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1
Introduction

In this chapter I will discuss the context of the research presented in this thesis
and give an introduction to the solid liquid interface. I give a short introduction of
the experimental tools used to explore the solid liquid interface. Furthermore, the
lay-out of this thesis is presented.

1.1 Enhanced oil recovery

The world still largely depends on oil. Oil fuels our cars, it is used in plastics, the
production of nylon, polyester and artificial fur, furniture and it is used in the insu-
lation of our homes. For some of these applications, the use of oil can be replaced
by a more environmentally friendly alternative. However, we will not soon be able
to completely eradicate the use of oil. Therefore, the search for more oil is still a rele-
vant topic today. The discovery of new oil fields, however, is becoming increasingly
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difficult and therefore the need for improving the recovery factor of existing oil pro-
duction fields is growing. Globally, the recovery factor, the fraction of oil recovered
from the oil reservoir, is only between 20 to 60%[1]. Thismeans that a large amount
of oil remains in the reservoir.

Oil (hydrocarbons) and gas originate from source rocks, which are geological de-
posits containing organic material. Over a time span of millions of years the oil has
been formed from organic matter by bacteria under extreme pressure and tempera-
tures. Formed oil slowlymigrates via the pore space between the rock/sand grains to
the rock reservoir. The reservoir rock is a layer of porous and permeable rock where
the oil is contained. Large parts of the pore space is filled with oil, while aminor frac-
tion (≈ 20%) consists of formation water (water that was trapped during the rock
deposition). Typically, reservoirs are a few kilometers long and about a hundred
meter thick and are located at a depth of a few kilometers usually. At these depths
the pressure and temperature can increase up to 100MPa and 200 ◦C, respectively.
There are different types of rock reservoir, such as sandstone and carbonates. The
term sand refers to the specific grain size (between 62 µm and 2mm. In this thesis I
limit myself to sandstone reservoirs.

These conditions hamper oil recovery. Due to the complex nature of the recovery
process, a number of extraction techniques are deployed, which can be categorized
by the phase at which they are applied during the recovery process.

The primary oil recovery is the first phase, which happens once a well is drilled from
the surface to the underground reserve (also called a well-bore). The recovery con-
tinues until the pressure inside the well is no longer enough to produce a profitable
quantity of oil. The pressure in the well can originate from gas drive, groundwater
drive, or gravity drainage. This phase only produces about 10% of a reserves sup-
ply.

The secondary phase consists of creating a pressure gradient in the reservoir by inject-
ing anothermedium (gas, water) through injection wells (Figure 1.1a). The injected
fluid is supposed to displace the oil and drive it to the productionwell-bore. This usu-
ally results in a recovery of up to another 30-50%. After the primary and secondary
recovery, about 30-60% of the oil is still trapped in the reservoir. The exact amount
varies between oil reservoirs, since the recovery process is determined by the prop-
erties of the oil and the characteristics of the reservoir rock. Properties such as the
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Figure 1.1: a) Cartoon of the secondary phase of oil recovery. By applying a pressure gra-
dient over the reservoir the oil is supposed to be displaced. b) Divalent ions form a bridge
between the negatively charged rock surface and negatively charged molecules in the oil.

spatial distribution of pores[2], wettability[3], heterogeneity in rock permeability[1]

and clay content of the reservoir[4] influence the recovered amount of oil.

If theoil price is highenoughand if it is financially feasible, tertiary recoverymethods,
also known as enhanced oil recovery (EOR), are used[5,6]. EOR methods include
thermal recovery, gas injection, chemical injection[7] and low-salinity water flood-
ing[8,1,9,10]. Low salinity water flooding (LSWF) is typically used on offshore plat-
forms, where the salt content of the seawater is reduced before the injection[8]. By
using LSWF an additional 5-20% of oil can be extracted from the reservoir.

Low salinity water flooding Pressure and temperature are not the only factors
that complicate the oil recovery process. Organic components in the crude oil, rock,
and brine (sea water) have a large influence on the effectiveness of the deployed ex-
traction techniques.

Thecrudeoil in the oil reservoirs is not composedof a single substance, but it is amix-
ture of many different organics[11]. The main components are hydrocarbons, in the
form of alkanes, cycloalkanes, aromatic hydrocarbons, water soluble organics, and
polar organic compounds. Also, saline water is a mixture containing a wide variety
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of salts, that originate from the formation water and injection water. Furthermore,
the sandstone is not built from a single material either. It is a porous, fragmented,
sedimentary rock composed of minerals and rock grains. Its composition is mainly
quartz and feldsparwith cementingmaterials like silica, calciumcarbonate,montmo-
rillonite and kaolinite. Additionally, the composition of each oil reservoir is different,
which has resulted in the development of a considerable number of techniques for
oil recovery.

All these different ingredients result in a complex system in which all of its compo-
nents are able to interact with each other. Thismakes identifying the keymechanism
behind LSWF challenging. Early work in the 1990’s studied the effect of brine com-
position during core floods of sandstone cores[12–14]. The injection of low salinity
brine in cores containing clays and crude oil was shown to increase the recovery by
15-40%. From field experiments, laboratory core floods and inter-well tests it is be-
lieved that the primary trigger for the enhanced oil recovery through LSWF is the
macroscopic wettability alteration of the rock reservoir[10,15–18,3,19–21]. The change
in affinity of the rock reservoir from an oil preferred wetting to a water preferred
wetting, forces the oil to be replaced by water resulting in an increased oil recov-
ery.

A number of requirements for the low salinity have been identified, which are: a)
the presence of clays (like kaolinite, illite andmontmorillonite) or some type of neg-
atively charged rock surfaces. b) Polar components in the oil phase. c) Presence
of divalent ions or multicomponent ions in the formation water. Therefore, quan-
tifying the surface charge of clays and rock surfaces as function of pH and mono-
valent and divalent ions can help the understanding of the chemical processes in-
volved.[11].

After a few decades of research, the surface charge origin of clay particles in general
is still not well understood. This does not only hold for the surface charge, but also
for how ions adsorb onto the surface and how clays are hydrated. Clays like kaolinite
and illite are composed from aluminumhydroxide (gibbsite) and silicate sheets. For
gibbsite it is believed that the edges have a pH dependent charge. Whether the basal
planes are charged is unclear. Also, the origin of the charge is unclear[22,23]. On
kaolinite, the basal plane is generally believed to come from isomorphous substitu-
tion, where ions in the crystal lattice are replaced by ions of a different valency[24,25].
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This suggests that the basal plane is mainly pH independent. However, from mea-
surements a clear pH dependent charge was observed[26,27]. This pH dependency
is suspected to arise from the (de)protonation of exposed surface groups at the edge
of the clay particle. Also, is the pH dependency influenced by surface defects, since
in the chemical modeling this is often not taken into account[28–31]. Moreover, how
thehydrationof clays affects ionadsorptionand the adsorption/desorptionprocesses
is not well understood either[17].

1.2 DLVO theory

The solid liquid interface is a complex environment where several forces are at play.
We start to describe those with the Derjaguin[32], Landau, Verwey[33] and Over-
beek (DLVO) theory. The DLVO theory describes how the pressure between two
surfaces is the sum of the van der Waals force and the electrostatic force.

Van der Waals A long range force that is present in all environments is the van
der Waals force, an intermolecular interaction force that acts between atoms and
molecules due to their charge and electronic distribution. This force is in most en-
vironments attractive. However, not all particles stick together, so there should also
be an opposing force.

Double layer The repulsive force that can prevent particles from sticking together
(in solutions), is the electrostatic force. Electrostatic forces result from the interac-
tion of charged surfaces. A surface in contact with water or another organic solvent
can acquire a charge through different mechanisms. One mechanism is the ioniza-
tion or dissociation of surface groups. The surface is, for example, terminated by
–OH groups. When a proton (H+) dissociates (deprotonation), it leaves a nega-
tively charged surface group behind (–O– ). Another mechanism is the adsorption
or binding of ions onto the surface. In the previous example, a positively charged
ion, such as Na+, can neutralize the negative charge of the surface group. Note that
ions can also chemically adsorb to a surface. In this case, charge does not play the
dominant role in the adsorption process.

In the bulk solution, far away from any charged surface, the co-ions and counter-ions
are equally distributed. Here, the solution is charge neutral. Near the surface, the
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Figure 1.2: On top a schematic representation of an electric double layer in contact with
a negatively charged surface with a fixed layer of positively charged ions adsorbed on the
surface. On the bottom a graph indicating the number density of positive and negative
ions (red and black line). The length of the Debye length κD is where the magnitude of the
electrical potential decreases to 1/e.
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equal distribution of ions is disturbed by the surface charge (σ0)or surface potential.
Ionswith a counter charge are attracted, while ionswith the same charge are repelled.
This leads to a reordering of the ions in the region near the surface. This region is
called the diffuse layer and is schematically shown in figure 1.2, having a charge σD.
Ions can also adsorb to the surface, forming a layer, which is called the Stern Layer
and has a charge σD. The Stern layer and the diffuse layer together, form the elec-
tric double layer. The (intrinsic) surface charge, Stern layer charge and diffuse layer
charge are together charge neutral (σ0 + σS = −σD).

The concentration of the counter- and co-ions in the diffuse layer decays as a func-
tion of distance from the surface. The potential of the surface has its maximum value
at the surface and is zero in the bulk. The concentration profile that follows has an ex-
ponential decay described by the Gouy-Chapmanmodel. An exponential decay has
a decay rate which in this model is called the Debye parameter κ. The Debye length
(κ−1) is the characteristic length of the diffuse layer, which is where themagnitude of
the electrical potential has dropped to 1/e. The thickness of this layer is determined
by the concentration of the ions present in the solution.

The diffuse layer charge and the charge distribution in the electric double layer are
influenced by the properties of the solution, like pH and electrolyte. The pH (con-
centration OH– or H+) can change the equilibrium of the deprotonation reaction
(S–OH −−⇀↽−− S–O– + H+). When the pH is high (high OH– concentration), the
balance of the reaction formula is shifted to the right, leading tomore deprotonation
(more S–O– groups). More deprotonation leads to a more negatively charged sur-
face. In order to investigate the influence of the fluid compositions on the surface
charge, the experiments in this thesis are often performed with solutions of various
pH and electrolyte type and concentration.

The forces that arise when two surfaces approach closely, i.e. their electric double lay-
ers start to overlap, can be calculated using the potential profile of the electric double
layer. The potential profile is the description of how the potential changes as func-
tion of the distance from the surface. Poisson-Boltzmann theory is used to describe
the relation of the potential profile and charge density. This theory and how it is used
to extract diffuse layer charge values will be described in chapter 2.

Beyond DLVO The DLVO theory is a continuum theory and therefore does not
describe the discrete nature of the solution (water molecules and ions). The con-
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Figure 1.3: A schematic representation of an electric double layer with hydrated ions and
watermolecules. At the top a representation ofwater layering at the surfacewith a decaying
oscillatory function.

sequence of this non-discrete nature of the theory is that it breaks down at small
distances from the surface (≈< 2 nm). At these distances the size and interactions
of these particles involved start to have a significant effect on measured interaction
forces, causing themeasured forces and the theory to deviate. TheDLVO theory has
been improved over time to include a variety of sometimes competing microscopic
effects. For example, ion correlation effects[34] that take into account the finite size
of the ion and its polarizability. Or the preferential binding of ions to specific sur-
face sites[22,29] and non-electrostatic potentials acting between ions and colloidal
surfaces[35]. Despite all proposed improvements, it will unlikely be able to describe
the complex structure of the solid liquid interface in the cartoon in figure 1.3.

In figure 1.3 we can see the layer of water molecules at the interface. In this exam-
ple there is only one layer, however, there can be many more layers. The organizing
of those water molecules in layers generally weakens further away from the surface.
The black line in figure 1.3 shows an example of how the density profile of the wa-
ter molecules can look like . It has a periodicity of the size of the molecules and the
amplitude decays over distance. When another surface approaches, both density dis-
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tributions start to overlap resulting in an alternating increase anddecrease of the total
density. The force to overcome those densities can be measured as an oscillatory hy-
dration (solvation when it is not about water) force and only arises because of the
disruption of the organized layers by a second surface (the black graph is actually a
measured hydration force from chapter 5). The first solvation forces were measured
using a surface force apparatus (SFA) using microscopic mica sheets in 1980[36,37].
This was the first evidence of interfacial liquids not behaving bulk-like. Later, the
first atomic force microscope (AFM) measurements on such oscillatory forces were
reported[38]. AFM allowed for detecting hydration forces on samples that were not
macroscopic (≈1 cm, and enabled the study of surface specificity of the solvation
forces as well. In figure 1.3 ions are shown as well. How these ions affect the hydra-
tion force or the hydration of the ions themselves is actually not well understood[39].
Moreover, how the surface charge depends on the surface chemistry and charge is
not well understood either. To add to this, the oscillatory force as shown in figure
1.3 is often superimposed on a monotonic hydration force. This force remains an
open topic in literature[40,41].

1.3 Atomic ForceMicroscopy

As shortly mentioned above, the AFM can be used to do amultitude of surface char-
acterizations. Here I explain the basics of atomic force microscopy. The Atomic
Force Microscope was invented in 1986 by Binnig, Quate and Geber[42], shortly
after the scanning tunneling microscope. The main feature of all scanning probe mi-
croscopes is that they map the topography (or another surface property) by scan-
ning a ‘sharp’ probe over a surface. A schematic (dimensions not to scale) is shown
in figure 1.4, where the basic functions of the AFM are shown. In chapter 2 a more
detailed description of AFM techniques is presented. Here, we focus on the basic
principles of AFM.The AFMuses a tip that is mounted on the edge of a flexible can-
tilever. When a sample is scanned, the interaction forces between the tip and surface
push the cantilever out of equilibrium, causing the cantilever to deflect. This deflec-
tion can be monitored with the four-quadrant photo-detector through the changing
angle of reflection of the red detection laser. The photo-detector registers a voltage
andwhich can later be converted into a force. The sample, in figure 1.4 a gibbsite par-
ticle on silica, is glued on a magnetic puck, which magnetically sticks on the sample
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Figure 1.4: A schematic setup of an Atomic Force Microscope. A gibbsite particle sits on
top of a square silica substrate which is glued onto a magnetic puck which is placed on the
piezo. A cantilever with a tip is used to interact with the sample, while with the red laser
the deflection of the cantilever is monitored with the quad photodetector. The blue laser
can be used to drive the cantilever.
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stage. When scanning the sample, the cantilever remains in the same location, while
the piezo is used to actually move the sample-stage and sample around. The piezo-
electric scanner is a positioning device which is capable of moving the sample in x-,
y- and z-direction with Angstrom accuracy. By moving the sample instead of the de-
tection laser (and potentially the blue laser used for photothermal excitation), the
optics do not have to be moved during the scans. The cantilever can also be driven,
meaning that the cantilever oscillates with a certain amplitude and frequency. The
forces that are measured using this method are inferred from the detuning of the os-
cillator. Driving the cantilever has some advantages. Softer samples can be imaged
and information about dissipation can be retrieved. Conventionally, a piezoelectric
actuator is used to drive the cantilever, but this may lead to unwanted oscillations in
the systemwhich can disturb themeasurement. Instead of using a piezoelectric actu-
ator, a laser with periodically varying intensity can be used to oscillate the cantilever.
In figure 1.4, a blue laser is aimed at the base of the cantilever. Due to the bimetal-
lic effect (the silicon cantilever needs a coating of a different material on top, like
gold) the cantilever starts to oscillate. Using photothermal excitation, the unwanted
oscillations caused by piezoelectric actuation can be eliminated. This results in an
amplitude frequency response that almost perfectly reflects simple harmonic oscil-
lator theory. Despite that, the quantitative interpretation of the interaction force is
different for photothermal excitation from the piezoelectric actuation, which is not
often taken into account.

TheAFM is a versatile tool which can be used to do awide variety of things. It can be
used to visualize the water distribution at the solid-liquid interface[43,44], show ad-
sorbed ions in the Stern layer[45], measure the diffuse layer charge heterogeneity of
mineral surfaces[46], reveal the atomic structure of surfaces and visualize the confor-
mity of DNA molecules[47]. Moreover, it does not suffer from the averaging char-
acter of techniques like potentiometric titration, zeta-potential measurements and
electrokinetic phoresis, which do offer a good statistical average over many particles.
AFM however, can reveal more detailed information about the microscopic aspects
of the chemical processes of the solid liquid interface with resolution at nanometer
scale, parallel and perpendicular to surfaces[48–51,45]. That is why AFMwill be used
in this thesis to characterize the solid liquid interface.
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1.4 Aim of this thesis

Questions that were posted in the sections above reveal that our understanding of
the solid liquid interface is still incomplete. The chemical modeling of relatively sim-
ple surfaces fails when incorporating for a wide range of salt concentrations and pH
values. This is further hampered by the lack of systematic studies that probe a wide
range of electrolyte solutions. But also questions like how water molecules form self
organized layers at the interface, how these layers depend on the surface crystallinity,
whether they are surface charge dependent and the origin of the monotonic hydra-
tion are still largely unanswered. In this thesis, I will address someof those questions,
in the following order.

In chapter 2 we will try to further understand the implications of photothermal ex-
citation on themeasured forces in Atomic ForceMicroscopy. At this point often the
same force inversion routine is used for acoustic and photothermal excitation, which
does not necessarily give equal results. The force inversion routine also depends on
the tip-sample geometry, which will be given for commonly used tip-sample geome-
tries. Furthermore, the procedure to extract diffuse layer charge values from the
forces will be described, using charge regulation boundary conditions. Since the
charge regulation boundary conditions require a chemical model, which is not al-
ways available, we develop an exponential surface chargemodel. Thismodel enables
the separation of diffuse layer charge/potential calculations and surface chemistry.
Finally, we explore the added value of principal component analysis, which in other
scientific fields can improve the data quality significantly.

A colloidal probe has a large interaction area and can be used when the primary in-
terest is to measure the interaction force precisely, at costs of the lateral resolution.
In chapter 3we will characterize the diffuse layer charge using colloidal probe force
spectroscopy of a typical rock surface, in this case silica. To do so, we accurately
determine the diffuse layer charge over a wide range of pH and sodium chloride
concentration, without any specific chemical knowledge of the surface. The diffuse
layer charge values serve as an input for the chemical modeling, with the aim to ver-
ify whether the surface can be described with chemical equilibrium constants. Usu-
ally these constants are determined for smaller ranges of pH and salt concentration,
where possible fitting issues or deviations are less likely to occur.
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As discussed in the introduction, clays can have a significant effect on the amount
of released oil. Often, in studies where the influence of these clays is analyzed, the
crystallographic planes of these minerals are modeled as smooth surfaces. The sur-
faces do not have any broken bonds, lattice imperfections or other defects. In other
words, the clay surfaces have a homogeneous distributed diffuse layer charge density.
In chapter 4we measure the diffuse layer charge of gibbsite. We do this using sharp
tips, with the aim to capture the homogeneity, or heterogeneity of the diffuse layer
charge distribution of gibbsite. We show that even the surface of synthesized gibb-
site contains many defects, and that these defects are more pH responsive than the
basal plane of gibbsite. Surface defects are often expected to have an impact on clay
mineral surfaces, however, its impact on the diffuse layer charge is shownhere for the
first time.

The affinity of oil towards clay minerals is in a large part determined by interaction
forces such as electrostatics and hydration forces. In most studies only one part of
these interaction forces is studied, like in chapter 3 and 4. In chapter 5 we measure
the lateral distribution of hydration forces, while simultaneously measuring the elec-
trostatic force on silica and gibbsite. Usually, these are two separate measurements,
because of the different length scales involved. Combining both is unprecedented
and combining both allows us to bridge the gap between colloidal scale continuum
DLVO forces and molecular scale hydration forces.

In previous chapters we have used monovalent salt for our ambient electrolyte solu-
tion. However, asmentioned previously, it is the divalent ions that play an important
role in retaining oil in the reservoir. In previous work, it was shown that in pH 6 solu-
tions the calcium ions adsorb to the basal plane of gibbsite. DFT calculations were
able to reproduce this and to ensure charge neutrality OH– ions were introduced.
One of the observations was that these ions were involved in stabilizing the calcium
ions on the gibbsite surface. To study the validity of these findings, the diffuse layer
charge of gibbsite was measured in various pH solutions in chapter 6. At high con-
centrations (> 50mM) the anion adsorbs on top of the calcium ion. To investigate
whether this is chemically specific, we also use solutions of calcium with different
anions.
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2
Materials andmethods

Inthis chapterwewill further examine the gibbsite claymineral properties. What
is known of gibbsite and what can we contribute to the fundamental knowledge of
this material. Besides looking in more detail to the used materials, we will have a
more detailed look at the used methods as well. Despite the fact that atomic force
microscopy has been around for 30 years, new innovations keep improving the tech-
nique, which requires re-evaluation of established procedures. With the introduc-
tion of photothermal excitation, our understanding of the effect on measured forces
is still little. Wewill try to improve that in this chapter. We also extract surface charge
values from themeasured forces, which are different depending on the experimental
conditions. In this chapter we will provide a derivation and guide on which proce-
dure to use for the surface charge extraction, as it is relevant for the following chap-
ters.
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2.1 Introduction to reservoir rocks

Reservoir rocks are predominantly sedimentary rocks which are porous, permeable,
contain sufficient amounts of hydrocarbons and a sealingmechanism fromwhich hy-
drocarbons can flow[1]. The sedimentary rocks can be made of sandstone (quartz
sand or arksosic sand), carbonate mud or dolomite. In this thesis we consider the
sandstone reservoir rock. Sandstone reservoirs consistmainlyofminerals likequartz,
feldspar, iron oxides and clay minerals such as kaolinite, illite, montmorillonite and
gibbsite. As explained in chapter 1, the clay content of the rock reservoir plays an im-
portant role on the fraction of recovered oil due to its large surface to volume ratio.
Since silica and gibbsite are most abundant in the reservoir, we will use them as our
model sandstone rock and clay mineral throughout this thesis.

2.1.1 Silica

Silicates are rock-forming minerals with predominantly silica anions. They are the
largest and most important class of rock-forming minerals[2]. Silica (silicon diox-
ide SiO2) can be found in nature as the mineral quartz or in other polymorphs. In
mineralogy silicates are classified into 7 major groups according to the structure of
their silica anion. Phyllosilicate is one of them and will be discussed in the next sec-
tion. We use thermal oxidation of silicon wafers to produce thin layers of silicon
dioxide.

2.1.2 Clays

The definition of a clay has been revised many times since its first formalization in
1546 by Agricola[3]. The most recent definition describes clay as a naturally occur-
ringmaterial composed primarily of fine-grainedminerals, which is generally plastic
at appropriate water content and will harden when dried or fired. Clays most often
consist of phyllosilicates (parallel sheets of silicate tetrahedra) that can contain vari-
able amounts of iron, magnesium, alkali metals, alkine earths, but may contain other
materials that impart plasticity and harden when dried or fired. The fine-grained as-
pect mentioned in the definition cannot be quantified, since there is no universally



2

2.1. INTRODUCTION TO RESERVOIR ROCKS 23

accepted particle size. Geologists and soil chemist use a particle size below 2 µm,
sedimentologists use 4 µm and colloid chemists use 1 µm[3].

Clays form as a result of chemical weathering of a variety of minerals at the earth’s
surface and are very common in soils[4]. They are characterized by a layered struc-
ture build from tetrahedral silicate sheets (T) and aluminum/magnesiumhydroxide
octahedral hydroxide sheets (O). A 1:1 clay would consist of one of both sheets (T-
O), like kaolinite, dickite, and antigorite. A 2:1 clay would consist of two silica and
one hydroxide sheet (T-O-T), like mica, illite and montmorillonite. The sheets are
bonded to each other by hydrogen bonds and van der Waals forces.

The surface morphology of each clay mineral is unique. For example, kaolinite has
a plate-like pseudo hexagonal shape whereas illite has a lath-like or fibrous morphol-
ogy[5,6]. Also, the thickness in between clay minerals can vary from 1 nm for mont-
morillonite to thousands of nm for kaolinite.

Clayminerals can carry two types of charge, permanent and pHdependent. The per-
manent charge can arise from isomorphous substitution of lattice ions or lattice im-
perfections. pHdependent charge arises fromprotonation/deprotonationof surface
hydroxyl groups. Generally, it is believed that the basal plane of clay minerals carry
a permanent charge, whereas side facets have a pH dependent charge[7,8]. However,
recent research shows that even basal planes of some clay minerals have a pH depen-
dent charge[9–12].

2.1.3 Gibbsite

As mentioned in the introduction, kaolinite is dominantly present in oil rock reser-
voirs, whichmakes it an excellent candidate to study in amodel system. Kaolinite has
an aluminumoctahedral hydroxide sheet, which is like gibbsite. Gibbsite can be syn-
thesized reproducibly to yield suspensions of essentially mono-dispersed particles
and therefore a good model clay mineral. Gibbsite (γ-Al(OH)3) is one of the min-
eral forms of aluminum hydroxide. Its basic structure is formed from stacked sheets
of linked octahedrons of aluminum hydroxide. An image of the crystal structure can
be found in figure 2.1.

The ratio of the ionic radii favors the octahedral coordination, with Al3+ at the cen-
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Figure 2.1: a) Gibbsite crystal lattice with given lattice directions a and b. The gray, red
and white spheres are aluminum, oxygen and hydrogen atoms, respectively.

ter of an octahedron formed by six close packed hydroxide ions (OH– )[13]. The
gibbsite surface unit cell has six chemically inequivalent Al2 –OH moieties. Simu-
lations suggest that the (de)protonation reactions of these sites have equilibration
constants that cover a rather wide range of pKa

[14]. Three of the hydroxide ions are
located around the central octahedral cavity and point toward the solution. These
OH groups are available for interlayer hydrogen bonding in the bulk gibbsite struc-
ture[15] and for hydrogen bonding to adsorbates at the surface[16–18].

In the idealizedmodel of the hydrated alumina surface two types of surface hydroxyl
groups can be distinguished (figure 2.1); those coordinated with one aluminum ion
and those coordinated by two aluminum ions. The singly coordinated groups are
more likely to deprotonate at neutral pH than the doubly coordinated groups. There-
fore, they are more likely to participate in ligand exchange reactions. Since the con-
ception exists that the edge faces consist of singly coordinated groups[19], it is ex-
pected that they play an important role in interactions. Parfitt et al. estimated that
the basal plane of gibbsite contains approximately 12 hydroxyl groups per square
nanometer, while edge planes contain about 4 groups per nanometer[20]. Kummert
and Stumm reported a value of 8.5 exchangeable protons per square nanometer[21]

based on the isotopic exchange technique of Yates and Healy[22].
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Figure 2.2: a) Cartoon of a gibbsite particle where the crystal planes are depicted. The
basal plane (001) consists of doubly coordinated hydroxyl groups≡ Al2OHand the edge
facets mainly consist of singly coordinated hydroxyl groups≡ AlOH. b) A high resolution
scanning electron microscope (HRSEM) image of many gibbsite platelets deposited on
carbon conductive tape.

2.2 Atomic forcemicroscopy

As explained in chapter 1, the atomic force microscope (AFM) can be used to mea-
sure surface interaction forces. For our particles these interactions are electrostatic in
nature and determined by the surface charges on the tip and substrate. Using appro-
priate modeling we can determine these surface charges from the measured force-
distance curves. This gives us information about how the clay surface reacts with
adsorbing molecules and other surfaces.

2.2.1 Cantilevers

InAFMacantilever is used for sensing. Acantilever is a thinbeamwith a tipmounted
on its free end. The tips we use are made of silicon, but can be of a different material,
like silicon nitride. Typically cantilevers are 50 to 200 µm long, 10 to 40 µm wide
and 0.5 to 2 µm thick. The tip is typically 15 µm high and tip radii can range from
1 nm to 10 µm. When the tip is in themicron range, we call it a colloidal probe. Some
examples of tips can be found in figure 2.3.

For a qualitative analysis of the experimental data, the relation between the mea-
sured deflection of the cantilever and the applied force should be known, i.e. the
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Figure 2.3: High resolution scanning electron microscope images of used cantilevers
throughout the thesis. On the left, a chip with several cantilevers having different prop-
erties (e.g. spring constant and resonance frequency). In the middle a sharp cantilever tip
which has been flattened slightly to increase the tip radius. On the right a colloidal probe
with a tip radius of around 750 nm.

spring constant kc = −∂Fc
∂z , or bending stiffness, should be determined via a calibra-

tion procedure. Thebending stiffness of a cantilever can be determined using Sader’s
method[23,24]. Sader’s method uses the dimensions, resonance frequency and qual-
ity factor of the cantilever. However, the specifications from the supplier are often
inaccurate and therefore the spring constant is rather determined using the thermal
fluctuations[25]:

kc =
kBT

< z2 >
, (2.1)

where kBT is the thermal energy and< z2 > is the mean square displacement due
to thermal fluctuations.

2.2.2 Static force spectroscopy

The deflection from the cantilever is measured with a detection laser beam, i.e. the
redbeam infigure1.4,which is reflected fromthebackof the free endof the cantilever
and monitored by the quadrant photodetector. The voltage that is measured by the
photodetector is converted to a tip displacement using a calibration procedure. The
tip approaches the surface using the z-piezo for as long as the photodetector does not
measure a 0.5 V of tip deflection. From the point where the tip touches the surface
(typically around 0.05 V) to the 0.5 V tip deflection, the deflection is linear with the
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z-piezo position. The slope should be -1 when the tip is in hard contact with the
surface.

The force can be calculated using the spring constant andmeasured deflection, since
the cantilever acts like a spring.

F = kcz, (2.2)

where kc is the cantilever’s spring constant. One downside of using contact mode
AFM force spectroscopy is that the signal does not give any information about the
dissipation. Furthermore, a snap-in can occur when the attractive force gradient is
larger than the spring constant of the cantilever. To overcome this problem stiffer
cantilevers can be used. However, for the same force the cantilever will deflect less,
resulting in a decrease in sensitivity. This problem was one of the main reasons why
dynamic AFM was invented. Using dynamic AFM can overcome the problem of
sample damage.

2.2.3 Dynamic force spectroscopy

Indynamic force spectroscopy the cantilever ismade tooscillate. Tooscillate the can-
tilever, a piezo excitation, a magnetic drive or photothermal excitation can be used.
With piezo excitation the base of the cantilever is acoustically drivenwith a piezoelec-
tric actuator. Magnetic drives require amagnetic coatingon thebackof the cantilever
and a coil which generates an alternating magnetic field. Photothermal excitation
uses an intensity modulated laser to periodically heat the base of the cantilever[26].
This requires a cantilever with a back coating of a different metal (typically gold or
aluminum). It is based on the bimetallic effect, which means that bending is a result
of a difference in thermal expansion coefficient of the coating and cantilever mate-
rial. The wavelength of this laser (blue) is different from that of the detection laser
(red) to prevent interference between the two. The strong advantage of using pho-
tothermal excitation with respect to acoustic driving is that the piezo-response spec-
trumof the cantilever itself is oftenobscuredby additional resonances from thepiezo,
surrounding liquid and geometry. In figure 2.4a the ‘forest of peaks‘ in the transfer
function of the cantilever is visible, whereas the transfer function with photother-
mal excitation almost resembles theory (figure 2.4). There are two popular driving
schemes for the dynamic force spectroscopy, which are amplitudemodulation (AM)



2

28 CHAPTER 2. MATERIALS AND METHODS

20 40 60 80 100
0

50

100

150

200

Frequency (Hz)

A
m

pl
itu

de
 (

m
V

)

Figure 2.4: A typical frequency response of a cantilever with acoustic driving on the left,
andwith photothermal excitation on the right. Thefrequency response using photothermal
excitation does not suffer from the ‘forest of peaks’.
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Figure 2.5: Illustration of the cantilever with tip radius R, with the total motion zt of the
cantilever tip, the sample position zs and piezo distance zp. Tip-sample distance is derived
from zts = zp − zt

and frequency modulation (FM). With frequency modulation the cantilever is al-
ways driven at its actual resonance frequency[27–29]. For this type of modulation
two modes exist, constant amplitude (CA) and constant excitation (CE). In FM-
CAmode the amplitude of the oscillation of the cantilever is kept constant, whereas
in FM-CE mode the amplitude of the excitation is kept constant. With amplitude
modulation the cantilever is excited at a constant frequency, just below its resonance.
The interaction forces measured during the experiment will change the resonance
frequency and so the oscillation amplitude at the driving frequency. Therefore, the
oscillation amplitude and phase are recorded during the experiment.
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In order to extract any quantitative information from amplitude modulation exper-
iments, a procedure is required to convert the amplitude and phase to interaction
forces. The procedure starts with modeling the cantilever dynamics as a simple har-
monic oscillator (SHO)[30]. The general equation for the system is

mcz̈ = kc(zt − zT) + Fdrag + Fint, (2.3)

where zt is the momentary tip displacement with respect to the average distance d,
mc themass of the cantilever and kc its stiffness, while zT is the zero-load tip displace-
ment due to the thermal driving. According to linear response theory, zT can bewrit-
ten, for small thermal variations, as zT(t) =

∫
AT(t′)I(t− t′)dt′, or in the frequency

domain as zT(ω) = A∗
T(ω)I0. The drag force on a sphere with radius R oscillating

with frequency ω in a liquid with density ρ and viscosity η is given by[31]

Fdrag = −(6πηR + 3πR2√2ηρω)ż −
(
2
3
πR3 + 3πR2

√
2ηρ
ω

z̈
)
,

which we simplify to Fdrag = −γcż−maddz̈, where γc andmadd are considered to be
constant. The interaction force, for small amplitudes, is modeled as

Fint(zt, żt) = Fint(ze, 0) + kint(zt − ze) + γ intżt,

where Fint(ze, 0) is the equilibrium force at distance ze, kint = −∂Fint/∂z is the
interaction stiffness and γ int is the interaction damping. Substituting Fdrag and Fint
into equation 2.3 results in

m∗z̈t + (γc + γ int)żt + (kc + kint)zt = kczT + kintze + Fint(ze, 0), (2.4)

where m∗ = mc + madd is the effective mass of the cantilever.

In equilibrium holds z̈t = żt = 0, zT = ze
T and zt = ze. Applying this to equation

2.4 yields
kcze = kcze

T + Fint(ze, 0)

Rewriting this for Fint yields

Fint(ze, 0) = kc(ze − ze
T).

Substituting kcze
T = Fint(ze

T) results in:

Fint(ze)− Fint(ze
T) = −kint(ze − ze

T). (2.5)
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2.2.4 Force inversion

To analyze the measured response in terms of the tip-sample interaction, we rewrite
equation 2.4 in the frequency domain as:

[kc − ω2m∗ + iγcω]z(ω) + [kint + iωγ int]z(ω) = kczT(ω), (2.6)

which can be rewritten after dividing the LHS and RHS by kc:

(H(ω) + K(ω))z(ω) = zT(ω),

where H(ω) = 1 − (ω/ω0)
2 + i(ω/ω0)Q−1 and K(ω) = (kint + iωγ int)/kc with

m∗ = kc/w2
0 and Q0 = kc/(γcω0). Rewritten in terms of z:

z(ω)/zT(ω) = 1/[H(ω) + K(ω)]
z∞(ω)/zT(ω) = 1/H(ω)

Noweliminating zT(ω) fromabove equations and rewriting forK(ω) leads to

K(ω) = H(W)
z∞(ω)− z(ω)

z(ω)
(2.7)

Writing z(ω) = Aeiφ and z∞(ω) = A∞eiφ∞ we get:

K(ω) =
H(A∞ − Aei(φ−φ∞)

Aei(φ−φ∞)
(2.8)

Before we can use equation 2.8 to determine kint and γ int from Aeiφ, we need to cali-
brate kc, γc and m∗. The spring constant is determined from the thermal noise spec-
trumas explained in the first section. Themassm∗ anddamping γc are obtained from
the resonance frequency ω0 and quality factorQ. Using the ratioA/A∞ei(φ−φ∞) we
can rewrite equation 2.8 to:

A
A∞

ei(φ−φ∞) =
kc − m∗ω2 + iγcω

kc − m∗ω2 + iγω + kint + iγ intω

from which we obtain the inversion formulas:

kint = kc [1− (ω/ω0)
2]

A∞ cos(φ − φ∞)− A
A

+ γcω
A∞ sin(φ − φ∞)

A
(2.9)

and

γ int = γc
A∞ cos(φ − φ∞)− A

A
− kc [1− (ω/ω0)

2]
A∞ sin(φ − φ∞)

A
(2.10)
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Figure 2.6: Result of driving forces on the shape of the cantilever. In red and blue the
shape of a cantilever when driven acoustically (red) and thermally (blue) plotted versus
normalized cantilever length. Solid lines represent the shape of the cantilever and dotted
lines the phase of the oscillation. The resonance frequency of the cantilever in this example
is 16 kHz.

Photothermal excitation

Theapproach fromtheprevious section is not fully correct, becauseunderphotother-
mal driving the frequency response of deflection and displacement behaves differ-
ently thanmodeled here. Furthermore, the hydrodynamic interaction does not take
place at the tip only, but along the whole beam of the cantilever[23]. Despite these
difficulties we can give a better approximation.

We start with a correction of the cantilever shape as a function of frequency. In fig-
ure 2.6 the difference between acoustically (red) and photothermally (blue) excited
cantilevers is shown. The solid lines show the shape of the cantilever when excited
in phase of the first mode and the dotted lines when excited out of phase. From the
graph it is clear that the slope (Lu′L) for both is similar, but the local distortion itself
is not. This results in the fact that the total displacement of the tip is different from
its deflection.

The influence of the driving laser on measured quantities is not well understood yet.
Not optimal positioning of the driving laser might introduce unwanted secondary
oscillations and therefore changing the apparent stiffness of the system. Positioning
of the excitation laser is important too, because the resulting oscillation amplitude



2

32 CHAPTER 2. MATERIALS AND METHODS

Figure 2.7: Cantilever oscillation amplitude as function of the position of the excitation
laser from the base. The position is normalized by the length (225 µm) of the cantilever.
On the right an example of a cantilever excited by a blue laser (left bright dot) and the
resulting amplitude is measured by the red laser (bright stripe on the right). The position
of the excitation laser can be changed with respect to the red laser.

can drop by 20% over 30 µm (figure 2.7).

2.3 Physical forces experienced by AFM tip

In an AFM measurement, the tip is usually made of silicon and its surface is cov-
ered by a few nanometers of native silica. In an aqueous solution the tip becomes
charged due to the deprotonation of silanol groups (SiOH)[32]. When performing
force spectroscopy, the resulting electrostatic interactions should be taken into ac-
count. To do so, first is shown how the DLVO theory is used to account for the tip
geometry and then it is shown how to solve the Poisson-Boltzmann equation with
proper boundary conditions.

2.3.1 DLVO

In direct force measurements, two surfaces are brought into close contact. The in-
teraction forces that arise between these two surfaces can be described using the
DLVO theory[33,34]. This theory assumes that the interaction is a sum of the van
der Waals force and the electric double layer forces. The double layer forces mainly
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Figure 2.8: Examples of tip geometries used in AFM force spectroscopy. a) plate-plate
geometry. b) sphere-plate geometry.

result from the excess osmotic pressure of the inhomogeneous counter ion distribu-
tion in the EDL, i.e. the ions in the diffuse layer (σD) that compensate the intrinsic
surface chargedensity (σ0) on the surface and the immobilized ions in the Stern layer
(σS).

Πdis = ΠvdW + Πdl. (2.11)

For two semi-infinite parallel plates, the van der Waals part can be described by:

ΠvdW = − AH

6πz3
, (2.12)

whereAH is theHamaker constant and z thedistancebetween theparallel plates. The
double layer pressure Πdl has two components, the osmotic pressure and Maxwell
stress:

Πdl = 2kBT
∑

i

[ni − ni(∞)]︸ ︷︷ ︸
osmotic

− εε0
2

(∇ψ)2︸ ︷︷ ︸
Maxwell

. (2.13)

The measured force gradient depends on the tip geometry. When the tip radius is
too small, the tip is flattened to increase the tip radius (and interaction area). The
interaction area is then approximated as a flat disk with radius R (figure 2.8). When
lateral resolution is not of interest, a colloidal probe can be used. In that case, the
interaction area is approximated as a sphere with radius R.
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Plate-plate

In the case of the plate-plate geometry (figure 2.8a) the interaction force Fint can be
described by:

Fint = Πdis(z)πR2,

where R is the radius of the flat contact area of the tip, z the distance between the tip
and sample andΠdis the excess pressurebetween tip and sample. This excess pressure
is the sum of the van der Waals pressure (ΠvdW) and the double layer component
(Πdl)[35]. Since from the force inversion equation we actually get the kint instead of
the Fint, we relate the disjoining pressure with the kint with

∫ ∞

h
kint(z)dz = πR2Πdis(h). (2.14)

Sphere-plate

In the case of a sphere plate geometry the interaction force is described by

Fint =

∫ ∞

0
Πdis(z(r))2πrdr.

To evaluate the integral the Derjaguin approximation[36] (z(r) = h+ r2/(2R)) can
be used, which holds under the condition h << R. This results in rdr = Rdz on
which we can rewrite equation 2.3.1 to

Fint

R
= 2π

∫ ∞

h
Πdis(z)dz.

From the measurements we retrieve the kint instead of the Fint, so we finally obtain

kint

2πR
= Πdis. (2.15)
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Electric double layer

Various models are used to describe the electric double layer (EDL) and the Stern
layer, like the Gouy-Chapman model (GCM), the Basic Stern model (BSM) and
the triple layer model (TLM).[37,38,22,39]. All these models describe the double
layer slightly differently depending on to what extent the counter ions are able to
approach the substrate. In the GCM all ions can reach the substrate so the diffuse
layer extends from the substrate into the bulk liquid. In the BSM only the protons
can reach the substrate while the other ions, due to finite size effects, can only ap-
proach the substrate up to a certain distance, which correlates with the size of the
ion. Hence, in the Stern layer no ions are present. In the TLM, the ‘0-plane’ is the
plane where charge is generated through (de-) protonation reactions on the surface,
often called the intrinsic surface charge. The ‘β-plane’ is located at the Stern layer, the
first layer of adsorbed ions. The ‘d-plane’ is located at the start of the diffuse layer. The
different types of charge in the EDL are relevant for different physical phenomena.
When electrostatic forces are important, as in case of electrophoretic mobility and
colloidal stability, the diffuse layer charge plays an important role. Whereas in sur-
face conduction and other surface relevant processes, the Stern layer charge is more
relevant.

As mentioned in chapter 1, the diffuse layer has a characteristic thickness known as
the Debye length κ. The thickness of this layer depends on the ionic strength (I∞)
of the solution, which is clear from the definition of the Debye length:

κ =

√
2I∞e2

εε0kBT
,

where εε0 is the dielectric permittivity of water, kB the Boltzmann constant andT the
temperature. Thechargedensity in thediffuse layer decreases to zero in thebulk. The
charge density of the ionic species present in the diffuse layer obey the Boltzmann
relation:

ni(ψ) = n∞ exp
[
−eZi(ψ)

kBT

]
, (2.16)

where ψ is the local potential. The surface potential and charge relation is governed
by the Poisson equation:

∇2ψ =
−ρ
εε0

, (2.17)
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where ρ =
∑

i eZini(φ) is the charge density. Combining equation 2.16 and 2.17
results in the Poisson Boltzmann equation:

∇2ψ =
−e
εε0

∑
i

Zini(ψ) exp
[
−eZiψ
kBT

]
. (2.18)

The surface charge and surface potential are not known and need to be determined.
For an electric double layer at a single solid electrolyte interface this equation reduces
to Grahame’s equation[40]. Grahame’s equation relates the total diffuse layer charge
density and the potential drop in a double layer through:

σd =
√

9I∞kBTεε0 sinh
eψd
2kBT

.

Charge regulation

Double layer forces are described using Poisson Boltzmann (PB) theory, where the
solvent and the ion distribution are modeled as continuous media. This model can
be extended by incorporating, for example, ion-ion correlations, specific adsorption,
or finite size effects of the solvent and ions[41–46]. To calculate the excess pressure
between tip and substrate, one solves the PB equation for the electric potential. The
surface charge or surface potential of both substrates determine the boundary condi-
tions for the PB equation. Classically, one supposes a constant surface charge or
a constant potential when the interaction distance is varied. However, when the
distance between the two charged surfaces becomes small and the two double lay-
ers start to overlap (figure 2.9), the resulting potential distribution will modify the
ion distribution near the surfaces. This affects the (de-) protonation at the surfaces
as well as the ion ad- or desorption in the Stern layers, and so the resulting surface
charge densities. The redistribution of the surface charge and diffuse layer poten-
tial when the separation distance is varied, is called charge regulation[47–50]. Due to
charge regulation the surface potential and surface charge become distance depen-
dent which complicates the determination of the right boundary conditions for the
PB equation.

Despite the fact that charge regulation has been well-known[51,40,39,48], it is not al-
ways implemented in the direct force measurement. Borkovec et al.[54] used charge
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Figure 2.9: The surface potential over the Stern Layer and the diffuse layer. Diffuse layers
start to overlap in the presence of a second charged surface.

regulation on colloidal probe data and were able to extract diffuse layer charges for
latex particles. Zhao et al.[52] used charge regulation on force distance curves (data
recorded with sharp tips at pH 6 and several sodium chloride conditions) together
with a surface complexation model.

We use surface complexation models that describe the surface to construct the CR
boundary condition[48,53,49,52] for equation 2.18. We consider a surface site SH that
can deprotonate to produce a negatively charged site S– . The mass action law that
the reaction equilibriumSiOH −−⇀↽−− SiO– +H+ relates to the site densities{SiOH}
and {SiO−} is:

{SiO−}[H+]s = KH{SiOH}, (2.19)

where the braces ‘{}’ indicate surface concentrations and square brackets indicate
volume concentrations. The equilibrium constant KH has a corresponding pK value
that is described by pKH = − logKH. The deprotonated surface group may adsorb
a counter-ion from the solution to form a surface complex, which can be described
by the following chemical reaction:

SiOC −−⇀↽−− SiO− + C+. (2.20)

This chemical reaction has an equilibrium constant described by

KC = {SiOC}[C+]d/{SiOC}.

Since the total surface sitesof surfaceS is fixedby thegeometry and surface chemistry,
the total number density of surface groups Γ can be written as:

Γ = {SiOH}+ {SiO−}+ {SiOC}. (2.21)
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Equation 2.19, 2.20 and 2.21 can be rewritten in matrix form to obtain: 1 1 1
[H+]s −KH 0
[C+]d 0 −KC

{SiO−}
{SiOH}
{SiOC}

 =

Γ
0
0


The surface charge density σ is determined by the number of negatively charge sur-
face sites, resulting in:

σ = −e{SiO−} = − eΓ
1+ [H+]s/KH

The local proton concentration [H+]s and [C+]d are assumed to follow the Boltz-
mann distribution

[H+]s = [H+]∞e−eψs/kBT

[C+]d = [C+]∞e−eψd/kBT

Here, ψs is the surface potential. The surface charge is proportional to the potential
drop across the Stern layer, leading to:

Cs = σs/(ψs − ψd) (2.22)

Resulting in the CR boundary condition:

σ = f(ψs;KH,KC, Γ, [H+]∞; [C+]∞,Cs), (2.23)

where Γ, [H+]∞, [C+]∞ andCs are given constants andKH andKC are inmost cases
the fit parameters. The extracted surface charge σ is essentially the net surface charge,
i.e. the opposite of the diffuse layer charge. Note that, for example for silica at pH 7,
the bare surface is negative and the Stern layer with the diffuse layer balance this.
Therefore, the effective surface charge is negative (σ0 + σS = −σD < 0).

2.3.2 Surface charge calculation

With a surface complexation model the diffuse layer charge can be extracted accu-
rately, but also equilibrium constants (pK values) can be determined. However, the
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Figure 2.10: Surface charge vs surface potential. Grahame equation in black, surface
charge according to 2pK model in blue and the linear and exponential fit for charge in
dashed red lines.

problem with pK modeling is that the correct surface reactions are unknown. Ad-
ditionally, for a limited dataset the equilibrium constants from the fit are not neces-
sarily unique[52]. Furthermore, because the equilibrium constants are not always
of primary interest, we suggest a different approach, by separating the diffuse layer
charge and potential calculations from the chemical modeling by implementing a
generic differential surface capacitance. This approachwas first introducedbyCarnie
et al.[49], and later adapted by Borkovec and coworkers[54,55]. Where Borkovec and
coworkers[56] use a linear parametrization, we use for the silica surface an exponen-
tial relation. In figure 2.10 a visual representation of the exponential fit. The black
curve is theGrahame equation, andwhere the blue solid line crosses the black line is
the surface charge. The red dashed lines are a linear and exponential fit of the surface
charge.

qs = − exp(ψs − ψ f) (2.24)

where qs = σs/σ∗ and ψs = qeφs/kBT; σ∗ = 2qeI∞κ−1 with qe the electron charge,
I∞ the ionic strength of the bulk solution and κ−1 the corresponding Debye length.
The dimensionless potential ψ f is left as a fitting parameter. We call this expression
the exponential surface charge (ESC) model. It is used to determine the boundary
values for ψ and σ at the tip and the substrate when solving the Poisson Boltzmann
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equation for the potential in the electrolyte film between tip and substrate. Once

Figure 2.11: (a) Pressure-distance curves for the silica-silica interface in a 4mMNaCl pH
9 solution. In black, the recorded experimental curve. In blue the curve resulting from the
2pK model fit (pKH = 10.0, pKC = −5.1, σ = −0.085 e/nm2). In red the result of
the charge fitting using the ESC model. (b) The net surface charge vs the surface potential.
The black solid line is a solution to the Grahame equation, in blue the net surface charge
according to the 2pK model while the dashed red line represents the ESC curve. The gray
curves are a result of a higher cation concentration. (c) The calculated diffuse layer charge
as function of separation distance. The blue line is the net surface charge according to the
2pK model and the red circles are the result of the ESC model fit.

the electric potential is known, we can calculate the excess pressure in the electrolyte
film from:

Π(h) = I∞kBT
{
4 sinh2(ψ/2)− κ−2

(
dψ
dz

)2}
z=h/2

+ ΠvdW(h) (2.25)

which holds for a 1-1 electrolyte. Here ΠvdW = −AH/6πh3 is the van der Waals
contribution and h = zts is the distance between tip and substrate. The first term
in last expression, 4I∞kBT sinh2(ψ/2), represents the osmotic contribution to the
pressure and the second term,−I∞kBTκ−2 (dψ/dz)2, the electric orMaxwell stress
contribution. Note that these terms depend on the distance z from the substrate
in the electrolyte film, but their sum is independent of z. For a spherical tip with
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radius R the excess pressure can be related to the interaction stiffness kint, using the
Derjaguin approximation in equation 2.15.

Using this approximation, the force can be calculated by integrating the interaction
stiffnessFint(h) =

∫∞
h kint(z)dz. Figure 2.11a shows amongst others the experimen-

tally obtainedΠ(h) curve (black curve). To subtract the van derWaals contribution
from this pressure curve, we need a value for the Hamaker constant AH, which we
take from literature: AH = 0.65 × 10−20 J[57]. For large separations the charge in
the diffuse layer σdl is given by the Grahame equation (equation 2.3.1), which can
be derived by equating the expression between the curly brackets in equation 2.25 to
zero. The black line in figure 2.11b shows this dependence. On the other hand the
total charge on the substrate σs is dictated by charge regulation, see equation 2.24,
and the blue curve in figure 2.11b. As charge neutrality dictates that these charges
should be equal, the diffuse layer charge σdl is determined by the crossing of the blue
curvewith the blackGrahame curve. At finite distance between the substrate and tip
there arises an excess osmotic pressure in the film that modifies the Grahame equa-
tion (the expression between the curly brackets in equation 2.25 becomes positive),
causing a reduction of |σdl|, as shown in figure 2.11c. The plateau value of this curve
corresponds with the value of σdl at the crossing point in figure 2.11b.

When the pH increases, the blue curve in figure 2.11b shifts leftwards, causing the
intersection with the black Grahame curve to shift down, meaning a larger negative
charge. The concentration dependence is less obvious. On the one hand due to the
increasing concentration of the cations, [C+], the equilibrium should shift toward a
higher cation adsorption. In figure 2.11b, this corresponds to a shift rightwards of
the blue curve (gray dashed curve). But on the other hand the Debye length (which
is hardly affected by pH variation) decreases. This steepens the solution of the Gra-
hame equation (black solid curve to the gray solid curve) in figure 2.11b. So the
adsorption is reduced. The net effect is a gradual increase of the net surface charge
with concentration as can be observed from the downward shift in the crossing point
of the two gray curves.
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2.3.3 Accuracy and error analysis

Chargefitting routine Tovalidate our ESCapproachwe also generated some syn-
thetic force-distance curves by calculating the interaction force from a 2pK model.
The parameters of this model have been listed in Table 3.2. Taking the experimen-
tal curve, measured for a 10mM NaCl pH 6 solution (black line in figure 2.11a) as a
reference, we first determine the optimal values for pKH and pKC by fitting the force-
distance curvewith the2pKmodel. Herewe take the sitedensityof surfacegroupson
a silica substrate equal to Γ =8 nm−2 [57]. The fit from the 2pK model (blue) to the
experimental curve (black) for 10mM pH 6 NaCl has been plotted in figure 2.11a).
The fit values are shown in the column marked with 2pK/exp. We also fit the exper-
imental force-distance curve using the ESC model. The obtained values are shown
in the columnmarked by ESC/exp. Next, we use the pK values from the 2pKmodel
fitting to generate a force-distance curve which serves as an ‘experimental’ input for
the ESC model. The results from this fitting are shown in the column marked with
ESC/2pK and the curve for 10mM pH 6 NaCl has been plotted in figure 2.11a (red
dashed line). In figure 2.11b the net surface charge versus surface potential has been
plotted, where the red curve is the fitted exponential approximation around the in-
tersection point with the Grahame equation (black line). The blue curve represents
the σ(φ) relation as calculated from the 2pK model, using the fitted values for pKH
and pKC. Figure 2.11c shows the diffuse layer charge as function of the tip-sample
distance calculated by fitting the ESCmodel tot the 2pK force data (open red circles)
compared with the net surface charges, directly calculated with the 2pK model (full
blue line). The agreement between the two curves is good, the deviations are 0.3%or
less, as can be concluded from Table 2.1, where the calculated ‘diffuse layer charges’
have been listed for various concentrations and pH values. Thismeans that using the
ESC model is able to closely match the results from the 2pK model. The advantage
is that for the ESC model no prior knowledge of the surface chemistry is needed or
assumptions have to be made about the surface. This model will be used in Chapter
3 to retrieve diffuse layer charges from the experiments.

Summary and conclusion For the silica-silica systemwe studied, all obtained dif-
fuse layer charges match within 1% with the values determined from the 2pK sur-
face complexation model. Furthermore, the values fitted to the theoretical pressure-
distance curves agree also within 1% of these values. In spite of this success, also
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mM pH 4 pH 6 pH 9
model: 2pK ESC ESC 2pK ESC ESC 2pK ESC ESC
curve: exp exp 2pK exp exp 2pK exp exp 2pK

1 -0.02 -0.02 -0.02 -0.05 -0.05 -0.05 -0.07 -0.07 -0.07
4 -0.04 -0.04 -0.04 -0.07 -0.07 -0.07 -0.09 -0.09 -0.09

10 -0.06 -0.06 -0.06 -0.08 -0.08 -0.08 -0.10 -0.10 -0.10
40 -0.09 -0.09 -0.09 -0.11 -0.11 -0.11 -0.14 -0.14 -0.13

100 -0.15 -0.15 -0.15 -0.19 -0.19 -0.19 -0.22 -0.22 -0.22

Table 2.1: Diffuse layer charge in e/nm2 for several concentrations and pH values. The
row labeled with model indicates the model used to fit the type of curve (experimental or
generated with 2pK model) shown in the row labeled curve. So the first column shows the
diffuse layer charge values that are obtainedfrom experimental curves with the 2pKmodel.

in this model solvent and ion distributions are described as a continuous medium,
which for sure is questionable at short length scales. A signof these short range forces
might be visible in figure 3.3b and c, where deviations in the interaction stiffness oc-
cur between various measurements at distances below 2 nm. For instance, Fleharty
et al. report that the chemical equilibrium between surface reactive groups and the
potential determining ions strongly depends on the precise molecular structure of
the solution near the charged interface[43]. They argue that a physically adequate
analysis of the electric double layer should include charge regulation as well as a full
account of the solvent contribution to the solution structure.

2.4 Principal component analysis

The interaction forces measured on silica and gibbsite in the aqueous divalent elec-
trolyte solutions are so small that in most electrolyte conditions the force is in the
range of the noise. In order to extract any quantitative or qualitative data, the signal
to noise ratio (SNR) needs to be increased. Averaging can be applied to increase the
SNR, where the SNR increases proportionally to the square root of the number of
experiments. During a typical force spectroscopy experiment, 32x32 approaches are
recorded. This number of approaches gives plenty of room for averaging, however,
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Figure 2.12: a) A 2D data set with random noise with principal component 1 and 2 indi-
cated. b) The data from a) transformed to their principle components. c) The projection
of the data on PC1 becomes the data. d) Transforming back to the original coordinate
system.

this will partially sacrifice the lateral resolution of the measurement.

Another method to increase the S/N ratio is principal component analysis (PCA).
PCA is a powerful statistical method that uses orthogonal transformations to con-
vert a set of possibly correlated variables into a set of values of linearly uncorrelated
variables called the principal components. PCA tries to find a lower dimensional
subspace such that it maximizes the variances of the projected data (

∑
(x − u)2)

andminimizes themean squared distance between data and their projections. In fig-
ure 2.12a this is shown for a line with random noise added, so in this example we
reduce x(i) ∈ R2 to x(i) ∈ R1. The variance is maximized by making sure that the
projections are as spread out as possible. Themean squared errors are minimized by
making the sum of the blue lines as small as possible. Transforming the data to the
new coordinate system, figure 2.12b, shows the correlation in the data. The ’noise’
can be removed by using the projection of the data on the u1 axis, which results in the
data set shown in figure 2.12c. When the projection is transformed back to the x-y
coordinate system, figure 2.12d, the data is cleaned from noise. This is in basic terms
how PCA helps reduce noise in data. It is especially powerful for large datasets and
in the case of the force maps we have plenty of data for the PCA to work.
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For PCA to work in the case of AFM data, the amplitude and phase data need to
be defined at the same z-distance intervals. This is not true for all recorded data.
Therefore, we use interpolation tomap all the amplitude and phase data on a unique
z-axis with values on a regular interval. This creates a matrix where the amplitude
and phase data are defined for each point on the z-distance axis.

xi =


a1i
a2i
. . .
ak
i

 and xT
i =

(
a1i , a

2
i , . . . a

k
i
)
, (2.26)

where xi is the ith approach, k is the number of amplitude values per approach and a0i
describes the first amplitude value of the ith approach. For the example we are using,
we will set the number of approaches to i = n. Writing this in matrix form looks as
follows:

X =


a11 a21 . . . ak

1
a12 a22 . . . ak

2
...

a1n a2n . . . ak
n

 =


xT
1

xT
2
...

xT
n

 , (2.27)

where X ∈Rn×k. For later convenience, the mean is subtracted using:

μ =
1
n

n∑
i=1

xi = (
1
n

n∑
i=1

xi1, . . . ,
1
n

n∑
i=1

xid)
T (2.28)

Next, the covariance is calculated using:

C =
1

n − 1

n∑
i=1

(xi − μ)(xi − μ)T =
1

n − 1
XTX . (2.29)

The covariancematrixCdescribes the covariance between the i-th and k-th elements
on the i,k position in the matrix. The covariance describes how likely variables cor-
respond, a measure of how much the two coordinates vary together. The sign of the
covariance shows the tendency in the linear relationship between the variables. The
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magnitude of the covariance is not easy to interpret, because it depends on the mag-
nitude of the variables.

ThecovariancematrixC is symmetric, thus canbediagonalized toC = VLVT, where
V is the matrix with the columns composed of the eigenvectors and L a diagonal ma-
trixwith λi as the eigenvalues. Theeigenvectors are the principal axes of the data. Pro-
jections of the data on the principle axes are called the principle components.

The data matrix X can be decomposed using singular value decomposition, which
yields X = USVT. U is a unitary matrix and S a diagonal matrix with singular values
si. Filling X = USVT into (n − 1)C = XTX yields:

(n − 1)C =
[
USVT]T [USVT] = VSTUTUSVT = VS2VT = VLVT (2.30)

This means that the singular vectors V are the principal axes and its singular values
are related to the eigenvalues from C via λi = s2i (n − 1). The principal components
are given by XV = USVT = US.

To conclude, it is important to understand that PCA is not a smoothing filter. The
variance represents the importance of a component. PCA finds the variance of every
component. If a component contains signal information, and the signal is present
in many data points, it will have a large variance. A component that only contains
noise, however, will have a low variance, because noise is random and cannot add
up. THerefore, deleting the low variance component will increase the SNR without
losing information. For a more detailed description of PCA or SVD please have a
look at these references[58–60].

2.4.1 PCA applied to AFMdata

The experiments shown in this chapter use the first 7 principle components. This
number preserves the information in the data, but removes the noise. Using fewer
principle components (less than 5) results in smoother data where important fea-
tures of the data have been lost. Using more principle components (more than 10)
results in more noise, but not an increase in features in the data. This number was
determined empirically, by examining a forcemap of several differentmeasurements.
An example of the power of the PCA routine is shown in figure 2.13. The raw data
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Figure 2.13: a) Amplitude (top curves) and phase (lower curves) versus distance recorded
with AM AFM with a cantilever tip on silica (black) and gibbsite (upper blue curve and
lower red curve). The dots are measurement data, and the lines are the PCA corrected
data. b) The amplitude and phase data in a) converted to an interaction stiffness versus
distance curve. The black and red curve is the interaction force on silica and gibbsite.

(dots) shows a high level of noise, whereas the PCA corrected data mostly removed
the noise, meanwhile retaining the shape and details of the data. This noise depends
on the experiment, but it is typically smaller than shown in figure 2.13. The effect
of the PCA routine on the data is significant. The forces presented here are of low
magnitude and close to the resolution of what we can measure with amplitude mod-
ulation AFM. This means that the signal to noise ratio is low, and therefore by using
PCAwecan restore some features in the data thatwas obscuredbynoise. Converting
the amplitude and phase data, like shown in figure 2.13a, to the interaction stiffness
results in the data shown in figure 2.13b. As is clear from the graph, after converting
the data to the interaction force, the details and shape of the data is preserved. The
effect of the PCA routine is not only noticeable in the force distance curves, but im-
proves the clarity in the forcemaps as well, as is visible in figure 2.14. The untouched
data has noise that is close to the magnitude of the signal, obscuring the features of
the data. Using the PCA routine removes this noise, clearing up the image, revealing
features like the particle boundary. Averaging would also help to reduce the noise in
the data, but this sacrifices lateral resolution. In chapter 6 the PCA routine will be
used in order to increase the signal to noise ratio, since the measured forces are very
weak.
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Figure 2.14: Interaction stiffness maps of gibbsite on silica in a 5mM CaCl2 solution at
2 nm from the surface. The colors indicate the magnitude of the interaction stiffness, where
red is a repulsive interaction and blue an attractive interaction. The marked squares are
the forces shown in figure 2.13. In b) the PCA analyzed interaction stiffness map.

Figure 2.15: a) Interaction stiffness map of gibbsite on silica in a 10mM CaCl2 solution
at 3.0 nm from the surface. The colors indicate the magnitude of the interaction stiffness,
where red is a repulsive interaction and blue an attractive interaction. Themarked squares
are the forces shown in the graph on the right. b) The solid colored lines are the average of
the approaches on silica and gibbsite from a), shown in red and blue, respectively. In black
the PCA cleaned data. The dashed colored lines are the derivative of the static deflection,
which can serve as an additional check for data quality.
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”It’s coarse and rough and irritating and it gets everywhere.”
Anakin

3
Ionic strength and pH dependence of the
diffuse layer charge of Silica-electrolyte

interfaces, measured with AFM

WeusehighresolutionAtomicForceMicroscopy toprobe the surface chem-
istry behavior of silica surface in aqueous solutions of variable pH and NaCl con-
centration. We are able to extract diffuse layer charge values from the experimen-
tal force-distance curves within 1% accuracy using an exponential surface charge
(ESC) - potential relation. Using the ESC model enables the separation of diffuse
layer charge/potential calculations from surface chemistry. A 2pK model that de-
scribes the silanol deprotonation equilibrium constants depends on the pH of the
electrolyte solution and tip geometry. This indicates that a single pK pair cannot de-
scribe the diffuse layer charge chemistry of silica substrates adequately. Linking the
charge values to the relative occupation of surface sites is not reliable, because the
chemical modeling of the substrate still fails. However, colloidal probe force spec-
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troscopy and diffuse layer charge fitting with exponential surface charge modeling is
still a valuable method to determine the diffuse layer charge. The obtained diffuse
layer charge values can be used in further chemical modeling of the surface or for
quantitative comparisons with other methods.

3.1 Introduction

When a solid is immersed in an aqueous liquid, it generally acquires a surface charge
through adsorption or desorption of ionic surface groups. These surface reactions
play an important role in many chemical, physical, biological and technological pro-
cesses[1–4]. To understand the mechanisms behind these processes, an essential
step is to study the charging properties of electrolyte-solid interfaces and their de-
pendence on the electrolyte composition[5–16]. The charge in and near the solid-
electrolyte interface originates from the equilibrium between the (de-) protonation
of surface groups and the ad- and desorption of ions[17–19]. The region where the
charge from (de-) protonation reactions is balanced by ions in the liquid, is called
the electric double layer (EDL). The electric double layer generally consists of an
adsorbed layer of ions, called Stern layer, and a region of electrically attracted and
repelled ions that are free tomove under the influence of hydrodynamic and thermal
effects, which is called the diffuse layer[20,21].

Different techniques are used tomeasure the various types of charge. Recently, x-ray
reflectivity techniques have enabled a detailed look into the ion distribution near the
solid-liquid interface, giving a clear picture of the Stern layer[5,22]. X-ray techniques
however, require atoms with a significant large charge density for detection. This
complicates studying the more common ions such as sodium and chloride. With
molecular dynamics (MD) simulations the structure and dynamics of the EDL can
be explored too, which helps to improve models and the interpretation of experi-
ments[23]. MD simulations can mostly resolve molecular-level mechanisms only,
because a large system size requires more computing power than currently available.
Titrationmeasurements can determine the intrinsic surface charge of oxide surfaces.
It offers good statistics due to the averaging over many particles[21,24–26]. However,
in contrast to the intrinsic surface charge, there is no direct way to quantify the dif-
fuse layer charge. Electrokinetic techniques, such as streaming potential measure-
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ments and electrophoresis can quantify the diffuse layer charge. Despite the sim-
plicity of these techniques, the interpretation of the experimental data remains dif-
ficult due to the need of elaborate models. In these models, properties such as the
location of the shear plane or the hydrodynamic boundary conditions are difficult
to determine[27,10,28–31]. Direct force measurements, such as SFA and atomic force
microscopy (AFM) are a reliable way of measuring the diffuse layer charge. The ad-
vantage of SFA is that it has an excellent distance resolution of around 1 Å[32,33].
However, it is mostly restricted to mica as a substrate, because the technique asks
for large atomically smooth surfaces. Using AFM with a colloidal probe, the forces
between tip and substrate can be measured for a wider range of substrates. For a
correct interpretation of the diffuse layer charge obtained from direct forcemeasure-
ments, it is essential to implement the charge regulation correctly[34–36] (see chapter
2).

A problem common to all these measurement techniques, is the spread in reported
surface potentials and charge values. The reported point of zero charge (PZC) val-
ues for clayminerals such as kaolinite, gibbsite andmontmorillonite can vary several
pH units[37,11]. Even for simple systems such as hydroxide surfaces, a large spread
in the values for the PZC and equilibrium constants of the surface reactions can be
found. This can be explained to some extent by the heterogeneity of particles, where
particleswith facets that have different PZCcan lead to a variation in the overall PZC.
Also differences in the surface site density of nominally equal materials can lead to
an overall difference in the PZC. However, Szekeres et al. argue that the scatter in
the range of several pH units in the reported PZC values cannot be explained by de-
viations in the crystal structure or surface energy only[38].

Even for a well studied system as the silica-electrolyte interface many uncertainties
remain. For titration, the experimental results for the charging characteristics are rea-
sonably consistent and the intrinsic surface charge can often be approximated by a
2pK surface complexationmodel (SCM)[19] or a 1 pKBasic Sternmodel[39]. How-
ever, for electrokinetic and direct force measurements, from which the diffuse layer
charge can be determined, the results are less clear. Often the standard electric dou-
ble layer models, like the TLM, BSM and GCM are able to describe the measure-
ments sufficiently over either a wide range of salt concentration, or a wide range of
pH values. Whether the 2pK values are able to describe the diffuse layer charge for
a wide range of salt concentrations and pH values remains unclear. Moreover, sys-
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tematic studies where both the salt concentration and the pH are varied in the same
experiment, are missing.

In this work we use colloidal probe force spectroscopy to measure the interaction
forces between a silica substrate and a silica probe in various sodium chloride solu-
tions within a wide range of pH values. In addition, we accurately determine the
zero-point on the tip-sample distance scale, which is paramount in atomic force mi-
croscopy. To check for consistencywe also compare the dynamic force spectroscopy
results with the static mean deflection results. Subsequently, the diffuse layer charge
density has been calculated using DLVO theory, charge regulation and the differen-
tial surface capacitance model mentioned in chapter 2. These diffuse layer charge
data have been used to test earlier proposed surface reaction schemes for the silica
substrates. From our results we conclude that it is impossible to model the surface
charge behavior on silica substrates accurately with a regular single site 2 pK model
using a single pair of fixed pK values for a wide range of pH values and salt concen-
trations.

3.2 Methods

3.2.1 Substrate and probe preparation

Silicon substrates with a 30 nm thick thermally grown oxide layer were used as a
substrate. The silica is cleaned in an ultrasonic bath, first for 15 minutes in a solu-
tion of isopropanol, ethanol and Millipore water (25/25/50% by volume) and sub-
sequently another 15 minutes in Millipore water only. Next, the substrate is plasma
cleaned (PDC-32G-2, Harrick Plasma) for 20 minutes. Sodium chloride (puriss,
ACS reagent grade, Sigma Aldrich) solutions are prepared by dissolving salt in Milli-
pore water. The pH is adjusted by addingHCl orNaOH solutions. All experiments
are performedunder liquid, in a closed fluid cell that allows for liquid exchange and is
kept at a constant temperature of 29.7◦C. The fluid is exchanged using two syringes
by injecting a new solution while removing the old solution. During fluid exchange
about 25 times the total sample volume in the fluid cell is exchanged. To equilibrate
the system a next measurement is started only ten minutes after finishing the fluid
exchange. We use silicon colloidal probes (Team NanoTec LRCH 750/Cr-Au) cov-
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Figure 3.1: Schematic of silica-silica colloidal probe measurements. In red the deflection
u as a function of the piezo displacement. The definitions of the piezo distance zp, the
sample distance zs , the tip distance zt, the deflection u = zt − zs, the tip-sample distance
zts = zp − zt, and tip radius R are defined as depicted.

ered by a 1-2 nm thick native oxide layer and a golden backside coating on the can-
tilever. Before use, the cantilevers are cleaned using a mixture of isopropanol and
ethanol (50/50% by volume) and after drying, they are plasma cleaned for 15-20
minutes.

3.2.2 AFM force spectroscopy

Dynamic force spectroscopymeasurements were performedwith a commercial Asy-
lum Research Cypher ES equipped with photothermal excitation. A schematic rep-
resentation of the set-up can be found in figure 3.1.

The AFM is used in amplitude modulation (AM) with force ramp mode. The force
ramp mode records the mean deflection u (figure 3.2a), amplitude A (figure 3.2b),
phase φ (3.2c), drive frequency (ωd) and the measured piezo position (zpp) of the
cantilever as function of the piezo distance (zp). The approach and retraction speed
of the cantilever is set to 150 nm s−1. The set point for reversing the cantilevermotion
fromapproaching to retracting is basedon the amplitudeAor on themeandeflection
u. Using the amplitude as a set point, the direction is reversed when A is reduced
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to 10% of the free amplitude A∞. We consider this amplitude criterion to result
in a non-contact (nc) method. In case the mean deflection is used, the direction is
reversed when u has reached a critical value chosen in the range of 10-20 nm (figure
3.2a). Typically, around30 approaches for eachfluid composition are recordedusing
this set point. When the mean deflection criterion is used, the cantilever tip comes
in hard-contact with the substrate. In this case the number of approaches is reduced
to 5-10, to prevent damage to the tip. These ‘hard-contact’ (hc)force-distance curves
are used to calibrate the tip-sample distance.

At the beginning of the experiment, the system is calibrated, in liquid, to get the cor-
rect amplitude sensitivity and spring constant. The driving force to excite the can-
tilever is chosen to guarantee a small amplitude (< 1 nm) of the freely oscillating
cantilever. Next, force distance curves are recorded for each fluid composition using
both non- andhard-contactmode. After recording the force-distance curves for each
specific condition, the power spectral density is recorded at a tip-substrate distance
of 300 nm, where the tip-sample interaction is assumed to be negligible, such that the
correct resonance frequency (ωr) and quality factor (Q) can be used in the analysis.
After having collected the data for all fluid compositions (different pH andNaCl con-
centrations), themeasurements at the initial fluid composition are repeated to verify
whether any permanent changes, like change in tip radius or substrate damage have
occurred during the experiment. After this check, the spring constant is calibrated
oncemore, to verify that the stiffness has not changed during the experiment.

3.2.3 Data handling

Duringexperiments, thermaldrift causes a slightoffset in the real zpiezopositionand
so in thedeflection, amplitude andphase versus piezoposition curves. Therefore, off-
set correction of the individual approach curves is the first step in the data analysis.
This is achieved by calculating the cross correlation between the individual curves
(after omitting the first 3 approaches), using the amplitude channel. The latter typ-
ically shows most pronounced features, making the alignment most accurate. For a
rangeofmeasuredAn-values, sayNpoints aroundhalf themaximumamplitude value
A∞, the difference δn = zn−z(1)n in piezo position zn between both curves at thatAn

value is calculated. Here the valueA(1)
n of the reference curve is obtainedby interpola-

tion between neighboring A values. The average ⟨δ⟩ = N−1 ∑N
n=1 δn is considered
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Figure 3.2: Examples of a) the cantilever deflection, b) amplitude and c) phase versus
piezo position in a 10mM NaCl pH 9 solution. The inset in a) shows the conversion
to the ‘deflection versus tip-sample distance’ curve. (kc = 0.96Nm−1, ωd =27.0 kHz,
ω0/2π = 29.2 kHz, R ≈750 nm and Q = 2.3)
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to be the offset between both approach curves; it is subtracted from all zn values of
the considered curve. On average the offset between the approach curves for the
‘non-contact’ method is about 1 nm, and for the ‘hard-contact’ method about 0.5 nm.
In this way two master curves are generated which contain all data points, one for
the non-contact (NC) curves, and one for hard-contact (HC) curves. To reduce the
noise, the averaged curves are smoothed by binning the distance scale (bin-size of
0.1 nm) and fitting a straight line through all data points within a bin. From this fit
the value at the center of the bin has been determined. Next, the NC master curve
is aligned to the HC curve using once more the method just described. These mas-
ter curves are used to obtain the final force-distance curves, following the procedure
described by Liu et al.[40,41], which we shortly describe for completeness.

The result of a measurement in a 10mM NaCl pH 9 solution is shown in Figure 3.2.
The red and blue curves are the averaged curves of the data recorded using hard-
contact (HC) and non-contact (NC), respectively. The curves are an average of 4
HC and 25 NC approaches. The HC raw data are shown in light gray. The curves
shown are already aligned using the procedure described above. In figure 3.2a, the
line, fitted to the linear part of the mean deflection curve, is shown in black. In this
range, the tip is in hard-contact with the sample and the intersection of this line with
the u = 0 axis (zs) is used for the calibration of the tip-sample distance. Despite
the fact that the tip is in hard-contact with the substrate, the amplitude in figure 3.2
shows that the cantilever still has a finite amplitude. The data also show that the NC
mode follows the HC mode very accurately.

3.2.4 Determination of the tip-sample distance

For a quantitative analysis of the force-distance curves, we have to convert the piezo
position zp to the tip-sample distance zts (figure 3.2a inset). To this end we use the
HC mean deflection (u) curves. For deflections larger than 5 nm, a straight line has
been fitted to the measured u versus zp curve, see figure 3.1 and 3.2a. Extrapolating
this line to zero deflection (the crossing with the z-axis), gives the position (zs) at
which a non-deflected tip would touch the substrate. To obtain the real tip-sample
distance, we have to add the cantilever deflection u to the piezo position zp and cor-
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rect for zs. So the tip-sample distance is given by:

zts = zp + u − zs (3.1)

When the tip-sample distance approaches zero, the deflection increases rapidly. An
upward deflection reflects a repulsive interaction, as expected for symmetric systems.
At high salt concentrations (above 100mM monovalent salt) or low charge condi-
tions (i.e. near the point of zero charge) an attractive interaction is observed, due
to the van der Waals force, which for these conditions is stronger than the repulsive
electrostatic interaction. Relying on the literature value for the Hamaker constant,
we can estimate the tip radius R from this van der Waals interaction.

3.2.5 Force inversion

Once we have established the tip-sample distance we convert the measured A and
φ versus zts curves into force-distance curves. We follow the force conversion for
photothermal excitation procedure described in chapter 2. Here, we only give the
force inversion equation (equation 2.9):

kint = kc

[
1−

(
ω
ω0

)2] A∞ cos(φ − φ∞)− A
A

+ γcω
A∞ sin(φ − φ∞)

A
(3.2)

Thespring constantkc, quality factorQ, resonance frequencyω0, effectivemassm∗ =
kc/ω2

0 and damping coefficient γc = kc/(ω0Q) of the cantilever are determined dur-
ing the experiment for each fluid composition, see section 2.2. Integrating the given
equation, F(z) =

∫∞
z kint(z′)dz′, leads to the desired tip-sample interaction force.

Except for the radius R of the colloidal probe, which is determined using a scanning
electron microscope, all cantilever properties in this work are determined under liq-
uid. Typical values are kc ≈ 3Nm−1, ω0/2π ≈ 15 kHz, R ≈ 750 nm and Q ≈ 2.5.
Whenwe take the derivative of the static deflection curve (staticmode), we can com-
pare it to the interaction stiffness (kint = −dFint/dz) calculated using the force in-
version equation (dynamicmode). This allows us to verify whether the results of the
force inversion routine are in agreement with the static mode, as a quality check of
our data.
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Figure 3.3: Interaction stiffness as function of tip-sample distance a) determined using
the force inversion method (solid lines) and taking the derivative of the mean deflection
(dashed lines) for the hard-contact (red) and non-contact (blue) method in a 10mM
NaCl pH 9 solution. b) The mean deflection curves for three separate measurements (red,
blue and yellow) and its average (black). c) The amplitude modulation for three separate
measurements (red, blue and yellow) and the average (black).

An example result of this comparison is shown in figure 3.3a. The full curves result
from the force inversion (AM), whereas the dashed lines are (the numerical deriva-
tive of) the mean deflection curves. The AM and mean deflection curves match, as
it should, since both measure the same interaction force. Despite averaging over
many curves, the kint(zts) curves obtained from the mean deflection data are more
noisy (figure 3.3b shows data for threemeasurements). The small amount of noise in
themean deflection curves is significantly amplified by the numerical differentiation.
When the AM (figure 3.3c shows data from three measurements) and mean deflec-
tion curves deviate significantly, that dataset is discarded in the analysis. The reason
for a mismatch is not always clear, but happens mostly for low charge conditions (i.e.
low concentration and low pH). Possible causes could be a not well-equilibrated sys-
tem or contamination.

The averaged AM curves obtained from three independent measurements recorded
with three different cantilevers are used for the further analysis. The deviations be-
tween the three experiments is very small, which shows the great reproducibility, es-
pecially for tip-sample distances above 3 nm. For most conditions the deviation of
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the individual curves from the averaged curve is less than 20%. In general, best agree-
ment is found at high charge conditions (i.e. high pH or salt concentrations), where
the interactions are the strongest. However, below 2 nm, large deviations between
the different curves are observed.

Force-distance curves Theaccuracy of the diffuse layer charge fitting depends on
several parameters. To quantify the error in the calculated diffuse layer charge due
to uncertainty in the tip-sample distance, we take the force-distance curve for each
fluid composition and shift the tip-sample distance by δ varying from−1 to 1 nm in
steps of 0.1 nm. Then we fit the diffuse layer charge and calculate the mean error
for these shifts, resulting in the gradient |dσ/dδ|. We estimate the inaccuracy in the
tip-sample distance to be δ = ± 0.5 nm. This leads to an uncertainty σ = |dσ/dδ| δ
(see the error bars presented later on in figure 3.5). Furthermore, changing the lower
fit boundary (around 5 nm) by 2 nm results in a maximum of 15% change in the dif-
fuse layer charge. Changing the upper fit boundary condition by 2 nm results in a
maximum of 1% change in the diffuse layer charge. Other factors that can introduce
inaccuracies in the diffuse layer charges are instrument sensitivity, errors in the cal-
ibration and errors introduced in the linearization for small amplitudes, which are
minor compared to the errors estimated above.

3.3 Results

For the results we use the averaged AM curves obtained from three independent
measurements as explained in section 2.5. To obtain insight in the concentration
and pH dependence of the interactions, and ultimately in the diffuse layer charges,
we plot the results on a linear-log scale, because the interactions for larger separa-
tions should scale as kint ∼ e−κz. In figure 3.4 the interaction stiffness versus the
tip-sample distance has been shown for pH4 (panel a), pH6 (b) and pH9 (c) at var-
ious concentrations. From the linear tail, we can extract the Debye length κ−1 and
ionic strength I∞ using the equation κ−1 ≈ 0.304/

√
I∞, where κ−1 is measured in

nm and I∞ in mole/L[32]. In table 3.1 the extracted ion concentrations and the De-
bye lengths have been listed. The AM curves in figure 3.4 are an average of typically
three experiments. An increasing salt concentration results in a steeper slope and so
a shorterDebye length. Extrapolating the linear tail towards zero tip-sample distance
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Figure 3.4: The interaction stiffness versus tip-sample distance for 1, 4, 10, 40 and 100mM
NaCl solutions at pH 4, 6 and 9. The black dashed lines are the expected Debye lengths,
the fitted Debye lengths and salt concentrations can be found in table 3.1.

Expected conc. 1 4 10 40 100
pH 4 0.9 (10.1) 3.9 (4.9) 10.3 (3.0) 42.0 (1.5) 103.5 (0.9)
pH 6 1.3 (8.4) 4.5 (4.5) 09.0 (3.2) 39.6 (1.5) 125.3 (0.8)
pH 9 1.4 (8.1) 4.6 (4.5) 11.0 (2.9) 40.2 (1.5) 096.5 (1.0)

Table 3.1: Ion concentration, in mM (Debye length, in nm), obtained from the curves in
figure 3.4.
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Figure 3.5: The net surface charge (σ0+σS = −σD < 0) of silica as function of a)NaCl
concentration and b) pH. For an increasing salt concentration and/or pH the absolute
diffuse layer charge increases.

(the crossingwith the y-axis) reveals a first estimate of the diffuse layer charge, which
increases for increasing pH. Eventually we extract the diffusive layer charge from the
interaction stiffness curves shown in figure 3.4, using our exponential surface charge
(ESC) model as described in chapter 2. The diffuse layer charge σD neutralizes the
intrinsic surface charge σ0 and the Stern layer charge σS (σ0+ σS = −σD < 0). The
results are shown as a function of concentration in figure 3.5a and as a function of
pH in 3.5b. For increasing pH, we observe an increasing diffuse layer charge. This is
a consequence of charge regulation: when the concentration of the H+ or C+ ions
increases, the equilibrium shifts towards a higher H+ or C+ adsorption, reducing
the number of charged sites on the substrate. As expected, the diffuse layer charge
clearly increases when the pH changes from 4 to 9. A high pH (i.e. low [H+]) favors
the de-protonation of the silica substrate and the surface becomes more negatively
charged.
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Reactions Charge

SH 
 S− + H+;KH
SC 
 S− + C+;KC

σs =
−qeΓ

1+ A exp
(
−

qeφs
kBT

)
Γ =

{
S−

}
+ {SH}+ {SC} A = 10pKH [H+]∞ + 10pKC [C+]∞

Table 3.2: Surface chemistry equations and final charge regulation condition for the silica
surface as used by a 2pK surface complexation model (pKX = − log10 KX). The charge
mentioned refers to the diffuse layer charge.

Chemical interpretation

With the use of the ESC model it is possible to determine the diffuse layer charge
from measured data without any knowledge of the adsorption and desorption reac-
tions. At this point we try to give a chemical interpretation of the measured data. As
in previous work, a 2pK surface complexationmodel has been used to determine the
chemical equilibrium constants KH and KC (table 3.2) of the surface speciation re-
actions of silica in contact with an electrolyte[42]. To do so, a merit function Q has
been defined to measure the agreement between experimental data and calculated
model curves:

Qj =
ΣiNij

ΣiNijχ2ij
, (3.3)

whereN is the number of data points per averaged curved and χ2 = 1
NΣ

N
n=1(P(zn)−

Pi)
2 the average of the squared differences between model curve and experimental

value. Here Pi(zn) is the calculated (using the 2pK model) and Pj the measured ex-
cess pressure at tip-substrate distance zn. The indexes i and j represent the concentra-
tion and pH at which the merit function has been calculated. In figure 3.6 the merit
functions for pH 4, 6 and 9 are shown. These merit functions are acquired including
all NaCl concentrations (1, 4, 10, 40, 100mM NaCl). For each pH, an optimum for
pKH can be found. For pH 6 we obtain pKH = 6.4, which is in line with the pK val-
ues found in literature. The pKC values do not converge to a single value, but scatter
over a broad range. Thismeans that themodeling is not sensitive to the pKC.
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Figure 3.6: Contour plot of Qj (for j = 4, 6 and 9) in the parameter space (pKH, pKC)
for silica in contact with a NaCl solution at pH 4, 6 and 9. For the silica surface, local
maxima, marked by the white cross, provide the best estimate of pKH = 5.3, pKC =
−2.0, pKH = 6.4, pKC = −2.0 and pKH = 9.6, pKC = 1.3, respectively.

3.4 Discussion

Diffuse layer charge density

The above analysis shows that silica is negatively charged, typically from −0.02 to
−0.2 e/nm2. The diffuse layer charge increases with increasing pH and/or NaCl
concentration. These results are similar to previous force spectroscopy results of our
group[42,40,43]. The absolute diffuse layer charge values agree well, and also with
the values obtained from electrokinetic measurements[9,26]. In our former investi-
gations, relatively sharp tips (Rtip ≤ 50 nm) were used, whereas in this work we used
colloidal probes with a radius of 750 nm. A larger tip radius implies a larger interac-
tion area, which increases the net force on the tip, thus the force sensitivity. Despite
this increased sensitivity, the error in the diffuse layer charge at high concentrations
remains relatively high. This is reflected in the error bars shown in figure 3.5. The
Debye length is short at high salt concentrations and therefore only a small range is
available for the charge fitting. Therefore, the uncertainty in the tip-sample distance
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Figure 3.7: Contour plot of the diffuse layer charge as measured by a) colloidal probe and
b) sharp tip consisting of 15 and 9 data points respectively.

causes a relatively high error in the diffuse layer charge values. Whenwe compare the
results from the colloidal probe with results obtained using sharp tips, see figure 3.7,
we observe that the diffuse layer charge values are very similar to the colloidal probe
results. Small differences can be caused by incomplete calibration of the sharp tip
experiments, which did not undergo the extensive calibration procedure described
here. The trends are also similar to thepredictionsmade in theworkofZhao et al.[42].
So despite differences in the chemical modeling, the diffuse layer charge results for
colloidal probe and sharp tip are consistent.

Chemical interpretation

From a broader perspective, the trends found here are similar to those found in titra-
tion measurements[19,26,6,44]; for increasing pH and constant ion concentrations
the absolute intrinsic surface charge increases. However, for typical potentiometric
titrationmeasurements the absolute values are much higher, in the order of 1 e/nm2

(some exceptions: Kutzner et al. report values of 0.06 e/nm2 for this system[45]).
For electrokinetic or force measurements these values[9] lie around 0.1 - 0.2 e/nm2.
Comparing numbers from both techniques, this suggests an adsorption of typically
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1 sodium ion per nm2.

To judge the validity of this suggestion for our study we reconsider the 2pK model-
ing. From the equilibrium constant estimation in figure 3.6, we find for each pH a
clear optimum value for the pKH. Although the pK values should be independent
of pH and ionic strength, we observe that this optimum does depend on pH. More-
over, we do not find a specific optimum for pKC. Therefore, we had to conclude that
this 2pK approach is insufficient to describe the full surface chemistry. This is in line
with the observations of Zhao et al., where a distinct optimum was found for pKH
and pKC at pH 6[42]. Nevertheless, estimating pKH ≃ 7 and pKC ≃ 0, our limited
model predicts for 10mM and pH 7 an intrinsic surface charge σs =−0.29 e/nm2,
while the number of sodium ions in the Stern layer is approximately 0.08 ions/nm2,
which differs considerably from the above suggested 1 ion/nm2. However, if we es-
timate pKC ≃ 1 instead of 0, we obtain σs =−0.92 e/nm2, while the number of
sodium ions in the Stern layer is approximately 0.71 ions/nm2, which is quite close
to the suggested 1 ion/nm2. This shows once more the limitations of the pK model-
ing.

3.5 Conclusion

We used AFM colloidal probe force spectroscopy to probe the surface chemistry be-
havior of the silica surface in aqueous solutions of variable pH and NaCl concentra-
tion. Using an exponential surface charge (ESC) - potential relationwe are able to ex-
tract diffuse layer charge values from the experimental force-distance curves. When
using a 2pK model to determine the equilibrium constant for deprotonation of the
silanol groups and that for adsorption ofNa+ cations, their values turn out to depend
on the pH of the electrolyte solution. This indicates that a single pK pair cannot de-
scribe the surface chemistry of silica substrates adequately. However, the values for
the diffuse layer charge, as obtained using the pK or ESC modeling and with sharp
tips or colloidal probes, are all consistent.

Taking into account the considerations mentioned in the discussion section, we ar-
gue that the combination of Colloidal Probe Force Spectroscopy and diffuse layer
charge fitting with the exponential surface charge model is a valuable method to de-
termine the diffuse layer charge. However, linking these charge values to the relative
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occupation of surface sites is not reliable, because the chemical modeling of the sub-
strate still fails. The obtained diffuse layer charge values can subsequently be used
in further chemical modeling of the surface or for quantitative comparison with the
results of other methods.
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”Marie! They’re not rocks, they’re minerals!”
Hank Schrader

4
Impact of surface defects on the surface charge

of gibbsite nanoparticles1

Weuse high resolution Atomic ForceMicroscopy to study the effective sur-
face charge of the basal plane of gibbsite nanoparticles, with a lateral resolution of
approximately 5 nm, in ambient electrolyte of variable pHand salt content. Ourmea-
surements reveal surface charge variations on the basal planes that correlate with the
presence of topographic defects such as atomic steps. This surface charge hetero-
geneity, which increases with increasing pH, suggests that for a pH between 6 and 9
the defect sites display a stronger chemical activity than adjacent, apparently atomi-
cally smooth regions of the basal plane. Smooth regions display a slight positive net
surface charge of≈ 0.05 e/nm2 that hardly varies within this pH range. In contrast,
near the topographic defects we observe a much lower charge. Considering the size
of the interaction area under the probing tip, this implies that at the defect sites the

1The results described in this chapter have been published as: Klaassen, A, Nanoscale 2017,
9, 4721– 4729
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charge density must be negative,≈−0.1 e/nm2. These measurements demonstrate
that surface defects have a large influence on the average surface charge of the gibb-
site basal plane. These findings will contribute to understanding why surface defects
play an important role in various applications, such as fuel cells, chemical synthesis,
self-assembly, catalysis and surface treatments.

4.1 Introduction

Clays and mineral nanoparticles in general are important for many natural phenom-
ena and technological processes. Theyplay a crucial role in the development of build-
ingmaterials, the transport of pollutants through groundwater and soil, the retention
of nuclearwaste, and the recovery of crude oil fromgeological reservoirs[1–5]. Essen-
tial for their crucial role in these applications is their ability to bind organic and inor-
ganic solutes from their surroundings, e.g. from ambient water. This ability, in turn,
is governed – at least to a certain extent – by the charge on the surface of the parti-
cles. Extensive efforts have therefore beendevoted to the characterization andmicro-
scopic understanding of the charging behavior of these clays and mineral nanoparti-
cles in aqueous solution[6–10]. Classically, such experiments involve titration exper-
iments, e.g. potentiometry and electrokinetic measurements, involvingmacroscopic
amounts of particle suspensions[11–19]. Themacroscopic character of suchmeasure-
ments has the advantage of providing a good statistical average over many particles.
At the same time, averaging implicates a disadvantagewhen trying to understand the
microscopic aspects of the chargingmechanisms involved. Slow equilibration, differ-
ent response of different crystallographic facets with poorly known relative surface
areas, and poor knowledge of themicroscopic properties of each facet – due to differ-
ences in mineral sources and preparation protocols – all contribute to a substantial
uncertainty and variation in the results obtained by different laboratories on nomi-
nally identical materials[7,15,16,18–21]. A striking example is the reported values of
the point of zero charge (PZC) that ranges from 6 to 11[7,22–24].
From this perspective, it is not surprising that a consistent interpretation of the charg-
ing behavior in terms ofmicroscopic surface speciationmodels, molecular dynamics
(MD)[25] simulations or density functional theory (DFT) is not possible.
In recent years, the advent of high resolution atomic force microscopy (AFM) has
provided newopportunities to studymineral-electrolyte interfaces with atomic reso-
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lution[6,8,26,27]. These measurements revealed details of the surface structure, the
solvation water molecules, adsorbing ions, and the adjacent electric double layer.
Thanks to the small scales involved and the focus on perfectly defined model sys-
tems, high-resolution measurements enable a direct comparison with atomistic sim-
ulations and thus contribute to a truly microscopic understanding of the complex
structure of such interfaces. Recently, we reported surface charge measurements
for (natural) kaolinite particles deposited onmica and sapphire substrates, where on
mica the silica-like, and on sapphire the gibbsite-like facet is exposed to the ambient
electrolyte[26]. At pH ≈ 5.8, the silica-like basal plane displayed an average nega-
tive surface charge density (≈−0.04 e/nm2) and the gibbsite facet a weak positive
charge density of approximately 0.005 e/nm2, corresponding roughly to one posi-
tive unit charge per 40 surface unit cells. Our measurements also displayed substan-
tial lateral variations in this charge density on topographically rather smooth facets.
Considering theoretical studies, there is a general consensus that the charge of gibb-
site particle arises primarily from singly coordinated aluminol (≡AlOH) sites on the
edge of the particle[13,25,28]. Whether the gibbsite basal plane (001) is charged or
not, is not clear. According to the classical multisite surface complexation (MUSIC)
model ofHiemstra et al., the doubly coordinated aluminol groups (≡Al2OH)on the
basal plane (that is supposed to be atomically flat) are chemically inactive for pH<
10[28–31]. Therefore the gibbsite surface charge was interpreted as being caused by
”defects“ on the basal plane (001), that can introduce active sites on the basal plane.
On the other hand, more sophisticated models that take into account the existence
of six crystallographically different OH- groups in each unit cell of the basal surface,
predict that one out of these six should have a pK value between 5 and 6. This OH–

group will be active within the pH range of typical experiments[9,32,33]. These cal-
culations are supported by recent experiments of Rosenqvist et al.[12] and Gan and
Franks[6], who observed a positive charge density on the basal plane of the gibb-
site particles. Based on these experiments, and in contradiction with Hiemstra et
al., they suggested that the doubly coordinated aluminol groups on the basal surface
can (de)protonate and form uncharged complexes with ions from the electrolyte.
Yet, current experimental evidence is also inconclusive for several reasons. Firstly,
the experiments by Gan and Franks were carried out using the colloidal probe AFM
technique[6]. This technique averages laterally over an area of several micrometer
squared. Even freshly cleaved gibbsite crystals of good quality can containmany sur-
face defects with lateral dimensions of a few nanometers[27]. Such defects are very
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commonon clay andmineral surfaces of variable provenance[27]. Therefore, (as sug-
gested byHiemstra et al.) depending on their surface chemistry and density, defects
may dominate the apparent surface charge measured in a colloidal probe AFM mea-
surement, and thereby suggest a different surface chemistry of the basal plane than
the true intrinsic one (be responsible for the experimentally observed charge den-
sity). Secondly, Zhao et al.[34] recently demonstrated that AFM spectroscopy mea-
surements, usually do not contain sufficient information to discriminate between
competing surface complexationmodels for the gibbsite basal plane, even if the regu-
lation of surface charges upon approaching the AFM towards the surface is properly
taken into account[34]. AFM spectroscopy, like electrokinetic techniques, is only
sensitive to the charge in the diffuse layer. Any surface complexation model that
leads to the same charge density in the diffuse layer results in identical force-distance
curves. Reliable discrimination between competingmodels is therefore not possible.
For this reason, wewill restrain our analysis in the present work to the determination
of local surface charge values, rather than attempting to identify specific surface com-
plexation reactions[34,35]. Summarizing, theorigin and the amountof surface charge
ongibbsite, like formanyotherminerals and clays, is notwell established[30,28,36–38].
Moreover, understanding of the impact of defects/surface singularities on surface
properties of clay particles in general is an important issue in material science. De-
fects, like dislocations, vacancies and steps are omnipresent at material surfaces and
play an important role in the chemical reactivity and properties of these surfaces. A
thorough characterization of complex surface-imperfections is already challenging
for surfaces in vacuum, in particular if large-scale defects or combinations of differ-
ent defects are involved. In case of solid-liquid interfaces, the complexity is further
increased by the mutual interplay between surface features and the solvent. Investi-
gation of surface defects in the presence of water/electrolytes will be beneficial for
a wide range of interfacial processes, as occur in electrochemical processes, catalysis,
food processing, health science, chemical synthesis, and surface treatment. The goal
of thepresentwork is to identifywhether thebasal planeof gibbsite does carry charge
and if so, to determine whether this charge density is pH-responsive and to what ex-
tent it can be related to the presence of defects on the surface. To this end, we per-
formed dynamic AFM spectroscopymeasurements in ambient aqueous electrolytes
on individual nanoparticles of gibbsite adsorbedonto anoxidizedSiwafer, while also
imaging the height profiles of these particles. Tominimize the possibility of intrinsic
structural surface chargesdue to isomorphous substitution,weuse synthetic gibbsite
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particles for ourmeasurements[17]. Individually selected particles aremonitored for
several hours while the pH and salt content of the solution are varied. We determine
tip-sample interaction forces as a function of approach distance and extract the sur-
face charges with a lateral resolution of about ten nanometers. This resolution is de-
termined by the contact area between the tip and the probed surface (of the order
of 100 nm2). At this length scale, the surface can still be described by conventional
continuumphysics, including inparticular a continuumsurface chargedensity rather
than a fully discrete distribution of ions. While larger than the surface unit cell, this
scale is still much smaller than the typical lateral dimensions (O(200 nm )) of our
nanoparticles which enables an investigation of the lateral variation of the charge
density along their surface. The local surface charge is extracted from the measured
force-distance curves using the DLVO (Derjaguin, Landau, Verwey, Overbeek) the-
ory including charge regulation.

4.2 Methods

Sample and probe preparation

The sample and cantilever is cleaned following the procedure described in chapter
3.2.1. In addition, gibbsite from a gibbsite stock suspension (in 20mM NaCl) pro-
vided by the research group of A. Philipse[17] (University of Utrecht, The Nether-
lands) was used. A 10 µL drop of a 100 times diluted gibbsite suspension is placed on
the cleaned siliconwafer. After a residence time of 60 s, in which the particles can set-
tle on the substrate, the excess suspension is removed and the substrate is dried with
a flow of air. Then, the sample is rinsed with copious amounts of deionized water
and dried with a flow of nitrogen.

For the measurements, rectangular cantilevers (MikroMash NSC36/Cr-Au BS) are
used and cleaned following the procedure in chapter 3.2.1.

Amplitudemodulation force spectroscopy

Dynamic force spectroscopymeasurements were performedwith a commercial Asy-
lumResearchCypher ES equippedwith photo thermal excitation[40,41]. Photother-
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mal excitation does not suffer from the ‘forest of peaks’ in the transfer function[42]

and liquid born excitation[43,44] as known for (piezo driven) acoustic excitation.
This simplifies the force extraction considerably. Another advantage concerns the
cantilever amplitude, which is stable over several hours. All experiments are per-
formed under fluid, in a closed fluid cell that allows solvent exchange and is kept at a
constant temperature of 29.7± 0.5 ◦C. Fluid exchange is accomplished by simulta-
neously injecting a new solution and removing the old solution. For every exchange,
about 25 times of the total drop volume present in the fluid cell is replaced. The fresh
solution is allowed to equilibrate for 10 - 15min before starting data acquisition. The
AFM is used in two operational modes, amplitudemodulation (AM) imagingmode
and force spectroscopy. In AM mode, topography images of the sample are taken,
which provide information regarding the size and topography of the particles on the
substrate. Force spectroscopy is performed using the force volume map functional-
ity provided by the Cypher MFP-3D software. In this mode, the mean deflection
(u), amplitude (A), phase (φ) and drive frequency (ωd) versus the measured piezo
position (zp) are recorded in a 2D grid over the area of interest. This results in a 3D
volume of data, where each position on the 2D grid is an approach curve. Figure
4.1a shows an example of the amplitude and phase shift curves on a silica surface.
To minimize changes in the shape of the tip apex during the spectroscopy measure-
ments, we did not allow the amplitude signal to drop below a chosen threshold (80%
of amplitude) of its free amplitude value (≈ 2 nm ).

Force inversion

The conversion of amplitude and phase into the tip-sample interaction force is de-
scribed in detail by de Beer et al.[45] and Liu et al.[44,46] for acoustic driven can-
tilevers. We use photothermal excitation; therefore, we must slightly modify the
force inversion procedure. The laser beam, which is used to drive the cantilever, has a
constant intensity with a sinusoidal modulation on top. The laser intensity I induces
an added deflection of the cantilever, therefore the relation between the force F and
tip displacement z given by F = kc(z − zT). Here, zT is the zero-load deflection
due to the temperature increase caused by the laser and kc is the effective stiffness
of the cantilever. According to linear response theory zT can be written for small
thermal variations as zT(t) =

∫∞
0 A(t′)I(t − t′)dt or in the frequency domain as
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Figure 4.1: (a) Amplitude and phase data recorded on silica in a 10mM NaCl pH 6 so-
lution during the force volume method. The amplitude is normalized to the amplitude at
20 nm from the surface A∞. (b) Amplitude and phase are converted to the interaction
force using equation 4.3. Experimental parameters in liquid: MikromashNSC36/Au-BS,
kc = 0.64Nm−1, ω∞ = 21.6 kHz, Q = 2.8.

z(ω) = A∗
T(ω)I0. For small amplitudes, the displacement of the cantilever tip can

be described and modeled as a damped simple harmonic oscillator:

m∗z + γcz + kcz = kczT(t) + Fts(h + z, z), (4.1)

where m∗ = kc/ω2
0 is the effective mass of the cantilever including the added mass

due to the surrounding liquid, ω0 the resonance frequency, γc = kc/(ω0Q) the
damping coefficient, Q the quality factor and Fts the tip-sample interaction force.
When the amplitude of the tip oscillation is small compared to the characteristic in-
teraction length, the tip-sample interaction force can be linearized and rewritten as
Fts(h+z, z) = Fts(h, 0)−kintz−γ intzHerekint = ∂Fts/∂h is the interaction stiffness,
γ int the interaction damping coefficient and Fts(h, 0) the equilibrium force at dis-
tance h from the substrate. Writing z(ω) = A(ω)ejφ(ω) and A∗

T = AT(ω)e(jφT(ω)),
equation (1) is in the frequency domain equivalent to:

Aejφ

I0
=

kcATejφT

(kc − m∗ω2 + jγcω) + kint + jγ intω
, (4.2)

From this equation, the force inversion equation can be derived. To eliminate the
unknown factor ATejφT we use the ratio A/A∞ej(φ − φ∞) , where A∞e(jφ∞) is
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Figure 4.2: (a) The power density spectrum of the cantilever as result of thermal fluctua-
tions recorded in liquid at a distance where the tip-sample interaction is considered zero.
In red the fit curve, from which the quality factor and resonant frequency are extracted. In
this experiment Q = 2.8 and ω∞ = 21.0 kHz. (b) Scanning electron microscope image
of the cantilever after being used in the experiment. The tip radius is estimated to be around
5 nm.

measured at h = 20 nm at which distance both kint and γ int are negligibly small. Ex-
tracting kint, equation 4.2 leads to:

kint = kc

[
1−

(
ω
ω0

)2] A∞ cos (φ − φ∞)− A)
A

+γcω
A∞ sin (φ − φ∞)

A
. (4.3)

Eventually, integrating equation 4.3 leads to the desired tip-sample interaction force.
An example of the conversion of amplitude and phase into force can be found in fig-
ure 4.1b and4.3. In equation4.3 the cantilever parameters kc, γc andm∗ are unknown
and have to be determined during the experiment. The stiffness kc, quality factor Q
and eigenfrequency ω0, are extracted from the thermal noise spectrum of the can-
tilever in liquid at h = 20 nm, where the tip-sample interaction is negligible (Figure
4.2a). Using these properties, m∗ and yc can be determined (see text near equation
4.2). The size of the cantilever tip is determinedusingScanningElectronMicroscopy
(Figure 4.2a). Typical experimental values are kc ≈ 3Nm−1, ω0 ≈ 28 kHz, R ≈
10 nm, Q ≈ 3. All cantilever properties mentioned in this work are determined in
liquid, except the tip radius, which is imaged after the experiment.
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Surface charge calculation

WeuseDLVO-theory, including van derWaals and electric double layer forces and a
charge regulationmodel for tip and substrate surface chemistry, to extract the diffuse
layer charge (−σD = σ0 + σS) from the force-distance curves[26,34,47,35,48]. This
procedure has been explained in detail by Zhao et al.[34]. Here we will only give the
final expression for the effective charge density σeff as a function of the surface poten-
tialφs for silica and gibbsite as obtained from the charge regulationmodel (table 4.1).
In the evaluation of σs(φs) and the interaction force, we need values for the parame-
ters AH, γ, KH1, KH2, KA and KC. The Hamaker constant AH and the site density γ
are taken from literature[6,49,50]. TheHamaker constants are fixed to 0.65× 10−20 J
for the (silica-water-silica) system and to 1.2× 10−20 J for the (silica-water-gibbsite)
system[8]. The site densities of silica and gibbsite are set to 8 and 13.8 sites/nm2, re-
spectively[30]. The values for the equilibrium constant Ki are determined by fitting
the calculated force curves to the experimental data. In order to extract the diffuse
charge from an asymmetric system (silica-water-gibbsite) we first need to character-
ize the charge on the tip. This is done by measuring the tip-sample interaction force
for a symmetric system (silica-water-silica) for each electrolyte condition. Once the
charge of the tip is known, the charge on gibbsite can be determined. This procedure
results in accurate values for the surface charge densities on both surfaces, but the Ki
values of the surface reactions are less accurate. As explained in Zhao et al.[34], any
combination of surface reactions that generates the same surface charge gives rise
to the same interaction force in the AFM measurement. A reliable measurement of
the Ki values (or pKi values, pKi= −log Ki) based on force-distance curves for a
limited set of fluid compositions is impossible when several surface reactions occur
simultaneously. Therefore, we will only discuss the effective surface charge density
(σeff = σ0+σS) on the surfaces and not pKi values. An example of the fitting routine
can be found in figure 4.3a.

Error analysis

In this section, we discuss the influence of several parameters on the accuracy of the
surface charge determination. First, we consider the distance range in which the
forces are analyzed. In figure 4.3 we show interaction force-distance curves calcu-
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Silica Gibbsite

SH 
 S− + H+;KH1 SH+
2 
 SH + H+;KH2

SC 
 S− + C+;KC SH2A 
 SH+
2 + A−;KA

Γ =
{
S−

}
+ {SH}+ {SC} Γ =

{
S−SH+

2
}
+ {SH}+ {SH2A}

σs = − −eΓ

1+
(
[H+]∞

KH1
+ [C+]∞

KC

)
e−

eφs
kBT

σs = − −eΓ

1+
(

KH2∞
[H+]∞

+ [A−]∞
KA

)
e−

eφs
kBT

Table 4.1: Surface speciation reactions, site densities and charge for silica and gibbsite.

Figure 4.3: (a) Plot of the electrostatic part of the tip sample interaction force on silica and
gibbsite in a 10mMNaCl pH9 solution. The charge is calculated usingDLVO theorywith
charge regulation boundary conditions. The charge and pKvalues resultingfrom this fitting
for silica are pKH ––1.4, pKC ––2.3, σ =−0.173 e/nm2 and gibbsite pKH2 ––5.0, pKA ––2.1,
σ = 0.056 e/nm2 (b) Calculation of the effect of the uncertainty in zero on the surface
charge. We fit the surface charge for 32 approaches while we shift each tip-sample distance
by -0.5 and 0.5 nm (Figure 4.1b). We calculate themean error for both shifts, which results
in a 20% error in the average surface charge. (Tip parameters in liquid: Q = 2.8, ω∞ =
21.6 kHz, ωd = 20.2 kHz, A0 = 1.7 nm, k = 0.64Nm−1, R ≈ 5 nm).
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lated with theDLVO theory and the charge regulationmodel (black lines) and from
which the surface charge and the surface potential of the silicon oxide and gibbsite
surfaces are determined. The lower limit for the fitting range is set to 1.5 nm, in order
to minimize the influence of short range forces, since they are not included in the
model. The upper boundary was set to 9 nm, above which the tip–sample interac-
tion force is negligible. Changing the upper limit of the fitting boundary to 10 nm
leads to a 1% change in the resulting charge. Variation of the lower limit from 1 to
3.5 nm results in amaximumof 15% change in the surface charge. Other parameters
that can introduce inaccuracies in the surface charge calculation are: the instrument
sensitivity and the choice of the absolute zero on the distance scale. Practically, these
two parameters can be extracted from a force curve recorded in contact mode. The
linear part of the force curve in the ‘contact regime’ is assumed to be the zero distance
(separation) and its slope determines the sensitivity expressed in Vnm−1. This cali-
bration needs to be done for each type of sample surface and electrolyte condition.
Since we make use of heterogeneous samples, this procedure needs to be done for
each approach, which is not possible. Furthermore, it is undesirable to bring the can-
tilever tip into hard contact with the sample, since we want to minimize changes of
the tip apex during the spectroscopy measurements. Also, hard contact can lead to
the contamination of the tip. Therefore, in our experiments, the ‘0’ on the distance
axis was taken at the point where the amplitude is 80% of its free amplitude. The
uncertainty in zero leads to an error in the absolute values obtained from the sur-
face charge fitting. To estimate how large this error is, we fit the surface charge for
32 approaches while we shift each tip-sample distance by -0.5 and 0.5 nm (Figure
4.3b). We calculate the mean error for both shifts, which results in a 20% error in
the average surface charge. Additionally, imperfections in the geometry of the tip,
surface roughness, size of the tip comparing to Debye length, etc., can cause small
deviations from the force curves in theoretical models[50,51], which are more hard
to quantify.
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4.3 Results

4.3.1 AM-AFM imaging of gibbsite nanoparticles

Figure 4.4a shows an AFM height image of well-formed gibbsite crystals deposited
on a silica substrate. The nanoparticles display the characteristic hexagonal platelet-
like morphology and expose their (001) basal plane to the solution. Some of the
gibbsite basal planes look skewed, which is a result of the crystal growth occurring
during the synthesis of the particles[52]. The particle height varies from 5 to 20 nm,
and the lateral dimensions range from 100 to about 500 nm, as shown in the line
profile of figure 4.4c. Figure 4.4b shows a zoomed view of a single particle. Due
to the higher resolution, the image reveals more topographical features, such as re-
gions with a width of a few tens of nanometers with a smooth topography (terraces),
separated by areas which are more irregular, containing steps and various other de-
fects. Furthermore, mono- to multi-atomic steps are found on the basal plane (Fig-
ure 4.4d). Overall, the number of surface imperfections is enhanced near the rim of
the particle. The surface imperfections near the center of the basal plane and those
close to the edge of the particle are very characteristic for gibbsite particles, and are
observed onmany other particles in other independent experiments (Figure 4.5). In
principle, one can obtain more detailed information about the surface structure by
imaging these particles with atomic resolution , as shown in our previous work[27].
In those images we observe, next to regions of perfect crystallinity, extended regions
of various types of topographic defects on the surfaces. These topographic defects
include vacancies of one or a few atoms, vacancy islands, atomic steps, regions that
show an imperfect lattice, etc. However, presently we cannot combine atomic reso-
lution imaging with force spectroscopy. In this study, we will use the term defect for
any topological deviation from the regular geometrical arrangement of the atoms in
their crystalline lattice.

4.3.2 3D force fieldmeasurements

Figure 4.6a shows a 3 dimensional (3D) map of the force-distance curves of a silica-
gibbsite system in a 10mMNaCl solution at pH 9. The lateral distance between each
force-distance curve is 2.3 nm. The red andblue colors represent repulsive and attrac-
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Figure 4.4: AM-AFM imaging of several gibbsite particles adsorbed on silica in a 10mM
NaCl solution at pH 6: (a) Topography image and (c) height profile corresponding to
the scan lines shown in (a). (b) Topography image of a single gibbsite particle, showing
the presence of smooth terraces and regions with defects on the gibbsite basal plane and
(d) corresponding scan line showing the height distribution of the basal plane of the parti-
cles and the presence of monatomic and 2-aluminum-atomic-layer steps (≈ 0.6 nm). Tip
parameters: Q = 2.8, ω0=21.6 kHz, k = 0.64Nm−1, R≈ 5 nm.
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Figure 4.5: Topographic images of single gibbsite particles on silica in 10mM NaCl pH
6, showing the presence of smooth terraces and regions with defects. (a) Particle used in
the charge maps found in figure 4.12. (b) Particle used in the charge maps found in figure
4.11.

tive interaction forces, respectively. The forces are probed with a negatively charged
silica tip, which implies that the gibbsite surface is positively charged and the silica
surface negatively. Moreover, the gibbsite particle displays, compared to the silica
substrate, more lateral variation in the interaction force. Particularly, near regions
where the gibbsite surface shows topographic deviations, the forces are less attrac-
tive. This can be seen in figure 4.6b, which shows some of the force-distance curves
for these areas. The repulsive force curves, which weremeasured at a number of sites
on the silica substrate (red in figure 4.6b), collapse nicely. The interaction curves
measured above the gibbsite particle show more variation. Attractive forces of al-
most equal strength can be found on the flat terraces (blue), while near the regions
with defects weaker forces with a large spread in strength (green) are observed (fig-
ure 4.6b). In these experiments, tips with a radius of 5 nm have been used. This im-
plies a lateral averaging of the local interaction force over an area of approximately
two hundred surface unit cells.

4.3.3 Surface chargemaps

From the recorded force-distance curves the surface charge density and its spatial
distribution is extracted, using DLVO theory including charge regulation on tip and
substrate. The resulting surface chargemaps of the same gibbsite particle on silica in
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Figure 4.6: (a) A force versus distance volume plot of a gibbsite particle on silica in a
10mM NaCl at pH 9 solution obtained by measuring 64 by 64 approaches. The color
indicates the nature of the silica tip-sample interaction. Red indicates a repulsive inter-
action, whereas blue indicates an attractive interaction. The silica offers a homogeneous
background marked by the homogeneous red color. The gibbsite shows a much higher de-
gree of heterogeneity. (b) 2D plot of selected approaches located on the gibbsite basal plane
(blue), gibbsite regions with defects (green) and silica (red) converted to force vs. distance
curves.

a 10mMNaCl solution are shown in figure 4.7a for pH 6 and in 4.7b for pH 9.

Effective surface charge maps recorded on other gibbsite particles and in a broader
range of fluid compositions (pH and NaCl concentration) are shown in figures 4.11
and 4.12. These maps have a coarser lateral resolution, due to a larger AFM tip and
fewer points permap. They show that the silica substrate is negatively charged, while
the basal plane of the gibbsite particle is positively charged. The charge distribution
on the silica substrate is rather homogeneous, while, especially at pH 9 the charge
distribution on the basal plane of the gibbsite particle is more heterogeneous (Fig-
ure 4.7b). At this pH regions with a reduced positive charge appear. These regions
correlate well with regions with a high defect density in figure 4.4b. When the pH
is increased from 6 to 9, the surface charge density in the regions with defects de-
creases from 0.05 e/nm2 to 0.02 e/nm2. On terraces, the charge density decreases
from 0.06 e/nm2 to 0.05 e/nm2. Moreover, near the rim of the particle, where the
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Figure 4.7: (a) The effective surface charge distribution on silica and a single gibbsite par-
ticle in a 10mM NaCl a) pH 5.8 and b) pH 9.4 solutions. The color indicates the nature
of the charge. Red is the negative charge, whereas blue is the positive charge. The charge
on silica is homogeneous, and heterogeneous for gibbsite. The regions of reduced charge
correlate with the terrace steps and defects in figure 4.4b. The pixel size for this experiment
is 2.3 nm/px.

density of defects is higher, the surface charge is negative (−0.06 e/nm2) at pH 9.
This is consistent with the repulsive force observed in the 3D forcemap near the rim
of the gibbsite particle (Figure 4.6a). The terrace regions with a smooth topography
and those with an irregular topography respond differently to changes in electrolyte
composition (pH and salt concentration).

This is a clear indication that the observed surface charge heterogeneity results from
differences in local surface chemistry, and is not a measuring artifact caused by ir-
regularities in the surface topography. The large blob visible in the middle top part
of the particle in figure 4.7 is contamination that is also seen in the tapping mode
images. The negative charge observed when the tip moves from the silica substrate
to basal plane of the gibbsite particle (figure 4.8, or backward, can be attributed to 3
possible causes: i) The averaging effect due to the finite size of the AFM probe. At
some regions, the cantilever tip experiences a competition of repulsive and attractive
electrostatic interactions of the silica and gibbsite surface. ii) An artifact due to the
steep topographic step from the silica substrate to the upper side of the gibbsite par-
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Figure 4.8: Effective surface charge maps, topography and line sections at pH 6 and pH 9.
At pH 6 and pH 9, the surface charge characteristics (in black) on gibbsite do not follow
the surface roughness (in red). The pixel size is 2.3 nm/px. (Tip parameters in liquid:
Q = 2.8, ωd = 21.6 kHz, k = 0.64Nm−1, R ≈ 5 nm).

ticle. iii) The surface chemistry at the edge of the particle, which differs from that
at the central region of the particle. Although we cannot completely rule out any
one of these three possibilities, it should be noted that the width of the region with
negative charge near the edge of the gibbsite particle is about≈ 25 nm, while the tip
radius is only 5 nm. Thus option ii) is quite unlikely. At approximately 10 to 15 nm
away from the rimof the particle, the interaction area of theAFMtip is completely lo-
cated on the gibbsite platelet. Moreover, our raw data show that the tip-sample force
decreases upon approaching these regions, suggesting a reduced charge density here.
Therefore, we attribute the negative charge near the rim to a different surface chem-
istry.

The measured charge densities on defect locations suffer from convolution errors
due to the finite tip-substrate contact area of about 100 nm2. The charge maps in
figure 4.7 are recorded using a cantilever with a tip radius of approximately 5 nm,
which means that the tip diameter is about 4 to 5 pixels in this figure. To estimate
the true local charge density from the measured reduced attractions, we have de-
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Figure 4.9: Deconvolution model in order to recover localized surface charge information.
The surface heterogeneity of the model is based on the topographic features from the exper-
iment in figure 4.4b and 4.7. Every pixel in the model is assigned a surface complexation
model. For gibbsite two different complexation models and pK pairs were used, one for
the flat terraces and the other for the regions with defects. The pK pairs used for silica
(pKH ––4.5 and pKC ––2.1), gibbsite terrace sites (pK1 ––3.8 and pK2 ––3), gibbsite region
with defects (pK1 ––4 and pK2 ––2.5). For each pixel, the interaction force is calculated, and
then an average of the force across the tip area (5 x 5 pixels) is taken. The average force
is used to fit the charge, which results in the right column. The model is able to reproduce
the heterogeneity observed in the experiment. Note that in order to reproduce the exper-
imental charge values at pH 9, a negative charge has to be assigned to the regions with
defects.
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veloped a numerical scheme with which we calculate the convoluted charge density
from an assumed charge density distribution over the particle. For the calculations,
we use a grid size (150 nm x 150 nm ) and grid-texture (64 pixels x 64 pixels) that
matches the settings used in the experiments. For every pixel on the grid, a partic-
ular surface complexation model is assumed. For pixels on the substrate, we assign
a silica complexation model with chemical reaction: –––SiOH −−⇀↽−− –––SiO– + H+

and –––SiONa −−⇀↽−− –––SiO– + Na+ with corresponding pK values pKH ––4.5 and
pKC ––2.1. The same complexation equations are used for the model tip, which is a
square 124 nm2 large tip. On the nanoparticle, we assume two types of regions: one
that resembles the flat terraces and the other corresponding to the defect positions.
The defects sites are located at the rim of the particle and in the central region of
the particle, similar to the location of defects in the topography image of figure 4.4b.
For these regions, we assume the following complexation model: –––Al2OH2

+ −−⇀↽−−
–––Al2OH+H+ and –––Al2OH −−⇀↽−− Al2O– +H+ with pK1 ––3.8 and pK2 ––3 (for ter-
race sites) and pK1 ––4 and pK2 ––2.5 (on the defects). The size of the tip, the position
of defects, and complexationmodels are chosen such that the numerically generated
convoluted charged maps resemble the experimentally measured maps as good as
possible. Using the above described complexationmodels, we calculate the effective
surface charge and tip-sample interaction force (data not shown) for each individ-
ual pixel at pH 6 and pH 9 in 10mM NaCl. The corresponding charge densities are
shown in figure 4.9, left hand images. Then, in the convolution step, we take the av-
erage of the forces across the contact area between tip and surface. Subsequently,
this average interaction force was used to fit the surface charge for every pixel. The
convoluted charge calculation results are shown in the right hand images of figure
4.9. The simulation results reflect the experimental results well, in terms of charge
heterogeneity, the absolute values of the surface charge in regions with defects and
terraces, and even the charge inversion at the rim of the particle. In experimentally
measured chargedmaps, at pH 6 the convoluted image shows little charge difference
between regions with defects and terraces. The difference in protonation level of the
defect sites and the terraces is almost negligible at pH 6. For pH 9, the difference is
more pronounced and in good agreement with the experimentally measured values.
This pronounced difference is caused by a negative deconvoluted charge value (≈
−0.1 e/nm2) at the defect sites on the basal plane. This value is close to the charge
measured at the rim of the particle (−0.06 e/nm2). This suggests that the proton
donor-acceptor reactions and functional groups in these regions are similar. More-
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over, our analysis shows that the observation of such small features is only possible
with AFM tips with radii as small as 5 nm. As shown in figures 4.11 and 4.12, for tips
with a larger contact area (≥ 150 nm2), the charge heterogeneity across these regions
with defects, as observed in the topographic images, is completely averaged out for
pHconditions. Only charge reversal at the rimof the particle at pH9 is visible. There-
fore, it is not surprising that Gan et al.[6] did not observe any charge heterogeneity
and/or negative charge on the basal plane of the particle, because they used tips with
a diameter as large as 5.08 µm. However, in the topographic image that was probed
with a 7 nm tip, steps and imperfections can be distinguished. From the data in fig-
ures 4.10, 4.11 and 4.12, we can extract average charge density values on the gibbsite
basal plane as a function of pH and NaCl concentration. These are presented in fig-
ure 4.10. The charge data from the rim of the gibbsite nanoparticles are excluded
from this averaging.

Two significant features of the charging behavior of the gibbsite basal plane can be
observed. First, at pH 4 or higher, the surface is positively charged; the charge de-
creases with increasing pH from 4 to 9; therefore, the PZC of the gibbsite basal
plane lies above pH 9. On the other hand, under all investigated conditions the sil-
ica is negatively charged, and its charge increases with increasing pH, because the
fraction of deprotonated SiO– groups monotonically increases with increasing pH.
This agrees quantitatively with the values reported in literature for oxidized silicon
wafers[8,26,41]. Second, in the presence of NaCl salt, the effective surface charge on
gibbsite and silica increases with increasing salinity. The enhanced screening of the
electric field with the increasing salt concentration reduces the energetic cost for the
system to deprotonate (for silica) or protonate (for gibbsite).

4.4 Discussion

The above AFM analysis shows that the gibbsite basal plane (001) is chemically ac-
tive, and has a net positive charge that varies with pH and NaCl concentration. Our
observations contradict the conclusion of earlier titration data, where the pH respon-
sive sites and the resulting charge densities were attributed to the edges only. But
they support the more recent work of Gan et al.[6], who used colloidal probe AFM
force spectroscopy to observe the pH dependency of the gibbsite basal plane. A
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Figure 4.10: (a) Topography image of a single gibbsite particle on silica, showing the pres-
ence of smooth terraces and regions with defects on the gibbsite basal plane. The effective
surface charge calculated for a single gibbsite particle on silica in (b) 10mM NaCl pH 6,
(c) 10mM NaCl pH 9 and (c) 100mM NaCl pH 9 solution. More surface charge maps
for additional conditions can be found in figure 4.11 and 4.12. (e) The surface charge ver-
sus pH for a selected region on gibbsite (on a smooth terrace) and silica.
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Figure 4.11: Effective surface charge maps of a single gibbsite particle on silica (Figure
4.5b) in several solutions (10 and 100mM NaCl at pH 4, 6 and 9). Red and blue are
negative and positive charge respectively. With increasing pH, the negative charge on silica
increases, , while the charge on gibbsite decreases. At pH 9, charge reversal is observed at
the rim of the gibbsite particle. The pixel size is 9.4 nm/px. (Tip parameters in liquid:
Q = 3.5, ω∞ = 48.6 kHz, ωd = 49.4 kHz, A0 = 0.55 nm, k = 0.65Nm−1, R ≈
9 nm)
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Figure 4.12: Effective surface charge maps of a single gibbsite particle on silica (Figure
4.5a) in several solutions (1, 10 and 100mM NaCl at pH 4, 6 and 9). Red and blue are
negative and positive charge respectively. With increasing pH, silica gets more negatively
charged, while gibbsite gets less positively charged. At pH 9, charge reversal is observed at
the rim of the gibbsite particle. The pixel size is 7.8 nm/px. (Tip parameters in liquid:
Q = 2.6, ω∞ = 17.8 kHz, ωd = 16.5 kHz, A0 = 2.0 nm, k = 0.65Nm−1, R ≈ 7 nm)
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similar pH dependence was observed on the gibbsite facet of kaolinite particles by
Gupta et al.[53]. In their experiments, the surface charge changed from 0.012 e/nm2

to−0.037 e/nm2 when the pHwas increased from 6 to 8. We do not observe charge
reversal for the smooth terraces on the gibbsite basal plane, but we do observe rever-
sal at the defect sites. This can be due to protonation/deprotonation of the doubly
coordinated hydroxyl groups on the basal plane, as suggested by Bickmore et al.[32]

and Jodin et al.[9]. Using colloidal probe force spectroscopy, Gan et al.[6] andGupta
et al.[53], could determine the average charge density on the basal plane. In this study,
we are able, due to the use of sharp tips, to discriminate between the charge density
at the defect sites and that on smooth terraces. The observed surface charge hetero-
geneity correlates with the presence of topographic defects such as steps. Moreover,
comparing the charge maps acquired for different pH and NaCl concentration val-
ues show that defects are chemically more active than the smooth regions, because
the regions with defects respond stronger to pH variations. The smooth parts of
the surface carry a charge density that decreases slightly with increasing pH (from
0.06 e/nm2 at pH 6 to ≈ 0.05 e/nm2, at pH 9), while in regions with defects the
charge decreases more strongly with increasing pH (from 0.05 e/nm2 at pH 6 to a
value between -0.06 and 0.02 e/nm2 for pH 9). Moreover, the absolute value of the
charges is rather small. An effective surface charge value of 0.05 e/nm2 would cor-
respond to only 1 positive charge in about 40 unit cells. In other words, the average
distance between charged sites on the surface is of the order of a few nanometers,
which is comparable to the radius of the AFM tips that are typically used for high-
resolution AFM imaging. From this perspective, it is not surprising that sharp tips
hardly feel the presence of such small degrees of surface charge. Therefore, almost
every unit cell on the basal plane is electrically neutral. Hence, the small effective sur-
face charge on the smooth terraces can result from protonation/ deprotonation of
surface groups associated with smaller defects as suggested by Hiemstra et al.[13,28].
However, especially at pH 9, the chemical behavior at larger defects, such as terrace
steps, induces negative charge densities, while these small defects should induce a
positive charge density, if they are responsible for the charge behavior of the smooth
parts of the basal plane. In previous studies[27] on atomic resolution imaging, we ob-
served various small defects on the basal planes of clayminerals, including vacancies
of one or few atoms and ad-atoms. The effective surface charge on the basal plane
can also originate frommore complex processes, such as specific ion adsorption, like
Na+ or Ca2+ adsorption, on neutral sites on the gibbsite basal plane, as assumed by
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Rosenqvist et al.[12] and experimentally shown by Siretanu et al.[8]. Yet, from force
spectroscopy measurements, the origin of the charge near defects, nor the charge
on the smooth terraces on the basal plane of the gibbsite particle cannot be identi-
fied. In order to confirm which surface reactions occur at the gibbsite basal plane,
more spectroscopic evidence is needed, e.g. from x-ray absorption spectroscopy. As
AFM force spectroscopy only reveals the (diffusive layer contribution to) the surface
charge it will never be able to discriminate between different surface complexation
models associated with local surface chemistry. However, the impact of surface de-
fects on the properties of nanoparticles in water is until now only addressed in a few
publications. The data presented in this paper are the first of its kind, showing the
impact of surface defects on the surface charge density, which is not accessible with
commonmacroscopicmeasurements. Better understanding of the role of surface de-
fects and their chemical properties will have a great impact on the understanding of
various processes, such as ion adsorption, wettability alteration, the stability of col-
loidal systems and adsorption/desorption behavior of oil components on clays and
rock surfaces.

4.5 Conclusion

In the present work, we characterize the effective surface charge distribution on the
basal plane of gibbsite particles with high lateral resolution atomic force microscopy.
Using force spectroscopy, we extract the diffuse layer charge of the gibbsite (001) sur-
face using DLVO theory with charge regulation. We have found that the basal plane
of gibbsite does carry a finite charge. This charge density is highly inhomogeneous
andpHdependent. Chargemapswith a lateral resolution of 5 nm show that the effec-
tive surface charge distribution on the basal plane correlateswith the topographic de-
fects, such as terrace steps on that plane. Furthermore, we found that the defects on
the basal plane are more responsive to pH changes than the smooth terraces. At pH
9 the defect sites carry a negative charge density of approximately−0.1 e/nm2 while
the smooth terraces carry a positive charge density of approximately 0.05 e/nm2.
However, to testmicroscopic surface complexationmodels beyond the resulting sur-
face charges, one requires a more detailed experimental characterization of the sur-
face groups present at the basal plane. More generally, this study demonstrates the
capabilities of atomic force spectroscopy to study local surface charge properties of
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nanoparticles with nanoscale lateral resolution. So far, we have restricted our study
to the influence of rather large surface defects. However, this work can be considered
as a first step towards the investigation of local variations in the surface properties of
nanoparticles due to topographic defects with atomic resolution.
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5

5
Mapping electrostatic and structural hydration

forces of mineral gibbsite nanoparticles in
electrolyte solutions using atomic force

microscopy

The interaction ofwaterwithmineral surfaces (silica and alumina) is one
of the most important chemical reactions occurring in nature. Interfacial water and
hydration properties play a major role in dissolution, CO2 sequestration, precipi-
tation and sorption processes affecting the composition and quality of natural wa-
ters. Mapping the mineral nanoparticles hydration structure is therefore essential
for (geo)chemists and environmental scientists to understand the molecular pro-
cesses. Here, using amplitude-modulation atomic forcemicroscopy (AM-AFM), we
map simultaneously the hydration structure (hydrations forces), effective surface
charge (EDL force) and topography of single gibbsite nanoparticle on a silica sub-
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strate, upon exposure to solutions of variable pHandNaCl concentrations. The force
versus distance curvesmeasuredbetween theAFMtip and the silica-gibbsite particle
clearly show oscillatory profiles. The oscillations peak spacing of≈0.33 nm is an in-
dicative of three ordered water layers adjacent to the silica and gibbsite nanoparticle
basal plane. The analysis of the structural hydration force shows that the interfacial
hydration layers are firmer (more organized) and thicker on gibbsite than on silica.
Furthermore, 10 nm lateral resolution hydrationmaps reveal that gibbsite basal plane
topographic imperfection and variation pH induce perturbations of the structural
hydration forces. On amorphous silica, the oscillatory hydration forces are present
only on 16% of the sample locations and are rather independent of the fluid compo-
sition.

5.1 Introduction

Any interaction between water and solid surfaces can substantially affect the prop-
erties of both phases. The structure and dynamics of the water molecules near the
surface change. The reactivity and functionality of the substrate in contact with the
water change as well[1]. These interactions are thus of significant interest in many
geochemical, technological and biological systems[2]. In geochemistry and environ-
mental science,water–claymineral interactions are important factors controllingpro-
cesses such as surface ion adsorption and ion exchange as well as the transport and
distribution of contaminants (radionuclides, heavy metals, or pesticides) in ground-
water systems, soil moisture and the sequestration of atmospheric CO2

[3,4]. The
clay surface hydration structure also affects the adsorption/desorption of organic
molecules from crude oils, changing the wetting characteristics and therefore the en-
hanced oil recovery process[5,6]. Water−clay interactions are largely controlled by
the particle structure, chemical composition and surface charge distribution, which
varywidely amongminerals and individual clay particles[3,7–10]. Theoverall arrange-
ment of near surface atomic species and the variation due to structural substitutions,
(de)protonation or defects, result in neutral, negatively or positively charged surface
sites. These sites can orient the H2O dipoles, influencing the hydrogen bonds to or
fromthe surface, thus leading to adifferentdensity andH-bondnetworkingof thewa-
ter, perpendicular and parallel to the surface. Absorbents, such as inorganic/organic
ions and solution pH also affect the interfacial interactions and the hydration struc-
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ture. Yet, themineral nanoparticles hydration structure is not well understood and is
difficult to study experimentally. The intrinsic complexity of the minerals, the small
particle sizes (a few nanometers) and the simultaneously exposed multiple surfaces,
possibly with non-stoichiometric and heterogeneous compositions, hamper the sys-
tematic and accurate study of the water structure around clay nanoparticles using
various techniques. Probing the interfacial water structure around surfaces using
sum frequency generation[11,12] and polarimetric angle-resolved non-resonant sec-
ondharmonic scattering[13], neutron reflectivity andX-ray spectroscopy anddiffrac-
tion[14–17], requires preparing the surfaces in a suitable form with samples in a crys-
talline state, sufficiently large surface areas (typically larger than 0.1 mm), and mini-
mal heterogeneity and surface roughness. Hence,many investigations are performed
onmacroscopic homogeneous surfaces like mica, calcite or silica. Probing the struc-
ture of the water around clay nanoparticles is difficult not only experimentally, but
also computationally. From a molecular dynamics (MD) simulation perspective,
designing a reasonable representation of actual clay particles found in nature goes
beyond the existing computational capability. For MD modeling is also challeng-
ing to include/account for variables, such as the pH and the electrostatic potential,
acid-base properties of clay surfaces edge and basal planes[18–22]. In last 15 years,
Atomic ForceMicroscopy (AFM) and spectroscopy have emerged as a powerful tool
for topography imaging and characterization (surface charge, ions adsorption, adhe-
sion, etc.) of the interface between solid surfaces / nanoparticles and aqueous solu-
tions[7–9,23,24]. It has also been used tomeasure hydration forces of diverse surfaces
includingmica, calcite, graphite, complexDNAmolecules and lipid bilayers with 3D
atomic resolution at room temperature[25–31]. Previous studies have already shown
that the hydration force profiles or maps obtained by AFM gave a good qualitative
description of intrinsic surface hydration structure and agree with the density distri-
butions of the water molecules determined by the X-ray reflectivity or predicted by
theMD simulations[32–34]. Herein, using Atomic ForceMicroscopy wemap the hy-
dration and theDerjaguin–Landau–Verwey–Overbeek (DLVO) forceswith a lateral
resolution of approximately 10 nm on an individual mineral nanoparticle of gibbsite
(Al(OH)) adsorbedonto anoxidized silicon (SiO2)wafer, in ambient electrolytes of
variable pH and NaCl concentration. The force versus distance curves show oscilla-
tory force profiles with a peak spacing of≈0.33 nm, indicating the existence of up to
three ordered water layers adjacent to the gibbsite basal plane nanoparticles and sil-
ica substrate. Hydrationmaps, alongwith surface charge and topographymaps, show
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that the strength and presence of structural hydration forces on a gibbsite basal plane
strongly depend on topographic heterogeneity and pH of the solution (strongest at
pH 6). The oscillatory hydration forces on an amorphous silica surface are less fre-
quent compared to a crystalline gibbsite surface and are rather independent of fluid
composition.

5.2 Methods

Substrate and probe preparation

The sample and cantilever is cleaned following the procedure described in chapter
4.2.

We use silicon probes (MikroMash NSC36/Cr-Au BS) covered by a 1-2 nm thick
native oxide layer and a golden backside coating on the cantilever. Before use, the
cantilevers are cleaned using the procedure described in chapter 3.2.1.

Amplitudemodulation force spectroscopy

Dynamic force spectroscopymeasurements were performedwith a commercial Asy-
lum Research Cypher ES equipped with photo-thermal excitation[40,41] following
the procedure described in chapter 4.2. In imagingmode the topography of the sam-
ple is taken. From this large image (figure 5.7) a suitable particle for the force spec-
troscopy is chosen (dotted area in figure 5.7).

Force inversion

Theconversionof amplitude andphase into tip-sample interaction forces is described
in detail in chapter 4.2. Here, we only give the force inversion equation:

kint = kc

[
1−

(
ω
ω0

)2] A∞ cos(φ − φ∞)− A
A

+ γcω
A∞ sin(φ − φ∞)

A
(5.1)
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where, kint is the interaction stiffness, ω = 2πf is the applied angular frequency, φ
the phase, A the amplitude and γc the damping. The cantilever parameters (spring
constant kc, quality factor Q, resonance frequency ω0, effective mass m∗ = kc/ω2

0
and damping coefficient γc = kc/(ω0Q)) are determined during the experiment for
each fluid composition at D =20 nm, where the tip-sample interaction is negligible
(see figure 5.8). Integrating F(z) =

∫∞
z kint(z′)dz′, leads to the tip-sample interac-

tion force. During the extraction of the tip from the AFMprobe holder and cleaning
the tip was damaged and it could not be imaged by Scanning Electron Microscopy
(SEM). In order to retrieve the tip radius, another approach had to be taken. From
previous experiments with identical experimental settings, tip type and conditions
we know very accurately the silica charge at pH 5.8 and 10mM NaCl. Therefore, we
calculated the FAM tip radius by fitting (tip radius as fitting parameter) the model
electrostatic interaction to the experimental silica-silica force curves for the pH6 and
10mMNaCl. This results in a tip radius of≈ 9 nm. Theother tip parameters are kc ≈
1 Nm−1, ω∞ ≈ 30 kHz and Q ≈ 3.5.

Surface charge calculation

We use DLVO-theory including van der Waals and electric double layer forces and
a charge regulation model for tip and substrate surface chemistry, to extract the dif-
fuse layer charge from the measured force-distance curves[24,42–45]. We follow the
procedure as described in chapter 4.2. Here, we only give the final expression for the
charge density σeff as a function of the surface potential ψs for silica and gibbsite as
obtained from the charge regulation model (table 5.1). Since we have a spatial dis-
tribution of the force-distance curves, the charge fitting results in a 2D map of the
diffuse layer charge.

As discussed in chapter 4.2, the obtained pK values depend on the assumed set of
surface reactions (surface complexation equations) and are not necessarily unique
and always reliable. The resulting effective surface charge turns out to be insensitive
to the assumed set of surface reactions, because the double layer contribution of the
measured interaction force Fedl(h) depends only indirectly via the charge density σ
substrate on thefit parametersKj. Therefore, wewill onlydiscuss the effective surface
charge (σeff = σ0 + σS) or the diffuse layer charge (σD) and not the pKi values. The
diffuse layer charge is related to the surface charge with σ0 + σS = −σD.
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Reactions Charge

SH 
 S− + H+;KH
SC 
 S− + C+;KC

σeff =
−qeΓ

1+ A exp
(
−

qeφs
kBT

)
Γ =

{
S−

}
+ {SH}+ {SC} A = 10pKH [H+]∞ + 10pKC [C+]∞

Table 5.1: Surface chemistry equations and final charge regulation condition for the silica
surface as used by the 2pK surface complexationmodel (pKX = − log10 KX). The charge
mentioned refers to the effective surface charge.

5.2.1 Hydration Forces

The force gradient data between the AFM tip and the silica-gibbsite sample were
fitted using two methods. First, as described above and in our previous publica-
tions[7,8,24], the recorded force–distance curves were analyzed in the framework
of the DLVO theory in combination with a charge regulation boundary conditions.
This allowed us to quantify the 2D spatial distribution of the diffuse layer charge
of the silica-gibbsite sample and its dependence on the fluid composition. Second,
the total force gradient was fitted using a function consisting of a superposition of a
DLVO and a hydration force (equation 5.2). This fitting step enabled us to quantify
the strength and decay length of the EDL force (surface charge) and hydration force
as function of fluid composition and lateral position on the sample.

FTOT(D) = FDLVO + FHYD = FEDL + FvdW + FHYD (5.2)

TheVan derWaals interaction, FvdW, between an AFMprobe with radiusR and a flat
surface is described as FvdW = −AHR/(6πD2). Here, AH is the Hamaker constant
and D is the tip to surface distance.

Theelectrical double-layer interactionwasmodeledby a simple exponential:

FEDL = AEDLe
−D
λEDL , (5.3)

whereAEDL is the amplitude of the electrical double-layer force, and λEDL is the range
of this interaction. The hydration force (FHYD) is described as linear combination of
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a monotonically decaying exponential function (monotonic hydration force) and a
decaying oscillatory contribution (structural hydration force) arising from the pres-
ence of ordered water layers[49–51].

FHYD = FHYD_MON + FHYD_OSC = Aosc cos(2πσD − φ)e
−D
λosc + Ame

−D
λm (5.4)

dFHYD

dD
=

√
(2πσ)2 + λ−2

osc Aosc cos(2πσD − φ − arctan(2πσλosc))e
−D
λosc +

Am

λm
e
−D
λm

(5.5)
where Aosc and Am are the magnitude of the structural and the monotonic hydration
forces, φ is the phase shift, σ is the structural hydration layer spacing, and λosc and
λm are the decay lengths of the structural andmonotonic hydration force. The struc-
tural hydration force is typicallydescribedbyanexponentially decaying cos-function
and originates ascribed to the force required to displace layers of structured water
molecules in between the AFM tip and surface. The oscillation region extends over
a few (≈3) molecular diameters, while monotonic hydration force extends over a
larger region of space (up to 1.5 - 2 nm). Yet, the origin of a monotonically decay-
ing hydration force (also called primary hydration force) is less clear and different
mechanisms have been proposed[47,52].

5.3 Results

Macroscopic characterization of a nanoparticle Atomic force microscopy to-
pography analysis shows that the gibbsite nanoparticles have the typical plate-like
pseudo hexagonal morphology with lateral dimensions ranging from 100 to 500 nm
and heights from 5 to 20 nm (Figure 5.11a,b and 5.7). The AFM images also re-
veal that the majority of nanoparticles (001) basal plane appears smooth across 20
− 100 nm regions (terraces in figure 5.1a and figure 5.7), separated by irregular areas
containing steps and other defects[23] (figure 5.1a and figure 5.7). Overall, the num-
ber of surface imperfections is enhanced at the boundaries of the particles.

3D force field measurements As described in great details in our earlier publi-
cations[7–9], 3D AM-AFM force mapping is used to probe the spatial distribution
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of the forces on the silica-gibbsite sample during exposure to a variety of electrolyte
solutions. A 2D projection of the force gradient (extracted from 3Dmap at 2 nm sep-
aration) shows that at pH 6 and 10mM NaCl the interactions are repulsive on silica
and mainly attractive on gibbsite (figure 5.1a). All force–distance (FD) curves are
probed with a negatively charged silica tip, which implies that the gibbsite surface
is positively charged. The measurements also reveal a significant heterogeneity in
the force distribution on the gibbsite basal plane, as compared to silica (figure 5.1a).
The forces are less attractive near topographic defects and rim of the particle, consis-
tent with our previous observations[7,8,24]. All 3D maps are measured with 10 nm
lateral resolution using a silica tip with radius of 9±2 nm. In the line representation
of force-distance curves (Figure 5.1c and d), three regions can be distinguished: (1)
7>D<1.5 nm; (2) 1.5 >D>0.1 nm; and (3) D<0.1 nm. At tip sample separation
7 nm >D<15 nm a monotonic attraction on gibbsite and repulsion on silica is ob-
served. This force is caused by the electrostatic double layer (EDL). It decays expo-
nentially with a decay of 2.6 nm (figure 5.8), which closely agrees with the Debye
screening length (3 nm at 10mM NaCl). At smaller separations 1.5 nm>D>0.1 nm
an oscillatory (non-DLVO) force, with up to three maxima ≈0.3 nm apart, is de-
tected. Due to the similarity of the peak distance to the size of a water molecule,
we assume that oscillations in the force profiles arise as water molecules are sequen-
tially displaced from discrete ordered interfacial layers. The oscillatory force profile
is present until a separation of≈0.1 nm and then a strong repulsive force in the con-
stant compliance region is detected (region 3). Commonly, the oscillatory force or
structural hydration force was mostly measured on rigid atomically smooth surfaces
like mica and calcite[26,34,53]. Here, we were able to detect for the first time the os-
cillatory hydration force on gibbsite crystalline basal plane and on amorphous silica
as well. On the gibbsite, 62% of the FD curves show oscillations and are primarily
located on topographically smooth terraces as indicated by circles in figure 5.1a. On
the silica, only 12% that are randomly distributed across the sample (crosses on fig-
ure 5.1a). In the rest of the sample locations (88% silica and 38% gibbsite) in region
2, the FDcurves display amonotonically decaying non-DLVO force (figure 5.1d). In
these locations water molecules are also structured differently from bulk water, yet
are not ordered into discrete layers to present multiple energy barriers to approach-
ing nanoscale tip.

Surface force: Effect of pH and ion concentration The same distinct regions,



5

5.3. RESULTS 117

Figure 5.1: a) AFM topography of a gibbsite particle on silica superimposed with a partial
map of the interaction stiffness measured at 2 nm from the surface in a 10mMNaCl pH 6
solution. The circles and crosses indicate the locations of force distance approaches with an
oscillatory behavior. The total interaction stiffness vs tip sample separation from locations
that show (c) and do not show oscillatory behavior (d). The shaded regions are the 10
individual interaction stiffnesses. The thick red and blue colored lines are their respective
averages. The black dotted lines are the DLVO interaction.
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with a long-range EDL and pronounced oscillatory interaction stiffness at separation
below 1.5 nm are observed in measurements at pH 4, 6, 9 with 10 and 100mM NaCl
solutions (figure 5.2). Solid colored lines in figure 5.2 represent the average force gra-
dient of 10 individual FD approaches that display an oscillatory behavior extracted
from 3D force maps. All six 3D force maps are recorded on the same gibbsite parti-
cle with the same probe and great care was taken to guarantee that tip size did not
change during themeasurements andwhen solutions were exchanged (seeMethods
and Materials for details). As shown in Figure 5.9, force gradient at beginning and
after completing all six 3D forcemaps (7000 FD approaches) overlap, indicating that
the tip size did not change during thewhole experiment. Data presented in figure 5.1
and 5.2 indicate that with SiO2 tip with radius of 9±2 nm is suitable for simultane-
ously mapping the oscillatory hydration and DLVO forces at level of single nanopar-
ticle under various fluid conditions. The tip size and geometry of the apex and hydra-
tion play a critical role for simultaneous detection of DLVO and hydration forces, in
particular oscillatory ones[54–57]. As shown in our earlier publications and others,
tips of 25 nm have a very good sensitivity of DLVO force, while oscillations[8,24]

of hydration force are completely averaged out. Measurements with very sharp tips
of 1-2 nm can reveal the structural hydration force in 3D with sub-nanometer lat-
eral resolution. Yet, very sharp tips are typically not sensitive to long range electro-
static forces (EDL), and therefore correlations between the surface charge and hy-
dration force cannot be made[26]. Very few experiments, where the EDL and struc-
tural hydration forces were probed simultaneously, were done using SFA, that lacks
lateral resolution and suffers from confinement effects over a laterally extended con-
tact area[50,58–61].

Fitting of force distance curves Thequalitative trends were captured in quantita-
tive numbers by fitting the total interaction stiffness (kTOT) using a function consist-
ing of a superposition of a DLVO interaction (kDLVO) and a hydration interaction
(kHYD) (equation 5.2 in Methods and Materials). Using only DLVO theory in com-
bination with a charge regulation boundary condition allowed us to quantify the ef-
fective surface charge (figure 5.4)[7,24]. However, as expected and shown previously,
the continuum theories of Van der Waals force and double-layer force (kEDL) can-
not describe the interactions at distances smaller than 1.5-2 nm (black dotted lines
in figure 5.2). Good fits, down to separations of≈0.15 nm are obtained only if along
with DLVO (kDLVO) a monotonic (kHYD_MON) and oscillatory structural hydration
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Figure 5.2: The average interaction stiffness (kTOT) from the 10 individual approaches for
10mM (top row) and 100mM (bottom row) NaCl in various pH solutions. The black
solid lines are the best fits using a function consisting of a superposition of a DLVO inter-
action (kDLVO) and hydration interactions (kHYD) (equation 5.2). The dotted black line
is the DLVO interaction (kDLVO).
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force (kHYD_OSC) is taken into account (black solid lines in figure 5.2). The structural
hydration force is typically ascribed to the force required to displace layers of struc-
tured water molecules and is described by an exponentially decaying cos-function.
The monotonically decaying hydration force (also called primary hydration force)
observed in many biological systems is described by a monotonically decaying ex-
ponential function, though its origin is still under debate[47,52]. The parameters
(strength, decay length of the EDL and hydration forces, oscillatory wavelength) ex-
tracted from data fitting at different fluid compositions are listed in Table 5.2. Spatial
2Ddistributions of the fitting parameters across the silica-gibbsite sample are plotted
in figure 5.4. Individual components (kHYD_MON, kHYD_OSC, kEDL) of the total force
gradient (kTOT) are shown in the figures 5.3, 5.10 and 5.11. The analysis of AFM
data shows that the EDL force gradient (kEDL) between the SiO2 tip and the SiO2
substrate is repulsive and increases in strength (AEDL in table 5.2)with rise in pHand
NaCl concentration (figure 5.10). This is a result of a negative charge increase of the
silica (figure 5.6), since the fraction of deprotonated SiO– groups rises with increas-
ingpHandNaCl concentration. Ongibbsite, kEDL is attractive (positive effective sur-
face charge) and heterogeneous under all investigated conditions and decreases with
increasing pH, from4 to 9 (AEDL in Table 5.2 and figure 5.3). Thedecay length of the
EDL interaction, λEDL decreases from 2.4±0.4 nm to 1.07±0.17 nmwith increasing
salt concentration from 10 to 100mM (similar to the Debye length λD =3 nm and
0.96 nm). Also as expected, the EDL thickness λEDL is independent of pH, surface
properties and the sign of surface charge (See figure 5.4 and Table 5.2). Small devi-
ation at low concentration from theoretically calculated Debye length could be ei-
ther due to the lower force sensitivity at large separations, due to non-perfect fluid
exchange in the measuring cell, or dissolved airborne CO2.

Subtractionof theDLVOfrom the total force gradient shows that the hydration force
(kHYD) consists of a superposition of a monotonically decay (kHYD_MON) and an os-
cillatory part (kHYD_OSC) (figure 5.3c and d). Both contributions have a rather het-
erogeneous spatial distribution across silica-gibbsite sample (figure 5.4). Themono-
tonic hydration force in all fluid compositions is attractive on gibbsite and repulsive
on silica (figure 5.11). The decay lengths of the oscillatory and the monotonic con-
tributions for silica are λmon =0.075±0.03 nm and λosc =0.15±0.02 nm (Table 5.2).
For gibbsite these values are larger λmon =0.25±0.06 nm and λosc =0.23±0.03 nm
indicating a thicker interfacial hydration layer. Compared to the EDL force, the de-
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Figure 5.3: a)The shaded regions are the total interaction stiffnesses from the 10 individual
approaches on silica (red) and gibbsite (blue). Their respective averages are shown as a
colored line. The black lines are the fit, which includes the DLVO force and the structural
and monotonic part of the hydration force. The dotted lines are the DLVO interaction. b)
The EDL interaction after subtracting the hydration and van der Waals force gradient. c)
Total hydration force gradient on silica (red) and gibbsite (blue). d)The structural (solid)
and monotonic (dashed lines) hydration forces shown separately.
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cay length of hydration forces does not vary of salt concentration and pH but de-
pends on surface properties. This indicates that the behavior of the hydration forces
is not caused by continuum electrostatics, otherwise its range would vary with the
salt concentration. This agrees with recent measurements and analysis reported by
vanLin et al.[49], where the decay length of hydration forces (oscillatory≈0.2±0.08
and monotonic 0.4 ± 0.1 nm) between a sharp silica tip and mica surface are inde-
pendent of fluid composition (pH and monovalent salts concentration from 0.001
to 4 M). The absolute magnitude of the monotonic hydration force is more sensi-
tive to the fitting analysis and strongly depends on the subtle subtraction of the Van
der Waals force[62,63]. Therefore, the following discussion is primarily focused on
the structural component of the hydration force[62,63]. On gibbsite, we can distin-
guish three hydration layers, whereas on silica only 2 are visible with a smaller am-
plitude (AHYD_OSC in Table 5.2) (figure 5.6). The distance measured between the
adjacent hydration layers for gibbsite is 0.34±0.01 nm and rather independent of so-
lution pH and NaCl concentration. For silica these distances are substantially larger
0.42±0.03 nm (Table 5.2) . The amplitude of the oscillatory hydration forces and
their periodicity is typically associated with organization of water within the hydra-
tion layers. A higher oscillation amplitude and a closer periodicity to the diameter of
the water molecule means a higher strength/order of the hydrogen bond (HB) net-
work between water molecules within ordered hydration layers. Thus, the thickness
and organization of water within the gibbsite hydration layers is higher than amor-
phous silica surface.

There are at least two possible reasons for this: first, the amorphous silica surface is
not as smooth as the crystalline surface of gibbsite. Therefore, the≈2 Angstroms of
surface roughnessmayoverwhelm the layering ofwatermolecules andoscillatory hy-
dration force. Second, different distribution and distance between water hydrogen-
bonding sites could be responsible for different hydration structures observed on
the two surfaces[54,64,65]. The proton reactive site density on gibbsite basal planes
is 8 to 13 nm−2, which is twice as much for amorphous silica, which is 5 to 8 nm−2.
These sites are relatively far from each other (≈0.5 nm) even on crystalline silica, as
shown by Molecular dynamics (MD) simulations. Therefore, the water molecules
adsorbed on the first hydration layer are not likely to form HBs among themselves.
On the other hand, the sites are at ≈0.3 nm from each other on alumina[54] and
0.27 nm on hematite[65]. This facilitates the formation of HBs between the water
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Figure 5.4: The fitting parameters for gibbsite on silica in a 10mM NaCl pH 6 solution
using equation 5.2. The top row shows the amplitudes of the monotonic hydration force,
the structural hydration force and the electric double layer force. Themiddle row shows the
decay lengths of the monotonic hydration force, the structural hydration force and the elec-
tric double layer force. The bottom row shows the height, oscillation period and measured
total interaction stiffness at 2 nm from the surface.
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molecules within the first hydration layer along with the solid substrate and gives
rise to a highly organized first hydration layer. Consecutively, water–water HBs de-
termine the order in consecutive hydration layers, and also how far the perturbation
of the water structure persists.

Silica

pH/c Aedl Aosc Am λedl λosc λm σ φ

4/10 0.01 0.011 0.06 3.03 0.07 0.15 0.36 4.73
6/10 0.05 0.010 0.03 2.05 0.13 0.15 0.37 4.82
9/10 0.09 0.010 0.02 2.04 0.20 0.15 0.35 4.91
4/100 0.06 0.030 0.08 1.25 0.08 0.16 0.50 4.51
6/100 0.08 0.011 0.02 1.19 0.09 0.15 0.40 4.94
9/100 0.15 0.011 0.16 1.20 0.03 0.18 0.45 4.29

Gibbsite

4/10 -0.08 0.015 -0.04 2.24 0.20 0.22 0.35 4.68
6/10 -0.07 0.025 -0.09 2.64 0.17 0.19 0.34 4.92
9/10 -0.05 0.010 -0.10 2.18 0.18 0.18 0.34 4.79
4/100 -0.17 0.017 -0.06 0.80 0.20 0.18 0.32 5.20
6/100 -0.17 0.030 -0.06 0.96 0.20 0.19 0.33 4.98
9/100 -0.14 0.010 -0.07 1.00 0.20 0.17 0.32 5.18

Table 5.2: Fit parameters from figure 5.4, extracted using equation 5.5 while fitting the
experimental interaction stiffness data.

Simultaneous detection of EDL and hydration forces also reveal that the diffuse layer
charge and oscillatory hydration force are not correlated and respond very differ-
ently to pH and salt concentration variation. The gibbsite effective surface charge
monotonically decreases from+0.038 to+0.021 e/nm2 with pH increase from 4 to
9 (Figure 5.5). On the other hand, the strength (AHYD_OSC) of the oscillatory hy-
dration force (the degree of order within the hydration layers) on the gibbsite has a
non-monotonic pH dependence and is highest at pH 6 (Figure 5.6). On silica, the
strength of the oscillatory hydration force is rather independent of fluid composi-
tion, while its effective surface charge increases twice (from−0.073 to−0.2 e/nm2)
when pH changes from 4 to 9 and also depends on the salt concentration. As indi-
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Figure 5.5: Diffuse layer charge maps (−σD) of the same gibbsite particle on silica in
various electrolyte solutions. The bottom left corner indicates the average effective surface
charge for silica (red) and gibbsite (blue). The bottom right shows the percentage of ap-
proaches that show oscillatory behavior on silica (left) and gibbsite (right). The white
circles and black crosses indicate the locations of FD approaches with oscillatory behavior
on gibbsite and silica, respectively.
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Figure 5.6: The structural hydration force gradient as function of apparent separation for
different fluid compositions for silica (red) and gibbsite (blue). Top row is 10mM NaCl
and the bottom row is 100mM NaCl.

cated with the circles and crosses in figure 5.6, the surface charge variation does not
affect the number and spatial distribution of forces that exhibit an oscillatory profile.
On gibbsite,≈ 58% of forces display oscillatory character and are overall located on
regions with a flat topography. This is rather independent of electrolyte composi-
tion. The areas with topographic defects smear out the oscillatory force, leaving only
a monotonic component. On silica, despite the homogeneous surface charge dis-
tribution and surface roughness, the structural hydration forces are present only on
≈10% random locations.

5.4 Discussion

The above experimental observations and trends can be rationalized as follows (fig-
ures 5.1-5.6). The absolute value of the gibbsite surface ionization is very small. A
surface charge value of+0.04 e/nm2 corresponds to only 1 positive charge in about
40 unit cells. In other words, the average distance between charged sites on the gibb-
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site surface is in the order of a few nanometers. Such a large separation between
these sites and the water-water correlation length of λ = 3 to 5 Å (distance over
which structuring of water propagates into the solution) suggest that the gibbsite
surface charge is not the dominant factor responsible for the organization of water
near surfaces and therefore the structural hydration force. It is more plausible that
the hydration structure originates from hydrogen bonding of water molecules with
–OH groups above the aluminum (Al) atom. As predicted by molecular dynamics
simulations[66,67], three –OH groups (proton donors) point into the solution and
form hydrogen bonds with water oxygens. The other three –OH groups (proton
acceptors) align parallel to the surface and can form hydrogen bonds with water hy-
drogens. This leads to a highly organized first water layer and with a net dipole mo-
ment where the negative end of the water molecule points toward the surface and
follows the gibbsite hexagonal lattice arrangements. These ordered hydration layers
can extend up to 1 nm above the surface and give rise to oscillations in the measured
force gradient (Figure 5.5). According to multi-site complexation (MUSIC) model
developed by Bickmore et al.[68,69] one of six different types of doubly coordinated
hydroxyl groups (–––Al2OH) in each unit cell should have pK values of 5.2 and could
deprotonate/protonate at pH higher/lower than 6. Therefore, at pH 9 these sites
transform from proton donors to only proton acceptors (opposite to pH 4) that will
reorient the water molecule with respect to their neighbors and destabilize the hy-
drogen bonding of interfacial water layers. Such disorder in the hydration layers is
captured by a reduction in the amplitude of the oscillatory structural hydration force.
The presence of microscopic defects and their associated singly coordinated –OH
groups (designated –––AlOH), with a pK ≈6 within the probing area, can also lead
to the same effect. For silica, the origin of the hydration forces is a controversial
topic, despite extensive studies for more than a century[70]. In all previous studies
only monotonic non-DLVO forces have been measured experimentally. Therefore,
often, this non-DLVO force was assigned to elastic deformation of polysilicilic acid
chains (or ‘silica hairs’ ) protruding from the silica surface[2,71,72], rather than to the
hydration structure. In our measurements, the oscillatory character with the peri-
odicity close to a water molecule indicates that the force originates from structured
hydration layers. Independence of hydration force on pH and NaCl concentration
suggests that charged SiO– groups do not significantly contribute to the silica struc-
tural hydration effects. Otherwise, the increase of pH, and thus the degree of silica
surface charge would lead to an increase in the strength of hydration force (increase
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of orientational water polarization and stability of hydration layers)[73,74]. There-
fore, consistent with recent MD simulations and experiments of Horn et al.[72,75]

and Chapel[59], water hydrogen bonding to undissociated silanols (SiOH) groups
(watermolecules are oriented hydrogen-down) is themain factor responsible for the
hydration structure and force. This is not surprising, as the total degree of deproto-
nation is rather low for the conditions of our experiments. Given the typical den-
sity of 8 sites per nm2, the free deprotonated SiO– groups at pH 4 is only 0.2% and
will increase to 2% at pH 9 and 100mM NaCl. Also, 30% of SiOC+ complexes will
not affect the hydration force much, since silanolate-Na+ coordination reduces the
silanolate–water (hydrogen) coordination number only slightly from 2.83 (0mM)
to 2.67 (200mM ionic strength)[76].

The locations (random13%)where forces display an oscillatory profile could be due
to the patchy (SiOH) rich regions or it is simply a local surface roughness effect. MD
simulations show that amorphous silica has patchy and non-uniform distribution
of silanol (SiOH) rich (hydrophilic sites) and siloxane (SiOSi)-rich (hydrophobic
sites-weakly accept hydrogen bonds[77]) domains. Therefore, the adsorbed water
forms a hydrogen-bonding network with intermingled regions of ordered and dis-
ordered structures[12,78–80]. However, more detailed experiments are required to
know whether the regions with forces that display oscillations are (SiOH) rich or it
is a roughness effect. The attractivemonotonic hydration force on gibbsite can be ra-
tionalized based on different orientation of the water of interacting surfaces. Overall,
on silica, water molecules are oriented with their hydrogen atoms toward the silica
surface. On gibbsite it is the opposite and the negative oxygen of thewatermolecules
points towards the surface. According to Marcelja and Radic[81,82] model, hydra-
tion forces between two interacting surfaces (silica tip and gibbsite) with an oppo-
site water dipole orientation will be attractive, since hydrogen-bonding structure of
the interveningwater is strengthened. Opposite, the force between two surfaces that
polarize water in the same direction (silica tip and silica substrate), is predicted to be
monotonically repulsive, as the hydrogen-bonded network will become increasingly
disrupted as surfaces move closer. In summary, we show for the first time that with
the right tip size it is possible to probe the nanoparticle topography, alongwith hydra-
tion structure and surface charge (landscape) and their correlation simultaneously.
Data analysis allows us to see how individual components of the force (kHYD_MON,
kHYD_OSC, kEDL) depend on fluid composition and allows us to establish the relation
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between the diffuse layer charge and the hydration force[83,84], that until now was
not addressed explicitly. This contributes to the understanding of silica and gibbsite
interfacial properties that are paramount for their further applications. Extension
of the present experimental approach and analysis may help to explain a number of
macroscopic observationswhere the existence and the effect of hydration forces have
been more often inferred than measured. For example, in colloidal science there are
significant uncertainties about the relative importance ofDVLOvs. hydration forces
in the stability of particle dispersions, especially weakly charged particles and/or at
high electrolyte concentrations, when the double layer is expected to collapse. The
door is also open for exploring how surface charge and/or structural organization of
water in the vicinity of a surface can affect the ability of the reacting species to adsorb
(desorb). For example, we can address if the change in silica hydration reverse the
cation adsorption strength[40,85]; or if the facet-specific hydration of particles can
enable facet selective adsorption of proteins and transfer of electrons[86,87].

5.5 Conclusion

In the present work, using AFM force spectroscopy and tip size of≈9 nm we simul-
taneously map hydration forces and DLVO forces of gibbsite nanoparticle and silica
substrate in solutions of pH 4, 6, 9 and 10 and 100mM NaCl and show that the os-
cillatory hydration structure and surface charge of materials are not correlated and
respond very differently to a variation in the fluid composition. Analysis of the EDL
force shows that silica is negatively charged that monotonically increases with pH
(from pH 4 to 9). The gibbsite basal plane has a heterogeneous positive charge that
decreaseswith increasing pH.Thehydration force on silica and gibbsite is composed
of an oscillatory force superimposed on to a monotonically decaying background
force. The monotonic hydration force in all fluid compositions is attractive on gibb-
site and repulsive on silica. Themeasured oscillatory hydration force profiles demon-
strate that there are three organized water layers next to gibbsite nanoparticles and
silica surface. The hydration layers on crystalline gibbsite surface aremore organized
than the ones observed on an amorphous silica surface as evidenced by amplitude
and periodicity oscillations in the force. On the gibbsite basal plane, the strength
of the structural hydration forces is highest at pH 6. On the amorphous silica sur-
face, the oscillatory hydration forces are present only on ≈10 % of the sample (on
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crystalline gibbsite on≈ 60%) and their strength is rather independent of fluid com-
position.

5.6 Appendix

Figure 5.7: AM-AFM topography image of several gibbsite particles adsorbed on silica in
a 10mMNaCl solution at pH 6. Topography image shows the presence of smooth terraces
and regions with defects on the gibbsite particles basal plane.

Figure 5.8: Decay length of the EDL force in a 10mM NaCl pH 6 solution.
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Figure 5.9: Interaction stiffness vs tip sample separation on silica and gibbsite at 10mM
NaCl, and pH 6, before and after completion of the 3D force maps at pH 4, 6, 9 with 10
and 100mM NaCl.

Figure 5.10: The EDL force gradient (total interaction force gradient with the hydration
force gradient subtracted) as function of fluid composition for silica (red) and gibbsite
(blue). Top row is 10mM NaCl and bottom row is 100mM NaCl.
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Figure 5.11: The structural (solid lines) and monotonic (dashed lines) hydration force
gradient as a function of fluid composition generated using the values in table 5.2 for silica
(red) and gibbsite (blue). Top row is 10mM NaCl and bottom row is 100mM NaCl.
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”How hard can it be?”
Clarksonius

6
pH and divalent ion dependence of gibbsite

nanoparticles

6.1 Introduction

Ion adsorption plays an important role in many chemical reactions in many areas of
science. It plays a crucial role in the stability of colloidal suspensions, the retention
of contaminants in soil, the stability of DNA molecules and the retention of oil in
oil reservoirs[1–5]. In the latter, divalent ions form a bridge between the negatively
charged clay surface and negatively charged organic molecules in the oil. For sand-
stone reservoirs, this is expected tobe an important reason for adecrease in recovered
oil.

To further understand the role of the divalent ion bridge in oil recovery, divalent
ion adsorption on clay minerals was investigated. For example, using Atomic Force
Microscopy (AFM) it was shown that divalent ions like Ca2+ and Mg2+ can adsorb
onto the surface of gibbsite (clay mineral). There they can form a uniform layer of
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adsorbed ions[6]. The pattern visualized by AFM shows that a double row pattern
appears at intermediate concentrations (below 10mMCaCl2) and at higher concen-
trations a single row pattern appears. Together with DFT calculations it was found
that the double rowpattern that appeared consisted of hydrated calcium (Ca2+) ions
adsorbed onto the claymineral lattice. The single rowwas shown to be an additional
chloride ion that adsorbed on top of the double row. The double row consists of al-
ternating bumps with a periodicity of 0.50 nm and 0.87 nm along and perpendicular
to the double row. This means that there are two bumps per surface unit cell. The
bumps of the single rows were one lattice vector along the b direction (0.51 nm) and
one per unit cell in the a direction (see image 1.1 for gibbsite lattice). Similar results
were found when gibbsite was exposed to MgCl2 solutions.

The periodicity of the bumps is very close to the periodicities of the surface unit cell
of gibbsite, suggesting that the adsorption occurs at specific surface sites and is not
electrostatically correlated. When comparing the location of the bumpswith respect
to the gibbsite lattice, they are similar to the location ofOH-groups that are available
for hydrogen bonding. Two bumps per unit cell lead to a hypothetical surface charge
of 9.2 e/nm2, which is not reflected in the force spectroscopymeasurements.

From density functional theory (DFT) calculations the same stable double row pat-
tern on gibbsite could be reproduced. To guarantee charge neutrality, (-OH) groups
were added. Three of the four groups acted as hydrogen bonding acceptors for sur-
face protons, whereas the fourth formed a bridge between two cations. This leads
to the surface unit cell to be charge neutral (0 e/nm2 instead of 9.2 e/nm2!). How-
ever, in the force spectroscopymeasurements a small positive charge (in the order of
0.1 e/nm2) was measured. The DFT calculations showed that the alternating struc-
ture of hydrated calcium ions offers several sites where hydration water and hydrox-
ide ions (OH– ) can bridge two cations. Additional calculations for the pKa for
H2O −−→ OH– suggested that this positive charge in the AFM experiments could
result from the partial protonation of a hydroxide ion that bridges adjacent cations
from the solution. The DFT calculations also showed that at a high Ca2+ concen-
tration, one Cl– -ion replaces the bridging OH– -ion, disabling the partial protona-
tion of the OH– , resulting in a neutral surface site. This effectively reduces the dif-
fuse layer charge, which is corroborated by the force spectroscopy measurements.
Since results from computer simulations/calculations depend on input parameters
and boundary conditions, the question arises whether the conclusion about the in-
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volvement of the OH– is true.

From the calculations we can see that for a single surface unit cell on gibbsite four
to five OH– groups/ions are involved. From all this OH– involvement a pH de-
pendence is to be expected. So, by changing the pH the balance of the number of
available hydroxide ions from the bulk solution can be changed, disturbing the stabi-
lizing effect of the hydroxide ions on the adsorbed cations. Using force spectroscopy
at different pH and salt concentrations, the findings from the DFT calculations can
be verified. Force spectroscopy can reveal this, since thepoint atwhich the increasing
diffuse layer charge on gibbsite switches to decreasing can be measured. Therefore,
in this chapter force spectroscopy is performed to study the stabilizing effect of the
hydroxide ion on the cation adsorption on clay minerals. We measure the diffuse
layer charge of gibbsite nanoparticles and silica in various calcium chloride concen-
trations as a function of pH. In addition, we alsomeasure the effect of ion radius and
chemical affinity by measuring the diffuse layer charge of different cation (BrCl2)
and anion (Ca(NO3)2) species. The force spectroscopy proved to be more difficult
than anticipated. Therefore, this chapter shows all results and discusses questions
that arise from the measurements.

6.2 Methods andMaterials

6.2.1 Sample and probe preparation

The sample and cantilever is cleaned following the procedure mentioned in chapter
4.2.

For the measurements, rectangular cantilevers (MikroMash NSC36/Cr-Au BS) are
used and cleaned following the procedure in chapter 3.2.1.

6.2.2 Amplitudemodulation force spectroscopy

Dynamic force spectroscopymeasurements were performedwith a commercial Asy-
lum Research Cypher ES equipped with photo thermal excitation. All experiments
areperformed following theprocedure in chapter 4.2. Figure2.12a showsanexample
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of the amplitude and phase shift curves on silica and gibbsite. The interaction forces
in divalent electrolyte solutions are small, while the tip is quite sharp (∼ 5 nm). To
increase the interaction area of the tip, it is flattened by imaging 4 times a 500 nm2

area in contact mode (scan rate = 0.5Hz,set-point = 0.5 V). This leads to a tip with
an effective tip radius of 50 nm (see figure 6.1) and to a local parallel plate geometry
with a small contribution from the adjacent cone (figure 6.1). Since gibbsite is more
brittle than the silica tip, it is possible to damage the gibbsite during the force spec-
troscopy leading to tip contamination. Tominimize the risk of contamination, we do
not allow the amplitude signal to drop below a chosen threshold (60% of amplitude)
of its free amplitude value (≈ 1 nm ). This will prevent the tip from exerting a large
force on the gibbsite.

6.2.3 Averaging

A large amount of data has been recorded, in an attempt to properly reveal the charge
dependence on silica and gibbsite as function of cation type, ion concentration and
pH. Approximately, the interaction stiffness on silica and gibbsite was measured in
50 different electrolyte solutions (CaCl2,BaCl2,CaNO3 and CaBr2) over 15 differ-
ent experiments, resulting in around 500.000 individual approaches. To simplify the
analysis, we choose to average a representative region in the forcemap (one on silica,
one on gibbsite) and do the further analysis on these averages. An example is shown
in figure 2.15. Here, a force map is shown with two marked areas (one on silica, one
on gibbsite), and the resulting average force is shown in the graph next to it. The
graph also shows the PCA cleaned data in red. The effectiveness of the PCA routine
is now reduced, since averaging increases the signal to noise ratio by sacrificing lateral
resolution. The size of the averaged area dependents on the experimental conditions.
In this example, a 32x32 grid of forces was recorded over an area of 250 by 250 nm2

and an area of 8x8 pixels was averaged. Depending on the pixel density and recorded
area size, an average area was calculated of 4 by 4 to 10 by 10 forces. The routines
calculate the derivative of the static deflection too, which is the average position of
the cantilever during approach and retract. As explained in section 3.2.5, calculating
the derivative of the static deflection serves as a quality check of our data. The signal
to noise ratio is worse than that for the amplitude modulation (that is why we use
amplitude modulation) and therefore it will not be shown in this analysis.
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Figure 6.1: SEM images of the different types of tips used in the measurements. A sharp
tip (left) and a blunted tip (right). Left tip parameters Rtip = 9 nm, ω = 22.3 kHz,
k = 0.9Nm−1, Q = 3.5. Right tip parameters Rtip = 48 nm, ω = 35.0 kHz, k =
2.0Nm−1, Q = 3.6.

6.2.4 Cantilevers

Due to the large amount of measurements, the number of used cantilevers is also
large. Therefore, an appropriate method is needed to compare all measurements. As
explained in chapter 2, the result from the inversion routine depends on the shape of
the tip, e.g. blunted or sharp. When the amplitude and phase are converted, the tip
geometry dictates whether the inversion routine (shown below and in chapter 2 as
equation 2.9) yields the force or the interaction stiffness.

kint = kc [1− (ω/ω0)
2]

A∞ cos(φ − φ∞)− A
A

+ γcω
A∞ sin(φ − φ∞)

A
(6.1)

In the experiments, sharp and blunted cantilever tips were used, an example of used
tips can be found in figure 6.1. To use both types of results in the analysis, the dis-
joining pressure is calculated. Therefore, in this chapter the disjoining pressure will
be shown instead of the interaction force, as opposed to the other chapters. For a
plate-sphere geometry, the data retrieved from the force inversion routine only has
to be normalized by 2πR (equation 2.15), whereas for a plate-plate geometry the data
needs to be integrated and then normalized by πR2 (equation 2.3.1).
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Figure 6.2: Disjoining pressure (Πtotal) versus distance curves on silica (solid curves) and
gibbsite (dashed curves) in a series of CaCl2 solutions at pH 6. Different colors are differ-
ent measurements, recorded with blunted and sharp tips. The graph of 0.5 and 3.0mM
CaCl2 solution shows the disjoining pressure for a blunted tip (blue) and a sharp tip (red).
The black line in the figure is the average of all the curves for the specific substrate. Tip pa-
rameters range over a wide range Rtip = 10-60 nm, ω = 430 kHz, k = 0.2-2.0Nm−1,
Q =1-3.5.

6.3 Results and discussion

Figure 6.2 shows the disjoining pressure (Πtotal) versus the distance on silica and
gibbsite in various CaCl2 solutions at pH 6 for multiple experiments. The upper
curves in the graphs are the silica-silica interactions, and the lower ones are the silica-
gibbsite interaction. At 50mM the silica and gibbsite curves have collapsed and the
difference is hardly visible.

As is obvious, the results are not identical. Despite the large variety of used cantilever
types, i.e. difference in tip radius, cantilever spring constant, resonance frequency
and quality factor, the results show an acceptable consistency, especially above 1 nm.
Below 1 nm significant deviations appear, where most likely differences in the tip ge-
ometry cause a difference in the short range repulsion force. Figure 6.2 shows that
for increasing calcium ion concentration, the repulsive force on silica decreases. At
50mM the force does not show any repulsive character, but is completely attractive.
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Figure 6.3: The disjoining pressure a) (Πtotal-ΠvdW) and b) (|Πtotal-ΠvdW|) on silica
(solid lines) and gibbsite (dashed lines) averaged from the data in figure 6.2. Darkness of
lines increases for increasing concentration.

At this point the disjoining pressure is expected to consist of only short range forces
(like van der Waals force), since the electrostatic pressure has been screened com-
pletely. The decay length of the pressure decreases for increasing salt concentration,
which is expected.

To examine how the disjoining pressure varies with CaCl2 concentration on silica
and gibbsite, we take the averages determined in figure 6.2, remove the van derWaals
contribution (ΠvdW) using equation 2.12 with R =10 nm, AHsil =0.65× 10−20 J
and AHgib =1.3× 10−20 J and display it in figure 6.3. Here, the disjoining pressure
(Πtotal-ΠvdW) is shown for silica and gibbsite in solid and dashed gray lines, respec-
tively. In figure 6.3b the absolute disjoining pressure (|Πtotal-ΠvdW|) is plotted in a
semi log scale. For silica the repulsive disjoining pressure decreases for increasing
salt concentration. Above 10mM CaCl2 the pressure is almost zero. For gibbsite
the same trend is observed, where an increasing salt concentration results in a de-
crease in (attractive) pressure. At 50mM the pressure on both silica and gibbsite is
almost completely screened. Note that, the disjoining pressure measured for gibb-
site depends on the charge of the silica cantilever tip. This means that the pH and
salt concentration effects seen for the gibbsite data contains the pH and salt concen-
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Expected κ−1 7.8 (0.5) 5.5 (1) 3.2 (3) 2.5 (5) 1.7 (10) 0.8 (50)

pH 4 2.8 2.3 1.7 0.3
pH 6 2.9 2.6 2.4 2.3 1.7 0.3
pH 9 2.8 2.4 1.7 0.3

Table 6.1: Fitted decay lengths using κ−1 = 0.174/
√

I(M). The expected ionic concen-
tration in between brackets. Data fitted from figure 6.2 and 6.3.

tration dependent charge trends of silica. We know from the trend on silica, that the
charge on the tip is not constant. The qualitative trend on gibbsite is retrieved by
converting the disjoining pressure to a diffuse layer charge.

Next, we take a look at the decay lengths of figure 6.3, which can be described us-
ing the Debye length. The Debye length for a monovalent aqueous solution can be
approximated by κ−1(nm)= 0.304/

√
I(M) for certain conditions. This means that

for a 10mM monovalent salt, we expect a Debye length of 3 nm, whereas for a 2 : 1
salt a Debye length of κ−1(nm)= 0.174/

√
I(M) = 1.7 nm is expected[8]. Judg-

ing from figure 6.3, this seems not to be the case. Almost all the decay lengths for
the experiments are not of the expected size (table 6.1). However, the decay length
does decrease for increasing salt concentration. Surprising, too, is that all solutions
have been diluted from a 100mM stock solution, while 10mM solution seems to
be the only solution with the expected Debye length. The forces from which the
decay length can be fitted are very small and are very sensitive to the range over
which these forces are fitted. The error in the fitted Debye lengths is significant,
and increases for an increasing salt concentration, since the fitting range becomes
shorter. Moreover, the Derjaguin approximation is only valid for a limited range
(Rtip >> z >> κ−1)[9], where z is the tip-sample distance. At 1mM the error
is up to 20%, whereas at 50mM this increases up to 60%. From the error analysis
it becomes clear that the fitted values will not match the expected Debye lengths,
within error.

The rawexperimental data shows theunexpecteddecay lengths aswell, and therefore
the deviation is not a result of the force inversion routine. Also, the workflow does
not deviate from the approach with monovalent solutions.

pHdependency Despite the deviations in the decay length, we investigate the sta-
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Figure 6.4: Disjoining pressureΠTOT as function of apparent tip-sample distance for var-
ious pH and CaCl2 concentrations on silica (solid curves) and gibbsite (dashed curves).
Each colored curve is an average of 25 to 64 approaches. The black curves are the average
of the measurements.
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Figure 6.5: The disjoining pressure a) (Πtotal-ΠvdW) and b) (|Πtotal-ΠvdW|), taken from
the black data in figure 6.4, as function of apparent tip-sample distance for various CaCl2
concentrations on silica (solid curves) and gibbsite (dashed curves) for pH 4, 6 and 9.

bilizing role of the hydroxide (OH– ) ions on the divalent cations. Changing the
pH changes the balance of available OH– -ions, possibly changing the amount of ad-
sorbed Ca2+-ions, thus changing the charge. In figure 6.4 results for pH dependent
measurements are shown.

From the data in figure 6.4, the averages are taken and the van der Waals contribu-
tion is subtracted (ΠvdW, using equation 2.12 with R =10 nm) and shown by pH
in figure 6.5. The subtracted van der Waals contribution is based on the pressure
at 50mM pH9. Here, we assume that the electrostatic force is completely screened
and only short range forces are left, like the van derWaals force. This contribution is
subtracted for all conditions.

The trends observed for silica and gibbsite, at pH 4 and 9, are similar to that at pH
6 (decay lengths are noted in table 6.1). However, for pH 4 the absolute pressures
are larger, both for silica and gibbsite and for pH 9 the absolute pressures are lower.
The pressure on gibbsite switches from negative (attractive) to positive (repulsive)
at high salt concentrations at pH 9. At these conditions, the approaches on gibbsite
and silica overlap as can be seen in figure 6.4. Since the van derWaals contribution is
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larger for gibbsite (AH = 13·10−21 J) than for silica (AH = 6.5·10−21 J), the resulting
pressure changes to positive on gibbsite. Also, the repulsive disjoining pressure for
silica is screened at lower concentrations for increasing pH. At very high values, the
data converges to a zero apparent distance.

The idea of averaging over large datasets was to overcome one of the downsides of
AFM, which is the statistical disadvantage of data generation. It is quite difficult to
generate enough data to get statistically relevant results. Therefore, I included a large
amount of data in the analysis of the results presented in this chapter. However, the
large dataset does not seem to aid the visibility of trends, but rather obscure them.
The trends found in figure 6.6 are clearer than the ones in figure 6.5, whereas figure
6.6 consist of single experiments only. One reason for the reduced effectiveness of
averaging is that the experiments used for the averaging cover a large amount of can-
tilever types with different characteristics. Moreover, all experiments are performed
in freshly prepared solutions that might have slight variations in the concentration.
Also, for every experiment a new gibbsite nanoparticle is used for the force spec-
troscopy. All these slight variations might decrease the visibility of the trends pre-
sented in this chapter. However, I expected that these deviations would have aver-
aged out.

Other electrolyte solutions According to the DFT calculations, on gibbsite the
counter ion Cl– adsorbs on top of the adsorbed Ca2+-ions at high salt concentra-
tions. To investigate the adsorption balance between the calcium and chloride ions,
divalent ion solutionswith different co- and counter-ionswere investigated. In figure
6.6 the results for a Ca(NO3)2, BaCl2 and CaBr2 solution are shown.

Figure 6.6 shows the interaction force ΠTOT − ΠvdW (where R =10 nm) on sil-
ica (solid curves) and gibbsite (dashed lines). The results are an average of 25 ap-
proaches and come from a single experiment for each condition. The pHof these so-
lutionswasnot changed, andmeasured tobepH5.2, 5.7 and5.8 forBaCl2, Ca(NO3)2
and CaBr2 at 100mM, respectively. The concentration at which the repulsive inter-
action force on silica is screened is for all three electrolyte solutions around 10mM,
which is similar to the result obtained for CaCl2 at pH 6. Furthermore, the overall
trends found for the other ion type solutions are similar to those found for CaCl2,
where the repulsive disjoining pressure on silica, and the attractive disjoining pres-
sure on gibbsite decreases for increasing salt concentration. The Debye length for
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Figure 6.6: Disjoining pressure (Πtotal-ΠvdW) on gibbsite (dashed) and silica (solid) in
various divalent ion electrolyte solutions. Increasing darkness is increasing ionic strength.
The curves shown are an average of 25 approaches. The pH of these solutions were not
adapted. Tip and pH (at 100mM) parameters for BaCl2, Ca(NO3)2 and CaBr2: pH=
5.2, 5.7 and 5.8, Rtip = 25, 15 and 16 nm. ω = 45.2, 50.7 and 30.1 kHz. k = 2.51, 3.14
and 1.42Nm−1. Q = 3.36, 4.2 and 2.96.
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Expected 7.8 5.5 3.9 3.2 2.5 2.1 1.7 1.0 0.8
κ−1(nm) (0.5) (1) (2) (3) (5) (10) (20) (30) (50)

BaCl2 3.0 1.5 2.1 1.9 1.0 0.6 0.4 0.3
Ca(NO3)2 2.4 2.2 1.4 1.5 0.3
CaBr2 2.8 3.0 2.5 2.4 1.8 1.0 0.5 0.4 0.3

Table 6.2: Fitted decay lengths using κ−1 = 0.174/
√

I(M) in nm. The expected ionic
concentration in between brackets. Data fitted from figure 6.6.

these measurements appear to be similar to that of calcium chloride, albeit slightly
shorter (see table 6.2).

An interesting aspect of the results is that the minimum repulsive pressure for sil-
ica occurs at 50mM, and increases for 100mM slightly. This is especially visible for
Ca(NO3)2, but also occurs for BaCl2 and CaBr2. This slight increase is reflected in
the diffuse layer charge calculations (figure 6.7) as well, where the charge value is
higher at 100mM than at 50mM.

Diffuse layer charge To obtain quantitative results from these measurements, we
extract the effective surface charge using the procedure described in chapter 4.2.4.
This will also give more insight into the results on gibbsite, since the measured dis-
joining pressures on gibbsite depend on the charge of the tip. The results for the
diffuse layer charge calculations are shown in figure 6.7.

In figure 6.7 we can see the effective surface charge for silica (bottom) and gibbsite
(top), for calciumchloride (left) and theother used electrolyte solutions (right). The
error bars in the figure are based on the diffuse layer charge fitting results when the
fit-range is changed0.5 nm in both directions. The spread in the value determines the
size of the errorbar. The error bars for the solutions above 10mM is substantial. This
is a result of the fact that there is hardly any electrostatic force to fit to. What we can
see from the diffuse layer charge on silica is that it does not depend significantly on
the calcium chloride solution. Moreover, the non-monotonic behavior of the diffuse
layer charge on gibbsite is observed in the work of Siretanu et al.[6] as well. This is
especially true for the BaCl2 and CaBr2 solutions. Note that the peak is shifted to a
higher concentration compared to the previous work, which could be caused by the
fact that ionic concentrationsmight be lower than expected. The extracted values for
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Figure 6.7: Calculated effective surface charge σeff on silica (bottom) and gibbsite (top) as
function of divalent ion concentration, measured in various pH and electrolyte solutions.
In a) the diffuse layer charge shown on gibbsite and silica for different pH solutions as a
function of Ca2+ concentration. In b) σeff is shown for three different electrolyte solutions
(Ca(NO3)2, CaBr2 and BaCl2) as function of the divalent ion concentration. For these
solutions the pH was not changed.

the diffuse layer charge are in the same order as reported by Siretanu et. al..

Somewhat surprising is the decreased effective surface charge over the complete cal-
cium chloride concentration for pH9 compared to pH4 and 6. This is different from
what is observed in chapter 3 figure 3.5 and chapter 4 figure 4.10 but also in the lit-
erature[10]. Note, these results are for monovalent salts only. In chapter 3 we saw
that the pH dependence is not necessarily described by a silanol deprotonation and
a cation adsorption reaction only. We were unable to fit a 2pK model over a wide
range of pH and NaCl concentration with a single pK pair. This suggests that there
are additional surface reactions taking place at the interface. As already mentioned
in the introduction here, there is evidence that OH– is involved in the adsorption
of Ca2+ ions on the gibbsite surface. When the pH is increased, more OH– is avail-
able in the bulk, presumably aiding in the additional adsorption of Ca2+ resulting in
a lower diffuse layer charge. These sort of surface reactions are usually not taken into
account when modeling ion adsorption at the solid liquid interface.
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6.4 Conclusion

In this chapter, I characterized the diffuse layer charge on silica and the basal plane of
gibbsite as a function of divalent ion concentration and pH. I found that the effective
surface charge on gibbsite increases up to a divalent ion concentration of≈ 10mM,
and then decreases again. The measured effective surface charge is pH dependent
on gibbsite and silica. For silica I found that for an increasing pH (from 6 to 9), the
diffuse layer chargedecreases, as is not expected frommonovalent electrolyte studies.
The origin could lie in the involvement of OH– in the adsorption of divalent ions
on the gibbsite basal plane. These results suggest that hydration and water ions play
an important role in the ion adsorption at the solid liquid interface and that their
involvement has been underestimated in the past.
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7
Conclusions and outlook

In this thesis, I investigated the interaction forces and surface charging behavior
of different materials in different aqueous electrolyte solutions using high resolution
AFM. In the introduction I established that in order to adequately understand the
mechanisms underlying the low salinity water flooding (LSFW) effect a better un-
derstanding of the solid liquid interface is needed. The results presented in this thesis
are applicable beyond the field of oil recovery and clay science and are more funda-
mental in nature. Below, I present the highlight of my findings.

7.1 Conclusions

In chapter 2 I gave a description of the solid liquid interface and expanded on the the-
oretical framework with the exponential surface complexation model (ESC model).
With the use of the ESC model I was able to extract diffuse layer charges within 1%
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of a 2pK surface complexation model. The use of the ESC model enables the sep-
aration of surface chemistry from diffuse layer charge measurements. This proved
useful, because in chapter 3 I showed that even for a well studied system as the silica-
electrolyte interface many uncertainties remain about its surface chemistry. When
using a 2pK model to determine the equilibrium constants for the deprotonation of
the silanol groups and cation adsorption, their values turned out to be pH depen-
dent. This means that a single pK pair is unable to describe the surface chemistry of
silica over a wide range of salt concentrations and pH. The determined diffuse layer
charge values for silica were consistent between colloidal probes (750 nm) and sharp
tips (≈10 nm). In chapter 4 I showed that for a different material (gibbsite) the re-
sults get increasinglymore complex. Using high lateral resolution force spectroscopy
(sharp tip) I revealed that the basal plane has a highly inhomogeneous and pH de-
pendent charge density. The effective surface charge distribution on the basal plane
correlated with the topographic defects, such as terrace steps on that plane. Also, the
charge density at the defects showed to have a much stronger pH response than the
basal plane. Describing sucha surfaceusing a single 2pKsurface complexationmodel
with a single pK pair will be challenging. This is very different from how the gibbsite
basal plane is generally modeled in experiments and simulations, leaving a large gap
between theory and measurements. Chapter 5 shows that the solid liquid interface
can get more complex, when hydration forces are taken into account. Here, I show
unprecedented simultaneous probing of the hydration forces and DLVO forces on
silica and a gibbsite nanoparticle. I show that the hydration structure and surface
charge are not correlated and actually respond differently to various fluid compo-
sitions. The hydration forces are composed of an oscillatory force superimposed
onto a monotonically decaying background force. The monotonic part of the hy-
dration force is attractive on gibbsite and repulsive on silica for all measured fluid
compositions. We cautiously theorize that this could be an effect of the different
water molecule orientation in the layering at the gibbsite surface and silica surface.
The number of oscillations and the strength of the oscillatory part of the hydration
force is rather independent of the fluid composition. The oscillatory hydration force
on the gibbsite basal plane is stronger than the silica surface, evidenced by the pres-
ence of more oscillations with a higher amplitude than silica. In chapter 6 I showed
that when using divalent ions the force spectroscopy on silica and gibbsite can get
more complex significantly. The interaction forces in divalent electrolyte solutions
are small and the interaction range is short. Using large data sets to provide for a
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good statistical average and principal component analysis to improve the signal to
noise ratio, improved the data marginally. However, we did find the non-monotonic
adsorption behavior on gibbsite found in previous works, including that for other di-
valent ion electrolyte solutions. I also found that an increase of pH 6 to 9 decreased
the diffuse layer charge on silica for all CaCl2 concentrations, which is the opposite
of what is found in chapter 3, 4 and in the literature for monovalent salts.

I demonstrated that AFM is a useful tool for surface charge characterization of the
solid liquid interface with high lateral resolution. This technique provides unprece-
dented insight into the complex processes involved in the formation of the electric
double layer on mineral surfaces. It can resolve the internal structure of the Stern
layer, but it can also be used to measure hydration forces of diverse surfaces while si-
multaneously measuring electric double layer forces. Using these techniques, more
materials can be studied in a more systematic fashion. I also demonstrated that our
current understanding of the solid liquid interface is far from complete and that the
involvement of hydration forces, water ions (like OH– ) and surface defects have
been underestimated in the past and are not properly taken into account in standard
DLVO theory.

7.2 Outlook

7.2.1 Diffuse layer charge vs intrinsic surface charge

Aquestion that arose in this thesis, is how is it that titrationmeasurements can be de-
scribed using relatively easy chemical speciation reactions, whereaswith diffuse layer
chargemeasurements it cannot. From chapter 3 we drew the conclusion that the dif-
fuse layer charge as a function of sodium chloride concentration and pH cannot be
describedwith a 2 pKmodel. We have to note that a crucial difference between both
types of charge is that titration measurements measure the intrinsic surface charge,
whereas the diffuse layer charge contains excess count ions that screen the intrinsic
surface charge and Stern layer. To get a better insight into why the modeling of both
types of charge are so different, a systematic approach needs to be taken.

One way is to do titration measurements on several types of gibbsite and extract the
relevant reaction constant. The same can be done using AFM, where the edges are
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Figure 7.1: Experimental constants used in the qualitative analysis of the experiment that
are temperature dependent, such as resonance frequency ω0, Q and the spring constant. a)
The resonance frequency shows to be linear in the 10 to 80 ◦C regime, with the approxima-
tion: ω0 = 38.2T+41900. WithT inCelsius. b)The quality factor can be approximated
for this specific cantilever with Q = 0.026T + 1.55. c) The cantilever stiffness, or spring
constant does not seem to be linear with temperature. The routine used for determining the
spring constant has a spread of around 0.1 Nm−1. Experimental parameters at 30 ◦C:
Rtip ≈ 20 nm, ω = 43 kHz, Q =2.4 and k = 2.5 Nm−1.

measured with one of the solutions mentioned in the previous section. Using high
resolution atomic force microscopy, even the Stern layer can be studied.

7.2.2 Reservoir conditions

In this thesis the experiments have been performed under ambient conditions. This
means at a temperature of 29 ◦C and an ambient pressure of 1 bar. This is significantly
different from reservoir conditions, where the pressure can rise up to a 100 bar and
the temperatureup to 200 ◦C. Inprevious studies it has been found that both the tem-
perature and pressure have a significant influence on the zeta potential of reservoir
minerals. It is reported that the zeta potential grows more negative with increasing
temperature, where each crystal has a characteristic rate[1,2]. Pressure has a pH and
mineral type dependent influence, where for certain systems, such as quartz, the zeta
potential increases and for example kaolinite, the zeta potential decreases.
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Temperature

The literature on temperature dependent measurements on clay minerals is limited.
There is some literature on clays like goethite, rutile and kaolinite[3–7], sandstone
samples[8,1,9] and aqueous dispersions[10,11]. Some interesting phenomenon can
be observed, for example, the contact angle of a drop of aqueous solution in a oil
system can change over 70◦, when the temperature is changed from 40 to 60 ◦C[12].
All these experiments are large scale experiments, providing a good statistical aver-
age. However, when trying to understandmicroscopic aspects of the chargingmech-
anisms involved, this is a disadvantage. Despite that atomic force microscopy can
provide a way to understand these microscopic aspects, literature on this subject is
very limited. This has most likely to do with the technical complications that occur
whenAFMmeasurements are performed at variable temperatures. In the example of
amplitude modulation force microscopy, a significant amount of experimental con-
stants used in the qualitative part of the analysis of the experiment are only constants
for a constant temperature. This means that many of these constants have to be re-
determined at each temperature the experiment is performed. For example, chang-
ing the temperature changes the frequency response, resonance frequency and the
spring constant of the cantilever, as shown in figure 7.1. Furthermore, the amplitude
sensitivity also changes, albeit slightly, due to the changing refractive index of wa-
ter[13]. The dissociation constant of water strongly depends on temperature as well,
where a difference in 70 ◦C changes the dissociation constant over 2 units. This will
have a significant influence on the pH of the solution that is used. Moreover, the
density of the water changes about 2.5% over a range of 70 ◦C, which influences the
resonance frequency of the cantilever[14]. Other technical difficulties that have been
experienced are the strong evaporation of the liquid, resulting in an ever-changing
salt concentration and pH, condensation on optics, resulting in loss of signal and
thermal drift, which can be over 20 nm s. The latter makes studying nanoparticles a
challenge in particular. The increased temperature also enables contaminants to go
to the tip more easily, because of the increased energy in the system. The risk of con-
taminating your tip at elevated temperatures is significant. This will havemore effect
on smaller cantilever tips than large tips, such as colloidal probes.

Preliminary results of the interaction stiffness as function of temperature for a silica-
silica system is shown in figure 7.2 for sharp tips, and in figure 7.3 for a colloidal
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Figure 7.2: Interaction stiffness as function of temperature for three individual experiments.
Measurements are an average of 100 approaches on silica in a) 5mM CaCl2 solution. a)
Each temperature was measured twice, consecutively, to measure the stability of the ex-
periment. b) Data measured in a 20mM CaCl2 solution. c) Measurement including ap-
proaches on gibbsite (lower graphs). Experimental parameters at 30 ◦C for a, b and c:
Q = 2.4, 2.7 and 3.4 , ω = 40.9, 45.1 and 41.9 kHz and k = 2.0, 2.5 and 2.0Nm−1.
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Figure 7.3: Interaction stiffness as function of temperaturemeasuredwith a colloidal probe
in 5mM CaCl2 solution. Experimental parameters at 30 ◦C: Rtip = 750 nm, Q = 2.7,
ω = 17.6 kHz and k = 0.7Nm−1.

probe. All measurements show a decrease in repulsive interaction mainly. As men-
tioned before, contamination has a large influence on the reliability and reproducibil-
ity of these experiments. Using a large tip radius, as in figure 7.3, can mitigate the
influence of tip contamination. In these experiments it was also observed that sam-
ple history played in important role. Repeating the experiment on the same sample,
meaning a temperature sweep from 10 to 80 ◦C can result in very different observed
behavior. To conclude, reversibility and equilibration for temperature dependent
measurements is an especially difficult challenge to overcome in order to produce
reliable results.

7.2.3 Hydration forces

The monotonic contribution to the hydration force remains an open topic[15–21].
However, the results in this thesis perhaps show a hint of the origin of the force. It
is important to realize that the monotonic contribution might not only be the result
of the hydration force, but other short-range interactions as well or that is an artifact
from the subtraction of the van der Waals force. The monotonic force is sensitive
to this subtraction, especially for the symmetric case (silica-silica). The sign of the
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monotonic force in the asymmetric case (gibbsite-silica) did not depend on the sub-
traction of the van der Waals force within experimental error. To rule out the uncer-
tainty for the symmetric case, more systematic experiments should be performed
like the ones in chapter 5. By using different systems (symmetric vs asymmetric
and different electrolyte solutions) and taking into account the correct tip shape, the
switching of the monotonic interaction force could be proven. This would improve
the understanding on a topic that has been under debate for a long time.
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Summary

For enhanced oil recovery at sea a technique called low salinity water flooding can
be used. Instead of the standard procedure of injecting seawater into the reservoir
directly, the salinity of the sea water is reduced before injection. This increases the
amount of recovered oil for some sandstone reservoirs, but not for all. The reason for
the improved recovery rate is generally believed to be an overall increase of the water
affinity of the sandstone reservoir, resulting in more oil to be displaced. However, as
mentioned, this does not hold for all sandstone reservoirs.

The question is why.

To answer this, we need a better understanding of the underlyingmechanisms of the
wettability alteration (change in affinity) of the oil reservoir. Due to the high degree
of complexity, those mechanisms are still poorly understood. Not only because it
is multi-scale problem (a reservoir can be kilometers long, while the chemical reac-
tions play at the micro-scale), a multi-phase problem (a reservoir contains oil, wa-
ter and rock), but also because of the high variety in organic compounds (like aro-
matic hydrocarbons) and salts (NaCl, KCl, MgCl2 and CaCl2) present in the reser-
voir.

In order to improve the understanding of the fundamental forces at play, it is essential
to represent the oil reservoir by simple, yet adequate model systems that capture all
the relevant phenomena. From thesemodels we can study the interaction forces that
govern the low salinity effect. These are forces such as electrostatic forces, van der
Waals forces and hydration forces. They determine largely how the different surfaces
in the reservoir interact with their environment. In this work we study several model
systems, by measuring and modeling the effects of external stimuli, such as salt con-
centration, pH and ion type on the interaction force usingAtomic ForceMicroscopy
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(AFM).TheAFMallows us tomeasure interaction forces down to the nano-Newton
range. When sharp tips are used forces with high lateral and longitudinal resolution
can be obtained.

Measuring these different types of interaction forceswithAFMis not only relevant in
the context of oil recovery. They find their relevance in the biologica, (geo) chemical
and technological context as well. However, in this thesis we use the context of oil
recovery to study the different types of interaction forces.

In Chapter 3 we look at one of themost occurringmaterials in a sandstone reservoir,
silica. We study the ionic strength and pH dependence of the diffuse layer charge of
the silica-electrolyte interface. We use an exponential surface charge (ESC) - poten-
tial relation to extract diffuse layer charge values from measurements using an AFM
with colloidal probes. This way no assumptions need to bemade about the chemical
composition of the surface. We analyze and compare the results with a 2-pK model
to verify the findings of the ESC model. We find that the 2-pK model can accurately
describe the diffuse layer charge, albeit at a single pH value. The values obtained
using sharp tips and colloidal probes are all consistent.

The modeling of a relatively simple model surface can already be a challenge. It is
a continuous struggle between model complexity and model accuracy. With the in-
crease of computational power, the models have become increasingly complex and
in most cases more accurate too. In Chapter 4 we look at the modeling of clay min-
erals. We do this by measuring the diffuse layer charge of gibbsite as a function of
sodium salt concentration and pH. Gibbsite is a claymineral abundantly available in
sandstone oil reservoirs. Due to its high surface to volume ratio and high reactivity
it may have a significant influence in the low salinity effect. We quantify the diffuse
layer charge over 150 by 150 nmwith a 2.5 nm resolution on a single particle. We ana-
lyze our results and compare the outcomewith results from commonly usedmodels
and experiments. We find a diffuse layer charge heterogeneity that correlates with
the presence of defects on the basal plane of the gibbsite basal plane. The smooth
regions on gibbsite have a small positive charge and do not show much pH depen-
dence. The defect sites, however, show a relatively large change in charge density
between pH 6 and 9. Taking into account the size of the tip, we conclude that the at
pH 9 the defect sites are negatively charged. This is something that is hardly taken
into account when modeling clay mineral surfaces.
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The diffuse layer charge determined in previous chapters governs a great deal on
how these surfaces interact with their environment. The forces taken into account
in these previous chapters are the van der Waals force and the electric double layer
force. However, another significant interaction force is the hydration force. In Chap-
ter 5 we study the hydration force as a function of sodium salt concentration and
pH on silica and gibbsite. By measuring the diffuse layer charge and the hydration
force simultaneously, we can generate a more complete picture of the forces at play
at the solid-liquid interface of clay and rock surfaces. We model the full interaction
force and analyze the various system parameters as a function of salt concentration
and pH. We find that the monotonic part of the hydration force is salt and pH de-
pendent, whereas the structural part does not significantly change over pH or salt
concentration

In previous chapters we studied monovalent salts only, mainly because the model-
ing is more straightforward and the forces are easier to measure. In the low salinity
effect however, the divalent ion content of the injection water is found to be a key
component. In chapter 6 we aim to measure the diffuse layer charge dependence of
gibbsite for divalent salts. The absolute forces are small and the range is short. We
analyze the interaction forces, calculate the diffuse layer charge and analyze the ob-
served trends as a function of salt concentration, salt type and pH. We find that the
observed trends are as expected (for increasing salt concentration the relative diffuse
large charge increases and the decay length shortens). However, the decay lengths
of the interaction forces are not as expected.

In the last chapter several questions that arose during this work are discussed. One of
those is the effect of temperature on the diffuse layer charge. The experiments in this
thesis are performed at room temperature, whereas the oil reservoirs are usually at a
muchhigher temperature. Also the challenges and uncertainties of themeasurement
techniques used in this work are reflected upon.
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Samenvatting

Voor de verbeterde oliewinning op zee wordt een techniek gebruikt die lage saliniteit
waterinjectie genoemd wordt. In plaats van de standaard procedure, waar zeewater
direct in het oliereservoir wordt geïnjecteerd, wordt het zoutgehalte van het zeewa-
ter gereduceerd voordat het geïnjecteerd wordt. Dit verhoogt voor sommige zand-
steenoliereservoirs de hoeveelheid olie de gewonnen kan worden. De reden voor de
verbeterde oliewinning wordt over het algemeen toegeschreven aan een verbetering
van de wateraffiniteit van het zandsteenreservoir, waardoor meer olie verplaatst kan
worden. Echter, geldt dit niet voor alle zandsteenoliereservoirs.

De vraag is waarom.

Om dit te kunnen beantwoorden, hebben we een beter begrip nodig van de onder-
liggendemechanismenvandebevochtingsverandering (veranderingvandeaffiniteit)
van het reservoir. Door de hoge mate van complexiteit, zijn die mechanismen nog
niet goed begrepen. Dit komt niet alleen doordat het probleem op meerdere lengte-
schalen speelt (een reservoir kan kilometers lang zijn, terwijl chemische reacties zich
afspelen op de microschaal), er meerdere fasen (olie, water en rots) met elkaar in
contact zijn, maar ook vanwege de hoge variëteit in organischemoleculen (zoals aro-
matische koolwaterstoffen) en zouten (NaCl, KCl, MgCl2 and CaCl2).

Het verbeteren van het begrip van de fundamentele krachten die plaatsvinden, kan
gerealiseerd worden door het oliereservoir te modelleren met simpele en passende
modelsystemen die alle relevante verschijnselen bevatten. Vanuit deze modellen
kunnen de interactiekrachten die verantwoordelijk zijn voor het lage saliniteit water-
injectie effect bestudeerd worden. Dit zijn krachten zoals de elektrostatische kracht,
Van derWaals kracht en de hydratatiekracht. Deze krachten bepalen grotendeels hoe
de verschillende oppervlakken in het reservoir op hun omgeving reageren. Echter,
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deze interactiekrachten vinden hun relevantie niet alleen in de context van oliewin-
ning. Het bestuderen van deze krachten is ook relevant in de context van biologische
processen, in de (geo)chemie en technologische processen. We zullen in deze thesis
echter werken vanuit de context van oliewinning.

In deze thesis bestuderen we verschillende modelsystemen door metingen te doen
en simulaties te maken van de effecten van externe stimuli, zoals zoutconcentratie,
pH en ionsoort op de interactie kracht. Dit doen wemet een fundamentele kracht mi-
croscoop (AFM). Met een AFM kunnen krachten tot op een nano Newton gemeten
worden. Wanneer we een scherpe naald gebruiken kan dit gedaan worden met een
hoge laterale en longitudinale resolutie.

In hoofdstuk 3 kijken we naar één van de meest voorkomende materialen in een
zandsteenreservoir, namelijk silica. We bestuderen de afhankelijkheid van de op-
pervlaktelading van het silica-elektrolyt grensvlak op het zoutgehalte en de pH van
de oplossing. We gebruiken een exponentiële oppervlaktelading (ESC) - potenti-
aal verhouding omde oppervlakteladingwaardes uit demetingenmet een colloïdale
naald te halen. Met deze techniek hoeven er geen aannames gemaakt te worden
over de chemische samenstelling van het oppervlak. We analyseren en vergelijken
de resultaten met een 2-pK model om onze resultaten uit het ESC model te veri-
fiëren. Hieruit blijkt dat het 2-pKmodel de oppervlaktelading goed kan beschrijven,
echter voor een enkele pHwaarde. De oppervlakteladingwaardes verkregenmet een
scherpe naald en een colloïdale naald komen overeen.

Het modelleren van relatief simpele modeloppervlak kan al een uitdaging zijn. Het
is een voortdurendeworsteling tussenmodelcomplexiteit enmodelnauwkeurigheid.
Met de verbetering van de processorsnelheid kunnen de modellen complexer wor-
den, waardoor in de meeste gevallen de modellen ook realistischer zijn geworden.In
hoofdstuk 4 bestuderen we het modelleren van kleimineralen. Dit doen we door
de oppervlaktelading van gibbsite te meten als een functie van natriumzoutgehalte
en pH. Gibbsite is een kleimineraal dat veelvuldig aanwezig is in zandsteenoliereser-
voirs. Door zijn hoge oppervlak-volume verhouding zou het een significante aandeel
kunnen hebben in het lage saliniteit effect. We kwantificeren de oppervlaktelading
over een oppervlak van 150 bij 150 nm met een 2.5 nm resolutie op een enkel gibb-
site deeltje. We analyseren onze resultaten en vergelijken die met resultaten van ge-
bruikelijke modellen en experimenten. We zien dat de oppervlakteladingheterogen-
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iteit corroleert met de aanwezigheid van oppervlaktedefecten op het hoofdopper-
vlak van gibbsite. De gladde gebieden op het hoofdoppervlak hebben een kleine
positieve lading en zijn nauwelijks afhankelijk van pH. De gebieden met oppervlak-
tedefecten daarentegen, vertonen een relatief groot verschil in oppervlakteladings-
dichtheid tussen pH 6 en 9. Als er rekening gehouden wordt met de grootte van de
naald, concluderen we dat de oppervlaktedefecten een negatieve oppervlaktelading
hebben bij pH 9. Dit is iets waar nauwelijks rekening mee gehouden wordt in mod-
ellen van kleimineraaloppervlakken.

De oppervlaktelading bepaald grotendeels hoe het oppervlak interacteert met zijn
omgeving. De krachten die gemeten zijn in de vorige hoofdstukken zijn de Van der
Waals kracht en de elektrostatische kracht. Echter, een andere belangrijke interac-
tiekracht is de hydratatiekracht. In hoofdstuk 5 bestuderen we de hydratatie kracht
als functie van natriumzoutconcentratie en pHop silica en gibbsite. Door hetmeten
van de oppervlaktelading en hydratiekracht tegelijkertijd, verkrijgen we een com-
pleter beeld van de krachten die spelen op het oppervlak-elektrolytgrensvlak van klei
en rotsoppervlakken. Wemodellerende volledige interactie kracht en analyseren ver-
scheidene systeemparameters als functie van zoutconcentratie en pH. Hieruit blijkt
dat het monotonische gedeelte van de hydratatiekracht afhankelijk is van de pH en
zoutconcentratie. Daarentegen laat het structurele gedeelte van de hydratatiekracht
weinig afhankelijkheid zien.

In voorgaande hoofdstukken bestudeerden we alleen monovalente zouten, voorna-
melijk omdat het modelleren eenvoudiger en directer is en de krachten eenvoudiger
temeten zijn. In het lage saliniteit effect blijkt dat de divalente ionen in het injectiewa-
ter een sleutelrol hebben. Inhoofdstuk6 is het doel omdeoppervlakteladingafhanke-
lijkheid van divalente ionen temeten van gibbsite en silica. De absolute krachten zijn
kleiner en ook de interactielengtes zijn korter vergeleken met monovalente ionen.
We analyseren de interactiekrachten, berekenen de oppervlakteladingsdichtheid en
analyseren de trends als functie van zoutconcentratie, ionsoort en pH. We zien dat
de gevonden trends zoals verwacht zijn (een hogere zoutconcentratie zorgt voor een
grotere oppervlaktelading maar een kortere vervallengte). De vervallengte is langer
dan verwacht.

Inhet laatstehoofdstukwordenverscheidenevragenbehandelddie tijdenshetmaken
van het thesis naar voren kwamen. Eén van die vragen is het effect van de temper-
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atuur op de oppervlaktelading. De experimenten uitgevoerd in dit werk zijn gedaan
op kamertemperatuur, echter zijn de temperaturen in het oliereservoir meestal veel
hoger. Ook worden de uitdagingen en onzekerheden van de gebruikte meettech-
nieken besproken.
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