact angle obtained with the sample treated with
100 ppm of P80. Since the concentration of P80 was relatively high in this series of
impregnation solutions, it is expected that the coating obtained corresponds to a multilayer
adsorption, with a thickness large enough that the effect of the surface on the molecules
contained in the liquid droplet would be highly attenuated.

From the experimental results presented in Figure 3.17, a precise selection of a unique
optimal concentration of P80 that could simultaneously promote the greatest decrease in
the water contact angle and the greatest increase in the n-decane contact angle could not
be made. However, the greatest contact angle of the n-decane droplets (113°)
corresponded to 100 ppm of P80 in the impregnation solution, and with this treatment the
contact angle of water droplets was only 1.5° greater than that measured for a concentration
of 1000 ppm. Therefore, these results lead to a recommendation of the use of 100 ppm of
P80 in the impregnation solution, to restore the water-wet state of the solid and to generate

a lipophobic surface.

Turning to the results obtained with molecular dynamics, Figure 2.5 in the Chapter 2 shows
the variation of the contact angle of the water droplets as a function of the energetic
parameter that represent the interaction with the restored surface. Using a contact angle of
105.6°, obtained experimentally for water on this surface (Figure 3.16), it was found that an
energetic parameter of €5 = 0.5 kcal/mol properly represents the energetic parameter of the
restored rock (oil-wet). This value is very close to the reported value of the interaction
energy between functional groups CH- (0.55 kcal/mol),%® which shows that the energetic
parameter found here takes into account that the restored sample is embedded in

hydrocarbon.

Figure 3.18 shows images of the contact angles of water and n-decane droplets on the
restored surface, obtained experimentally and through molecular simulation (using €s'= 0.5

kcal/mol). The average contact angle for water droplets measured in the simulation was of
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104.33 + 4.36°, with a deviation of 1.2% with respect to the value obtained experimentally.
The energetic parameter obtained for the restored surface characterizes that surface under
the particular conditions at which the experimental measurements were made, and can be
used to evaluate its interactions with other fluids under the same conditions. The average
contact angle of the n-decane droplet obtained with the simulations was 51.21 + 4.41°, with
a deviation of 1.4% compared to an experimental value of 50.3 £ 2.7°. It is worth noting that
once the energetic parameter of the surface is found, the simulations with n-decane do not
require any adjustment or tuning, and in this sense are totally predictive.

Experimental Molecular simulation

101.01°

Figure 3.18. Contact angles of water (above) and n-decane (below) droplets on the restored
surface obtained experimentally and with molecular dynamics (es*= 0.5 kcal/mol).

After ensuring the correct description of the wettability state of the restored rock, the surface
coating with a monolayer of P80 was simulated. Figure 3.19 shows the front and top views
of the initial and final configurations of the P80 coating on the restored surface. The initial
configuration was constructed using 672 molecules of P80 with a surface density of 1.24
umol/m2. The simulation of the relaxation of the coating was conducted for 5 ns in an NPT
ensemble (298 K and 1 atm) to obtain the volume and area of the monolayer of coating in
equilibrium with the surface. In the final configuration a surface density of 2.01 ymol/m? was

obtained, which corresponds to an occupied area of 0.82 nm? per surfactant molecule.
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Figure 3.19. The initial and final configurations of the coating of P80 on the restored surface.

As will be shown later, the chain with the ester group (ester chain) is that mainly responsible
for the adsorption of the surfactant on the restored surface, so that the occupied area on
the surface corresponds mainly to a chain of 18 hydrogenated carbon atoms. For
surfactants with C,E¢ structures, the reduction of the area occupied per surfactant molecule
on silica surfaces has been reported, as n varies between 10 and 14.%*® For the sake of
comparison, from the reported data®® it can be estimated that the area occupied by each
CH: group is approximately 0.06 nm?2. Extrapolating, an 18-carbon chain would give an

occupied area of 1.08 nm?, which is close to the value obtained in this work (0.82 nm?).

In order to evaluate the alteration of the wettability promoted by the treatment, 5832 water
and n-decane molecules were added on the final configuration of the P80 coating and the
droplet formation was simulated for 10 ns. Figure 3.20 shows the results of the contact
angles, which are in excellent agreement with those measured on the sample treated with
100 ppm of P80 in the impregnation solution. The average contact angle obtained from
simulations for the system with water was 54.67 + 5.24°, with a deviation of 3.8% with
respect to the average experimental value (52.6°). The contact angle obtained for the n-
decane system was 107.03 + 2.4°, with a deviation of —5.5% with respect to the
experimental value (113°). The results of these simulations can also be considered as
predictions of the model, since for these results neither parameter adjustment nor tuning

procedures were requeried.
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Experimental Molecular simulation

water

n-dencane

Figure 3.20. Contact angles for water and n-decane on the surface coated with a P80 monolayer.

To determine the adsorption configuration of the P80 monolayer on the restored surface,
the density profile was computed/measured in the direction perpendicular to the solid
surface (Figure 3.21). For this, the functional groups OH, CHs; and HC=CH of the surfactant
were taken as reference. The results show an adsorption peak of CHz groups in the region
close to the surface. The chains of the surfactant containing these groups (ester chains)
would then be directly involved in the interaction with the restored surface and be those that
promoted the adsorption. A little further away from the surface (10 A), a zone appeared in
which there is the simultaneous presence of HC=HC (corresponding to the end of the ester
chain) and OH groups (located at the extreme end of the EO chains). Finally, in a zone
located furthest from the surface (and thus closest to the liquid phase), there is a higher
concentration of hydroxyl groups, which would be those that generated the greatest
contribution to the change in wettability. This adsorption configuration is consistent with the

theoretical explanations proposed for this type of surface phenomenon.?428136
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Figure 3.21. Density profiles of P80 and the functional groups OH, CHs y HC=CH.

The calculation of the interaction energy between the P80 coating and the liquid phases of
water and n-decane allows to determine the factors that promote the wettability alteration.
The molecular simulations allow not only calculations of the total interactions between the
different types of molecules, but also calculation of the energy interactions with specific
parts of the molecule. The more relevant interactions in the adsorption of P80 on the surface
are reported in Table 3.3: the global interaction energy between the P80 and each liquid
droplet (P80-lig.); the interaction between each liquid with itself in the bulk droplet (lig.-lig.)
and the interactions between the liquid molecules and each one of the five specific
functional groups of the surfactant (CHs, CH», EO, OH and OCP). Additionally, the average
interaction energies between the liquid and the entire chains of EO ending with hydroxyl
groups (OH chain) and with the entire chain that contains the ester group (ester chain) are
also reported.

Table 3.3. Interaction energies between the liquid molecules (lig.—ligq.); between the liquid phase
and functional groups CHs, CHz, ethylene oxide (EO), hydroxyl (OH), oxacyclopentane (OCP) of
P80; and between the liquid phase and the entire chains of ester (ester chain) and ethylene oxide

(OH chain).
Interaction energy
Interacting groups [kcal/mol]
water  n-decane
lig. —lig. -0.031 -9.322
P80-lig. -1.911 0.004
CH3-lig. 0.001 -0.002
CH2-lig. 0.586 -0.020
EO-Iig. -0.096 0.015
OH-lig. -0.004 0.005
OCP-lig. -0.040 -0.019
Ester-chain-lig. 0.048 -0.154
OH-chain-lig. -1.920 0.177
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In the water system, the global interaction energy P80—water is attractive (—1.911 kcal/mol)
and substantially higher than the interaction energy between the water molecules in the
bulk of the droplet (—0.031 kcal/mol). Therefore, the coating treatment favors the water
molecules to be located preferentially on the surface, instead of remaining in the bulk of the

droplet.

In the evaluation of the specific contribution of the five functional groups selected for
analysis, it was observed that for the functional groups EO, OH and OCP, the interactions
with liquid water are attractive, whereas for the functional groups CHs and CH. the resulting
interactions are repulsive. The results indicate that the restoration of the water-wet state of
the solid is a direct consequence of the interactions of the chains containing the ethylene
oxides with the liquid water. The interactions between the water molecules and the EO
groups of the surfactant correspond to 97% of the global P80—water interaction energy,
while the contributions of the OH and OCP groups correspond to only 1 and 2% of the

global interaction energy, respectively.

For the system with n-decane, it was found that the global interaction energy with P80 is
slightly repulsive, whereas the interaction between the molecules located in the bulk of the
droplet is strongly attractive. Therefore, the n-decane molecules are energetically favored
to remain in the bulk of the droplet and not on the coated surface, which causes the
observed increase in the contact angle. The interaction energies of n-decane were found
to be repulsive with EO and OH groups, while slightly attractive with the CH3;, CH, and OCP
groups. In this case, the results show that the EO groups are key to promoting a lipophobic
surface, contributing 75% of the global energy of repulsion between the n-decane
molecules and the OH chains. In this system, the ester chains, despite being oriented
towards the restored surface and to be relatively far from the molecules of liquid, exert an
attractive interaction on the n-decane molecules. However, this interaction is overcome by

the repulsion generated by the EO groups.

Finally, in both cases evaluated (water and n-decane), the adsorption configuration of the
surfactant on the surface is key in altering the wettability of the restored rock. The
orientation of the chains containing the ethylene oxides towards the liquid phase causes an

energetic tendency for the water molecules to be close to the P80 coating, while for n-
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decane the molecules tend to remain in the bulk of the droplet. This effect would improve

the mobility of the production fluids in the porous medium.

3.3.4 Section conclusions

In this section an experimental and theoretical evaluation of the wettability alteration on
sandstones using the commercial surfactant polysorbate 80 (P80) was made. The contact
angles of water and n-decane droplets were used to evaluate the alteration in wettability of
the surface. The theoretical evaluation was made using molecular dynamics to determine
the configuration of the surfactant adsorbed on the surface and to calculate the surfactant—

liquid interaction energy.

The experimental results show that the P80 concentration in the impregnation solution has
a variable impact on the contact angles of the droplets (water and n-decane) on the treated
surface since the contact angle presents fluctuations associated with coatings thicker than
a monolayer. We found that a concentration of 100 ppm of P80 in the impregnation solution
generates the greatest contact angle for the n-decane droplets and a small contact angle
for the water droplets, using the least amount of surfactant, allowing the recommendation
of this treatment to restore the water-wet state of the solid and to generate a lipophobic
surface. The coating generated with this treatment is considered to consist of a surfactant

monolayer.

The adsorption of the surfactant on the restored rock was mainly associated with the
interactions of the surfactant chains that contain the ester group with the surface, whereas
the chains containing ethylene oxide are exposed toward the liquid phase. By evaluating
the interaction energy between the P80 coating and the liquid phases it was established
that the chains containing the ethylene oxides were key to the performance of
P80surfactant in restoring the water-wet state of the surface, since they exert an attractive
interaction towards the water molecules (and substantially higher than the interaction
energy between the water molecules located in the bulk of the droplet); therefore, coating
with the treatment favors the water molecules being located preferentially on the surface,

instead of remaining in the bulk droplet.
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On the other hand, the total energetic interaction between P80 and n-decane is slightly
repulsive, while the interaction between the molecules in the bulk droplet is strongly
attractive, which energetically favors that n-decane molecules remain in the bulk of the
droplet. The chains containing the ester group exert an attractive interaction on the n-
decane molecules, but this interaction is overcome by the repulsion generated by the

ethylene oxide groups, generating a lipophobic surface.

The molecular simulation model developed (once the energetic parameter of the surface is
found), allows predictive calculations of the contact angle of liquid droplets on the restored
surface and on the P80 coating, with deviations, in most cases, of less than 5% compared

to the experimental value.
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3.4 Application of the MD methodology to evaluate the
alteration of the hydrophilic state of gold surfaces

The use of mercury amalgam is common practice in the native gold extraction process. In
this process, mercury acts as a collector that enables separation between the gold and the
mineral that contains it. This practice is often artisanal and has a high impact on the health
of mining personnel and the environment.'*° It is precisely for this reason that international
policies are clear in the purpose of eliminating the use of mercury in the gold extraction
process.

Among the many alternatives available for gold extraction, froth flotation is a particularly
promising option. Froth flotation is a physicochemical method for mineral concentration and
transport in water suspensions. It consists of separating solid hydrophobic particles from
hydrophilic ones by injecting air bubbles. Most minerals, including gold, are hydrophilic,
which is why they require the addition of surfactants (called collectors in the gold mining
industry) to increase their hydrophobicity to enable extraction through the froth phase.
Collectors also reduce the water-solid interfacial tension, which facilitates the spontaneous
adsorption of air bubbles, so that the particle-bubble system can rise to the surface. Once

on the surface, bubbles are stabilized using frothing agents and later removed by overflow.

The aim of this section is to apply the methodology developed in this thesis to evaluate the
alteration of the hydrophilic state of gold surfaces caused by the adsorption of surfactants
with different molecular structures, using the contact angle of water droplets as an

evaluation parameter.

Five systems were constructed, the first being the initial hydrophilic state of the water-gold
system, and the remaining four are associated with the measurement of the increase in
hydrophobicity due to the action of the selected collectors. The collectors evaluated in this
study were: (i) potassium di-isoamyl dithiophosphate (DTP)137  (ii) potassium amyl
xanthate (PAX)&139 (iii) sodium 2-mercapto-benzothiazole (MBT)¥%137 and (iv) sodium
dodecyl sulfate (SDS).8* The first three collectors are potential candidates for froth flotation
processes at an industrial level.13%137:13% The SDS collector has never been reported to have

been used in this application. However, due to its molecular structure (a thioalkane with a
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hydrophobic linear chain of twelve hydrogenated carbons) and its applicability for similar
processes®2140:141 it was selected for this study with the objective of evaluating a collector
with a longer hydrophobic chain than the three previously selected. Summarizing, the
selected substances allow for the determination of the effect of the molecular structure of
the collector on the alteration of the hydrophilic state of gold surfaces. Contact angle results
from molecular simulations were validated against experimental data reported in the

literature. 130

The experimental evaluation reported for the alteration of the hydrophilic state of gold
consisted of three procedures: i) clean the surface, ii) add the collector to the gold surface
to allow its adsorption and iii) add water droplets to measure the contact angle.*® To
prepare the gold surface, a solution of sulfuric acid and hydrogen peroxide was used, in
order to obtain a completely hydrophilic surface at the beginning of the evaluation. Then
the gold surface was impregnated with the solution of each collector with conditioning times
between 5 and 20 minutes. Finally the contact angles of water droplets on the surface
covered with each collector were measured to evaluate the alteration of the hydrophilic

state of the gold.

The representation of the experimental procedure using molecular dynamics was
performed following the sequence described above. To do this, atomistic models were used
in order to describe the liquid phase of the system, which consists of water (using SPC-E
potential, eq. 2.4) and the collector molecules (using CVFF, eq. 2.6). The solid phase (gold)
was constructed using a wall potential (Lennar-Jones 10.-4-3, eq. 2.1). In this work, the air
phase was not considered, since previous studies prove that the difference in results is

statistically negligible for pressures up to 150 bar.%

Figure 3.22 depicts the molecular structures of the selected collectors (DTP, PAX, MBT
and SDS). All collectors are anionic, with a hydrophilic section associated with the
heteroatoms in the structure (oxygen, sulfur or phosphorous) and a hydrophobic part that

is related to the hydrocarbon structure.
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Figure 3.22. Molecular structures of DTP, PAX, MBT and SDS.

In the DTP molecule, the hydrophobic portion of the structure consists of two aliphatic
chains, with the polar core in the geometric center of the molecule (symmetrical molecular
structure). For the PAX and SDS molecules, the polar core is located at one end of the
molecule, differing from each other in chain length, which is larger for SDS (twelve
hydrogenated carbon atoms) and shorter in PAX (five hydrogenated carbon atoms). The
MBT molecule has an aromatic ring instead of an aliphatic chain for the hydrophobic portion

of the structure.

3.4.1 Results and discussion

Figure 3.23 shows the calculated contact angle of the water droplet for values of €s between
1.00 and 1.25 kcal/mol. Comparing with the experimental value of 10°*2 for this system
and interpolating the results obtained here, it was found that a value of €s" = 1.2 kcal/mol is

required to properly describe the initial hydrophilic state of the gold surface.
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Figure 3.23. Water-gold contact angle as a function of the energetic parameter of the solid phase.
The triangular points are the simulation results and the dashed line is the adjusted function for the
data

Figure 3.24 depicts the configuration of the geometry of the water droplet after 10 ns of
simulation time using the calculated energetic parameter €s". The measured dimensions of
the droplet were h = 8.4 + 0.1 A and r = 86.1 + 1.5 A, with a contact angle of 11.1 + 0.3°.
This result shows that the selected tuning procedure gives an adequate representation of
the initial hydrophilic state of the gold surface without the need for an atomistic description

of the gold surface or describing, in detail, the roughness, defects and fractures.

6=111°%£0.3

Figure 3.24. Water droplet with 5832 water molecules after 10 ns of simulation time (without
collector). Above: Top view with the planes used to measure the radius of the droplet. Below: front
view of the water droplet and contact angle.
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Figure 3.25 depicts the adsorption configuration of each collector on the gold surface. The
DTP, PAX and MBT collectors interact with the surface by means of the sulfur atom in their
structure, while the SDS collector does this by means of its polar sulfate head. The results
indicate that for all four cases, the collectors remain oriented with the non-polar portion of

their structure parallel to the surface.
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Figure 3.25. Adsorption configuration of the DTP, PAX, MBT and SDS collectors. Above: top view.
Below: front view. Carbon atoms are depicted as grey, hydrogen atoms as white, oxygen atoms as
red, potassium and sodium atoms as purple, nitrogen atoms as blue and sulfur atoms as yellow.

Table 3.4 shows the surface area occupied by each molecule of collector (obtained as
showed in chapter 2), the number of molecules necessary to form a ML of coating and the
surface density of each collector.

Table 3.4. Coating density and number of molecules to form a ML with the DTP, PAX, MBT and
SDS collectors.

Surface area  Number of  Surface density

Collector [nm?molec.]  molecules  [molecules/nm?]
DTP 0.574 564 1.742
PAX 0.216 1500 4.630
MBT 0.231 1402 4.337
SDS 0.480 675 2.083

The results show differences in the surface density for the collectors because its projected
area on the gold surface varies according to its molecular structure. PAX and MBT
collectors have similar sizes, and they occupy a smaller area of the gold surface and thus
require a larger number of molecules to complete the ML on the surface. For SDS, in spite

of having a larger chain of carbon atoms than DTP, it occupies a smaller area on the surface
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due to its adsorption with the shrunken aliphatic chain, while the chains of the DTP were

extended on the surface.

The area of 0.216 nm? obtained for a single molecule of PAX (with five carbon atoms in the
aliphatic chain) reported in Table 3.4, is consistent with the results obtained experimentally
and using molecular dynamics with an atomistic representation of the gold surface.'*?
Reported evaluation was developed using thiolate molecules with four carbon atoms in the
aliphatic chain. For Au (1 1 1) structures, reported values of 0.214 and 0.212 nm? per
molecule of thiolate were found, and for Au (1 0 0), values of 0.206 and 0.210 nm? were
found for the same molecule, experimentally and using molecular dynamics, respectively.

Therefore, the surface densities obtained in this section are physically reasonable.

Figure 3.26 illustrates the top view of the ML formed by each collector on the gold surface.
SDS and DTP exhibit a more heterogeneous coating of the surface than the PAX and MBT
collectors. The steric hindrance of the aliphatic chains in the long-chained collectors causes

less compact coatings.

Figure 3.26. Top view of the gold surface covered with the DTP, PAX, MBT and SDS collectors.
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Figure 3.27 shows the coordination number (which is the number molecules that a central
atom holds as its nearest neighbors), obtained from the integration of the radial distribution
function of the sulfur atoms present in each collector. These results allow for a quantitative
assessment of the packing degree of the obtained coatings. Again, these results evidence
different coating densities: PAX and MBT collectors have the highest surface density and
DTP and SDS are the least packed. Although PAX and MBT exhibit a similar surface
concentration, the coating with MBT is more heterogeneous at a local level, as can be seen
from the inflexions in the curve of the coordination number. This behavior is associated with
the side interactions between the aromatic rings of the MBT collector.

r [A]

Figure 3.27. Coordination number of sulfur atoms of the DTP, PAX, MBT and SDS collectors.

As previously stated (chapter 2), 5832 water molecules were added to each system in
Figure 3.26 and were used to conduct the simulations of water droplet formation. Figure
3.28 illustrates the final configuration and the contact angles calculated from the droplet
geometry.
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Figure 3.28. Contact angle of the water droplet on the gold surface covered with the DTP, PAX,
MBT and SDS collectors. Carbon atoms are depicted as grey, hydrogen as white, oxygen as red,
potassium as purple, nitrogen as blue and sulfur as yellow.

According to the experimental contact angle for water droplets on gold surfaces covered
with DTP (72.3°)120, PAX (71.6°)!3 and MBT (70.1°)!% deviations of 3.9%, -2.2% and -1.4%
were obtained, respectively. From these acceptable approximations and the predictive
capability of the molecular dynamics simulations, it is expected that the value obtained for
the contact angle for the system with SDS is within the same degree of approximation.

The results presented in Figure 3.28 show that for a ML, the SDS collector (with a longer
aliphatic chain) gives a contact angle 22% higher than the one obtained with PAX (that has
a short aliphatic chain), and 14% higher than the one obtained with DTP (that has branched
aliphatic chains). Finally, with the MBT collector (that has an aromatic ring), the lowest
contact angle was obtained, which is 24% lower than the one achieved with SDS. This
indicates that the hydrophobicity of gold surfaces is favored by the use of collectors with
long and linear aliphatic chains, similar to the configuration of SDS. However,
generalizations in this regard must be made with caution, because in the process of altering
the hydrophilic state of gold, in addition to the molecular structure of the collector, are also
relevant the adsorption configuration, and the local concentration of the collector on the

surface.
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Figure 3.29 depicts the density profile for water molecules in the direction perpendicular to
the gold surface. From the figure, two clearly defined peaks are distinguishable for the
system without collector, which implies that the droplet consists of two layers of water
molecules adsorbed on the surface (consistent with the small contact angle measured). At
a distance of around 8 A, the calculated density is 0.98 g/cm?, which agrees with the value
of the height of the water droplet reported in Figure 3.24. This highly hydrophilic initial state
is caused by the strong interaction between the water molecules and the gold surface.

——Without-collector ++++ DTP ——MBT ---PAX —SDS

Water density [g/cm?®]

Distance Z [A]

Figure 3.29. Density profile for water molecules with and without collectors.

For the surfaces covered with collectors, the water molecules are displaced from the solid
surface, as is clear from Figure 3.29. This behavior is evidence of the alteration of the
hydrophilic state of the gold surface, caused by a decrease in the water-gold interaction

and the steric hindrance caused by the chemisorbed collector film.

The smaller collectors, with high surface densities (MBT and PAX), have similar water
droplet profiles. In these two cases, the double-layer of water molecules is still noticeable,
but to a lesser extent than the case without collector. This behavior indicates that for this
coating density on the gold surface, the hydrophobic effect generated by the aromatic ring
of the MBT collector is comparable with the effect of the short non-polar chain of the PAX

collector.

The SDS and DTP collectors also exhibit similar density profiles for the water droplet. In
these cases, small peaks are observable at distances between 4 and 5 A from the surface,

caused by a small amount of water molecules that are able to permeate the coatings, which
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are less compact for these two collectors. For distances above 6 A, the density profile

represents the water molecules located at the bulk of the droplet.

Figure 3.30 shows the interaction energy between water molecules and the hydrophobic
part of each collector. In all cases the interaction is repulsive, in contrast with the attractive
interactions water-water (0.16 kcal/mol) and water-gold (1.09 kcal/mol). That is, the
increase in hydrophobicity of the gold surface achieved with the collectors is due to the fact
that the interaction energy between water molecules and the hydrogen and carbon atoms
of the collectors is significantly more repulsive than the interaction energy of water
molecules with themselves (attractive). This contributes to the water molecules remaining
in the bulk of the droplet.

100 mm Interaction energy water —hydrophobic [ 0.1
structure

90 - o—Contact Angle L 0.08

2
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Interaction energy water —
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Figure 3.30. Contact angle of the water droplet and interaction energy between water and the
hydrophobic part of collectors.

Figure 3.30 also illustrates the relationship between the repulsive interaction water-collector
and the contact angle of the water droplet. For the MBT collector, the lower performance is
because the repulsive interaction with water molecules results be lower as the interaction
of water with aromatic carbons is stronger than the interaction of water with aliphatic
carbons. Thus, the total repulsion effect from the MBT collector is lower than that from the
DTP, PAX, and SDS collectors.

To the hydrophobicity achieved with the SDS collector can also contribute its shrunken

adsorption on the surface, which allows for a greater separation between water molecules
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in the droplet and the gold surface. This is evident from Figure 3.29, in which the density
profile of the water droplet on the SDS coating indicates a separation of more than 10 A
from the surface, while for the other three collectors, the droplet is formed at around 5 A
from the surface. The increase in the separation distance between the water droplet and
the surface allows for an additional reduction in the water-gold average energetic

interaction.

Alternatively, experimental studies show that the increase of the conditioning time of the
gold surface with the DTP also increases the hydrophobicity.**° This behavior can be
modeled using molecular dynamics, by implementing multiple coating layers. To illustrate
this, an additional simulation was conducted, using 1500 DTP molecules on the gold
surface, which translates into a coating of 3 MLs. Figure 3.31 shows the contact angle for
the water droplet on the gold surface covered with three layers of the DTP collector. In this
case, the thickness of the coating was 28 + 5 A, which considerably increases the
separation between the water molecules and the gold surface, and thus the contact angle
of the water droplet is almost solely dependent on the water-DTP interaction. In this case,
the resulting contact angle was 90.0 + 2.4°, which gives a deviation of -3.2% with respect

to the experimental value of 92.9° achieved after 20 min of surface conditioning with DTP .1

Figure 3.31. Contact angle of the water droplet on the gold surface covered with 3 MLs of the DTP
collector. Hydrogen atoms are depicted as white, oxygen as yellow, potassium as purple, nitrogen
as blue and sulfur as yellow.

The results presented here show that the methodology used in this study is proper for the
evaluation of contact angles of droplets, using both a ML and multilayer coatings on the

surface. On this basis, the non-structured construction of the gold surface using the 10-4-3
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potential is suitable for the study of contact angle changes and for the representation of the

adsorption processes of different substances.

As a comparative exercise of the performance of the four collectors evaluated with the same
surface concentration, simulations with a surface density of 2.89 umol/m? for each collector
were conducted. This is the lowest value of the coating density presented in Table 3.4 (the
surface density of the DTP collector). It is worth mentioning that this kind of comparison can
be quite difficult to achieve experimentally.

Figure 3.32 shows the contact angle results considering equal surface concentrations for
each collector. In this case, the SDS collector still gives the highest hydrophobicity, followed
by the DTP, PAX and MBT collectors. The most relevant alteration in the results can be
appreciated in the MBT collector. MLs of the PAX and MBT collectors give similar results
(within 1% of the difference between them); however, when given the same surface density,
the MBT collector gives a contact angle 37% smaller than that obtained with PAX. For
surface densities below a ML, the effect of atomic interactions between the carbon atoms
in the aromatic ring of the MBT collector and the water molecules are more relevant, since

the aromatic rings are now more exposed to the interaction with water.
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Figure 3.32. Contact angle of the water droplet on the gold surface covered with a ML (white) and
with a fixed surface density of 2.89 umol/m? of each collector (grey).

Experimental studies show that the contact angle generated by the collector is tightly
related to the fraction of gold recovered by the froth flotation process: for a contact angle of
70°, the gold recovery is close to 65% of the gold contained in the ore material, while for
contact angles close to 90°, the gold recovery increases up to 95%.%*° Therefore, although

a contact angle larger than 90° is required to consider a truly hydrophobic surface, all the
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collectors evaluated in this study can be used in flotation processes (since they generate
contact angles between 70 and 88°). However, the contact angle generated with SDS, close

to 90°, makes it a promising alternative for obtaining high fractions of gold recovery.

3.4.2 Section conclusions

The evaluation of collectors with different molecular structures has been carried out in order
to establish the effect these structures have on the alteration of the hydrophilic state of gold
surfaces, taking the contact angle of water droplets as an evaluation parameter.

Adsorption of the SDS and DTP collectors produces more heterogeneous coatings on the
surface, compared to the PAX and MBT collectors. The longer aliphatic chains of the SDS
and DTP collectors generate greater steric hindrance and less compact coatings on the
surface. In spite of the DSD collector having a longer aliphatic chain than DTP, it occupies
a smaller surface area due to the shrunken configuration of its aliphatic chain versus the

extended configuration of the DTP collector on the surface.

For a ML of coating, the MBT and PAX collectors generate similar density profiles for the
water droplet. The hydrophobic effect caused by the aromatic ring in the MBT collector is
comparable with the effect of the short non-polar chain of PAX. The DTP and SDS collectors
also generate similar distributions of the water droplet, having a small amount of water
molecules permeating through the less compact coatings of these two collectors.
Deviations of the contact angle results did not exceed 4% with respect to the available

experimental data in all cases.

The increase in hydrophobicity of the gold surface achieved with the collectors with aliphatic
chains in their structure (DTP, PAX and SDS) is because the interaction energy between
water molecules and the hydrogen and carbon atoms of the chains is significantly lower
than the water-gold interaction energy and that of water molecules with themselves, which
favors the water molecules remaining in the bulk of the droplet. The SDS collector (with the
longest aliphatic chain) generates a contact angle 22% greater than that generated using
PAX (with the shortest chain), and 14% greater than that of DTP (branched configuration).
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This behavior is also associated with a greater separation of the water molecules from the

gold surface, which implies a decrease in the water-gold interaction energy.

The smallest increase in hydrophobicity was obtained with the MBT collector (with an
aromatic ring). The lower performance of this collector is explained by the interaction energy
between water molecules and the carbon atoms of the aromatic ring being stronger than
between water molecules and the carbon atoms in the aliphatic chains. Therefore, the net
repulsion effect from the MBT collector is significantly lower than in the other cases. For
surface densities below a ML, the effect of the interaction between the carbon atoms in the
aromatic ring of MBT and the water molecules is more relevant, as the aromatic rings are

more exposed to the interaction with water.






4. Simulations with atomistic surfaces vs
wall potential

Chapter 3 included four case studies conducted to evaluate various aspects related to
wettability alteration. All cases resulted in close approximations between the contact angles
obtained by molecular simulation and experimentally, without the need for an atomistic
description of the surface.

As it was mentioned in chapter 2, the tuning procedure of the surface energetic parameter
(€'s), allows the inclusion of characteristic aspects of solids such as crystalline defects,
fractures, heterogeneities and even electric double layer effects on conductive surfaces like
gold (section 3.4). In addition, section 3.3 described how it was possible to predict
successfully experimental data on the contact angle of n-decane on the surface through
the tuning of €', using experimental data about the water contact angle on a restored rock.
This case demonstrates that the methodology can represent the wettability of rock coated
with crude oil (restored rock) without an atomistic representation of the solid nor of the

compounds adsorbed on the surface.

To prove these findings, this chapter presents the evaluation made on the capacity of the
methodology to reproduce contact angles of different liquids on three kinds of surfaces,
without the need for an atomistic representation of the surface nor the coating with the
surfactant. With this in mind, the results reported in chapter 2 were recalculated and

additionally, two of the systems reported by Kwok et. al*?” were employed.

The first case corresponds to the silica surface coated with perfluorodecyl. In this case, the
tuning procedure of the parameter €'s was performed with the contact angle of water on the
surface coated with perfluorodecyl (94.1°), unlike the procedure reported on chapter 2,

where the tuning was performed using the water drop on the uncoated silica surface (24°).
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Then, the contact angle of the n-heptane on the surface was predicted with the parameter
obtained, while representing the phenomena with only one Lennard-Jones potential 10-4-

3 and the liquid molecules (water and n-heptane).

Two additional systems were selected from the literature!?” to evaluate the methodology
proposed in this work. The second system evaluated consisted of a mica surface coated
with a commercial fluorocarbon surfactant (FC722) and the third system was a polymer
(Poly(styrene-(hexyl/10-carboxydecyl 90:10)-maleimide, in short polystyrene). The contact
angles on each one of the previous surfaces were measured using three liquids in each
case. The contact angles of n-decane, ethyl cinnamate, and ethylene glycol were measured
on the mica surface coated with FC722, whereas the contact angles of diethylene glycol,

glycerol and water were measured on the polymer.

4.1 Results and discussions

The tuning procedure of the energetic parameter of solid phase was made using the results
reported in chapter 2 (Figure 2.5). For the three systems evaluated, the contact angle of
water droplets were used to find the €’s parameter.

For the first system, the contact angle of water droplet allowed to find the €*s parameter
that represent the silica surface coated with the perfluorodecyl surfactant, without an
atomistic description of the surface or coating, and then to predict the contact angle of n-
heptane. In second system a similar evaluation was done, a mica surface coated with a
fluorocarbon surfactant (FC722), in this case the three contact angles measured were
totally predictive. Finally, in third system, a highly heterogeneous surface was evaluated
without coating (polystyrene), in this case two contact angles were predictive and the other

one of them was used for tuning procedure.

For the first system, the contact angle of water droplet allowed to find the €'s parameter that
represent the silica surface coated with the perfluorodecyl surfactant, without an atomistic
description of the surface or coating, and then to predict the contact angle of n-heptane. In

second system a similar evaluation was done, a mica surface coated with a fluorocarbon
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surfactant (FC722), in this case the three contact angles measured were totally predictive.
Finally, in third system, a highly heterogeneous surface was evaluated without coating
(polystyrene), in this case two contact angles were predictive and the other one of them

was used for tuning procedure.

The contact angles of water droplets used in the tuning procedure were 94°,22 119°1?” and
87°,127 for the silica-coated, mica-coated and polystyrene respectively. Following the same
procedure described in chapter 2, it was found that parameters €’s of 0.55, 0.42 and 0.64

kcal/mol allow the accurate representation of the three systems evaluated.

The contact angles were obtained using the geometrical dimensions of the drop,'%®
following the procedure reported in chapter 2. Figure 4.1 depicts the average contact
angles obtained in each evaluation.
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Figure 4.1. Contact angles obtained for (a) water and (b) n-heptane on the silica surface coated
with perfluorodecyl; (c) n-decane, (d) ethyl cinnamate and (e) ethylene glycol on the mica surface
coated with FC722; and (f) diethylene glycol, (g) glycerol and (h) water on the Poly(styrene-
(hexyl/10-carboxydecyl 90:10)-maleimide.

Figure 4.2 shows the representation of the experimental contact angle vs. the contact angle

obtained through molecular simulation.
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Figure 4.2. Experimental and MD contact angles analysis.

After applying the methodology described in this work, the deviations of the predictive
angles in respect to the experimental measures were 1.2 and -2.0% for water and n-
heptane on the silica cover with perfluorodecyl; 1.6, 2.4 and 1.0 for n-decade, ethyl
cinnamate and ethylene glycol on the mica surface coated with FC722, respectively; finally,
the deviations were -1.3, 0.5 and 3.0% for the diethylene glycol, glycerol, and water on

polystyrene, respectively.

The methodology suggested has the advantage of requiring only one parameter to be
tuned, unlike the models reported in the literature which, essentially, need multi-parameter
adjustments.®+117.127.144.145 Tharefore, knowing the experimental angle of a liquid over on
study surface facilitates the determination of the excess energy on the surface, represented
by the parameter €'s obtained, as well as an accurate prediction about the contact angle of

other liquids on such surface (with or without coating).
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4.2 Chapter conclusions

This chapter contains the evaluated capacity of the methodology to reproduce contact
angles of different liquids over three types of surfaces, without the need for an atomistic
representation of the surface nor of the surfactant coating. Therefore, the results obtained
in chapter 2 were recalculated, and additionally, two systems reported in the literature were
employed.

The results obtained show a close approximation between the contact angles predicted and
the ones reported experimentally, after applying the methodology without the atomistic
representation of the surface nor the surfactant coating. The deviations obtained are below
3%, which leads us to conclude that the methodology proposed in this work can predict
properly the contact angles of polar liquids (water, alcohols, and esters) and non-polar (n-
heptane and n-decane) on coated and uncoated surfaces, without requiring an atomistic
representation of the solid nor of the coating with surfactants. These results show that it is
possible to predict contact angles on surfaces by tuning only one parameter, unlike the

models proposed in the literature, which require tuning multiple parameters.



5. Conclusions

5.1 Conclusions

The main conclusions obtained in this work are the follow:

1. The methodology proposed in this doctoral thesis allow represent adequally the
wettability alteration phenomena, both mineral and metal surfaces. The results
obtained show an adequate representation of the experimental values for contact
angles of liquid droplets, the water adsorption energies and densities and

thicknesses of the surface coating.

2. Based on the results obtained from the simulations of the surface coating, the
surfactants with branched structure occupy a greater area on the surface, reducing
the surfactant amount required to form a monolayer of coating in comparison with

the surfactants with linear chains.

3. A longer chain length favors the wettability alteration, decreasing the interaction
liquid-surface and exert a stronger repulsive force on the liquid molecules in which

larger contact angles are promoted.

4. Surfactants with fluorocarbon and hydrocarbon chains have the capacity to promote
hydrophobic surfaces, with small differences among the contact angles of water
droplets. Therefore, the surfactant with CH chains are more recommendable for
generating hydrophobic surfaces due to they are cheaper than fluorocarbon

surfactants and they are environmentally friendly.
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5. For generating gas-wet state on silica surfaces (hydrophobic and lipophobic), better
performance is reached with a fluorocarbonated organosilanic surfactant. This type
of structure have the possibility to form bond with the silica surface, increasing the
durability of the treatment and the mobility of the production fluids in the oil reservoir.
For this, organosilanic surfactants with branched chain without heteroatoms content

is recommendable.

6. The results evidence that the alteration of wettability is a consequence exclusive to
the modification of the water—surface interaction energy by the surfactant.

5.2 Future work

From results reported in this doctoral thesis the following potential future work could be

research:

1. Afunction that relates the surface energetic parameter tuned (€’s) with the molecular
structure of the surfactant adsorbed. This may be reliable because the results
reported in section 3.3 show that €'s = 0.5 kcal/mol represent adequately the
restored rock (oil-wet), and this energetic value is close to the interactions between

CH: groups.

2. Evaluating the salinity and pH effect on the wettability performance for wettability

alteration using surfactants anionic, cationic and non-ionic.

3. Include the effect of the roughness, heterogeneities and surface charge density on

the hydrodynamic properties in the methodology proposed in this work.

4. Using multi-scale simulation to predict the recovery factor in EOR projects. The
simulation will include the simulation of droplet formation from MD at reservoir
conditions, then from the results obtained, could simulating to pore scale and finally

at reservoir scale. This scheme of research will allow to predict, from molecular point
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of view to reservoir scale, production variables as curves of permeability relative

and the increase of the recovery rates.

5.3 List of publications

Following the scientific contributions obtained from this doctoral thesis is presented.

5.3.1 Papers on journals

1. Moncayo-Riascos, I.; de Ledn, J.; Hoyos, B. A. Molecular Dynamics Methodology
for the Evaluation of the Chemical Alteration of Wettability with Organosilanes.
Energy & Fuels 2016, 30 (5), 3605-3614.

2. Moncayo-Riascos, |.; Hoyos, B. A. Effect of Collector Molecular Structure on the
Wettability of Gold for Froth Flotation. Appl. Surf. Sci. 2017, 420, 691-699

3. Moncayo-Riascos, I.; Cortés, F. B.; Hoyos, B. A. Chemical Alteration of Wettability
of Sandstones with Polysorbate 80. Experimental and Molecular Dynamics Study.
Energy & Fuels 2017, acs.energyfuels.7b02263.P80.

5.3.2 Conference proceedings

1. Jennifer De Ledn, lvan Moncayo-Riascos, and Bibian A. Hoyos. Evaluation of the
Chemical Alteration of Wettability by Molecular Simulation. The Sixteenth
International Conference on Petroleum Phase Behavior and Fouling. PetroPhase

2015 International Conference. Riviera Maya, México, 2015.

2. Moncayo, |. y Hoyos, B. Evaluacion Molecular del Efecto de las Cargas del Sodio
Dodecilsulfanato (SDS) en la Alteracion de Humectabilidad. 11° Congreso
Interamericano de Computacién Aplicada a la Industria de Procesos. CAIP 2013.
Lima, Peru, 2013.
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3. Ivan Moncayo-Riascos, and Bibian A. Hoyos. Comparison of linear and branched
molecular structure of fluorocarbonated organosilane surfactants on the wettability
alteration of sandstones. The 18th International Conference on Petroleum Phase
Behavior and Fouling. PetroPhase 2017, Le Havre (France), 2017.

4. Ivan Moncayo-Riascos, F. B. Cortes and Bibian A. Hoyos. Theoretical and
experimental study of the chemical alteration of wettability of sandstones with
polysorbate 80. 7th International Colloids Conference. Sitges, Barcelona, Espafia,
2017.

5. Moncayo-Riascos, |., Lopez, S., Ocafia-Reina, C. y Hoyos B. A. Estudio Molecular
del Proceso de Flotacion Espumante en la Recuperacion de Oro Nativo. XXVII
Congreso Interamericano y Colombiano de Ingenieria Quimica. Cartagena,
Colombia, 2014.

5.3.3 Papers to be submitted

Following the paper to be submitted are listed:

1. A predictive function of contact angle on the low energy surfaces: proposal based
on molecular dynamics. In this paper the results obtained in chapter 4 will be
submitted to evaluation at Langmuir, The Journal of Physical Chemistry C or Journal

of Colloid and Interface Science.

2. Fluoro- vs hydrocarbon surfactants: Why do they differ in wetting performance?: A
molecular dynamics approach. Based on the review of the experimental researches
presented by Kovalchuk et. al,”® we will try to get an theoretical explain of the
differences of CF and CH surfactants on the wettability alteration applied to organic
surfaces. This research will be submitted to evaluation at Journal of Colloid and
Interface Science, Journal of Chemical Physics, The Journal of Physical Chemistry

C or Applied Surface Science.
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3. Eucalyptol: a friendly alternative to alter the hydrophobicity of gold surfaces. Based
on the results obtained in section 3.4, we will evaluate, theoretical and
experimentally, the eucalyptol (1,8 — cineol) capacity to promote hydrophobicity of
gold surfaces, being in this study a friendly alternative for froth flotation process. In
study, we will measure the contact angle of water droplets on the gold surface
coated with the eucalyptol, the adsorption configuration experimentally with Raman
spectrometry and the recovery factor obtained using the froth flotation. This
research will be submit to evaluation at Journal of Colloid and Interface Science,
Journal of Chemical Physics, The Journal of Physical Chemistry C or Applied
Surface Science.
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