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Summary

One of the major challenges of modern society is the increasing demand for
energy and conventional resources such as oil and natural gas are crucial
for meeting this challenge. Hence it is of paramount importance to enhance
the recovery process of these resources with a sustainable and environment-
friendly approach. The inherent pressure in an oil reservoir produces only
a small fraction of the oil reserve (known as primary oil recovery), and
even injecting water as a second phase (waterflooding) in the reservoir only
increases the output to about half of the maximum reservoir capacity. A
further incremental output is achieved via Enhanced Oil Recovery (EOR),
which encompasses understanding the fundamental scientific processes dur-
ing such an output enhancement. One of these processes is wettability al-
teration, where turning a oil-wet reservoir-rock into a water-wet surface re-
leases oil droplets and ensures an incremental recovery.

This thesis focusses on wettability alteration, or wetting transition, on a
solid phase from oil-wet to water-wet or vice versa. During oil recovery, the
relative affinity between rock, water and oil governed by the ionic species
plays a crucial role in such wetting transition. In Chapter 4, we investigate
the competitive wetting of aqueous salt solution and an oil (decane) on min-
eral surfaces, where we observe a transition from a (nearly) complete wet-
ting of monovalent salt (NaCl, KCl) solutions on mica, to a partial wetting
state when divalent salt CaCl2 at high concentration and pH is present in
the aqueous solution. We investigate the microscopic wetting films, where a
thick to thin transition is observed as monovalent cations are replaced with
divalent cations. In order to explain the phenomenon, we propose (and con-
firm with AFM) a mechanism, where adsorption of divalent cations at high
concentration leads to a charge-reversal at usually negatively charged mica-
water interface, while the oil-water interface remains negatively charged.

In Chapter 5, we theoretically investigate the intermolecular interactions
in our system, especially the electrostatics, which led to the wetting transi-



viii

tions. We calculate interaction energies including standard expressions from
DLVO theory for van der Waals and electrostatic interactions and an empir-
ical expression for short-range chemical forces. Furthermore, we extend the
model to explore the consequences of charge regulation for the wettability
of such systems. We address four generic shapes of the interface potential,
corresponding to complete wetting, partial wetting, pseudo-partial wetting,
and a metastable wetting film. We discuss the occurrence of these four sce-
narios in the parameter space that is given by the surface charge densities
and the so-called (charge) regulation parameters of the two interfaces in-
volved.

After investigating the electrostatic interactions extensively in the first
part of the thesis, we focus on the more subtle influence of van der Waals
and hydration interactions upon wetting in Chapter 6. A transition from
(nearly) complete wetting to partial wetting is found in a mica-water-alkane
system, if the cation-size is increased while keeping the valency same. In
doing so, we present a hitherto unreported cationic adsorption/wettability
sequence which resembles the famous Hofmeister series of protein crystal-
lization. We identify the contributions of dispersion forces, surface hydra-
tion etc. to such an adsorption behavior or wetting transition, and discuss
why charge-reversal is no longer required when all these factors play a role.

Surface active amphiphilic molecules (with hydrophilic as well as hy-
drophobic groups, also known as surfactants) in the crude oil are crucial
in determining mineral wettability. Binding these surfactants to the surface
of reservoir-rock is often aided by other ionic species. In Chapter 7, we
investigate the effects of surface-active fatty acid in ambient oil on aqueous
drops wetting mica and silica. A spontaneous increase in contact angle is ob-
served (known as autophobing) in presence of divalent cations in the aque-
ous phase at a high pH. We confirm that surfactants form a reaction-product
with the divalent cations at the oil-water interface but is subsequently de-
posited on the solid by the retracting contact line. This leads to a gradient
in the hydrophobicity of the substrate and a concomitant increase in con-
tact angle. We develop an adsorption and transport based semi-quantitative
model which assumes instantaneous mechanical equilibrium during the au-
tophobing process, and a Langmuir-Blodgett type adsorption on the solid
phase. We introduce two fitting parameters to capture the contact angle
evolution, where one represents the relation between interfacial tension and
coverage, and the other denotes the time-scale of autophobing.



Samenvatting

Eén van de uitdagingen in onze samenleving ligt in de nog altijd toene-
mende vraag naar energie uit conventionele grondstoffen zoals olie en aard-
gas. Het is daarom noodzakelijk om de winning van deze brandstoffen
te vergroten, en daarbij ook een zo duurzaam en millieuvriendelijke bena-
dering te kiezen. De oorspronkelijke druk in een oliereservoir produceert
slechts een klein deel van de totale oliereserve (primary oil recovery) en
zelfs het inspuiten van (zee)water in het reservoir in een tweede fase (wa-
terflooding) verhoogt de productie tot niet meer dan vijftig procent. Een
verdere productieverhoging kan worden bereikt via Enhanced Oil Recovery
(EOR). In deze fase van oliewinning wordt de samenstelling van de inge-
pompte vloeistof vaak beter afgestemd op de (verwachte) lokale situatie in
het reservoir. Om de mate van succes in deze stap te verhogen, is een beter
begrip van de fundamentele fysisch-chemische processen in het oliereser-
voir nodig. Een voorbeeld hiervan is de zogenaamde bevochtigingsover-
gang, waarbij een overgang van olie- naar een water-bevochtigd gesteente
optreedt. Dit maakt het makkelijker om de aanwezige olie te verdrijven met
de waterfase.

Dit proefschrift concentreert zich op bevochtigingsovergang op een vaste
fase (het gesteente); van olie naar water-bevochtigd of andersom. Tijdens
oliewinning, wordt de relatieve affiniteit van het gesteente met water en olie,
bepaald door de verschillende ionen in het water; dit speelt een belangrijke
rol in de overgang. In Hoofdstuk 4 onderzoeken wij de competitieve be-
vochtiging tussen zoutoplossingen en olie (decaan) op mineraaloppervlak-
ken (bijv. mica). Wij ontdekken een overgang van een (bijna) complete
bevochtiging met monovalente zoutoplossingen (NaCl, KCl), naar een ge-
deeltelijke bevochtiging met divalente zoutoplossing (CaCl2) bij hoge con-
centratie en pH. Wij bestuderen ook de microscopische bevochtigingslaag,
waar een overgang van een dikke naar dunne laag wordt waargenomen als
het kation wordt veranderd van mono- tot divalent kation. Om deze waar-
neming te verklaren, stellen wij een mechanisme voor (en bewijzen het met
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een atomic force microscope) waarbij de adsorptie van divalente kationen bij
hoge concentratie en pH de lading van mica-water grensvlak omkeert (van
negatief naar positief) terwijl het olie-water grensvlak negatief geladen blijft.

In Hoofdstuk 5 onderzoeken wij de interacties tussen de grensvlakken
(vooral de elektrostatische) die de bevochtiginsovergang veroorzaken, door
middel van een theoretisch model. Wij bereken de interactiepotentiaal in-
clusief elektrostatische en Van der Waals componenten (zoals in de DLVO
theorie) en een empirisch vastgestelde uitdrukking voor chemische interac-
ties. Wij breiden het model ook uit om de invloed van ladingsregulatie (aan-
passing van de oppervlaktelading aan de afstand tussen de grensvlakken) te
onderzoeken. Wij onderzoeken daarbij vier bevochtigingstoestanden: com-
pleet, gedeeltelijk, pseudo-gedeeltelijk en metastabiel; en de bijbehorende
potentiaalprofielen. Wij bediscussiëren deze toestanden in een paramete-
ranalyse met oppervlakteladingsdichtheid en regulatieparameter.

Na het uitgebreide onderzoek naar de elektrostatische interacties in het
eerste deel van het proefschrift, besteden wij aandacht aan de meer subtiele
invloed van Van der Waals interacties en hydratatie op de bevochtiging in
Hoofdstuk 6. Een overgang van (bijna) compleet naar gedeeltelijk bevoch-
tiging wordt gevonden in een mica-water-alkaan systeem, indien een groter
kation is gekozen zonder de kationvalentie te veranderen. Wij vinden een
nieuwe rangschikking van kationen, analoog aan de klassieke Hofmeister
serie voor de kristallisatie van eiwitten, maar nu voor de bevochtiging van
waterdruppels op mica in olie. Wij herkennen onder andere de bijdragen
van dispersie-interacties en oppervlaktehydratatie als de bron van deze ad-
sorptieserie en bediscussiëren dat omkeren van oppervlaktelading niet strikt
noodzakelijk is voor een bevochtigingsovergang.

Amfipolaire moleculen (met zowel hydrofiele als hydrofobe groepen,
ook wel surfactants genoemd), in de aardolie spelen een belangrijke rol in de
bevochtiging van oliehoudend gesteente. Hun adsorptie aan het gesteente
wordt daarbij mede gecontroleerd door de aanwezigheid van specifieke io-
nen. In Hoofdstuk 7 onderzoeken wij de invloed van zowel de ionsamen-
stelling in het water, als van toegevoegd vetzuur in de olie, op de bevochti-
ging van twee mineraal substraten (mica en silica). Een spontane verhoging
van de contacthoek (autophobing) wordt gevonden als de waterdruppels
een voldoende hoge pH hebben en divalente kationen bevatten. Wij bevesti-
gen dat de surfactants aan het olie-water grensvlak worden gevormd en ver-
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volgens neerslaan op de vaste fase via de (terugtrekkende) contactlijn. Dit
leidt tot een gradient in hydrofobiciteit op het substraat, en daarmee ook tot
autophobing. Dit verschijnsel wordt verder gemodelleerd met een wiskun-
dige beschrijving van de adsorptie en transport, daarbij aannemende dat de
momentane contacthoek wordt bepaald door de bekende wet van Young, en
dat de depositie van surfactant verloopt zoals bij Langmuir-Blodgett trans-
fer. Wij introduceren twee fitparameters om de contacthoek evolutie vast
te leggen: één vertegenwoordigt het verband tussen grensvlakspanning en
bedekking, de andere de tijdschaal van autophobing. Met dit model is een
semi-kwantitative beschrijving van de experimenten mogelijk.
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CHAPTER 1

Introduction

Abstract
The ever-increasing demand for energy in our society calls for more efficient and
sustainable recovery of fossil fuels. Enhanced Oil Recovery (EOR) deals with im-
proving the recovery of oil from reservoirs. It encompasses not only the large-scale
engineering enterprise, but also the fundamental understanding and discovery of
the relevant physicochemical processes. The motivation for this thesis stems from
this fundamental interest in EOR, more particularly from a specific method of EOR
known as low salinity waterflooding. Conventional waterflooding involves flood-
ing the oil reservoir with water (off-shore reservoirs with locally available brine)
for improved oil recovery and in recent years, the influence of the composition of
this injected aqueous phase on the incremental output of oil has drawn attention.
Wettability of the reservoir-rock is a significant property influenced by low salinity
waterflooding and is believed to determine the success of the production. Various
processes governing the wettability for this specific example have been investigated
and discussed over decades, albeit without universal agreement. This is because
of the complex interplay of ions, polar components, rock or mineral surface con-
stitution over multiple lengh-scales. We are interested in this specific parameter,
wettability, in this thesis from an ion adsorption and interaction perspective. In
this chapter, the broad motivation of the work is first introduced, and subsequently,
the fundamental questions to be addressed are discussed.



2 1. INTRODUCTION

1.1 Enhanced Oil Recovery

The new century has seen an exponential upsurge in the demand for energy-
resources in order to keep pace with the industrial usage as well as with a
city-centric lifestyle. Renewable energy resources have been identified as
the long-term solution for such ever-increasing energy demands. But our
society lacks the infrastructure for harnessing such a huge amount of en-
ergy from solar, wind or other renewable resources, which makes the per
capita cost for production and distribution of renewable energy quite high.
In developed countries, the process of switching to renewable energy re-
sources is more robust, e.g., in 2015, 33% of electrical energy in Germany
was produced by renewables (the biggest source) with 18% wind resources
and 8% photovoltaics. Nonetheless, conventional resources remain the ma-
jor provider of energy in our society by far while presently, only 1% of all
electric power in the world is generated by photovoltaic devices. The re-
serves for conventional fossil fuel resources, on the other hand, are plenty
to meet the demand for another half a century. With its existing infrastruc-
ture, oil and natural gas are going to play a significant role in our search of a
stable energy-economy. It is crucial to recover these resources in an efficient
and environment-friendly manner while we slowly switch to a different en-
ergy environment. In this thesis, the main research questions are motivated
by more efficient recovery methods of oil reserves, known as Enhanced Oil
Recovery [1, 2]. Before formulating the research questions, however, we will
describe the oil reservoir and the scientific challenges of oil recovery in brief.

1.1.1 Oil Reservoirs
Oil is formed as a result of the influence of time and pressure on organic
materials. Geological products containing organic materials from trees and
animals are buried well underneath the earth-surface over a span of millions
of years and slowly turned into crude oil or ‘petroleum’. The word origi-
nates from a combination of latin ‘petra’ (rock) and ‘oleum’ (oil), implying
oil available from rock. Figure 1.1 shows a schematic of a typical oil reser-
voir. The oil is formed in source rock, i.e., a layer which is strong enough
to sustain such long influence of temperature and pressure. Once the crude
oil is formed, it permeates to the porous bed of mineal rock structure known
as reservoir rock. Oil-bearing reservoir rocks are a few kilometers in length
and up to a few kilometers deep from the earth’s surface, while the width
varies from a few tens of meters to a few hundred meters. They can be found
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Figure 1.1: Schematic of an oil reservoir with on-shore and off-shore drilling
opportunities. Various length scales are present together in the schematic, from
kilometer scale of the entire reservoir to the µm scale of porous reservoir rock.

underneath land (on-shore reservoirs) or seas (off-shore). The mineral surfaces
of reservoir-rock consist of silica, alumina, feldspar etc., since the reservoir-
rock is usually sandstone or carbonate. The porosity of the oil reservoir de-
pends on the specific type of rock that is present and can vary from 10-35%
[3].
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1.1.2 Phases of Oil Recovery
The primary phase of oil recovery involves drilling at a reservoir-site, where
about 10% of the oil present is recovered by the inherent reservoir pressure.
This stage is known as ‘primary oil recovery’. This is followed by the ‘sec-
ondary’ phase of recovery, where a second fluid phase is introduced in the
reservoir. For off-shore reservoirs, brine is used for this purpose, and the
method is called waterflooding. This introduced phase maintains the pres-
sure inside the reservoir, resulting in an increased output, often up to 50%
of the total resource [1]. But even this number is quite low. Further meth-
ods involve improving the conditions for a secondary recovery method or
introducing a gaseous phase or surfactants in the reservoir [4, 5, 6], and are
referred as ‘tertiary oil recovery’. The total oil reserve of our planet Earth is
estimated at 200 billion m3 and the chances of discovering a new oil reser-
voir are becoming smaller. Hence, even a fractional increase in the recovery
percentage is extremely desirable. Among the various methods of oil recov-
ery, in this thesis we are interested in ‘Waterflooding’.

1.1.3 Waterflooding
During the last half a century, waterflooding has been the most used sec-
ondary oil recovery method. The popularity of water lies in the easy avail-
ability of it. A significant volume of water is injected in the reservoir and
some of this water (produced alongside oil) is re-injected into the reservoir
for increasing secondary oil recovery [7]. Usually, the phase introduced in
the reservoir is seawater, which contains∼ 500 mM NaCl, 50 mM MgCl2, 10
mM CaCl2 and other salts in relatively lower quantities [8]. It has been ob-
served in preceding years [9, 10] that reducing the salt content in brine yields
more oil. This phenomenon is called low salinity waterflooding (LSW) and
will be one of the central themes of our experimental investigation.

1.2 Low Salinity Waterflooding
In the past couple of decades, low salinity waterflooding has gained popu-
larity because the method is able to increase the production of oil up to 25%
in laboratory-scale waterflooding especially in sandstone rocks (Figure 1.2)
[9, 10]. Many mechanisms have been proposed to explain this phenomenon.
Mobilization of fines (very small clay particles) [11] assumes that polar com-
ponents of crude oil are readily adsorbed onto fines on the pore walls. Dur-
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ing low salinity flooding, these polar components are desorbed, leading to
moving fines and along with it, the crude oil. The theory of cation bridging
[11, 12, 13] focusses on the abundance of multivalent cations in the brine so-
lution (high-salinity) and their ability to turn the reservoir-rock oil-wet by
enhancing the binding of polar oil molecules to the mineral surface. Other
speculations such as the pH effect, the lowering of interfacial tension [14] and
particle-stabilized interfaces [15] have been investigated widely in this con-
text. The pH effect implies an increase in pH due to carbonate dissolution
leading to a decrease of oil-water interface tension, which in turn facilitates
water-wettability of rock surface. Particle stabilized interfaces are another
option, where clay particles are adsorbed onto the rock surface enhancing
the oil wettability of rock. In spite of the experimental evidence partially
supporting these various theories, consensus about one underlying mecha-
nism of low salinity waterflooding is still missing.

1.2.1 Scientific Challenges

In order to delve deeper into oil recovery mechanisms, one has to appreciate
the broad scope of the problem. The relevant physical and chemical phe-
nomena occur over multiple length-scales, starting from macroscopic flow
at the kilometer-scale of the entire reservoir, to the mm-scale of fine migra-
tion, where the relative displacement of oil and water plays a crucial role.
These incidents are, in turn, a result of pore-scale (a few hundred nm to
micron-scale) phenomena such as capillarity. Finally, there is the molecular
scale, where adsorption and molecular interactions result in incidents which
might contribute to changes in wettability. We will focus mainly on these last
two length-scales in this thesis, since we have identified wetting as the cen-
tral theme of our work. It is important to underline the two principal factors
affecting wetting on this scale: (i) geometry or structural properties of the
reservoir and (ii) physicochemical phenomena. The geometry of the pore
space is important because, wettability is inherently related to the hetero-
geneity of the substrate. In this case, the structural heterogeneity originates
from the labyrinthine pore-space in the reservoir. Usually, the pore space is
represented as a combination of discrete spherical pores connected by cylin-
drical constrictions or throats [17, 18]. A large volume work has been dedi-
cated to modeling the pore space of a reservoir-rock [19, 20, 21, 22], and mod-
eling the effects on reservoir wettability [23]. On the other hand, not every
aspect of wettability is dependent on the geometry, but rather is governed
by a complicated interplay of ion interaction and adsorption, contributing to



6 1. INTRODUCTION

0 1 2 3 4 5 6 7

10

20

30

40

50

60

O
il 

R
e
c
o
v
e
ry

 f
a
c
to

r 
[%

]

Injected Water [PV]

High Salinity
Waterflooding
(Secondary
Recovery)

Low Salinity
Waterflooding
(Tertiary
Recovery)

Figure 1.2: A standard representation of the succes of low salinity waterflood-
ing through 5-10% increase in the output. Figure adapted from [16].

the chemical heterogeneity of the substrate. We will dedicate our attention
to these aspects in this thesis.

1.2.2 Competitive Wettability

Even though the possibilities about the governing process are diverse, and
the implications of many physiochemical processes in an oil-reservoir are
much debated, there is more solidarity among researchers about the effect
of wettability change during this process. It is important to note here, that by
the term ‘wettability’, we mean the physical picture of adhesion involving
contact angle, and not the empirical measures of relative wetting often used
in petroleum engineering. In order to observe an incremental oil produc-
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tion, the reservoir rock material has to turn water-wet from oil-wet [24, 25].
This invokes the question whether the water or the oil phase exhibits a pref-
erential adhesion to the rock surface. If one of these two phases does have
a stronger affinity to the rock surface, then the point of interest is: what is
the contact angle for this phase and is there a way to release this phase by
increasing the contact angle? This is a typical problem of wetting transi-
tion for a physical chemist, where individual interactions between wetting
or non-wetting phases and the relevant molecules can be investigated in or-
der to achieve such a feat. The basic concepts of wetting and how they are
influenced by molecular interactions are discussed in standard textbooks or
review articles [26, 27]. In the case of waterflooding, the basic concepts must
be appended by special considerations for ion-ion correlation, charge effects,
ion-specific effects, etc. The influence of charged species (on the rock surface
or in the fluid phase i.e., oil and water) on wetting is related via the well-
defined concept of disjoining pressure, but in a dynamic system such as an
oil reservoir, the changes in surface charge influenced by the adsorption of
multivalent ions and polar components must be taken into account as well.
The advent of force measurement and atomic resolution imaging techniques
using atomic force microscopy (AFM) provides hitherto unimaginable in-
sight into adsorption and surface charge [28, 29, 30, 31]. Non-electrostatic
effects, such as ion-specific effects, are also important to explain the aggre-
gation of dissolved macromolecules (e.g., polar components in the oil), a
phenomenon known as the ‘Hofmeister Effect’. The effect is important since
it determines the preferential adsorption of an ionic component onto a sur-
face. Furthermore, such effects become extremely relevant in the presence
of multi-component crude oil and clay particles.

Figure 1.3 depicts a schematic impression of the waterflooding process,
where the injected water phase maintains the pressure in the pore-space for
improved recovery. However, the goal is to achieve much more than a me-
chanical maintenance of pressure. We have highlighted a part of the rock-
surface in Figure 1.3, where the relative wettability of the rock surface to
water and oil dictates the retention/release of the adjacent oil drop. Hence,
the various species present in the aqueous phase, the oil phase as well as
the rock surface are all crucial for triggering the release of the oil. A set of
complex interactions between these species are responsible for determining
the switch from an oil-wet to a water-wet rock-surface.
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water

rock
oil

Figure 1.3: Schematic impression of waterflooding with the area of interest for
this thesis highlighted.

1.3 Thesis Scope

The role of multivalent cations in reservoir wettability and adsorption of
polar molecules is much discussed in literature [11, 15, 25]. But most of
these studies are performed on coreflooding set-ups, where the insight about
the physicochemical processes exists only through some empirical relations.
There has been a few attempts to investigate the influence of ionic composi-
tion (in the aqueous phase) upon relevant mechanisms. Investigations have
focussed on oil-water interfaces and the influence of ion concentration or
polar components in either of these phases [8], but the subsequent effects
on wettability have only been speculated. Some of the wetting experiments
have been done with electrowetting [32], where the consequences of con-
tact angle change using an electric field have been studied in a morpho-
logical representation of the pore-space or in a microchannel [33], but elec-
trowetting has its shortcomings in mimicking the wetting phenomena of an
oil-reservoir, since it cannot completely replace geometrical and chemical
influences. Hence, a detailed investigation of mineral wettability without
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Figure 1.4: Schematic of polar molecule (in this case an organic acid R-COOH)
binding to the mineral of the rock surface aided by cation (M) bridging.

the influence of an external electric field is a necessity. The goal of such an
investigation will be to systematically verify specific effects by choosing ide-
alized model systems. Although these idealized systems eliminate much of
the complexity of a real system, they allow us to demonstrate certain mecha-
nisms very clearly. Such a study does not only stem from an oil recovery mo-
tivation, but also reflects upon fundamental processes in a colloidal system,
especially at interfaces, e.g., brine solution for oil recovery only contains a
few specific types of ion depending on the seawater. However, the entire
range of alkali metals and earth alkali metals offer many exciting physico-
chemical possibilities to observe and understand, as seen in the Hofmeister
series. We want to examine the wetting phenomena in a broader sense, to
gain a better understanding of the fundamental physical processes. Last but
not least, polar molecules add a very different dimension to the adsorption
problem. This is depicted in Figure 1.4, where the affinity of an organic
headgroup to the mineral surface (or the clay particles attached to it) is il-
lustrated. This affinity is also influenced significantly by the type of ions
present in the aqueous phase. In a recent work [34], the effect of specific
cations on the stability of organic layers on a mineral surface is investigated.
In this thesis, we are more interested in the in-situ binding of these polar
molecules to the mineral surface, and the role of cations thereupon.
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1.4 Thesis Outline

Wetting is the central theme of this thesis. We investigate wetting properties
of a system representative of the oil recovery problem, and subsequently
trace the roots of these properties to the fundamental interactions between
adsorbing molecules. We focus on sandstones, which usually consist of
quartz (silicate) and feldspar (alluminosilicate). Hence, we choose nega-
tively charged mineral surfaces such as silica and mica . The brine of water-
flooding is represented by aqueous salt solutions. Instead of only using the
ions relevant for simulating oil recovery, we will investigate a broader set
of ionic species and systems. In reality, crude oil contains various alkanes
along with napthenes and asphaltenes. However, we simplify the system
and only consider alkanes in the wetting problem. The polar components
of the crude oil have been represented by organic acids (R-COOH), with
various aliphatic chain lengths. The wetting transition is usually studied
with change of temperature, but in recent literature, the role of electrolyte
interactions in wetting transition has been identified [35, 36]. We investigate
wetting transition by just varying the various ionic species in the system.
Changing the ionic species results in a change in various short and long
range interactions, which we study in a systematic manner, modelling the
various aspects of the experimental observations.

In Chapter 2, we review the basic concepts of wetting and adsorption.
Following the line of classic textbooks and publications in the area, we intro-
duce the macroscopic concepts related to wetting, such as surface tension,
Laplace pressure etc. Thereafter, we explain the thermodynamic origin of
wetting starting from adsorption, disjoining pressure. The various contri-
butions in the disjoining pressure are reviewed, namely the van der Waals
attraction, hydration repulsion but most importantly, the electric charge con-
tributions. The basics of different types of wetting (complete, partial) are
discussed with the emphasis upon the conditions to switch from one to an-
other.

In Chapter 3, we discuss the experimental techniques used in this work.
A significant amount of this thesis deals with the measurement of small con-
tact angles using optical methods. Here, we explain in detail the additional
steps and care taken, in order to create identical experimental conditions
during the measurements, which allows us to measure relative trends in
very small contact angles.
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Chapter 4 addresses the competitive wetting of water and oil on a min-
eral surface in ambient oil (alkane). Here, we address the basic question of
wettability alteration on mineral surfaces without the influence of any polar
components in the oil. We vary the ionic composition of the aqueous phase
and study the subsequent changes in wettability. Subsequently, we focus on
the microscopic origins of the observed phenomena. We build a consistent
scenario leading from ion adsorption at the solid-liquid interface to charge
reversal on the mineral surface and from there to wettability alteration. The
wetting films are probed (using ellisometry) for looking into various wetting
configurations. The reversal of surface-charge is investigated using stream-
ing potential measurements and atomic force microscopy (AFM). Our re-
sults provide a clear mechanistic picture of adsorption and wetting for an
oil-reservoir like system, including in particular the relevance of divalent
cations, clays and pH.

Chapter 5 continues in the same direction of investigation, but with a
theoretical approach. We derive a model that provides a quantitative de-
scription of the experimentally observed contact angles. The model is based
upon a mean-field electrostatics (Poisson-Boltzmann, PB) approach, but other
contributions in the disjoining pressure are included as well. The PB equa-
tion is solved numerically with constant charge boundary conditions. Sub-
sequently, we apply a linearized charge regulation model, which is justified
for several systems of scientific interest, and allows a unified description of
different solid substrates. We obtain analytical expressions for the thresh-
old conditions for a switch from an oil-wet to a water-wet behavior, and
the value of contact angles for the finite wettability configurations. This
approach describes each interface with only two parameters, which have a
clear physical meaning and is shown to be related to the chemistry of each
substrate.

In Chapter 6, we proceed further in our investigation of non-electrostatic
interactions contributing to wetting alteration. In Chapter 4, the major focus
in wetting experiments lies in the valency of the ion-species and the possi-
bility of charge-reversal. For the theoretical model in Chapter 5, standard
expressions for van der Waals and hydration forces are used in order to cal-
culate the disjoining pressure. The specific interaction of ions with macro-
molecules and solid-liquid interfaces is of crucial importance not only in oil
recovery but also in biochemistry, colloid science, and engineering. Here, we
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vary the types of cations in the salt (and two anions), their concentrations as
well as pH to investigate a change in wetting properties even though the
cation-valency remains same, i.e., a change governed by specific ion effects.
Subsequently, we discuss and rationalize the experimental results from a
specific adsorption point of view. The majority of investigations into the
Hofmeister series talks about monovalent alkali metal adsorption and it is
acknowledged that the binding of divalent cations deserves more attention.
We attempt to do that by looking at the wettability alteration in our system
for divalent earth alkali cations.

Until Chapter 6, we investigate wetting of a mineral substrate due to
adsorption from an aqueous phase in pure alkanes as the ambient phase,
without the presence of any organic polar molecules. However, while set-
ting the scene in this chapter, we have pointed out the crucial role that the
polar components of oil play through their affinity to clay particles, or spon-
taneous adsorption to the mineral surface or cation bridging etc. In Chapter
7, we introduce polar molecules to the system in the form of surfactants.
The surfactants chosen for the experiments are organic fatty acids, which
are a simplified representation of the polar molecules in crude oil. We inves-
tigate how the wettability alteration process depends on the adsorption of
these amphiphilic molecules. Often a wettability alteration in the presence
of such polar components involves the spontaneous retraction of the contact
line, leading to an increase of contact angle which is known as autophobing.
We investigate autophobing and the influences thereupon of the experimen-
tal parameters such as the concentration of the amphiphilic molecules and
the salt, nature of alkane and the solid. In order to support the interpreta-
tions of our experimental observations, we also develop a model involving
the kinetics and final equilibirum stage of the autophobing drop. We at-
tempt to capture the time-scale and final contact angle of the autophobing
experiments using this model.

In Chapter 8, we describe the contribution of this thesis in brief and
lay out the structure of possible extensions based on this work. The effect
of wettability change observed in this work can be implemented suitably
in lab-scale oil recovery experiments as well as microfluidic devices. The
premises of such possible investigations are explored.
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CHAPTER 2

Theoretical Background

Abstract
In this chapter, we provide a concise overview of the basic concepts of adsorption
and wetting. We introduce the parameters related to macroscopic wetting such
as surface tension and Young’s angle, and explain the molecular origin of these
parameters. The molecular approach is further elaborated when we describe wetting
from an adsorption perspective, with a detailed discussion about the well-known
theory of electric double layers, short range interaction between adsorbing molecules
etc.
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2.1 Introduction

We introduced wetting in Chapter 1 from a very specific point of view, i.e.,
the relative wettability of mineral surfaces in an oil-bearing reservoir to wa-
ter and oil. But the concept of wettability is very general, because wetting (or
non-wetting) is omnipresent in our world. While driving a car to work, the
windshield needs to be free of any previously fallen raindrop. So the pane is
designed in a way to repel the scattered water droplets. However, the same
sheet of glass is wetted by the soap solution during cleaning. What is special
about adding soap to water which makes it stick to the same piece of glass?
At the same time, such wetting examples are from a macroscopic perspec-
tive. If we think of the same problem from a microscopic point of view, new
questions arise. The drop being repelled from the glass surface implies that
the molecules in the aqueous phase do not like to be at the interface with
the glass. On the other hand, from the theory of adhesion, or from van der
Waals types of interaction, some of the molecules must get adsorbed at the
interface. In this chapter, we focus upon the basics of wetting in a systematic
manner, first from macroscopic interpretations and then from an adsorption
based outlook.

2.2 Theory of Capillarity

A gaseous phase consists of molecules at a temperature where the thermal
energy of the molecules is greater than the intermolecular attractions. As a
result, the molecules are in a ‘free’ state, running to/away from each other
and the gaseous phase does not conform to any specific shape or volume.
If we lower the temperature or introduce more molecules (higher density)
at the same temperature, then the cohesive energy between the molecules
is stronger compared to the kinetic energy of the molecules, and the same
phase becomes dense, or condensed. This phase is still disordered and we
call it liquid. Both liquids and gases can flow because of the disordered na-
ture of their molecules, and they are called fluids. The competition between
thermal disorder and intermolecular attraction play an important role in the
bulk of a solid/liquid/gas, but the role of the latter is far more significant
when one phase meets another, i.e., at the boundary of two phases called the
interface. Capillarity deals with the study of such an interface, between two
liquids or a liquid and a gas phase. The concept of surface tension forms one
of the cornerstones of capillarity.
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2.2.1 Surface Tension

liquid

gas

Figure 2.1: Molecular origin of surface/interface tension: molecules in the bulk
have uniform interaction around them, while molecules at the boundary miss
half of the cohesive interaction from neighboring molecules.

Our hair, when dry, is a thick and full volume. However, after taking a
shower, or getting wet in heavy rain, the same mass of hair becomes a droop-
ing flat volume. In almost every aspect of daily life such as this example of
dry or wet hair, surface tension plays an important role. The molecules in
a bulk condensed phase have uniform cohesive interactions around them,
since these forces are distributed equally in the spatial directions from a
certain molecule. A molecule in the interface, on the other hand, misses
half of this interaction (Figure 2.1), since it has only half of the neighbor-
ing molecules compared to in bulk. This situation is portrayed in Figure
2.1, where the phase under consideration has a few molecules at the inter-
face lacking half of their neighbors. This is the reason why a liquid phase
always tries to minimize its surface area, so that there is a minimum num-
ber of molecules present in the phase with the ‘discomfort’ of having half
of their neighboring molecules. Hence, it requires external work in order to
increase the surface area of a liquid phase, and this work/energy per unit
area is called the surface tension, usually denoted by γ. Hence, if the cohe-
sive energy for a molecule in the bulk is represented by U, then the cohesive
energy for an identical molecule at the surface will be given by U

2 . If we as-
sume a as the size of the molecule, and a2 as the exposed area of the molecule
at the surface, then the excess energy (per unit area) required to bring this
molecule from the bulk to the surface (i.e. create the extra bit of surface) is
given by:
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γ =
U

2a2
(2.1)

Hence, if we ignore entropy, then the surface tension is directly propor-
tional to the cohesive attraction between the molecules of a phase. This is
the reason why oils have a lower surface tension, since the cohesive inter-
action between molecules in oil are of van der Waals type, i.e., U∼kBT [1].
Water molecules, on the other hand, have hydrogen bonds between them,
increasing the cohesive energy significantly where, U∼ 39 kBT. Hence, the
surface tension of water is considerably higher (∼72 mN/m compared to
typical oils with ∼ 20 mN/m). To be more precise, molecules at an interface
have more freedom since the interface has more entropy. Therefore γ de-
pends on T , and usually decreases as T increases. A detailed discussion of
the relation between surface tension and van der Waals interaction /hydro-
gen bonding can be found in Lyklema’s book [2]. We mention oil and water
in this context, since these two phases will be of main importance through-
out this thesis.

Surface tension is usually the free energy (reversible work) required to
form a surface in air. Interfacial tension (IFT) is the equivalent parameter,
when a phase is brought next to a second phase other than air, e.g., the
energy required to increase the ‘interface’ between oil and water is called
oil-water interfacial tension (γow). We will mainly discuss IFTs throughout
this work.

2.2.2 Laplace Pressure

The fact that we need to perform some amount of work in order to create
a surface/interface implies that there must exist a pressure as we cross a
curved interface from one phase to the side of the other phase. This pressure
is called the Laplace pressure. We can form an impression about the nature
of this pressure by considering the simple case of a spherical oil drop in
water [1] (Figure 2.2). The oil drop has an area of A = 4πR2, where R is the
radius of the drop, and the drop volume is Vo = 4

3πR
3. Any change in the

oil drop volume is then replenished by an equal an opposite change in the
water volume, i.e., dVo = 4πR2dR = −dVw. If the o/w interface is stretched
outward by an amount dR in an attempt to increase the interface area, then
the total amount of work done is:
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oil

Rpo
dR pw

water

Figure 2.2: Laplace pressure or the excess pressure explained for a spherical oil
drop in water. Figure adapted from [1].

δW = γowdA− podVo − pwdVw = 0

hence,∆p = (po − pw) =
2γow
R

(2.2)

As we see, the smaller the drop is, the higher the Laplace pressure be-
comes and for a typical drop of 1 µm radius, the Laplace pressure is of the
order of atmospheric pressure. Here we have considered the simplification
of a spherical drop. For a similar oil drop in water with a randomly curved
interface, the Laplace pressure is given by:

∆p = γow(
1

R1
+

1

R2
) (2.3)

where R1 and R2 are the radii of curvature of the interface.

2.3 Wetting
We have now introduced the concepts of surface tension, the work required
to form an interface and the relevant pressure once this interface is formed.
The next question we are interested in follows automatically: what happens
when a drop of a liquid (meaning a liquid-air interface or a liquid-liquid in-
terface in case of a liquid ambient phase) is brought in contact with a solid
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phase? The answer can be broadly classified into two categories: either the
drop completely spreads on the surface, or does not quite spread on the
surface completely. In the latter situation the drop can have many possible
shapes (and so can the spreading drop in the former case, we will discuss
these in the following sections), but each of these must have a macroscop-
ically visible drop sitting on the solid surface. Such a macroscopic drop in
equilibrium has a contact angle, which we will define next.

2.3.1 Young’s Contact Angle

glg

gsg
q

gsl liquid

gas

solid

dx

q

dx cosq

Figure 2.3: A liquid drop on a solid substrate in ambient gaseous phase with
a magnified view of the three-phase contact line shown below, where a small
change in contact line dx is depicted. The contact angle θ follows from the
energy considerations.

The way this drop behaves on an undeformable solid surface is governed
by the surface energies of all the three phases concerned. In Figure 2.3, such
a drop on a solid (in ambient air) is drawn with all relevant interfacial ten-
sions shown. If there is a small change in the contact line position by dx,
then the total energy change dE is given by:

dE = (γsl − γsg)dx+ γlg cos θdx (2.4)

where, γab denotes the interfacial tension between phases a and b; In our
example, s, l and g are representative of solid, liquid and gas phases, respec-
tively. Since at thermodynamic equilibrium, the energy change dE=0, we
obtain:

cos θ =
γsg − γsl
γlg

(2.5)
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The angle θ is named after Thomas Young following his famous work
on this topic [3]. The vertical component of the liquid-gas interfacial tension
(γlg sin θ) is nullified by the tensile strength of the solid surface on which the
drop rests. It is important to realize that at equilibrium, the solid, liquid and
the gas phases all co-exist at the three-phase contact line, but this is a special
case. For a drop when the spreading is ongoing, the concept of spreading
parameter (or the spreading tension) is more appropriate.

2.3.2 Spreading Parameter
For a spreading drop, we are interested in the driving force as well as the
speed of this spreading process. The rate of the process is directly governed
by the driving force (unbalanced sum of the interfacial tension contribu-
tions) and any force resisting the spreading. For our system introduced in
Figure 2.3, this unbalanced sum of interfacial tension is called the spread-
ing parameter (S), which means, that at a point when the drop has spread
considerably (i.e., θ ∼0), the spreading parameter is given by:

S = γsg − γsl − γlg
or,S = γsg − (γsl + γlg)

(2.6)

Hence, if S > 0, then γsg > (γsl + γlg), and the solid surface, which
always prefers the phase(s) with minimizing contribution of surface energy,
prefers a layer (film) of the liquid phase on it, rather than forming the solid-
gas interface which costs more energy. This situation is associated with the
complete wetting case and occurs on high-energy surfaces. On the other
hand, if S < 0, then γsg < (γsl + γlg), then it is favorable for the solid phase
to remain in the vicinity of the gas phase. In this case, the liquid phase forms
a lens-like drop on the solid surface with a macroscopic contact angle and
the situation is associated with partial wetting.

2.4 Adsorption and Wetting
Until now, we have discussed the concept of wetting and spreading from a
macroscopic point of view i.e., along the line of global energy parameters
such as surface tension. Very close to the three phase contact line, the lo-
cal contact angle is affected by molecular interactions. Although the local
contact angle always follows Young’s equation, in this case the interfacial
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tensions themselves depend on the contributions of various molecular in-
teractions. We are interested in investigating these molecular interactions
which are relevant at colloidal scale (van der Waals or double layer forces,
e.g.) and their influence on wetting. In order to discuss the basic concepts
required for this investigation, we will revisit wetting in the following sec-
tion from an adsorption point of view.

m1

m2

Figure 2.4: A schematic of adsorption induced wetting: a container with solid
wall and a piston (of same material as the solid wall) contains gas molecules at
chemical potential µ1. If µ1 is increased using the piston, then gas molecules
adsorb (enlarged schematic) at solid interface and a liquid film (µ2) might form.

Figure 2.4 shows a container, where the wall of the container is made of
the solid phase of interest. One of the walls can be used as a piston, so that
the pressure in the container can be altered. We introduce a known amount
of gas (we call it phase ‘1’) at a specific temperature T in this container, which
gives rise to a chemical potential µ1 (or alternatively, a pressure P ). Here,
chemical potential µi is defined as the ratio of Gibbs’ free energy change in
the system and change in number of molecules: µi = δG

δNi
. There is attrac-

tive interaction between the molecules of the gas and the solid of the wall,
and hence adsorption can take place at the solid/gas molecules forming the
interface. Due to the adsorption, a dense phase (liquid or solid) will appear
on the wall of the container. For the rest of our discussion, we will only
consider a temperature where a liquid (phase ‘2’) film appears on the solid
wall due to the adsorption process. If we increase the chemical potential µ in
the container (by controlling the piston i.e., by changing the pressure), then
co-existence between the bulk gas and the liquid is approached (µ1 = µ2,
henceforth referred to as µsat). Hence, two possibilities arise: firstly, layer
thickness grows indefinitely as µ2 is increased up to µ2 = µ1 and becomes
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macroscopically thick. This situation is shown in Figure 2.5 by the curve CW.
The second possibility is that as µ2 is increased, adsorption Γ can reach a fi-
nite limiting value (Γ0). Subsequently, if the chemical potential is increased
infinitesimally and just exceeds the µsat, then macroscopic drops are formed
from the additional condensed vapor. This situation is portrayed by the
curve PW in Figure 2.5, and in this case the film of adsorbed molecules (in
liquid form) has a microscopic thickness which corresponds to the adsorbed
amount Γ0.

CW

PW

G

G0

m2
m

sat

Figure 2.5: Adsorption isotherms leading to complete wetting (CW) and partial
wetting (PW). Figure adapted from [2].

Hence, the issue of wetting is related to the question of thermodynamic
stability of the adsorbed liquid phase when liquid-gas co-existence is ap-
proached. In the case that the wall/gas interface acts as a nucleation site for
the liquid, the liquid phase will form due to the adsorption process. At a
higher pressure (of liquid/gas co-existence), the adsorbed liquid film thick-
ens, and upon inspection, we can observe this film and say that the wall is
wetted. On the other hand, if the solid/gas interface does not act as the nu-
cleation site of the liquid phase, then the liquid film is very thin and is not
possible to identify except with the help of specific instruments. In this case,
the wall is not wetted. Naturally, the question follows: how are these wet-
ted and non-wetted states associated with the energy/disjoining pressure
profiles in the system? We are going to discuss the disjoining pressure in
detail, but it is worthwhile to spend a section about the basics of adsorption
and how it relates to the free energy, since we are going to use these in our
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modeling, especially in the surface complexation model and in surfactant
induced wetting.

2.5 Basics of Adsorption

We have discussed already that a molecule close to an interface behaves
differently compared to a molecule in the bulk. If we consider a molecule
in our gas phase or in the formed liquid phase, then this molecule has a
different binding energy at the solid-liquid interface compared to the bulk.
Furthermore, the spatial freedom of the molecule is also less at the interface
compared to the bulk, since the adsorbed molecule can only move around in
the two dimensional surface and not in the three dimensional bulk. This re-
sults in a reduction of entropy for the adsorbed molecule. Based on changes
in entropic and enthalpic contributions of the free energy, the molecule is
adsorbed or desorbed at the interface. A decrease in the free energy leads
to adsorption, while an increase in the free energy leads to desorption of the
molecule from the interface.

2.5.1 Langmuir Adsorption
Figure 2.6a represents the picture of such molecules getting adsorbed at the
wall of our container, or being desorbed from the wall. Here, we consider
the case of liquid at the wall (having been formed already at the solid/gas
interface) and furthermore, we consider liquids containing solutes, since this
will be the case in all our experimental investigations throughout the thesis.
In order to relate the adsorption (of the solute) to the bulk concentration c of
the solute, we can represent the adsorption/desorption reaction as:

SX 
 S +X (2.7)

where S represents the surface site S able to form the complex SX with
the adsorbing species X. The reversible sign indicates a dynamic equilibrium
between adsorbing and desorbing species. For various solid surfaces of our
interest, the total available sites (Γ0) on the solid surface is known from crys-
tallography, while the available sites at a liquid/liquid interface is calculated
from maximum packing density at this interface [4]. We consider that at a
specific instant t, a Γ sites are filled with adsorbing X molecules. Then we
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k
a k

b

G/G0

c/K

(a) (b)

Figure 2.6: (a) A schematic of adsorption and desorption at solid/gas inter-
face in our container from Figure 2.4 with the rate constants of adsorption and
desorption shown (b) a typical Langmuir-type adsorption isotherm.

can write the rate of adsorption as:

jads = kac(Γ0 − Γ)

or, jads = kac(1−
Γ

Γ0
)Γ0

or, jads = kac(1− α)Γ0

(2.8)

where, ka is the adsorption rate constant. On the other hand, desorption
from the interface does not depend on the bulk concentration of the so-
lute, but just on the number of sites which are already filled by adsorption.
Hence, the rate of desorption can be defined as:

jdes = kd{SX} = kdΓ (2.9)

where, kd is the desorption rate constant. When equilibrium is achieved, the
adsorption and desorption rate are equal. This leads to:

jads = jdes

or, kac(1− α)Γ0 = kdΓ

or, kac(1− α) = kd
Γ

Γ0
= kdα

or, α =
Γ

Γ0
=

c
K

1 + c
K

(2.10)

where, K = kd
ka

= {S}[X]
{SX} is the equilibrium adsorption/desorption constant.

The relation derived in Equation 2.10 is the standard expression for a Lang-
muir type adsorption isotherm [5, 6, 7] depicted in Figure 2.6b. In this type of
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adsorption/desorption, the molecules do not interact with each other. Such
interaction between the molecules is considered in Frumkin type isotherm
[5], though we will not discuss that in detail since our models in this thesis
are based on Langmuir type adsorption.
It is also important to understand the relevance of K from a surface reaction
point of view, as we have written in Equation 2.7. From law of mass action:

K{SX} = {S}[X] (2.11)

where, {A} and [A] denote the surface and the bulk concentrations of a
species, respectively. The volume concentration of species X is the same
as the bulk concentration c: c = [X]. Since, the total site density Γ0 of the
crystalline solid is known, the surface concentrations of the species S and SX
can be expressed as: {S} = Γ0 − Γ and {SX} = Γ. Hence, we can write:
Γ0 = {SX}+ {S}. We can work out the equilibrium state in the same man-
ner:

jads = ka[X]{S}
jdes = kd{SX}
jads = jdes

Hence,K =
kd
ka

=
{S}[X]

{SX}

In Chapter 5, we use the approach of this mass-action law to express the
surface charge of a species with just the input of pK = − log10K.

2.5.2 Adsorption and Surface Tension

Since we have described wetting from a macroscopic surface tension per-
spective and subsequently discussed the details of adsorption, it is evident
that the two are connected to each other. At equilibrium (i.e., when the bulk
solute concentration c defines the chemical potential µ), the change in sur-
face tension is given by the Gibbs adsorption equation: dγ = −Γdµ. But the
bulk and the surface are equilibrated as parts of the total system which we
consider to be a grand canonical ensemble. Hence, we write:

µ = µ0 + kBT ln(c)

dµ = kBTd ln(c)
(2.12)
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We can replace Equation 2.12 in the relation dγ:

dγ = −kBTΓd ln(c) = −kBTΓ

c
dc

but,
Γ

Γ0
=

c
K

1 + c
K

hence,γ(c) = γ0 − kBTΓ0 ln(1 +
c

K
)

or,γ(α) = γ0 + kBTΓ0 ln(1− α)

(2.13)

to obtain the two-dimensional equation of state for the adsorbing molecules.
The relation is comparable to the three-dimensional equation of state, where
pressure is replaced by surface tension and volume fraction is replaced by
fractional coverage (α = Γ

Γ0
). The adsorbed molecules at the interface create

a two-dimensional pressure (surface pressure) acting in the opposite direc-
tion compared to the surface tension. Hence, adsorption of molecules at an
interface reduces the surface tension.

2.5.3 Rate Determining Process
It takes the adsorbing molecules some time to arrive at the available site and
get adsorbed, and for the system to eventually achieve an equilibrium state.
Sometimes, we are interested in that time, i.e., how fast does the system
reach equilibrium (if it does so at all). When the bulk concentration of solute
is higher than the concentration at the interface, diffusive transport of the
molecules takes place. In Figure 2.7, we have drawn a schematic illustrating
such transport, where the diffusing molecules arrive at the sub-surface layer
around the newly formed interface. The following process of adsorption
then depends on many things such as molecular interactions or solvation
energy. These parameters controlling adsorption from the sub-surface layer
to the interface can be termed collectively as an ‘adsorption barrier’. But
before getting adsorbed, the diffusive transport has to bring the molecules
to the sub-surface layer. This transport can be described by Fick’s law in
one-dimension:

∂c

∂t
= D

∂2c

∂x2
(2.14)

with c the sub-surface solute concentration, D the diffusion coefficient
and x the distance from the interface. Assuming a bare interface (Γ = 0) at
t = 0, the boundary condition for the transport equation can be written as:
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Figure 2.7: Schematic of diffusion of solute from bulk to the subsurface layer
and subsequent adsorption to/ desorption from the solid/gas interface. Figure
adapted from [8].

dΓ

dt
= D

∂c(x, t)

∂x

∣∣
x=0

(2.15)

Hence, solving Equation 2.14 with a Ward-Tordai [9] approach, where
we assume c(0, t) = 0, i.e., the sublayer is completely depleted, we find an
expression for coverage at the interface (or the sub-surface):

Γ(t) = 2c0

√
Dt

π
(2.16)

where, c0 is the bulk solute concentration. Hence, the coverage at the sub-
surface layer increases as Γ ∼ t1/2. If this is faster than the subsequent
adsorption process guided by the adsorption barrier, then it is adsorption
which controls the rate of the whole process. If on the other hand, the bulk
concentration is relatively low, then the diffusion process is slower and be-
comes the rate determining step of the process.
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2.6 Wetting and Disjoining Pressure
After we have reviewed the basics of adsorption, we are again ready to pick
up our thread of adsorption and wetting. We discussed the formation of
an adsorbed liquid layer at solid/gas interface, depending upon the change
in chemical potential µ. If the thickness of this liquid film is h, then we
can visualize the situation like this: the solid/liquid interface already exists,
and a liquid/gas interface is brought from infinity to the distance h in or-
der to form this film. This develops an energy of interaction per unit area
Φ(h) (from the total Gibbs energy) and as a result, a pressure across the film,
which is known as the disjoining pressure Π(h) [10].

Φ(h) = −
∫ h

∞
Π(h′)dh′ (2.17)

In the following section, we will discuss about various interactions control-
ling the nature of this interaction energy (or potential) Φ and the disjoin-
ing pressure Π(h). One of the primary interactions in a wetting film origi-
nates from the overlapping of the electric double layers, if there are charged
species present in the system. Until now, we have described a wetting pic-
ture with a pure gas or liquid phase, which will hardly lead to any electric
double layer. However, as explained in Chapter 1, we are exclusively inter-
ested in the role of ionic species in wetting throughout this thesis. For the
following discussion, we assume the liquid phase to contain ions which lead
to an electric double layer, at the solid interface, as well as the gas interface.

2.6.1 Electric Double Layer
If an adsorbing surface acquires a finite surface charge due to the adsorp-
tion/desorption of ions, then we can call it the first layer of charge or the
‘Stern’ layer. This layer of charge will interact with the charged species in the
bulk liquid, meaning they will attract the counter-ions and repel the co-ions.
Hence, between the first layer of charge (charged surface) and the bulk liq-
uid, there will be a spatial arrangement of co-ions and counter-ions, which
we call the second layer or the ‘diffuse layer’ of charge. The first and the
second layer of charge (or, the Stern and diffuse layers) together create the
‘Electric Double Layer’ (EDL). Figure 2.8 shows the schematic of a typical
double layer at a solid-liquid interface, where the bare solid surface charge,
different ionic species in the liquid phase, hydrated ions are shown. It is im-
portant to note that, just like a solid/liquid interface, electric double layers
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are also formed at the liquid/liquid interface.
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Figure 2.8: Schematic of an electric double layer inspired by the drawings in
[11]. Cations and anions of various size are depicted in Stern layer as well as
diffuse layer along with water molecules and hydrated ions.

We consider an infinitely large flat plate to represent the problem in 1-
dimension. For the ith ion species with a valency of Zi, the distribution of
the ions at thermal equilibrium can be written using Boltzmann distribution
as:

ci(z) = c∞i exp(
−Zieφ(z)

kBT
) (2.18)

where, c∞i is the bulk ion concentration, e is the electron charge and φ(z) is
the electrostatic potential at distance z from the surface. The behavior of φ(z)
in the neighbourhood of the surface follows the ion-distribution governed
by the Poisson law:

d2φ(z)

dz2
= −ρel(z)

εε0
= −

∑
i Zieci(z)

εε0
(2.19)

Combining Equations 2.18 and 2.19, we obtain the non-linear Poisson-
Boltzmann (PB) equation:
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εε0
d2φ(z)

dz2
= −e

∑
i

Zic
∞
i exp(

−Zieφ(z)

kBT
) (2.20)

which assumes slightly different forms for a 1:1 electrolyte (such as NaCl
salt) and a 2:1 electrolyte (CaCl2 salt):

d2φ(z)

dz2
=

{
κ2DkBT

e sinh( eφ(z)
kBT

) 1:1
κ2DkBT

3e [exp( eφ(z)
kBT

)− exp(−2eφ(z)
kBT

)] 2:1
(2.21)

where, we have introduced the Debye length κ−1
D = ( εε0kBT

2Ie2
)1/2, I is the ionic

strength of the electrolyte: I =
∑n

i c
∞
i Z

2
i , withZi the valency of the ith ionic

species. This length-scale is indicative of the competition between electro-
static energy and thermal diffusive energy and provides information about
the screening length of the double layer. κ−1

D varies from a few hundred nms
in the absence of ionic species in an aqueous phase to a nm in the presence
of salt at 100 mM concentration. The screening length is of considerable
importance here, since electrostatic interactions are usually long-range, but
here we derive an exponentially decaying short range force which is negli-
gible beyond a few nms. This is because the distribution of ions across the
Debye screening length prevents the static electric field from penetrating the
solution.

Debye Hückel (DH) Approximation

The PB equation is a non-linear second order differential equation and re-
quires numerical solution. However, in order to focus on the physical prin-
ciples, simplifications have been used throughout the history and we will
also (in parts) follow these footsteps in Chapter 5. The Debye Hückel ap-
proach assumes small electrostatic potentials i.e., eφ(z) � kBT . As a result,
Equation 2.20 can be simplified to:

d2φ(z)

dz2
= κ2

Dφ(z) (2.22)

where a simple superposition of exponential functions can be assumed as
a solution and appropriate boundary conditions can be applied in order to
find an exact solution.
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Grahame’s Equation

Along with the electrostatic potential in the system, we are (even more fre-
quently) interested in the surface charge in our investigation. There are
many challenges in measuring the surface charge directly, but from charge
neutrality the diffuse layer charge σd must be equal to the surface charge. We
have already defined a charge density for the diffuse layer and the charge
can be obtained by integrating this density from the ‘inner’ edge (z = δ) to
infinity for isolated plates:

σδ =

∫ ∞
δ

ρel(z)dz =

∫ ∞
δ

[e
∑
i

Zic
∞
i exp(

−Zieφ(z)

kBT
)] (2.23)

It is possible to couple the PB equation here, and obtain a relation be-
tween charge density and potential drop without knowing the exact solu-
tion of the PB equation. This relation is known as Grahame’s equation [12]
and assumes the following forms for 1 : 1 and 2 : 1 electrolytes:

(σ0 + σδ)
2 =

{
4εε0kBTc

∞
i [cosh( eφ0kBT

− 1] 1:1
2εε0kBTc

∞
i [exp(−2eφ0

kBT
) + 2 exp( eφ0kBT

)− 3] 2:1

A simpler representation of the electric double layer is the Gouy-Chapman
Model, where the Stern layer is ignored. Hence, the interface with its inher-
ent and adsorbed charge is considered the first layer, and the diffuse layer
is considered the second layer of the EDL. In this case, the surface charge
density is a simpler version of the above equation:

σ2
0 =

{
4εε0kBTc

∞
i [cosh( eφ0kBT

− 1] 1:1
2εε0kBTc

∞
i [exp(−2eφ0

kBT
) + 2 exp( eφ0kBT

)− 3] 2:1
(2.24)

During calculation of σd, we come across the diffuse layer potential φd as
well, which is usually known as ζ potential. The ζ potential can be measured
by streaming potential experiments, which we describe in Chapter 3.

DH Equation and Grahame

Before discussing other contributions, our last remark is about the linearized
PB equation and the simplicity of calculating charge-potential distribution
from it. Coupling Equation 2.22 and 2.23, we obtain a linear relationship:
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σ0 = εε0κDφ0 (2.25)

We will use and discuss this linear relation in detail in Chapter 5.

2.6.2 Van der Waals Contribution
Dispersion forces are ubiquitous in a colloidal system. Van der Waals forces
are attractive short-range interaction between molecules and the London −
van der Waals force represents the dispersion part of this interaction in our
system of interest. This contribution in a wetting film can be positive or neg-
ative depending on the Hamaker’s constant A. The corresponding disjoin-
ing pressure decays with the third power of film thickness h in the denom-
inator i.e., Π(h) ∼ h−3, and as a result the interaction potential Φ(h) decays
with the square of h, Φ(h) ∼ h−2. The other sub-contributions of van der
Waals attraction i.e., Keesom part or Debye part are relatively well-defined.
But, the dispersion forces are of quantum nature and are quite difficult to
interpret, especially, as we will observe in Chapter 6, in the context of our
complex solid-water-oil system. As a simplified approach, we have used the
Φ(h) ∼ h−2 relation in Chapter 5 in order to calculate interaction potential
Φ(h) in the wetting film.

2.6.3 Solvation and Steric Contribution
If the wetting film is extremely thin (i.e., h is very small), then the liquid
layers close to the boundaries overlap. This leads to extra work being re-
quired (by or on the system) for the film to remain stable. This contribu-
tion is known as the solvation structure force (or, hydration or hydrophobic
force). This force can be approximated with a ‘power law’ decay, but in
recent times, experimental insight [13, 14] has pointed to an exponential de-
cay:

Πsolvation(h) = Πsolvation,0 exp(−h
λ

) (2.26)

where, λ is the parameter representing the decay in the nature of the force.
In addition, steric interactions are also present due to adsorption of poly-
mers and polyelectrolytes. In this case, charged interfaces can interact with
each other only through a number of (charged) molecules and hence, these
molecules alters the nature of the interaction. However, we will not con-
sider them separately in our models in this thesis, and consider that the ex-
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ponential decay of the solvation structure force already considers such steric
influences.

2.7 Nature of Φ(h) and Π(h)

We have introduced the various intrinsic contributions in the disjoining pres-
sure Π(h) in the previous section. We can express the total disjoining pres-
sure as:

Πtotal(h) = Πelectric(h) + ΠvanderWaals(h) + Πsolvation(h)

or,Π(h) = Πel(h) + ΠvdW (h) + Πsolv(h)
(2.27)

where, Πelectric is the pressure originating from the electric double layer.

h

F
p∞pmidplane

F

Figure 2.9: Calculation of disjoining pressure Π(h) between two charged inter-
faces.

First, we focus on the nature of Πel(h). We have already discussed the
various basics of electrostatic charge and potential in the wetting film be-
tween a solid and a gas phase. Figure 2.9 shows a schematic for calculation
of the pressure around charged plates [15]. The different electrostatic forces
are as follows: (i) force on the adsorbing interface (ii) force on the mid-plane,



2.7 Nature of Φ(h) and Π(h) 37

where the electric stress vanishes since the electric field at the midplane is 0
in case of a symmetric system, and (iii) the pressure at infinity. Hence, we
can write the total contribution of these forces (per unit area) as follows:

Πel,part1 =
∑

kBTc
∞
i exp(−eZiφ

kBT
) (2.28)

in parameters which we have used already. We notice that the whole pres-
sure term in this case is controlled by the concentration of the ionic species
and, hence, this is the osmotic pressure term of the disjoining pressure Π(h).
In other words, Πel,part1 = Πel,osmotic. But for two oppositely charged inter-
faces (which are adsorbing plate-like surfaces), the lack of symmetry around
the midplane (i.e., the electric field does not vanish) leads to an extra term
known as the Maxwell Stress term:

Πel,maxwellstress = −1

2
εε0

d2φ

dz2
(2.29)

The total disjoining pressure stems from the fact that this additional
stress counters the osmotic repulsion. Hence, combining Equation 2.28 and
2.29, we retrieve the expression for the disjoining pressure:

Πel = kBT
∑

c∞i exp(−eZiφ
kBT

)− 1

2
εε0

d2φ

dz2
(2.30)

The corresponding electrostatic contribution of the interaction potential
Φ(h) is obtained by integrating this expression across the thickness of the
film:

Φel(h) =

∫ ∞
h

[kBT
∑

c∞i exp(−eZiφ
kBT

)− 1

2
εε0

d2φ

dz2
]dh′ (2.31)

Since we have already introduced the other contributions to the disjoin-
ing pressure and interaction potential, we can write:

Φ(h) = Φel(h) + ΦvdW (h) + Φsolv(h) (2.32)

which we will use frequently in our models of adsorption induced wetting.

It is possible to measure the disjoining pressure for a wetting film using
a surface force apparatus (SFA) or atomic force microscope (AFM). Figure
2.10 shows a very typical Φ(h) and Π(h) curve (adapted from [2]). This
type of behavior (of Φ(h)) is common for a wetting film on a solid substrate
where Derjaguin-Landau-Verwey-Overbeek (DLVO) type of interactions are
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Figure 2.10: A typical DLVO interaction potential Φ(h) and disjoining pressure
Π(h) plot between two charged interface. Figure redrawn from [2].

present, i.e., the interactions which we have elaborated above in detail. It
is crucial at this point to look at the various wetting configurations which
might result, based upon the nature of Π(h) or Φ(h).
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2.8 Wetting Configurations

Figure 2.11a shows an asymptotically repulsive interface potential. The min-
imum energy configuration is attained for h →∞, corresponding to a com-
plete wetting scenario. We are going to abbreviate it as CW in the subse-
quent chapters.

Figure 2.11b shows an interface potential with a minimum at a finite
thickness hmin, and an attractive convex profile for large h. If the inter-
face potential is convex, it is thermodynamically advantageous for a film
of thickness h0 to split into two films of thicknesses h1 and h2 covering frac-
tions α1, α2 of the substrate, so that α1+α2 = 1. Due to convexity, we indeed
have (α1 +α2)Φ(h0) > α1Φ(h1)+α2Φ(h2). Any film of thickness larger than
hmin will thus spontaneously evolve into a macroscopic droplet (h→∞) in
equilibrium with a thin film of thickness hmin [1]. Macroscopically it is pos-
sible to perceive this drop only, which gives us the impression that this is a
partial wetting situation while in reality, this assumption is not completely
true. Hence, such a wetting configuration is called ‘pseudo-partial wetting’
and we will denote it by PP.

It is possible to relate the depth of minimum Φ(h) with the equilibrium
contact angle θeq. If a macroscopic drop co-exists with a microscopic wetting
film of thickness h, then for this drop Young’s equation holds, i.e., γsg = γsl+
γlg cos θ. However, for the film part, the solid interacts with the gas phase
through the liquid and hence, the solid/gas interfacial tension must have a
component of the interaction potential Φ(h) from the film. This implies that
γsg,film = γsl + γlg + Φ(hmin). Hence we can write:

γsl + γlg cos θ = γsl + γlg + Φ(hmin)

or, cos θ = 1 +
Φ(hmin)

γlg

(2.33)

Here we note that the slope of Φel(h), and thus the disjoining pressure Πel(h),
is the same at h = hmin and h → ∞, which allows the two films of different
thickness to coexist.

Figure 2.11c shows an asymptotically attractive concave potential. This
scenario is analogous to Figure 2.11b, with hmin = 0. Part of the film dries
up (h = 0), and part of it forms a macroscopic droplet (h → ∞). We thus
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Figure 2.11: Four different types of interface potential Φ(h) along with corre-
sponding wetting configurations.

obtain a partial wetting (PW) configuration. Finally, we consider the inter-
face potential in Figure 2.11d. which exhibits a long-range repulsion and a
short-range attraction. The associated wetting configuration is metastable.
Depending on its initial thickness, a film will evolve into a completely wet-
ting layer or a partially wetting droplet.
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2.8.1 Wetting Transition
A ‘wetting transition’ is a transition between the various wetting configu-
rations we have explained in the last section, especially between complete
and partial wetting states, which can be achieved either by a change of tem-
perature or by a change of chemical potential µ. For example, if there is a
partially wetting liquid drop in our solid/gas system, and the temperature
is changed until the wetting temperature Tw is achieved and the liquid phase
forms a thick wetting film co-existing between the solid and the gas phases,
then Tw is called the transition temperature. This temperature, obviously,
depends on the critical point of co-existence between the liquid and the gas
phase. In this case, we are often interested in the thickness of the wetting
film, or more precisely, the manner in which the thickness of the liquid film
changes upon transition. If there is an abrupt (discontinuous) change in the
film thickness as the transition occurs, that means there is a discontinuity in
the first derivative of the surface free energy (the grand canonical potential
Ω). This transition is then called a first order wetting transition. However, if
there is a gradual change in the film thickness (no discontinuity in the first
derivative of the surface free energy), then it is called a continuous wetting
transition.

We have referred to wetting films of various thickness in our picture of
adsorption induced wetting, pointing out the difference between microscop-
ically thin films and macroscopically thin films. This implies that a thresh-
old must exist between the two and the wetting transition is exclusively re-
lated to this threshold/critical film thickness hc. However, it is only natural
that sometimes the change in the film thickness could be significant without
crossing this threshold. We will notice in our various experiments real ex-
amples of such cases. In this case, the transition is not between ‘complete’
(CW) and ‘partial’ (PW) wetting, but could be between a partial (PW) wet-
ting and a pseudo-partial (PP) or Metastable (M) wetting. In accordance
with the changes in the wetting films, such transitions are often referred to
as thick to thin wetting transitions [16, 17].

2.9 Surfactants
Before closing this chapter, our final topic to introduce will be surfactants.
Throughout this chapter, we have discussed standard molecules and ionic
solutes which are adsorbed at an interface and gradually attain a thermody-
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namic equilibrium. However, in reality, most surface-active solute molecules
are larger molecules, known as surfactants, and behave in a different man-
ner. These molecules are amphiphilic molecules, containing a hydrophilic
polar head group as well as a hydrophobic non-polar tail. As a result, the
polar head shows affinity for an aqueous phase, while the non-polar tail
prefers to remain in air or oil. The driving mechanism for surfactant adsorp-
tion is the loss of entropy for the molecules. Obviously, the surfactants are
very fond of interfaces because of this simultaneous preference for oil/air
and water. Once the surfactants are adsorbed at the interface, the surface
tension decreases until it arrives an equilibrium value.

For reasons explained in Chapter 1, we have chosen fatty acids (R-COOH)
as representative polar components/surfactants in our experiments. Fatty
acids of various aliphatic chain lengths are used and, in particular, only
non-branched species have been used throughout this thesis. Increasing
hydrophobicity of the tail implies stronger affinity for the interface, hence
increasing the aliphatic chain length leads to stronger adsorption. At the
same time, increasing the chain length reduces the solubility of the surfac-
tant, forming micelles above a critical concentration (cmc). We will verify
the consequences of these in our wetting experiments in Chapter 7.

2.10 Concluding Remarks
We have revisited the basic concepts of wetting and adsorption in this chap-
ter. We first discussed the macroscopic concepts of surface tension, Laplace
pressure and wetting, since a significant part of our experiments will cover
macroscopic wetting trends. But in order to answer many questions stem-
ming from our macroscopic observations, we will be required to delve into
the phenomena at colloidal and microscopic regime, such as adsorption,
electrostatic interaction, dispersion interaction among others. Wetting will
be the central theme of this thesis, and after revising the relevant concepts
and background of wetting, we now proceed to investigate some interesting
systems, both experimentally and analytically.
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CHAPTER 3

Experimental Methods

Abstract
We discuss the standard experimental methods used for investigating wettability,
wetting transition, interfacial properties such as surface tension, interfacial ten-
sion, surface charge. The methods for measuring the thickness of a molecularly thin
wetting film are also described. Most importantly, in this chapter we introduce
an extension of existing goniometry methods in order to measure relative trends in
small contact angles.
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3.1 Introduction

In this chapter, we describe the various techniques used in our experiments
such as optical goniometry for determining contact angles on a solid sub-
strate, the pendant drop method for measuring interfacial tension (IFT) at
oil-water interfaces, imaging ellipsometry for measuring the thickness of
nanometer-scale wetting films and the streaming potential technique for
measuring ζ-potential and surface charge at an interface. We will see in the
following chapters that contact angles on mica in alkanes are often < 10o.
Normally, contact angles in the range of a few degrees are quite challenging
to measure using the goniometry method. We have performed extra mea-
surements to set the sensitivity and precision of the goniometer in a consis-
tent manner which allows us to measure all the relative trends in these small
contact angles. In this chapter, we will describe the methodology for these
additional measurements.

3.2 Contact Angle Goniometry

3.2.1 Precision of Goniometry Measurements
We use a commercial goniometer (OCA 20L, Dataphysics Instruments GmBH,
Germany) for measuring contact angles during wetting experiments. The
measurement is based on the sessile-drop method using aqueous drops with
a volume of 2 µl placed on the substrate. The accuracy in the drop-volume
is measured to be within ±0.2 µl, which is calibrated with a micropipette.
The contact angle of the drop is extracted from video snapshots using the
tangent-fitting method as well as the circle-fitting method from the data
analysis software (SCA 22) provided with the instrument. Circle fitting
works best for sessile drops which are not deformed by gravity, while tan-
gent fitting does not have any limitations for a drop deformed by gravity.
However, tangent fitting becomes increasingly difficult for contact angles
smaller than 10o, since the software can hardly distinguish between the ref-
erence baseline and the drop-profile. We have used both methods separately,
in order to verify the values obtained from one of these methods, by com-
paring them with the values obtained from the other method. The minimum
contact angle that can be determined on reflective surfaces is approximately
2o, because of the limitations of the fitting methods. It is usually argued that
contact angles in the range of a few degrees are quite challenging to mea-
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sure using this macroscopic goniometry method, and the argument holds
because of the reasons explained above. Nonetheless, we have followed a
set of rigorous protocols and used consistent procedures in order to establish
accurate relative trends in our measurement of small contact angles. These
procedures are described in the following sections.

CaCl2

800 px

6
0
0
 p

x
6
0
0
 p

x

800 px

baseline

fitting line

Figure 3.1: Pixel distribution for a sample contact angle measurement with a
1M CaCl2 drop on mica in decane. Enlarged view of one edge of the droplet is
used during tangent/circle fitting, in order to maximize the pixel information
around the contact line.
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3.2.2 Magnification
The contact angle goniometry method is effectively fitting a tangent/circle
to the profile of a drop. Therefore the accuracy greatly depends on the abil-
ity of the SCA 22 software to capture the drop profile with respect to the
background. Therefore, it is crucial for the software to be able to distinguish
between the actual drop and its reflection on the solid substrate (which is
done with a reference baseline). Thus, the profile recognition depends on
the pixel information available from the image/series of images. The video
of the droplet is captured at 2x magnification and has 800 x 600 pixels (Figure
3.1). However, in order to increase the pixel information around the region
of our interest, i.e., the 3-phase contact line, we zoom in (3.5x magnification)
at one edge of the drop. As a result, the outline of the drop-profile is easily
identified by SCA 22 in backdrop of the ambient phase.

3.2.3 Illumination
Illumination plays a very important role in our precision measurements,
since the illumination of the system determines the sharpness of the edge
between the aqueous drop and the background. The illuminating lamp (in-
trinsic part of the goniometer) is always kept constant at half of its maximum
strength and the illumination parameters are varied using the ‘Framegrab-
ber Preferences’ (inherent in SCA 22). All our measurements are carried out
with the following set of illumination parameters: Brightness-125, contrast-
215 and Gamma (illumination)-100. As shown in Figure 3.2, for a reduced
illumination, the fitting circle changes, providing a higher contact angle (by
∼ 2o). An increased illumination, on the other hand, provides a lower con-
tact angle. Hence, we conclude that the precision of the contact angle mea-
surement is ∼ 2o for varying illumination.

3.2.4 Baseline
Once the favorable illumination is set, we focus on the baseline detection for
the drops. During the analysis of the captured video, there are 2 reference
lines used by the software, the first is placed at the top plane of the substrate
automatically by SCA 22 (we call it the reference baseline) and the other
is placed in the ambient phase, without intersecting the image of the drop
phase (Figure 3.3). For correct detection of the contact angle, it is crucial that
the reference baseline is exactly in between the drop and its reflection. In
other words, the total number of pixels used in the profile-fitting analysis is
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q =8.9
o

q = 7.1
o

q = 5.2
o

brightness=100 brightness=125 brightness=150

Figure 3.2: Comparison of contact angle fit by SCA 22, based on various bright-
ness settings. All our experiments are carried out at brightness 125, while for
lower (100) and higher (150) brightness values, we obtain higher and lower
contact angles, respectively. In all the images, contrast (215) and Gamma-
illumination (100) are constant, the yellow line is the reference baseline while
the red curve is section of the circle fitting the drop-profile for contact angle
extraction.

the set of pixels between the two reference lines. In order to fit the best tan-
gent/circle to the drop profile, as many pixels from this region as possible
should be available to the software.

For our experiments, we always keep the reference baseline untouched,
which means that the position of the baseline is solely determined by the an-
alyzing software itself. As shown in Figure 3.3, if the baseline is not precisely

baseline 20 px lower

q=6.2
o

q=7.1
o

Figure 3.3: Contact angle fit when the baseline is lowered (top left, with en-
larged view shown bottom left) by 20 pixels in compared to the automatic
baseline detection by SCA 22 (top right, with enlarged view shown bottom
right); In this case, the change of baseline leads to almost an 1o error in the
contact angle fitting.
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at the substrate-ambient interface, then the value of the measured contact
angle varies. It is possible to visibly determine the actual baseline (substrate-
aqueous drop interface) to within ± 5 pixels. However, if we drag the ref-
erence line to a position higher than the actual baseline, then the number of
available pixels is reduced. Lowering the reference line increases the num-
ber of pixels, but at the expense of accuracy. Hence, for all the experiments
performed, the stage of the goniometer is moved in the vertical direction
(upward or downward) until it coincides with the software baseline. This
precaution brings down the error of measurement to ±1o.

3.2.5 Spherical Cap Fit
We used the analytical expression of a spherical cap in order to validate the
accuracy of the contact angle calculated by SCA 22. As shown in Figure
3.4, the base radius of the droplet can be measured from SCA 22. Also our
ellipsometry experiments capture the base profile of the deposited drop. The
base of the drop is an irregular profile, not a circular one, but it’s possible
to calculate an approximate base diameter from this profile using SCA 22.
Once we have the base radius (r) for the drop, we can calculate the contact
angle using the following relation:

Vcap =
1

3
π

r3

sin3θ
(2− cosθ + cos3θ) (3.1)

where Vcap is the volume of the deposited droplet (in all our experiments,
2µl). Once θ is calculated it can be compared with the drop profile-fit θfit,
and the difference is a maximum of 20% (for contact angles < 10o), which
we accept to be within our error of measurement. An example of this com-
parison of calculated and measured contact angle is shown in Figure 3.4.

q=7.1
o

calculated =7.6q
o

measured BD=8.2 mm

Figure 3.4: Comparison of contact angle profile fit from SCA 22 (on the left)
and a value obtained from a spherical cap calculation (right). The spherical
cap calculation is based upon the drop base diameter obtained from SCA 22.
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3.2.6 Reproducibility
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Figure 3.5: Contact angle of 1M CaCl2 on mica in ambient decane with the
aqueous salt solution at various pH: 3, 5, 7 and 9 (various symbols and col-
ors). 25 datapoints are shown for every pH, based on which the mean and the
standard deviation have been calculated.

We have performed 25 independent measurements under identical con-
ditions (room temperature, humidity) for every datapoint in the contact an-
gle goniometry experiments. Each mica substrate of dimension 3.5cm× 1cm
is cut from the mica sheet (B&M Mica Company, USA) and cleaved under
oil to prepare a pristine surface. In order to obtain a general contact angle
trend irrespective of a mica substrate, at least 5 different mica substrates are
used for depositing the set of 25 drops of a certain salt concentration and pH.
Throughout the thesis, we will represent the mean of these measurements
with the standard deviation of the dataset shown:
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SD =

√√√√ 1

N

N∑
1

(xi − x̄)2 (3.2)

where, xi is the individual experimental measurement and x is the mean
of 25 measurements. Figure 3.5 shows an example of a complete dataset
collected for contact angle of 1M CaCl2 solution drops on mica in ambient
decane at 4 different pH values 3, 5, 7 and 9.

3.2.7 Final Remarks

C Cls CaCl
2

Figure 3.6: Precision of contact angle measurement using optical goniometry:
For drops of 1M CsCl (θ ∼ 7o) and 1M CaCl2 (θ ∼ 9o) solution with same
base diameter, the difference in contact angle is shown. Both the images are
stretched to 200% in vertical direction in order to highlight the difference in
drop height.

We have described the various protocols which we have followed, in
order to measure contact angles below 10o. Although it is still extremely
challenging to determine such small contact angles with a high absolute
accuracy, our procedure allows us to obtain a reliable relative trend in the
wetting experiments. We have shown an example in Figure 3.6, where a 1
M CsCl and a 1 M CaCl2 (both at pH 9, placed on the same mica substrate
in ambient decane) are compared with each other. It is clear from the height
of the drops as well as from the corresponding tangent fitting (blue) lines,
that the contact angle for the CaCl2 drop is larger than that of the CsCl drop.
Later in Chapter 6, we discuss the difference in the wetting of mica (in alka-
nes) by CsCl and CaCl2, and this difference in contact angle is ∼2o. We also
demonstrate a certain degree of reproducibility in the contact angles follow-
ing these additional protocols. It is important to note the minimum value
of the contact angle that can be measured with optical goniometry. After
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following these procedures, 2o is the lowest value of contact angle which we
can measure. For a drop with a contact angle lower than 2o, we will ‘assign’
the corresponding contact angle θ to be 0o.

3.3 Pendant Drop Measurements

Before placing the aqueous drops on the substrates, pendant drop measure-
ments are performed to determine the oil/water interfacial tension (IFT).
The IFT trend is crucial in wetting experiments, since for a system with-
out any surfactant the oil/water interfacial tension should remain constant.
On the other hand, in a system with surfactants, the amount of decrease in
IFT needs to be noted for analyzing the changes in contact angle. In a pen-
dant drop measurement, we rotate the camera in OCA by 90o, so that the
vertical needle is captured as a horizontal needle from right of the video.
This is done in order to maximize the number of pixels (800 pixels) during
the profile-fitting. Such a pendant drop of 30 µl volume is created and sus-
pended from the needle (Precision Tips, Nordson EFD, USA, ID 0.82 mm),
as shown in Figure 3.7. Because of the interfacial tension between oil and
water phases, there is a build-up of Laplace pressure inside the drop:

∆p = γ(
1

r1
+

1

r2
) (3.3)

needle baseline

liquid baseline

ambient baseline

fitting tangents

Figure 3.7: Left, schematic of the pendant drop method (Figure adapted from
[1]) with the various reference baselines and fitting tangents. Right, a typical
example of a pendant drop in our experiments, 1 M CaCl2 solution at pH 7, in
ambient decane for measurement of water-decane interfacial tension (IFT).
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where, r1 and r2 are the radii of curvature of the pendant drop. Ideally,
the drop should be spherical under the influence of interfacial tension only.
However, there is also the effect of deformation of the drop caused by grav-
ity, creating a ‘pear’ shaped drop. The IFT is measured by SCA 22 using
drop shape analysis from the shadow image of the pendant drop.

3.4 Ellipsometry

In-situ thickness measurements of ultrathin wetting films co-existing with a
spreading drop were performed by imaging ellipsometry at room temper-
ature (20±1oC) using a nulling ellipsometer at a single wavelength of 658
nm (EP3 Accurion GmbH, Germany). The reflected light from the surface is
focused with a 2x objective and amplified by a beam expander leading to a
2x2 mm2 field of view and enabling a lateral resolution of 2 µm. If we use a
coordinate system defined by the direction of propagation and the plane of
incidence, an electric field vector E defines the polarization of the light wave
and can be decomposed into two perpendicular components Ep and Es re-
spectively parallel and perpendicular to the plane of incidence. Therefore,
the ratio ρ of p and s components of the reflection matrix can be described
by:ρ =

Eout,p
Eout,s

Ein,s
Ein,p

= tan(ψellip) exp(iδellip), where 0 < ψellip < 90o and 0 <

δellip < 360o are the ellipsometric angles while Ein/out denotes the electric
field of the incoming/outgoing light. Moreover, tan(ψellip) =

Ep
Es

represents
the relative amplitude attenuation and δellip = [Ep]− [Es] is the phase lag of
the p and s linearly polarized components upon reflection. We performed
ellipsometer experiments using the Multiple-angle-of-incidence ellipsome-
try (MAIE) method which involves measurement of δellip and ψellipvalues
as a function of the angle of incidence (AOI), thus this information allows
us to determine the dielectric function of the material studied. The depen-
dence on the incidence angle of the ellipsometric angles was measured and
averaged using a 4-zone nulling scheme. The analysis of the ellipsometric
angles, δellip and ψellip was done assuming that the surface can be described
by the corresponding optical model (Drude model). The accuracy of δellip
and ψellip is better than ±0.1 and ±0.05 degrees, respectively.

The ellipsometer is equipped with custom-built quartz tubes attached
to both the source (laser) and the detector arm to enable measurements un-
der liquid (in this case, decane) at variable angles of incidence (AOI). The
intensity of the reflected light is minimized by a 90o rotation of the anal-
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yser and the ellipsometric angles δellip and ψellip are mapped. The Drude
model with standard Fresnel coefficients is used to relate the ellipticity ρ =
f(δellip, ψellip) to determine the thickness of the thin water layer. In the case
of mica, the bottom side of the substrate is roughened and coated with an
index matched epoxy resin to suppress interference.

3.5 Streaming Potential Measurements

Figure 3.8: A schematic of the cell and circuit for streaming potential mea-
surements in ZetaCAD. The arrow denotes the direction of flow induced by
pressure drop ∆P.

In order to determine the surface charge/potential of solid/water and
oil/water interfaces, we performed streaming potential measurements us-
ing a ZetaCAD (CAD Instruments, France). The measurement cell consists
of the two solid surface (material under investigation, 50mm x 30mm) at a
separation of 100µm. The liquid phase is forced to flow in this cell between
the substrates by a pressure difference ∆P (Figure 3.8). This flow of the
charged species (present within the liquid phase at a certain pH and ionic
strength) results in a streaming potential (Ustr). We have measured these
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streaming potentials at different pressure drop values (∆p). Streaming po-
tentials are converted to ζ-potentials using the standard Smoluchowski for-
mula, ζ=λµUstr

εε0P
. (µ: viscosity; ε: permittivity of liquid; ε0: absolute permit-

tivity; λ: conductivity of the liquid). The pressure is ramped between -500
to +500 mbar with a step width of 10 mbar or less. While performing the
experiment, it is assumed that the flow within the cell (i.e. between the mica
substrates) is laminar irrespective of the differential pressure and the sep-
aration between the walls is large compared to the double layer thickness,
which is fulfilled since Debye length k−1

D ∼ 1-10 nm while the channel height
is ∼ 100 µm.

We have calibrated the instrument with measurements of ζ-potential at
silica-water interfaces. Figure 3.9 shows the calibration data, where various
concentrations of NaCl solution are used between silica substrates. The data
has been compared with the silica ζ-potential values in literature [2, 3].

Figure 3.9: Calibration measurement ζ-potential at silica-water interface vs pH
of aqueous NaCl solution at various salt concentrations: 1 mM (dark cyan
downward triangles), 10 mM (red circles) and 100 mM (blue triangles). The pH
is varied by adding 0.01 M KOH or HNO3 solutions to the salt solution pre-
pared at neutral pH. The symbols are average of 5 independent experiments
under identical conditions with the standard error shown. The straight lines
are reference values w.r.t. which the experimental datapoints are compared.
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3.6 Langmuir Blodgett Trough

The organic layer on substrates is prepared using an automated Langmuir
Blodgett trough (NIMA technology, model 1212D1). Room temperature (22
± 0.5o C) and humidity (40%) were monitored and kept at controlled val-
ues throughout the layer deposition experiments. In order to avoid vibra-
tion from surroundings and ensure stable conditions during the transfer, the
trough is placed on a floating table. To prevent any contamination arising
from the dust in the room, the trough is housed in a home-built laminar
flow chamber, where the airflow is switched off during the entire deposition
process. Before the deposition process, the trough was cleaned extensively
using pure water, ethanol, isopropyl alcohol and finally with chloroform in
order to remove any trace stearic acid. The subphase, which has been pre-
pared prior to the cleaning, is then poured into the trough. In order to ensure
a clean interface, various impurities were removed from the suphase-air in-
terface by suction (Neolab vacuum system). The surface of the subphase
is assumed to be clean (i.e., free of any impurity or extra surfactant) if the
change in surface pressure of the subphase prior to spreading the organic
phase, (stearic acid, henceforth referred to as SA) solution is < 0.1 mN/m,
when we carry out consecutive decompression and compression of the in-
terface using the barriers on top of the subphase. Measurements of surface
pressure are carried out with a Wilhelmy plate attached to the pressure sen-
sor, where the last of the chain of plates (filter papers) is in contact with the
uppermost layer of the interface.

The surface pressure and the subsequent deposition process is controlled
with the NIMA 2.1 software provided with the the automated trough. Once
the impurities are removed from the bare subphase, pre-cleaned substrates
are submerged in the subphase. Subsequently, 50 µL of SA solution (CHCl3
as solvent) is evenly spread (using a Hamilton microsyringe) on the sub-
phase and∼ 30 min is allowed for the solvent to evaporate. At this stage, the
SA molecules are distributed over an area of 500-700 cm2. Subsequently, we
compress the subphase area following a pressure isotherm method, where
the final target pressure is set as 30 mN/m and the compression speed is set
at 10 cm2/min. It is assumed that none of the SA molecules escapes the con-
fined subphase area during the compression process. The Wilhelmy plate
measures the in-situ surface pressure during this compression, and once the
target pressure is reached, all the SA molecules are compressed within this
area, with the substrates in between the barriers.
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The final stage of the deposition process is gradually lifting the sub-
merged substrates out of the subphase, when the SA molecules get stuck to
the substrate in a uniform monolayer. The lifting speed is set at 2 mm/min.
This low value of the speed is governed by the consideration that complete
drainage of water needs to take place during the deposition process in order
to preserve the structure of the film. The quality of the deposited monolayer
is verified using atomic force microscopy before performing contact angle
measurements.
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CHAPTER 4

Ion-induced Wetting Transition
in Mineral/Water/Oil systems

Abstract
In this chapter, we experimentally analyze ion adsorption at the solid-liquid inter-
face leading to charge reversal, and how it causes wettability alteration for a model
mineral-water-oil system. We investigate wettability alteration on a mica surface
in ambient oil (various alkanes), as we change the cation in the aqueous salt solu-
tion from a monovalent to a divalent one. Along with varying the types of cations
(and partially, also anions) in the salt, we vary their concentration as well as pH
in order to find the regime (of concentration and pH) where the wetting transition
takes place. We formulate an ion-adsorption based mechanism in a nm-scale thin
wetting film with focus upon surface charge reversal caused by divalent cations on
the mineral surface. We explore the properties of the thin wetting film and the sur-
face charge information in mineral as well as oil interfaces in order to validate our
propositions about charge reversal and wetting properties.

Parts of this chapter have been published as:
1. F. Mugele, B. Bera, A. Cavalli, I. Siretanu, A. Maestro, M. H.G. Duits, M. A. Cohen-Stuart,
Dirk van den Ende, I. Stocker & I. Collins. Ion adsorption-induced wetting transition in oil-
water-mineral systems. Nature Scientific Reports, 5, DOI: 10.1038/srep10519 (2015).
Dr. A. Maestro is acknowledged for ellipsometry investigation and Dr. I. Siretanu is ac-
knowledged for atomic resolution images of mica using AFM.
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4.1 Introduction

The relative wettability of oil and water on porous solids is crucial to many
environmental and technological processes including imbibition, soil con-
tamination/remediation, oil-water separation, and the recovery of crude
oil from geological reservoirs [1, 2, 3, 4, 5, 6, 7]. Strong wettability of a
porous matrix to one liquid generally implies stronger retention of that liq-
uid and simultaneously easier displacement of the other. In standard ‘water
flooding’ oil recovery, (sea) water is injected into the ground to displace oil
from the porous rock, typically leading to a final recovery factor <50%. For
decades, oil companies have explored adding chemicals such as surfactants
and polymers to the injection water to improve the process [8, 9].

More recently, it was rediscovered that the efficiency can also be im-
proved by reducing the salinity of the injection water[10], i.e. without adding
expensive and potentially harmful chemicals, known as low salinity water
flooding. Yet, reported increases in recovery vary substantially and the mi-
croscopic mechanisms responsible for the recovery increment remain de-
bated [9, 11, 12, 13]. A wide variety of mechanisms has been proposed to ex-
plain the effect, including the mobilization of fines, interfacial tension varia-
tions, multicomponent ion exchange, and double layer expansion [10, 11, 12,
14], as we have already discussed in Chapter 1. Many of these mechanisms
are interrelated making the rock more water wet, but evidence discriminat-
ing between them is scarce. The key challenge in identifying the reasons for
the success of low salinity waterflooding lies in the intrinsic complexity of
the system and the lack of direct access to its microscopic properties.

In this chapter, we experimentally investigate wettability alteration in a
simplified model system representing the wetting situation in an oil-reservoir.
We rationalize the observations by a mechanism of ion adsorption at the
solid-liquid interface to charge reversal and from there to wettability alter-
ation. We focus on the charge effects of ion-adsorption and experimentally
investigate the wetting films and surface charges. Our results clarify many
previous observations in core flooding experiments, including in particular
the relevance of divalent cations, clay and pH.
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4.2 Experimental Methods

4.2.1 Materials

Anhydrous decane (>99%, Sigma Aldrich) is the oil phase in the experi-
ments. It is passed five times through a vertical column of Alumina powder
(Al2O3, Sigma Aldrich, Puriss grade >98%) to remove surface-active impu-
rities until the interfacial tension (IFT) is constant within ±2 mN/m for at
least 20 minutes. Decane-water IFT is measured using the Pendant Drop
Method, and the usual value is 50±1 mN/m. Ultrapure water (resistivity
18 MΩ) for preparing salt solutions is obtained from Millipore (Synergy UV
Instruments). We have prepared all inorganic salt (Sigma Aldrich) solutions
with a concentration range of 1 mM to 1 M by adding the ultrapure water
to carefully measured amount of the required salt. The pH of the solutions
is adjusted between 2 and 10 using HCl/HNO3 and NaOH (0.1 M, Sigma
Aldrich). Muscovite mica (B&M Mica Company Inc., USA; initial thickness
340 µm) and oxidized silicon wafers with an amorphous silicon oxide layer
(thickness: 30 nm) mimicking silica represents the solid rock surface. Mica
sheets are cleaved inside the oil with scotch tape to obtain a pristine surface
during the experiment. Silica surfaces are cleaned using a combination of Pi-
ranha solution (mixture of 30% conc. H2O2 and 70% conc. H2SO4) followed
by extensive rinsing with ultrapure water and plasma treatment.

4.2.2 Optical Goniometry
The wetting of aqueous drops on mica/silica is characterized by equilib-
rium contact angles, using a commercial contact angle goniometer (OCA
20L, Dataphysics Instruments GmBH, Germany). The measurement is based
on the sessile-drop method using aqueous drops of volume 2 µl placed on
the substrate. The accuracy in the drop-volume is measured to be within
±0.2 µl. The contact angle of the drop is extracted from video snapshots us-
ing the tangent and circle-fitting data analysis software (SCA 22) provided
with the instrument. Contact angles can be determined with a relative ac-
curacy of ±1o. The minimum contact angle that can be determined on re-
flective surfaces is ∼2o, because of the limitations of tangent/circle fitting
method. All experimental datapoints are average of 25 independent mea-
surements (drops) placed on at least 5 different solid substrates. Before plac-
ing the aqueous drops on the substrates, pendant drop measurements are
performed to determine the oil/water interfacial tension (IFT). Normally,
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contact angles in the range of a few degrees are quite challenging to mea-
sure using goniometry method. But we have done extra measurements to
set the sensitivity and precision of the goniometer at a scale, which allows
us to measure all the relative trends in these small contact angles. It was not
possible to perform advancing-receding measurements, since the receding
contact angle for most of these small values is 0o. However, we measure the
base diameter of our drops optically, and fit the contact angles with a spher-
ical cap approximatrion for better accuracy. Various technical aspects of our
goniometry measurements are discussed in detail in Chapter 3.

4.2.3 Imaging Ellipsometry
In-situ thickness measurements of ultrathin wetting films co-existing with a
spreading drop were performed by imaging ellipsometry at room temper-
ature (20±1oC) using a nulling ellipsometer at a single wavelength of 658
nm (EP3 Accurion GmbH, Germany). The reflected light from the surface
is focused with a 2x objective and amplified by a beam expander leading
to a 2x2 mm2 field of view and enabling a lateral resolution of 2 µm. If
we use a coordinate system defined by the direction of propagation and the
plane of incidence, an electric field vector E might define the polarization of
the light wave and can be decomposed into two perpendicular components
Ep and Es respectively parallel and perpendicular to the plane of incidence.
Therefore, the ratio ρ of p and s components of the reflection matrix can be
described by:ρ =

Eout,p
Eout,s

Ein,s
Ein,p

= tan(ψellip) exp(iδellip), where 0 < ψellip < 90o

and 0 < δellip < 360o are the ellipsometric angles while Ein/out denotes the
electric field of the incoming/outgoing light. tan(ψellip) =

Ep
Es

represents the
relative amplitude attenuation and δellip = [Ep]− [Es] is the phase lag of the
p and s linearly polarized components upon reflection. We performed el-
lipsometer experiments using the Multiple-angle-of-incidence ellipsometry
(MAIE) method which involves measurement of δellipand ψellipvalues as a
function of the angle of incidence (AOI), thus this information allows us to
determine the dielectric function of the material studied. The dependence
on the incidence angle of the ellipsometric angles was measured and aver-
aged using a 4-zone nulling scheme. The analysis of the ellipsometric angles,
δellip and ψellip, was done assuming that the surface can be described by the
corresponding optical model. The accuracy of δellip and ψellip is better than
±0.1 and ±0.05 degrees, respectively.

The ellipsometer is equipped with custom-built quartz tubes attached to
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both the source (laser) and the detector arm to enable measurements under
liquid (in this case, decane) at variable angle of incidence (AOI). The inten-
sity of the reflected light is minimized by a 90o rotation of the analyser and
the ellipsometric angles δellip and ψellip are mapped. Drude model with stan-
dard Fresnel coefficients are used to relate the ellipticity ρ = f(δellip, ψellip)
to determine the thickness of thin water layer. In case of mica, the bottom
side of the substrate is roughened and coated with an index matched epoxy
resin to suppress interference.

4.2.4 Streaming Potential Measurements
In order to determine the surface charge/potential of solid/water and oil/wa-
ter interfaces, we performed streaming potential measurements using a Ze-
taCAD (CAD Instruments, France). The measurement cell consists of the
two solid surface (material under investigation, 50 mm x 30 mm) at a sep-
aration of 100 µm. The liquid is forced to flow by a pressure drop P. When
an aqueous solution of certain pH and ionic strength is driven through a
channel bounded by the surfaces of interest, the streaming potential (Ustr)
generated by this flow was measured at different pressure difference values
(∆p). Streaming potentials are converted to ζ-potentials using the standard
Smoluchowski formula, ζ=λµUstr

εP . (µ: viscosity; ε: permittivity of liquid; λ:
conductivity of the liquid). The pressure is ramped between -500 to +500
mbar with a step width of 10 mbar or less. While performing the experi-
ment, it is assumed that the flow within the cell (i.e. between the mica sub-
strates) is laminar irrespective of the differential pressure and the separation
between the walls is large compared to the double layer thickness, which is
fulfilled since Debye length k−1

D ∼ 1-10 nm while the channel height is∼ 100
µm.

4.2.5 Atomic Force Microscopy
An atomic force microscope (Bruker Multimode 8, USA) is used to investi-
gate the adsorption of various species on the mineral surface. These exper-
iments are performed ex-situ, with a silica tip on mica surface. The AFM is
operated in non-contact mode (amplitude modulation) for obtaining atomic
resolution at the mineral adsorption sites. The stiffness of the cantilever is
measured (kstiff ), and with the information of the tip-geometry, the force-
curves are obtained. Reference measurements are done with silica tip-silica
substrate interactions, and the interaction is substracted from the mica-silica
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tip interaction before fitting the result to a charge-regulation model for ob-
taining surface charge at mica-water interface.

4.3 Results

4.3.1 Cation-valency Influenced Transition

NaCl CaCl
2

Figure 4.1: Wetting experiment on mica in ambient Decane with an aqueous
drop of salt solution (middle); The difference between a monovalent and diva-
lent salt solution is clear; a 1 M NaCl drop (at pH 7) has ∼0o contact angle on
mica (left), almost completely wetting the substrate while a 1 M CaCl2 drop (at
pH 7) has a small finite contact angle on mica (right), indicating partial wetting.

Macroscopic contact angle (of aqueous drops) measurements are carried
out on freshly cleaved mica or freshly piranha cleaned sillica surfaces in a
decane environment. In the presence of representative monovalent salts,
NaCl and KCl in the aqueous phase, we observe a wetting situation on mica
as well as silica with imperceptible contact angles in ambient oil (θ < 2o,
and thus a finite contact angle is not distinguishable within the resolution of
the instrument). A silica surface immersed in oil is also completely wet by
the aqueous phase containing divalent CaCl2 salt at all salt concentrations
and pH. The situation, however, changes significantly for wetting on mica.
In Figure 4.1, we show the basic difference in NaCl and CaCl2 wetting: for
a 1 M NaCl case, no perceivable drop is observed while for a 1 M CaCl2
case, the drop has a measurable contact angle. Above a thresold concentra-
tion (and at pH higher than 4), the aqueous phase with divalent cationic salt
only partially wets the mica surface in ambient oil. The resulting contact
angles, although small, are measureable using the optical goniometer.
Figure 4.2 shows that the salt concentration and the pH of the aqueous so-
lution influences the wetting pattern, since with increasing concentration as
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well as increasing pH, we observe an increase in contact angle.
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Figure 4.2: CaCl2 wetting on mica in ambient decane. Symbols: Equilibrium
contact angle on mica vs pH for CaCl2 salt solutions of various concentrations;
1,10,30 mM (downward triangles), 50 mM (olive diamonds), 80 mM (purple
pentagons), 100 mM (blue triangles), 500 mM (red circles), 1 M (black squares).
Solid lines: guides to the eye. Equilibrium contact angle datapoint is aver-
age of 25 independent measurements with the standard deviation shown. The
shaded region indicates very low contact angles, which are close or below the
sensitivity of the instrument. The arrow with the letter c denotes the direction
of increasing salt concentration.

While macroscopically there is clearly a difference between monovalent
and divalent salt solutions’ wetting of mica in decane, it is interesting to
investigate the microscopic origin of this difference. In the following sec-
tion, we propose and discuss an ion-adsorption based argument for wetting
alteration and the various consequences upon interactions in a wetting film.
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4.4 Mechanistic Insight

A change in contact angle can be attributed to a change in the correspond-
ing interface energies (Fig.4.3a, left) i.e., the surface tensions of the various
phases involved. Young’s equation [15] is written as:

cos θ =
γso − γsw
γow

(4.1)

h
0

g
g

so q
g

sw
water

mica

+

mica

oil

water
+ + + + + ++ + + + + +

(a)

(b)

Figure 4.3: (a) Schematic of a partial wetting situation of water on mica in am-
bient decane; The force balance arising from interfacial tensions resulting in a
finite contact angle θ (left), while such a finite contact angle implies a molecu-
larly thin aqueous film co-existing with the drop (right) (b) Schematic of ion-
adsorption model; in the case of monovalent salt solutions (e.g. NaCl, KCl)
both mica/water and oil/water interfaces are negatively charged, leading to a
repulsive disjoining pressure (left); while in presence of divalent cations (e.g.
CaCl2) charge reversal takes place at mica/water interface (right), leading to
an attractive disjoining pressure (shown by the arrow).

where, θ is the contact angle and γso, γsw and γow are the interfacial
tensions at mineral-oil, mineral-water and oil-water interfaces, respectively.
It is well known, that if the salt concentration in the aqueous phase is in-
creased, the depletion of cations leads to an increasing interfacial tension at
a hydrophobic interface [17].
We have carried out pendant drop measurements of interface tension at
oil/water interface and a small increase of the decane/water interfacial ten-
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Figure 4.4: Interfacial tension (IFT) of decane/water interface with respect to
salt concentration in the aqueous phase for NaCl (closed squares) and CaCl2
(crossed squares). The symbols are experimental datapoints at pH 6. Decane/-
NaCl IFT is compared with previous studies, denoted by the straight line [16].

sion is observed (Figure 4.4), which corroborate previous studies done in
air or oil [17, 18]. Based on the data, one might immediately argue, that an
increasing γow results in an increasing θ from Equation 4.1. However, we
have to reflect upon the microscopic picture of wetting as well, and take
into consideration any other changes in interfacial tension. An increase in
salt concentration normally results in a decrease of γsw [19], since the for-
mation of a double layer is more spontaneous with more ions present in the
aqueous phase. A decreasing γsw, on the other hand, will result in a decrease
in θ, which is contrary to our experimental observations. Last but not least,
the changes in γso will also influence the contact angle.

In chapter 2, we described the various wetting scenarios and their mi-
croscopic implications in detail. Wetting of a solid surface is effectively the
formation of a thin layer of the wetting phase on the substrate, as shown in
Figure 4.3a, right. For such a thin aqueous film of equilibrium thickness h0,
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Figure 4.5: A schematic of gradual change in interface potential (Φ) in a mica-
water-oil system for our proposed mechanism: repulsive for a monovalent salt
solution at lower concentration, which might have a shallow minimum (due
to vdW interactions) at a relatively high concentration of the monovalent salt
(red); attractive with a pronounced minimum for divalent salts at salt concen-
trations above a threshold value (blue).

γso can be written as:

γso = γsw + γow + Φ(h0) (4.2)

where Φ(h0)) is the interaction potential in the thin aqueous film. Changes
in Φ(h0) are governed by the adsorption of counter-ions from this thin film
to the interfaces. In the presence of a monovalent salt solution (schematic
shown in Fig.4.3b, left),the counter-ion adsorption at the mineral interface is
not strong enough to cause overcharging of the usually negatively charged
mica-water interface. The oil-water interface remains negatively charged
under all salt concentrations (> pH 4), since the mechanism of charging at
a hydrophobic interface by autolysis of water molecules does not depend
on cation adsorption [20, 21]. As a result, there is a repulsive interaction
between the mica-water and the oil-water interfaces or, in other words, the
disjoining pressure in the thin aqueous film is positive, making the film in-
ifinitely thick (compared to molecular length-scale, ∼10 nm film is consid-
ered infinitely thick) and creating a macroscopically indistinguishable con-
tact angle. Divalent cations, on the other hand, have two units of charge
per cation and when they adsorb to a mineral surface like mica, it causes
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overcharging above a threshold salt concentration, e.g., charge reversal has
been reported for CaCl2 above ∼ 30 mM salt concentration [22]. Fig.4.3b,
right, depicts the schematic representation of the divalent situation. The
oppositely charged mica-water and oil-water interfaces have an attractive
interaction (or a negative disjoining pressure), creating a molecularly thin
aqueous film along with a co-existing aqueous drop of macroscopically mea-
surable contact angle. The situation is schematically portrayed in Figure 4.5.
Hence the interaction potential Φ(h0) is sensitive to the various microscopic
interactions in the wetting film as well as macroscopic changes such as an
increase or decrease in one of the interfacial tension values.

Our mechanistic picture of the experimental observations thus consists
of two propositions: firstly, the existence of a molecularly thin wetting film
of aqueous phase sandwiched between mineral and oil phases, and sec-
ondly, a charge reversal at mica surface in the presence of divalent salt so-
lutions, which subsequently leads to an attractive interaction between the
adsorbing interfaces. In the next section, we first focus on providing evi-
dence for the first conjecture: namely, the thin wetting film associated with
aqueous drops.

4.4.1 Molecularly Thin Film
To test the idea whether there is indeed a thin precursor layer of water
spreading ahead of the contact line, we performed a series of experiments
using imaging ellipsometry. Figure 4.6 shows the monochrome images of
mica immersed in decane with a 1M NaCl and a 1M CaCl2 drop on it (all
the measurements are performed 4 hours after depositing the drop thus al-
lowing the drop sufficient time to spread). The fact that in both these cases
we observe a clear three phase contact line, implies that in all our experi-
ments under various salt concentration and pH conditions, we have a par-
tial wetting situation. The wetting alteration observed in the experiments is
a gradual divergence from a ‘thick’ to a ’thin’ wetting film. We will discuss
the role of van der Waals attraction as the origin of this partial wetting in
greater detail in Chapter 5 and 6.

The thickness of the nm-thick film next to the wetting drops are calcu-
lated from the color map of ellipsometry experiments, as shown in Fig.4.7.
For a bare mica substrate in decane, we obtain a rather homogeneous thick-
ness of (0.5±0.15) nm, averaged over an area of 1 mm2 in the centre of our
field of view (2x2 mm2, Fig.4.7a). The adsorption of water molecules on the
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Figure 4.6: Monochrome ellipsometry images of 1 M NaCl and 1 M CaCl2 (both
at pH 6) drops on mica in decane, depicting partial wetting situations in both
cases.

mica surface creating such a hydration layer originates from the water satu-
rating the decane (5x10−5 g/L, at 25oC).

For a 2 µl drop of CaCl2 solution (pH∼6, 1M conc.) on mica in decane,
the drop has a finite macroscopic contact angle of approximately 5o (±1o

). The 3-phase contact line for this drop is clearly visible, as shown in the
upper left corner of Fig.4.7b. The corresponding aqeous film has a thick-
ness of (0.6±0.25) nm, which is comparable to the thickness of the aque-
ous film found on bare mica immersed in decane. The situation changes
completely, however, when we deposit a drop of NaCl (pH∼6, 1M conc.)
solution. In this case, the tiniest amount of liquid spreads out macroscop-
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Figure 4.7: Thickness maps for (a) bare mica (b) aqueous drop of 1 M CaCl2
(pH=6) on mica and (c) aqueous drop of 1 M NaCl (pH=6) on mica; all exper-
iments in ambient decane. The outlines of the drops are visible for CaCl2 and
NaCl cases.
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ically very quickly, as expected from our goniometry experiments and the
proposed mechanism. Still, the spreading eventually slows down and it is
possible to detect the edge of the now very large drop, which is very weakly
curved at the top of Figure 4.7c. We see that there is a precursor layer with
a thickness of approximately 10 nm close to the drop. Upon moving away
from the drop, this thickness decreases to values of less than 1 nm over a
macroscopic distance of approximately 1 mm. This gradient suggests that
the drop has not yet reached its final equilibrium shape since at equilibrium
we expect a wetting film of constant thickness. (We could not reach this sit-
uation in our experiments since the spreading process is very slow).
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Figure 4.8: Equilibrium thickness of the aqueous film on mica in ambient de-
cane (h0) versus the distance away from the contact line (of the drop) for bare
mica (dark blue); various concentrations of CaCl2 in the aqueous phase:1 M
(light blue), 500 mM (pink), 250 mM (light green) and 100 mM (red); 1 M NaCl
(black) with the scatter for this last case shown (grey datapoints). All the aque-
ous drops are at a pH of 6. The arrow and the letter ‘c’ denote the direction of
increasing CaCl2 concentration.
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Figure 4.8 summarizes the results of the average thickness of the water
film as a function of distance from the edge of the drop (CaCl2, NaCl) and
position (bare substrate), respectively. In this plot, we also present addi-
tional data at various CaCl2 concentrations to explore the evolution of the
thickness upon approaching the wetting transition. The data confirm the
proposed behavior of the wetting film in the vicinity of the wetting transi-
tion, which is in agreement with our proposition of the wetting mechanism.
As the ionic strength (molar concentration) of CaCl2 decreases, the drops
of its aqueous solution spread more on the solid surface, and we observe
an increasing water layer thickness. Decreasing attraction (or increasing re-
pulsion in the thin film) between the interfaces explains this thickness be-
haviour, whereas the strength of attraction depends on the available number
of cations to bind to the mica surface (adsorption) i.e., the salt concentration
in the aqueous phase.

Thus, the wetting alteration is actually a ‘thick to thin’ transition [15, 23]
depending on certain conditions or interactions in the thin aqueous film.
In the Mechanism section, we proposed that the surface charge reversal at
mineral-aqueous interface would cause an attractive interaction in the pre-
cursor film, leading to a partial wetting regime. In the following section,
we present experimental investigation of surface charge mica-water and oil-
water interfaces.

4.4.2 Surface Charge Measurement

To test the hypothesis of charge reversal, we performed extensive ζ-potential
measurements for the specific conditions of our contact angle experiments.
The ζ-potential of the interface between mica and NaCl solutions is found to
depend only moderately on pH and rather weakly on the salt concentration
(Fig.4.9a). Increasing salt concentration by a factor of thousands increases
the negative ζ-potential by merely 20-50%, depending on pH. For CaCl2 so-
lutions in mica, in contrast, the concentration dependence is much stronger
(Fig.4.9b). While the pH-dependence is equally weak, the ζ-potential de-
creases from values around -40 to -50 mV down to values of <-10 mV , even
approaching zero at the lowest pH upon increasing the salt concentration
from 1 mM to 30 mM. In fact, according to [22], the mica-water interface
charge σsw is expected to reverse charge close to the highest concentrations
investigated here. Atomic resolution AFM investigation (Figure 4.10) also
captures stronger adsorption with CaCl2 in comparison to NaCl. However,
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Figure 4.9: ζ-potential at mica-water interface vs pH of aqueous (a) NaCl and
(b) CaCl2 solution at various salt concentrations: 1 mM (dark cyan downward
triangles), 10 mM (red circles), 30 mM (olive diamonds) and 100 mM (blue
triangles). The symbols are average of 5 independent experiments under iden-
tical conditions with the standard error shown. The straight lines are guide to
the eye. The arrows with the letters ‘c’ denote the direction of increasing salt
concentration.

we could not observe any reversal of the sign of the ζ-potential in our exper-
iments, even at higher concentrations of CaCl2.

Measuring the surface charge of liquid oil-water interfaces is more chal-
lenging than for solid-liquid interfaces. In fact, it is not possible to measure
this using a conventional streaming potential apparatus. However, inter-
facial charges of polymer-water interfaces for weakly polarizable polymers
are usually found to depend rather weakly on the specific polymer. Hence,
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( )b( )a

Figure 4.10: AFM images of mica-water interface showing the characteristic
hexagonal lattice of mica in 100 mM NaCl solution (a), and a rectangular sym-
metry caused by (presumably hydrated) adsorbed Ca2+ ions in 100 mM CaCl2
(b). Insets: filtered zoomed views with overlaid lattice structure (top) and Fast
Fourier Transform image of the same data (bottom). Measurements by I. Sire-
tanu.

we decided to replace the liquid alkanes in our wetting experiments by a
chemically identical alkane with a somewhat higher molecular weight that
is solid at room temperature. We therefore coated a silicon wafer with a thin
film of eicosane (C20H42) using spin coating and used this sample in con-
tact with water as a substitute for decane. The corresponding values of the
ζ-potential are shown in Figure 4.11. Indeed the ζ-potential at this interface
is negative, throughout the entire range of pH and concentrations of both
NaCl and CaCl2 salts investigated, including up to 100 mM CaCl2.

Thus, the streaming potential measurements indicate that the oil-water
interface is negatively charged irrespective of a monovalent or a divalent
cationic salt in the aqueous phase but are not conclusive regarding the charge-
reversal at mica-water interface in the presence of divalent cationic salts. We
note, however, that streaming potential measurements become increasingly
unreliable for increasing salt concentrations. We presume that this is caused
by the fundamental limitation of the electrokinetic approach and the appli-
cability of the Smoluchowski equation that is used here (and in all common
devices) to extract the ζ-potential from streaming potential measurements.
As the salt concentration increases, the Debye layer at the solid-aqueous in-
terface is increasingly compressed. This leads to a reduced correlation be-
tween the ζ-potential and the streaming potential.
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Figure 4.11: ζ-potential at eicosane-water interface vs pH of aqueous NaCl
(open symbols) and CaCl2 (closed symbols) solution at various salt concen-
trations: 1 mM (dark cyan downward triangles), 10 mM (red circles), 30 mM
(olive diamonds) and 100 mM (blue triangles). The symbols are the average of
5 independent experiments under identical conditions with the standard error
shown. The straight lines are to guide the eye. The arrow with the letter ‘c’
denotes the direction of increasing salt concentration.

Force spectroscopy measurements are more reliable in this context of sur-
face charge measurement and AFM experiments have captured the charge-
reversal at mica-water interface as we switch from a monovalent cation to
a divalent cation in the salt solution (Fig.4.12, [24]). When the monovalent
cation in the aqueous phase is replaced by a divalent cation, the adsorption
at mica surface is more pronounced. For Ca2+, above a certain concentra-
tion∼30mM and pH, the surface charge on mica clearly changes its sign. We
conclude that the charge of our oil-water interfaces remains negative under
all conditions of our wetting experiments, whereas the mica-water interface
switches from negative to positive surface charge at sufficiently high Ca2+

concentrations and pH, in agreement with the observed wetting transition.
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Figure 4.12: Surface charge (σ) at the interface between mica and an aqueous
solution of: NaCl (open symbols) and CaCl2 (closed symbols). The symbols
are experimental datapoints based on 3 independent AFM experiments under
identical conditions. The straight lines are to guide the eye. Figure reproduced
with permission from [24].

4.5 Concluding Remarks

We have investigated and demonstrated wetting alteration of aqueous salt
solution on two different mineral surfaces in ambient decane. We observe
that a transition from near-zero contact angle to a finite contact angle (up
to ∼ 10o) occurs on mica as we switch from a monovalent cation (Na+ or
K+) to a divalent cation (Ca2+). Though the influence of a divalent species
on charge reversal of a negatively charged mineral surface has been investi-
gated before, in this chapter we have reported for the first time evidence of
a transition in macroscopic contact angles for a mica-oil-water system influ-
enced by the charge reversal at mica-water interface.

This transition from near-zero to a finite contact angle takes place above
a threshold concentration of the divalent cation. For Ca2+, finite contact
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angles are measurable for concentrations > 50 mM. We have conclusively
shown that the wetting phase exists as a thin film, and have pointed out that
the macroscopic wetting pattern in our experiments and especially the wet-
ting alteration is intricately related to the thickness of this film. The surface
charge at the mica-water interface as well as oil-water interface plays a role
in determining the electrostatic contribution in this film, as is evident from
our streaming potential as well as AFM investigation.

We have mentioned influence of the electrostatic contribution in the thin
film at various sections of this chapter, and also referred to the nature of in-
teraction between two interfaces based on such contributions. However, we
have not yet elaborated this point or investigated the influence of the inter-
action (between two adsorbing interfaces) upon the various wetting states
of the aqueous phase. In the following chapter, we will formulate the theo-
retical framework in order to address the interaction potential between our
interfaces, and especially the role of electrostatics in such interactions.



80 4. ION-INDUCED WETTING TRANSITION



Bibliography

[1] J. Yuan, X. Liu, O. Akbulut, J. Hu, S. L. Suib, J. Kong, and F. Stellacci.
Superwetting nanowire membranes for selective absorption. Nat Nano,
3(6):332–336, 2008.

[2] S. Berg, H. Ott, S. A. Klapp, A. Schwing, R. Neiteler, N. Brussee,
A. Makurat, L. Leu, F. Enzmann, J. Schwarz, M. Kersten, S. Irvine, and
M. Stampanoni. Real-time 3d imaging of haines jumps in porous media
flow. Proceedings of the National Academy of Sciences of the United States of
America, 110(10):3755–3759, 2013.

[3] J. Murison, B. Semin, J. Baret, S. Herminghaus, M. Schroeter, and
M. Brinkmann. Wetting heterogeneities in porous media control flow
dissipation. Physical Review Applied, 2(3).

[4] X. Tian, H. Jin, J. Sainio, R. H. A. Ras, and O. Ikkala. Droplet and fluid
gating by biomimetic janus membranes. Advanced Functional Materials,
24(38):6023–6028, 2014.

[5] T. Wong, S. Hoon Kang, Sindy K. Y. Tang, Elizabeth J. Smythe, Ben-
jamin D. Hatton, A. Grinthal, and J. Aizenberg. Bioinspired self-
repairing slippery surfaces with pressure-stable omniphobicity. Nature,
477(7365):443–447, 2011.

[6] A. R. Kovscek, H. Wong, and C. J. Radke. A pore-level scenario for
the development of mixed wettability in oil-reservoirs. Aiche Journal,
39(6):1072–1085, 1993.

[7] X. Zhao, M. J. Blunt, and J. Yao. Pore-scale modeling: Effects of wetta-
bility on waterflood oil recovery. Journal of Petroleum Science and Engi-
neering, 71(3-4):169–178, 2010.

[8] L. W. Lake. Enhanced Oil Recovery. Prentice Hall, 1989.



82 BIBLIOGRAPHY

[9] A. Muggeridge, A. Cockin, K. Webb, H. Frampton, I. Collins,
T. Moulds, and P. Salino. Recovery rates, enhanced oil recovery and
technological limits. Philosophical Transactions of the Royal Society a-
Mathematical Physical and Engineering Sciences, 372(2006), 2014.

[10] G. Q. Tang and N. R. Morrow. Influence of brine composition and fines
migration on crude oil/brine/rock interactions and oil recovery. Journal
of Petroleum Science and Engineering, 24(2-4):99–111, 1999.

[11] H. Aksulu, D. Hamso, S. Strand, T. Puntervold, and T. Austad. Evalu-
ation of low-salinity enhanced oil recovery effects in sandstone: Effects
of the temperature and ph gradient. Energy & Fuels, 26(6):3497–3503,
2012.

[12] J. J. Sheng. Critical review of low-salinity waterflooding. Journal of
Petroleum Science and Engineering, 120:216–224, 2014.

[13] J. Matthiesen, N. Bovet, E. Hilner, M. P. Andersson, D. A. Schmidt, K. J.
Webb, K. N. Dalby, T. Hassenkam, J. Crouch, I. R. Collins, and S. L. S.
Stipp. How naturally adsorbed material on minerals affects low salinity
enhanced oil recovery. Energy & Fuels, 28(8):4849–4858, 2014.

[14] A. Lager, K. J. Webb, C. J. J. Black, M. Singleton, and K. S. Sorbie.
Low salinity oil recovery - an experimental investigation1. Petrophysics,
49:28–35, 2006.

[15] P.G. de Gennes. Wetting: statics and dynamics. Rev. Mod. Phys.,
57(3):827–863, 1985.

[16] R. Aveyard and S. M. Saleem. Interfacial tensions at alkane-aqueous
electrolyte interfaces. Journal of the Chemical Society, Faraday Transactions
1: Physical Chemistry in Condensed Phases, 72(0):1609–1617, 1976.

[17] P. K. Weissenborn and R. J. Pugh. Surface tension of aqueous solutions
of electrolytes: Relationship with ion hydration, oxygen solubility, and
bubble coalescence. Journal of Colloid and Interface Science, 184(2):550–
563, 1996.

[18] A. P. dos Santos, A. Diehl, and Y. Levin. Surface tensions, surface po-
tentials, and the Hofmeister series of electrolyte solutions. Langmuir,
26(13):10778–10783, 2010.



BIBLIOGRAPHY 83

[19] R. M. Pashley and J. N. Israelachvili. DLVO and hydration forces be-
tween mica surfaces in Mg2+, Ca2+, Sr2+, and Ba2+ chloride solutions.
Journal of Colloid and Interface Science, 97(2):446–455, 1984.

[20] J. K. Beattie. The intrinsic charge on hydrophobic microfluidic sub-
strates. Lab on a Chip, 6(11):1409–1411, 2006.

[21] J. Luetzenkirchen, T. Preocanin, and N. Kallay. A macroscopic water
structure based model for describing charging phenomena at inert hy-
drophobic surfaces in aqueous electrolyte solutions. Phy. Chem. Chem.
Phys., 10:4946, 2008.

[22] P. Kekicheff, S. Marcelja, T.J. Senden, and V.E. Shubin. Charge reversal
seen in electrical double layer interaction of surfaces immersed in 2:1
calcium electrolyte. Jour. Chem. Phys., 99:6098, 1993.

[23] D. Bonn, J. Eggers, J. Indekeu, J. Meunier, and E. Rolley. Wetting and
spreading. Reviews of Modern Physics, 81(2):739–805, 2009.

[24] N. Kumar. Surface charge characterization of heterogeneous rock/clay mate-
rials. Thesis, 2016.



84 BIBLIOGRAPHY



CHAPTER 5

Electrostatic Modelling of Ion
Adsorption Induced Wetting

Transition

Abstract
In the previous chapter, we showed that electrostatic forces between a mineral sub-
strate and the oil-water interface play a key role in determining the wetting behavior
of the system. However, the surface charge of these interfaces is often unknown, as
it depends on several competing adsorption and desorption processes, which are not
completely understood even for a standard adsorbing interface. In this chapter, we
provide a description of this phenomenon. First we numerically solve the Poisson
Boltzmann equation with constant charge boundary conditions. Based on the calcu-
lated surface charge, we derive the interface potential in the wetting film and obtain
quantitative agreement with the experimental contact angles at the expense of some
fitting parameters. Subsequently, we apply a linearized charge regulation model,
which is justified for several systems of scientific interest, and allows a unified de-
scription of different substrates. We obtain analytical expressions for the wetting
thresholds from an oil-wet to a water-wet behavior, and the value of contact angles
for the finite wettability configurations. This approach describes each interface with
only two parameters, each of which has a clear physical meaning and can be related
to the chemistry of each substrate.

Parts of this chapter have been published as:
1. F. Mugele, B. Bera, A. Cavalli, I. Siretanu, A. Maestro, M. H.G. Duits, M. A. Cohen-Stuart,
Dirk van den Ende, I. Stocker & I. Collins. Ion adsorption-induced wetting transition in oil-
water-mineral systems. Nature Scientific Reports, 5, DOI: 10.1038/srep10519 (2015).
2. A. Cavalli, B. Bera, H.T.M. van den Ende & F. Mugele. An analytic model for the electro-
wetting properties of oil-water-solid systems. Physical Review E, Under review (2016).
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5.1 Introduction

In Chapter 4, we reported a thick to thin wetting transition for a decane-
water-mica system [1], which was induced by modifying the salt concen-
tration in the water. The transition is triggered by the positive charging of
the mica substrate upon absorption of divalent Ca2+ cations. This is not
observed for monovalent NaCl salt solutions. We have established in the
previous chapter that electrostatic interactions are particularly relevant in
determining the wetting behavior of an oil-water-rock system. We intro-
duced the concept of interaction potential Φ(h) between two interfaces in
the context of our wettability alteration experiments. We discussed that the
character (attractive or repulsive) and strength of these interactions vary sig-
nificantly depending on the nature of the substrate, and are modified by the
presence of different ionic species.
In Chapter 2, we have discussed various wetting configurations in detail,
and described the interaction potentials associated with these configura-
tions. In the present chapter, we are going to use a theoretical model in
order to investigate the role of electrostatic interactions on Φ(h), the effect
of assuming specific boundary conditions upon Φ(h) for a realistic system,
and finally, the influence of Φ(h) on the contact angles. We are going to use
a Poisson-Boltzmann (PB) equation [2] approach to describe the electrostatic
part of our ion-adsorption model. We use a complexation approach to de-
scribe the surface chemistry in this model.
The calculation of this electrostatic interaction potential is dependent on the
assumptions about the individual interfaces which provide the boundary
conditions for the PB equation. Many investigations of interaction poten-
tial between two ion-adsorbing interfaces have been carried out through the
last half a century, with constant charge (CC) boundary conditions [3], or
with constant potential (CP) [4] boundary conditions, or even a mixture of
these boundary conditions (CC-CP or CP-CC etc.) or a modified PB equation
[5]. The charge regulation (CR) boundary condition is usually considered
the most plausible assumption [6, 7] for ion-adsorbing interfaces, since it is
expected that the binding of ions will lead to a ‘non-fixed’ surface charge,
which depends on the electrostatic potential between the two interfaces.
We are going to focus on some of these boundary conditions in order to com-
ment on the implication of assuming a particular set of boundary conditions
on a realistic system. We begin with a numerical solution of the PB equation
approach using constant charge (CC) boundary conditions, where the goal
is to fit the experimental contact angles with our model. Subsequently, we
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have used a linearized charge-regulation (CR) boundary condition [8] in or-
der to keep the model purely analytical. We scan a wide parameter space,
tuning the boundary conditions continuously in order to gain insight into
the suitability of a specific boundary condition.

5.2 Complexation Model
We start with the adsorption picture in a wetting film, as described in Chap-
ter 2. An aqueous wetting film of thickness h intercedes between the solid
and the oil phases (Figure 5.1), where adsorption of ions occurs at the in-
dividual interfaces. Both solid-water and oil-water interfaces can bind ions
and acquire surface charge densities σ1 and σ2, respectively. We consider
only the minerals which acquire a negative charge at the interface when in
contact with a saline aqueous phase (e.g., mica, silica). Mica obtains a neg-
ative charge in an aqueous solution when the K+ in the crystal structure is
dissociated: SK 
 S−+K+, where S− denotes the sites at the interface. Sil-
ica, on the hand, becomes negatively charged in aqueous solution through
the deprotonation reaction: SH 
 S−+H+. Now, we will take two adsorp-
tion reactions on the surface into account. First, we consider the protonation
of mica/re-protonation of silica surface:

SH 
 S− +H+ (5.1a)

with the equlibrium constant KH given as:

KH =
{S−}[H+]

{SH}
(5.1b)

where, {A} is the surface density of species A (in sites/nm2) and [B] is the
volume density of species B (in mol/l). Now we assume that the S− sites
are occupied by a cation C with valency Zc through adsorption:

S− + C(Zc)+ 
 SC(Zc−1)+ (5.2a)

In this case the corresponding equilibrium constant is given by:

KC =
{S−}[C(Zc)+]

{SC(Zc−1)+}
(5.2b)
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Figure 5.1: Schematic of an aqueous wetting film between two adsorbing plate-
like interfaces (mica and oil) along with the ion distribution.

Then, recalling that the total site density (Γ) is constant, we can write the
sum of all surface concentration contributions as:

{S−}+ {SH}+ {SC(Zc−1)+} = Γ (5.3)

From this system of equations, we can find the values of {S−}, {SH}
and {SC(Zc−1)+}, which, in turn, provide the surface charge σs at the in-
terface, originating from chemical reactions considered, and is given by the
following expression:

σs =
eΓ( (Zc−1)[C(Zc)+]

KC
− 1)

1 + [H+]
KH

+ [C(Zc)+]
KC

(5.4)

Now, we can relate the volume density of the cation [C(Zc)] and of the
proton [H+] at the interface with their respective bulk concentrations, using
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the Boltzmann distribution:

[H+] = [H+]∞ exp(− eφs
kBT

) (5.5a)

[C(Zc)+] = [C(Zc)+]∞exp(−
Zceφs
kBT

) (5.5b)

Substituting Eq.5.5a and Eq.5.5b in Eq.5.4, we obtain the expression for
σs:

σs(φs) =
eΓ(

(Zc−1)[C(Zc)+]∞exp(−ZceφskBT
)

KC
− 1)

1 +
[H+]∞exp(− eφs

kBT
)

KH
+

[C(Zc)+]∞exp(−ZceφskBT
)

KC

(5.6)

Thus, when we know the total site density (Γ) of the mineral phase, we
can obtain a specific relation between the surface charge σs for specific val-
ues of KH and KC and known bulk concentrations of cations.

For the oil-water interface, autolysis of water is considered to be the pri-
mary charge generation mechanism: H2O 
 H+ + OH−. We assume that
both H+ and OH− ions are generated at the interface, but the OH− ion dif-
fuse away at a slower rate than the H+ ions, causing the negative charge [9].
It is also assumed that the proton and cation adsorption at this interface is
much weaker compared to the solid substrate, and is negligible. Thus, us-
ing the appropriate pK values of OH− and H+, we arrive at an expression of
surface charge at the oil-water interface, which is similar to the expression
in Equation 5.6:

σow(φow) = −{OH−} = eΓow
−1

1 +
[H+]∞exp(− eφs

kBT
)

KH,w

(5.7)

where, Γow is the site density for adsorption at oil-water interface, while
KH,w is adsorption equilibrium constant for autolysis reaction.

In Chapter 4, we have described the experimental investigation of mica
surface charge using the streaming potential method and atomic force mi-
croscopy. In Figure 5.2, these surface charge values (circles) were compared
with the surface charge calculated from the complexation model (solid lines)
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Figure 5.2: Mica surface charge (dimensionless) calculated from ζ-potential
measurements (circles) vs. concentration of solutions of NaCl (red) and CaCl2
(blue) at pH 6. Solid lines: surface complexation model predictions with
pKNa+= 4, pKCa2+= 1.5 and pKH+= 5.9 [10]. Blue triangles: AFM data from
[11]: blue squares [12], red triangles [10], red squares [13]: SFA measurements.
The charge density is normalized by the characteristic scale σ0 arising from the
PB equation, σ0 = εε0kBTκD/e, where κD is the Debye parameter.

described above using parameters from [10]. The red circles and the red line
correspond to experiments and calculations for the mica-NaCl interface at
pH 7, while the blue circles and blue line correspond to mica-CaCl2 interface
at the same pH. The agreement is corroborated with other surface force ap-
paratus (SFA) and AFM studies as well [10, 12]. As expected and described
in Chapter 4, for NaCl salt solution, a negative surface charge prevails on
mica even at a concentration much higher than our experimental limit (1M).
For CaCl2, on the other hand, the complexation model estimates a stronger
adsorption, resulting in a charge-reversal at ∼ 50 mM salt concentration.

The surface complexation model, however, estimates a negative surface
charge at the oil-water interface irrespective of the cation valency or salt con-
centration. According to the complexation model, the oil-water interface is
always negatively charged above pH 4. The comparison of the experimental
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Figure 5.3: Decane-water ζ-potential calculated from complexation models
(solid lines) vs pH of aqueous phase containing CaCl2 at various concentra-
tions: 1 mM (dark cyan), 10 mM (red) and 100 mM (black). Adsorption con-
stants for complexation model are: pKNa+= pKCa2+= -1, pKH+= 7 [14]. The
symbols denote streaming potential measurements for eicosane-water inter-
face where the aqueous phase contains CaCl2 at the same concentrations.

ζ-potential values obtained at eicosane-water interface (solid symbols, de-
scribed in detail in chapter 4) and the decane-water interface ζ-potential ob-
tained from the complexation model (solid lines) is shown in Figure 5.3. The
agreement between the experimental ζ-potential values and the estimated
values from the model is poor. One of the reasons is that the experimental
system is eicosane (C20H42), which has a higher number of carbon atoms in
the chain and is a solid at room-temperature, while the complexation model
estimations are for decane interface based on the wetting experiments. An-
other reason in the disagreement between the experimental and the calcu-
lated values might be the inadequacy of a simplistic cation depletion model
for a hydrophobic interface. We have simulated the hydrophobic interface
as an interface with cation depletion and subsequent OH− adsorption, thus
leading to a negative charge at the interface. Recent studies [14] have shown
that more complex adsorption reactions should be accounted for a realistic
description of the oil-water interface. However, we will show in the follow-
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ing sections that the presence of a wetting transition is independent of the
exact model implementation, especially at the oil-water interface.

5.3 Constant Charge Model

Now that we have found a relation between the surface charge σs and the
surface potential φs, for both the mineral-water and the oil-water interfaces,
we can derive an expression for the electrostatic potential φ in the film. We
solve the PB equation between these two interfaces using these σs or φs val-
ues as boundary conditions:

∂2φ

∂z2
= − e

εε0

∑
i

Zi[Ci]∞exp(−
Zieφ

kBT
) (5.8)

We have used a constant charge (CC) boundary condition for solving
Equation 5.8:

∂φ

∂z

∣∣∣∣
z=0

= −σs1,∞ (5.9)

∂φ

∂z

∣∣∣∣
z=h

= σs2,∞ (5.10)

where, σs1,∞ and σs2,∞ are surface charges of interfaces 1 (solid-water)
and 2 (oil-water), respectively. These values follow from Grahame’s equa-
tion assuming that the two interfaces are far away from each other.

The reason for using a constant charge (CC) model is that the PB equa-
tion to be solved already requires numerical solution and charge regulation
(CR) boundary condition adds complication to this numerical solution. We
will observe later in the Discussion section, that this approximation is ade-
quate for a certain range of pH and salt concentrations.

Once φ is calculated from this equation, the disjoining pressure Πel is
given by: Πel(z) = εε0

2 [κ2
Dφ

2 − (∂φ∂z )2], and subsequently, the electrostatic
contribution of the interaction potential between the interfaces is given by:
Φel(h) = −

∫ h
∞Πel(x)dx.

We also account for the contribution of van der Waal’s forces ΦvdW (h)
and contribution of short-range chemical hydration forces Φhyd(h):Φ(h) =
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Φel(h) + ΦvdW (h) + Φhyd(h). The van der Waal’s forces contribution is ex-
pressed as: ΦvdW (h) = A

12πh2
, where A is the Hamaker constant. Generally,

A varies very weakly with pH and salt concentration, and they are not ex-
pected to change sign for our experiments. We use a Hamaker constant
A=-0.4 × 10−21, where the choice of A is restricted by the experimental con-
straint that contact angles for NaCl and KCl, for all salt concentrations and
pH, should not exceed 2o. This negative Hamaker constant implies long
range partial wetting, which arises from the fact that water has a lower
refractive index than both mica and oil. Φhyd(h), the hydration contribu-
tion, is assumed as an exponentially decaying function and is given by:
Φhyd(h) = Φ0

hydexp(−h/λ). The amplitude Φ0
hyd of this function is of the

order 10....50 mJ/m2, and the decay length λ < 1 nm [11, 15].
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Figure 5.4: Effective interface potential for surface charges of equal (left, red
lines, mica-NaCl solution at pH 6-oil) and of opposite sign (right, blue lines,
mica-CaCl2 solution at pH 6-oil), leading to near-zero and finite contact an-
gles, respectively. Lines denote salt concentrations: 1mM (dashed lines), 10mM
(dotted lines) & 100mM (solid lines). The arrows with the letter c denote the
direction of increasing salt concentration.

Adding up all the contributions, we find that for sufficiently high diva-
lent cation concentrations (for example, the case of Ca2+ shown in Figure
5.4, right), Φ(h) indeed develops a pronounced minimum at small h0, cor-
responding to water contact angles up to 10o. For Na+ and K+ (Fig.5.4,
left), however, a very shallow minimum corresponding to a small but finite
contact angle appears, due of the dominance of attractive van der Waals in-
teractions (i.e. A < 0) for large film values of h.
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We recall the relation γso = γsw + γow + Φ(h0) from Chapter 4, where γso,
γsw and γow are the interfacial tensions at mineral-oil, mineral-water and oil-
water interfaces, respectively. Using Young’s equation, this relation can be
rewritten as:

cos θ = 1 +
Φ(h0)

γow
(5.11)

Here, Φ(h0) is the total interaction potential between the mica-water and
oil-water interfaces with an aqueous film of constant thickness h0. Figure
5.5a shows the contact angles calculated for CaCl2 drops at various salt con-
centrations and pH, which seems to have captured all the salient features
of our experimental observations of θ for similar conditions (Fig.5.5b, which
shows the experimental datapoints connected with smoothed interpolation
lines), including in particular the transition from near zero contact angles
at low divalent ion concentration and pH to values of θ ∼10o at high Ca2+

concentration and pH. For monovalent cations on mica and for all salts on
silica, the same calculation invariably results in repulsive electrostatic forces
and hence negligibly small contact angles (< 2o).

5.4 Linearized Charge Regulation Model

The model described so far requires numerical solution in order to calcu-
late the electrostatic potential from the PB equation using constant charge
(CC) boundary conditions, and for the subsequent calculation of disjoining
pressure and interaction potential. In this section, we analyze the same sys-
tem using a linearized PB equation, with a linearized charge regulation (CR)
boundary condition. This approach will allow us to build a purely analytical
model. In this section, we do not consider the van der Waal’s or hydration
contributions of the interaction potential, and we focus on the electrostatic
effect in our solid-water-oil system.

The linearized PB (or Debye-Huckel) equation with the charge regula-
tion (CR) boundary condition is given by:
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Figure 5.5: Gray scale encoded contact angle on mica in decane vs. pH
and CaCl2 concentration. Top: model prediction with Constant Charge (CC)
boundary condition; bottom: experimental data. Symbols (x: θ < 2o) and
numbers: experimental data same as Figure 4.2 with interpolated gray scale.
Smoothed lines are guides to the eye based on the experimental datapoints.
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∂2φ

∂z2
= κ2

Dφ

∂φ

∂z

∣∣∣∣
z=0

= −σ1(φ1)

∂φ

∂z

∣∣∣∣
z=h

= σ2(φ2)

(5.12)

The choice of the Debye-Huckel approximation allows two dramatic sim-
plifications of the problem. First, the equation keeps the same form for an
arbitrary mixture of (m:n) monovalent or divalent electrolytes, as the contri-
bution of the different species appears only through the ionic strength in κD.
Secondly, it is easier to find a suitable ansatz for the electrostatic potential in
the electrolyte between the interfaces,

φ(z) = A exp(κDz − κDh) +B exp(−κDz) (5.13)

Despite the significant simplification introduced by linearizing the PB
equation, the CR boundary conditions prevent us from finding an analytic
expression for the coefficients A and B. An order zero approximation would
be to assume that each interface keep its charge at infinite separation, i.e.
σi(φ) = σi,∞. This is a rather crude assumption, as it neglects any ef-
fect from the other interface. We thus take a further step, and consider
the linearized approximation. We have already introduced the charge reg-
ulation (CR) boundary condition in the previous section: σs = f(φs) [7].
Now a linearized approximation of this relation can be written as: σs(i) =
(S(i)−K(i)φs(i))[8], where S & K are the two constants describing the reg-
ulating surface. Hence, the boundary conditions are given by:

−∂φ
∂z

∣∣∣∣
z=0

=
( S1

εε0
− K1φ|z=0

εε0

)
; (5.14a)

∂φ

∂z

∣∣∣∣
z=h

=
( S2

εε0
− K2φ|z=h

εε0

)
(5.14b)

where S(i) = σ(φs,∞(i)) − φs,∞(i)[∂σ(φ)
∂φ ] and K(i) = −[∂σ(φ)

∂φ ] (φs,,∞ is the
surface potential of an isolated surface in electrolyte, i.e., at infinite separa-
tion).
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Thus, solving Equation 5.12 with the bounday conditions in Equation
5.14a and Equation 5.14b (see Appendix), we obtain the electrostatic poten-
tial in the film:

φ(z) =
φ2,∞ −∆2φ1,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
exp(−κD(h− z))

+
φ1,∞ −∆1φ2,,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
exp(−κDz)

(5.15)

where, the parameter ∆i is given by Ki−κDεε0
Ki+κDεε0

and surface potential of an
isolated surface in electrolyte, φi,∞ is given by Si

Ki+κDεε0
. Here, that ∆i = 1

denotes the constant surface potential boundary condition and ∆i = −1
represents the constant surface charge boundary condition. The disjoining
pressure in the film is given by:

Πel(z) =
εε0
2

[κ2
Dφ

2 − (
∂φ

∂z
)2]

= 2εε0κ
2
D[

2φ1,,∞φ2,∞ exp(−κDh)− [∆1φ2,∞
2 + ∆2φ1,∞

2] exp(−2κDh)

(1−∆1∆2 exp(−2κDh))2

− φ1,∞φ2,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
]

(5.16)

and the electrostatic contribution of the interaction potential is given by:

Φel(h) = −
∫ h

∞
Πel(x)dx

= εε0κD[
2φ1,∞φ2,∞ exp(−κDh)− [∆1φ2,∞

2 + ∆2φ1,∞
2] exp(−2κDh)

1−∆1∆2 exp(−2κDh)
]

(5.17)

One might ask if the linearization procedure is suitable for our exper-
imental mineral-water-oil systems. In order to answer this question, we
need to briefly discuss the structure of the σ(ψ) curve for the interfaces un-
der consideration. As we have described already in section 5.2, the surface
chemistry of the solid-water interface is captured by the surface complexa-
tion modeling. In this model, each surface site S can bind a proton H+ or a
cation CZc . This results in a distinct profile for the σ(ψ) function, which is
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Figure 5.6: (a) σ(ψ) profile for the mica-water interface, based on the complexa-
tion model. The adsorption coefficients are pKH = 4 and pKCa2+ = 1.5, for site
density Γmica = 0.8 sites/nm2. (b) σ(ψ) profile for the oil-water interface, based
also on the complexation model. The autolysis reaction coefficient is pKH = 7,
for site density Γoil = 17.3 sites/nm2. Both curves are obtained for pH=6 and
Ca2+ bulk concentration [Ca2+]∞ = 100 mM.

sketched in Figure 5.6.σ(ψ) shows two plateaus, corresponding to a fully de-
protonated substrate, with charge σmin, and a fully saturated one, of charge
σmax. As the dashed red line shows, this kind of behavior can be quite ac-
curately captured by a piecewise linear approximation, with two constant-
charge (∆ = −1) regions and a linear transition among them.
As explained in the previous chapter, as well as in the Model section 5.2
[9, 14, 16], the surface charge at the oil-water interface can be described by
enhanced water autolysis at the oil-water interface, described by equation:

S ≡ H2O 
 S ≡ OH− +H+ (5.18)

resulting in the surface charge profiles shown in Figure 5.6b. According to
this description, the oil-water interface is neutral at large negative potentials,
and develops a negative charge for increasing positive potential. For both
interfaces, the details of σ(ψ) depend on the specific chemistry of the sur-
face, i.e. the equilibrium constant for each absorption/desorption reaction.
However, the character of these curves, with plateaus connected by sharp
transitions, is rather universal, and can be traced back to the Langmuir ad-
sorption theory (described in chapter 2) underlying these surface chemistry
models. It is worth stressing the importance of this observation. Generally
speaking, a linearized approach is only valid for small perturbations to equi-
librium, with an infinite separation value charge density σ∞. However, the
specific nature of the interfaces we consider allow us to employ a piecewise
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linear description over the whole range of electrostatic potential. Here the
value of σ∞ then determines which linear regime is relevant for the system.

5.4.1 Wetting Phase-Space Analysis
In Chapter 2, we discussed four distinct wetting configurations for a solid-
fluid-fluid (rock-water-oil) system. These are: complete wetting (CW), par-
tial wetting (PW), pseudo-partial wetting (PP) and metastable wetting (M).
In the following section, we will investigate the implication of our linearized
system for these various wetting configurations. We will consider the wet-
ting behavior of a solid-water-oil system only as a function of the charge
regulation parameter ∆ and the surface charge of the interface at infinite
separation ψsi,∞.

First, we rewrite the disjoining pressure in non-dimensional form as:

Πel(h) = 4
e−κDh

(1−∆1∆2e−2κDh)
2[

ψ1,∞ψ2,∞ + ∆1∆2ψ1,∞ψ2,∞e
−2κDh −

[
∆1ψ

2
2,∞ + ∆2ψ

2
1,∞
]
e−κDh

]
.

(5.19)

The sign of Πel(h) is uniquely defined by the term in square brackets,
which is a quadratic polynomial in x = exp(−κDh):

π(x) =
[
ψ1,∞ψ2,∞ + ∆1∆2ψ1,∞ψ2,∞x

2 −
[
∆1ψ

2
2,∞ + ∆2ψ

2
1,∞
]
x
]
. (5.20)

The roots of π(x) are x± = { ψ2,∞
∆2ψ1,∞

,
ψ1,∞

∆1ψ2,∞.
}. The corresponding equilib-

rium film thicknesses are thus h± = {κ−1
D ln

∆2ψ1,∞
ψ2,∞

, κ−1
D ln

∆1ψ2,∞
ψ1,∞

}. This in-
formation allows us to draw some very general conclusions. If either h+ > 0
or h− > 0, the interface potential exhibits a local extremum. Note that both
solutions cannot be positive at the same time, as it would imply ∆1∆2 > 1,
which is impossible by construction. The interface potential will thus show
at most one local maximum or minimum. As Φel(∞) = 0, it is sufficient to
check the sign of the potential at h = 0 to distinguish between the two. If
neither h+ nor h− is positive, Φel(h) is monotonously attractive or repulsive.
Again, it is sufficient to check the sign of Φel(0) to discriminate the latter two
scenarios.
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5.4.2 Constant Charge and Constant Charge-like Inter-
faces - ∆1,2 < 0
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Figure 5.7: Phase-space maps for a) ∆1 = ∆2 = −1, and b) ∆1 = −0.75,
∆2 = −0.5. The color coding: red for complete wetting (CW), dark blue for
partial wetting (PW) and light blue for pseudo-partial wetting (PP).

We first consider the case ∆1,2 < 0. As an example, Figure 5.7 shows
the possible wetting configuration for ψ1,∞, ψ2,∞ ∈ [−1, 1], when (a) ∆1 =
∆2 = −1, and (b) ∆1 = −0.75, ∆1 = −0.5. If the charge of the two substrates
at infinite separation has the same sign, sign(ψ1∞) = sign(ψ2∞), one can
easily check that Πel(h) is always positive. The interaction of the interfaces
is thus always repulsive, leading to a complete wetting configuration. If
sign(ψ1,∞) 6= sign(ψ2,∞), Φel(h) shows a local minimum for ψ1,∞ > ψ2,∞/∆2

and ψ1,∞ < ∆1ψ2,∞. For ∆1ψ2,∞ < ψ1,∞ < ψ2,∞/∆2, the interface poten-
tial is monotonously attractive, leading to a partial wetting configuration.
We can get a physical picture of these results starting from the extreme case
of constant charge at both interfaces, ∆1,2 = −1. In this case, the surface
charge of each interface is not affected by the proximity of the other one.
This explain the repulsion between interfaces of same-sign surface charge,
and long-range attraction between opposite-sign interfaces. However, when
surface charges of different magnitude and sign are brought together, a net
charge will be localized between them, leading to a strong imbalance of
the local ionic concentration. Osmotic pressure will thus oppose the fur-
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ther approach of the interfaces, generating a strong short-range repulsion.
For this reason, constant charge interfaces exhibit partial wetting only when
ψ1,∞ = −ψ2,∞. In this case, the two surface charges match exactly, leading
to zero net charge when the interfaces are brought together. For the more
general case ∆1,2 < 0, a wider region of complete wetting configurations
appear, as the interfaces will charge-regulate to match their magnitude at
short separation, in order to avoid the energy-expensive configuration with
localized charge in a thin film. Whether the charge regulation results in a
pseudo-partial or partial wetting configuration depends on the ∆1,2 and the
imbalance ψ1,∞ − ψ2,∞. Large imbalances, and deltas close to one, lead to a
stronger short range repulsion.

5.4.3 Constant Potential and Constant Potential-like In-
terfaces - ∆1,2 > 0
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Figure 5.8: Phase-space maps for a) ∆1 = ∆2 = +1, and b) ∆1 = +0.75,
∆2 = +0.5. The color coding : red for complete wetting (CW), dark blue for
partial wetting (PW), and red-blue stripes for a metastable wetting state (M).

If the potential of the two substrates at infinite separation has the oppo-
site sign, we see that Πel(h) is always negative. The interaction of the in-
terfaces is thus always attractive, leading to a partial wetting configuration.
If the charge of the interfaces at infinite separation has the same sign, we
observe a local maximum in Φ(h) for ψ1,∞ > ψ2,∞/∆2 and ψ1,∞ < ∆1ψ2,∞.
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As discussed in relation to the various wetting configurations in Chapter
2, this range correspond to a metastable wetting configuration, which can
evolve into a partial or complete wetting state depending on the initial thick-
ness of the film. For ∆1ψ2,∞ < ψ1∞ < ψ2,∞/∆2, the interface potential is
monotonously repulsive, leading to a complete wetting configuration.

Once again, we can get a physical understanding of these results start-
ing from the constant potential case ∆1,2 = 1 (Figure 5.8a), and generalizing
some trends for 1 > ∆1,2 > 0 (Figure 5.8b). It is convenient to discuss the
long (κDh � 1) and short (κDh � 1) range interactions separately. For
κDh � 1, the character of the interface potential is largely defined by the
sign of the surface charge at infinite separation. We thus observe attraction
for opposite-sign surface charges, and repulsion for same-sign ones. For
κDh� 1, the electrolyte screening is much less relevant. The two interfaces
are kept at constant potential, and thus act like the plates of a capacitor.
If ψ1,∞ 6= ψ2,∞, an electric field develops between them, whose intensity
diverges while the interfaces get closer. This leads to a diverging attrac-
tive interaction for any case but ψ1∞ = ψ2∞. Once again, charge regulation
“softens” this behavior. In Figure 5.8b we plot the possible wetting config-
urations for for ψ1,∞, ψ2,∞ ∈ [−1, 1], when ∆1 = 0.75, and ∆2 = 0.5. We
observe that a complete-wetting branch opens around the ψ1∞ = ψ2∞ line.
This is because the charge at the interfaces regulates to reduce the strength
of the electric field, and thus avoid the divergent behavior of the constant-
potential case. Whether this leads to a finite attractive interaction at short
range, or even a repulsive one depends again on the ∆1,2 and the imbalance
ψ1∞ − ψ2∞.

5.4.4 Comparison of Two Approaches

First, we have investigated the influence of charge reversal on various wet-
ting configurations, based on constant charge (CC) boundary conditions.
The main outcome from this approach is that if there is a charge-reversal
in one of the two interfaces, then the wetting configuration switches from
complete wetting (CW) to pseudo partial wetting (PP). When we consider
linearized charge regulation (CR) boundary conditions, we discover a richer
scenario of wetting configurations. As seen from the wetting phase-space
diagrams, opposite charges at the interfaces might lead to a partial wetting
regime or a pseudo partial regime with a molecularly thin adsorbed film
present next to the macroscopic drop (our experimental cases fall in this cat-
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egory). In a constant potential-like approach within the charge regulation
boundary conditions, even two interfacial charges with same sign might
lead to a metastable (M) wetting configuration, which could be a complete
wetting (CW) situation or not. We observe that contact angles calculated by
the charge regulation (CR) approach fit well at relatively low pH (up to pH
6), and thereafter diverge from the experimental observations. However,
the essence of charge reversal remains the same in both the approaches: as
the sign of the surface charge changes in any one of the interfaces, there is
a transition in the phase diagram which leads to a macroscopically visible
change in the wetting configuration.

5.5 Concluding Remarks
In this chapter, we described the electrostatic contribution to the wetting
properties of a specific type of mineral-water-oil systems, first using a con-
stant charge approach and later introducing a linearized charge regulation
model. We start with a typical complexation model to emulate the sur-
face chemistry of an adsorbing interface which is then coupled with the
PB model. When we numerically solve the PB model with constant charge
boundary conditions, the importance of charge-reversal at one of the inter-
faces upon wetting transition becomes evident. Using the linearized charge
regulation model, we predict four distinct wetting regimes, which are func-
tions of the potential at infinite separation and a charge regulation param-
eter ∆ for each interface. Using these boundary parameters as input, our
approach provides analytic expressions for the equilibrium contact angle
in the partial wetting configurations, and the boundaries between wetting
states. We observe that charge regulation “relaxes” the asymptotic repul-
sive/attractive behavior that would arise for pure constant charge or con-
stant potential boundary conditions.

Our modelling clearly shows that electrostatic contributions play a major
role in adsorption induced wetting. But other contributions such as van der
Waal’s or hydration effects are not investigated in detail in this model. Ion-
specific effects have an enormous contribution in the colloidal regime where
the charged species of a system behave in very special ways depending on
the dipole effects, polarizability effects etc. In the following chapter, we will
experimentally investigate the ion-specific effects upon adsorption and how
they influence the wetting picture we have drawn so far.
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5.6 Appendix

5.6.1 Non-dimensionalization of Charge Regulation Model
We have obtained the expression of surface charge using the chemical ad-
sorption reactions in Equation 5.6. We use the non-dimensional version of
Equation 5.6 for our following calculations:

σs(nd) =
eΓ(

(Zc−1)[C(Zc)+]∞exp(−ZceφskBT
)

KC
− 1)

1 +
[H+]∞exp(− eφs

kBT
)

KH
+

[C(Zc)+]∞exp(−ZceφskBT
)

KC

∗ e

εε0kBTκD
(5.21)

where, we call e
εε0kBTkD

= σ∗, the non-dimensionalizing factor for the sur-
face charge.

In the context of the calculation of the electrostatic potential in the thin
aqueous film, we have introduced the linear PB equation in Equation 5.12.
Written in non-dimensional terms with ψ = eφ

kBT
and ζ = κDh :

∂2ψ

∂ζ2
= ψ (5.22)

In the following calculations, the non-dimensionalizing parameter for
surface potential (eφ/kBT )−1 will be written as φ∗.

The linearized charge regulation boundary conditions in non-dimensional
form are:

−∂ψ
∂ζ

∣∣∣∣
ζ=0

=
S1

σ∗
− φ∗

σ∗
K1ψ|ζ=0; (5.23a)

∂ψ

∂ζ

∣∣∣∣
ζ=κDh

=
S2

σ∗
− φ∗

σ∗
K2ψ|ζ=κDh (5.23b)

where S(i) = σ(φs,∞(i)) − φs,∞(i)[∂σ(φ)
∂φ ] and K = −[∂σ(φ)

∂φ ] (φs,∞ is the sur-
face potential of an isolated surface in electrolyte). In the following section,
we describe the solution of Equation 5.22 with these boundary conditions
described in Equation 5.23a and 5.23b.
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5.6.2 Calculation of Electrostatic Potential
We begin with an estimate (aansatz) for the solution of the differential equa-
tion Equation 5.22:

ψ(ζ) = A exp(ζ − κDh) +B exp(−ζ) (5.24)

Hence, at the mineral-water interface (where, ζ = 0) and at the oil-water
interface (ζ = κDh), we obtain:

ψ
∣∣
ζ=0

= A exp(−κDh) +B; (5.25a)

ψ
∣∣
ζ=κDh

= A+B exp(−κDh) (5.25b)

Replacing Equation 5.25a in 5.23a, we obtain:

∂[A exp(ζ − κDh) +B exp(−ζ)]

∂ζ

∣∣∣∣
ζ=0

= −S1

σ∗
+
φ∗

σ∗
K1[A exp(−κDh) +B]

[A exp(ζ − κDh)−B exp(−ζ)]

∣∣∣∣
ζ=0

= −S1

σ∗
+
φ∗

σ∗
K1[A exp(−κDh) +B]

[A exp(−κDh)−B] = −S1

σ∗
+
φ∗

σ∗
K1A exp(−κDh) +

φ∗

σ∗
K1B

which provides the relation:

A exp(−κDh)[
φ∗

σ∗
K1 − 1] +B[

φ∗

σ∗
K1 + 1] =

S1

σ∗
(5.26a)

Similarly, from Equation 5.25b and 5.23b, we obtain,

A[
φ∗

σ∗
K2 + 1] +B exp(−κDh)[

φ∗

σ∗
K2 − 1] =

S2

σ∗
(5.26b)

Hence, Equation 5.26a-Equation 5.26b×
φ∗
σ∗K1−1
φ∗
σ∗K1+1

and subsequent rearrang-

ing gives,

B =
S1
σ∗ (

φ∗

σ∗K2 + 1)− S2
σ∗ (

φ∗

σ∗K1 − 1)

(φ
∗

σ∗K1 + 1)(φ
∗

σ∗K2 + 1)− (φ
∗

σ∗K1 − 1)(φ
∗

σ∗K2 − 1) exp(−2κDh)
(5.27)
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and similarly, Equation 5.26a×
φ∗
σ∗K2−1
φ∗
σ∗K2+1

-Equation 5.26b and subsequent rear-

ranging gives,

A =
S1
σ∗ (

φ∗

σ∗K2 − 1)− S2
σ∗ (

φ∗

σ∗K1 + 1)

(φ
∗

σ∗K1 − 1)(φ
∗

σ∗K2 − 1) exp(−2κDh)− (φ
∗

σ∗K1 + 1)(φ
∗

σ∗K2 + 1)
(5.28)

Thus, we can rewrite Equation 5.24 as:

ψ(ζ) =

S1
σ∗ exp(−κDh)(φ

∗

σ∗K2 − 1)− S2
σ∗ (

φ∗

σ∗K1 + 1)

(φ
∗

σ∗K1 − 1)(φ
∗

σ∗K2 − 1) exp(−2κDh)− (φ
∗

σ∗K1 + 1)(φ
∗

σ∗K2 + 1)
exp(ζ − κDh)

+
S1
σ∗ (

φ∗

σ∗K2 + 1)− S2
σ∗ exp(−κDh)(φ

∗

σ∗K1 − 1)

(φ
∗

σ∗K1 + 1)(φ
∗

σ∗K2 + 1)− (φ
∗

σ∗K1 − 1)(φ
∗

σ∗K2 − 1) exp(−2κDh)
exp(−ζ)

(5.29)

or, we can write,

ψ(ζ) =
S∗1 exp(−κDh)(K∗2 − 1)− S∗2(K∗1 + 1)

(K∗1 − 1)(K∗2 − 1) exp(−2κDh)− (K∗1 + 1)(K∗2 + 1)
exp(ζ − κDh)

+
S∗1(K∗2 + 1)− S∗2 exp(−κDh)(K∗1 − 1)

(K∗1 + 1)(K∗2 + 1)− (K∗1 − 1)(K∗2 − 1) exp(−2κDh)
exp(−ζ) (5.30)

where, K∗i = ∂σnd
∂ψ = Ki

φ∗

σ∗ and S∗i = Si
σ∗ . We also recall the definition of

φ∞ from section 4.2: φi,∞ = Si
Ki+κDεε0

, which we can simplify as following:
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φi,∞ =
Si

Ki + κDεε0

=⇒ψi,∞ = (
e

kBT
)

Si
∂σ
∂φ + κDεε0

=⇒ψi,∞ = (
e

kBT
)

Si
∂σnd
∂ψ

σ∗

φ∗ + κDεε0

=⇒ψi,∞ =

Si
εε0kBTκD/e

K∗i + 1

which gives the relation ψi,∞ =
S∗i

K∗i +1 . At the same time, we also recall that:

∆i = Ki−κDεε0
Ki+κDεε0

, which then, by definition of K∗i can be written as: ∆i =
K∗i −1
K∗i +1 . Now, we focus on Equation 5.30 again, and rewrite the expression as:

ψ(ζ) =

S∗2
(K∗2+1) −

S∗1
K∗1+1

(K∗2−1)
K∗2+1 exp(−κDh)

1− (K∗1−1)(K∗2−1)
(K∗1+1)(K∗2+1) exp(−2κDh)

exp(ζ − κDh)

+

S∗1
(K∗1+1) −

S∗2
K∗2+1

(K∗1−1)
K∗1+1 exp(−κDh)

1− (K∗1−1)(K∗2−1)
(K∗1+1)(K∗2+1) exp(−2κDh)

exp(−ζ) (5.31)

We can rewrite Eq.5.31 as following:

ψ(ζ) =
ψ2,∞ −∆2ψ1,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
exp(ζ − κDh)

+
ψ1,∞ −∆1ψ2,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
exp(−ζ) (5.32)

which is the non-dimensional equivalent of Equation 5.17. Just as in the
case of Equation 5.17, we note here, that ∆i = 1 denotes the constant surface
potential boundary condition and ∆i = −1 represents the constant surface
charge boundary condition.

5.6.3 Disjoining Pressure and Interaction Potential
Now, the disjoining pressure is calculated by:
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Πel−nd(ζ) = ψ2 − (
∂ψ

∂ζ
)2

But, ψ(ζ) = X exp(ζ − κDh) + Y exp(−ζ)

or,
∂ψ

∂ζ
= X exp(ζ − κDh)− Y exp(−ζ)

where X and Y are prefactors from Eq.7.30. Hence, we can write:

Πel−nd(ζ) = 4XY exp(−κDh)

= 4
[ψ2,∞ −∆2ψ1,∞ exp(−κDh)]

1−∆1∆2 exp(−2κDh)

[ψ1,∞ −∆1ψ2,∞ exp(−κDh)]

1−∆1∆2 exp(−2κDh)
exp(−κDh)

= 4[
2ψ1,∞ψ2,∞ exp(−κDh)− [∆1ψ2,∞

2 + ∆2ψ1,∞
2] exp(−2κDh)

(1−∆1∆2 exp(−2κDh))2

− ψ1,∞ψ2,∞ exp(−κDh)

1−∆1∆2 exp(−2κDh)
] (5.33)

Subsequently, the electrostatic contribution of the interaction potential
between the interfaces (non-dimensional form) is given by:

Φel−nd(ζ) = −
∫ h

∞
Πel−nd(ζ)dζ

= 2[
2ψ1,∞ψ2,∞ exp(−κDh)− [∆1ψ2,∞

2 + ∆2ψ1,∞
2] exp(−2κDh)

1−∆1∆2 exp(−2κDh)
(5.34)
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CHAPTER 6

Cationic Hofmeister Series of
Wettability in

Mica-water-alkane Systems

Abstract
The specific interaction of ions with macromolecules and solid-liquid interfaces is
of crucial importance to many processes in biochemistry, colloid science, and en-
gineering, as first pointed out by Hofmeister in the context of (de)stabilization of
protein solutions. Here, we use contact angle goniometry to demonstrate that the
macroscopic wettability of aqueous salt solutions of variable pH on mica immersed
in ambient alkane increases from near-zero contact angles to values exceeding 10o,
depending on the specific cation. This results in a series of increasing power to in-
duce partial wetting in the order Na+,K+ < Li+ < Rb+ < Cs+ < Ca2+ <
Mg2+ < Ba2+, very similar to the direct Hofmeister series for proteins. Com-
plementary Atomic Force Microscopy measurements show that charge reversal of
the mica-electrolyte interfaces promotes finite contact angles but is not a necessity.
Together with the strong impact of Li+ and Mg2+ ions, this demonstrates that non-
electrostatic effects play an important role for the observed wettability alteration.

Parts of this chapter appear as:
1. B. Bera, N. Kumar, M.H.G. Duits, M.A. Cohen-Stuart, H.T.M. van den Ende & F. Mugele.
Cationic Hofmeister series of mica wettability in alkanes. Manuscript in preparation, (2016).
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6.1 Introduction

The importance of a specific type of ion in various ion-surface interactions
has been thoroughly investigated since the famous work of Hofmeister [1]
about egg-white precipitation in the presence of different cations or anions.
From around the same time, studies on the stability of hydrophobic colloids
based on the specific influence of an electrolyte have been carried out, with
researchers observing the same sequence (known as the lyotropic series)
[2]. Almost 130 years have passed since the first report of the phenomenon
[3, 4, 5, 6], but there is no universal agreement about the fundamental pro-
cess governing this ion specificity [7, 8, 9, 10]. The wide range of systems
where specific ion-adsorption plays a role (starting from macroscopic sur-
face tension effects and osmotic coefficients to microscopic coagulation [11])
has led to many attempts to quantitatively describe the underlying mecha-
nism. In general, the affinity of water to the ions (i.e., hydration) based on
these ions’ size and charge is acknowledged as the driving factor. Various
authors attempted to attribute the complex microscopic interactions to spe-
cific mechanisms such as dispersion forces [12], solvation effects [13] or di-
electric saturation [14]. Most studies agree that hydration forces control this
ion-specific adsorption, but then again, the hydration force is itself a subject
of great debate [15]. In this context, the competitive role of electrostatic and
chemical forces on the Hofmeister series has also been looked into [9, 16].
In various recent experimental studies, the hitherto unknown lateral inter-
action effects between adsorbed monovalent alkali metal (Rb+ or Cs+) ions
on mineral surfaces have been demonstrated [17, 18, 19]. From a theoretical
perspective, Schwierz et al have looked into the effect of cationic [20] as well
as anionic [21] adsorption along the Hofmeister series and the influence of
hydrophilic as well as hydrophobic surfaces on surface potentials in great
detail using Molecular Dynamics (MD) simulations. They have also stud-
ied the same influence for two interfaces, modelling the interaction between
the plates using the Poisson Boltzmann (PB) approach [22]. Adsorption and
wetting are closely related, as we have discussed in Chapter 2 and Chapter
4. But ion specific effects have not yet been addressed in the existing liter-
ature from a wetting perspective. Despite the substantial volume of work
on Hofmeister series influenced adsorption properties, there is no example
of investigation of wetting properties in a colloidal system based on specific
ion-adsorption.

Competitive wetting and wettability alteration are crucial phenomena in
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a host of modern applications such as oil-water separation, sedimentation
effects [23, 24], oil recovery etc., e.g., one of the most discussed mechanisms
of enhanced oil recovery (EOR) [25, 26, 27, 28, 29, 30, 31] is the oil-wet min-
eral of reservoir-rock turning into a water-wet surface. Such wettability al-
teration is a classic wetting phase transition problem for a physical chemist
[32, 33, 34]. However, the majority of wetting transition investigations have
been done with noble gases and alkanes [35, 36] in the vicinity of the bulk
critical temperature[37], where no electrolyte is present in the liquid/gas
phase. Applications such as EOR, however, rely on the ion-content of an ex-
ternally introduced phase (waterflooding or surfactant flooding) for wetta-
bility alteration since changing the pressure inside the reservoir is not possi-
ble. Recent studies have underlined the importance of ion-adsorption from
an electrolyte and the subsequent changes in surface charge upon wetting
transition [38, 39]. The influence of the charge of the substrate on contact
angle is also well-known through electrowetting [40, 41, 5]. Hence it is rel-
evant and interesting to investigate the influence of ion-specific adsorption
in a solid/liquid/liquid system and the subsequent effects on wetting and
wettability alteration.

In this chapter, we experimentally investigate the effect of ion-specific
interactions with the surface (mica) upon the wettability to water in am-
bient alkane. In Chapter 4 [42], we reported a wettability alteration on a
mica surface in ambient oil (decane), when a divalent cation (Ca2+) in the
salt solution is used instead of a monovalent one. Our results demonstrated
the effect of cation-valency on adsorption and wettability for this particu-
lar system. We proposed an ion-adsorption based mechanism in order to
investigate surface charge reversal caused by divalent cations on the min-
eral surface. Using the PB approach, we estimated interface potential Φ in
this film based on the surface charge information. In the following work, we
vary the types of cations in the salt (with two anions), their concentrations as
well as pH in order to identify a wettability change irrespective of a change
in the cation-valency. Subsequently, we discuss and rationalize the experi-
mental results from a specific adsorption point of view. While most of the
Hofmeister literature talks about monovalent alkali metal adsorption, it is
acknowledged that the binding of divalent cations deserves more ‘system-
atic exploration’ [9]. We attempt that as well by looking at the wettability
alteration in our system for divalent earth alkali cations.
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6.2 Experimental Methods

6.2.1 Materials

Anhydrous alkanes (heptane, decane, hexadecane:>99%, Sigma Aldrich) are
the oil phases in the experiments. The oil is passed five times through a ver-
tical column of Alumina powder (Al2O3, Sigma Aldrich, Puriss grade >98%)
to remove surface-active impurities until the interfacial tension (measured
using Pendant Drop Method at the alkane-water interface) is constant within
2 mN/m for at least 20 min. Ultrapure water (Millipore, Synergy UV Instru-
ments, resistivity 18 MΩ) is used for preparing salt solutions. We prepared
all inorganic salt (Sigma Aldrich) solutions in a concentration range of 1 mM
to 1 M by adding the ultrapure water to a carefully measured amount of the
required salt. The pH of the solutions is adjusted between 2 and 10 using
HCl/HNO3 and NaOH (0.1M, Sigma Aldrich). Muscovite mica (B&M Mica
Company Inc., USA; initial thickness 340 µm) and oxidized silicon wafers
with an amorphous silicon oxide layer (thickness: 30 nm) mimicking sil-
ica are the solid substrates in the experiments. Mica sheets are cleaved in-
side the oil using a needle and a tweezer to obtain a pristine surface during
the experiment. We have also tested a parallel protocol where the mica is
cleaved in air with scotch tape and then immersed in oil. The latter protocol
does not result in any significant change in the experimental results. Sil-
ica surfaces are cleaned using a combination of Piranha solution (mixture of
30% conc. H2O2 and 70% conc. H2SO4) followed by extensive rinsing with
ultrapure water and plasma treatment for 30 min.

6.2.2 Optical Goniometry
The wetting of aqueous drops on mica/silica is characterized by measuring
static contact angles, using a commercial contact angle goniometer (OCA
20L, Dataphysics Instruments GmBH, Germany). The measurement is based
on sessile-drop method using aqueous drops of volume 2 µl placed on the
substrate. The accuracy in the drop-volume is measured to be within ±0.2
µl. All experimental datapoints are average of 25 independent measure-
ments (drops) placed on at least 5 different substrates. Before placing the
aqueous drops on the substrates, pendant drop measurements are performed
to determine the oil/water interfacial tension (IFT).
The contact angle of the drop is extracted from video snapshots using the
tangent and circle-fitting data analysis software (SCA 22) provided with the
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instrument. Contact angles can be determined with a relative accuracy of
±1o. The minimum contact angle that can be determined on reflective sur-
faces is approximately 2o, because of the fundamental limitations of optical
imaging. Normally, contact angles in the range of a few degrees are quite
challenging to measure using goniometry method. But we have standard-
ized the imaging and illumination conditions to compare the data for dif-
ferent salts, and we can measure the relative trends in these small contact
angles. It was not possible to perform advancing-receding measurements,
since the receding contact angle for most of these small values is 0o. In ad-
dition, we measure the base diameter of our drops optically, and fit the con-
tact angles with a spherical cap approximatrion for better accuracy. Various
technical aspects of our goniometry measurements are discussed in detail in
Chapter 3.

6.2.3 Atomic Force Microscopy
An atomic force microscope (Cypher S, Asylum Research, CA, USA) is used
to investigate the adsorption of various species on the mineral surface. These
experiments are performed ex-situ, with a silica tip on mica surface. The
AFM is operated in non-contact mode (amplitude modulation) for obtaining
atomic resolution at the mineral adsorption sites. The stiffness of the can-
tilever is measured (kstiff ), and with the information of the tip-geometry,
the force-curves are obtained. Reference measurements are done with sil-
ica tip-silica substrate interactions, and the interaction is substracted from
the mica-silica tip interaction before fitting the result to a charge-regulation
model for obtaining surface charge at mica-water interface.

6.3 Results

6.3.1 Order of Monovalent Cations
Figure 6.1 shows the contact angles for chloride salts of monovalent alkali
ions on mica in ambient decane at various concentrations (1,10,100 and 1000
mM) for pH values of 3, 6, and 9. For NaCl and KCl, the contact angle
is < 2o for all pH’s, as reported in Chapter 4. Since these extremely low
values fall below our detection limit, we represent them as ‘0o in Figure
6.1 (dark cyan diamonds connected by dotted lines). Finite contact angles
(which can be measured) are noticed for LiCl at 1 M concentration, where
a very small contact angle ∼ 2.5o is observed. Subsequently, we notice low
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Figure 6.1: Equilibrium contact angle of aqueous drops on mica in ambient
decane vs the pH of the salt soution in the drop for various monovalent salts:
NaCl/KCl (dark cyan diamonds, dotted lines), LiCl (red squares, solid lines),
RbCl (blue triangles, dashed lines) & CsCl (open green circles, dash-dot lines).
The symbols are experimental datapoints (average of 25 independent exper-
iments, standard deviation shown). All contact angles θ < 2o are not mea-
surable and assigned a value of 0o. The arrow with the letter ‘c’ represents
direction of increasing concentration among 1 mM, 10 mM, 100 mM and 1 M.

but distinguishable contact angles (∼ 2.5-3.5o, on mica in decane) for RbCl,
at a concentration of 1 M. For all other lower concentrations of LiCl and
RbCl in the aqueous phase, the drops have contact angle θ < 2o (Figure 6.1).
CsCl solution, on the other hand, already shows a measurable finite contact
angle on mica in decane at 10 mM concentration, and as we increase the salt
concentration, the contact angles increase as well, with θ as high as 7-8o at 1
M CsCl concentration (Figure 6.1).
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6.3.2 Order of Divalent Cations
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Figure 6.2: Equilibrium contact angle of aqueous drops on mica in ambient de-
cane vs the pH of the salt soution in the drop for various divalent salts: CaCl2
(blue triangles, dashed lines), MgCl2 (red squares, solid lines) & BaCl2 (open
green circles, dash-dot lines). The symbols are experimental datapoints (av-
erage of 25 independent experiments, standard deviation shown). All contact
angles θ < 2o are not measurable and assigned a value of 0o. The arrow with
the letter ‘c’ represents direction of increasing concentration among 1 mM, 10
mM, 100 mM and 1 M.

Figure 6.2 shows the contact angles for divalent salts wetting mica in de-
cane at various salt concentrations (1,10,100 and 1000 mM). Above a thresh-
old concentration which depends on the type of salt and above pH 4, the
aqueous phase with a divalent cationic salt always gives θ > 2o on mica in
ambient oil. For MgCl2, this threshold concentration is about 50 mM, where
we see a drop of finite contact angle (Figure 6.2). For CaCl2 as well, the
threshold concentration for a macroscopic finite contact angle is around ∼
50 mM, though the corresponding contact angles for a CaCl2 drop seems to
be slightly smaller than that of MgCl2. Our investigation of another divalent
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salt, Barium Chloride (BaCl2), already produces measurable contact angles
at a lower concentration (∼ 10 mM concentration). We notice in Figure 6.2
that the values of θ first decrease as we go from MgCl2 to CaCl2, but increase
again for BaCl2. The effect of pH-change on the contact angles for BaCl2 are
less compared to other divalent salts, i.e., unlike CaCl2 and MgCl2, if we in-
crease the pH from 3 to 6 and 9, there is no significant change in θ for a drop
of BaCl2 solution

Figure 6.3 shows the gradual increase for various cationic salt solutions
(both monovalent and divalent) at 1 M salt concentration and pH 9. Based
on the trend, we propose the existence of a unique cationic series of mica
wettability in ambient oil, which is comparable to a classic Hofmeister series
of protein precipitation. We call this series ‘Cationic Hofmeister series of
wettability’:

Na+,K+ < Li+ < Rb+ < Cs+ < Ca2+ < Mg2+ < Ba2+ (6.1)

“0°”NaCl
KCl

LiCl RbCl 3.1°2.5° CsCl 7.0°

< <

<

<

<

CaCl2 9.0° MgCl2 12.1° BaCl2 15.3°

<

1mm

Figure 6.3: Cationic Hofmeister series of wettability alteration on mica in am-
bient decane with aqueous drop of various salt solutions; The difference in
the wetting trend between various monovalent and divalent salt solutions is
clear from the snapshots of drops (of aqueous salt solution, 1M salt concen-
tration, pH 9) on mica in decane: a NaCl/KCl drop has ∼0o contact angle on
mica, almost completely wetting the substrate), For RbCl there is a very small
but distinguishable finite contact angle; With CsCl, the contact angle is ∼7o;
in comparison, MgCl2, CaCl2 and BaCl2 drops all have finite contact angle on
mica, indicating partial wetting of various degrees. For all the drops, the blue
lines indicate the circle fitting the drop-file which eventually provides the con-
tact angle.
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Figure 6.4: Equilibrium contact angle on mica in decane for nitrate salts (a)
Ca(NO3)2 (closed symbols) and (b) Mg(NO3)2 (open symbols), vs pH of aque-
ous solution at various salt concentration:1 M (black squares), 100 mM (blue
upward triangles), 50 mM (olive diamonds) and < 10 mM (dark cyan down-
ward triangles). Each datapoint is an average of 25 individual drops under
identical conditions with the standard error of the measurements shown. The
straight lines are guides to the eye. The arrow with the letter ‘c’ represents
direction of increasing concentration.
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Figure 6.5: Equilibrium contact angle on mica in (a) heptane and (b) hexade-
cane, vs pH of aqueous solution with CaCl2 (full symbols) and Ca(NO3)2 (open
symbols) at various salt concentration: 1M (black squares), 100mM (blue up-
ward triangles), 50 mM (olive pentagons) and < 10mM (dark cyan downward
triangles). Each datapoint is an average of 25 individual drops under identical
conditions with the standard error of the measurements shown. The straight
lines are guides to the eye. The arrow with the letter ‘c’ represents direction of
increasing concentration.
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6.3.3 Influence of Anion, Alkane and pH

We have extended the wetting experiments to salts with the NO−3 anion
as well as to ambient alkanes of different aliphatic chain length. Figure
6.4 shows the contact angles on mica in decane for (a) Ca(NO3)2 and (b)
Mg(NO3)2. It is clear that there is no significant change in the contact angle
based on the type of anion. Figure 6.5 depicts the contact angles on mica for
CaCl2, Ca(NO3)2, MgCl2 and Mg(NO3)2 in ambient heptane (a) and hex-
adecane (b). The contact angle trends and values are closely comparable to
those in decane. We have also investigated the wetting for CaCl2 and MgCl2
salt solutions for the entire range of (integer) pH values between pH 3 and
pH 10 (Figure 6.6). They also follow the trend already observed at pH 3, 6
and 9.
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Figure 6.6: Equilibrium contact angle on mica in decane vs pH of aqueous so-
lution with CaCl2 (full symbols) and MgCl2 (open symbols) at various salt con-
centration: 1M (black squares), 100mM (blue upward triangles), 50 mM (olive
pentagons) and < 10mM (dark cyan downward triangles). Each datapoint is
an average of 25 individual drops under identical conditions with the standard
error of the measurements shown. The straight lines are guides to the eye. The
arrow with the letter ‘c’ represents direction of increasing concentration.
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The results discussed so far, clearly imply that the phenomenon of wet-
ting alteration on the mineral surface is not exclusively limited to a change
of cation valency, but it depends on which specific cation is being introduced
in the system. We observe a Hofmeister-like sequence in the wettability of
aqueous electrolytes in an oil medium. In the following section, we revisit
the ion-adsorption based argument for wetting alteration from Chapter 4
and propose modifications in the mechanism in order to explain the various
observations with ion-specific wettability.

6.4 Mechanistic Insight

A change in contact angle can be attributed to a change in the corresponding
interface energies (Figure 6.7) i.e., the surface tensions of the various phases
involved. Young’s equation [32] is written as:

cos θ =
γso − γsw
γow

(6.2)

where, θ is the contact angle and γso, γsw and γow are the interfacial ten-
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sw
water

mica

oil

Figure 6.7: Schematic of a partial wetting situation on mica in ambient decane;
The force balance arising from interfacial tensions resulting in a finite contact
angle θ (left), while such a finite contact angle implies a molecularly thin aque-
ous film co-existing with the drop (right). Figure 4.3 is redrawn here.

sions at mineral-oil, mineral-water and oil-water interfaces, respectively. As
salt concentration is increased, there is more depletion of cations from a hy-
drophobic interface (in this case, the alkane-water interface) leading to an in-
crease in the IFT. We have carried out pendant drop measurements of inter-
facial tension at the oil/water interface and a small increase at the oil/water
interfacial tension is observed, which corroborate previous studies (Figure
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6.8,[43, 44]). However, it is well known, that if we follow the increasing or-
der of cation-size, e.g., for monovalent cations, Li+ < Na+ < K+ < Rb+ <
Cs+, then the increment in interfacial tension at the oil-water interface (γso)
decreases [45]. This implies that if γso and γsw are constant, then following
the decrease in γow, the contact angle should decrease as the cation-size in
the electrolyte increases, which is contrary to our experimental observation.
Furthermore, γsw or γso do not remain constant as well; e.g., an increase in
salt concentration normally results in a decrease of γsw [46], since the for-
mation of a double layer is more spontaneous with more ions present in the
aqueous phase. Hence it is advantageous to focus upon the microscopic pic-
ture of wetting in order to understand the proceedings in our three-phase
wetting situation.
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Figure 6.8: Interfacial tension (IFT) at decane/water interface with respect to
salt concentration in the aqueous phase for NaCl (closed squares), KCl (half-
closed squares), CaCl2 (crossed squares) and MgCl2 (open squares). The sym-
bols are experimental datapoints. Decane/NaCl IFT is compared with previ-
ous studies, denoted by the straight line [45].

Wetting of a solid surface is effectively the formation of a thin layer
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of the wetting phase on the substrate, as shown in Figure 6.7, right. For
such a thin aqueous film of equilibrium thickness h0, γso can be written as
(γsw+γow+Φ(h0), where Φ(h0)) is the interaction potential in the thin aque-
ous film. Changes in Φ(h0) are governed by the adsorption of counter-ions
from this thin film to the interfaces. In presence of a monovalent salt so-
lution (schematic shown in Figure 6.9c, above left),the counter-ion adsorp-
tion at the mineral interface is not strong enough to cause overcharging of
the usually negatively charged mica-water interface. The oil-water interface
remains negatively charged under all salt concentrations (> pH 4), since
the mechanism of charging at a hydrophobic interface does not depend on
cation adsorption [47, 48]. As a result, the mica-water and the oil-water
interfaces have a repulsive interaction between them, or, in other words,
the disjoining pressure in the thin aqueous film is positive, making the film
inifintely thick (compared to molecular length-scale, ∼10nm film is consid-
ered infinite) and creating a macroscopically indistinguishable contact an-
gle. Divalent cations, on the other hand, have two units of charge per cation
and when they adsorb to a mineral surface like mica, it causes overcharging
above a threshold salt concentration. E.g., charge reversal has been reported
for CaCl2 above ∼ 30mM salt concentration [49]. Figure 6.9c, left below, de-
picts the schematic representation of the divalent situation. The oppositely
charged mica-water and oil-water interfaces have an attractive interaction
(or a negative disjoining pressure) between them, creating a molecularly
thin aqueous film along with a co-existing aqueous drop of macroscopically
measurable contact angle.

6.4.1 Ion-specific Adsorption

However, based on the experimental observations described in this chap-
ter, the cation wettability series on mica from our experiments is clearly not
solely driven by electrostatics. We observe a partial wetting situation on
mica for monovalent cations such as Li+, Rb+ or Cs+, where we can expect
that the surface charge is not reversed. Ion size, hydration, hydrated surface
etc. contribute significantly to our picture of contact angle change. Follow-
ing the Hofmeister series, the adsorption of metal ions on a sufficiently neg-
ative mineral surface increases as the ion-size increases. So, the adsorption
on mica should follow the order: Na+,K+ < Rb+ < Cs+, which is exactly
same as the order of increasing contact angle we found in the experiments.
In Figure 6.9c, above right, we have sketched a wetting situation with con-
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Figure 6.9: (a) Force balance arising from interfacial tensions leading to the con-
tact angle θ of a drop requires the supplementary contribution of interaction
potential Φ(h) when there is a molecularly thin film of equilibrium thickness
h0 present next to the drop (b) Schematic examples of repulsive and attrac-
tive Φ(h), where negative Φ(h) with a pronounced minimum leads to a finite
contact angle. The arrow depicts the gradual change of cations following our
‘cationic Hofmeister series’. (c) Left: in the case of monovalent cations, both
mica-water and oil-water interfaces remain negatively charged (above), while
divalent cations above a certain concentration reverses the surface charge of
mica (below). Right: Ion specific adsorption leads to different results even
among monovalent cations; a moderate sized and moderately hydrated (wa-
ter molecule represented by red oxygen atom and white hydrogen atoms) ion:
Na+ or K+ (above) adsorb less strongly. Very small cations (middle) such as
Li+ get hydrated strongly and as a result adsorb significantly with their large
hydrated size. Larger (bare) cations such as Cs+ (bottom) adsorb strongly due
to their large size despite lack of hydration; the large size leads to lateral inter-
action as well as interaction with the oil-water interface.
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tact angle θ < 2o for monovalent cations such as Na+, K+, represented by
the + ions. The mica surface is negatively charged, and although there is
cation adsorption at mica interface, it is expected to not be sufficient for a
charge-reversal. The cations are hydrated as well (represented by the water
molecule around the + sign), but even the hydrated cations are far enough
from the oil-water interface for strong interaction. As a result the interaction
between mica-water and oil-water interface remains repulsive, and there is
no perceivable contact angle.

Figure 6.9c, middle right, portrays the scenario for adsorption of mono-
valent ions with a large hydrated ion radius, such as Li+. It has the small-
est bare ion-radius among the cations under investigation and therefore,
should refrain from adsorbing strongly on a negatively charged mica sur-
face. However, being the smallest cation, Li+ is hydrated strongly and has
the largest hydrated ion radius [50] (Table 6.1). As a result, during adsorp-
tion on mica, Li+ is effectively larger in comparison to Na+ or K+ and ad-
sorbs more strongly. Furthermore, the size of the hydrated cation could be
of the order of the equilibrium film thickness, as depicted in the figure. In
this case, the oil-water interface might interact directly with the hydrated
cation which influences the total interaction between two interfaces.

Figure 6.9c, bottom right, depicts the situation for adsorption of monova-
lent ions with a larger bare ion radius, represented by a bigger + symbol. As
the mica surface charge is gradually nullified by the adsorption of relatively
bigger monovalent cations, Cs+ for example, there is a reduced electrostatic
interaction between the two interfaces. At the same time, these adsorbed
species have more freedom to interact with each other and previous studies
have reported a lateral interaction between these ions [17], forming an orga-
nized layer next to the mineral surface and screening the negatively charged
surface.

The mechanism of cationic wettability ordering is almost identical for
various divalent cations, i.e., Mg2+, Ca2+ and Ba2+. As shown in Figure
6.9c, bottom left, divalent cations result in a charge reversal on mica surface
above a threshold concentration and pH. This leads to an attractive inter-
action between the mica-water and oil-water interfaces, leading to a finite
contact angle. However, the relative increase of θ from one divalent cation
to other is still a result of ion-specific adsorption. Mg2+ is the smallest bare
cation among our experimental systems, but in hydrated state the cation is
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Ion Bare Ion
Radius [nm]

Hydrated Ion
Radius [nm]

Li+ 0.094 0.382
Na+ 0.117 0.358
K+ 0.149 0.331
Rb+ 0.163 0.329
Cs+ 0.186 0.329

Mg2+ 0.072 0.428
Ca2+ 0.100 0.412

Table 6.1: Bare ion radii and hydrated ion radii for various cations used in
wetting experiments. Table reproduced from [50].

larger and gets adsorbed more strongly than Ca2+ resulting in a higher pos-
itive charge on mica. Ba2+, on the other hand, is devoid of a hydration shell
but is the largest bare cation among these three and hence adsorbs most
strongly. This also implies a higher positive charge on mica surface com-
pared to Mg2+ and Ca2+.

These various adsorption situations have a pronounced effect upon the
interaction potential Φ, as depicted in Figure 6.9b. The interaction potential
for Na+, K+ adsorption is shown by the solid red line, where interaction be-
tween negatively charged mica and oil interfaces leads to a repulsive inter-
face potential. For Li+, Rb+ or Cs+, a weakly negatively charged mica inter-
acts with negatively charged oil interface through a closely-knit screening
layer of these positively charged ions. This positively charged layer gives
rise to an interaction where van der Waals and steric contributions are sig-
nificant, and hence an interaction with a shallow minimum (denoted by the
dashed blue line) originates resulting in a small but finite θ. For divalent
cations, the interface potential Φ depends on the adsorption of the specific
cation, and positively charged mica has an attractive interaction with the
negatively charged oil interface (solid blue dashed line). The depth of the
potential well is a direct indication of the contact angle θ.

6.4.2 Force Measurements
Force measurements are reliable in the context of investigating ion-specific
adsorption and our AFM experiments have captured the adsorption pic-
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ture at mica-water interface as we follow the cation series in the salt solu-
tion (Fig.6.10, [51]). It is observed that, as we go to a bigger monovalent
cation (radius of bare cation, in the experiments, Na+ and Cs+ are com-
pared), the adsorption at mica surface is more pronounced, but there is no
charge-reversal. With Mg2+ and Ca2+, however, the surface charge on mica
clearly changes sign above ∼30 mM concentration. Hence, in the case of
a divalent cation, we can definitely support the arguments and modelling
presented in Chapter 4 and 5 that the charge of our oil-water interface re-
mains negative under all conditions of our wetting experiments, whereas
the mica-water interface switches from negative to positive surface charge
at sufficiently high Ca2+ or Mg2+ concentrations and pH, in agreement with
the observed wetting transition.
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Figure 6.10: Surface Charge (σ) at mica interface with aqueous solution of vari-
ous salts: LiCl (green diamonds), NaCl (pink downward triangles), CsCl (blue
triangles), CaCl2 (red circles) and MgCl2 (black squares). The symbols are ex-
perimental datapoints based on 3 independent AFM experiments under iden-
tical conditions. The straight lines are guide to the eye. Figure reproduced with
permission from [51].
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6.4.3 Discussion

Throughout the previous section, various interactions between ions and in-
terfaces as well as between two interfaces have been described in the con-
text of the adsorption mechanism. In the present section, we will discuss
the individual interactions as well as their effect on our wettability series.
Electrostatic Coulombic interaction is a crucial contribution to our adsorp-
tion model, in which the interaction force Fc between two charged object is
given by: Fc ∝ q1q2

r212
, where, q1 and q2 are the charges of the species and r12 is

the distance between them. In our adsorption model, if the bare ion radius
(r0) increases, then this interaction becomes weaker, leading to less adsorp-
tion. However, one of the primary assertions of the classical Hofmeister
series is the ‘like seeks like’ argument [9], i.e., depending on the specific sys-
tem, a smaller unhydrated ion prefers a smaller unhydrated adsorption site,
while a larger unhydrated ion likes a larger unhydrated adsorption site. In
other words, as the cation size increases, we can expect a stronger adsorp-
tion on a sufficiently negatively charged surface such as our system. The
phenomenon can be attributed to the dispersion forces (Fd) in action, which
can be written as: Fd ∝ α2

r612
, where α is the polarizability of the species and

increases as the ion size increases following the relation α ∝ r3
0. The effect of

dispersion in adsorption and Hofmeister series has been demonstrated by
a body of literature [11, 12]. The competition of coulombic and dispersion
interactions play an important role in the ordering of adsorption.

We have also pointed out that hydration plays a major role in ion-specific
adsorption. This is clear from the behavior of cations such as Li+ or Mg2+,
which are known to be strongly hydrated and adsorb stronger than the bare
ion. As discussed in the previous section, hydration of a cation leads to
an effective hydrated radius (rH ), which governs the adsorption onto the
solid substrate. Clearly, hydrated ion radius is also not the only governing
factor for the amount of adsorption: among monovalent cations, Li+ has
the largest hydrated ion radius while Cs+ the smallest (Table 6.1), which
would suggest Li+ should be the most strongly adsorbed ion and produce
the largest contact angle, which is contrary to our observation. Hence, we
can conclude that hydration of ions and surfaces play significant role in spe-
cific adsorption mechanism, but due to the competition of coulombic and
dispersion forces, a monotonic adsorption behaviour only depending on the
hydrated states of the species is absent.
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It is possible to quantify all these various interactions under considera-
tion, if the cumulative effect of them is represented with a single interaction
called the potential of mean forces (PMF). Recent Molecular Dynamics simu-
lation studies by Schwierz et al [20] have shown that it is possible to express
these PMFs between single ions and interfaces with an analytical Lennard-
Jones potential approach consisting of electrostatic and non-electrostatic in-
teractions. However, these studies clearly show the complexity of the situ-
ation when it comes to explaining the cationic Hofmeister series on a polar
surface such as ours. In addition to that, such calculations are quite com-
plicated even for a single interface interacting with ions. For example, in
[20, 21], the authors have focussed on a hydrophobic surface for calculating
PMFs. Our wetting and adsorption mechanism, on the contrary, consists of
two interfaces: a hydrophilic mica-water interface and a hydrophobic oil-
water interfaces. The adsorption of various types of ions in the latter inter-
face is reported to be quite complicated [52]. In the wake of the total com-
plexity posed by the quantitative analysis of this problem, we have mainly
concentrated on experimental evidence for the existence of a cationic wetta-
bility series, for our specific system of mica in ambient alkane.

It is worthwhile at this point to scrutinize the uniqueness of the wetta-
bility series demonstrated by our experiments. As mentioned earlier, when
monovalent and divalent cations are written together in the order of finite
contact angles, we obtain the series:

Na+,K+ < Li+ < Rb+ < Cs+ < Ca2+ < Mg2+ < Ba2+ (6.3)

while the classical (direct) Hofmeister series of cation adsorption on a neg-
atively charged surface is given by: Ca2+ < Mg2+ < Li+ < Na+ < K+ <
Rb+ < Cs+. Among monovalent cations, the order is quite similar between
classic Hofmeister series and our proposed wettability series except in the
case of Li+. We have already explained the hydration effects for a Li+ cation,
and relevant studies [20] have also found irregular behaviour in the PMF
calculation of Li+, since the stability of the first or second hydration shell
around the cation plays a significant role, e.g., Schwierz et al. have identi-
fied the stripping off of the hydration layer as well as the compression of
the hydration shell as key parameters in Li+ cation’s strongest attraction to
a hydrophilic medium.
Subsequently, we turn our attention to the divalent cations which according
to the classic Hofmeister literature are supposed to adsorb less than various
other monovalent cations onto a negatively charged surface. However, we
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have proposed and established [42] that in the presence of divalent cations,
the surface charge of mica is reversed from negative to positive. The finite
contact angle and hence, the stronger adsorption with divalent cations in our
experiments can then directly be corroborated to the fact that on a cationic
surface, the cations follow the reverse Hofmeister series, where Mg2+ or
Ca2+ are deemed to adsorb most strongly.

The pH of the aqueous phase containing the cations also plays a role in
the wettability order we have investigated. As seen from the contact an-
gle maps (Figure 6.1, 6.2, 6.4, 6.5), wetting trends for both monovalent and
divalent cations of smaller size (r0, bare ion radius) depend on the pH val-
ues. The trend for the largest cations (Cs+ and Ba2+, on the other hand, are
independent of the pH values, where already at a lower pH (3) the maxi-
mum contact angle displayed by the cation is observed. In an attempt to ex-
plain this trend, we first focus on the interaction of Ba2+ with OH−, which
is related to the solubility of the hydroxide Ba(OH)2. In contrast to other
hydroxides of divalent cations, e.g. Mg(OH)2, Ba(OH)2 is fairly soluble in
water; its solubility product at 25o C is about 5× 10−3 mol3/l3, whereas that
of Mg(OH)2 is about 2 × 10−11 mol3/l3. Hence, at concentrations at the mM
range, Ba2+ is not very likely to bind OH−, so that the activity of Ba2+ is
hardly affected by pH, and very little Ba(OH)+ is generated. Once on the
surface, Ba2+ will interact with the oxide sites involving deprotonation:

X −OH +Ba2+ 
 X −OBa+ +H+ (6.4)

where, X is an acidic site. Since, hardly any Ba(OH)+ is present, the for-
mation of X-O-Ba(OH) can be neglected and therefore the net charge on the
surface is entirely controlled by Ba2+ adsorption as long as the surface acid
is dissociated.

For monovalent cations in our study, hydroxide formation in solution
can also be neglected. However, because they are monovalent, their binding
to negative surface is much weaker than for divalent cations, and therefore
the adsorption is sensitive to protonation of the surface sites:

X −OH +M+ 
 X −O −M +H+ (6.5)

where, M is a monovalent cation. Only for the largest ion Cs+, the binding
is sufficiently strong (enhanced by the dispersion forces) that it becomes in-
sensitive to pH on the experimental range. As a result, wettability is also
unaffected by pH for Cs+.



6.5 Concluding Remarks 131

6.5 Concluding Remarks
We have investigated and demonstrated wetting alteration of aqueous salt
solution on a mineral surface in ambient alkanes. We observe that a tran-
sition from near-zero contact angle to a finite contact angle (up to ∼ 15o)
occurs on mica as we follow a series of cations starting from Na+, K+ to Li+,
Rb+, Cs+ and then to divalent cations (Ca2+, Mg2+ Ba2+). For the first time,
we have reported an existing cationic order in relative wettability of mica in
an oil-water system. We have introduced the term cationic Hofmesiter series
of wettability alteration for this series.

For all these cases of transition to a finite contact angle, there is a thresh-
old concentration above which this transition takes place, e.g., with Ca2+, it
occurs around 50 mM, but for Ba2+ it occurs around 10 mM. We have con-
clusively shown in Chapter 4 that the wetting phase exists as a thin film, and
have pointed out that the macroscopic wetting pattern in our experiments
and especially the wetting alteration is intricately related to specific ion ad-
sorption leading to various interactions in this film. The surface charge at
the mica-water interface as well as oil-water interface plays a role in de-
termining the electrostatic contribution in this film, as is evident from our
streaming potential as well as AFM investigation. However, wetting alter-
ation is not limited to the condition of charge-reversal at mica interface. The
importance of ion polarizability, solvation energy, ion-charge density etc. in
relative adsorption of ions overshadow the electrostatic effect. We acknowl-
edge that this cationic wetting series is a unique ordering of cations for a
specific mineral surface (mica) wetting in alkanes, since for a different sub-
strate surface hydration, nature of charge on the substrate, the point of zero
charge (pzc) and many other factors play a crucial role on the interaction
with cations and subsequently, on the wetting properties.
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CHAPTER 7

Surfactant Induced
Autophobing

Abstract
Surfactant adsorption in a three-phase system and its influence on the wetting prop-
erties is relevant in various applications and has been widely studied. In this study
we report a hitherto unobserved phenomenon, namely the retraction of an aqueous
drop on solid substrates, caused by the deposition of species with a hydrophobic tail,
that were dissolved in the ambient oil. This process is enabled by the formation of a
reaction product between the amphiphilic molecules (fatty acid) and divalent cations
(Ca2+) at the oil/water interface. We investigate how this process depends on ex-
perimental parameters such as concentrations of the amphiphilic molecules and the
solute, the chain lengths of the fatty acid and the alkane solvent and the substrate.
Surfactant adsorption first occurs at the oil-water interface of the droplet, and sub-
sequently, deposition on the solid phase takes place. AFM measurements confirm
that surfactant is deposited on the solid by the moving contact line. This leads to
a more hydrophobic substrate and a concomitant increase in contact angle, which
we refer to as ‘autophobing’. This phenomenon is observed on mica as well as on
silica substrates, for several fatty acids and alkane solvents and thus appears to be
a generic behavior. The phenomenon can be described with a theoretical model in
which the rate of adsorption at the oil-water interface governs the overall kinetics of
autophobing, and transfer to the solid is determined by a mass flux balance (sim-
ilar to a Langmuir Blodgett transfer). The ensuing time-dependent oil-water and
solid-oil interfacial tensions then produce the evolution of the contact angle.

Parts of this chapter appear as:
1. B. Bera, M.H.G. Duits, M.A. Cohen-Stuart, H.T.M. van den Ende & F. Mugele. Fatty acid
induced autophobing on mineral substrates. Soft Matter, Under Review (2016).
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7.1 Introduction

A host of modern applications in diverse disciplines require in-situ wettabil-
ity alteration in the system and sometimes the need to park or move drops
in a confined space. Examples include lab-on-a-chip devices for biomedical
screening [1], immersion lithography [2], electrowetting platforms, oil re-
covery techniques etc. There are several methods to control the wettability
and the dynamics of drops in such a system, namely, thermal excitation [3],
drop manipulation using digital microfluidics and electrowetting [4], pres-
sure driven flow for droplet-sorting [5] etc., but chemical driving of drops
remains one of the most popular options in applications such as oil recovery
since control via electric fields is not possible. Functional coating of the sub-
strate is a primary ingredient for chemically driven dynamic droplets and
this is often achieved by using surfactants. However, the adsorption of sur-
factants is often not limited to one interface. Also the interface of the drop
with the ambient phase can recruit surfactants. This makes wettability al-
terations by surfactants more rich as a phenomenon, involving effects like
Marangoni Effect [6, 7], dewetting [8, 9], self-propelling drops [10, 11, 12]
and autophobing drops [13, 14, 15, 16].

Autophobing, i.e., the spontaneous retraction of the contact line of a drop
(thereby increasing the contact angle) is one of the fascinating phenomena
observed while studying wetting in the presence of amphiphilic molecules.
In early studies on autophobing, the contact angles, adhesion energy and
critical surface tension for drop spreading on hydrocarbon surfaces in the
presence of alkanes were of strongest interest [14]. The principal mechanism
suggested for autophobing was the self-assembly of surfactant molecules
forming a monolayer on solid substrates [15], causing the retracting contact
line of the drop. More recent studies [10, 17] have focussed on autophob-
ing of a liquid phase on another liquid subphase where the polar molecules
from the spreading liquid phase escape through the three-phase contact line
to form the thick layer of adsorbate at subphase/vapour interface and cause
autophobing. The role of electrostatics and adsorption is often debated in
the context of autophobing. However, experimental investigations confirm
that irrespective of ionic or non-ionic surfactant, a self-assembled mono-
layer forms on the substrate because of the carryover of surfactant molecules
across the contact line [18, 19]. Mathematical models have been developed to
capture the phenomenon by lubrication theory [20, 21, 22] or evolution the-
ory for the density profile of the adsorbed layer [11, 12]. Among the many
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investigated mechanisms of autophobing (or a moving drop on a substrate)
that have been investigated, two stand out: (i) the substrate changes its wet-
tability through adsorption from the droplet phase and the adsorbed surfac-
tant molecules do not return to the autophobing liquid phase (irreversible),
and (ii) the autophobing drop removes the layer of surfactants deposited on
the substrate and the substrate becomes bare again (reversible).

However, very few of these studies have focussed on a system with an
ambient liquid phase and none of them have addressed the problem that the
autophobing drop does not contain the surfactant itself. In this work, we
consider such a system. Autophobing of aqueous drops on solid substrates
is investigated, where the ambient oil contains an amphiphile, namely a
fatty acid, and the aqueous drop contains dissolved salt. We study the mech-
anism of autophobing in this case, i.e, the manner in which the surfactant
is deposited on the solid substrate in order to cause autophobing. We ob-
serve that metal stearate formation at the oil-water interface is a prerequi-
site for autophobing. We investigate the conditions, namely role of fatty
acid concentration, salt concentration and pH, for formation of interfacially
active species. In order to support this understanding, we also develop a
model involving the evolution kinetics and final equilibirum stage of the
autophobing drop. The time-scale and the final contact angle are captured
in fit parameters which in turn are connected to rate limiting processes and
thermodynamic properties of adsorbed layers.

7.2 Experimental Methods

7.2.1 Chemicals and Materials

Anhydrous alkanes (heptane, decane, hexadecane,>99%, Sigma Aldrich) are
the oil phases in the experiments. The oil is passed five times through a ver-
tical column of Alumina powder (Al2O3, Sigma Aldrich, Puriss grade >98%)
to remove surface-active impurities until the interfacial tension (IFT) is con-
stant ∼ 50 mN/m within ±2mN/m for at least 20 minutes. Different fatty
acids (hexanoic, decanoic or octadecanoic acid, ACS reagent grade, Sigma
Aldrich) are added to the alkanes at 1, 10, 100 or 1000 µM concentrations in
order to prepare the ambient phase. Ultrapure water from Millipore (Syn-
ergy UV Instruments, resistivity 18 MΩ) is used for preparing salt solutions.
We prepared all inorganic salt (Sigma Aldrich) solutions in a concentration
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range of 1 mM to 1 M by adding the water to carefully measured amount of
the required salt. The pH of the solutions is adjusted between 2 and 10 using
HCl/HNO3 and NaOH (0.1M, Sigma Aldrich). Muscovite mica (B&M Mica
Company Inc., USA; initial thickness 340 µm) and oxidized silicon wafers
with an amorphous silicon oxide layer (thickness: 30 nm) mimicking sil-
ica are the representative negatively charged solid surfaces. Mica sheets are
cleaved inside the oil with scotch tape to obtain a pristine surface during the
experiment. Silica surfaces are cleaned using piranha solution (mixture of
30% conc. H2O2 and 70% conc. H2SO4) followed by extensive rinsing with
ultrapure water and plasma treatment.

7.2.2 Optical Goniometry
The wetting of aqueous drops on mica/silica is characterized by measure-
ment of dynamic and equilibrium contact angles, using a contact angle go-
niometer (OCA 20L, Dataphysics Instruments GmBH, Germany). Before
measuring the contact angles, interfacial tension (IFT) has been measured at
oil-water interface using aqueous pendant drop of typical volume 20 µl cre-
ated in the ambient alkane phase (containing the fatty acids). Subsequently,
aqueous drops of volume 2 µl are created and quickly placed on the solid
substrate. The time delay between the formation of the drop and its touch-
ing down is kept within 1 s. The time-dependant contact angle of the drop
is extracted from video snapshots using the tangent and circle-fitting data
analysis software (SCA 22) provided with the instrument. Contact angles
can be determined with an accuracy of ±1o. The minimum contact angle
that can be determined on reflective surfaces is ∼2o. The measurement of
contact angle is repeated 25 times (drops) placed on at least 5 different solid
substrates. Various technical aspects of our contact angle measurements are
discussed in detail in Chapter 3.

7.2.3 Atomic Force Microscopy
An atomic force microscope (Dimension Icon with Bruker AXS Multimode 8,
USA) is used to investigate the adsorption of various species on the mineral
surface and the topography of these adsorbed layers. These experiments are
performed ex-situ in air after the substrate is removed from ambient oil and
the autophobed drop is gently blown away. All experiments are done in
tapping mode with ScanAsyst fluid silicon probes (Bruker) with sharp tips
and the images are collected with ScanAsyst Air software provided with the
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instrument. Nominal cantilever and tip properties are: tip radius <10 nm;
tip height, 0.5 – 0.75 µm; cantilever spring constant 0.4 N/m. The AFM is
operated under ambient conditions with small cantilever oscillation ampli-
tudes (<10 nm) and weak damping (i.e. high amplitude setpoint values) to
protect both tip and sample against damage. Around 3-4 topography and
phase images are recorded at various neighbouring locations outside the fi-
nal contact line of the autophobed drop. Image analysis is performed using
Bruker’s standard Nanoscope Analysis 1.4 package.

7.3 Results

7.3.1 Autophobing
Our investigations comprise of a number of simple aliphatic fatty acids dis-
solved in different alkane oils using several series of aqueous drops with
NaCl/CaCl2 dissolved at different concentrations. We will focus on the re-
sults for 1-octadecanoic acid (C18H36O2) (commonly known as stearic acid,
henceforth abbreviated as SA) dissolved in decane in the following sections.
The wetting behaviour and adsorption phenomena were found to be compa-
rable for other fatty acids and alkanes, which are discussed in the Appendix.

13
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0

t=0 5 s 10 s
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Figure 7.1: An autophobic drop; Screen-shots showing the gradual increase of
contact angle for a 1 M CaCl2 aqueous drop at pH 8 on mica in decane with
100 µM stearic acid at (a) 0 s (b) 5 s and (c)10 s.

The behaviour of aqueous drops of CaCl2 on a mineral surface in ambi-
ent oil containing SA (concentrations between 1 µM to 100 µM in oil) is very
different from that without any SA in oil. For drops containing NaCl, the
contact angle θ increases slightly compared to the unmeasurable contact an-
gles (< 2o) that we reported in Chapter 4, but never exceeded 10o. For drops
containing CaCl2 at pH higher than 5, the aqueous drop initially assumes
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a contact angle θ ∼ 10o, as in the absence of SA. Within seconds, however,
there is a spontaneous inward motion of the three-phase contact line and θ
increases to values of up to 70o. We will refer to this spontaneous increase
of contact angle (along with the retraction of contact line) as ‘autophobing’.
Figure 7.1 shows an example: screen shots of a 1 M CaCl2 drop on mica in
ambient decane containing 100 µM stearic acid. On a typical time-scale of
10 s, this gradual increase of contact angle occurs when > 10 mM of CaCl2
is present in the aqueous phase.

In the concentration range of 10 to 100 mM, we found that the growth of
the contact angle, i.e., ‘autophobing’, is often accompanied by ‘self-propelling’
of the aqueous droplets, i.e., as the contact angle begins to increase during
autophobing, drops spontaneously move on the solid substrate in an arbi-
trary direction. After the drop stops moving, it undergoes further autophob-
ing on the new spot. The propelling of the drop clearly highlights and mag-
nifies the non-uniform wettability around the drops. In this chapter we will
only focus upon the autophobing of drops that do not show significant dis-
placement. Self propulsion is considered as a manifestation of autophobing,
in combination with a heterogeneous substrate.

7.3.2 Extent of Wettability Alteration
The deposition of an aqueous drop leads to a final equilibrium contact angle
on the solid phase. These contact angles are shown in Figure 7.2, for 100 µM
SA in decane, with aqueous drops of CaCl2 on mica and silica. The final
contact angles on mica and silica are quite similar. The datapoints at pH <
6 do not display autophobing i.e., when CaCl2 droplets at pH 3, 4 and 5 are
placed on the substrate, we observe contact angles which remain constant
over time. Between pH 6 and 9, the deposited droplets assume an initial
contact angle, but autophobe within 10-15 s to reach at a much higher con-
tact angle (shown in the figure). We observe a jump in the contact angle θ
from ∼10o to ∼70o, as we cross the threshold pH 5. It is noteworthy, that
the 1 M CaCl2 drops at pH 5 have a larger contact angle compared to those
at pH 3 or 4, but no time dependence of contact angle (autophobing) was
observed for these drops.

For autophobing drops, the final contact angle shows a clear dependence
on the salt concentration in the aqueous phase, where lower equilibrium
contact angles are observed for 100 mM, 10 mM and 1 mM (compared to 1
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(a)

(b)

Figure 7.2: Equilibrium contact angles on (a) mica and (b) silica (open symbols);
in ambient decane with stearic acid vs. pH for various concentrations of CaCl2:
1 mM (cyan downward triangles), 10 mM (blue upward triangles), 100 mM
(red circles), 1M (black squares), and 100 mM NaCl (red open symbols). Stearic
acid concentration: 100 µM. Each datapoint is an average of 25 independent
drops under same conditions with the standard deviation shown in the error
bar. The solid lines are guides to the eye. The arrow and the letter ‘c’ depict
increasing salt concentration.

M) CaCl2 concentrations. Figure 7.3 shows the final contact angles for drops
of these salt concentrations at pH 9, at SA concentrations 100 µM and 1 mM.
We recall here, that for NaCl solution irrespective of salt concentration and
pH, there is no autophobing and no contact angle > 10o is observed. This
underlines that the autophobing is related to the calcium and not the ionic
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strength in the aqueous drops.
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Figure 7.3: Equilibrium contact angles for autophobing drops of various CaCl2
concentrations at pH 9; drops are on mica in ambient decane with stearic acid at
various concentrations: 100 µM. (closed symbols) and 1 mM (crossed symbols).
Each datapoint is an average of 25 independent drops under same conditions
with the standard deviation shown in the error bar.

7.3.3 Evolution of Contact Angle
Along with the final equilibrium contact angle after autophobing, the evolu-
tion of the contact angle i.e., the time-scale over which the autophobing oc-
curs is also interesting. We observe that this time-scale depends on the bulk
SA concentration in the ambient oil. As this concentration increases, the au-
tophobing becomes quicker, and vice versa, e.g., the autophobing time scale
is ∼30-40 s for 100 µM SA, while for 1 mM SA, it is ∼ 10 s. The time-scale
does not depend on CaCl2 concentration in the aqueous phase: as long as the
SA concentration in the oil phase is kept constant, drops of 1 M or 100 mM
CaCl2 autophobe over similar time, ∼ 50-60 s. We observe variations in the
dynamic contact angle trends, i.e., there are experimental irreproducibilities.
Even though experimental variables have been carefully controlled, the data



7.3 Results 147

 

 

 [o ]

t [s]

Figure 7.4: Contact angle evolution for 1 M CaCl2 drops on mica in ambient
decane containing 100 µM SA. The evolution trend is the average of 15 identical
drops (individual trends shown as scatter in the background).

fluctuate around this average, indicating that the motion of the contact line is
not smooth, most likely due to pinning/de-pinning incidents. This probably
also causes irregular deposition of surfactant on the solid, which could be
the reason for the aforementioned self-propulsion exhibited by some drops.
This scatter is depicted in Figure 7.4, where contact angle evolution trends
for 15 drops of 1M CaCl2 solution (all at pH 8) are shown (in the background
with light grey scatter). The average of these 15 curves is represented in red.
The behavior of individual drops clearly deviates from each other, but using
the average evolution trend, we get a reasonably good approximation of the
slope and final plateau (equilibrium contact angle) for a specific condition.
We will discuss these trends further in the model section and in Figure 7.9.

7.3.4 Generality of the Phenomenon

We notice in Figure 7.2 that the autophobing and the equilibrium contact
angles are remarkably similar for mica or silica. This suggests that for neg-
atively charged mineral surfaces such as mica and silica, the spontaneous
contact angle increase is mainly determined by the adsorption of the polar
components aided by a divalent ion and that other details of the substrate
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do not play a key role. Systems with other fatty acids (hexanoic acid, de-
canoic acid) also behave in similar manner, though the final contact angle
depends somewhat on the aliphatic chain length. The length of the linear
alkane acting as solvent for the fatty acids seems to have minimal effect on
the experiments, since changing from decane to heptane or hexadecane has
a minor effect on the contact angle trend. There is no change in the auto-
phobing behaviour upon changing the fatty acids or the solvent alkanes.
These results are presented and discussed in Appendix I. In the following
section, we will focus on the mechanistic explanation of autophobing, start-
ing from the molecular-scale events such as the adsorption of SA at various
interfaces.

7.4 Autophobing Mechanism

7.4.1 Surfactant Adsorption

A change in wettability (i.e., the contact angle) can be considered the re-
sult of changes in interfacial energies. The Young’s equation is written as:
cos θ = γso−γsw

γow
, where, γow, γso and γsw are the interfacial tensions of the

oil-water, solid-oil and solid-water interfaces, respectively. Unlike the case
of ambient oil without a polar component (dashed line in Figure 7.5 repre-
sents IFT at deionised water-decane interface) such as in Chapter 4 and 6
, in these experiments there is a significant time-dependant decrease in the
oil-water interfacial tension. We have carried out IFT measurements with
pendant drops. Figure 7.5 shows example measurements for aqueous drops
of various CaCl2 concentrations (at pH 8) in ambient decane containing 100
µM SA. At a relatively high salt concentration (1 M CaCl2), there is a sharp
drop of the interfacial tension γow over a few seconds and then the grad-
ual attaining of a plateau, while at lower salt concentration a mild decrease
of the IFT is observed. Similar trends have also been observed in previous
studies [23].

If γow is the only interfacial tension changing during the autophobing
process, then we would have seen a decrease in the contact angle (from
Young’s relation). Instead we observe a gradual increase in the contact an-
gle up to a value as high as 70o. Hence, it is implied that γso − γsw must de-
crease even more compared to γow. Assuming that SA cannot be transported
through the drop phase (implying γsw as constant), we attribute this drastic
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change of contact angle to a decrease in the solid-oil interfacial tension (γso),
which occurs because of the adsorption of calcium stearate (Ca-SA).
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Figure 7.5: Interfacial tension (IFT) w.r.t time at water/oil (decane with 100 µM
SA) for pendant drops of various CaCl2 concentration: 1 mM (dark cyan), 10
mM (red), 100 mM (blue) and 1 M (black). All drops are at pH 8. A reference
IFT measurement is shown for deionised water-decane interface when there is
no surfactant present in decane (brown dashed line).
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Figure 7.6: Proposed adsorption mechanism leading to the autophobing/self-
propelling at various time-stages (a) 0 s (b) 5 s (c) 10 s after placing the drop
on substrate (mica). Ca-SA formation (Calcium:blue, SA:red head-groups) is
depicted at the interface.
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During the adsorption of SA onto the solid substrate, the aqueous drop
plays an imperative role as implied by the clear dependence of the auto-
phobing phenomenon on the composition of the aqueous phase. The de-
protonated SA molecule has a negatively charged headgroup (R-COO−, de-
picted red in Figure 7.6) and cannot get adsorbed to the negatively charged
mica or silica substrates directly. We have observed that both high Ca2+

(blue in Figure 7.6) concentration and pH are prerequisites for autophobing.
This indicates, in line with previous findings [23, 24], that the deprotonation
of SA can only take place at the O/W interface at a high pH and salt concen-
tration.

Hence formation of calcium stearate at O/W interface is the enabling
step for Ca-SA getting adsorbed to the S/O interface. Following diffusion
from the bulk, SA gets adsorbed to the O/W interface first. It is plausible
that the O/W interface acts as the reservoir of calcium stearate, from which it
gets delivered to the S/O interface. As the adsorption sites on the oil-water
interface gradually get filled with SA, there is subsequently a transfer of
these SA molecules along the O/W interface onto the solid phase. Ca2+ acts
as the bridge between the negatively charged headgroup(s) in SA molecule
and the negatively charged solid surface. The autophobing of our drops
implies that while the contact line recedes, surfactant material keeps getting
deposited. Otherwise the Ca-SA deposition would have stopped the spread-
ing of the aqueous drop, but would not have led to the inward retraction of
the contact line.

Following this discussion, the key ingredients of autophobing are clearly
identified as the adsorption of calcium stearate at relatively high pH on mi-
ca/silica surface leading to a gradual increase of contact angle. A proposi-
tion has been made for the pathways (diffusion, formation of metal searate
at O/W interface and transfer of stearate to solid substrate). However, vari-
ous mechanistic details of the process are still missing, and in the following
sections through experiments and modeling, we are going corroborate the
various propositions.

7.4.2 Surfactant Deposition
We have used atomic force microscopy (AFM) to investigate the adsorbed
surfactant molecules on the solid substrates. We found no evidence of ad-
sorbed SA on the substrate inside the final three-phase contact line of the
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drop. Hence, our proposition that water-insoluble SA does not get adsorbed
under the drop is confirmed. AFM imaging outside the three-phase contact
line corroborates our proposed mechanism for autophobing behavior of the
aqueous drops: the surface is covered by a stearate monolayer, very similar
to the partially decomposed Langmuir-Blodgett films of SA reported in ear-
lier investigations [25].
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Figure 7.7: Atomic Force Microscopy reveals the layer thickness and density
next to a 1M CaCl2 drop deposited on mica in ambient decane with 100 µM
SA. (a) The drop after autophobing; the initial shape of the drop is shown by
the dashed blue line and schematics of SA molecules in bulk and in adsorbed
state are shown (b) The AFM thickness map is shown at various distances away
from this ‘autophobing’ drop: (left)100µm (centre)200 µm (right) 800 µm. Dark
brown signifies the bare substrate while the patches of lighter brown represents
the adsorbed SA layer (c) Height profiles corresponding to the thickness maps
in (b).
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In Figure 7.7a, we show an example drop after autophobing where the
SA (red) molecules as well as the initial contact line before autophobing
(blue) are depicted schematically. The final position of the contact line is
considered as the origin for AFM experiments, and the adsorption of SA
is investigated at various distances away (radially outward) from this ori-
gin. Figure 7.7b shows the thickness maps at three representative distances.
Close to the final contact line of the droplet, the SA layer is dense with oc-
casional holes; At an intermediate distance ∼ 0.5 mm away from the contact
line, the patches of adsorbed layer are less dense implying a medium cov-
erage of adsorbed SA. Farther away, bare mica was seen with occasional
islands of monolayer stearate. Hence, we observe a gradient in the amount
of adsorbed SA, decreasing gradually as we move away from the contact
line. Assuming that the measured topography is an adequate representa-
tion of the Ca-SA as it was deposited in the wet stage of autophobing, the
gradient suggests that the transport of SA from oil-water interface onto the
solid substrate gradually increases while the drop is autophobing. As the
oil-water interface gets slowly saturated by SA molecules, it deposits more
oncoming fatty acid molecules on the solid substrate.

Based on these mechanistic steps, we will build up a simple adsorption
model in the following section, which captures the salient features of the
autophobing drops, and investigates the parameters governing this phe-
nomenon.

7.5 Theoretical Model

We set up our theoretical model with the goal of learning about the kinetics
of the adsorption process and the rate determining steps as well as reproduc-
ing the observed evolution of the contact angle, using a minimum number
of (plausible) assumptions.

The aqeuous drop is considered to be of spherical cap geometry during
the entire process of autophobing. Hence the radius of curvature of the drop
as well as the radius of the contact line is a function of contact angle θ (see
Appendix II). The contact angle of the autophobing drop at a specific time-
instant t is assumed to be the result of an instantaneous mechanical (but not
chemical) equilibrium, where both the O/W and the S/O interfacial tension
decrease over time due to a progressive accumulation of surface active ma-
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terial leading to higher densities. Here, the first step is the formation of a
surfactant layer at the oil-water interface (Figure 7.8a, left) via diffusion of
SA through the ambient solution followed by an adsorption step leading to
formation of Ca-SA. The transfer of Ca-SA to the solid substrate starts as
soon as the surfactant layer forms at the O/W interface, and this transfer is
considered to occur along the surface of the spherical cap.

We assume that N molecules are adsorbed in the O/W interface. The
area of the O/W interface is A and the length of the contact line is L = 2πr
where r is the radius of the circular contact line. Hence, the surface densities
at the O/W and S/O interfaces are Γ1 (which can be expressed as Γ1 = N/A
and Γ2, respectively. The contact angle θ of the drop increases from a mini-
mum value θmin to a maximum value θmax after the autophobing.
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Figure 7.8: Stearic acid adsorption occurs first from bulk ambient alkane phase
to the oil-water interface (a, left) and then subsequently Ca-SA get deposited on
the solid substrate (a,right). The enlarged depiction of this deposition process
is shown in b, right, where the control volume (area within blue dashed line)
is shown along with the various influx and outflux terms considered in the
model. (b, left) stearic acid coverage (hatched area) on a solid substrate for
an autophobing drop. The intitial three-phase contact line is depicted by the
dashed line, while the receding contact line is shown by the solid line.

The contact angle θ at a time t is expressed following Young’s relation:
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cos θ(t) =
γso(t)− γsw
γow(t)

(7.1)

where, γ(t) is the instantaneous interfacial tension. The surface tensions de-
pend on time via the surface coverages (Γ):

cos θ(t) =
γso(Γ2)− γsw
γow(Γ1)

(7.2)

Since the instantaneous equilibrium holds only in the mechanical sense,
we cannot express the dependence of IFT on surface coverage using stan-
dard equations of state such as Gibbs equation, which only holds at a chem-
ical equilibrium. In absence of more detailed information we write a linear
relation between the instantaneous interfacial tension and surface density:

γow = γow,0 − α1Γ1 (7.3)
γso = γso,0 − α2Γ2 (7.4)

where γ0 is the initial interfacial tension of the bare interface. Assuming that
the initial contact angle for an autophobing drop is θ0, we can write from
Young’s equation: γso− γsw = γow,0 cos θ0−α2Γ2, where the S/W interfacial
tension is assumed to remain unchanged i.e., γsw = γsw,0. This relation
also implies that Γ2 = 0 at t=0, i.e., the S/O interface does not have any
adsorbed stearate at the beginning. In the following derivations, we will
use γ0 to represent γow,0, the oil-water interfacial tension when autophobing
starts. Hence, we can write:

cos θ(t) =
γ0 cos θ0 − α2Γ2(t)

γ0 − α1Γ1(t)
(7.5)

Next, we consider the time dependences of Γ1 and Γ2. Figure 7.8b,
right, depicts our chosen control volume around a small section of the three-
phase contact line, in which we consider all the influx and outflux of the SA
molecules for O/W and S/O interfaces. Based on these fluxes, we can for-
mulate the following rate equation:

dN

dt
= A(Jads − Jdes) + 2πrṙΓ2 (7.6)

where, Jads and Jdes are the adsorption and desorption fluxes of SA molecules
from the bulk oil phase to the O/W interface, respectively. 2πrṙΓ2 denotes
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the outward flux of SA molecules from O/W interface along the spherical
cap surface. These molecules, which are deposited on the S/O interface
along the contact line, are assumed to stick to the substrate and not move
inwards with the contactline i.e., the transfer is Langmuir-Blodgett (LB) like
deposition. It is important to note that ṙ, i.e., the contact line velocity, is
negative since the drop moves inward while autophobing. The fluxes are
defined by:

Jads = ck1(Γ∞ − Γ1) (7.7)
Jdes = k2Γ1 (7.8)

where c is the local concentration of the stearate molecules in the oil phase
near the oil-water interface and k1 and k2 are rate constants associated with
adsorption and desorption at this interface, respectively. We assume that the
desorption of SA molecules from the oil-water interface back to the bulk oil
phase is negligible; i.e., k2∼0. Hence, equation 7.6 becomes:

dN

dt
= AJads + 2πrṙΓ2 (7.9)

Furthermore, we assume that the deposition of Ca-SA from the O/W in-
terface to the S/O interface involves a complete and instantaneous transfer
of only the surfactants within the control box; in other words, any uneven-
ness in the local surface density Γ2 caused by the loss of molecules at the con-
tact line is neglected (Langmuir Blodgett type deposition). The deposition,
thus, is completely controlled by the fact that as the drop autophobes, the
surface area A of the spherical cap reduces, leaving the extra SA molecules
outside the cap which are then deposited on the solid substrate. We repre-
sent this assumption by the following expression:

Γ1Ȧ− 2πrṙΓ2 = 0 (7.10)

Combining equations 7.9 and 7.10, we obtain:

Γ̇1 = Jads = ck1(Γ∞ − Γ1) (7.11)

On the other hand, from equation 7.10 and the spherical cap shape of
the drop, we obtain the relation between Γ1 and Γ2 (see Appendix II for the
derivation):

Γ2 =
Ȧ

2πrṙ
Γ1 = cos θΓ1 (7.12)
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Based on Equations 7.5 and 7.12, we can write the implicit equation re-
lating θ and t as follows:

cos θ(t) =
cos θ0

1 +
α2 − α1

γ0
Γ1(t)

(7.13)

The time-dependent O/W surface coverage Γ1 can be obtained from
equation 7.11:

Γ1 = Γ∞1

(
1− e−(ck1)t

)
(7.14)

Hence, Equation 7.13 can be written as:

cos θ(t) =
cos θ0

1 +
α2 − α1

γ0
Γ∞1

(
1− e−t/τ

) (7.15)

where, τ = (ck1)−1. This equation suggests that autophobing will con-
tinue as long as Γ1 keeps on growing. Bulk concentration c∞ and diffu-
sion, thus, do not necessarily control the rate of autophobing. The local
(sublayer) concentration c (which would be proportional to the bulk con-
centration) determines the time-scale τ of autophobing together with a rate
constant which could be determined by either diffusion or an adsorption
(reaction) energy barrier. αi is the prefactor in SA adsorption isotherm and
represents the slope of interfacial tension variation with surface coverage:
dγ
dΓ |t=0. With time, the relation between γ and Γ does not probably remain
linear. However, for simplicity, we assume a linear relation in this model.
We use (α2 − α1) and τ as the fitting parameters in the calculation of dy-
namic contact angle profile.

7.5.1 Comparison of Experiment & Model
The dynamics of autophobing drops shows two major features: (i) the time-
scale for autophobing and (ii) the final contact angle. In our modeling, these
features are captured by the two fitting parameters τ and (α2 − α1), respec-
tively. τ is inversely proportional to the adsorption rate constant and con-
centration. In our modeling of the experimental results (see Table 7.1), the
found values of τ are constant irrespective of CaCl2 concentration in the
autophobing drop, but vary as the bulk SA concentration changes . This
implies that faster autophobing is directly related to the SA concentration
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CaCl2 conc./ SA conc. α2 − α1 [J] τ [s] θf [o]
1 M / 100 µM 6.37x10−21 30 60
1 M/ 1 mM 4.77x10−21 10 60
100 mM / 100 µM 0.95x10−21 30 30

Table 7.1: Fit parameters and constants for contact angle evolution model.

(τ = (ck1)−1), and as SA concentration c increases, τ decreases leading to
a larger slope in the evolution of contact angle. The other fitted parameter
(α2 − α1) dictates the magnitude of the final contact angle, and therefore
must be related to the amounts of SA adsorbed at the different interfaces.
These amounts vary as the CaCl2 concentration changes (as seen from our
model parameter values), since Ca2+ acts as the bridging cation and helps
SA adsorb to the S/O interface. A higher CaCl2 concentration is thus sug-
gestive of a higher SA adsorption, leading to a higher contact angle. It is
important to note that, autophobing only happens when α2 > α1, which
means that at the same adsorption density, the surface pressure must be
higher at the S/O interface compared to the O/W interface.

Figure 7.9 shows the evolution of contact angles with time for autophob-
ing drops under various experimental conditions (dashed lines). The cor-
responding fits calculated from the model are depicted by the solid lines.
In the model, the initial oil-water interfacial tension γ0 is kept constant at
γ0 = 0.051 N/m (from experimental measurements), and the maximum sur-
face density at the oil-water interface Γ∞1 = 8x1018/m2 [26] is fixed as well.
Our model describes the experimental data quite well. Various parameters
from the model are summarized in Table 7.1. We note that the prefactor term
of the SA adsorption isotherm (α2 − α1) is of the order ∼ kBT .

7.5.2 Rate Determining Step
SA molecules are adsorbed at the O/W interface following diffusion from
bulk oil. In principle, both diffusion and the interfacial reaction can influ-
ence the rate of adsorption at the O/W interface. In our model, the local
concentration c in the sublayer just outside the drop is assumed to be con-
stant in solving Equation 7.11. In this case, we assume the diffusion to be
rapid, implying this subsurface concentration to be very close to the bulk
SA concentration c∞. The time-constant τ can therefore be taken as inversely
proportional to c, the local surfactant concentration at the subsurface layer.
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Figure 7.9: Evolution of contact angle vs time, calculated from the model (solid
lines) compared with the experimental values (dashed line, average of 15 drops
at pH 7). CaCl2 drops on mica in ambient decane are considered; at two differ-
ent salt concentrations: 1 M (black) and 100 mM (blue), and two different SA
concentration in decane: 100 µM (black and blue) and 1 mM (red).

Alternatively, if we assume that diffusion is the rate-limiting step, then
the Ward-Tordai equation [27] (corresponding to diffusion to a sink) would
be appropriate:

Γ = 2c∞

√
Dt

π
(7.16)

with D the diffusion coefficient and t the time after deposition of a fresh
drop. Looking at the scaling with c and t, this equation predicts that τ2

τ1
=

(
c∞,1
c∞,2

)2=100 for c∞,1
c∞,2

=10. This is clearly not the case in our experiments,
where a change in bulk SA concentration by an order of magnitude (from
100 µM to 1 mM) leads to a time scale change by only 1/3. If we perform
the same calculation based on adsorption based Equation 7.15 (τ = 1/ck1),
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we get an expected value of τ2
τ1

=
c∞,1
c∞,2

=10. This is closer to our model pre-
dictions, although not completely similar. The same order of magnitude
for these two time-scales could be taken as an indication that adsorption is
indeed the rate-deterministic step in our experiments. However, the occur-
rence of just one process which is rate limiting under all conditions, is very
likely an idealization. Nonetheless, our simple model appears to capture the
most important step of the rate-deterministic process.

7.5.3 Completion of Autophobing

In our experiments, the autophobing of the aqueous drop stops after a cer-
tain time. The time-scale of completion of autophobing depends on the sur-
factant concentration while the contact angle at this completion is governed
by the solute (salt) concentration in the aqueous phase. The precise mech-
anism via which the autophobing comes to an end, still needs to be eluci-
dated. It might coincide with the formation of a saturated O/W interface,
which, by definition, means that the adsorption flux has become zero. In our
model, the adsorption at O/W interface also stops at dNdt = 0, which leads to
Ȧ = 0, meaning the autophobing stops.

Characterization of τ and α at a certain macroscopic condition (i.e., a
combination of SA and CaCl2 concentrations) is not always straightforward,
due to the variability in the time-dependent contact angle. It is important to
note that the contact angle evolution trends, as depicted in Figure 7.9, are
average trends from our autophobing experiments for specific conditions
such as salt concentration or SA concentration. Autophobing drops do not
behave in an identical manner even when conditions are identical, as shown
in Figure 7.4, which concerns both the time scale and the final contact angle.
The variations could be influenced by many factors: such as pinning of the
drop while autophobing, small amount of propelling on the solid substrate
as the drop undergoes autophobing etc. However, for a significantly large
number of droplets, the autophobing behavior is quite general and follows a
similar slope and contact angle during evolution. This general behavior was
discussed in the current section as the trend characteristic of these drops,
and are captured with the model. Capturing the various asymmetry and
chemical non-equilibrium issues such as self-propelling or pinning and their
subsequent effects on contact angle evolution are quite challenging and have
not been addressed in this present model.
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7.6 Autophobing for Saturated Drops

Another way to examine our model/hypothesis for the kinetics and termi-
nation of autophobing, is to let the aqueous CaCl2 drop age in the fatty acid
solution before bringing it in contact with the substrate. This should bring
the initial O/W interface of the sessile drop closer to the saturated state,
possibly leading to an earlier termination of the autophobing. In these ex-
periments, we wait for 10, 20, 30, 60 or 120 s before the touchdown. Re-
gardless of the waiting time, we found the initial contact angle to be 180o,
i.e., the drop does not spread on the solid. However, either by forcing the
drop (with the needle) on the substrate or by allowing the drop a few sec-
onds at this 180o contact angle, the drop can be deposited. The drop then
spreads until the contact angle is the same as θmin, the initial contact angle
for non-saturated drops. Remarkably, the drop undergoes autophobing in
the same manner as an unsaturated drop: the time-scale and the final equi-
librium contact angle remain the same (within the range of the error bars) as
in the case of fresh drops, and only depends on the bulk SA concentration in
the ambient oil and the salt concentration in the aqueous phase, respectively.

The observation that the aged drops are initially reluctant to spread on
the substrate, confirms that the O/W interface is indeed covered with SA
molecules and the hydrophobic tails of the molecule prevent the aqueous
phase to interact with the hydrophillic mica/sillica surface. By forcing the
drop on the substrate or by allowing some time, it is apparently possible to
remove/disperse this layer of SA molecules. The forcing of the drop will
result in the dispersing of the SA molecules if these molecules are not at the
interface, but rather a multi-layer of the molecules are formed outside the in-
terface and previous studies have shown that such a multi-layer formation is
possible [23]. Another possible explanation might be that the O/W interface
has bare areas which, if close to the solid substrate, interacts directly with
them and forms a wetting layer. A greater volume of the aqueous phase will
arrive from the inner part of the drop, resulting in a spreading drop, which
then starts accumulating fresh SA molecules in its newly formed O/W in-
terface and undergoes autophobing.

The plausible mechanisms underline that the autophobing phenomenon
is richer than what our model can capture. Firstly, the model assumes that
once the O/W interface is saturated with SA molecules, the flux for transfer-
ring these molecules onto the solid substrate vanishes, and the autophobing
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stops. But with these aging experiments, we observe that it is possible for
saturated interface to get rid of its molecules and start the autophobing pro-
cess freshly. Secondly, we assume an even distribution of the SA molecules
at the O/W interface in our model. However, the possible role of bare parts
in the O/W interface next to a layer of SA molecules, appears to indicate
otherwise. Taking these various mechanistic steps into consideration may
result in a more robust theoretical model, while one might argue that drop
aging is another way to create the same starting point for the model .

7.7 Concluding Remarks

We have investigated the adsorption of fatty acid molecules in a three phase
system consisting of solid mineral surface, saline aqueous phase and ambi-
ent oil phase containing the surfactants. We observe aqueous drops auto-
phobing on the solid substrate, i.e., spontaneously increasing their contact
angle manyfold. This phenomenon occurs only when the aqueous phase
contains divalent Ca2+ cations and depends on the salt concentration, pH
and the stearic acid concentration in the oil. The final contact angle is in-
fluenced by the concentration of divalent cation, while the time-scale of au-
tophobing is governed by the fatty acid concentration. We first established
the phenomenon and its reproducibility for a specific system i.e., autophob-
ing on mica in decane with stearic acid, and subsequently showed its gen-
eral nature by considering various other substrates (silica), oil (heptane and
hexadecane) and other fatty acids (hexanoic acid and decanoic acid). The
essence of autophobing behaviour remains the same for these various sys-
tems, while small differences in contact angle were observed because of fatty
acid adsorption depending on the carbon chain length.

We discovered a mechanism where autophobing of a drop occurs with-
out any surfactant in the drop phase. The surfactant in our system gets
adsorbed via a chemical reaction at the oil-water interface from the oil, and
subsequently, gets deposited on the solid-oil interface leading to autophob-
ing drops. We have validated our proposition using Atomic Force Microscopy,
where a large amount of fatty acid is observed next to the contact line of the
autophobed drop. There is no evidence of adsorbed fatty acid underneath
the drop, ruling out fatty acid transport through the drop and highlighting
the fact the adsorption at the oil-water interface is the first step. We devel-
oped an adsorption based model in order to capture the evolution of contact
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angle. The model assumes instantaneous equilibrium during the autophob-
ing process, and a Langmuir-Blodgett type adsorption layer on the solid
phase. We introduce two fitting parameters in the model, where one rep-
resents the relation between interfacial tension and coverage, and the other
denotes the time-scale of autophobing. The trend of contact angle evolu-
tion in the experiments is captured succesfully with this simplified model,
where we have also associated the salt concentration and the fatty acid con-
centration to our fit parameters in order to represent the major features of
the autophobing dynamics.
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7.8 Appendix I: Autophobing Extended Exper-
iments

7.8.1 Various Surfactant Concentrations

Figure AI.1: Equilibrium contact angles on (a) mica and (b) silica; in ambient
decane with stearic acid vs. pH for various concentrations of CaCl2: 1 mM
(cyan downward triangles), 10 mM (red circles), 100 mM (blue upward trian-
gles), 1 M (black squares). Stearic acid concentration: 1 mM.
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7.8.2 Influence of Fatty Acid-Chain Length
In order to investigate the influence of the aliphatic chain length on adsorp-
tion, we have performed the autophobing experiments with various fatty
acids. As we gradually decrease the aliphatic chain length, a decrease in the
final contact angle is observed compared to that for SA. Aqueous drops of
CaCl2 in ambient decane containing decanoic acid (CH3(CH2)8COOH) au-
tophobes at pH 9 (the autophobing is negligible at pH 6), and the maximum
equilibrium contact angle is ∼ 30o, which is significantly lower than in the
case of SA (∼60o). If we change the fatty acid from decanoic acid to hex-
anoic acid (C5H11COOH) in the ambient decane, then the behaviour of the
aqueous drops of CaCl2 are similar to those for decanoic acid, but the equi-
librium contact angles are slightly higher.

Hence, as expected, the aliphatic chain length plays a role in the adsorp-
tion. It is plausible, that the adsorption of these fatty acid molecules at the
O/W interface is proportional to the chain length, and hence SA adsorp-
tion is strongest, followed by decanoic acid and hexanoic acid. However,
the equilibrium contact angle does not follow this order, since the post-
autophobing contact angle for hexanoic acid lies in between that of decanoic
acid and SA. While trying to explain this trend, we have to take into con-
sideration the solubility of these fatty acids. SA and decanoic acid are not
soluble in water, while hexanoic acid dissolves in water. This implies, that
in the case of hexanoic acid adsorption at O/W interface, a fraction of the
acid molecules are subsequently transported across the aqueous drop to
get directly adsorbed onto the solid substrate. Hence, the substrate is al-
ready more hydrophobic (compared to the scenarios of decanoic acid and
SA), when the autophobing starts. The contact angle trends for various fatty
acids at different CaCl2 concentrations are represented in Figures AI.2.

7.8.3 Influence of Alkane-Chain Length
The influence of the aliphatic chain-length of the solvent upon fatty acid ad-
sorption is found out to be relatively small. We have performed experiments
switching the solvent of SA from decane to heptane (C7H16) and hexadecane
(C16H34). As represented in Figure AI.3, the autophobing trends as well as
the equilibrium contact angles are comparable to the case of SA in decane.
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Figure AI.2: Equilibrium contact angles on mica in ambient decane with (a)
hexanoic acid and (b) decanoic acid vs. pH for various concentrations of CaCl2:
1 mM (cyan downward triangles), 10 mM (red circles), 100 mM (blue upward
triangles), 1 M (black squares). Hexanoic and decanoic acid concentration: 100
µM.
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Figure AI.3: Equilibrium contact angles on mica in ambient (a) heptane and
(b) hexadecane with stearic acid vs. pH for various concentrations of CaCl2:
1 mM (cyan downward triangles), 10 mM (red circles), 100 mM (blue upward
triangles), 1 M (black squares). Stearic acid concentration: 1 mM.
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7.8.4 Cationic Surfactant

Various fatty acid molecules behave as anionic surfactants, since upon de-
protonation they yield a negatively charged specie. We have used octadecy-
lamine (CH3(CH2)17NH2) as the surface-active component in decane. The
molecules are protonated irrespective of the experimental pH (3, 6 or 9) and
the positively charged species get adsorbed directly to the S/O interface,
explaining the large contact angles.

Figure AI.4: Equilibrium contact angles in ambient decane with octadecy-
lamine on (a) mica and (b) silica vs. pH for various concentrations of CaCl2:
1 mM (cyan downward triangles), 10 mM (red circles), 100 mM (blue upward
triangles), 1 M (black squares). Octadecyl Amine concentration: 100 µM.
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7.9 Appendix II: Calculation for Autophob-
ing Modeling

In section 7.5, we have introduced a model to address the salient features
of adsorption kinetics and evolution of contact angle during autophobing.
However, the mechanism of autophobing contains several concurrent pro-
cesses and we have used a number of assumptions in the described model to
simplify the analysis. In the following section of Appendix, we will provide
the general approach of this modeling, which is valid under all conditions.

The aqeuous drop is considered to be of spherical cap geometry during
the entire process of autophobing, hence the radius of the drop as well as
the radius of the contact line is a function of contact angle θ through the
following relations:

R = R0

(
4

2− 3 cos θ + cos3 θ

)1/3

(7.17)

r = R sin θ (7.18)

A = 2π R2 (1− cos θ) (7.19)
L = 2π R sin θ (7.20)

where R is the radius of the spherical cap and R0 = (3V/(4π))1/3.

The contact angle of the autophobing drop at a specific time-instant t
is assumed to be the result of an instantaneous equilibrium, where both the
O/W and the S/O interfacial tension decrease over time due to a progressive
accumulation of surface active material leading to higher densities. Here,
the first step is the formation of a surfactant layer at the oil-water interface
(Figure AII.1a, left) from the ambient solution by diffusion followed by ad-
sorption. The transfer of SA molecules to the solid substrate starts as soon as
the surfactant layer forms at the O/W interface, and this transfer is consid-
ered to occur along the oil-water contact surface i.e., surface of the spherical
cap. We define N1 as the number of molecules adsorbed in the O/W inter-
face while N2 is the number of molecules adsorbed on the substrate (from
the O/W interface) in a rim of width w just outside the contact line. This
width is assumed to be of the order of the size of an SA molecule. The area
of the O/W interface isA and the length of the contact line is L = 2πr where
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Figure AII.1: Stearic acid adsorption occurs first from bulk ambient alkane
phase to the oil-water interface (a, left) and then subsequently the molecules
get deposited on the solid substrate (a,right). The enlarged depiction of this
deposition process is shown on b, right. (b, left) stearic acid coverage (hatched
area) on a solid substrate for an autophobing drop. The intitial three-phase
contact line is depicted by the dashed line, while the receding contact line is
shown by the solid line.

r is the radius of the circular contact line. Furthermore, we define the surface
densities Γ1 = N1/A and Γ2 = N2/(wL). The autophobing drops are consid-
ered to be of sphreical cap geometry where the contact angle θ is supposed
to increase from a minimum value θmin to a maximum value θmax ≈ 60◦ after
the autophobing. Following the arguments presented in the main text, we
can write the instantaneous contact angle in form of the Young’s equation:

cos θ(t) =
γso(t)− γsw
γow(t)

(7.21)

We consider the autophobing a quasi-ideal process, where the interfacial
tension γ and the coverage density Γ linearly related: γow = γow,0 − α1Γ1

and γso = γso,0 − α2Γ2. Hence, we can write:
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or, cos θ(t) =
γso,0 − α2Γ2 − γsw
γow,0 − α1Γ1

(7.22)

or, cos θ(t) =
γ0 cos θ0 − α2Γ2(t)

γ0 − α1Γ1(t)
(7.23)

We can now formulate the following rate equations:

dN1

dt
= A(Jads − Jdes)− Lj (7.24)

dN2

dt
= Lj + ṙLΓ2 (7.25)

where, Jads and Jdes are the adsorption and desorption fluxes of SA from
the bulk oil phase to the O/W interface, respectively, and j is the outward
SA flux along the contact line for deposition from O/W to the S/O interface.
The term ṙLΓ2 represents the molecules that leave the contact line area as
the drop autophobes because they stick to the substrate and do not move
with the contact line inwards. The fluxes are defined by:

Jads = ck1(Γ∞ − Γ1) (7.26)
Jdes = k2Γ1 (7.27)
j = k3Γ1 − k4Γ2 (7.28)

where c is the concentration of the molecules in the oil phase near the water-
oil interface and kn are rate constants.

In order to solve Eqs. (7.24) and (7.25), a relation needs to be established
between θ and Γ1 and Γ2. We define the function F as:

F (Γ1,Γ2, θ) = cos θ − γ0 cos θ0 − α2Γ2

γ0 − α1Γ1
= 0 (7.29)

From this expression we observe that autophobing (cos θ < cos θ0) is only
possible if α2Γ2 > α1Γ1 cos θ0. Using Equation (7.29) we can relate θ̇ with
dN1/dt and dN2/dt:

∂F

∂θ
θ̇ +

∂F

∂Γ1

dΓ1

dt
+
∂F

∂Γ2

dΓ2

dt
= 0 (7.30)

or:
θ̇ = C1

dΓ1

dt
+ C2

dΓ2

dt
(7.31)
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where,

C1(Γ1,Γ2, θ) =

(
∂F

∂Γ1

)(
−∂F
∂θ

)−1

C2(Γ1,Γ2, θ) =

(
∂F

∂Γ2

)(
−∂F
∂θ

)−1

(7.32)
Finally Ȧ and the velocity of the contact line ṙ are given by:

Ȧ =
dA

dθ
θ̇ and ṙ =

dr

dθ
θ̇ (7.33)

We can replace N1 = AΓ1 in the rate equation 7.24:

d(Γ1A)

dt
= Ack1(Γ∞ − Γ1)−Ak2Γ1 − L(k3Γ1 − k4Γ2) (7.34)

or,
dΓ1

dt
= [ck1(Γ∞ − Γ1)− k2Γ1 −

L

A
(k3Γ1 − k4Γ2)]−

dA
dt

A
Γ1 (7.35)

Similarly, from Equation 7.25, we obtain:

dΓ2

dt
=
k3Γ1 − k4Γ2

w
+
ṙΓ2

w
− Γ2

L

dL

dt
(7.36)

Summarizing the results so far:

dΓ1

dt
= B1 −

A′

A
Γ1

(
C1
dΓ1

dt
+ C2

dΓ2

dt

)
(7.37)

dΓ2

dt
= B2 −

(w − r)r′

wr
Γ2

(
C1
dΓ1

dt
+ C2

dΓ2

dt

)
(7.38)

where we defined:

B1(Γ1,Γ2, θ) = ck1Γ∞1 − (ck1 + k2)Γ1 − L/A (k3Γ1 − k4Γ2) (7.39)
B2(Γ1,Γ2, θ) = k3Γ1/w − k4Γ2/w (7.40)

A′ =
dA

dθ
and r′ =

dr

dθ
(7.41)

Rearranging the terms in Equation (7.37) and (7.38) gives:(
M11 M12

M21 M22

)(
Γ̇1

Γ̇2

)
=

(
B1

B2

)
(7.42)

with(
M11 M12

M21 M22

)
=

(
1 + Γ1C1A

′/A Γ1C2A
′/A

Γ2C1(w − r)r′/(wr) 1 + Γ2C2(w − r)r′/(wr)

)
(7.43)
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Inversion of Equation 7.42 results in:(
Γ̇1

Γ̇2

)
=

1

[M ]

(
M22 −M12

−M21 M11

)(
B1

B2

)
(7.44)

where [M ] = M11M22−M12M21 is the determinant of the matrix {M}. If we
have values for the parameters kn and αn, we can use Equation 7.44 to solve
Γ1, Γ2 and θ as a function of time.
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7.10 Appendix III: Wettability Alteration on
Langmuir-Blodgett Layers

In this chapter, autophobing experiments were presented where SA dis-
solved in ambient oil phase gets adsorbed at oil-water interface (in presence
of CaCl2 in the aqueous phase) and subsequently gets deposited on bare
substrate to form a layer. In reality, some examples such as oil recovery
involve the adsorption of polar components on solid phase prior to any con-
tact with oil. Hence, the oil-water competitive wettability only comes into
play, when the substrate already contains a previously formed layer of or-
ganic component. We report in this section, the results of oil-water relative
wetting on substrates where a SA layer is grown using Langmuir-Blodgett
(LB) transfer method prior to the wetting experiments. Recent investigation
[25] has focussed on stability of such layers based on aqueous composition
in the wetting drop, but studying the wetting properties in ambient oil is
unexplored.

7.10.1 Chemicals and Materials

Octadecanoic acid i.e., stearic acid (Sigma Aldrich, grade 1, ∼ 98%) solu-
tion is prepared in CHCl3 (Sigma Aldrich, ACS reagent grade) at 1 mg/ml
concentration. The subphase for the organic layer deposition for all the ex-
periments is 0.01 M CaCl2 solution. The preparation of the subphase as well
as various aqueous salt solutions for contact angle goniometry are done in
the similar manner to that described in section 7.2. The mixture of various
salt solutions consists of 10 mM CaCl2, 50 mM MgCl2 and 500 mM NaCl in
order to partially mimic the brine (Artificial Sea Water, ASW) solution used
in oil-recovery. We will use the term ‘semi-Artificial SeaWater (semi-ASW)’
in order to describe the various experiments with this mixture solution.

The organic layer deposition is carried out on silica surfaces. Silica sub-
strates of dimension 4 cm × 1 cm are cut from commercial silicon (100)
wafers with a thermally grown oxide layer of (∼ 35 nm) thickness. The
substrates are extensively cleaned prior to the deposition, first in a mix-
ture of ethanol, isopropanol and Millipore water and left in an ultrasound
sonication bath for 5 minutes. Then the substrates are removed from the
bath, rinsed with Millipore water and dried carefully with N2 gas. Subse-
quently, the wafers were treated with ambient air plasma (PDC-32G-2 Har-
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rick Plasma) for at least 30 min which assures the hydrophilicity of the sub-
strate. The contact angle of pure water on these substrates is observed to be
less than 5o in air.

7.10.2 Langmuir-Blodgett Method
The organic layer on substrates is prepared using an automated Langmuir
Blodgett trough (NIMA technology, model 1212D1). The details of the trough
and the deposition method are discussed in Chapter 3.

7.10.3 Dynamic Contact Angle Behavior
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Figure AIII.1: Contact angle vs time for aqueous drops on silica substrates with
LB monolayer of SA in ambient decane; aqueous drops containing CaCl2 at
various concentrations: 1 M (black), 500 mM (brown), 100 mM (blue), 10 mM
(red) and 1 mM (dark cyan). The contact angle evolution trend is average of 10
individual drops under identical conditions.
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Figure AIII.1 shows the contact angle change w.r.t time for aqueous drops
containing CaCl2 at various concentrations between 1 mM and 1 M. Upon
placing these drops on silica substrates with a layer of SA (deposited by
LB trough), the initial contact angle is ∼ 100o, which is expected on a hy-
drophobic surface. The contact angles gradually decrease over time with a
final contact angle of ∼ 25-35o in about 10 min. The final contact angle is
observed to be independent of CaCl2 concentration.

Figure AIII.2 shows contact angle evolution over time for drops of semi-
ASW (black). The contact angle drop is similar to that of CaCl2 drops (∼
100o to 30o). Diluting the semi-ASW (10%, red line) does not have an effect
on the change of contact angle.
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Figure AIII.2: Contact angle vs time for aqueous drops on silica substrates with
LB monolayer of SA in ambient decane; aqueous drops containing composition
of Semi-ASW (black; 10 mM CaCl2, 50 mM MgCl2 and 500 mM NaCl) and 10%
Semi-ASW (red). The contact angle evolution trend is average of 10 individual
drops under identical conditions.

The mechanism of contact angle decrease is governed by the desorption
of SA molecules from the silica substrate. Our experiments show that the
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ability of the aqueous drop to desorb these SA molecules does not depend
on the CaCl2 concentration of the drop. We have also investigated the state
of the SA layer after the wetting experiments, where we observe that the
desorbed layer is similar after the wetting experiments with aqueous drops
of various CaCl2 concentration. This highlights the fact that recreating a
complex reservoir rock surface with its various polar molecules, compet-
ing adsorption/desorption processes is quite challenging and a classic LB
transfer is probably not sufficient in order to do that. Furthermore, it also
highlights the fundamental difference between an autophobing experiment
and a spreading experiment. In autophobing experiment a layer of SA is
spontaneously formed on the substrate aided by SA adsorption at oil-water
interface. For the LB transfer, however, we create the SA layer using pres-
sure and subsequently desorb the layer using aqueous salt solution. These
adsorption and desorption processes are not similar, resulting in the differ-
ences in salt-dependent behavior.
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CHAPTER 8

Conclusions and Outlook

8.1 Thesis Contributions

In this thesis, we investigated the aqueous wettability of mineral surfaces in
ambient alkanes influenced by the adsorption of ionic species present in the
aqueous phase or polar organic acids present in the alkane. In the following
section, we present the highlights of our observations and theoretical analy-
sis.

We have observed a wetting alteration on mica surfaces from unperceiv-
ably small (θ < 2o) to finite contact angles as we switch from a monova-
lent to a divalent (cationic) salt solution, at high salt concentration and pH.
In other words, as we change the cation-valency (from a monovalent to a
divalent cation), a significant effect on adsorption and wetting on mica is
demonstrated in Chapter 4. The origin of this phenomenon is identified as
the competitive adsorption of cations at the mica-water interface, where ad-
sorption of divalent cation leads to a charge reversal on the mica surface.
The oil-water interface is always negatively charged, and hence positive
charge at the mica-water interface (after charge reversal) causes an attrac-
tive disjoining pressure in the wetting film. Ellipsometry confirms a ‘thick’
to ‘thin’ transition in the wetting film, and surface charges at mineral-water
and oil-water interfaces are investigated thoroughly using a streaming po-
tential method.

In order to investigate the electrostatic interactions between the adsorbed
molecules and interfaces, we addressed charge-reversal from a theoretical
perspective. A surface complexation model is introduced for adsorbing
species at the interfaces, and subsequently coupled with a mean-field Pois-
son Boltzmann approach. The numerical solution using constant charge
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boundary conditions shows that charge-reversal occurs at the mica surface
in the presence of divalent cations at a relatively high salt concentration.
This corroborates our experimental observations of wettability alteration at
a high divalent salt concentration. Subsequently, we presented a linear ap-
proach to the electrostatics problem in order to investigate the phenomenon
analytically. Charge regulation boundary conditions are used to emulate
the variable nature of surface charge. With this model, we have described
the various wetting configurations resulting from the electrostatic interac-
tions, and the importance of choosing the right boundary conditions. It is
shown that the essence of the model can be captured with two parameters,
which govern a transition from near-zero to a finite contact angle in our
system. The charge-reversal effect in the presence of multivalent cations is
well-known, but we have built a systematic structure of experiments and
modelling, in order to relate adsorption, electrostatics and macroscopic wet-
ting.

Molecular interactions are diverse in nature, and involve many effects
other than electrostatic. Our subsequent attempt at understanding adsorp-
tion and wetting has addressed mica wetting in alkanes in the presence of
various alkali metal ions and earth alkali metal ions. We observed that a
change in wetting configuration is not exclusively the result of a change in
cation-valency. As cations of various size but the same valency are used,
the effects of van der Waals, hydration, dispersion interactions play a major
role in adsorption, interaction between interfaces and wetting. The knowl-
edge of ion-specific adsorption is more than a century old, but our approach
combines the picture with a macroscopic wetting perspective, and for the
first time, we introduce a cationic Hofmeister series for mineral wettability
in oil.

The last phase of the thesis addresses the rich behavior of amphiphilic
polar molecules ubiquitous in relevant systems. In the presence of a fatty
acid in the ambient oil phase, and a divalent cation in the aqueous phase,
a significant change in drop wettability on mineral substrates occurs. We
observe autophobing, i.e., a spontaneous increase of contact angle in our
system. We propose a mechanism of fatty acid adsorption (after deproto-
nation) at oil-water interface and the subsequent transfer of these adsorbed
molecules to the solid substrate along the drop area. The deprotonation,
adsorption and the transfer of the polar molecules depend on salt concen-
tration and aqueous pH, and adsorption is identified as the rate limiting step
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of the autophobing behaviour. AFM investigation of the adsorbed species
on the solid phase confirms the mechanistic steps of the phenomenon. We
introduce a model, in which the sequence of events are described in dif-
ferential/time dependent mathematical equations for (amongst others) the
adsorbed amounts. The time-scale and extent of wettability alteration of au-
tophobing are captured with two relevant fit parameters.

The novelty of this thesis lies in the systematic approach to unveil and
understand adsorption and wetting properties in a very relevant physical
system. The combination of experiments and theoretical analysis builds a
consistent scenario of electrostatic and ion-specific effect in adsorption lead-
ing to macroscopic wettability changes.

8.2 Future Possibilities

We have addressed various aspects of adsorption induced wetting proper-
ties, and these aspects have been examined in detail, both experimentally
and theoretically. Based on the conclusions drawn, it is possible to imag-
ine a number of research questions which will be extremely interesting to
investigate.

8.2.1 Lab-scale Low Salinity Waterflooding
The wetting experiments described in this thesis shows an oil-wet mineral
surface turning into water-wet in the presence of a monovalent salt in the
aqueous phase, while a divalent salt solution does not wet the substrate as
completely as the former. From an oil-recovery perspective, it is relevant
to observe an in-situ change of wettability during a waterflooding process.
Hence, a possible direction of investigation is to produce a drop of finite
contact angle (using divalent salt solution) on a mineral surface in ambient
oil, and subsequently exchange the salt content of the aqueous drop. As the
divalent ions from the aqueous drop are removed, and gradually replaced
by a monovalent one, the drop should spread slowly, and the contact angle
will gradually vanish (implying θ < 2o). The investigation can be carried
out at various salt concentration and pH, in order to determine the various
thresholds where this transition takes place, i.e., the oil-wet substrate be-
comes water-wet.
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Since the change in contact angle described in this experiment is quite
low (∼ 10o to < 2o), it is difficult to always perceive such a change. At the
same time, for a drop with a low contact angle (such as 10o), exchanging
the fluid content in the drop is more difficult. Hence, a more realistic goal
will be to perform the fluid exchange in the presence of polar organic acid
in the oil phase. In the presence of a divalent salt, the autophobing drop’s
final contact angle is∼ 70o. Upon changing the salt solution to a monovalent
one, the contact angle should decrease down to < 10o or even less. This is
the main effect desirable in a waterflooding process in lab or in a reservoir.

8.2.2 Wettability Alteration & Microfluidics
Waterflooding attempts to release the extra drops of oil attached to the sur-
face. A demonstration of such an effect based on the phenomena described
in this thesis can only be achieved in a microfludic channel. It is possible to
prepare a microfluidic device where a combination of pore and throat is sim-
ulated. It is possible to trap an oil drop at the junction of the pore and throat,
and subsequently flush the channel with aqeous salt solution. First allow-
ing high salinity water flow and then switching to a diluted (low salinity)
solution should release the trapped oil drop, since the wettability of the sur-
face should change according to the observations made in Chapter 4. Such
a demonstration of drop trapping and releasing has been done by the appli-
cation of electrowetting, or a permanent surface treatment, but has not been
attempted with an in-situ chemical wettability alteration.

8.2.3 Wetting at Reservoir Temperature
In this work, we have kept the experimental temperature constant at room
temperature. However, the temperature of an oil-reservoir is quite different
compared to the earth’s surface, and depending upon the depth of the reser-
voir from the surface, can go up to 100-150 o. Temperature is one of the main
controls of wetting transitions, since increasing (or decreasing) the tempera-
ture leads to the critical point of liquid-gas co-existence. The majority of the
wetting transition literature has reported a transition from partial to com-
plete wetting upon increasing the temperature. In a possible extension of
our experiments, the same set-up could be constructed with the option of in-
creasing the temperature. There will be two counter-acting influences: one
of adding salt to the system, which induces finite contact angles; the other,
of increased temperature which causes complete wetting in the system. The



8.2 Future Possibilities 185

investigation will provide insight about which parameter plays the more
important role at reservoir temperature.

8.2.4 Wetting at Reservoir Pressure
The km-scale depth of the oil-reservoir also implies higher pressure com-
pared to the earth’s surface. Usually, the pressure in an oil-reservoir can be
between 10-100 MPa, and wetting experiments at this pressure will be useful
to investigate more realistic situations of wettability alteration.
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